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Foreword by Prof. Dipankar Banerjee

If the world has shrunk rapidly in recent centuries,
this has been in no small measure due to the impact of
materials on aerospace transport. The specific fuel
consumption of commercial aircraft has, for example,
decreased by an astonishing 70 % using the De
Havilland Comet as baseline. The reliability of their
propulsion systems allows long-haul flights that
encircle the globe, travelling non-stop for 15–20 h.
We have mastered space, with footsteps on the moon
and images and analysis of the Martian terrain. The
international space station has been continuously
occupied since 2000. While it is hard to dissect and

break down contributions of any specific engineering discipline to these spectacular
achievements, surely materials have played a significant enabling role, whether
from the ‘fine-tuning’ of traditional metallic materials, or the development of newer
composites and speciality materials including functional coatings. The integration
of stealth materials into aerospace structures has added an extra dimension to
military aerospace vehicles. The emergence of several high temperature monolithic
and composite ceramic materials based on carbon and silicon carbide matrices and
reinforcements has resulted in vastly improved material capabilities for high tem-
perature aerospace applications. Several new refractory materials are finding
ultrahigh temperature applications as 2000K+ materials, especially for reusable and
re-entry hypersonic vehicles. Aviation accounts for about 3 % of global energy
consumption, and the growth of energy use by the aviation sector exceeds that of
other transportation sectors. Aircraft emissions, which are currently unregulated, are
about 60 % in the upper troposphere and 20 % in the stratosphere. The industry will
demand further materials-enabled improvements to address these challenges.

It is encouraging that the present volume on aerospace materials for the
two-volume source book series of IIM/Springer Publication provides concise
overviews of all the above. Development, physical metallurgy, processing,
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properties and applications of each of nearly 26 categories of aerospace materials
have been covered.

Dr. N. Eswara Prasad has been my close associate and colleague and has
accumulated much experience and expertise with aerospace materials over the last
30 years. I am happy that he has accepted the major responsibility imposed on him
by the Indian Institute of Metals (IIM), and the architect of its book series
Dr. Baldev Raj, to co-author and co-edit with Dr. R.J.H. Wanhill (an international
expert in the field of aerospace materials and technologies) the contents of these
volumes. I am sure their readers will find them extremely useful, and the
two-volume series will serve as a ready reference for engineering students, prac-
ticing engineers and aerospace structural designers.

I take this opportunity to congratulate all the authors and editors—Dr. N. Eswara
Prasad, Dr. R.J.H. Wanhill and Dr. Baldev Raj, Editor-in-Chief, and Springer on
the successful completion of this mammoth endeavour. This kind of international
book project also serves as a road map for the future. We are reminded that
materials development and translation into engineering practice is still a long and
arduous task, with significant reliance on trial and error approaches. As a com-
munity we are now engaged in the task of redefining the processes of materials
insertion into engineering products through integration of multiscale modelling,
data analytics and materials informatics, uncertainty quantification and
multi-objective optimisation into the materials design effort. I hope future volumes
in this series will capture also these dramatic advances as the field matures.

Prof. Dipankar Banerjee
FASc, FNA, FNAE, FNASc

Former Director, Defence Metallurgical Research Laboratory
Hyderabad, India

Former Chief Controller R&D
(Aeronautics & Materials Science)

DRDO, New Delhi, India
Former President, Indian Institute of Metals (IIM)

Former President, Electron Microscopy Society (EMS) and
Presently Professor, Department of Materials Engineering

Indian Institute of Science, Bengaluru, 560 012, India
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Foreword by Prof. Indranil Manna

Advancements in aerospace systems, materials and
technologies in the last century are both voluminous
and phenomenal. Several countries in both the
developed and developing world have become prin-
cipal players in developing aeronautical materials,
thereby earning the credit for the advancement of
aerospace systems including civil and military air-
craft, helicopters, airborne surveillance systems,
unmanned aerospace vehicles, guided missiles,
supersonic re-entry vehicles and satellites. All these
systems require advanced materials and cutting-edge
material processing technologies. Hence synthesis,

processing, characterisation and testing of materials form the basis for the devel-
opment and realization of aerospace components, sub-systems and systems. It is a
well-recognized fact that aerospace engineering is principally responsible for
developing several critical technologies that include (i) design and development of
advanced materials, components and sub-systems; (ii) aeronautical material speci-
fications and standards for materials and testing; (iii) characterisation and testing
methodologies; and (iv) life estimations and predictions based on fatigue and
fracture mechanics principles. In addition, aerospace engineering has advanced
several other critical technologies such as propulsion, aeroengines, electronics,
communication and guidance.

There are a number of text books and monographs on aerospace materials and
related technologies. As well, several ASTM standards, metals handbooks and
special volumes have compiled scientific and design data on various aerospace
materials that are used by aerospace engineers for designing structures and systems.
Such efforts have invariably brought out the latest information and also shown
directions for future materials and systems developments. However, supplemental
documentation on recent advances in core domain and interdisciplinary areas is
always needed.
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In this respect, the present two-volume book set is a carefully thought out
compilation of overview articles on materials (both established and evolving) and
material technologies that are important for aerospace systems. Volume 1 considers
aerospace materials in three Parts. Part I covers Metallic Materials (Mg, Al, Al-Li,
Ti, Aero steels, Ni, Intermetallics, Bronzes and Nb alloys); Part II deals with
Composites (GLARE, PMCs, CMCs and Carbon based CMCs); and Part III con-
siders Special Materials. This compilation has ensured that no important aerospace
material system is ignored. Emphasis has been placed in each book chapter on the
underlining scientific principles as well as basic and fundamental mechanisms
leading to processing, characterisation/property evaluation and applications. Each
chapter ends with a bibliography of several reference works, followed by standard
sets of references appearing in the chapter. A considerable amount of materials data
is compiled and presented in appendices at the end of each volume.

I sincerely wish that these volumes will serve as ready and useful references and
source of relevant information for many aspects of aerospace materials, processing
technologies, and component and structural designs.

Prof. Indranil Manna
FTWAS, FNA, FNAE, FASc., FNASc., FIIM, FIE

Professor, Department of Metallurgical and Materials Engineering
IIT, Kharagpur, India (On Lien)

Former Director, CSIR—Central Glass and Ceramic
Research Institute (CGCRI), Kolkata India
Vice-President, Indian Institute of Metals

and Indian National Academy of Engineering
Presently, Director, Indian Institute of Technology

Kanpur, India
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Series Editors’ Preface

The Indian Institute of Metals Series is an institutional partnership series focusing
on metallurgy and materials sciences.

About the Indian Institute of Metals

The Indian Institute of Metals (IIM) is a premier professional body (since 1947)
representing an eminent and dynamic group of metallurgists and materials scientists
from R&D institutions, academia and industry mostly from India. It is a registered
professional institute with the primary objective of promoting and advancing the
study and practice of the science and technology of metals, alloys and novel
materials. The institute is actively engaged in promoting academia–research and
institute–industry interactions.

Genesis and History of the Series

The study of metallurgy and materials science is vital for developing advanced
materials for diverse applications. In the last decade, the progress in this field has
been rapid and extensive, giving us a new array of materials, with a wide range of
applications and a variety of possibilities for processing and characterizing the
materials. In order to make this growing volume of knowledge available, an ini-
tiative to publish a series of books in metallurgy and materials science was taken
during the Diamond Jubilee year of the Indian Institute of Metals (IIM) in the year
2006. IIM entered into a partnership with Universities Press, Hyderabad, and as part
of the IIM Book series, 11 books were published, and a number of these have been
co-published by CRC Press, USA. The books were authored by eminent profes-
sionals in academia, industry and R&D with outstanding background in their
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respective domains, thus generating unique resources of validated expertise of
interest in metallurgy. The international character of the authors and editors has
enabled the books to command national and global readership. This book series
includes different categories of publications: textbooks to satisfy the requirements
of undergraduates and beginners in the field, monographs on select topics by
experts in the field and proceedings of select international conferences organized by
IIM after a mandatory peer review. An eminent panel of international and national
experts constitutes the advisory body in overseeing the selection of topics important
areas to be covered in the books and the selection of contributing authors.

Current Series Information

To increase the readership and to ensure wide dissemination among global readers,
this new chapter of the Series has been initiated with Springer. The goal is to
continue publishing high-value content on metallurgy and materials science,
focusing on current trends and applications. Readers interested in writing for the
series may contact the undersigned series editor or the Springer publishing editor,
Swati Meherishi.

About This Book

The current source book on “Aerospace Materials and Technologies—2 Volumes”
with comprehensive coverage in aerospace, materials, technologies is the first and
latest book to be published with Springer. This book comprises 2 volumes, with
first volume dedicated to aerospace materials elaborately in three parts, a total of 26
chapters covering all types of materials including metallic, composites and special
materials. The Volume 2, in 25 chapters, is fully dedicated to the recent and
advanced material technologies, which have emerged in the aerospace industry.
This volume consists of four parts covering processing technologies, characteri-
zation and testing, structural design and special technologies. As a whole, this
source book on “Aerospace Materials and Technologies” fully covers the important
aspects of the materials development and their technologies in aerospace industry
and is an update and unique knowledge base. I am confident that the book would
help the readers to develop the basic and advanced understanding of the materials
and their recent developments which are essential to address significant growth in
the aerospace industry. The authors and editors are of the conviction that the book
would be a treasure to all those pursuing advanced materials and technologies in
aerospace sectors. The students, young faculties, research scholars in academic and
R&D institutions, in addition to a place in libraries and knowledge parks, are the
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beneficiaries of the dedicated work and efforts put by Dr. N. Eswara Prasad and
Dr. R.J.H. Wanhill, as editors, and a large number of eminent authors of the 2
volumes of this important book.

We wish you enrichment in knowledge and motivation. Also, we await your
feedbacks for improving the book when it goes to second edition.

Baldev Raj
Editor-in-Chief, and

Director, National Institute of Advanced Studies, Bangalore

U. Kamachi Mudali
Co-Editor-in-Chief

Outstanding Scientist and Associate Director
Indira Gandhi Centre for Atomic Research, Kalppakam

Series Editors’ Preface xiii



Preface to Volume 1

The aerospace industry is at the forefront of materials and technologies develop-
ments. There are never-ending demands for high performance aerospace vehicles
with lightweight, highly reliable and durable structures. Candidate materials are
continually being developed and improved and their property envelopes expanded.
Structural design and certification requirements, and inspection and monitoring
techniques, also evolve to keep pace with these developments.

There are many excellent materials handbooks and source books available, most
notably the ASM International series. These offer comprehensive multi-volume
guides that belong in the libraries of every materials-oriented university and
institute. However, they are less suitable, even in e-form, for regular ‘desktop’
consultation. This led us to the concept of a compact and affordable vade mecum
that would serve as a ready reference for practicing engineers and a comprehensive
introduction, at an advanced level, for students and faculty members.

It soon became evident that a two-volume series would be appropriate. These
have the distinguishing titles ‘Aerospace Materials’ (Volume 1) and ‘Aerospace
Material Technologies’ (Volume 2). These volumes are divided into the following
main parts:

• Volume 1

– Part I: Metallic Materials (Chaps. 1−12)
– Part II: Composites (Chaps. 13−17)
– Part III: Special Materials (Chaps. 18−26)

• Volume 2

– Part I: Processing Technologies (Chaps. 1−5)
– Part II: Characterization and Testing Technologies (Chaps. 6−11)
– Part III: Structural Design (Chaps. 12−19)
– Part IV: Special Technologies (Chaps. 20−25)
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This Volume 1 contains chapters on (i) magnesium, aluminium, titanium, steel
and nickel-base alloys, intermetallics, bronzes and refractory metals; (ii) ‘GLARE’
(glass-reinforced aluminium laminates), polymer-, carbon- and ceramic-matrix
composites; (iii) ceramics, ‘MAX’ phases (carbides and nitrides), shape memory
alloys, coatings, piezo-ceramics, stealth materials, paints, adhesives and elastomers.

Kanpur, India N. Eswara Prasad
Emmeloord, The Netherlands R.J.H. Wanhill
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About the Editors

Dr. N. Eswara Prasad FIE, FAPAS, FIIM, a
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hardware worth more than Rs. 12 billion, out of which direct materials production
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Chapter 1
Magnesium Alloys

T. Ram Prabhu, Srikanth Vedantam and Vijaya Singh

Abstract This chapter gives an overview of magnesium alloys with the emphasis
on aerospace applications. The strengthening mechanisms, physical metallurgy
principles, effects of alloying elements, conventional processing techniques, recent
advancements in alloy development and processing are briefly discussed in the
following sections. The mechanical properties, corrosion behaviour of aerospace
castings and wrought alloys are presented and commented upon in detail. Recent
trends in corrosion protection techniques and applications in national and interna-
tional aerospace projects are presented at the end.

Keywords Magnesium � Alloys � Castings � Wrought products � Welding �
Mechanical properties � Fatigue � Fracture � Corrosion � Applications

1.1 Introduction

Magnesium is known for its low density (q * 1.738 g/cm3), excellent damping
capacity, good electromagnetic shielding, high recycling ability and machinability
[1]. The potential weight savings in using magnesium make it highly attractive for
aerospace and automobile structural applications.

Pure Mg has limited strength and is usually alloyed to improve the strength, as
well as other properties. Mg alloys have the advantages of high strength:density
ratios, high damping capacity and machinability compared to aluminium alloys, and
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the added ability to be cast into intricate shapes. The major disadvantages, con-
siderably mitigated over the past few decades, are poor corrosion resistance, cold
formability and microstructural stability at elevated temperatures. In particular,
galvanic corrosion is still an important problem.

1.2 Classification and Designation

Although there is no international system to classify Mg alloys, ASTM has
developed a coding system [2]. In this system the two major alloying elements are
identified with two code letters, followed by a two-digit number indicating the
maximum weight percentages of these two alloying elements. The temper desig-
nation consists of a letter and one or a few digits added as suffixes to the alloy
coding. The letter indicates one of the following conditions: as-fabricated (F),
annealed (O), strain hardened (H), tempered (T) and solution heat treated (W). The
digit(s) signify the type of heat treatment. The most commonly found digits in the
aerospace grades are 4, 5, and 6, applying to the T4, T5 and T6 tempers, which
represent solution treated (T4), direct cooling and artificially aged (T5), and solu-
tion treated and artificially aged (T6).

The most commonly used alloying elements in the aerospace grade Mg alloys
are zinc, zirconium, aluminium, rare earth elements (RE), manganese, silver, sili-
con, thorium, copper, lithium and yttrium. These elements are coded as Z, K, A, E,
M, Q, S, H, C, L and W respectively. Excepting Zr and Mn, which form peritectic
alloy systems, the other elements form binary eutectic alloy systems [2].

1.3 Physical Metallurgy of Mg Alloys

Magnesium has a hexagonal-close-packed (hcp) crystal structure (c/a = 1.623, very
close to the ideal hcp which has c/a = 1.6333). The hcp structure is retained up to
the melting point at 650 °C. The metal is highly reactive and ignites and burns in an
oxygen atmosphere, and can also be ignited in air.

Mg is readily alloyed with many elements to improve its mechanical and cor-
rosion properties. In particular, additions of REs, Ag, Th, Li and Y make magne-
sium alloys amenable to precipitation hardening. However, the hcp structure limits
the room temperature formability of Mg alloys.

4 T. Ram Prabhu et al.



1.3.1 Role of Different Alloying Elements

1.3.1.1 Zinc (Zn)

Zn is an effective solid solution strengthener in Mg alloys. Zn also negates the
detrimental effects of Fe or Ni impurities on the corrosion resistance of Mg alloys.
Zn is frequently added to Mg–RE–Zr or Mg–Th–Zr alloys to improve the
age-hardening characteristics. Addition of Cu to Mg-Zn improves the strength and
ductility of the alloy by increasing the eutectic temperature and changing the
morphology of the eutectic phase from divorced to lamellar, both allowing better
homogenization of the alloy during solution treatment.

1.3.1.2 Zirconium (Zr)

Zr is a very strong grain refiner in Mg alloys containing RE/Ag/Th combinations
and Zn, although its maximum solubility at room temperature is less than 0.28 wt%.
The effectiveness of Zr as a strong grain refiner in Mg is due to three requirements
which it meets. First, there is a close match of the lattice parameters of a-Zr
(a = 0.323 nm, c = 0.514 nm) and Mg (a = 0.32 nm, c = 0.52 nm). Second, a
peritectic reaction occurs between Mg and the Zr-rich phase precipitating at 654 °C
from the liquid containing 0.5 wt% Zr. Third, the growth restriction factor for Zr is
highest amongst the elements which enhance grain refinement in Mg.

Enhanced grain refinement necessitates that Zr additions be more than 0.5 wt%,
i.e. the maximum solubility of Zr in Mg at 654 °C. However, grain refinement in
Mg has been observed with Zr additions below the solubility limit. This discrep-
ancy has been attributed to the direct participation of fine, 0.5–2 lm, faceted Zr
particles (present in the grain refiners) to the nucleation process and resultant grain
refinement.

Zr loses its grain refining ability in Mg alloys containing any one of the elements
Al, Fe, Si, C and gases O2, H2, N2, because it forms intermetallics with them. This
significantly reduces the Zr in solid solution, making it unavailable for grain
refinement.

1.3.1.3 Aluminium (Al)

Al in Mg alloys improves the strength and ductility by solid solution strengthening.
The addition of 6 wt% Al provides the optimum strength and ductility. With Al
being the primary alloying element, up to 10 wt% Al is used in both wrought and
cast Mg alloys. Higher Al in Mg results in more eutectic phase, thus improving the
castability of the alloy. The maximum solid solubility of Al in Mg is 12.7 wt% at
437 °C, reducing to 3 wt% at 93 °C. The decreasing solubility with decreasing
temperature makes Mg–Al alloys age-hardenable.
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1.3.1.4 Rare Earth (RE) Elements (Nd, Ce, La, Gd, Pr)

Rare earths are added to Mg alloys in the form of mischmetal (50 wt% Ce + 50 wt
% (La + Nd)) or didymium (80–85 wt% Nd + 15–20 wt% Pr). These elements are
the principle alloying elements in creep-resistant sand-casting alloys. The REs
improve the creep strength of Mg alloys by forming stable grain boundary eutectics
that pin the grain boundaries and restrict grain boundary sliding. Additions of REs
also narrow the solidification range, and this helps in minimizing the
micro-shrinkage porosities in castings, and cracking during welding.

1.3.1.5 Manganese (Mn)

Mn does not strengthen Mg alloys, but it is an effective scavenger in combining
with detrimental heavy elements (e.g. Fe) to form harmless intermetallics in Mg–Al
and Mg–Al–Zn alloys. Recent studies on Mg–Sc alloys have shown that Mn sig-
nificantly improves the creep resistance by forming Mn2Sc and other MnxScy
phases [3].

1.3.1.6 Silver (Ag)

The addition of Ag improves the age-hardening characteristics of Mg alloys.

1.3.1.7 Silicon (Si)

Si helps in improving the fluidity of Mg alloys. Hence casting alloys invariably
contain some Si.

1.3.1.8 Thorium (Th)

The maximum solubility of Th in Mg is 5 wt% at 582 °C. Thorium is one of the
important alloying elements benefiting the creep strength, which is improved up to
about 350 °C by the formation of Mg23Th6 precipitates. Also, the combination of
Th and Zn in Mg alloys significantly improves the weldability. However, since Th
is radioactive, its presence (about 2 wt%) in Mg alloys also makes them radioactive.
This makes the processing and handling of the alloys more complex and costly.
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1.3.1.9 Transition Elements (Copper (Cu), Iron (Fe), Nickel (Ni),
Cobalt (Co))

Transition elements, even in trace amounts, are harmful in that they significantly
reduce the corrosion resistance of Mg alloys. The maximum tolerance limits of Cu,
Fe and Ni in Mg alloys are 0.05 wt% Cu and 0.005 wt% each of Fe and Ni.

1.3.1.10 Lithium (Li)

Li has a maximum solubility in Mg of 5.5 wt% at 588 °C. Alloying of Mg with Li
improves the formability of wrought alloys besides reducing the density. Also, it
helps in minimizing the difference between the tensile and compressive yield
strengths of Mg alloys [4]. However, although Mg–Li alloys respond to
age-hardening, they overage at about 60 °C, restricting Li’s usefulness in this
respect.

1.3.1.11 Yttrium (Y)

Y is another high-temperature-strengthening element in Mg alloys. Y is usually
found with other RE elements in creep-resistant Mg alloys, e.g. the WE43 and
WE53 grades, which have good creep strength up to about 300 °C.

1.3.1.12 Beryllium (Be)

Be has very limited solubility (0.001 wt%) in Mg. The beneficial effect of Be is that
it reduces the tendency for surface oxidation of liquid Mg. However, the use of Be
in Mg sand-casting alloys is usually not recommended because of the adverse effect
of grain coarsening.

1.3.1.13 Calcium (Ca)

Similar to Be, Ca also helps in reducing the surface oxidation of liquid Mg. Also,
Ca additions, particularly in wrought alloys, improve the sheet rolling and creep
properties [5, 6]. However, Ca additions are restricted to below about 0.3 wt% to
avoid cracking during post-forming processes such as welding.

1.3.2 Precipitation Reactions in Mg Alloys

The sequence of precipitation reactions for Mg alloys is as follows [2]:
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Mg–Al alloys: SSSS (supersaturated solid solution) ! Mg17Al12 (incoherent
equilibrium precipitates). This reaction does not improve the strength properties.
Mg-Zn alloys: SSSS ! coherent GP zones ! intermediate coherent (rod shape,
hcp) and semi-coherent precipitates (disc shape, hcp) ! MgZn2 (incoherent
equilibrium precipitates, trigonal).
Mg–RE (Nd) alloys: SSSS ! coherent GP zones ! Mg3Nd (hcp, fcc) (plate-like
intermediate precipitates) ! Mg12Nd (incoherent equilibrium precipitates,
body-centred tetragonal, bct).

• The addition of Y to Mg–RE alloys changes the precipitate composition and
structures. The sequence of the precipitation reaction is SSSS ! Mg12NdY
(coherent DO19 superlattice hcp plates) ! Mg12NdY (semi-coherent
body-centred orthorhombic plates) ! Mg11NdY2 (incoherent).

• The addition of Ag to Mg–RE alloys gives two different precipitation reactions:
(1) SSSS ! GP zones (rod, coherent) ! c (hcp, plates), (2) SSSS ! GP
zones (ellipsoidal, coherent) ! b (hcp equiaxed,
semi-coherent) ! Mg12Nd2Ag (hcp laths, incoherent).

Mg–Th alloys: SSSS ! coherent GP zones ! b″, Mg3Th (hcp, intermediate
semi-coherent rod shape precipitates) ! b, Mg23Th6 (fcc, incoherent equilibrium
precipitates). In some cases it is also observed that intermediate semi-coherent
Mg2Th precipitates form before the equilibrium b. These are of two types: b′1
(hcp) and b′2 (fcc).

1.3.3 Strengthening in Mg Alloys

Mg alloys are strengthened by one or more of the following mechanisms: (1) solid
solution strengthening, (2) grain refinement, (3) precipitation hardening and
(4) work hardening. Most of the alloying elements contribute to solid solution
strengthening of Mg alloys. Zr is the primary grain refiner in Mg alloys. Alloying
with REs, Ag, Th, Al and Y makes Mg alloys usefully precipitation-hardenable.
However, strengthening by work hardening during processing is usually not
practiced because of the limited ductility of Mg alloys.

1.4 Aerospace Mg Alloys

Table 1.1 presents the compositions and physical and mechanical property data for
some typical aerospace Mg alloys.
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1.4.1 Casting Alloys

Sand-permanent mould and die-casting processes are widely used for manufacturing
intricate Mg alloy parts for aerospace applications. In fact, 90 % of Mg alloy com-
ponents used in lightweight structural applications are made from casting alloys [15].

Most aerospace grade Mg alloy castings are thin-walled, geometrically complex
castings with close dimensional tolerances. A typical example is the main gear box
assembly (eight magnesium alloy castings, of which six are shown) in Fig. 1.1.

Sand castings are the preferred processing technique for complex castings with a
minimum wall thickness of 4 mm. Die castings are mostly used for high volume
production, small size and simple shape parts with a minimum wall thickness of
2 mm.

The high reactivity of liquid Mg with oxygen represents a fire hazard when
melting and casting Mg alloys. Hence the melting of Mg alloys should be carried
out with adequate precautions such as an inert gas atmosphere, dusting with sulphur
and fluxes. Another problem is the low volumetric heat capacity of Mg castings.
This requires faster mould filling, which gives the associated problems of turbu-
lence and dross formation. Low density of magnesium necessitates larger risers to
produce required hydrostatic pressure for feeding. In turn, these problems require an
optimized gating system with many ingates and risers. These requirements severely
affect the casting yields and increase the costs of the castings.

Cast Mg–Al alloys (AZ grades): These are seldom used for aerospace applica-
tions because of their poor creep strength above 100 °C [16]. This is due to the poor
thermal stability of Mg17Al12 precipitates, self-diffusion of Mg, accelerated diffu-
sion of Al in Mg at elevated temperatures, grain boundary sliding and
diffusion-controlled dislocation climb [17–20]. Also, variable grain sizes in castings
having thin and thick sections result in inconsistent properties. Another important
problem in Mg–Al alloy castings is microporosity due to high solidification
shrinkage (*5 %), which spoils the pressure tightness and toughness of the cast-
ings [19].

Fig. 1.1 Cast magnesium
alloy main transmission gear
box (MTGB) assembly for a
helicopter. The gear box
assembly has eight
components: main gear box
(MGB) housing, input
housing, tail power take off
(TPTO) housing, MGB top
cover, freewheel housing,
accessory housing, tail gear
box housing and oil tank.
(Courtesy HAL (F&F), India.)
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Cast Mg–RE–Zn–Zr, Mg–Y–RE–Zn–Zr, Mg–Y–RE–Zr, Mg–RE–Zr grade alloys:
These are more popular for aerospace applications because of their excellent creep
strength up to 300 °C [21–24]. The grain refining effects of Zr and the grain
boundary eutectic formed by REs eliminate the microporosity and reduce the
variability in properties.

Neodymium (Nd) and Gadolinium (Gd) are the preferred REs. They signifi-
cantly improve alloy castability when used in combination up to their solubility
limits. Beyond these limits they form excess grain boundary eutectic, particularly in
Nd-based alloys, and this impairs the short- and long-term properties [19].

The casting of these alloys by pressure die casting is not advisable because of the
high cooling rate. This does not provide enough time for continuous grain boundary
precipitation of Mg–RE compounds [25].

Since the 1970s magnesium foundries have been shifting to the use of SF6 gas
cover for very effective melt protection: this gas is nontoxic, nonflammable and
noncorrosive. SF6 has been used in dilution with other gases like CO2, Ar, N2 or air.
These gas covers avoid the fire hazard due to oxidation, flux inclusion defects, and
also improve the casting yields. However, SF6 is a very potent and persistent
greenhouse gas. This has led to worldwide research on alternative protection
technologies.

1.4.2 Wrought Alloys

Wrought Mg alloys have high potential in some aerospace applications owing to
excellent static and dynamic properties and pressure tightness in comparison to Mg
casting alloys. Sheets and extruded shapes (bars, tubes and rods) are the main
wrought products.

The cold deformability of Mg alloys is limited because of the lack of active slip
or twin systems: basal plane slip {0001} <1120> and pyramidal plane twin systems
{1012} <1011> are active up to 225 °C [24].

Sheet alloys: AZ-class alloys are used for sheet products and are usually formed
above 200 °C at a low strain rate, typically less than 0.02 s−1 [26]. Above 200 °C
the flow stress is significantly reduced owing to dynamic recovery and activation of
many slip systems, resulting in better sheet formability.

Forgings and extrusions: Mg alloys are forged at elevated temperatures in
hydraulic presses. Even so, the high thermal conductivity of Mg results in quicker
heat loss from the work piece, and this makes forging difficult. Thus precise tem-
perature control of tools and the work piece is essential.

ZK, WE and ZM grade alloys are preferred to AZ grades for forgings and
extrusions because of better hot formability. Aerospace grade Mg alloy forgings are
usually produced by isothermal multi-axial forging or with tools and dies heated
above 200 °C in order to avoid the heat loss. It is important to note that the forging
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temperature should not be too high, since this can cause hot cracking owing to low
melting point eutectics, and/or abnormal grain growth.

Mg forgings tend to show strong anisotropic behaviour, with higher tensile
properties in the grain flow direction. Hence multi-axial forging is usually practiced
in order to achieve isotropic properties. In this process the material is forged equally
in all three directions.

Extrusion of Mg alloys is usually carried out using the direct extrusion process
without lubricants [27]. The extrusion speed depends on the types and amounts of
alloying elements: the extrusion speed decreases sharply with increasing amounts of
alloying elements.

1.4.3 Welding and Machining

Gas welding of Mg alloys is not recommended because the joints have poor
mechanical properties and corrosion resistance. Welding of cast or wrought Mg
alloys is readily done by gas tungsten arc welding or gas metal arc welding.

Electron beam or laser beam welding enable higher welding speeds, thinner heat
affected zones, less part distortion and superior weld joint quality with an efficiency
of more than 90 %. However, the higher costs of these welding processes limits
their use to specialized applications in the aerospace industries.

Dissimilar Mg alloys are welded using friction welding because (i) no liquid phase
is involved, avoiding the formation of intermetallic phases or pores, (ii) the joining
temperature is low and (iii) there are no filler rods or inert gas requirements [24].

Welding of Mg–Al alloys requires post-weld stress relief annealing in order to
avoid stress corrosion cracking (SCC). Other types of Mg alloys (ZK, EZ, WE,
Elektron grades) do not require post-weld annealing since they are not prone to SCC.

Machining (sawing, reaming, boring, milling, turning, drilling) of Mg alloys is
very easy, since the chips are short, discontinuous and easily breakable. Therefore
the cutting speed can be set high enough to finish the job quickly, resulting in low
specific cutting power and an excellent surface finish.

1.4.4 Recent Advancements in Mg Alloys

Ultralight alloys: Lithium is an important alloying element for Mg alloys for two
main reasons: (i) Li (q * 0.534 g/cc) is lighter than Mg (q * 1.74 g/cc); (ii) Li
changes the crystal structure of Mg from hcp (a phase) to bcc (b phase) with just 10
wt% Li addition, and this enhances the formability of Mg–Li alloys. The decrease
in density is favourable for lightweight structures.

These alloys have nearly the same elastic moduli as conventional Mg alloys. The
ultralight characteristics of these alloys (75 % of the density of conventional Mg
alloys) result in specific bending stiffnesses nearly twice that of conventional Al
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alloys, and five times that of conventional Mg alloys [2]. The low density of Mg–Li
alloys also provides excellent compression buckling resistance.

Mg–Li alloys are age-hardenable and usually supplied in the T7 (solution treated
and stabilized) condition. The stabilization treatment is beneficial to the SCC
resistance. Figure 1.2 gives a typical example of the microstructure of an Mg-10.7
wt% Li alloy showing b-MgLi (bcc) matrix grains.
Equal channel angular extrusion (ECAE): ECAE is an advanced forming technique
in which fine-grained alloys are developed via severe plastic deformation. Fairly
recently it has been reported that ECAE results in fine-grained Mg alloys with
significantly improved room temperature formability [29–31].

For example, ECAE-processed AZ31 and ZK60 alloys showed ductilities greater
than 20 %. This improvement is due to dislocation cross-slip from basal to
non-basal planes, dynamic recovery in both twinned and untwinned regions, and
grain boundary sliding at room temperature [32].

The fine grain structure also makes ECAE Mg alloys amenable to superplastic
forming. For instance, an ECAE-processed two-phase (a + b) Mg–Li–Zn alloy
exhibits high strain rate (1 � 10−3 s−1) superplasticity with 391 % elongation at
150 °C [33]. And extrusion prior to ECAE improves the superplasticity by further
grain refinement [34].
Rapid solidification and powder metallurgy processes (RS/PM): Currently,
melt-spinning, gas sputtering and spray-forming are the main industrial RS tech-
nologies. In melt-spinning the molten metal drops are rapidly solidified by
impacting on rotating water-cooled metal surfaces. In gas sputtering techniques the
melt is sputtered with an inert gas at high velocities, resulting in rapid cooling of
molten metal drops at high rates of the order of 106 K/s. On the other hand, in
spray-forming the liquid droplets are atomized by spraying the molten metal
through a nozzle in the presence of fast flowing inert gas (Ar). These droplets
rapidly solidify when depositing on the substrate.

The extremely high RS cooling rates (105–106 K/s) can produce very fine
grained (300 nm–1 µm) microstructures without macrosegregation. Also, the alloy

Fig. 1.2 Microstructure of
Mg–Li alloy containing 10.7
wt% Li: grains of b-MgLi
matrix (bcc), 25X.
Section etched in 4 % HNO3

and viewed with polarized
light [28]

14 T. Ram Prabhu et al.



matrix becomes supersaturated with solutes and forms metastable and
quasi-crystalline phases that improve the strength and ductility by solid solution
strengthening and grain boundary strengthening. Another benefit is a significant
improvement in corrosion resistance owing to more uniform dispersions of cathodic
precipitate particles and extension of the solid solubility of the metallic elements
that shifts the electrode potential to more noble metal regions [35].

Nanocrystalline powders produced by RS are used to make pellets which are
subsequently extruded into bars. Since the pellets have nano-size grains, the
extruded bars largely retain the same microstructure, resulting in much improved
strengths. For instance, a nanocrystalline Mg-1 mol% Zn- 2 mol% Y alloy devel-
oped via the RS/PM extrusion technique had a yield strength of about 600 MPa
(with 5 % ductility), compared to a yield strength of 250 MPa in a conventionally
processed alloy [36, 37].

Alloys processed by RS have poor creep properties due to the coordinated grain
boundary sliding of very fine grains. However, a benefit of the fine grain size is that
they exhibit superplasticity at temperatures as low as 150o C. For example, the RS
AZ91 alloy shows a superplastic strain of 1480 % when formed at a temperature
and strain rate of 300 °C and 6.6 � 10−3 s−1 respectively. This is 7.4 times the
forming strain of conventional cast and extruded AZ 91 alloy (200 %). The creep
strength of this RS-processed alloy can be improved by adding Ca, which results in
thermally stable Al2Ca precipitates that pin the grain boundaries and hinder grain
boundary sliding [38].

1.5 Mechanical Properties

1.5.1 Tensile Properties

The variations of yield and tensile properties of Mg alloys with temperature are
presented in Figs. 1.3 and 1.4 respectively. These data are discussed with respect to
alloy types in the next paragraphs.
Mg–Al alloys: Wrought alloys (AZ80A) possess higher tensile properties than the
cast alloys (AZ91C). However, both alloys are unstable above 100 °C, and this is
attributed to the softening of Mg17Al12 precipitates and activation of grain boundary
sliding.
Mg–RE–Zn–Zr alloys: Cast alloys (EZ33A and ZE41A) have stable tensile prop-
erties up to 150 °C. This improvement over the AZ-class alloys is due to contin-
uous networks of grain boundary eutectic Mg–R precipitates, the grain refining
effects of Zr, and solid solution strengthening by the RE additions.
Mg–Zn–Zr alloys: For ZK51A (cast alloy) and ZK60A (wrought alloy) the room
temperature strength is improved by solid solution strengthening (Zn) and grain
refinement (Zr). However, grain boundary sliding and micro-shrinkages reduce the
tensile properties dramatically with increasing temperature.
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Mg–Y–RE and Mg–Ag–RE alloys: Improved room and elevated temperature
properties, up to 250 °C, are obtained from several sources. In both classes
improvements are due to excellent solid solution strengthening (Y, Ag and REs)
and less microporosity. Also, grain boundary sliding and dislocation-induced creep
in Mg–Y–RE cast alloys (WE43A and WE54A) and Mg–Ag–RE cast alloys

Fig. 1.3 Effects of
temperature on the yield
strengths of Mg alloys. (The
superscripts (@ and $)
indicate wrought and cast
alloys respectively.)

Fig. 1.4 Effects of
temperature on the tensile
strengths of Mg alloys. (The
superscripts (@ and $)
indicate wrought and cast
alloys respectively.)
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(QE22A) are hindered by coherent fine plate precipitates (b’ in Mg–Y–RE alloys;
b + c in Mg–Ag–RE. alloys).

These alloys are widely used in aerospace applications up to 250 °C. Figures 1.3
and 1.4 show that WE54 has slightly better elevated temperature properties than
WE43.
Mg–Li alloys: The ultralight wrought alloys LA141A, LS141A and MLA9 have
moderate tensile strengths at room temperature, but lose strength dramatically at
elevated temperatures because the strengthening metastable h′ precipitates trans-
form to equilibrium h. These alloys become unstable above 60 °C, restricting their
use to secondary and noncritical applications at ambient temperatures.

1.5.2 Fatigue and Fracture Resistance

Fatigue: Fatigue data for Mg alloys in the literature are very limited. Figures 1.5
and 1.6 present a compilation of S-N curves obtained from rotating bending fatigue
tests on smooth (Kt = 1) and notched (Kt = 2) specimens tested under reversed
stressing, i.e. with a stress ratio R = −1.

Unlike steels, Mg alloys do not have a well-defined endurance limit. Also, the
fatigue properties are influenced by many factors, including microporosity, pre-
cipitate size and coherency, grain size and crystallographic texture.

Microporosity in Mg–Al cast alloys (AZ91C) causes poor high cycle fatigue
strength. The micropores in preferentially oriented grains enable slip-induced

Fig. 1.5 Fatigue S-N curves
for unnotched (Kt = 1)
specimens of Mg alloys at a
stress ratio of R = −1. (The
superscripts (@ and $)
indicate wrought and cast
alloys respectively.)
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fatigue nucleation [39]. Fatigue cracks grow initially in a quasi-cleavage manner,
due to the hcp crystal structure. The crack path later becomes
non-crystallographically transgranular or intergranular, depending on the
microstructure and environment.

Comparison of the fatigue limits of Mg alloys in Figs. 1.5 and 1.6 shows that
they are highly notch sensitive. Therefore it is advisable to use cast or wrought parts
in a machined condition, with added surface rolling or shot peening to generate
surface residual compressive stresses and enhance the fatigue life.

Fracture toughness: Available fracture toughness data for Mg alloys are presented
in Table 1.1. In the peak strength T6 conditions both wrought and cast alloys have
KIc values between 11 and 16 MPa√m. These values are low in comparison to those
for Al alloys and steels, and are attributed to a lack of ductility owing to the hcp
crystal structure.

The low fracture toughness of Mg alloys makes them generally unsuitable for
primary load-bearing structures in aerospace applications.

1.5.3 Creep and Oxidation Properties

Pure Mg creeps already at 80 °C. Three fundamental mechanisms (diffusion creep,
dislocation creep and grain boundary sliding) are responsible for creep in metals
and alloys. To reduce the creep rate, Mg alloys are usually strengthened by solid
solution and precipitation strengthening. Solid solution strengthening reduces the

Fig. 1.6 Fatigue S-N curves
for notched (Kt = 2)
specimens of Mg alloys at a
stress ratio of R = −1. (The
superscripts (@ and $)
indicate wrought and cast
alloys respectively.)
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dislocation mobility and interdiffusion coefficient, and lowers the stacking fault
energy and stabilizes stacking faults, thereby restricting dislocation creep, diffusion
creep and grain boundary sliding. Intragranular and intergranular precipitation
provide other ways of restricting dislocation motion and grain boundary sliding. To
maximize the creep resistance the precipitates should be very fine, dense, strong and
thermally stable; coherent with low interfacial energy and less diffusive into the
matrix; and continuous if intergranular.

Figures 1.7 and 1.8 present compilations of available applied stress versus
temperature data for Mg alloys tested for 1000 h to creep strains of 0.2 % and
0.5 %, respectively. These data are discussed with respect to alloy types in the next
paragraphs.
Mg–Al alloys: In Mg–Al (AZ-class) alloys an increasing Al content increases the
amount of interdendritic Mg12Al17 grain boundary precipitates. These
non-coherent, equilibrium and low melting point (437 °C) precipitates soften and
coarsen above 110 °C, reducing the resistance to thermally activated dislocation
motion and grain boundary sliding. These effects result in significantly lower
strength as well as creep properties [40]. For example, the AZ91 (cast) and AZ80A
(wrought) alloys undergo creep strains of 1.2 and 0.5 %, respectively, at stresses of
45–50 MPa and a temperature of 150 °C. These poor creep properties are attributed
to diffusion-controlled dislocation climb and grain boundary sliding [41].

Si is preferably added to improve the creep resistance because it replaces the
Mg17Al12 precipitates with thermally stable Mg2Si precipitates. Si also aids
retention of Al in the Mg matrix, which helps in improving the strength by solid
solution strengthening.

Fig. 1.7 Applied stress
versus temperature plot for
Mg alloys undergoing creep
up to 0.2 % strain at 1000 h.
(The superscripts (@ and $)
indicate wrought and cast
alloys respectively.)
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It is also reported that the addition of Sb and/or Bi helps in forming thermally
stable precipitates such as Mg3Bi2 and Mg3Sb2, which decrease the steady state
creep rate to one order of magnitude less than that of Mg–Al alloys [40].
Mg–Zn alloys: These ZK-class alloys possess poor creep properties because the
Mg2Zn3 precipitates do not help in strengthening or minimizing dislocation creep
and grain boundary sliding. Minor additions of Ca are reported to form new pre-
cipitate phases (Ca2Mg6Zn3, Mg2Ca) that aid in improving creep properties [40].
Mg–RE–Zn–Zr (EZ) alloys: The addition of REs results in coherent and thermally
stable precipitates with low diffusion coefficients, both inside the grains and along
the grain boundaries. These precipitates enhance both the elevated temperature
strength and creep strength. For instance, EZ33A (cast alloy) shows a 1000 h creep
strain of 0.2 % for an applied stress of 70 MPa and a temperature of 200 °C.
Mg–Y (WE) alloys: Y improves the creep strength by serving as an effective solid
solution hardener. Addition of a third element (Zn or an RE) to the binary alloy is
beneficial because it increases the volume fraction of precipitates by reducing the
solubility of Y in the Mg matrix. Comparison of the data for cast alloys WE43 and
WE54 in Figs. 1.7 and 1.8 shows that the latter has better creep strength over the
temperature ranges of the tests.

Fig. 1.8 Applied stress
versus temperature plot for
Mg alloys undergoing creep
up to 0.5 % strain at 1000 h.
(The superscripts (@ and $)
indicate wrought and cast
alloys respectively.)
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1.5.4 Corrosion Behaviour

1.5.4.1 General Corrosion

Mg oxidizes easily in normal air. However, the rate of oxidation is less than that of
mild steel. Although Mg and its alloys form a thin oxide film in moist air, it leaves
the surface unprotected because of its nonuniform, imperfect and porous structure
[42]. Chlorides, sulphides and carbonates attack the unprotected Mg alloy by
damaging the Mg(OH)2 passivating layer and causing pitting corrosion.

Alloying elements such as REs, Y, Zr and Th improve the salt water corrosion
resistance of Mg alloys. Comparison of the corrosion rates of Mg–Y–RE (WE43,
WE54) and Mg–RE (Elektron 21) alloys tested in 3.5 % aqueous NaCl at room
temperature showed that the combination of Y and RE elements (WE43, WE54) is
better than using only an RE (Elektron 21) [43].

1.5.4.2 Galvanic Corrosion

Mg (standard potential = −2.37 V) is situated near the top of the anodic region of
the EMF series. Therefore, in the presence of an electrolyte Mg corrodes prefer-
entially when in contact with most other conductive materials. Furthermore, even
trace amounts of impurities such as Fe, Ni and Cu severely degrade the corrosion
resistance. Hence it is recommended to keep these impurities as low as possible.

Galvanic corrosion is also facilitated by second phases, such as precipitates, that
are cathodic to the Mg matrix. Fortunately, the cathodic nature of grain boundaries
with respect to the grain interiors prevents intergranular attack.

Surface contamination by ferrous abrasives during shot blasting significantly
enhances the corrosion rate of Mg alloys [44]. Acid pickling (H2SO4/HNO3/CrO3)
or fluoride anodizing are generally used to remove the surface contaminants.
Alternatively, glass beads or high purity alumina shot are used to avoid
contamination.

In the aerospace industries Mg alloy components are usually protected by the
process of degreasing, fluoride anodizing, chromate coating, and surface sealing
with a polymer resin before finishing with primer painting.

1.5.4.3 Stress Corrosion Cracking (SCC)

Pure Mg is immune to stress corrosion cracking in air and aqueous environments
even when loaded up to the yield strength [2]. On the other hand, the SCC resis-
tances of Mg alloys can be categorized as follows:

• Mg alloys without Al or Zn (e.g. QE22, WE54, and WE43) have excellent SCC
resistance.
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• Mg alloys with REs and Zr or Zn have intermediate SCC resistance, e.g. ZK60,
ZE41A [45].

• Mg–Al alloys have poor SCC resistance in air, distilled water and chloride
solutions [46, 47], and Mg–Li–Al alloys are susceptible to SCC in humid air.

Mg–Al alloys: Increasing Al content reduces the SCC resistance, as does Zn in
AZ-class alloys. For instance, AZ91 fractures by SCC at 50 % of the yield strength
in distilled water. Hence it is recommended by designers to use this alloy only in
applications undergoing loads and stresses less than 30 % of the yield strength. The
heat treatment cycle (solutionising and ageing temperatures and times) does not
appear to affect the SCC susceptibility of AZ alloys.
Mg–Li alloys: Additions of Zn, Si or Ag instead of Al improves the SCC resistance
of Mg–Li alloys.
Cast and wrought alloy considerations: Cast alloys are more resistant to SCC at
low stress levels, whereas the susceptibility is almost the same at high stress levels.
The effects of crystallographic texture on wrought alloy SCC susceptibility are
insignificant. However, low temperature stress relief annealing treatments are
usually done to reduce the SCC susceptibility [2].
Environmental considerations: Not all environments induce SCC in Mg alloys. In
air the SCC is promoted by a high relative humidity (85–90 %). Aqueous envi-
ronments, including distilled water and solutions of NaCl, NaCl + K2CrO4, NaBr,
and Na2SO4, also accelerate SCC. In fact, an NaCl + K2CrO4 solution is commonly
used in accelerated SCC testing of Mg alloys.

Mg alloy SCC susceptibility generally increases with increasing temperature.
However, in passivating solutions the increasing temperature is beneficial because
of improved passivation kinetics.

1.5.4.4 Corrosion Fatigue

Corrosion fatigue occurs under the combined action of cyclic loading and a corrosive
medium. The fatigue lives of Mg alloys are significantly reduced in corrosive media
such as aqueous NaCl and CaCl2. Compared with CaCl2, the high Cl

− concentration
and low pH of anNaCl solution accelerate pit formation and crack growth, resulting in
noticeable reductions in fatigue strength [48]. AZ-class alloys are highly susceptible
to corrosion fatigue because of the presence of Mg17Al12 [48–51].

Mg alloys are widely used in engine gear box housings. The housings are
dynamically loaded components with oil passages, and various types of oils are
used for lubrication. Therefore it is important to understand the effects of various oil
environments on the corrosion fatigue behaviour of Mg alloys. Studies have shown
that mineral oil provides relatively better corrosion protection than gear oil under
fatigue loading conditions [50, 51]. Mg alloys adsorb the mineral oil easily by
physical or chemical adsorption, resulting in formation of a thick protective layer
over the substrate. This layer helps in reducing the corrosion rate and improves the
corrosion fatigue life of the component.
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1.5.4.5 Advances in Corrosion Protection Techniques

An electroless chemical treatment using KMnO4 + MnHPO4 solutions forms a
conversion layer that has been reported to have better passivating capability than
conventional chromate conversion coatings [52].

Anodic spark deposition/discharge, micro-arc oxidation, electrical breakdown
and plasma chemical oxidation techniques provide a protective high-hardness
crystalline ceramic layer to protect against corrosion and wear [53, 54]. In addition
to this beneficial effect, the ceramic nature of the coating provides excellent heat
resistance.

Plasma deposition has been used with a hexamethyldisiloxane–oxygen mixture
to deposit an organic film on an Mg–Y–RE alloy [55, 56]. The film is reported to
provide significantly higher corrosion resistance to the Mg alloy.

Other methods such as thermal spray coating, laser treatment, physical vapour
deposition, ion implantation PVD, plasma oxidation, and galvanic deposition
coatings have also been developed on a laboratory scale [57–60]. However, their
practical applications have yet to be realized.

1.6 Global Scenario and Indian Programmes

Some aircraft built during the Second World War and the 1950s used significant
amounts of Mg alloys in the primary structures. For example, the Lockheed F-80C
Shooting Star was built primarily with Mg alloys, and the Convair B-36 used
8600 kg (5555 kg sheets + 700 kg forgings) of Mg components in the aircraft [61].
The Soviet Union Tupolev TU-134 had 1325 Mg secondary structure components
(shown in Fig. 1.9) with a total weight of 780 kg [62].

More modern transport aircraft, e.g. the Boeing 727, use Mg alloy components
for trailing edge flaps, control surfaces, door frames, wheels, engine gear boxes,
accessory drives, thrust reversers, actuators, power generation components, etc.

Fig. 1.9 Locations of Mg
secondary structure
components in TU-134
aircraft (marked in Red) [62]
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Indian helicopter projects such as the advanced light helicopter (ALH) and the
light utility helicopter (LUH) use high strength, creep-resistant Mg alloy (EZ-class)
sand castings in the main transmission gear box housings (MTGB), owing to
significant weight savings. Excellent castability of EZ-class alloys allows the
castings to be fabricated with intricate internal oil passages that cannot be made by
any other forming or machining processes. A typical MTGB housing casting
developed by HAL (F&F) has already been shown in Fig. 1.1. These castings are
usually well sealed and corrosion protected by fluoride anodizing and a chromate
conversion coating. They are also not considered to be damage tolerant (crack
growth resistant) items, but instead are ‘safe-life’ items with large safety factors on
the fatigue life. Other parts such as air intake cases for project engines and
instrument panels are also manufactured from Mg alloys.

1.7 Summary

At present, most aerospace Mg alloy components are casting alloys for secondary
structures. The use of wrought Mg alloys in aerospace applications is rather limited
due to the poor workability of the alloys. Further, it is clear from the literature that
the corrosion resistance (notably galvanic corrosion), ductility, elevated temperature
strength, fatigue and toughness properties of conventional Mg alloys are still of
concern.

There are promising advanced corrosion protection schemes (PVD,
spray/deposition techniques, organic coatings) and innovative processing tech-
nologies (RSP, ECAE), that may make it possible to develop alloys with improved
properties. Hence future goals should be to optimize these protection schemes and
processes on an industrial scale, in order to exploit the full potential of Mg alloys in
aerospace applications. Other important goals are the (further) development of
innovative Mg alloys (Mg–Li and Mg–Sc alloys), and improved recycling methods
to make these alloys cost-effective.
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Chapter 2
Aluminium Alloys for Aerospace
Applications

P. Rambabu, N. Eswara Prasad, V.V. Kutumbarao and
R.J.H. Wanhill

Abstract This chapter starts with a brief overview of the historical development of
aerospace aluminium alloys. This is followed by a listing of a range of current
alloys with a description of the alloy classification system and the wide range of
tempers in which Al alloys are used. A description is given of the alloying and
precipitation hardening behaviour, which is the principal strengthening mechanism
for Al alloys. A survey of the mechanical properties, fatigue behaviour and cor-
rosion resistance of Al alloys is followed by a listing of some of the typical
aerospace applications of Al alloys. The Indian scenario with respect to production
of primary aluminium and some aerospace alloys, and the Type Certification pro-
cess of Al alloys for aerospace applications are described. Finally there is a critical
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2.1 Introduction

Aluminium alloys have been the main airframe materials since they started
replacing wood in the late 1920s. Even though the role of aluminium in future
aircraft will probably be somewhat diminished by the increasing use of composite
materials, high-strength aluminium alloys are, and will remain, important airframe
materials.

The attractiveness of aluminium is that it is a relatively low cost, lightweight
metal that can be heat treated to fairly high-strength levels; and it is one of the most
easily fabricated of the high-performance materials, which usually correlates
directly with lower costs. Disadvantages of aluminium alloys include a low mod-
ulus of elasticity, rather low elevated-temperature capability (� 130 °C), and in
high-strength alloys the susceptibility to corrosion [1].

Dramatic improvements in aluminium alloys have occurred since they were first
introduced in the 1920s. These improvements, shown in Fig. 2.1, are a result of
increasing understanding of chemical composition, impurity control and the effects
of processing and heat treatment. The data in Fig. 2.1 pertain to established aero-
space aluminium alloys; newer ones (such as AA7085) are under evaluation, as are
the third-generation aluminium–lithium (Al–Li) alloys discussed in Chap. 3 of this
Volume. The chemical compositions of some aerospace grade aluminium alloys [2]
are given in Table 2.1.

One of the earliest aerospace Al alloys was Duralumin (AA2017) which had a
yield strength of 280 MPa. Property improvements have come through develop-
ment of new alloy systems, modifications to compositions within particular sys-
tems, and from the use of a range of multistage ageing treatments (tempers) [3].

Fig. 2.1 Yield strengths
versus year of introduction of
Al alloys [1]
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Experiments with different levels of the alloying elements led to the Al–Cu–Mg
alloy AA2014, which developed better properties than AA2017 after artificial (T6)
ageing. Other experiments led to the development of AA2024-T3. This alloy
attained a higher yield strength than AA2017-T4 by modest amounts of cold
deformation followed by natural ageing, and has significantly higher ductility than
AA2014-T6.

Several investigators found that aluminium alloys containing both zinc and
magnesium developed substantially higher strengths than those containing either of
the alloying elements added singly, and significantly higher strengths were obtained
from these alloys. These findings led to the development of the Al–Zn–Mg–Cu
alloy AA7075 in the early 1940s. A higher strength alloy, AA7178, was later
developed [4], but low toughness led to alloys with much lower Fe and Si contents,
e.g. AA7050 and AA7475.

As aircraft became larger it became necessary to use thicker-section airframe
components. However, thick-section products of the high-strength 7XXX alloys
like AA7075-T6 and particularly AA7079-T6 were found to be susceptible to stress
corrosion cracking (SCC) in the short transverse direction. The overaged T73 and
T76 tempers were developed in the early 1960s to make AA7075 more resistant to
SCC and exfoliation corrosion.

Subsequently alloy 7475 was developed from 7075 to improve the fracture
toughness. Then a new generation of alloys, including AA7050-T7351, was
developed during the 1970s to fit the need for a material that would develop high
strength in thick-section products, good resistance to SCC and exfoliation corro-
sion, and good fracture toughness and fatigue characteristics. These developments
are continuing, with one of the latest alloys being AA7085.

Other developments include higher toughness 2XXX alloys and the third gen-
eration of Al–Li alloys, as already mentioned.

2.2 Classification and Designation

Aluminium alloys are classified as heat treatable or non-heat treatable, depending
on whether or not they respond to precipitation hardening [2, 5]. The heat treatable
alloys contain elements that decrease in solid solubility with decreasing tempera-
ture, and in concentrations that exceed their equilibrium solid solubility at room
temperature and moderately higher temperatures. The most important alloying
elements in this group include copper, lithium, magnesium and zinc [5].

A large number of other compositions rely instead on work hardening through
mechanical reduction, usually in combination with various annealing procedures for
property developments. These alloys are referred to as non-heat-treatable or
work-hardening alloys.

Some casting alloys are essentially non-heat-treatable and are used as-cast or in
thermally modified conditions uninfluenced by solutionizing or precipitation effects
[2]. Figure 2.2 gives an overview of the principal types of aluminium alloys.
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2.2.1 Wrought Alloys

A four-digit numerical designation system is used to identify wrought aluminium
and aluminium alloys. As shown below, the first digit of the four-digit designation
indicates the group.

Aluminium, >99.00 %—1XXX. Aluminium alloys grouped by major alloying
element(s); Copper—2XXX; Manganese—3XXX; Silicon—4XXX; Magnesium—
5XXX; Magnesium and Silicon—6XXX; Zinc—7XXX; Other elements—8XXX;
Unused series—9XXX.

2.2.2 Cast Alloys

A system of four-digit numerical designations incorporating a decimal point is used
to identify aluminium and aluminium alloys in the form of castings and foundry
ingots. The first digit indicates the alloy group.

Aluminium, >99.00 %—1XX.X. Aluminium alloys grouped by major alloying
element(s); Copper—2XX.X; Silicon with added copper and/or magnesium—3XX.
X; Silicon—4XX.X; Magnesium—5XX.X; Zinc—7XX.X; Tin—8XX.X; Other
elements—9XX.X; Unused series—6XX.X

2.2.3 Temper Designations

The temper designation system is used for all product forms (both wrought and
cast), with the exception of ingots. The system is based on the sequences of
mechanical or thermal treatments, or both, used to produce the various tempers. The
temper designation follows the alloy designation and is separated from it by a

Al

Al-Cu

Al-Cu-Mg 

Al-Mg-Si 

Al-Zn-Mg 

Al-Zn-Mg-Cu

Al-Si 

Al-Si-Cu

Al-Mg 

Al-Mn 

Zn

Mg 

Cu

Mn 

Si 

Age – 
hardening 
alloys

Casting 
Alloys

Work 
hardening 
alloys

Fig. 2.2 The principal types
of aluminium alloys [2]
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hyphen. Basic temper designations consist of individual capital letters. Major
subdivisions of basic tempers, where required, are indicated by one or more digits
following the letter. These digits designate sequences of treatments that produce
specific combinations of characteristics in the product. Variations in treatment
conditions within major subdivisions are identified by additional digits.

T1—Cooled from an elevated-temperature shaping process and naturally
aged to a substantially stable condition. This designation applies to products that
are not cold-worked after an elevated-temperature shaping process such as casting
or extrusion, and for which mechanical properties have been stabilized by room
temperature ageing. This designation also applies to products that are flattened or
straightened after cooling from the shaping process, whereby the cold-work effects
imparted by flattening or straightening are not accounted for in the specified
property limits.

T2—Cooled from an elevated-temperature shaping process, cold-worked,
and naturally aged to a substantially stable condition. This designation refers to
products that are cold-worked specifically to improve strength after cooling from a
hot-working process such as rolling or extrusion, and for which the mechanical
properties have been stabilized by room temperature ageing. This designation also
applies to products in which the effects of cold-work, imparted by flattening or
straightening, are accounted for in the specified property limits.

T3—Solution heat treated, cold-worked, and naturally aged to a substan-
tially stable condition. T3 applies to products that are cold-worked specifically to
improve strength after solution heat treatment and for which mechanical properties
have been stabilized by room temperature ageing. This designation also applies to
products in which the effects of cold work, imparted by flattening or straightening,
are accounted for in the specified property limits.

T4—Solution heat treated and naturally aged to a substantially stable
condition. This designation signifies products that are not cold-worked after
solution heat treatment and for which mechanical properties have been stabilized by
room temperature ageing. If the products are flattened or straightened, the effects of
the cold-work imparted by flattening or straightening are not accounted for in the
specified property limits.

T5—Cooled from an elevated-temperature shaping process and artificially
aged. T5 includes products that are not cold-worked after an elevated-temperature
shaping process such as casting or extrusion and for which the mechanical prop-
erties have been substantially improved by precipitation heat treatment. If the
products are flattened or straightened after cooling from the shaping process, the
effects of the cold-work imparted by flattening or straightening are not accounted
for in the specified property limits.

T7—Solution heat treated and overaged or stabilized. T7 applies to wrought
products that have been precipitation heat treated beyond the point of maximum
strength to provide some special characteristics, such as enhanced resistance to
stress corrosion cracking or exfoliation corrosion. This designation also applies to
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cast products that are artificially aged after solution heat treatment to provide
dimensional and strength stability.

T8—Solution heat treated, cold-worked, and artificially aged. This desig-
nation applies to products that are cold-worked specifically to improve strength
after solution heat treatment and for which mechanical properties or dimensional
stability, or both, have been substantially improved by precipitation heat treatment.
The effects of cold work, including any cold work imparted by flattening or
straightening, are accounted for in the specified property limits.

T9—Solution heat treated, artificially aged, and cold-worked. This group is
comprised of products that are cold-worked specifically to improve strength after
they have been precipitation heat treated.

T10—Cooled from an elevated-temperature shaping process, cold-worked,
and artificially aged. T10 identifies products that are cold-worked specifically to
improve strength after cooling from a hot-working process such as rolling or
extrusion and for which the mechanical properties have been substantially
improved by precipitation heat treatment. The effects of cold work, including any
cold work imparted by flattening or straightening, are accounted for in the specified
property limits.

2.3 Age-Hardenable Aluminium Alloys

Although most metals will alloy with aluminium, comparatively few have sufficient
solid solubility to serve as major alloying additions, see Table 2.2. Some of the
transition metals, e.g. chromium, manganese and zirconium, which have solid
solubilities below 1 at.% confer important improvements to alloy properties by
forming intermetallic compounds that control the grain structure. Apart from tin,
which is sparingly soluble, the maximum solid solubilities in binary aluminium
alloys occur at the eutectic and peritectic temperatures [6].

The heat treatment given to aluminium alloys to increase strength is age hard-
ening. As stated at the beginning of Sect. 2.2, the basic requirement for an alloy to
be amenable to age-hardening is a decrease in solid solubility of one or more of the
alloying elements with decreasing temperature. Heat treatment normally involves
the following stages:

1. Solution treatment at a relatively high temperature within the single-phase
region.

2. Rapid cooling or quenching, usually to room temperature to obtain a super-
saturated solid solution (SSSS) of the age-hardening elements in aluminium.

3. Controlled decomposition of the SSSS to form a finely dispersed precipitate,
usually by ageing for convenient times at one and sometimes two intermediate
temperatures.
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The complete decomposition of an SSSS is usually a complex process which
may involve several stages. Typically, Guinier–Preston (GP) zones and an inter-
mediate precipitate may be formed in addition to the equilibrium phase.

Most aluminium alloys that respond to ageing will undergo some hardening at
ambient temperatures. This is called ‘natural ageing’ and may continue almost
indefinitely, although the rate of change becomes extremely slow after months or
years. Ageing at sufficiently elevated temperature (artificial ageing) is characterized
by a different behaviour in which the hardness usually increases to a maximum and
then decreases. The highest value of hardness occurs at one particular temperature,
which varies with each alloy.

Maximum hardening in commercial alloys normally occurs when a critical
dispersion of GP zones, or an intermediate precipitate, or a combination of both, are
present. In some alloys more than one intermediate precipitate may be formed.

The softening that occurs on prolonged artificial ageing is known as ‘overage-
ing’. For commercial heat treatments an ageing schedule is usually selected to give
the desired response to hardening (strengthening) within a convenient period of
time.

Some alloys are cold-worked (e.g. stretching or compression, up to 5 %) after
quenching and before ageing. The cold-work increases the dislocation density and
provides more sites at which heterogeneous nucleation of intermediate precipitates
may occur during ageing [6]. The result is an improvement in the strength
properties.

Table 2.2 Solid solubility of
elements in aluminium [6]

Element Temperature for
maximum solid
solubility (°C)

Maximum solid
solubility

(wt%) (at.%)

Cadmium 649 0.4 0.09

Cobalt 657 < 0.02 < 0.01

Copper 548 5.65 2.40

Chromium 661 0.77 0.40

Germanium 424 7.2 2.7

Iron 655 0.05 0.025

Lithium 600 4.2 16.3

Magnesium 450 17.4 18.5

Manganese 658 1.82 0.90

Nickel 640 0.04 0.02

Silicon 577 1.65 1.59

Silver 566 55.6 23.8

Tin 228 *0.06 *0.01

Titanium 665 *1.3 *0.74

Vanadium 661 *0.4 *0.21

Zinc 443 82.8 66.4

Zirconium 660.5 0.28 0.08
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2.4 Effects of Alloying Elements

The effect(s) of various alloying elements [2] are given below in alphabetical order.
Some of the effects, particularly with respect to impurities, are not well documented
and are specific to particular alloys or conditions.

Chromium: Is a common addition to many alloys of the aluminium–magne-
sium, aluminium–magnesium–silicon, and aluminium–magnesium–zinc groups, in
which it is added in amounts generally not exceeding 0.35 wt%. Above this limit
chromium tends to form very coarse constituents with other impurities or additions
such as manganese and titanium.

Chromium has a low diffusion rate and forms a fine dispersed phase in wrought
products. The dispersed phase inhibits nucleation and grain growth. Hence during
hot working or heat treatment, chromium prevents grain growth in aluminium–

magnesium alloys and recrystallization in aluminium–magnesium–silicon or alu-
minium–magnesium–zinc alloys.

The main drawback of chromium in heat treatable alloys is the increase in
quench sensitivity when the hardening phase tends to precipitate on the preexisting
chromium-phase particles.

Copper: Aluminium–copper alloys containing 2–10 wt% Cu, generally with
other additions, form an important family of Al alloys. Both cast and wrought
aluminium–copper alloys respond to solution heat treatment and subsequent ageing,
with an increase in strength and hardness and a decrease in elongation. The
strengthening is maximum between 4 and 6 wt% Cu, depending upon the influence
of other constituents. N.B: the ageing characteristics of binary aluminium–copper
alloys have been studied in greater detail than for any other system, but all com-
mercial aerospace alloys contain other alloying elements.

Copper–Magnesium: The main benefit of adding magnesium to aluminium–

copper alloys is the increased strength following solution heat treatment and
quenching. In certain wrought alloys of this type, ageing at room temperature
(natural ageing) causes an increase in strength accompanied by high ductility.
Artificial ageing, at elevated temperatures, results in a further increase in strength,
especially the yield strength, but at a substantial sacrifice in tensile elongation.

For both cast and wrought aluminium–copper alloys, as little as about 0.5 wt
% Mg is effective in changing the ageing characteristics. In wrought products the
effect of magnesium additions on strength can be maximized in artificially aged
materials by cold-working prior to ageing. In naturally aged materials, however, the
benefit to strength from magnesium additions can decrease with cold-working.

The effect of magnesium on the corrosion resistance of aluminium–copper alloys
depends on the type of product and thermal treatment.

Copper–Magnesium plus Other Elements: Al–Cu–Mg alloys containing
manganese are the most important and versatile class of commercial high-strength
wrought aluminium–copper–magnesium alloys. In general, tensile strength
increases with separate or simultaneous increases in magnesium and manganese,
and the yield strength also increases, but to a lesser extent. Further increases in
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tensile strength and particularly yield strength occur on cold-working after heat
treatment.

Additions of manganese and magnesium decrease the fabrication characteristics
of aluminium–copper alloys, and manganese also causes a loss in ductility. Hence
the concentration of manganese does not exceed about 1 wt% in commercial alloys.
Additions of cobalt, chromium, or molybdenum to the wrought Al-4 wt%
Cu-0.5 wt% Mg type of alloy increase the tensile properties on heat treatment, but
none offers a distinct advantage over manganese.

The cast aluminium–copper–magnesium alloys containing iron are characterized
by dimensional stability and improved bearing characteristics, as well as high
strength and hardness at elevated temperatures. However, in a wrought Al-4 wt%
Cu-0.5 wt% Mg alloy, iron in concentrations as low as 0.5 wt% lowers the tensile
properties in the heat-treated condition unless the silicon content is sufficient to
sequester the iron as FeSi intermetallic particles. When sufficient silicon is present
to combine with the iron, the strength properties are unaffected, although the FeSi
particles are detrimental to fracture toughness, see Sect. 2.5.1.

However, if there is excess iron, it unites with copper to form the Cu2FeAl7
constituent, thereby reducing the amount of copper available for heat-treating
effects. Silicon also combines with magnesium to form Mg2Si precipitates that
contribute to the age-hardening process, see below.

Silver substantially increases the strength of heat treated and aged aluminium–

copper–magnesium alloys. Nickel improves the strength and hardness of cast and
wrought aluminium–copper–magnesium alloys at elevated temperatures. However,
addition of about 0.5 wt% Ni lowers the tensile properties of the heat-treated
wrought Al-4 %Cu-0.5 %Mg alloy at room temperature.

Magnesium–Silicon: Wrought alloys of the 6XXX group contain up to 1.5 wt%
each of magnesium and silicon in the approximate ratio to form Mg2Si, i.e. 1.73:1.
The maximum solubility of Mg2Si in Al is 1.85 wt%, and this decreases with
temperature. Precipitation upon age-hardening occurs by formation of Guinier–
Preston zones and a very fine precipitate. Both confer an increase in strength to
these alloys, though not as great as in the case of the 2XXX or the 7XXX alloys.

Al–Mg2Si alloys can be divided into three groups. In the first group the total
amount of magnesium and silicon does not exceed 1.5 wt%. These elements are in a
nearly balanced ratio or with a slight excess of silicon. Typical of this group is
AA6063, which nominally contains 1.1 wt% Mg2Si and is widely used for extruded
sections. Its solution heat-treating temperature of just over 500 °C and its low
quench sensitivity are such that this alloy does not need a separate solution treat-
ment after extrusion, but may be air quenched at the press and artificially aged to
achieve moderate strength, good ductility, and excellent corrosion resistance.

The second group nominally contains 1.5 wt% or more of magnesium + silicon
and other additions such as 0.3 wt% Cu, which increases strength in the T6 temper.
Elements such as manganese, chromium, and zirconium are used for controlling
grain structure. Alloys of this group, such as AA6061, achieve strengths about
70 MPa higher than in the first group in the T6 temper. However, this second group
requires a higher solution treating temperature than the first and they are quench
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sensitive. Therefore they generally require a separate solution treatment followed by
rapid quenching and artificial ageing.

The third group contains an amount of Mg2Si overlapping the first two but with
substantial excess silicon. An excess of 0.2 wt% Si increases the strength of an alloy
containing 0.8 wt% Mg2Si by about 70 MPa. Larger amounts of excess silicon are
less beneficial. Excess magnesium, however, is of benefit only at low Mg2Si
contents because magnesium lowers the solubility of Mg2Si.

In excess silicon alloys, segregation of silicon to the grain boundaries causes
grain-boundary fracture in recrystallized structures. Additions of manganese,
chromium, or zirconium counteract the effect of silicon by preventing recrystal-
lization during heat treatment. Common alloys of this group are AA6351 and the
more recently introduced alloys AA6009 and AA6010. An addition of lead and
bismuth to an alloy of this series (AA6262) improves machinability.

Silicon: In wrought alloys silicon is used with magnesium at levels up to 1.5 wt
% to produce Mg2Si in the 6XXX series of heat treatable alloys.

High-purity aluminium–silicon casting alloys exhibit hot shortness up to 3 wt%
Si, the most critical range being 0.17–0.8 wt% Si. However, in aluminium–copper–
magnesium alloys silicon additions (0.5–4.0 wt%) reduce the cracking tendency.
Small amounts of magnesium added to any silicon-containing alloy will render it
heat treatable, but the converse is not true, since excess magnesium over that
required to form Mg2Si sharply reduces the solid solubility of this compound.

Modification of the silicon morphology in casting alloys can be achieved
through the addition of sodium in eutectic and hypoeutectic alloys and by phos-
phorus in hypereutectic alloys.

Titanium: Is used primarily as a grain refiner of aluminium alloy castings and
ingots. When used alone, the effect of titanium decreases with time of holding in the
molten state and with repeated remelting. The grain-refining effect is enhanced if
boron is present in the melt or if it is added as a master alloy containing boron
largely combined with titanium as TiB2.

Zinc–Magnesium: Addition of magnesium to aluminium–zinc alloys develops
the strength potential of this alloy system, especially in the range of 3–7.5 wt% Zn.
Magnesium and zinc form MgZn2, which produces a far greater response to heat
treatment than occurs in the binary aluminium–zinc system.

On the negative side, increasing additions of both zinc and magnesium decrease
the overall corrosion resistance of aluminium, such that close control over the
microstructure, heat treatment, and composition are often necessary to maintain
adequate resistance to stress corrosion and exfoliation corrosion. For example,
depending upon the alloy, stress corrosion is controlled by some or all of the fol-
lowing: overageing; cooling rate after solution treatment; maintaining an unrecrys-
tallized structure via additions such as zirconium, copper or chromium (see zinc–
magnesium–copper alloys); and adjusting the zinc–magnesium ratio closer to 3:1.

Zinc–Magnesium–Copper: Addition of copper to the aluminium–zinc–mag-
nesium system, together with small but important amounts of chromium and
manganese, results in the highest strength aluminium-base alloys (7XXX series)
commercially available.
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In this alloy system, zinc and magnesium control the ageing process. The effect
of copper is to increase the ageing rate by increasing the degree of supersaturation
and perhaps through nucleation of the CuMgAl2 phase. Copper also increases the
quench sensitivity upon heat treatment. In general, copper reduces the resistance to
general corrosion of aluminium–zinc–magnesium alloys, but increases the resis-
tance to stress corrosion. Minor alloy additions, such as chromium and zirconium,
have a marked effect on mechanical properties and corrosion resistance.

Zirconium: Additions in the range 0.1–0.3 wt% are used to form a fine pre-
cipitate of intermetallic particles that inhibit recovery and recrystallization. An
increasing number of alloys, particularly in the aluminium–zinc–magnesium fam-
ily, use zirconium additions to increase the recrystallization temperature and to
control the grain structure in wrought products. Zirconium additions render this
family of alloys less quench sensitive compared to chromium additions.

Higher levels of zirconium are employed in some superplastic alloys to retain the
required fine substructure during elevated temperature forming. Zirconium addi-
tions have been used to reduce the as-cast grain size, but the effect is less than that
of titanium. In addition, zirconium tends to reduce the grain-refining effect of
titanium plus boron additions so that it is necessary to use more titanium and boron
to grain refine zirconium-containing alloys.

2.5 Mechanical Properties

2.5.1 Strength and Fracture Toughness

As previously mentioned, aluminium alloys may be divided into two groups
depending upon whether or not they respond to precipitation hardening. For alloys
that do not respond to ageing treatments, it is the finely dispersed precipitates that
have the dominant effect in inhibiting dislocation motion and thereby raising yield
and tensile strengths.

For the other group the grain size of cast alloys and the dislocation structures
produced by cold-working in the case of wrought alloys are of prime importance.
Some of the mechanical properties of wrought age-hardening aerospace aluminium
alloys are given in Table 2.3.

Coarse intermetallic compounds have relatively little effect on yield or tensile
strength but they can cause a marked loss of ductility in both cast and wrought
products. The particlesmay crack at small plastic strains forming internal voidswhich,
under the action of further plastic strain, coalesce leading to premature fracture.

Early work on the higher strength aluminium alloys was directed primarily at
maximizing tensile properties in aerospace materials. Since the 1960s the emphasis
in alloy development has shifted away from tensile strength as the primary con-
sideration, and more attention is given to optimizing a combination of properties
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and the alloys’ behaviour under a variety of service loadings and environmental
conditions.

Yield strength is important for resisting deformation under service loads, but in
the presence of cracks and other flaws it is the fracture toughness that generally
becomes the more important parameter. Minimum fracture toughness requirements
have become mandatory, and in the high-strength alloys the generally inverse
relationship between strength and toughness, see Fig. 2.3, limits the level of yield
strength that can be safely employed by the designer.

The major step in the development of aluminium alloys with greatly improved
fracture toughness has come from controlling the levels of the impurity elements
iron and silicon. This effect is shown in Fig. 2.3a for alloys based on the Al–Cu–
Mg system: it can be seen that plane-strain fracture toughness values may be
doubled by maintaining the combined levels of these elements below 0.5 wt% as
compared with similar alloys in which this value exceeds 1.0 wt%. Consequently,
some high-toughness versions of older alloy compositions are now commercially
used with reduced impurity levels [3].

Figure 2.3b shows that in general the 7XXX series of alloys can attain superior
combinations of strength and fracture toughness compared with 2XXX alloys.

2.5.2 Fatigue

Fatigue life and strength properties are always important design data for aircraft
structures. The practical significance is, however, restricted to notched fatigue,
since cracks start at stress concentrations, especially fastener holes [7].

2014
2020
2021
2124
2219
2618
7049
7050
7075
7079
7175
7178
7475

L-T crack plane

Fig. 2.3 Plane-strain fracture toughness of a Al–Cu–Mg alloys with differing levels of iron and
silicon [3]; b 2XXX and 7XXX alloys covering three strength regimes [7]. Note the general
inverse relationship between strength and fracture toughness
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Unlike steels, the unnotched fatigue strengths of wrought aluminium alloys are
not proportional to the static strengths, i.e. stronger alloys do not necessarily have a
higher fatigue strength, see Fig. 2.4. This is even more marked for notched fatigue,
and there is actually little difference in the high-cycle notched fatigue strengths of
IM wrought alloys, for example Fig. 2.5.

Fig. 2.4 Fatigue limits of conventional (non-lithium-containing) wrought aluminium alloys [11]

Fig. 2.5 Notched (Kt = 2) fatigue strengths of aircraft standard sheet alloys [7]
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2.5.3 Fatigue Crack Growth

Conventional (non-lithium-containing) 2XXX series alloys are generally superior to
7XXX series alloys under constant amplitude loading, for example Fig. 2.6, and
gust spectrum loading (typical for transport aircraft), but not necessarily under
manoeuvre spectrum loading representative for tactical (fighter) aircraft [8].

Also, for constant amplitude loading at low DK values, the alloy rankings
depend strongly on the ageing treatment: naturally aged (T3X) and artificially aged
(T8X) treatments for 2XXX series alloys, and artificially peak aged (T6X) and
overaged (T7X) treatments for 7XXX series alloys [7].

Thus, summarising, fatigue crack growth testing, even at the basic materials
level, when selecting candidate materials for further evaluation, should include
realistic load histories and representative stress levels [8].

2.5.4 Corrosion Resistance

The corrosion resistance of any specific aluminium alloy depends on the environ-
ment as well as the alloy. Both chemical and physical environmental variables

Fig. 2.6 Constant stress ratio fatigue crack growth rates for conventional 2XXX and 7XXX plate
alloys [7]
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affect corrosion. The influence of the environment depends on its composition and
the presence of impurities, such as heavy metal ions. Physical variables are tem-
perature, degree of movement and agitation, and pressure. Alloy variables that
affect corrosion are composition and fabrication practice. These determine the
microstructure, which controls whether localized corrosion occurs and the method
of attack [9].

Conventional (non-lithium-containing) aerospace alloys always require some
form of corrosion protection. This can be cladding with (nearly) pure aluminium
and anodizing for sheet alloys; anodizing or ion vapour deposition for other types of
products; and primer and paint systems.

Some aluminium alloys are susceptible to stress corrosion cracking (SCC),
which occurs under the combined action of a continuous tensile stress and a specific
corrosive environment. The most important aerospace aluminium alloys susceptible
to SCC are the 2XXX-T8XX, 7XXX-T6XX and 7XXX-T7XX tempers [12]. Very
rarely, SCC occurs in aluminium–magnesium–silicon alloys (6XXX).

The remedial measures against SCC include restricting the alloy strength levels,
stress relief treatments, minimizing assembly stresses in built-up structures, and
corrosion-resistant coatings, as above [12]. See also Chap. 19 in Volume 2 of these
Source Books.

2.6 Typical Aerospace Applications of Aluminium Alloys

Even though the role of aluminium in future commercial aircraft will probably be
‘threatened’ by the increasing use of composite materials, the high-strength alu-
minium alloys are, and will remain, important airframe materials. Even in fighter
aircraft, which already have composite material percentages in the range of 40–
50 %, aluminium still plays a significant role [1]. The attractiveness of aluminium is
that it is a relatively low cost, lightweight metal that can be heat treated to fairly
high-strength levels, and it is one of the most easily fabricated high performance
materials, i.e. the manufacturing costs are relatively low.

Improvements in aluminium manufacturing technology include high-speed
machining and friction stir welding (FSR):

• Although higher metal removal rates are an immediate benefit of high-speed
machining, an additional cost saving is the ability to machine extremely thin
walls and webs. This allows the design of weight competitive high-speed
machined assemblies, in which sheet metal parts that were formally assembled
with mechanical fasteners can now be machined from a single or several blocks
of aluminium plate.

• FSR is a solid state joining process that has the ability to weld the 2XXX and
7XXX alloys, which are not suited to conventional fusion welding. FSR also
allows the design of weight competitive assemblies with a minimum number of
mechanical fasteners.
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More specifically, the alloy property requirements vary depending on the
application. A generic example is given in Fig. 2.7, which illustrates the engi-
neering property requirements for several of the main structural areas in a transport
aircraft, namely (i) fuselage and pressure cabins, (ii) wings and (iii) empennage
(horizontal and vertical stabilizers).

The engineering properties required for these structures are strength (TS, CYS),
stiffness (E), damage tolerance (DT: fatigue, fatigue crack growth, fracture
toughness), and corrosion (general and stress corrosion). The rankings of the
requirements differ for different areas, but there is much commonality.

Table 2.4 presents a survey of the actual and proposed uses of conventional
2XXX and 7XXX aluminium alloys in airframe structures. Alloy producers develop
basically similar alloys for different product forms and applications. The most
important contribution to this flexibility is the development of a range of alloy
tempers that allow optimizations and trade-offs of properties, and hence the ability
to match the alloys to particular applications.

2.7 Indian Scenario

4 % of the global primary Al production of about 50 million tons is produced in
India by three large manufacturers: NALCO, HINDALCO and the Vedanta
Group. Comparable quantities are produced by recycling (using domestic as well as
imported scrap, mostly by thousands of small units). About 80 % of the primary

Fig. 2.7 Engineering property requirements for main structural areas in a transport aircraft: CYS
compressive yield strength; E elastic modulus; TS tensile strength; DT damage tolerance properties
(fatigue, fatigue crack growth, fracture toughness)
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aluminium is consumed domestically, while the rest is exported, making India an
Al-surplus country.

This deceptive surplus is essentially due to the very low per capita consumption
of aluminium (under 1 kg) compared to the US and Europe (25–30 kg), and even
China (3 kg). The domestic consumption pattern gives a clue to the reasons for this
situation: the Power Industry (mainly overhead cables and other conductors) is the
principal consumer of domestic aluminium (48 %). Other sectors lag far behind:
Transport 15 %; Construction 13 %; Machinery and Equipment 7 %; Consumer
Durables 7 %; Packaging: 4 %; Others 6 %.

From the foregoing list it is clear that only very small amounts of aluminium and
its alloys made in India go into the aerospace industry, which itself is at an early
stage of development, particularly in the private sector. The only primary aircraft
manufacturer is the public sector Hindustan Aeronautics Limited (HAL), which
produces military aircraft, either of its own design or under licence from a foreign

Table 2.4 Actual and proposed uses of conventional aerospace aluminium alloys in airframe
structures [13]

Product Strength
levels

Alloy/temper Applications

Sheet Damage
tolerant

2024-T3, 2524-T3/351 Fuselage/pressure cabin skins

Plate Damage
tolerant

2024-T351, 2324-T39,
2624-T351, 2624-T39

Lower wing covers

Medium
strength

2024-T62 Tactical aircraft fuselage panels

Medium
strength

2124-T851 Tactical aircraft bulkheads

Medium
strength

7050-T7451,
7X75-T7XXX

Internal fuselage structures

High strength 7150-T7751,
7055-T7751,
7055-T7951,
7255-T7951

Upper wing covers

Medium
strength

7050-T7451 Spars, ribs, other internal
structures

Forgings High strength 7175-T7351,
7050-T7452

Wing/fuselage attachments

Extrusions Damage
tolerant

2024-T3511,
2026-T3511,
2024-T4312,
6110-T6511

Lower wing stringers
Fuselage/pressure cabin stringers

Medium/high
strength

7075-T73511,
7075-T79511,
7150-T6511,
7175-T79511,
7055-T77511,
7055-T79511

Fuselage stringers and frames,
upper wing stringers, floor beams,
seat rails
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manufacturer. The other major aerospace organization is the Indian Space Research
Organization (ISRO). This is a research establishment producing highly advanced
Space Vehicles that serve as technology demonstrators. Nonetheless these have
high commercial potential.

Several hundred ancillary units fabricate component parts for aerospace appli-
cations. Two examples are Hindalco-Almex Aerospace Ltd (HAAL), Aurangabad,
and PMI Engineering Exports Pvt Ltd, Chennai. The aluminium alloys they state
they are able to produce include AA2014, AA2618, AA5083, AA6061, AA7010,
AA7020, AA7050, AA7075 and AA7175: in short, a considerable variety.

Besides industry, there is considerable aerospace R&D activity in other insti-
tutions in India, led by several prestigious DRDO laboratories. Missile development
programs at several of these laboratories are supplemented by extensive work on
manufacture and property studies for a range of Al alloys including Al–Li alloys
(see Chap. 3 of this Volume) at the Defence Metallurgical Research Laboratory,
Hyderabad.

Some CSIR labs like the National Aerospace Laboratory (NAL), Bengaluru, and
the Regional Research Laboratory, Trivandrum, a few University Departments and
Research Institutions like the celebrated Indian Institute of Science, Bengaluru,
complete the R&D picture.

2.7.1 Gaps in Indian Aerospace Aluminium Technologies

A Delphi Expert Panel study on Vision 2019 for the Indian Aerospace Industry
(published in EM India June/July 2010, p.38) has concluded that India is fast
emerging as an international player in the aerospace industry owing to the low cost
of labour, the growing manufacturing sector and the rising stock of its R&D
capabilities.

Most experts seem to be expecting India to be a leading MRO (maintenance,
repair and overhaul) hub in Asia, particularly for military aircraft. However, foreign
organizations will continue to dominate the aerospace industry in India, since
domestic companies will find it difficult to keep up, given the technological gaps
between them and foreign companies. This situation could change if global players
start their cutting edge R&D activities in India in association with Indian collab-
orators, subject to the Government enabling improved internet protocol
(IP) protection.

The Indian aerospace sector has the potential to develop basic competencies in
aircraft manufacture, at least in respect of development of small and medium air-
craft. Demand for individual personalized flights is now increasing, so we could see
a boom in private aircraft manufacturing in India. However, besides shortcomings
in design, manufacturing and avionics capabilities, the availability of suitable
materials is a serious problem limiting the growth of this sector.

Traditionally aluminium alloys have been the favoured materials for airframe
structures. However, polymer matrix composites with high-specific strength and
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modulus are serious challengers to the use of Al alloys, which inherently suffer
from low stiffness. Significant improvements in specific elasticity cannot be
achieved in conventional Al alloys. However, some publications have men-
tioned that a very light (density 2.1 g/cm3) Al–Be alloy designated as AlBeMet
AM162 can achieve a nearly four times higher specific modulus than the
industry standard AA7075 alloy, with comparable strength and ductility but
only half the fracture toughness and considerably increased toxicity (due to
Be). Other possibilities for achieving high stiffnesses in Al alloys need to be
explored.

Indian primary aluminium manufacture is beset with major technological chal-
lenges, particularly the high electricity consumption during reduction of alumina to
aluminium by elevated-temperature electrolysis and large quantities of difficult to
dispose of byproducts like “Red Mud” and extremely toxic “Spent Pot Lining
(SPL)”.

An important issue is maintaining the high quality of products required for
aerospace applications, while at the same time keeping the costs down to an
acceptable level. Manufacturing units in the secondary sector are beset with the
problem of variable quality and heterogeneity of the raw material—aluminium
scrap—making it difficult to produce high quality end products.

2.7.2 Type Certification of Aluminium Alloys in India

Aluminium alloys type-certified for Indian aeronautical and missile applications by
the Centre for Military Airworthiness and Certification (CEMILAC), Bengaluru,
India are listed in Table 2.5. The significance of aero certification is that the design,
production and qualification are established for all type-certified alloys. The large
number of such alloys being type-approved denotes that aluminium alloy tech-
nologies and their production are maturing in India.

2.8 Summary and Conclusions

Because of the unique combination of light weight, high strength, and ease of
fabrication, aluminium alloys have been the mainstay of the aerospace industry for
nearly a century. Even though polymer-based composites have emerged in recent
years as formidable competitors in this respect, the pre-eminence of Al alloys in
civil transport aircraft remains hardly diminished, particularly in view of their
near-infinite recyclability and flame-retarding properties, two issues that complicate
and restrict the use of polymer-based materials.

However, serious consideration now needs to be paid to the well-known inad-
equacies of aluminium alloys, such as the high cost and environmental issues
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Table 2.5 Aluminium alloys type-approved by CEMILAC, India

Sl. No. Nomenclature Issued to RCMA* TA No.**

1. Al alloy AG5MC Sheets M/s Hindustan Al Corp. U.P. A/C 47

2. Al alloy AL-5 for Castings M/s HAL, Koraput KPT 142

3. Extruded bars AG5MC Ordnance Factory, Nagpur F&F 251

4. Al Sheet Grade INDAL “IS” M/s Indian Al Co., Kolkatta NSK 347

5. Rivet Wire Gr V-65 Indian Ordnance Factory, Nasik NSK 348

6. lNDAL-B26SW lNDAL-B26SW NSK 367

7. lNDAL-3S-0 M/s Indian Al Co., Kolkatta NSK 371

8. lNDAL-M57S-0 M/s Indian Al Co., Kerala NSK 396

9. lNDAL-24SWG M/s Indian Al Co., Kerala NSK 399

10 Bars 5052 (ASM) M/s Hindustan Al., U.P. NSK 420

11. AL-19 for Castings M/s HAL, Koraput KPT 444

12. B51S M/s Indian Al Co., Kolkatta A/C 491

13. Al Sheet ‘2S’ M/s Indian Al Co., Kolkatta NSK 492

14. Castings AL-9, T4, T5 M/s HAL, Koraput KPT 517

15. AK-6 Stampings M/s HAL, Koraput KPT 588

16. HE-15A Extruded Bars Ordnance Factory, Nagpur F&F 617

17. L-77 Extruded Bars M/s Indian Al Co., Kerala F&F 618

18. AU4Gl Extruded Bars M/s Indian Al Co., Kerala F&F 668

19. AU2GN Extruded Bars M/s Indian Al Co., Kerala F&F 669

20. AMG-2 M/s Indian Al Co., Kerala NSK 688

21. AK-4-1 M/s Indian Al Co., Kerala NSK 689

22. Gr. BRAZHIMS 10-3-1.5 M/s Indoswe Engg. Ltd., Pune NSK 690

23. AK-8 M/s Indian Al Co., Kerala NSK 691

24. Gr BRZHN-I0-4.4 M/s Indoswe Engg. Ltd., Pune NSK 692

25. HE 15A(ST) Ordnance Factory, Nagpur F&F 724

26. HE 20A (Extruded Bars) Ordnance Factory, Nagpur F&F 736

27. AG5MC Bars Ordnance Factory, Nagpur F&F 751

28. Forgings of HE-15A M/s HAL F&F Division, Bengaluru F&F 950

29. Extruded Bars 7010A ST M/s Ordnance Factory, Nagpur F&F 984

30. AU4G1, Extruded flats M/s Ordnance Factory, Nagpur F&F 1327

31. 5086 Extruded Bars M/s Ordnance Factory, Nagpur F&F 1330

32. Al-356 Investment Castings M/s IPCL, Gujarat MAT 1517

33. HF 15, T652 Forgings M/s DSPL, Hyderabad MAT 1705

34. HF 15, T652 Forged Flats M/s DSPL, Hyderabad MAT 1728

35. AA2219-T8511 Ordnance Factory, Nagpur F&F 1729

36. HF 15, T652 Forgings M/s MMBL, Hyderabad MAT 1833
* Regional Centre for Military Airworthiness
** Type Approved
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associated with their production. The most frustrating limitation is their inherently
low elastic modulus, a problem that defies a satisfactory solution by the metallur-
gist’s staple of microstructural modification. Novel thinking is required to address
this problem.

Inadequate facilities in India for the production of high-quality components
required by the aerospace industry are other issues that need to be urgently reme-
died by government and private initiatives.
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Chapter 3
Aluminium–Lithium Alloys

N. Eswara Prasad, Amol A. Gokhale and R.J.H. Wanhill

Abstract This chapter summarises the development and limitations of the first and
second generation Al–Li alloys, and then discusses the recent developments leading
to the third generation alloys. Emphasis is placed on the physical metallurgy of Al–
Li alloys, progressive development of the three generations of these alloys, and
finally the strategies for obtaining improved property combinations via various
microstructural modifications closely linked to multistage processing. The way
forward for Indian development of Al–Li alloys is also briefly discussed.

Keywords Aluminium–Lithium alloys � Mechanical properties � Fatigue �
Fracture � Corrosion � Applications

3.1 History of Alloy Development

Interest in aluminium–lithium (Al–Li) alloys arises from the important considera-
tion that as the lightest metal, lithium additions to Al reduce its density (*3 %
decrease per every wt%) and increase the elastic modulus (*6 % increase per
every wt%). The increases in specific strength (strength/density) and specific stiff-
ness (E/density) combine with good fatigue and cryogenic properties to offer
possibilities for the use of Al–Li alloys in aerospace structural applications,
including fuel tanks in launch vehicles, like the external tank of the US Space
Shuttle [1–3].
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Developmental activities started from the 1920s, but the first commercial alloy
AA2020 (Al–1.1Li–4.5Cu–0.5Mn–0.2Cd) was introduced only in 1958. This alloy
was successfully used for the wing skins and tails of the Northrop RA-5C Vigilante
aircraft, but concerns about its fracture toughness led to its withdrawal in the 1960s.
In the same time period, research work in the former Soviet Union led to the
development of VAD-23 with the nominal composition Al–1.1Li–5.3Cu–0.6Mn–
0.17Cd and 1420 (Al–2.0Li–5.3 Mg–0.5Mn). All three alloys are customarily
referred to as first generation alloys.

In the 1970s the potential threat of replacement of aluminium alloys by carbon
fibre composites resulted in extensive research work on a new, second generation of
Al–Li alloys. Development of these alloys has been largely unsuccessful owing to
unacceptable degrees of property anisotropy, low short transverse properties and
thermal instability. Work began in the late 1980s and early 1990s on a third gen-
eration of Al–Li alloys, and developments are ongoing. These newer alloys are
candidates for widespread replacement of conventional aluminium alloys in aero-
space structures. Table 3.1 lists typical compositions of some Al–Li alloys from all
three generations [1].

3.2 Aircraft Structural Property Requirements

Figure 3.1 illustrates the engineering property requirements for several of the main
structural areas in a transport aircraft, namely (i) Fuselage and Pressure Cabins,
(ii) Wings and (iii) Empennage. The engineering properties required for these
aircraft structures are strength (TS, CYS), stiffness (E), damage tolerance (DT:
fatigue, fatigue crack growth, fracture toughness), and corrosion (general and stress
corrosion). Also very important is the material density (ρ), reflected in weight
savings per se and the specific strength and stiffness.

Figure 3.2 summarises calculations of aircraft structural weight savings due to
property improvements [2], showing that a lower density is the most effective way
of reducing the overall weight of an aircraft structure. Next are enhancements in
strength and stiffness, which combine with reduced density to give improvements in
specific strength and stiffness. Finally, improvements in damage tolerance
(DT) properties have the least potential for saving weight, though even small
amounts of weight savings can be important.

Additions of lithium to aluminium alloys decrease the density and increase the
stiffness, thereby having a synergistic effect on the specific stiffness (E/ρ). Thus Al–
Li alloy development may already be successful from an engineering property
viewpoint—certainly with respect to equivalent conventional alloy products—if
other properties are simply maintained. This is attractive to commercial alloy
producers, since there is the possibility of obtaining families of Al–Li alloys to
replace conventional alloys for a variety of applications.

54 N. Eswara Prasad et al.



T
ab

le
3.
1

C
om

po
si
tio

ns
an
d
de
ns
iti
es

of
co
m
m
er
ci
al

A
l–
L
i
al
lo
ys

[1
]

A
llo

y
C
om

po
si
tio

n
(a
ll
el
em

en
ts
in

w
t%

)
D
en
si
ty
,
ρ

(g
/c
m

3 )
In
tr
od

uc
tio

n
/R
ef
er
en
ce
(s
)

L
i

C
u

M
g

A
g

Z
r

Sc
M
n

Z
n

O
th
er

el
em

en
ts

F
ir
st
ge
ne
ra
tio

n

20
20

1.
2

4.
5

0.
5

2.
71

A
lc
oa

(1
95

8)

14
20

2.
1

5.
2

0.
11

2.
47

So
vi
et

(1
96

5)

14
21

2.
1

5.
2

0.
11

0.
17

2.
47

So
vi
et

(1
96

5)

Se
co
nd

ge
ne
ra
tio

n
(L
i
≥
2
%
)

20
90

2.
1

2.
7

0.
11

2.
59

A
lc
oa

(1
98

4)

20
91

2.
0

2.
0

1.
3

0.
11

2.
58

Pe
ch
in
ey

(1
98

5)

80
90

2.
4

1.
2

0.
8

0.
11

2.
54

E
A
A

(1
98

4)

14
40

2.
4

1.
5

0.
8

0.
11

2.
55

So
vi
et

19
80

s

14
41

1.
95

1.
65

0.
9

0.
11

2.
59

So
vi
et

19
80

s

14
50

2.
1

2.
9

0.
11

2.
60

So
vi
et

19
80

s

14
60

2.
25

2.
9

0.
11

0.
09

2.
60

So
vi
et

19
80

s

Th
ir
d
ge
ne
ra
tio

n
(L
i
<
2
%
)

21
95

1.
0

4.
0

0.
4

0.
4

0.
11

2.
71

L
M
/R
ey
no

ld
s
(1
99

2)

21
96

1.
75

2.
9

0.
5

0.
4

0.
11

0.
35

m
ax

0.
35

m
ax

2.
63

L
M
/R
ey
no

ld
s/
M
cC

oo
k
M
et
al
s

(2
00

0)

22
97

1.
4

2.
8

0.
25

m
ax

0.
11

0.
3

0.
5
m
ax

2.
65

L
M
/R
ey
no

ld
s
(1
99

7)

23
97

1.
4

2.
8

0.
25

m
ax

0.
11

0.
3

0.
10

2.
65

A
lc
oa

(1
99

3)

20
98

1.
05

3.
5

0.
53

0.
43

0.
11

0.
35

m
ax

0.
35

2.
70

M
cC

oo
k
M
et
al
s
(2
00

0)

21
98

1.
0

3.
2

0.
5

0.
4

0.
11

0.
5
m
ax

0.
35

m
ax

2.
69

R
ey
no

ld
s/
M
cC

oo
k

M
et
al
s/
A
lc
an

(2
00

5)

20
99

1.
8

2.
7

0.
3

0.
09

0.
3

0.
7

2.
63

A
lc
oa

(2
00

3)
(c
on

tin
ue
d)

3 Aluminium–Lithium Alloys 55



T
ab

le
3.
1

(c
on

tin
ue
d)

A
llo

y
C
om

po
si
tio

n
(a
ll
el
em

en
ts
in

w
t%

)
D
en
si
ty
,
ρ

(g
/c
m

3 )
In
tr
od

uc
tio

n
/R
ef
er
en
ce
(s
)

L
i

C
u

M
g

A
g

Z
r

Sc
M
n

Z
n

O
th
er

el
em

en
ts

21
99

1.
6

2.
6

0.
2

0.
09

0.
3

0.
6

2.
64

A
lc
oa

(2
00

5)

20
50

1.
0

3.
6

0.
4

0.
4

0.
11

0.
35

0.
25

m
ax

2.
70

Pe
ch
in
ey
/A
lc
an

(2
00

4)

22
96

1.
6

2.
45

0.
6

0.
43

0.
11

0.
28

0.
25

m
ax

2.
63

C
on

st
el
liu

m
A
lc
an

(2
01

0)

20
60

0.
75

3.
95

0.
85

0.
25

0.
11

0.
3

0.
4

2.
72

A
lc
oa

(2
01

1)

20
55

1.
15

3.
7

0.
4

0.
4

0.
11

0.
3

0.
5

2.
70

A
lc
oa

(2
01

1)

20
65

1.
2

4.
2

0.
50

0.
30

0.
11

0.
40

0.
2

2.
70

C
on

st
el
liu

m
(2
01

2)

20
76

1.
5

2.
35

0.
5

0.
28

0.
11

0.
33

0.
30

m
ax

2.
64

C
on

st
el
liu

m
(2
01

2)

56 N. Eswara Prasad et al.



Fig. 3.1 Engineering property requirements for a transport aircraft. See the text for the
abbreviations [1]

Fig. 3.2 Potential weight savings for aircraft structures owing to various property improvements
[2]
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3.3 Physical Metallurgy of Al–Li Alloys

The presence of lithium atoms in an aluminium matrix gives only a small degree of
solid solution strengthening, owing principally to atomic size differences. However,
lithium substantially increases the elastic constants of the aluminium–lithium solid
solution even though the values of its own constants are noticeably lower than those
of aluminium [4, 5].

The general strength in Al–Li alloys is derived from the presence of large
volume fractions of the coherent d0 (Al3Li) phase. The d0 phase has a high intrinsic
modulus due to its ordered nature, and this contributes to the high values of elastic
modulus in these alloys. It should be noted that when lithium is in solid solution the
elastic constants depend on both atomic interactions and interatomic potential.
However, when lithium is present in a precipitated second phase the elastic con-
stants depend on both the volume fraction and intrinsic modulus of the second
phase [4]. Strength increases owing to the presence of d0 precipitates are obtained
via several mechanisms. Figure 3.3 summarises the contributions of various
mechanisms to the overall strength in terms of the shear stress for slip to occur. The
net shear stress (reflected in the variation of observed strength in Fig. 3.3) is the
weighted average of all the contributing strengthening mechanisms.

Order hardening and modulus hardening contribute the most, while coherency
and surface hardening contribute relatively less. Order hardening makes a major
contribution to strength owing to the creation of antiphase boundaries (APBs) [6,
7]. In order to eliminate the extra energy required to create the antiphase boundary
(APB), the dislocations in Al–Li alloys move in pairs connected by a region of
antiphase boundary such that passage of the second dislocation restores the disorder

Fig. 3.3 Contributions of
various mechanisms to
strengthening by d0

precipitates in Al–Li alloys [6,
7]
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caused by the first [6, 7]. The critical resolved shear stress (τCRSS) for such a
process was found to be [8]:

sCRSS a ðcAPBÞ3=2 : r1=2 : f1=2: ð3:1Þ

In this expression γAPB is the antiphase boundary energy of the d0 (Al3Li)
particles, r is the mean radius, and f is the volume fraction of the precipitate
particles. Once sheared, the ordered precipitate particles would result in reduced
contributions from order strengthening. This is essentially due to a reduction in
cross-sectional area of the precipitate particles upon initial shearing. If nd dislo-
cations, each having a Burger’s vector bv, shear a given particle and we assume
shearing to take place across the diameter of the precipitate particle, then τCRSS for
continued shearing becomes

sCRSS a ðcAPBÞ3=2 : f1=2 r� ndbvð Þ1=2
h i

: ð3:2Þ

Thus a reduction in the critical resolved shear stress (τCRSS) becomes significant,
making further slip on that particular plane conducive. Hence slip is favoured to
become planar and the particular plane on which repeated slip occurs gradually
becomes work-softened. Al–Li alloys that are artificially aged to the peak strength
condition tend to exhibit such planar slip deformation behaviour [9–11], which is
detrimental to some engineering properties, notably ductility and fracture
toughness.

Besides order/APB strengthening, the contributions to modulus hardening were
also found to be significant for Al–Li alloys [7] and can be estimated as [12]

Dr ¼ DG
2p2

3IDGI
Gmbv

� �1
2

0:8� 0:143ln
r
bv

j kj k3
2
r
1
2 f

1
2 ð3:3Þ

where DG is the difference in the shear modulus values of the matrix (Gm) and the
precipitate particles.

Apart from d0 (the major strengthening phase in second generation Al–Li alloys),
other co-precipitates contribute to and control the strength, deformation and fracture
of Al–Li alloys. They include h0 (Al2Cu, the major strengthening phase in first
generation Al–Li alloys); T1 (Al2CuLi), the major strengthening phase in third
generation Al–Li alloys; and S/S′ (Al2CuMg), whose presence leads to significant
slip homogenisation. There is also the b0 (Al3Zr) phase, which is the primary phase
that pins the high angle grain boundaries and is therefore important in controlling
and restricting recrystallisation and subsequent grain growth.

All other equilibrium phases are undesirable as they have been found to promote
low energy intergranular fracture and result in low ductilities and inferior damage
tolerant properties. Hence the following phases are kept to a minimum—d (AlLi),
T2(Al6CuLi3), TB (Al15Cu8Li2) and X (hexagonal thin plates in high Cu:Mg alloys).
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For a summary of the various phases present in different Al–Li alloys see
Figs. 3.4 and 3.5. It is evident that the microstructural situations can be complex for
Al–Li–Cu–Mg–Zr alloys, including the Al–Li-low-Cu-high-Mg–Zr third genera-
tion alloys that are of most commercial interest. Thus it is no easy task for com-
mercial processing to optimise the microstructures with respect to obtaining a good
balance of engineering properties for these alloys.

3.4 Processing Technologies

Commercial and semi-commercial Al–Li alloys in different temper conditions are
produced using the following process technologies:

1. Melting in fuel-fired reverberatory furnaces in air atmosphere (adding fluxes to
the melt to reduce atmospheric oxidation), followed by melt degassing and
filtration and Direct Chill (DC) casting into slabs and billets. These processes are
much more challenging to carry out owing to high reactivity of lithium in the
molten alloys [1, 13–19].

2. Thermomechanicalworking of theDCcast ingots and slabs byhot and coldworking
(mainly by rolling, forging and extrusion), employing workability/processing

Fig. 3.4 Various precipitate phases that form in different Al–Li alloys depending on the
concentrations of alloying elements [1]
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maps [1, 20–26]. The thermomechanical processing consists of well-defined
multiple steps [1] since, as mentioned in Sect. 3.3, it is no easy task to optimise
the microstructures for a good balance of engineering properties.

3. Al–Li alloy products in near net shapes can be produced by superplastic forming
[1, 27–30].

4. Various metal joining techniques can be used, including conventional gas
tungsten arc (GTA) welding for the specially developed WeldaliteTM family of
Al–Li alloys and the third generation low-Li alloy 2195; laser beam welding
(LBW), friction stir welding (FSW), and friction welding [1, 31–36].

3.5 Mechanical Properties

The mechanical properties of Al–Li alloys (overall strength, deformation
(quasi-static, dynamic and cyclic) and fracture (in corrosive and noncorrosive
environments)) are governed by metallurgical variables, including chemical com-
position; microstructure (strengthening precipitates, precipitate free zones (PFZs))
and grain boundary characteristics; the processing conditions, including thermal
(ageing) and thermomechanical (ageing with cold work/stretch) treatments; and
finally the shape, size and orientation of the product(s) [1, 37, 38]. Some of the
salient features of the mechanical properties of Al–Li alloys are briefly discussed in
the following sections.

Fig. 3.5 Schematics of typical microstructural features in a second and b third generation Al–Li
alloys [1]
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3.5.1 Tensile Properties

The first generation Al–Li alloys suffered from low ductilities and the second
generation from large degrees of anisotropy in yield and ultimate tensile strengths,
especially very low yield strengths in the direction 45° from the rolling direction
and severe delamination (low ductilities and work hardening exponents) in the
through-thickness directions [37–40]. The development of third generation Al–Li
alloys with lower lithium contents and novel processing techniques have made it
possible for these alloys to possess tensile properties in both in-plane and
through-thickness directions that are comparable to or even better than those of the
traditionally used aluminium alloys [22].

3.5.2 Fatigue Properties

Low cycle fatigue (LCF)
The low cycle fatigue (LCF) behaviour of Al–Li alloys is primarily influenced by
microstructural characteristics and to a lesser extent by crystallographic texture.
Microstructural influences are the lithium content; volume fraction, size and dis-
tribution of the major strengthening precipitates; the degrees of ageing and
recrystallisation; and incorporation of tensile stretching with or without natural
ageing. The only available LCF data are for first and second generation alloys, see
Table 3.2 and Fig. 3.6. These data indicate that the LCF properties of Al–Li alloys
are generally inferior to those of conventional aluminium alloys [46, 47, 51].
High cycle fatigue (HCF)
The HCF resistance of Al–Li alloys is enhanced by solid solution strengthening and
coarsening of d0 precipitates. Additional contributions come from thermomechan-
ical treatments involving artificial ageing and tensile pre-straining, or cold work
prior to artificial ageing. The available data for all three generations of Al–Li alloys
show that their HCF properties are generally equivalent to, but not significantly
better than those of conventional alloys. This is notably the case for notched fatigue
behaviour, e.g. Fig. 3.7, and is of major importance for aerospace structures [48–
51].
Fatigue crack growth (FCG)
Most of the available data for Al–Li FCG have been obtained for second generation
alloys. These data showed that the Al–Li FCG rates were often lower than those of
equivalent conventional alloys [52]. The main reason for this is ‘crack tip shield-
ing’, i.e. the development of rough fracture surfaces causing high levels of crack
closure in the wakes of the fatigue cracks and concomitant reductions in crack
driving force. Unfortunately, this behaviour was associated with unacceptably high
anisotropic mechanical properties.
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FCG data for third generation Al–Li alloys are becoming more available [52].
The anisotropy problems associated with second generation alloys have been
eliminated or greatly alleviated in third generation alloys, resulting in much less
rough FCG fracture surfaces. Nevertheless, third generation Al–Li alloys appear to
have generally better FCG properties compared to those of the conventional Al
alloys they are intended to replace, e.g. Fig. 3.8.

Fig. 3.6 Low cycle fatigue
life as a function of plastic
strain amplitude
(Coffin-Manson Power law)
for various Al–Li alloys.
These data are compared with
those of the conventional
alloys AA2024-T4 and
AA7075-T6 [46, 47, 51]

Fig. 3.7 High cycle fatigue
life data as a function of
maximum applied stress for
various third generation Al–Li
alloys compared with data for
the conventional alloys
AA2024-T3511 and
AA2026-T3511 [50]
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3.5.3 Fracture Toughness and R-curves

Fracture toughness is a critical property when selecting materials for aerospace
applications, and has been a major limitation for the first and second generation Al–
Li alloys. In particular, the short transverse (S-L and S-T) plane strain fracture
toughness were too low, e.g. the values for AA 8090-T81 plate in Table 3.2. This
problem has been solved for third generation plate alloys (see the data for AA2050
and AA2060 in Table 3.2).

Plane stress fracture toughness and R-curve data for third generation sheet and
plate materials consistently show similar or better properties than those of equivalent
conventional alloys at similar strength levels [53]. R-curve examples are given in
Fig. 3.9: the third generation alloys AA2060 and AA2199 are superior to the con-
ventional AA2X24 alloys. Also shown is themuch inferior performance of the second
generation Al–Li alloy AA 8090-T86, which was also in a damage tolerant temper.

3.6 Corrosion and Stress Corrosion Cracking

Corrosion
The first generation Al–Li alloys had adequate corrosion resistance, with no service
problems. However, this changed for the second generation alloys, which were

Fig. 3.8 Flight simulation FCG curves comparing the third generation damage tolerant AA2199
and AA2060 Al–Li alloys with equivalent conventional alloys: plate thickness 12 mm [52]
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Fig. 3.9 Comparisons of R-curves for third generation AA2060 and AA2199 Al–Li damage
tolerant plate alloys, conventional damage tolerant AA2X24 alloys and the second generation
AA8090 Al–Li plate alloy [53]

found to be susceptible to intergranular corrosion (IGC), especially at higher Cu and
Mg contents and with increased ageing: increasing susceptibility in the order:
Underaged (UA) < Peak Aged (PA) < Overaged (OA) [54].

Available data on the third generation Al–Li alloys indicate that their IGC
susceptibility can be significantly less than for the second generation alloys, par-
ticularly when ageing is done at lower temperatures [54]. The addition of Zn to
these third generation Al–Li alloys, see Table 3.1, also improves the corrosion
resistance [22]. Currently, it appears that optimum corrosion resistance, notably
against exfoliation corrosion, is obtained from an intermediate regime of ageing,
including peak aged tempers [54].

Stress corrosion cracking
Stress corrosion cracking (SCC) has also been a problem for the second generation
Al–Li alloys, and unlike the IGC susceptibility the SCC resistance decreased with
increased ageing: UA > PA > OA [54].

A similar trend has been found for third generation alloys, but these alloys
benefit from a lower Li content and additions of Zn and Ag (see Table 3.1) such
that in PA tempers they are capable of providing SCC resistances better than those
of equivalent conventional Al alloys [54]. There is a caveat here: this conclusion is
limited to product thicknesses up to about 30 mm. For thicker products it will likely
be more difficult to apply the required thermomechanical processing and multistage
ageing practices needed to optimise the grain boundary microstructures and hence
the SCC resistances [54].
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3.7 Current Indian Scenario

The Indian efforts in development of Al–Li products and components are sum-
marised here

(i) Extensive R&D at the Defence Metallurgical Research Laboratory,
Hyderabad, during 1985–2000, establishing (a) Melting and casting tech-
nologies at 50 kg capacity, (b) Processing using process maps,
(c) Microstructure /texture—processing—property relationships and (d) pro-
duction of extrusions, forgings and clad sheets—all for the alloy 1440,
equivalent to AA 8090. There has also been limited industrial level pro-
duction of 1440 components for the Indian Light Combat Aircraft, using the
large scale melting, casting and processing facilities of VIAM, Moscow.

(ii) Concurrent R&D by IISc. and HAL (Foundry/Forge), Bangalore, with
emphasis on optimization of thermal and thermomechanical treatments for
improved corrosion and stress corrosion cracking resistances—again on
alloys equivalent to AA 8090 and its products.

(iii) Establishing welding technologies for Al–Li products.
(iv) Detailed microstructural analyses, mechanical properties anisotropy, fatigue

power law relationships, fracture toughness (including under mixed-mode
loading) and fatigue crack growth (including Constant Amplitude, Random
and Flight Spectrum Loading).

(v) Most recently, there are initiatives to melt, cast and process third generation
Al–Li alloy flat products at MIDHANI, Hyderabad, for the Indian Space
Programme.

3.8 Conclusions

The third generation Al–Li alloys are actual and potential candidate materials for
replacing the traditionally used Al alloys and competing with carbon fibre com-
posites for applications in aerospace structures. Intense international scientific
research, development and commercial production efforts have addressed the most
outstanding problems associated with Al–Li alloy deployment in various
aerostructural applications. This has meant establishing (i) production technologies
for large-scale melting and casting Al–Li alloys with optimised chemistry, (ii) ad-
vanced processing based on process modelling, (iii) thermal and thermomechanical
treatments to achieve the desired microstructures for optimum property combina-
tions, and (iv) fabrication and joining technologies, including superplastic forming
and innovative welding techniques.
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Chapter 4
Titanium Sponge Production
and Processing for Aerospace Applications

Ch R.V.S. Nagesh, G.V.S. Brahmendra Kumar, B. Saha
and Amol A. Gokhale

Abstract Titanium sponge is widely produced employing the Kroll process of
high-temperature reduction of titanium tetrachloride by magnesium. The techno-
logical developments over the last few decades have focused on cost/energy savings
in addition to introducing sophisticated systems in the manufacturing technology.
This chapter concerns Indian efforts to develop ‘state-of-the-art’ Kroll technology
for producing titanium sponge in industrial scale batches. While covering various
features of the combined process technology developed at DMRL, the chapter also
discusses advanced quality evaluation and sponge processing practice as developed
at DMRL and implemented at the KMML sponge plant (which was established
with the DMRL technology). Extensive measures that have been implemented to
obtain high purity metal and assured quality of the product are discussed.

Keywords Titanium sponge � Extraction metallurgy � Chemical analysis

4.1 Introduction

Titanium and its alloys have excellent engineering properties, including low density
(4.5 g/cm3), good strength, and superior corrosion resistance. High-strength tita-
nium alloys with lower density are attractive materials for aero engine components
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at temperatures up to about 650 °C, and also airframe structural applications
requiring higher load densities than aluminium alloys and also higher operating
temperature capabilities.

Titanium metal is, however, reactive and poses several problems in high tem-
perature processing operations. Ductility, workability, and other mechanical prop-
erties of titanium are highly sensitive to interstitial impurities such as oxygen,
nitrogen, carbon, and hydrogen. The corrosion resistance of titanium is also
impaired when iron is present beyond specified limits.

Because of the high chemical reactivity of titanium, there are no viable methods
of purification for removing the impurity elements. Thus great care needs to be
taken during the production of titanium sponge, which is the nascent form of
titanium obtained from reduction of titanium tetrachloride by sodium or magne-
sium, see Sect. 4.2.

Titanium ore is available mostly in the form of the oxide minerals ilmenite
(FeOTiO2) and rutile (TiO2). The titanium dioxide content of ilmenite usually lies
in the range of 40–60 wt%, whereas rutile consists of up to 90 wt% TiO2, the
remainder being mostly silica. By employing various physical and chemical
methods of beneficiation, ilmenite is processed to increase the TiO2 content, and
this product is referred to as synthetic rutile. Indian reserves of ilmenite are esti-
mated to be 593.5 million tons (12–15 % of world total) and the reserves of rutile
are estimated at 31.3 million tons in terms of TiO2 content [1].

Over 90 % of titanium minerals in the world are processed for the preparation of
high purity (pigment grade) titanium dioxide (TiO2), which has a wide range of
applications in cement, textile, paints, pharmaceuticals, and plastics. Both the
‘sulphate route’ (in which titanium sulfate is the intermediate) and ‘chloride route’
(in which titanium tetrachloride is the intermediate) are widely used for manufac-
turing the high-purity TiO2.

4.2 Established Methods of Titanium Extraction

Early efforts by researchers to produce titanium by metallothermic (Al, Mg, and Ca)
and carbothermic reduction of titanium dioxide failed to produce metal of the
required purity. From these unsuccessful attempts it was learnt that to prepare pure
titanium metal the starting material should be a non-oxygen-bearing compound.
There have been several successful attempts:

• In 1910 Hunter succeeded in producing high-purity titanium by sodio-thermic
reduction of titanium tetrachloride (TiCl4) in a high-pressure steel vessel.

• In 1925 van Arkel and de Boer produced high purity titanium by dissociation of
titanium iodide on a tungsten filament.

• In 1937 Kroll developed the method of magnesio-thermic reduction of TiCl4 in
an argon gas atmosphere.
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• Fused salt electrolysis of TiCl4 in alkali chloride mixtures was also extensively
studied and reported to be a viable method of producing pure titanium metal.

Both the Hunter and Kroll processes were developed to produce titanium on an
industrial scale by the late 1940s. While the Hunter process was extensively studied
and developed by Imperial Chemical Industries, UK, the Kroll process was
developed simultaneously by the US Bureau of Mines, and also in Japan and the
former USSR.

Development of the fused salt electrolysis process was taken up by Dow
Howmet, USA, and Electrochemica Marco Ginnatta, Italy. However, the process
operated only on a pilot plant scale, and has not been implemented in commercial
practice.

Historical developments in titanium extraction metallurgy are discussed in great
detail in the literature [2–4]. Subsequent developments and new methods of tita-
nium extraction are also summarized and made available in the literature [5–8].

Thus although there are three established methods of titanium extraction, see
Fig. 4.1, only two, the Hunter and Kroll processes, are commercially implemented
for large-scale production of titanium sponge. The Hunter process involves TiCl4
reduction by sodium; the Kroll process involves TiCl4 reduction by magnesium;
and fused salt electrolysis uses TiCl4 (which is obtained from high-temperature
chlorination of oxide mineral concentrates) as starting material. In all cases an inert

Fig. 4.1 Established methods of titanium sponge production
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gas atmosphere is invariably used to protect the quality of the metal throughout the
extraction process; and the titanium metal takes the form of a porous agglomerated
powder particulate that is referred to as ‘titanium sponge.’

4.3 World Production of Titanium Sponge—Recent
Developments

Major producers of titanium sponge have been Japan, the US, former USSR
countries, the UK and China. Initially, most of the titanium production was for the
aerospace industry, especially for military aircraft. The large dependency of tita-
nium sponge production on military applications was mainly responsible for its
cyclic demand in the Cold War era. However, subsequently there has been
increased usage of titanium in non-aerospace sectors, especially in Japan and
Russia.

Figure 4.2 shows that the world production capacity for titanium sponge has
risen gradually from around 5000 metric tons (MT) in the beginning, to as high as
300,000 MT at present, although the actual production levels have fluctuated due to
the above-mentioned reasons and also global economic recessions and booms in the
civil aviation sector [9, 10].

Most of the sodium-based plants that were operating in the UK and Japan were
closed in the early 1990s quoting techno-economical difficulties. Hence almost the
entire world production is predominantly taking place via the Kroll process (with
many engineering advancements and increased batch sizes). The current level of
world production of sponge is much lower than the actual capacities (owing to

Fig. 4.2 Trends in world titanium sponge production. MT = metric tons
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economic recession) and placed at about 160,000 MT per year, nearly half of it
reportedly taking place in China [11].

There has been much effort to commercialize a non-Kroll process during the last
decade or so. Salient among them include the Armstrong process of sodium
reduction of TiCl4 in the gas phase to produce titanium powder continuously [6],
and electrochemical reduction of TiO2 (FFC Cambridge process) [12]. It was also
reported that a process for titanium hydride production by reduction of TiCl4 by
magnesium and hydrogen was tested on a pilot plant scale (ADMA pilot plant) [13].

However, the Kroll technology continues to be the globally most practiced
method for the commercial production of titanium sponge. Based on several
advancements in the Kroll technology, it has also become possible to produce
titanium sponge of 5 N purity for selected electronic applications [14].

4.4 Indian Scenario on Titanium Sponge Production

In India basic research on the preparation of TiCl4 by fluidized bed chlorination of
mineral concentrates and production of titanium sponge by the Kroll and Hunter
processes were carried out at Bhaba Atomic Research Centre (BARC), Mumbai, in
the 1960s [15]. During the 1970s Nuclear Fuel Complex (NFC), Hyderabad,
operated a Kroll/Hunter pilot plant facility where titanium sponge production in
100/60 kg batches was studied in detail. Based on this experience it was decided
that the Kroll process was suitable for scaling up to industrial production [16].

4.4.1 Development of Kroll Technology at DMRL,
Hyderabad

The main technological parameters to be standardized in the Kroll process are
(i) control of reaction temperature, since the reduction process is exothermic, by
selection of an appropriate TiCl4 feed rate and admission scheme, (ii) tapping the
magnesium chloride (MgCl2) reaction by-product for effective utilization of reactor
volume, (iii) heating rate, time, and temperature of vacuum distillation of reduced
sponge to remove unreacted magnesium and trapped MgCl2, and (iv) grading and
size reduction of titanium sponge cake to obtain high-purity sponge in the specified
size range.

In the early 1980s the Defence Metallurgical Research Laboratory (DMRL)
began industrial scale R&D for the Kroll process. A pilot plant was set up to
investigate the sponge production process on a scaled up batch of 2000 kg, and to
standardize the technical parameters for production of aeronautical grade sponge
[17, 18]. The facilities established for this purpose included the following:
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(i) Fractional distillation system comprising a packed-bed distillation column
and a stripper column to purify raw TiCl4 and remove impurities such as
dissolved gases, SnCl4, SiCl4, and oxy-chlorides.

(ii) Reduction of TiCl4 by magnesium in a stainless steel reactor placed in a
multi-zone electrical resistance furnace. The bottom of the reactor has a plug
and seat type valve to enable tapping hot MgCl2 during the reduction
process.

(iii) A separate reactor assembly to carry out the pyro-vacuum distillation process
of the reduced sponge, together with the reaction crucible. The reduced mass
is heated to high temperature (950–975 °C) with the help of a resistance
furnace, and the distillates are collected in a salt which can be placed below
the reaction crucible. The assembly also consists of a water-cooled bottom
retort connected to the vacuum pumping system.

(iv) A custom-built horizontal hydraulic press for ejection of titanium sponge
cake from the reaction crucible; and various size reduction operations to
prepare titanium sponge pieces in the finished size range of 2–25 mm.

In a separate study the magnesiothermic reduction process was extensively
studied and explored for improved understanding of the reaction mechanism and
sponge formation scheme in the reduction reactor [19].

4.4.2 Development of Combined Process Technology
at DMRL, Hyderabad

The quality of titanium sponge produced by the Kroll process depends on many
factors such as purity of raw materials, cleanliness and leak tightness of the reactor;
interruptions in process operations leading to exposure of reduced sponge to
atmospheric air; reactor material; and care taken during handling of the sponge.

Aerospace grade sponge must meet stringent upper limit specifications with
respect to O, N, C, Fe, Mg, and chloride. The first phase developmental work on
2000 kg batches at DMRL suffered from serious setbacks of (i) interruptions in
process operations owing to problems in bottom tapping MgCl2 via a valve,
(ii) inevitable exposure of reduced sponge to atmospheric air while transferring it to
the vacuum distillation assembly, (iii) jamming of connecting pipes with distillates
during vacuum distillation, and (iv) unsatisfactory performance of sponge handling
systems.

However, the engineering expertise gained from the developmental work
immensely helped in understanding the technological requirements and designing
improved systems for sponge production in the second phase of developmental
work, i.e. development of a ‘Combined Process Technology’ in 3000–3500 kg
batches. This combined process technology has the following advantages:
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(i) Low overall energy consumption.
(ii) Highest achievable process efficiency and materials utilization.
(iii) Significant reduction in process cycle time.
(iv) Improved yield and purity of sponge.
(v) Lower capital costs and reduced manpower requirement.
(vi) Safe equipment and operating procedures.

Figure 4.3 shows details of the salient features of the ‘Combined Process
Equipment’ developed at DMRL for sponge production in 3000–3500 kg batches.
These features include the following:

(i) Use of a single multi-zone electrical resistance furnace for reduction and
vacuum distillation operations at a single station. This meets the require-
ments of heating in a controlled manner and removing exothermic heat from
the reactor at selected sites.

(ii) Two custom engineered identical clad stainless steel retorts (fabricated as per
ASME pressure vessel code Section VIII) connected by a heated pipe. One of
the two retorts is for sponge production, while the other receives the distillates
in the condenser station. This results in improved materials utilization since
the condenser retort is subsequently used for sponge production.

Fig. 4.3 Schematic of Combined Process Equipment developed at DMRL, Hyderabad, India
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(iii) A ‘valve-less’ pressure transfer system for tapping hot MgCl2 periodically
from the process reactor during the reduction process.

(iv) A set of lightweight ceramic modules embedded with heaters wrapped over
the interconnecting pipe to provide heating during the vacuum distillation
process.

(v) A high-vacuum pumping system with necessary interlocks for evacuating the
reactor assembly.

(vi) Custom-built equipment and tooling for ejection of sponge cake from the
reactor and for size reduction operations to prepare homogeneous lots in the
required finished sponge pieces of size 2–25 mm.

(vii) A programmable logic controller (PLC) process control and data logging
system.

Repeated experimentation and incorporation of several improvements gradually
led to standardization [20–22] of all the parameters of the sponge manufacturing
process, see Table 4.1, with the process becoming highly reproducible.
A photograph of titanium sponge cake (weighing about 3.5 MT) produced at the
DMRL technology demonstration plant is shown in Fig. 4.4.

Table 4.1 Standardized operating conditions for producing titanium sponge in 3−3.5 MT batches

TiCl4 purification Parameters

Column—1

(a) Top temperature 138 °C

(b) Bottom temperature 139 °C

(c) TiCl4 feed rate 157 kg/h

Column—2

(a) Temperature 139 °C

(b) Feed rate 150 kg/h

Reduction
(i) Excess magnesium 60 %

(ii) Reactor pressure 0.5–3.5 psig

(iii) TiCl4 feed rate 180–220 kg/h

(iv) Reaction zone temperature 800–810 °C

(v) Process time (including heating and cooling) 200 h

Vacuum distillation
(i) Vacuum level 30 Χ 10−3 torr

(ii) Temperature 975–1000 °C

(iii) High temperature soak 64 h

(iv) Total cycle time 240 h
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4.4.3 Quality Evaluation and Processing of Aerospace
Grade Sponge

Titanium sponge obtained by the magnesium reduction and vacuum distillation
process takes the shape of a cylindrical cake with loosely held deposits on the top
and sides of the cake. The physical characteristics such as porosity and bulk density
vary slightly from top to bottom of the cake, with material at the bottom usually
being denser.

The quality of the sponge with respect to the impurities O, N, C, Fe, etc. also
varies with position in the cake: impurities from the reactor steel wall and bottom
contaminate the material at the sides and bottom of the cake, while the top surface
material generally contains higher levels of oxygen, magnesium, and chlorides
compared to the sponge from core fractions. Hence it becomes essential to isolate
the high-purity core fraction from the rest of the material by meticulous sponge
grading. At DMRL an elaborate sponge grading practice was evolved for this
purpose [23], and cakes are divided into different fractions as shown in Fig. 4.5.

All the fractions are separately cut, crushed, and processed to prepare the fin-
ished size of material. The fractions A and B conform to the highest purity and

Fig. 4.4 Titanium sponge
cake (weight about 3500 kg)
produced at the DMRL
technology demonstration
plant
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meet all the technical requirements/stringent specifications of aerospace grade
material.

Depending on the end-use specifications, separate lots of sponge are prepared
and stored in argon-filled drums. A typical analysis of a finished sponge lot is
presented in Table 4.2, showing that it compares very well with other grades,
including ASTM grade MD 120 and the well-known Russian grade TG 90.

Fig. 4.5 Schematic of
quality evaluation and grading
of a typical titanium sponge
block

Table 4.2 Typical analyses (wt%) of aerospace grade sponge produced at DMRL and
comparison with other standardsa

Element Midhani
specification

CIS
TG-90

ASTM
MD-120

Showa (japan)
S-90

DMRL lot 1
L001/2 k

Fe 0.050 0.060 0.120 0.030 0.018

C 0.015 0.030 0.020 0.020 0.006

O 0.040 0.040 0.100 0.060 0.033

N 0.015 0.020 0.015 0.010 0.003

Mg 0.080 0.080 0.080 0.045 0.004

Chloride 0.100 0.080 0.120 0.080 0.005

Ni 0.050 NS NS NS <0.005

Cr NS NS NS NS 0.009

H NS NS 0.01 0.002 0.0019

Ti (by difference) 99.6 99.6 99.6 99.8 >99.9

Hardness (BHN) 100 80–90 120 90 82

NS Not Specified
aValues are upper limits for impurities and hardness
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4.4.4 Commercial Production of Titanium Sponge
at KMML, Chavara, India

Based on the technology developed at DMRL, a commercial titanium sponge plant
with an installed capacity of 500 tons per year (expandable to 1000 tons per year)
was established at Kerala Minerals & Metals Limited (KMML), Chavara, Kollam
District. This was aided by funding from VSSC, Department of Space, the principal
user of titanium and titanium alloys in the country.

Prior to the installation, technical personnel from KMML were given hands-on
experience and training at the DMRL demonstration plant on all the activities of
titanium sponge production.

The technology was successfully transferred to KMML: complete basic engi-
neering was provided by DMRL, and the detailed engineering was done by DMRL
in association with KMML, VSSC, and KITCO (Kerala Industrial & Technical
Consultancy Organization), the engineering consultants.

The fully installed equipment was commissioned for (i) TiCl4 purification to
produce metal grade tetrachloride from the pigment grade TiCl4; (ii) simultaneous
operation of five reduction batches and five vacuum distillation processes on a scale
of 3000–3500 kg/batch with related instrumentation; and (iii) ejection of sponge
cake, its grading, and size reduction to prepare a generally acceptable finished size
range of 2–25 mm. Provision is also made to prepare the finished sponge pieces in
the range of 12–25 mm based on user requirements. The plant started production in
June 2011 [24].

The first titanium sponge cake produced at the KMML plant is shown in
Fig. 4.6. The sponge samples of the batch were analyzed and found to meet all the
specifications for aerospace applications.

4.4.5 Quality Assurance Program at KMML Sponge Plant

After commissioning, regular production of titanium sponge has been taking place
and efforts are being made to reach the rated production levels. DMRL has been
consistently providing technical support, and in association with KMML and the
Regional Centre for Military Airworthiness (RCMA, Materials) has drawn up a
detailed quality assurance (QA) programme to ensure sponge purity requirements
for aerospace/defence use.

The QA programme begins with visual inspection of the ejected sponge cake to
remove discoloured material, if any, on the external surface of the cake.

The high-quality (aerospace) fraction of a given cake is then defined from
extensive chemical analyses and hardness (BHN values) of buttons prepared from
sponge samples. This high-quality fraction of a given cake is treated separately to
prepare finished size sponge pieces (12–25 mm).
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Different fractions of sponge are also blended together for the preparation of a
commercial purity sponge lot weighing about 1.75 MT. This was blended in a
double-cone blender of 2 MT capacity.

Under an ongoing evaluation, three randomly chosen batches of sponge cakes
have been sampled for an intensive QA programme, as indicated in the flowchart in
Fig. 4.7. A typical analysis of one representative sample of a finished sponge lot is
presented in Table 4.3. The material comfortably meets aerospace specifications in
all respects.

4.4.6 Type Certification of Titanium Sponge—The
Approach

Type certification (purity authentification) of titanium sponge is essential for its use
in producing aerospace quality alloys. DMRL, RCMA (Materials), and KMML
have jointly taken up this type certification of titanium sponge produced at KMML.

Fig. 4.6 First titanium
sponge cake (weighing about
3 tons) produced in the
KMML titanium sponge plant
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Fig. 4.7 Sampling procedure for the evaluation of finished titanium sponge

Table 4.3 Chemical analysis and hardness of a representative sample from a finished sponge lot
of 1.75 MT: ND = detectable

Element Content (wt%)

Iron (Fe) 0.0023

Oxygen (O) 0.0375

Silicon (Si) ND

Nickel (Ni) 0.0063

Carbon (C) 0.0033

Chloride (Cl) 0.0243

Nitrogen (N) <0.0020

Magnesium (Mg) 0.0122

Chromium (Cr) 0.0012

Hydrogen (H) 0.0019

Copper 0.0071

Tin (Sn) ND

Manganese (Mn) 0.0009

Titanium (by difference) 99.901

Hardness (BHN) 78
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As part of the sponge certification activity, the certification agency along with
other partners ensured the following:

(i) Capabilities of the firm for producing aeronautical quality sponge.
(ii) Required quality norms followed by KMML in consistently producing a

high-purity sponge.
(iii) Availability of skilled and capable manpower with the firm.
(iv) Availability of test facilities at the plant for quality evaluation.
(v) Required procedures are adopted for the maintenance of process records,

data logging, etc.
(vi) Calibration of various equipments and instruments, etc., as per the

requirement.

A threefold approach was evolved for carrying out the type certification process
for titanium sponge, namely

(a) quality checks at required stages of sponge production
(b) implementation of suggested measures related to the quality assurance plan as

listed in test schedules, and
(c) sponge quality evaluation based on the stringent international norms.

4.5 Properties of Ti Sponge

During qualification, samples of titanium sponge are tested as per standards for
various properties. The physical properties that are looked for include a uniform
matte gray color and freedom from foreign particulates such as oxides, nitrides, and
other contaminants, which give the sponge other colours/shades.

Also the other requirements to be met are as follows: The size of the finished
sponge pieces shall be generally in the range of 12–25 mm. The bulk density of the
sponge shall be not more than 1.53 g/cm3. The hardness of the buttons prepared by
inert gas arc/vacuum arc melting of sponge, and tested according to ASTM E 10
(using a 10-mm ball and 1500 kgf load for 30 s) shall not exceed 90 BHN.

The chemical analysis of the sponge samples is carried out by the wet chemical
method/spectroscopic method as agreed upon with the airworthiness agencies. The
purity of the sponge is expected to meet the specifications as presented in Table 4.4.
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4.6 Concluding Remarks

Titanium sponge is of strategic importance owing to its usage in manufacturing
titanium alloys for aerospace and defence applications. However, the extractive
metallurgy of titanium, is complicated and cumbersome, resulting in high material
costs and limitations on the use of titanium and its alloys.

Titanium sponge consumption in aerospace alloy manufacture has been
increasing owing to growing demand. In view of its chemical reactivity and the
sensitivity of titanium alloy properties to the presence of even small amounts of
impurity elements, it is necessary to ensure that stringent quality specifications are
met. In this chapter we have described successful efforts in the Indian context to
develop high-purity titanium sponge for high-end aerospace applications.
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Table 4.4 Chemical
specification of titanium
sponge (wt% basis)

Element Minimum Maximum

Titanium 99.74 –

Iron – 0.05

Oxygen – 0.04

Silicon – 0.01

Nickel – 0.04

Carbon – 0.015

Chloride – 0.08

Nitrogen – 0.02

Magnesium – 0.04

Chromium – 0.06

Hydrogen – 0.01

Water – 0.02

All others – 0.05
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Chapter 5
Titanium Alloys: Part 1—Physical
Metallurgy and Processing

A. Bhattacharjee, B. Saha and J.C. Williams

Abstract Titanium alloys are the principal replacements, and in many cases also
prime candidate materials to replace (i) aerospace special and advanced steels, owing
to their higher specific strength properties, (ii) aluminium alloys, due to their better
elevated temperature properties and (iii) nickel-base superalloys for high pressure
compressors of modern engines, owing to their superior intermediate temperature
(up to 600 °C) creep strength and excellent oxidation and corrosion resistance and
good damage tolerant properties. This chapter summarily presents the chemical
compositions, properties, aerospace applications and briefly covers (a) the physical
metallurgy of titanium alloys, (b) Primary (Melting and Casting) and Secondary
(Processing) processes and (c) alloy development (commercially pure Ti, a, near-a,
a + b and b alloys). Towards the end, the Indian scenario is presented in terms of
available production facilities and some of the indigenous alloys.

Keywords Titanium � Alloys � Physical metallurgy � Primary and secondary
processing � Castings

5.1 Introduction

Titanium is present in the earth’s crust at a level of about 0.6 % and is therefore the
fourth most abundant structural metal after aluminium, iron and magnesium. The
most important mineral sources for Ti are ilmenite (FeTiO3) and rutile (TiO2).
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High strength, low density and excellent corrosion resistance are the main
properties that make titanium attractive for a variety of applications. Examples
include aircraft (high strength in combination with low density), aeroengines (high
strength, low density and good creep resistance up to about 600 °C), biomedical
devices (corrosion resistance, low modulus compared to Co- and Fe-based alloys
and high strength) and components in chemical processing equipment (corrosion
resistance). The relatively high cost of titanium has hindered wider use, e.g. in
automotive applications, although new fuel economy standards may change this.

Some of the basic characteristics of titanium are compared in Table 5.1 with
those of the other major structural metals based on Fe, Ni and Al. Although tita-
nium has the highest strength to density ratio, it is the material of choice only for
certain applications because of its high cost, which is mainly due to the requirement
of inert atmosphere or vacuum environments during production of titanium sponge
from titanium tetrachloride, and also consolidation of the metal. Both processes
require high energy consumption.

The high reactivity of titanium with oxygen leads to the immediate formation of
a stable and adherent oxide surface layer when exposed to air, resulting in superior
corrosion resistance in most aggressive environments, especially aqueous acid
environments. However, this high reactivity with oxygen limits titanium alloy
usage to about 600 °C. Above this temperature the diffusion of oxygen through the
oxide surface layer becomes too fast, resulting in excessive growth of the oxide
layer and embrittlement of the oxygen-enriched surface layer of the titanium alloy.

5.2 Physical Metallurgy of Titanium Alloys

5.2.1 Crystal Structure

Pure titanium undergoes an allotropic phase transformation at 882 °C, changing
from a body-centred cubic crystal structure (b phase) at higher temperatures to a
hexagonal-close-packed crystal structure (a phase) at lower temperatures. The exact

Table 5.1 Properties of titanium compared with those of the other widely used structural metals
Fe, Ni and Al [1]

Attributes Ti Fe Ni Al

Melting point (°C) 1670 1538 1455 660

Allotropic transformation (°C) 882 912 – –

Crystal structure Bcc hex Bcc hex Fcc Fcc

Room temperature E (GPa) 115 190 210 70

Yield stress (MPa) 1000 1000 1000 500

Density (g/cm3) 4.5 7.9 8.9 2.7

Comparative corrosion resistance Very high Low Medium High

Comparative reactivity with oxygen Very high Low Low High

Comparative metal price Very high Low High Medium
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transformation temperature is strongly influenced by interstitial and substitutional
elements and therefore depends on the composition and purity of the metal.

The hexagonal structure cell of the a phase is shown in Fig. 5.1a, which also
indicates the room temperature values of the lattice parameters (a = 0.295 nm and
c = 0.468 nm). The resulting c/a ratio for pure a titanium is 1.587, less than the
ideal ratio of 1.633 for the hexagonal-close-packed crystal structure. Also indicated
in Fig. 5.1a are the three most densely packed lattice planes: the close-packed
(0002) plane, also called basal plane; one of the three f10�10g prism planes; and one

Fig. 5.1 Unit cells of
a hexagonal-close-packed
(HCP) a titanium and
b body-centred cubic
(BCC) b titanium, showing
different slip planes [1]
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of the six f10�1�1g pyramidal planes. The three a1, a2 and a3 axes are the
close-packed directions with the indices 11�20h i.

The unit cell of the body-centred cubic (bcc) b phase is illustrated in Fig. 5.1b,
also indicating one variant of the six most densely, but not close-packed {110}
lattice planes and the lattice parameter value of pure b titanium at 900 °C
(a = 0.332 nm). The close-packed directions in the bcc structure are the
six 〈111〉 directions.

5.2.2 Elastic Properties

The hexagonal crystal structure of the a phase is intrinsically anisotropic. This
anisotropy has important consequences for the elastic and plastic properties of
titanium and its alloys. Young’s modulus varies with angle of declination from the
‘c’ axis. Young’s modulus of elasticity, E, is about 145 GPa when the stress axis is
parallel to the c-axis, and 100 GPa when the stress axis is perpendicular to the c-
axis [2].

Similar strong directional variations are observed for the shear modulus, G, of
single crystals: G varies between 46 and 34 GPa for shear stresses applied in 11�20h i
directions and on (0002) or f10�10g planes, respectively. Less pronounced varia-
tions in elastic properties are observed in polycrystalline a titanium with crystal-
lographic texture: a typical value for commercially pure (CP) titanium is 105 GPa.

In general, commercial b titanium alloys have lower E values than a and a + b
alloys. Typical E values for commercial b alloys are 70–90 GPa in the as-quenched
metastable b condition and 100–105 GPa for the annealed a + b condition.
Average E values for the commercial a + b alloys are about 115 GPa [3] but
depend on the Al content of each alloy.

5.2.3 Deformation Modes

The ductile behaviour of the hexagonal a-phase, especially at low temperatures,
results from the activation of twinning deformation modes in addition to slip. These
twinning modes are important for the deformation behaviour of CP titanium and for
some a titanium alloys. However, twinning is suppressed nearly completely in
two-phase a + b alloys by the fine microstructure (small phase dimensions), Al and
oxygen content, and the presence of Ti3Al precipitates. The a + b alloys are quite
ductile at low temperatures owing to the fine microstructures and to the presence of
the non-basal c + a slip mode described later.

The bcc b phase also shows twinning in addition to slip, but the occurrence of
twinning in b alloys is limited to the single-phase state and decreases with
increasing solute content. In fully heat-treated b alloys, which are hardened by the
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precipitation of a particles, twinning is completely suppressed. In these alloys
twinning might occur during the forming operations prior to ageing. Some com-
mercial b alloys also can form deformation-induced martensite, which further
enhances their formability. Formation of this deformation-induced martensite is,
however, very sensitive to alloy composition.

5.2.4 Slip Modes

The various slip planes and slip directions for a titanium are indicated in the
hexagonal structure cell in Fig. 5.1a. The main slip directions are the three
close-packed directions of the type 11�20h i. The slip planes containing this~a type of
Burgers vector are the (0002) basal plane, the three f10�10g prism planes and the six
f10�1�1g pyramidal planes. Among these three different types of slip planes together
with the possible slip directions there are a total of 12 slip systems, see Table 5.2 [4,
5], but these all have coplanar slip 11�20h i directions so do not satisfy the Taylor–
Von Mises criterion for deformation of polycrystals. Therefore the c + a slip mode
is required.

Taking into account the large difference in critical resolved shear stress (CRSS)
between c + a slip and a slip, which was measured for Ti–6.6Al single crystals
(Fig. 5.2) [6], the percentage of grains deforming by c + a slip will be quite low in
a titanium polycrystals without crystallographic texture, because the activation of
‘a’ slip is easier even for an angle of about 10° between the stress axis and the c-
axis. The absolute values of the CRSS are strongly dependent on alloy content and
on test temperature (see Fig. 5.2). The small differences in CRSS at room tem-
perature between the three types of slip systems with a basal (~a type) Burgers vector
become even smaller with increasing temperature (Fig. 5.2). As shown for binary
Ti–V alloys [7], the slip systems in bcc b titanium alloys are {110}, {112} and
{123}, all with the same 〈111〉 Burgers vector, in agreement with the generally
observed slip modes in bcc metals.

Table 5.2 Slip systems in the hexagonal a phase [4, 5]

Slip system Burgers vector Slip directions Slip planes No. of slip systems

Total Independent

1 ~a 11�20h i (0002) 3 2

2 ~a 11�20h i f10�10g 3 2
�23 ~a 11�20h i f10�11g 6 4

4 �cþ �a 11�23h i f10�22g 6 5
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5.2.5 Alloying Additions

Alloying elements in titanium are usually classified into a- or b-stabilizing addi-
tions, depending on whether they increase or decrease the a/b transformation
temperature of 882 °C of pure titanium. The substitutional element Al and the
interstitial elements O, N and C are all strong a-stabilizers and increase the
transformation temperature with increasing solute content, as can be seen from the
schematic phase diagram in Fig. 5.3a.

Fig. 5.2 Temperature
dependence of CRSS for slip
with ~a and �cþ �a Burgers
vectors in single crystals of
Ti–6.6Al [6]

Fig. 5.3 Schematics showing
the effects of alloying
elements on titanium alloy
phase diagrams: a a
stabilizers, b isomorphous b
stabilizers, c eutectoid b
stabilizers (A = Fe, Cr or Si)
and d neutral
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Aluminium is the most widely used alloying element in titanium alloys, because
it is the only common metal that raises the transition temperature and has extensive
solubility in both the a and b phases. Among the interstitial elements, oxygen can
be considered as an alloying element when the oxygen content is used to obtain the
desired strength level, as in different grades of CP titanium. Other a stabilizers
include B, Ga, Ge and the rare earth elements, but their solid solubilities are much
lower as compared to aluminium or oxygen and none of these elements is com-
monly used as an alloying element.

The b-stabilizing elements are divided into b-isomorphous elements and
b-eutectoid-forming elements, depending on the details of the binary phase dia-
grams. These are shown schematically in Fig. 5.3b, c. The most frequently used
b-isomorphous elements in titanium alloys are V, Mo and Nb. Sufficient concen-
trations of these elements make it possible to stabilize the b phase to room tem-
perature by suppressing the martensitic reaction that can occur during the
quenching of alloys with lower b stabilizer concentrations. Other elements
belonging to this group that are rarely used, or not used at all because of density and
melting point considerations, are Ta and Re.

Of the b-eutectoid-forming elements, Cr, Fe and Si are used in many titanium
alloys (they can form compounds like TixAy as shown in Fig. 5.3c, where A is Cr,
Fe or Si), whereas Ni, Cu, Mn, W, Pd and Bi have only very limited usage. Some of
these latter elements are used only in one or two special purpose alloys. Other
b-eutectoid-forming elements, such as Co, Ag, Au, Pt, Be, Pb and U, are not used in
titanium alloys. N.B: It should be mentioned that hydrogen belongs to the
b-eutectoid-forming elements. Hydrogen is undesirable in titanium alloys because it
can cause embrittlement. Therefore the maximum hydrogen content in CP titanium
and titanium alloys is strictly limited to about 125–150 ppm.

In addition, some elements (Zr, Hf and Sn) are considered neutral as shown in
Fig. 5.3d, because they do not affect the a/b transformation (b transus) temperature,
or lower it only slightly and then increase the transformation temperature again at
higher concentrations. Zr and Hf are isomorphous with titanium and therefore they
both undergo the same b ! a allotropic phase transformation. These elements have
complete solubilities in the a and b phases of titanium. In contrast, Sn belongs to
the b-eutectoid-forming elements, but has essentially no effect on the a/b trans-
formation temperature.

Many commercial multi-component alloys contain Zr and Sn, but in these alloys
both elements are considered as a-stabilizers. This is because of the chemical
similarity of Zr to titanium and because Sn can replace or add to aluminium in the
hexagonal-ordered Ti3Al phase (a2). When present with aluminium, Sn behaves as
an a stabilizer. This example shows that the interactions between alloying elements
make it difficult to understand titanium alloying behaviour on the basis of binary Ti-
X systems. Rosenberg [8] attempted to express the effect of a-stabilizing elements
in multi-component titanium alloys as an equivalent aluminium content by the
following equation:
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Al½ �eq¼ Al½ � þ ½Zr�
6

þ ½Sn�
3

þ 10½OþCþN� ð5:1Þ

Similarly, the potency of b-stabilizers is measured in terms of an equivalent
molybdenum content by the following equation [9]:

Mo½ �eq: ¼ Mo½ � þ 0:67 V½ � þ 0:44 W½ � þ 0:28 Nb½ � þ 0:22 Ta½ �
þ 1:6 Cr½ � þ 1:25 Ni½ � þ 1:7 Co½ � þ 2:9 Fe½ ��1:0 Al½ � ð5:2Þ

where [X] indicates the wt% concentration of each element.
As already mentioned, aluminium is the most important a-stabilizer and is

therefore present in most titanium alloys. The binary Ti–Al phase diagram, Fig. 5.4,
shows that with increasing aluminium content the Ti3Al (a2) phase will be formed
and that the two-phase region (a + Ti3Al) starts at about 6.5 wt% Al for a tem-
perature of about 500 °C (indicated by the black arrow). This value also decreases
with increasing oxygen content. To avoid any appreciable amount of Ti3Al pre-
cipitates in the a phase, the aluminium content in most titanium alloys is limited to
about 6 wt%. From Fig. 5.4 it can be seen that for 6 wt% aluminium the a/b
transformation temperature is increased from 882 °C (0 % Al) to about 1000 °C for
the narrow two-phase (a + b) region.

Fig. 5.4 Ti–Al phase diagram [10]: the black arrow points to an aluminium composition of 6 wt%
Al, which is about the limit for aluminium additions to most titanium alloys
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In addition to conventional titanium alloys, the Ti–Al phase diagram is also the
basis for the so-called titanium aluminides, which are recently developed alloys
based on the two intermetallic compounds based on Ti3Al (Alpha-2 alloys), and a
ternary orthorhombic variant based on Ti2AlNb and TiAl (Gamma alloys).

5.2.6 Phase Transformations

Titanium alloy systems include several types of phase transformations.
Transformation of the bcc b phase to the hexagonal a phase in CP titanium and
titanium alloys can occur martensitically, as mentioned earlier, or by a
diffusion-controlled nucleation and growth process, depending on cooling rate and
alloy composition. The crystallographic orientation relationship between a and b
was first studied (for zirconium) by Burgers [11] and is therefore named the Burgers
Orientation Relationship (BOR):

ð110Þb ð0002Þa
��

½111�b ½11�20�k a

The closest-packed bcc (110) plane maps onto the close-packed hcp (0002)
plane, and the close-packed directions are congruent. This relationship was also
confirmed for titanium [12].

According to the BOR, a bcc crystal can transform to 12 hexagonal variants that
have different orientations with regard to the parent b crystal. The BOR is closely
obeyed for both the conventional nucleation and growth process and for the
martensitic transformation.

Martensitic transformation The martensite transformation in titanium alloys
involves the cooperative movement of atoms by a shear-type process, resulting in a
microscopically homogeneous transformation of the bcc crystal lattice into the hcp
lattice over a given volume. The hexagonal martensite is designated a′ and is
observed in two morphologies: massive martensite (lath or packet martensite) and
“acicular” martensite [13].

With increasing solute content the hexagonal structure of the martensite becomes
distorted, losing its hexagonal symmetry and then is properly described as
orthorhombic [13]. This orthorhombic martensite is designated a″. This martensite
can also be stress-induced, as may occur in certain alloys like Ti–10V–2Fe–3Al that
are at the borderline of stability/metastability.

Titanium martensites are not as hard as steel martensites and cause only marginal
strengthening, since there is no appreciable distortion of the lattice by the substi-
tutional solutes such as Al or V.

Athermal and isothermal x phase formation Although not relevant to any prac-
tical application of titanium alloys, it should be mentioned that in many alloys in
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which the martensitic reaction is suppressed, the b phase decomposes athermally
upon quenching to form the metastable athermal x phase. This has been suggested
to be a precursor to the martensitic reaction because the athermal transformation
involves a shear displacement in the 〈111〉 direction of the bcc lattice [14],
although this has not been proven. However, the x particles may serve as nucle-
ation sites for a phase precipitation.

The x phase can also form isothermally during low temperature ageing of b
alloys. However, x phase formation is generally detrimental to the mechanical
properties, and is usually avoided.

Nucleation and diffusion-controlled growth transformation When titanium
alloys are cooled at sufficiently low rates from the b phase field into the (a + b)
phase field, the a phase, which is incoherent with respect to the b phase, first
nucleates preferentially at b grain boundaries, leading to a more or less continuous
a layer along b grain boundaries. During continued cooling, a plates nucleate either
at the interface of the continuous a layer or at the b grain boundary itself and grow
into the b grain as parallel plates (so-called a colonies) [15]. They continue to grow
into the b grain interior until they meet other a colonies nucleated at other grain
boundary areas of the b grain. An example of such a microstructure is shown in
Fig. 5.5a.

With increasing cooling rate the size of the a colonies as well as the thicknesses
of the individual a plates become smaller. Colonies nucleated at b grain boundaries
cannot fill the whole grain interior anymore, and colonies also start to nucleate on

Fig. 5.5 Microstructures in alloy Ti–6Al–4V after cooling from the b phase field: a slow cooling
resulting in a colony-type structure and a phase at prior b grain boundaries, and b faster cooling
resulting in a basketweave/Widmanstätten structure
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the boundaries of other colonies. To minimize the overall elastic strains the new a
plates nucleating by “point” contact on the broad face of an existing a plate tend to
grow nearly perpendicular to that plate. This selective nucleation and growth
mechanism in combination with the smaller plates within the colonies leads to a
characteristic “basketweave” or Widmanstätten microstructure, as shown in
Fig. 5.5b.

5.3 Primary Processing: Melting and Consolidation

This section describes the procedures used to formulate titanium alloys and the
melting technology used to produce ingots, which are the starting materials for both
mill products and remelt stock for titanium castings. The solidification of the molten
metal is the key to obtaining homogeneous, high-quality ingots for conversion to
mill products. Melt-related defects must be minimized for titanium to perform at a
level that justifies its cost and meets the intent of its use, especially in critical
components like discs in aeroengines. This means that sophisticated and
capital-intensive methods are used to melt titanium and produce sound, homoge-
neous ingots.

Molten titanium is very reactive, and special means are required to produce
ingots of unalloyed titanium and titanium alloys. Titanium and its alloys are melted
either in a vacuum arc remelting (VAR) furnace or in a cold hearth melting
(CHM) furnace. In both cases melting is done in a manner that prevents molten
titanium from contacting furnace refractories such as those used in vacuum
induction melting (VIM) furnaces.

5.3.1 Vacuum Arc Remelting (VAR)

First melt electrode This consists of mechanically compacted blocks of titanium
sponge and alloying elements that are welded together in an inert gas chamber.
Each block has the desired nominal alloy composition from being mixed in a twin
cone blender. Because titanium is expensive, there is a strong incentive to recycle
and reuse titanium scrap (often called revert), including turnings and chips from
machining. This reuse is accomplished for both unalloyed grades and alloys by
welding appropriate-grade scrap to the electrode.

Scrap control and usage Revert is carefully controlled with regard to its origin
and cleanliness. For example, scrap that has been flame-cut is generally not
allowed. Experience has shown that the nitrogen- and carbon-enriched regions
along the flame-cut edges are not always refined out during melting. This can leave
interstitial-stabilized defects in the final product. Also, machine turnings from
component manufacture are subject to special controls. The turnings must be
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cleaned to remove any residual cutting fluids and X-rayed to ensure that they
contain no WC cutting tool fragments or other high-density inclusions (HDIs) that
can end up in the ingot.

Master alloys Most of the b-stabilizing elements with higher densities and melting
points, like Nb, Mo and V, are preferably added in the form of aluminium-based
master alloys (Al–V, Al–Mo, Al–Nb, etc., in different ratios). These master alloys
reduce the chance of alloy segregation.
VAR production of homogeneous, sound ingots of titanium alloys requires care and
detailed attention to the melting procedure, which varies for particular alloys. Over
the past several decades, dozens of improvements have been made to the process,
some major and some minor. All have been directed towards reducing the possi-
bility of defects and the extent of variation in the ingots. Figure 5.6 shows a
schematic of the VAR process.

The VAR-melted ingots can be melted two or three times, depending on the
intended end use of the material. There are a number of parameters that must be
monitored and controlled to ensure homogeneity and soundness of the ingots:

• The furnace vacuum is continuously monitored to ensure that no air or small
water leaks contaminate the melt with nitrogen or oxygen (major water leaks
create an explosion hazard).

• The melt rate is continuously adjusted to control the size of the molten pool at
the top of the ingot. In segregation-prone alloys, such as Ti– 17 or Ti–10V–2Fe–
3Al, it is common to melt smaller ingots, less than 75 cm in diameter, and melt
at lower rates (5–6 kg/min instead of 8–10 kg/min). This modified melt practice

Fig. 5.6 Schematic of VAR
furnace and ingot during a
second melt: the electrode
being remelted is at the top,
and the new ingot is at the
bottom
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creates a smaller, shallower molten pool at the top of the ingot. The lower melt
rates use correspondingly lower power settings (200–275 kVA instead of 400–
500 kVA).

• At the top of the ingot mould most VAR furnaces have electrical coils to create
an electromagnetic field to stir the molten metal and improve the ingot
homogeneity.

• As the final part (25–35 %) of the ingot is approached, the melt rate is reduced
by reducing the power in several steps. This procedure minimizes the extent of
shrinkage pipe formation and other melt-related defects such as type II at the
ingot top. (See Sect. 5.3.3 for discussion of melt-related type I and type II
defects.)

5.3.2 Cold Hearth Melting (CHM)

Cold hearth melting (CHM) is a relatively new melting method (see Fig. 5.7) that
has several advantages over the VAR process and is now widely used for aero-
engine disc grade alloys. This method uses a water-cooled copper vessel (the
hearth), which contains the molten alloy. Melting is done using either a plasma arc
or an electron beam as the heat source. In both cases the heat input is balanced
against the rate of heat extraction from the water-cooled copper hearth. This
maintains a thin layer of solid titanium alloy (called the “skull”) in contact with the
hearth, so the molten titanium alloy only contacts the solid titanium alloy. This
prevents any contamination by the hearth.

The potential advantages of CHM include the following:

• It permits the residence time of the titanium alloy in the molten state to be
controlled independently of the volume of molten metal solidifying as an ingot.
This enables refining by dissolution of any nitrogen- or oxygen-rich defects

Fig. 5.7 Schematic of a
CHM furnace [1]
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without incurring a large, deep molten metal pool (as in the VAR process) that
can cause solute segregation.

• It automatically introduces gravity separation of HDIs such as WC tool frag-
ments or tungsten welding electrode tips that may be introduced along with the
revert. This contrasts with the VAR process, where all of the material in the
electrode ends up in the ingot.

• It allows direct casting of non-axis symmetric shapes, such as slabs or bars.
These cast products are much better suited for conversion to flat mill products
(plate, sheet and strip) than large round ingots. Consequently, the conversion
losses are lower and products made this way can be more cost competitive. This
capability has proved to be particularly attractive for making sheet and strip
from alloys that are readily rolled into coils without reheating.

• In contrast to the physical environment in the VAR furnace chamber, the CHM
furnace is more conducive to the use of online sensors, and hence is more
amenable to real-time process controls and detection of process variations
during melting.

5.3.3 Melt-Related Defects

Experience has shown that, once formed, melt-related defects are very difficult to
eliminate and can have an extremely detrimental impact on material performance.
Melt-related defects can be categorized as either intrinsic or extrinsic, depending on
their origin. Extrinsic defects are caused by inadvertent introduction of impurities
during preparation of the electrode or during the melt process. Intrinsic defects are
those that can be present if ingot solidification occurs without proper control. The
nature and origin of melt-related defects in VAR material are discussed in Ref. [16],
and Fig. 5.8 shows a schematic of the types of defects.

Type I defects The reactivity of titanium creates the possibility of formation of
interstitial-stabilized inclusions. These are known as Type I defects and are most
frequently the nitrogen-rich compound TiN. The nitrogen-stabilized Type I inclu-
sions are very hard and brittle and often called “hard alpha”. Consequently, they
fracture at relatively low stresses leading to incipient cracks in the material. Type I
inclusions also can have high concentrations of oxygen and/or carbon, but this is
less common.

Because of the propensity to crack at low strains, a Type I inclusion can seri-
ously decrease the fatigue capability of the material. Over the past 25 years,
numerous restrictions have been placed on both input material and on melt practice
with the goal of minimizing the presence of type I inclusions in titanium alloy
products. Today, the frequency of Type I defects detected in aeroengine disc grade
titanium alloys is less than one defect per every 500,000 kg of material melted.
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However, since the aeroengine industry uses over 1,000,000 kg of titanium alloys
each year, the detection and elimination of defects are still essential.

The most effective inspection method is ultrasonic inspection. The basis for
detection is the void that usually accompanies the defect. A void occurs owing to
the strain incompatibility between the matrix and the hard TiN inclusion. In prin-
ciple the TiN should be detectable, because it has a modulus about 30 % higher
than the average value of the titanium alloy matrix. In practice this modulus dif-
ference is about the same as the elastic anisotropy of a titanium. Thus any ultra-
sonic technique sensitive enough to detect such differences will also detect regions
of texture or preferred orientation and lead to many false calls during ultrasonic
inspection.

Type II defects These are Al-rich and usually the result of incorporation of Al-rich
regions from the shrinkage pipe near the top of the ingot into the product. Type II
defects are less detrimental to the alloy properties than Type I defects; but in high
strength alloys such as Ti-17 these defects do not respond to heat treatment (ageing)
in the same way as the surrounding matrix, and therefore remain softer.
Consequently, they will deform preferentially in fatigue situations, leading to earlier
crack nucleation. Type II defects are eliminated by proper melt practice and
cropping the part of the ingot top that contains the shrinkage pipe. It is also possible
to minimize them by ingot homogenization (see below).

Beta flecks These are due to alloy segregation. Alloys that contain b-eutectoid
forming elements, in particular Fe and Cr, typically have depressed freezing tem-
peratures, resulting in solidification over a significant temperature range. This

Fig. 5.8 Survey of possible VAR melt-related defects in titanium alloys [17]
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situation can lead to Fe or Cr segregation during ingot solidification. Alloys that
contain only b-isomorphous alloying additions, such as Mo, V and Nb, do not have
similarly depressed solidification temperatures, and these alloys are much less prone
to freezing segregation.

Segregation of Fe or Cr during freezing results in regions that have a lower b
transus temperature. These regions have a different microstructure compared to the
surrounding material in the final product. These solute-rich regions sometimes
become clearly visible in materials heat-treated below but near the nominal b
transus, and are known generally as “beta flecks”. Figure 5.9 shows examples of
beta flecks: note the large prior b grains and the lower volume fraction of a (the
light-etching phase) in Fig. 5.9c. The segregated areas typically occur on a scale
ranging from a few hundred micrometres to a few millimetres. These
solidification-related defects can occur in any titanium alloy, but as mentioned
earlier, alloys containing eutectoid-forming elements, such as Cr or Fe, are con-
siderably more susceptible.

Like Type I and type II defects, beta flecks are detrimental to the fatigue
strength. However, beta flecks more resemble Type II defects in their fatigue
behaviour, since they are weaker than the matrix and deform preferentially, leading
to early crack nucleation. Also, like Type II defects, beta flecks can be minimized
by proper melt practice and by ingot homogenization.

Fig. 5.9 Beta flecks in the alloy Ti–10V–2Fe–3Al a showing an SEM image of a beta fleck
region; b EDAX line scanning of the image in (a); and c optical image of an etched beta fleck
region
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5.3.4 Conditioning and Homogenization

Irrespective of melt practice, after completion of the final melt process and before
hot working the ingot undergoes conditioning. Conditioning creates a smoother
ingot surface free from stress concentrations that could induce cracking during the
ingot breakdown and conversion operations. This conditioning can be done by
grinding or lathe turning of cylindrical ingots, or by grinding of slabs. Grinding is
often done manually and care must be taken to control the surface temperature
increase during grinding. If not done carefully, the temperature can get high enough
to create interstitial-stabilized regions that can subsequently be retained in the final
product.

Once the ingot is conditioned it is generally given a homogenization anneal in
the b phase field prior to working. Not all titanium producers use a homogenization
treatment, and not all producers do this for all alloys. When a homogenization
treatment is used, the times and temperatures are alloy-dependent, but are typically
200–450 °C above the b transus for times of 20–30 h. It is important to emphasize
that homogenization does not remove HDIs such as WC and Type I (hard alpha)
defects.

5.4 Secondary Processing

5.4.1 Forging

Initial working (also called ingot breakdown) This is done on a forging press at a
temperature of about 150 °C above the b transus. During this operation the initial
round ingot is converted into a square or round-cornered square workpiece. The
amount of initial strain before the first necessary reheat is typically 28–38 %,
although it is somewhat alloy-dependent and also depends on whether the ingot has
been homogenized.

The workpiece is fan-cooled after the initial working operation, and then is
reheated to 35–50 °C below the b transus, i.e. within the (a + b) phase field. It is
then given a further reduction of about 30–40 % to recrystallize it and refine the
structure in preparation for continued hot working. After this reduction the work-
piece is air-cooled. The workpiece is then reheated to about 50 °C above the b
transus and worked another 30–40 %, followed by a rapid cool (Ti–6Al–4V is
water quenched, other alloys such as Ti-17 or Ti-10-2-3 are aggressively
fan-cooled).

The basic intent of this initial heating, working, cooling, reheating, working and
cooling is to improve the compositional homogeneity and thus the structural uni-
formity of the alloy workpiece. This improves its subsequent response to thermo-
mechanical processing operations. The remaining hot working operations are
typically done in the (a + b) phase field. A minimum of 65 % additional reduction
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is typically used to obtain uniform structures that will respond to forging or heat
treatment and are more amenable to ultrasonic inspection.

N.B: In segregation-prone alloys, where the initial ingot size is smaller, an
upsetting operation may be used to provide a large enough diameter workpiece that
will yield a large diameter billet to enable maintaining the reductions mentioned
above.

Secondary working steps These are mainly determined by the shape of the product
form that the ingot is destined to become (billet, plate, sheet or bar). Before con-
tinuing, the workpiece is inspected for surface cracks or tears and any sharp dis-
continuities that could propagate during continued working. If present, these are
blended out during a conditioning operation.

There are basically four types of titanium alloy mill products: billet, bar,
flat-rolled product (plate and sheet) and casting electrode:

• Billet is typically round and is used as the input material for forgings and rolled
rings.

• Bar can be round, square or shaped during rolling to meet a special need.
• Plate is a flat-rolled product thicker than about 25 mm.
• Sheet is a flat-rolled product up to a thickness of about 25 mm.
• Casting electrode is remelted by the casting producer and hence must have a

billet-like shape, but it is shaped to the desired diameter and cut to length
without regard for the need to create a particular microstructure, since it will be
remelted.

Billet and Bar Billet and large diameter bar are made using a rotary general
forging machine (GFM) or a forging press. Since billet is a semi-finished product
used for making die forgings, the billet surface finish must be adequate to permit
high sensitivity ultrasonic inspection. Depending on the alloy and the billet forging
temperature, rough grinding or machining may be required.

Bar, on the other hand, is a finished product. Thus it always requires grinding or
turning to impart an acceptable surface finish and uniform dimensions and shapes.
A GFM gives a better surface finish and concentricity than a forging press, making
the GFM product more economical. The other benefits from using GFMs are that
they introduce uniform work into the product; they require fewer, if any reheats;
and they are easy to control. Smaller diameter bar is finished in a rod mill that has a
series of shaped rolls with successively smaller openings.

For both billet and bar the working temperature is normally in the (a + b) phase
field, typically 50–70 °C below the b transus. (Although there are exceptions when
special properties are required from a + b alloys worked in the b phase field.)

N.B. Some important considerations:

1. Hot working requires close control. Titanium alloys have relatively poor thermal
conductivity and relatively high flow stresses at all (a + b) working tempera-
tures. At high rates of deformation the thermal conductivity is too low to allow
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heat dissipation, resulting in adiabatic heating. This can lead to localized flow
softening in active shear bands, resulting in further strain localization and for-
mation of intense shear bands. These result in non-uniform microstructures after
recrystallization of the final product.

2. Under extreme circumstances the critical strain for ductile fracture is locally
exceeded in the shear bands and small voids are formed. These voids are known
as strain-induced porosity (SIP). (This SIP can also be created in plate, partic-
ularly if the working temperature is allowed to drop.)
Once SIP is created in forging billet, it is not always healed during subsequent
forging operations. Consequently, it can be carried over into a finished com-
ponent as a fatigue-nucleating defect. SIP is typically small and can be difficult
to detect by ultrasonic inspection.

3. Alternatively, adiabatic heating can be beneficial if it is properly managed, since
it can extend the working time and deformation extent between reheats.
An additional reason for careful control is that in alloys prone to beta fleck
formation the adiabatic heating must not result in exceeding the local b transus
in solute-rich regions of the workpiece, thereby perpetuating the microstructural
inhomogeneity.

5.4.2 Rolling

Plate and sheet comprise 40 % of titanium mill products. Plate, sheet and small
diameter bar (including rod) are all made in rolling mills with either flat or shaped
rolls. Normally, a “four-high” rolling mill (each work roll is backed by a second
roll) is used for hot rolling titanium alloy plate and sheet.

The starting material for plate and sheet is a forged bloom that is an intermediate
product of the ingot conversion process. The bloom is hot-rolled into a slab, which
then receives further hot reductions. The hot rolling operations may be done in
either the b or the (a + b) phase fields, depending on the alloy and on the end
properties desired. For plate the final hot reduction stops at the desired thickness.
The plate is then given an annealing treatment before it is surface conditioned by
grinding and/or pickling.

Flat-rolled products require reheating more frequently because the plane strain
imposed during rolling increases the incidence of edge cracking. The final
annealing treatment is typically more of a stress relief than a true anneal. For
example, Ti–6Al–4V is often shipped to users in the so-called mill-annealed
condition.

Mill annealing means that the plate has been held at about 700 °C for times as
short as 1 h or as long as 8 h. N.B: At higher annealing temperatures the yield stress
can be lower than the initial residual stresses. This can cause relaxation of internal
residual stresses by gross plastic deformation of the plate, causing it to lose flatness
during the annealing treatment. Holding for longer times will result in flatness
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recovery owing to creep flattening. Thus the flatness of the product after annealing
is a function of the amount of work and the annealing time and temperature. Such
plates are most frequently used for machining into aircraft parts.

Titanium alloy sheet is typically pack-rolled to avoid surface oxidation. In pack
rolling, a group of sheet blanks are sealed in a steel retort and rolled as a group. The
individual blanks have an inert “parting agent” between them to prevent bonding to
one another during rolling. After hot rolling is completed the pack is cut open and
the finished sheets are extracted, pickled and creep flattened or annealed in fixtures,
depending upon the required flatness. Some final cold reduction also can be done to
meet gauge and flatness requirements.

Sheet packs are often cross-rolled to widen the sheet. Cross-rolling also reduces
the texture intensity (preferred crystallographic orientation) and the texture sym-
metry in the final product. Texture can be very important for the forming response
of a + b alloy sheet, which tends to develop strong textures during hot working.
This makes some properties (e.g. yield stress and modulus of elasticity) anisotropic,
and this anisotropy must be taken into account during the design of structures and
components made from sheet.

Strip is a sheet-like product, but typically narrower than sheet and very long.
Strip is essentially unidirectionally rolled and coiled after the final rolling operation.
The majority of strip is produced from one of the grades of CP titanium (usually
Grade 2) or the alloy Ti–3Al–2.5V, both of which can be cold-rolled. The pro-
duction of strip has enabled the economical production of welded CP titanium and
Ti–3Al–2.5V tubing for aircraft heating and de-icing ducts. Beta 21S is a b titanium
alloy which is also produced in strip form.

The early stages of strip production are identical to those for sheet and plate.
However, at the slab stage the strip is hot-rolled, annealed, pickled, surface con-
ditioned by grinding and coiled as hot band, which is the intermediate product used
for cold rolling. It is then cold-rolled to gauge in a multi-stand mill such as a Steckel
or Sendzimir mill. These mills use several rolls to back a pair of very small diameter
work rolls, thereby ensuring the flatness of the thin, cold-rolled product. After cold
rolling, the strip is annealed again and coiled for shipment. Because of the unidi-
rectional working, strip always has a significant degree of texture, but because most
strip is CP titanium, this is generally not a limitation.

5.5 Titanium Alloy Castings

The use of cast titanium components has grown over the past 10 to 15 years, owing
to decreased costs and improvements in the casting process [18, 19]. The growth in
the use of castings has resulted in fewer fabrication steps, by eliminating assembly
from a number of parts. In some cases castings have replaced parts that were
previously machined from forgings or heavy plate or billet. The substitution of
castings for components made by other methods has been enabled by three factors:
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• Improved net shape casting technology.
• Improved fatigue properties owing to the use of hot isostatic pressing (HIP) to

heal internal porosity that can act as crack initiation sites.
• Decreased metal–mould reaction.

Casting of titanium alloys on a production scale is done using one of two
methods: (i) conventional casting using rammed graphite moulds, and (ii) invest-
ment casting in ceramic shell moulds. Investment casting is more costly, but its
shape-making capability makes the resulting castings economically attractive
because they can displace very expensive forged and machined or fabricated parts.

Furthermore, as Fig. 5.10 illustrates, the investment casting method is capable of
producing highly intricate shapes with essentially a net shape. In this case, this
single-piece casting replaced welded and mechanically fastened frames that con-
tained more than 100 individual parts including the fasteners.

After casting, the following steps are taken:

• Hot isostatic pressing (HIP-ing) to close any internal voids.
• Chemical milling to remove any reaction zone resulting from contact between

the mould and the molten titanium alloy.
• Weld repair, if necessary, to close surface-connected defects due to shrinkage,

hot tearing or incomplete mould-filling.
• Stress relief heat treatment (if necessary).
• Final simple chemical milling.

Weld repair of high-value castings allows these parts to be used instead of being
scrapped, but the weld repair is labour-intensive and therefore costly. Weld repair is
typically done using tungsten inert gas (TIG) welding. Depending on the sizes of
the casting defects, metal in the form of weld filler wire may be used to repair them.
It is expensive to make weld wire from all the high-performance alloys, including
Ti–6Al–4V. However, for alloys available as sheet, narrow strips can be cut and
used as filler.

Fig. 5.10 Example of an
investment cast aircraft engine
frame [1]
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Since weld repairs are costly, any improvements in casting technology would
reduce the cost of titanium castings and could lead to an increased market share. An
improved casting process currently under development is permanent mould casting.
Permanent moulds have been used for casting lower melting point materials, e.g. Al
and Mg and less reactive high melting point materials such as steel.

The challenge for permanent mould casting of titanium is to minimize the
interaction of the molten metal with the mould while obtaining adequate super-
heating to permit good fill. Currently, castings of about 200 mm in maximum
dimension represent the size limit that can be produced by titanium permanent
mould casting. This limit is partly due to the sizes of available HIP pressure vessels.

5.6 Indian Scenario on Titanium Alloy Processing

The value of the titanium primary processing industry is well above US$ 1 billion.
If secondary processing and manufacturing is added, the world figure is likely to be
well in excess of US$ 2 billion.

In general, the issues for the titanium industry are mostly economical rather than
technical, and have their origin in the too-close connection to the aerospace
industry. This link has operated to the detriment of industrial developments that
would otherwise give a wider market base and make titanium alloy production less
dependent on aerospace demand cycles. The aerospace connection of titanium
alloys has also resulted in production processes which are not suitable or too
stringent for other industrial applications.

The present Indian scenario is very promising, specifically for aerospace grade
titanium alloys. India is characterized by its vast reserves of rich ilmenite deposits
all along its southern peninsular coasts. The reserves are estimated at 520 mil-
lion tonnes (12–15 % of world total) and the reserves of rutile are estimated at
30 million tonnes in terms of TiO2 content.

Mishra Dhatu Nigam Limited (MIDHANI), Hyderabad, is the only manufacturer
in India having the capabilities for ingot melting and producing titanium mill
products, starting from titanium sponge, which is imported at present. MIDHANI
has been in operation since 1982 for the production of billets, plates, sheets, wire
and seam-welded tubes for meeting indigenous demands. Also, the mineral sepa-
ration unit of Kerala Minerals and Metals Ltd. (KMML), Sankaramangalam, has
started producing aerospace quality titanium sponge for Indian applications: see
Chap. 4 of this Volume of the Source Books.

The Indian Military Airworthiness regulatory body, i.e. the Centre for Military
Airworthiness and Certification (CEMILAC), has approved MIDHANI for pro-
cessing titanium alloys for aerospace and missile applications. There are many
Indian programmes for indigenously produced and type-approved titanium alloys
being produced at MIDHANI. Table 5.3 gives a detailed list of titanium alloys that
are indigenously manufactured and provided with an airworthiness clearance.
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5.7 Summary

In this chapter the basic crystallography and deformation modes of titanium alloys
have been briefly considered. The different alloying elements of titanium and their
use have been mentioned, and the melting techniques for industrial scale melting of
titanium alloys have been described. The VAR process is generally more prevalent,
but CHM is gaining popularity. In India VAR is the main industrial melting pro-
cess, while the CHM electron beam melting process is becoming established.
Common types of melt-related defects have also been discussed. Finally, ingot
processing and casting techniques have been broadly described for wrought and
cast products.

Table 5.3 Type-approved and provisionally cleared indigenously produced titanium alloys

Alloy
designation

Type Form Composition

BT 5-1 a Alloy Forged and hot-rolled
bars

Ti–5Al–2.5Sn

Titan
23A/OT4-1

Near-a
alloy

Forged and hot-rolled
bars

Ti–2Al–1.5Mn

Cold-rolled sheets

Titan 29A Near-a
alloy

Forged bars and HR
bars

Ti–5.8Al–4Sn–3.5Zr–0.7Nb–
0.5Mo–0.35Si–0.06C

Titan 26A
(triple melted)

Near-a
alloy

Forged bars Ti–6Al–5Zr–0.5Mo–0.25Si

Titan 31A
(triple melted)

a + b alloy Forged and HR bars Ti–6Al–4V

Titan 31A
(double melted)

Forgings Ti–6Al–4V

Titan 31
(Ti6Al4V ELI)

Forged and machined
bars

Ti–6Al–4V (O < 1300 ppm)

BT 9-1 a + b alloy Hot-rolled bars Ti–6.5Al–3.3Mo–1.4Zr–0.25Si

BT 3-1 a + b alloy Forged and HR bars Ti–6.25Al–2Cr–2.5Mo–
0.27Si–0.45Fe

Provisionally cleared alloys

Titan 20A CP Ti Forged and HR Bars Ti–0.4O

Titan 22A a alloy Hot-rolled/machined
bars

Ti–8Al–1Mo–1V

Half alloy a + b alloy Forged and machined
bars

Ti–3Al–2.5V

GTM 900 a + b alloy Forged and hot-rolled
bars and slabs

Ti–6.5Al–3.3Mo–1.4Zr–0.25Si

Titan 1023 Metastable
b alloy

Forged and hot-rolled
bars

Ti–10V–2Fe–3Al
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Chapter 6
Titanium Alloys: Part 2—Alloy
Development, Properties and Applications

A. Bhattacharjee, B. Saha and J.C. Williams

Abstract Titanium alloys are the principal replacements, and in many cases also
prime candidate materials to replace (i) aerospace special and advanced steels,
owing to their significantly higher usable specific strength properties, (ii) alu-
minium alloys due to their better elevated temperature properties and
(iii) nickel-base superalloys for much of the high pressure compressors (HPCs) of
modern engines, owing to their superior medium temperature (up to 550 °C) creep
strength and acceptable oxidation and corrosion resistances. This chapter summa-
rizes the chemical compositions, properties and applications of commercially pure
a-titanium, near-a, a + b and b titanium alloys.

Keywords Titanium alloys � Secondary processing � Microstructures �
Mechanical properties � Fatigue � Fracture � Applications

6.1 Introduction

Conventional titanium alloys consisting of a-titanium, near-a, a + b and b titanium
alloys are used in various engineering sectors, but predominantly for aerospace
because of cost. These alloys possess good corrosion resistance and a range of
strengths starting from commercially pure titanium up to the high strength b tita-
nium alloys, which can compete with steels on a density normalized basis. The
near-a titanium alloys have the best combinations of strength and high temperature
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properties and are the natural choice for high temperature aerospace applications.
The a + b titanium alloys have good strength and medium temperature capability.

In this chapter a review of each of these classes of titanium alloys will be given,
and their generic processing, microstructure, mechanical properties and applications
will be concisely discussed. The reader may obtain more details from the
Bibliography.

6.2 Titanium Alloy Developments and Applications

There are numerous review articles and monographs that cover titanium alloy
development as well as their production and applications aspects in detail [1–40]. In
this section these aspects are dealt with briefly.

6.2.1 Commercially Pure Titanium and a-Titanium Alloys

All a-titanium alloys are based on the low temperature, hexagonal allotropic form
of titanium. These alloys can contain substitutional alloying elements (Al or Sn) or
interstitial elements (oxygen, carbon or nitrogen) that are soluble in the hexagonal a
phase. These alloys also contain limited quantities of elements with limited solu-
bility, such as Fe, V and Mo.

Specific alloys have been formulated to improve the environmental resistance of
CP titanium and a-titanium alloys to provide comparable performance at reduced
cost. Table 6.1 lists these alloys, their compositions and typical yield strengths.

All the alloys derive their characteristics from the hexagonal a phase, as men-
tioned earlier. The strengthening and processing aspects of these alloys can be
obtained from Refs. [1, 25] and are summarized in Table 6.2 and Fig. 6.1,
respectively. Referring to Fig. 6.1, stage II processing controls the preferred ori-
entation (texture) intensity and a grain size; and the microstructure after stage III
processing is controlled by the degree of deformation and the annealing tempera-
ture, which influences the a grain size with marginal effect on texture intensity.

Applications The excellent corrosion resistance of CP titanium, its good weld-
ability and general fabricability have resulted in its use for aerospace tubing, e.g. in
anti-icing ducts. However, the alloys Ti-2.5Cu and Ti-3-Al-2.5V offer higher
strength alternatives with similar ease of fabrication (Ti-2.5 Cu in the annealed
condition). Also, Ti-25Cu in the aged condition is used in engine bypass ducts
owing to a higher temperature capability (up to 350 °C).
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Table 6.1 Compositions and 0.2 % yield strengths of commercial CP titanium and a-titanium
alloys [1]

Alloy O (max)
wt%

Fe (max)
wt%

Other elements 0.2 % Yield
strength (MPa)

CP titanium

CP Grade 1
Grade 2
Grade 3
Grade 4

0.18
0.25
0.35
0.40

0.20
0.30
0.30
0.50

170
275
380
480

Ti–0.2Pd Grade 7
Grade 11

0.25
0.18

0.30
0.20

0.12–0.25Pd 275
170

Ti–
0.05Pd

Grade 16
Grade 17

0.25
0.18

0.30
0.20

0.04–0.08Pd 275
170

Ti–0.1Ru Grade 26
Grade 27

0.25
0.18

0.30
0.20

0.08–0.14Ru 275
170

a-titanium alloys

Ti–0.3Mo–0.9Ni
(Grade 12)

0.25 0.25 0.2–0.4Mo, 0.6–0.9Ni 345

Ti–2.5Cu 0.20 0.20 2.5Cu 600

Ti–3Al–2.5V (Grade
9)

0.15 0.25 2.5–3.5Al, 2.0–3.0V 485

Ti–3Al–2.5V–0.05Pd
(Grade 18)

0.15 0.25 2.5–3.5Al, 2.0–3.0V, (+Pd) 485

Ti–3Al–2.5V–0.1Ru
(Grade 28)

0.25 0.25 2.5–3.5Al, 2.0–3.0V, (+Ru) 485

Ti–5Al–2.5Sn (Grade
6)

0.20 0.20 4.0–6.0Al, 2.0–3.0Sn 795

Ti–5Al–2.5Sn ELI 0.15 0.25 4.75–5.75Al, 2.0–3.0Sn 725

Table 6.2 Strengthening mechanisms in CP titanium and a-titanium alloys [1]

Strengthening mechanism Dependence Examples/limitations

Grain size d−1/2 Fine grains limit twinning

Interstitial solid solution c1/2 Strain localization >2500 ppm oxygen

Substitutional solid
solution

c Strain localization >5 % Al equivalence

Texture c-axis
orientation

Max. strength when loaded along c-axis

Precipitation r1/2, f1/2 Ti–2.5Cu; other alloys >5.5 % Al
equivalence
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6.2.2 High Temperature Near-a Titanium Alloys

Alloy development For long-term applications at high temperatures the a + b
titanium alloys, such as Ti–6Al–4V, are limited to about 350 °C. For higher
temperatures near-a alloys such as Ti–6Al–2Sn–4Zr–2Mo + Si (Ti–6242) and Ti–
5.8Al–4Sn–3.5Zr–0.5Mo–0.7Nb–0.35Si–0.06C (IMI 834) have been developed
according to the following general principles:

(1) The diffusion rates in the b phase are about two orders of magnitude faster
than in the a phase. Therefore the volume fraction of b phase is reduced in
these high temperature alloys as compared to Ti–6Al–4V.

(2) The decrease in volume fraction of b phase in Ti–6242 and IMI 834 is
achieved by reducing the total content of b stabilizing elements and by
alloying with the a stabilizers Sn and Zr as well as about 6 wt% Al.

(3) Furthermore, the b stabilizing element vanadium is replaced by Mo and Nb
which are slower diffusing elements [37].

(4) In addition, the contents of Fe and Ni, which are very strong b stabilizers and
also lead to very fast diffusion rates in a titanium [38], are reduced especially
in IMI 834 to the very low levels of about 150 ppm.

(5) Owing to the reduction in volume fraction of b phase there is a potential
problem: the thickness of the “b lamellae” in a colony structure is reduced in
many areas to zero, i.e. only low angle boundaries are left to separate parallel
a lamellae. In this case, easy slip is possible over long distances with negative
consequences, especially for fatigue strength (High Cycle Fatigue, HCF, and
Low Cycle Fatigue, LCF).
To create new obstacles to dislocation motion at the a/a lamellae boundaries,
silicon is added to high temperature alloys (about 0.1–0.5 %). Silicon com-
bines with titanium to form the intermetallic compound Ti5Si3, or in the
presence of zirconium the compound (Ti,Zr)5Si3. The silicides are incoherent
with respect to b and a and precipitate at the a/b lamellae boundaries and at
grain boundaries, providing effective barriers to slip transfer.

III

α

α+β

I II Time
T
em

pe
ra
tu
re

Homogenisation Deformation Recrystallisation

Fig. 6.1 Schematic of
processing for CP titanium
and a-titanium alloys [1]
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(6) Since coherent precipitates are effective barriers for dislocation glide and
climb, the volume fraction of Ti3Al (a2) particles is increased in high tem-
perature titanium alloys, mainly owing to the addition of Sn, which adds to Al
in promoting the formation of a2, which is then Ti3(Al,Sn). As an indication of
their effectiveness, the solvus temperature for a2 in Ti–6Al–4V is around 550–
600 °C, in Ti-6242 around 650 °C and in IMI 834 around 750 °C.

(7) In contrast to Ti–6Al–4V, the standard final heat treatment in Ti-6242 and IMI
834 is always an ageing treatment in the (a + a2) phase region, i.e. 8 h 595 °C
for Ti-6242 and 2 h 700 °C for IMI 834.

Processing The processing routes used to generate different microstructures, for
example fully lamellar or bi-modal microstructures, in high temperature near-a
titanium alloys (Ti-6242, IMI 834) are the same processing routes as those outlined
in the next subsection for a + b titanium alloys. The only additional feature
important for the processing route of high temperature near-a titanium alloys is the
solvus temperature of the silicides in relation to the other temperatures in the
processing route.

Applications The main applications of high temperature titanium alloys such as
Ti-6242 and IMI 834 are blades and discs in the compressor sections of aero-
engines, where the temperature exceeds 350 °C and Ti–6Al–4V cannot be used
because of creep considerations. A good example is the CF6 HP compressor spool
shown in Fig. 6.2, with five Ti–6Al–4V front stages followed by two Ti-6242 rear
stages. Since the maximum temperature capability is about 500 °C for Ti-6242, the
last stages in the HP compressors are made out of nickel-base superalloys.

Fig. 6.2 Compressor spool
for GE CF6 class engine
using inertia welding to
connect the individual stages:
front (smaller) five stages: Ti–
6Al–4V; rear two stages:
Ti-6242 [1]
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A bi-modal microstructure is used for the Ti-6242 stages (as well as for the Ti–6Al–
4V stages) because it gives the best LCF strength as well as adequate creep
strength. The IMI 834 alloy can be used up to about 550 °C and is used for making
blades and integrally bladed discs (blisks) in the EJ 200 aeroengine [39] and the
Rolls-Royce TRENT 800 engine.

Another Ti-6242 application is the impeller shown in Fig. 6.3. Impellers are
used as the last compressor stage in small (lower flow) aeroengines and in auxiliary
power units (APUs).

Effect of Ni and Fe There can be considerable lot-to-lot variation in the creep
strength of Ti-6242 as well as IMI-834. This variation is mainly due to variation in
the concentration of Ni, which is a minor impurity that comes from vacuum dis-
tillation of Ti sponge (see Chap. 4 in this Volume) on stainless steel trays. Similar
variations also appear to apply to other impurities such as Fe and Co, all at the trace
impurity level. The effect of Fe has been recognized for some time, and the Fe
concentration is deliberately and effectively managed by the material producers by
selecting low-Fe sponge for alloy formulation.

In fact, Ni and Fe impurities are particularly troublesome in titanium production
because of the use of stainless steel vessels in the Kroll reactors for making sponge,
and for vacuum distillation of the sponge to remove residual MgCl2 after reduction.
Further, salt removal from the sponge is also done by vacuum distillation. Thus all
sponge is exposed to Ni-bearing alloys during production, making trace concen-
trations of Ni unavoidable unless special precautions are taken.

Returning to the variation in creep behaviour, it has been shown that increasing
the Ni impurity level from 0.005 to 0.035 % in Ti-6242 causes a large reduction in
creep strength. This appears to be well understood in terms of Ni impurities
affecting the rate-controlling creep mechanism, which is diffusion-controlled dis-
location motion in the a phase [41–47]. Consistent improvement in the creep
strength of high temperature alloys requires the use of materials with the lowest
commercially feasible Ni and Fe levels.

Fig. 6.3 Impeller used in a
small engine for regional jets,
diameter 35 cm. The alloy is
Ti-6242 with a bi-modal
microstructure [1]
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A special consideration for low temperature (up to about 150–200 °C) appli-
cations of near-a alloys in aeroengines is dwell fatigue cracking. This can occur
when hold times at high load levels are part of the service fatigue history. Dwell
cracking is a well-known and major concern for front-engine discs made from
alloys such as Ti-6242, IMI 685, and IMI 834. It was first encountered in 1972 with
two in-service fan disc failures [47]. Although not fully understood, the cracking
involves creep (low temperature) as well as fatigue, and microtexture appears to
play a major role. More details can be found in the specialist literature.

6.2.3 a + b Titanium Alloys

6.2.3.1 Processing and Microstructures of a + b Titanium Alloys

a + b alloys have at least two phases (a and b) and have good combinations of
strength and high temperature properties. This is why these alloys have been so
popular. Correct microstructures are essential, which is all the more important
because titanium alloy microstructures are very sensitive to processing.

Three distinctly different types of microstructures can be obtained in a + b
alloys by changing the thermomechanical processing route: so-called bi-modal
(duplex) microstructures containing equiaxed primary a (ap) in a lamellar a + b
matrix; fully equiaxed structures; and fully lamellar structures. A common but less
narrowly defined microstructure is the so-called mill-annealed condition.

Central to the processing of titanium alloys is the deformation and resulting
morphology of the alpha/beta phase. An equiaxed a morphology is obtained by
a + b processing and a + b solution treatment, whereas a fully lamellar a (trans-
formed b) microstructure is obtained from heating and/ or processing in the b phase
field.

Bi-modal microstructures The processing route for obtaining the bi-modal (du-
plex) microstructures is shown schematically in Fig. 6.4, where the process is
divided into four different steps: homogenization in the b phase field (I), defor-
mation in the (a + b) phase field (II), a-phase recrystallization in the (a + b) phase

Fig. 6.4 Schematic processing route for bi-modal microstructures of a + b titanium alloys
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field (III) and final ageing and/or stress relieving treatment (IV). Table 6.3 sum-
marizes the important parameters of this processing route and the resulting
microstructural features.

A critical parameter in the processing route is the cooling rate from the
homogenization temperature in the b phase field (step I) because this cooling rate
determines the width of the a lamellae. These are then deformed in step II and
recrystallized in step III.

The relation between the prior a lamellae width resulting from step I and the
equiaxed primary a + b size is illustrated in Fig. 6.5, where two bi-modal structures
are compared. The faster the cooling rate, the finer are the a lamellae, the primary
a(ap) grain size and the transformed b grain size.

Table 6.3 Important processing step parameters and resulting microstructural features for
bi-modal microstructures

Step Important parameters Microstructural features

I Cooling rate Width of a lamellae (! ap size)

II Deformation temperature

Deformation degree
Deformation mode

– Texture type
– Texture intensity
– Dislocation density
– Texture symmetry

III Annealing temperature

Cooling rate

– Vol.% of ap (! b grain size)
–Alloy element partitioning
Width of a lamellae

IV Annealing temperature – Ti3Al in a
– Secondary a in b

Fig. 6.5 Bi-modal microstructures (optical) of the IMI 834 alloy cooled differently from the b
phase field in step I of the processing route: a bi-modal 1, slow cooling rate, b bi-modal 2, fast
cooling rate
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In bi-modal microstructures the cooling rate from the recrystallization annealing
temperature in the (a + b) phase field (step III in Fig. 6.4) mainly influences the
width of the individual a lamellae (Table 6.3), whereas the a colony size and the
length of the continuous a layers at b grain boundaries are largely determined by
the b grain size. Within the normal range of commercial cooling rates of about
30−600 °C/min, the a colony size in bi-modal microstructures is about equal to the
b grain size. Slower cooling rates increase both the size and volume fraction of ap.

Fully equiaxed microstructures There are two possibilities to obtain a fully
equiaxed microstructure. In the first case, the processing route is identical to the
processing route for obtaining a bi-modal microstructure up to the recrystallization
process in step III:

(1) If the cooling rate from the recrystallization annealing temperature is suffi-
ciently low, only the ap grains will grow during the cooling process and no a
lamellae are formed within the b grains, resulting in a fully equiaxed structure
with the equilibrium volume fraction of b phase located at the “triple-points”
of the a grains. In this case the a grain size will be fairly large and always
larger than the ap size of a bi-modal structure (which would have resulted from
faster cooling).
An example for such a fully equiaxed microstructure is shown in Fig. 6.6.

(2) The second possibility to obtain a fully equiaxed microstructure is to recrys-
tallize in step III of the processing route (Fig. 6.4) at such a low temperature
that the equilibrium volume fraction of a phase at that temperature is high
enough to form the fully equiaxed microstructure directly from the deformed
lamellar structure.

Using this second processing route with the (low) recrystallization annealing
temperature (for example, for Ti–6Al–4V between 800−850 °C), smaller a grain

Fig. 6.6 Fully equiaxed
microstructure obtained in Ti–
6Al–4V
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sizes can be achieved provided a higher degree of deformation is used as compared
to method (1). For example, for Ti–6Al–4V a recrystallization annealing temper-
ature of 800 °C enables fully equiaxed microstructures with a grain sizes of about
2 lm or less [26] to be obtained.

N.B: Fully equiaxed microstructures can be changed to bi-modal microstructures
by simply reheating the material to a temperature in the (a + b) phase field that
corresponds to the desired ap volume fraction and subsequently cooling with a
sufficiently high rate to form a lamellae within the b grains.

The mill-annealed condition mentioned earlier is obtained by omitting the
recrystallization step III (see Fig. 6.4). Consequently, the details of the deformation
procedure in step II (number of times it is reheated during deformation, soaking
time, the amount of deformation and the cooling rate after deformation, etc.)
determine the details of the resulting microstructure, especially the degree of
recrystallization. Since the details of the deformation procedure are beyond the
control of the customer or end-user, and these details will vary between producers
or even between different lots, the mill-annealed condition is not a well-defined
microstructural condition.

Fully lamellar microstructures Lamellar microstructures can be obtained fairly
easily in the final steps of the processing route by an annealing treatment in the b
phase field (b recrystallization). Hence this microstructure is often also called “b
annealed”. The processing steps are similar to those in Fig. 6.4, but the tempera-
tures are different. The deformation process (step II) can be done by forging or
rolling, either in the b phase field or in the (a + b) phase field, as shown in Fig. 6.7,
and the annealing step (shown as recrystallisation step III in Fig. 6.7) is carried out
in the b phase field.

In industrial practice the material is usually first deformed in the b phase field to
refine the coarse ingot microstructure, to homogenize the material, and because of
the lower flow stress. The material is then deformed in the (a + b) phase field to
avoid large b grain sizes. Similarly, the recrystallization temperature in step III is
usually kept within 30−50 °C above the b transus to maintain control of the b grain

Fig. 6.7 Processing route to obtain fully lamellar microstructures in a + b alloys
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size. As a result, the b grain size of fully lamellar microstructures is typically about
600 lm.

Another type of fully lamellar microstructure, namely a so-called b processed
condition, is mentioned here, although for a + b alloys this condition is not used
extensively in commercial applications. b processing (which is a very common
processing route for b alloys) involves omitting b recrystallization, and the material
remains therefore in an unrecrystallized condition.

6.2.3.2 Mechanical Properties of a + b Titanium Alloys

The mechanical properties emphasized in this section are tensile, fatigue and
fracture toughness. A qualitative summary of the basic microstructure/property
correlations is shown in Table 6.4.

The qualitative trends (+, 0, −) in Table 6.4 indicate the directions in which a
specific mechanical property will change when a microstructural feature is changed
according to the table footnotes. For the tensile properties the 0.2 % yield stress and
fracture strain are used for the correlations. The HCF strength at 107 cycles is taken
as a measure of the resistance to fatigue crack nucleation.

Bi-modal microstructures For the whole range of commercial cooling rates (30–
600 °C/min) the a colony size of bi-modal microstructures is about equal to the b
grain size, and therefore much smaller than in fully lamellar microstructures.

Based on the effect of slip length on mechanical properties of fully lamellar
structures, it can be postulated that if the slip length would be the only major
parameter governing the mechanical properties of bi-modal microstructures, they
should have a higher yield stress, a higher ductility and a higher HCF strength than
fully lamellar microstructures, when compared for the same cooling rate.

In fact, Table 6.4 indicates that this is not so. The reason is that there is another
important factor which complicates the situation. That is the alloy element parti-
tioning effect, which increases with increasing volume fraction of ap. The HCF
strength (crack nucleation resistance) is usually reduced with increasing ap volume

Table 6.4 Qualitative correlations between important microstructural parameters and mechanical
properties for a + b titanium alloys [1]

Microstructural features 0.2 % YS eF HCF K1c Creep strength (0.2 %)

Small a colonies, a lamellaea + + + − ±

Bi-modal structureb + + − − −

Small a grain sizec − + + − −

Ageing (a2); oxygen + − + − +
Secondary a in b + − + 0 +
aCompared to coarse lamellar structure
bCompared to fully lamellar structure with same cooling rate
cCompared to large a grain size of fully equiaxed microstructures
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fraction. The fatigue cracks are nucleated in the lamellar grains of the bi-modal
structure because the crack path is more irregular in this latter condition and these
lamellar grains are softer than ap as a consequence of the alloy element partitioning
effect.

The fracture toughness of bi-modal microstructures of the Ti–6Al–4V alloy is
only slightly higher than the fracture toughness of the fine lamellar microstructure,
but much lower than the toughness of the coarse lamellar structure. A detailed
discussion is beyond the scope of this chapter: the reader is referred to the
Bibliography. Also, it is important to note that the creep properties of a lamellar
structure are better than those of bi-modal structures: again see the Bibliography for
a detailed discussion.

Fully equiaxed microstructures The mechanical properties of fully equiaxed
microstructures of a + b titanium alloys are primarily influenced by the a grain
size. It should also be emphasized that fully equiaxed microstructures of a + b
titanium alloys are similar to the microstructures of CP titanium and other a tita-
nium alloys. Therefore the general correlation between microstructure and
mechanical properties is also similar.

The effect of a grain size on HCF strength of fully equiaxed microstructures is
demonstrated in Fig. 6.8 for the Ti–6Al–4V alloy. It can be seen that high HCF
strength values can be achieved with small a grain sizes. The corresponding yield
stress values are 1120 MPa (2 lm grain size), 1065 MPa (6 lm grain size) and
1030 MPa (12 lm grain size), respectively. The tensile ductilities of these fully
equiaxed microstructures are generally very high, i.e. equal to or higher than those
of bi-modal microstructures on a strength-corrected basis.

The LCF strength is lower for fully equiaxed microstructures as compared to
bi-modal microstructures. A similar evaluation of the effect of a grain size on LCF
strength of fully equiaxed microstructures suggests that the LCF strength will

Fig. 6.8 Effect of a grain
size on HCF strength of Ti–
6Al–4V with fully equiaxed
microstructures
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increase with decreasing a grain size because of increased ductility: this follows
from the Coffin-Manson Law prediction about LCF strength and ductility.

The effect of a grain size on fracture toughness of fully equiaxed microstructures
has been investigated by comparing microstructures with 2 and 12 lm grain sizes.
The fracture toughness values were 45 and 65 MPa √m, respectively. This result
demonstrates the same tendency as found for lamellar microstructures (discussed
next with respect to Fig. 6.8), namely, that the crack front roughness has a major
influence on the fracture toughness.

Fully lamellar microstructures The most influential microstructural parameter for
the mechanical properties of lamellar microstructures is the a colony size, which is
the effective slip length and is controlled by the cooling rate from the b heat
treatment temperature. With increasing cooling rate the a colony size decreases
with a commensurate reduction in effective slip length and a corresponding increase
in yield stress.

In the commercially feasible cooling rate regime (up to 1000 °C/min), the effect
on yield stress is only moderate (50−100 MPa), whereas a large increase in yield
stress is observed when the colony structure is changed to a martensitic type of
microstructure (slip length and “colony” size equal to the width of individual a
plates).

With increasing cooling rate the tensile ductility increases at first, consistent with
the effect of decreased slip length. However, the ductility reaches a maximum and
then declines. The ductility maximum corresponds to a change in fracture mode.
For low cooling rates a ductile transcrystalline microvoid dimple type of fracture is
observed, whereas at high cooling rates a ductile intercrystalline dimple type of
fracture occurs along the continuous a layers at prior b grain boundaries. The effect
of the continuous a layers on ductility is related to preferential plastic deformation
in this lower strength region and concomitant early microvoid nucleation.

The magnitude of the ductility decline depends primarily on the strength dif-
ference between the continuous a layers and the matrix, and also the grain boundary
length: a larger b grain size is detrimental.

The HCF strength depends primarily on the resistance to dislocation motion.
Consequently, the HCF strength dependence on a colony size is qualitatively
similar to that of the yield stress. It should be noted that for fully lamellar
microstructures the absolute values for both the HCF strength and the yield stress
depend, in addition to the cooling rate effect, on the details of the final
annealing/ageing treatment (step IV in Fig. 6.7).

The fracture toughness of a + b titanium alloys usually increases with increasing
a colony size owing to a rougher crack front profile. Figure 6.9 shows an example
of the difference in crack path for a coarse lamellar microstructure (1 °C/min
cooling rate) and a fine lamellar microstructure (8000 °C/min cooling rate) in Ti–
6Al–4V. The corresponding fracture toughness values were 75 MPa √m for the
coarse structure and 50 MPa √m for the fine structure. In other words, increasing
crack front roughness increases the fracture toughness.

6 Titanium Alloys: Part 2—Alloy Development … 129



Titanium alloy Ti6Al4V ELI grade Ti6Al4V ELI grade is similar to Ti6Al4V
except that the ELI grade has reduced levels of oxygen, nitrogen, carbon and iron.
ELI stands for “Extra Low Interstitials”, referring to oxygen, nitrogen and carbon.

The essential difference between Ti6Al4V ELI (grade 23) and Ti6Al4V (grade
5) is the reduction of oxygen content to 0.13 % (maximum) in grade 23. This
confers improved ductility and fracture toughness, with some reduction in strength.

The improved properties, high specific strength (strength/density), good stress
corrosion resistance and machinability are why Ti6Al4V ELI is extensively used
for aerospace cryogenic applications (e.g. spacecraft pressure vessels and fuel
tanks).

Ti6Al4V ELI has also been widely used in fracture critical airframe structures
and for offshore tubulars. The mechanical properties for fracture critical applica-
tions can be enhanced, if necessary, by special processing and heat treatment.

6.2.3.3 Applications of a + b Titanium Alloys

This class of titanium alloys is the most used. Within this class the worldwide
production of Ti–6Al–4V is the largest.

Airframe structures A major application area of a + b titanium alloys is in heavily
loaded aircraft structural parts. For such applications, a + b titanium alloys can be

Fig. 6.9 SEM micrographs
of crack paths in the centres of
fracture toughness specimens
of Ti–6Al–4V: a coarse
lamellar (higher toughness),
b fine lamellar (lower
toughness). Note the
difference in magnifications:
the crack path in (a) is much
rougher
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selected over other competing metallic materials, such as high strength aluminium
alloys, because of higher yield strength and elastic modulus (and also higher
specific strength and stiffness), fatigue strength, better corrosion resistance and
higher temperature capability. Figures 6.10 and 6.11 show two heavy Ti–6Al–4V
forgings for aircraft.

The most economically effective processing route for large forgings typically
consists of forging in the (a + b) phase field followed by mill-annealing. The
mill-annealed microstructure gives generally faster fatigue crack propagation rates
than a fully lamellar microstructure, which can be obtained by b annealing, how-
ever at increased cost. Although b annealing requires fixtures to support the part,
the benefits of improved crack propagation resistance are in some cases sufficient to
justify the added cost. This is sometimes done for fracture critical aircraft structural
components such as bulkheads, cockpit window frames and attachment fittings for

Fig. 6.10 Large Ti–6Al–4V
forging for Boeing 747
landing gear [1]

Fig. 6.11 Machined
bulkhead forging for a twin
engine military aircraft, [1]
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the fin and horizontal stabilizers. b-annealed plate is used extensively for the
Lockheed Martin F-35 Joint Strike Fighter (JSF).

Castings of Ti–6Al–4V already possess fully lamellar microstructures, but also
have size limitations resulting from the casting furnace equipment and the hot
isostatic press (HIP) facilities required for airworthiness certification of premium
quality castings. Nevertheless, fairly large castings have been proposed for use in
static property limited aircraft structural components. In such applications the large
section sizes mean that the solidification rate will be quite slow. This results in a
fairly coarse lamellar microstructure with excellent macrocrack fatigue crack
growth resistance and high fracture toughness.

Aeroengines Another major application area of a + b titanium alloys is for rotating
and non-rotating parts in aeroengines. The major limitation of Ti–6Al–4V is the
maximum usage temperature of about 300 °C, which restricts this alloy to the fan
stage (Fig. 6.12), the low pressure (LP) compressor section and the front stages in
the high pressure compressor (HPC). Further back in the HPC the higher temper-
atures require creep-resistant high temperature titanium alloys (Ti-6242, Titan 29A
and IMI 834), e.g. Figs. 6.13 and 6.14.

Fig. 6.12 Large fan blades
(length of the larger blade
about 1 m) of Ti–6Al–4V
forged in the (a + b) phase
field and recrystallized to a
bi-modal microstructure [1]

Fig. 6.13 Aeroengine high
pressure compressor rings
made of Titan 29A
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Ti–6Al–4V is also used for the new technology of manufacturing integrally
bladed rotors (IBR), either by direct attachment of the blades to the disc using
solid-state linear friction welding, or by machining the rotor from a single-piece
forging.

6.2.4 b Titanium Alloys

6.2.4.1 Introduction: General Characteristics

In contrast to a + b alloys, b alloys do not transform martensitically upon
quenching to room temperature: instead they consist of metastable b. The a phase
can be precipitated from the metastable b phase as very fine, undeformable particles
(platelets) with a high volume fraction. Thus the main characteristic of b alloys is
that they can be hardened to much higher yield stress levels than a + b alloys.
Another advantage is that they can be processed at lower temperatures than a + b
alloys, and some heavily stabilized b alloys are even cold deformable. Further, the
corrosion resistance of b alloys is equal to or better than that of a + b alloys, and
they are especially good in environments where hydrogen pickup is possible,
because b has a higher hydrogen tolerance than a. In view of these advantages the
usage of b alloys has been slowly but steadily increasing in recent years.

A distinction can be made between so-called “high strength” and “heavily sta-
bilized” b alloys:

(1) High strength alloys have chemical compositions close to the b/a + b phase
boundary. In the aged condition they therefore contain a high volume fraction
of a phase.

Fig. 6.14 Aeroengine high
pressure compressor blades
made of Titan 29A

6 Titanium Alloys: Part 2—Alloy Development … 133



(2) Heavily stabilized alloys are located more to the right in the pseudo-binary
phase diagram. These alloys contain a much lower volume fraction of a phase
and the maximum achievable strength is therefore lower.

Typical examples for the first group of alloys are Ti-6246, Ti-17, b-CEZ and
Ti-10-2-3. Examples of the second group are Beta 21S, Ti-15-3 and Beta C. The
main emphasis in this subsection is on the group of high-strength b alloys, and most
examples are from this group, which are therefore simply referred to as “b alloys”.
Where heavily stabilized b alloys are discussed, this will be explicitly stated.

6.2.4.2 Processing and Microstructures

Beta-annealed microstructures The basic processing route for b-annealed
microstructures is shown in Fig. 6.15. It can be seen that the b-annealed
microstructure is obtained in a simple way, i.e. recrystallization in the b phase
field (step III) and ageing in the (a + b) phase field (step IV) to precipitate a as fine
a platelets. Such a microstructure is shown in Fig. 6.16.

The main characteristic of all b alloys is that the a phase nucleates preferentially
at b grain boundaries and forms a continuous a layer. Adjacent to this continuous a
layer is a so-called PFZ (precipitate-free zone) which does not contain any a
platelets, and which is therefore soft with respect to the age-hardened matrix.

The strength difference between the PFZs and the matrix (i.e. yield stress) and
the slip length in the PFZs (i.e. b grain size) are important for the mechanical
properties. Both of these parameters are influenced by alloy composition, such that
the effect of the continuous a layers is large for high strength b alloys and smaller
for heavily stabilized b alloys. This is the reason why high strength b alloys are not
used in the b-annealed condition. On the other hand, heavily stabilized b alloys are
commonly used in the b-annealed condition.

Table 6.5 summarizes the important processing parameters and resulting
microstructural features of heavily stabilized b alloys. An important parameter of

Fig. 6.15 Processing route for b-annealed microstructures of heavily stabilized b titanium alloys
[1]
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the ageing treatment (step IV in Fig. 6.15) is the choice of the ageing temperature,
because this determines the volume fraction of a platelets which influences the
yield stress level. (Since the growth of the a platelets is diffusion controlled, the
ageing temperature is much more important in step IV than the ageing time.)
However, formation of the continuous a layers at b grain boundaries during the
ageing treatment cannot be avoided.

It is sometimes difficult for heavily stabilized b alloys (especially for relatively
high ageing temperatures) to obtain a homogeneous distribution of a platelets by

Fig. 6.16 b-annealed plus
aged microstructure of a
heavily stabilized b alloy,
Beta 21S [1]: a optical and
b TEM metallographs
showing a precipitation
within the grains and at the
grain boundaries and narrow
precipitate-free zones
(PFZ) near the grain
boundaries

Table 6.5 Important processing parameters and resulting microstructural features for b-annealed
microstructures of heavily stabilized b alloys [1]

Processing step
(see Fig. 6.15)

Important parameters Microstructural features

III Recrystallization temperature b grain size

IV Heating rate Distribution of a platelets

Ageing temperature Size and vol.% of a platelets
GB a layer

6 Titanium Alloys: Part 2—Alloy Development … 135



the normal one-stage ageing treatment shown in Fig. 6.15. This is because (i) the
necessary formation of the ageing precursors (x or b′) can be too sluggish to occur
during heating to the ageing temperature, and (ii) the ageing temperature is above
the stability range for x or b′. In this case a pre-ageing at lower temperatures can
create a more homogeneous distribution of a platelets [48]. This means that there is
a two-stage ageing step (step IV in Fig. 6.15).

After homogenization (step I), the deformation (step II) can be done either in the
b phase field or in the (a + b) phase field, see Fig. 6.15. The latter has the
advantage of creating smaller b grain sizes in the recrystallization step III. The grain
size of b-annealed microstructures is somewhat smaller than the b grain size in fully
lamellar microstructures of a + b alloys. A typical grain size of b alloys is about
400 lm as compared to about 600 lm for a + b alloys for equivalent processing
histories and for a recrystallization temperature of 30–50 °C above the b transus.
The smaller grain size of b alloys is a result of the lower b transus. The most
important parameter in step III is the cooling rate from the recrystallization tem-
perature because it controls the width and extent of the continuous a layers at b
grain boundaries. N.B: even for fast cooling rates in commercial practice (e.g. 600 °
C/min), formation of the continuous a layers cannot be avoided. Since the total
volume fraction of a (coarse a plates plus fine a platelets and grain boundary a) is
fixed by the alloy chemistry, the volume fraction of coarse a plates has a direct
influence on the volume fraction and size of the fine a platelets and therefore on the
resulting yield stress level of the material.

b processed microstructures To obtain b processed microstructures the recrystal-
lization step III in Fig. 6.15 is omitted, with the intention of creating an unre-
crystallized structure with highly deformed b grain boundaries. The a layers which
form on the b grain boundaries during cooling from the b deformation temperature
will then take on the local shape of the deformed grain boundaries. An example is
given in Fig. 6.17a for the Ti-6246 alloy. This shows that the a layers are still fairly
continuous but have a pronounced wavy shape. In other cases the a layers are
broken up more into individual segments on most b grain boundaries with only a
few long segments remaining on some boundaries. Irrespective of processing his-
tory, it is nearly impossible to completely avoid the a layers. This is because the b
grain boundaries are strong heterogeneous nucleation sites for a formation.

Since the final deformation process must be a continuous operation without
reheating, good control of the processing temperature and time is necessary. Critical
parameters are the total time of the process, determined by deformation rate,
amount of deformation and any holding times between deformation steps and after
the deformation process.

The deformation mode determines the shape of the unrecrystallized b grains, for
example ellipsoidal from unidirectional rolling, pancake-shaped from cross-rolling,
or axisymmetric from upset forging. Consequently, the mechanical properties
which are influenced by the a layers will be anisotropic.

Ageing results in small a platelets within the b grains and between the coarse a
plates formed during cooling after the deformation step, see Fig. 6.17b.
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Through-transus processed microstructures Extensive development work on the
through-b-transus processing route has been done for the b-CEZ alloy [49]. The
intention of this processing route is to change the continuous a layers at b grain
boundaries to individual globular a particles. In the through-transus processing
route the deformation step II starts above the b transus and finishes below the beta
transus. This process is otherwise identical to that for b processed materials, i.e. an
unrecrystallized b grain structure is anticipated by omitting the recrystallization step
III.

The control of deformation temperature and time in step II is even more critical
for the through-transus processing route than for the b processing route [50]. The
deformation time in the (a + b) phase region in step II should be long enough to
cross the TTT boundary line for a precipitation at the deformed b grain boundaries,
but the deformation process should be finished before crossing the TTT boundary
line for a precipitation in the b matrix [50].

Another issue associated with through-transus processing is that the deformation
time must be long enough to allow a precipitation to occur at b grain boundaries,
but the time in the b phase field must be restricted to avoid recrystallization of the
deformed b grains [50]. The only advantage in the through-transus processing route
as compared to b processing is that the cooling rate after the deformation process is

Fig. 6.17 b processed
microstructure of Ti-6246
alloy [1]: a optical image of
deformed b grain boundaries
outlined with a; b TEM
micrograph showing coarse
primary a and fine secondary
a within a grain
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less critical because the a phase is already precipitated at the b grain boundaries in
the necklace microstructure (see next paragraph).

Examples of through-transus microstructures, obtained from Ti-6246 alloy, are
given in Fig. 6.18. The as-deformed microstructure is shown in Fig. 6.18a. This
kind of microstructure has been called a “necklace” microstructure by CEZUS for
their b-CEZ alloy [51]. The higher magnification micrograph in Fig. 6.18b for the
fully heat treated alloy shows globular a particles at the b grain boundaries and a
plates within the grains.

Bi-modal microstructures The benefit of a bi-modal microstructure is to avoid the
continuous a layers at the boundaries of large b grains by creating a small enough b
grain size that any a layers that form have only a negligible effect on mechanical
properties. The processing route for obtaining a bi-modal microstructure is shown
schematically in Fig. 6.19. The important processing parameters and the resulting
microstructural features are summarized in Table 6.6.

Fig. 6.18 Optical
microstructure of a
through-transus processed
microstructure (“necklace”
microstructure) of Ti-6246
alloy [1]: a as-deformed;
b aged
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When selecting the intermediate annealing temperature for bi-modal microstruc-
tures it should be realized that the volume fraction of coarse a plates is determined by
the temperature difference between the recrystallization annealing temperature (for-
mation of equiaxed primary a) and the intermediate annealing temperature.

6.2.4.3 Mechanical Properties of b Titanium Alloys

Microstructure and mechanical properties A qualitative summary of the
microstructure/property correlations is shown in Table 6.7. The symbols (+, 0, −)
indicate the direction in which the mechanical properties change when the
microstructure is changed. This table compresses much comparative information as
follows:

Fig. 6.19 Processing route for bi-modal microstructures of b alloys

Table 6.6 Important processing parameters and resulting microstructural features for bi-modal
microstructures of b alloys

Processing step
(see Fig. 6.19)

Important parameters Microstructural features

I Cooling rate GB a layer

II Deformation degree Dislocation density

III Annealing temperature Vol.% of ap (! b grain size and vol.% of
a plates in step IVa)

IVa Annealing temperature
and cooling rate

Size and vol.% of a plates (! vol.% of a
platelets in step IVb)

IVb Ageing temperature Size and vol.% of a platelets
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(1) The first row gives the overall effects of continuous grain boundary (GB) a
layers in b-annealed structures.

(2) The second row compares the properties of bi-modal structures with those of
b-annealed structures, both with continuous a layers.

(3) The third row has two sub-rows (a and b) for comparing the effects of unre-
crystallized microstructures with (a) b-annealed structures and (b) bi-modal
structures.

This overall comparison of mechanical properties is discussed separately for
strength, fatigue strength and fracture toughness in the following text; and on the
basis of final ageing resulting in a constant yield stress level.

Tensile properties The mechanical properties of high-strength b alloys are domi-
nated by the preferential plastic deformation along the continuous a layers at b
grain boundaries. The unacceptably low ductility of high strength b alloys in the
b-annealed condition can be drastically improved by a + b processing to a
bi-modal microstructure with a small b grain size [52], see column “eF” in
Table 6.7.

The b processed (unrecrystallized) condition shows high tensile anisotropy, with
the lowest yield stress in the 45° test direction as compared to the other two
directions: this is illustrated in Table 6.8. This yield stress anisotropy can be

Table 6.7 Qualitative correlations between important microstructural parameters and mechanical
properties for b titanium alloys (both high strength and heavily stabilized) [1]

Microstructural features 0.2 % YS eF HCF K1c

GB a layers in b-annealed structure 0 − − +

Bi-modal structurea 0 + + −

“Necklace”a or
b processed structureb (longitudinal direction)

0 + + +

0 − − +

Decreasing age-hardening − + − +

Small b grain size in b-annealed structurec 0 + + −
aCompared to b-annealed structure
bCompared to bi-modal structure
cOnly applies to heavily stabilized alloys

Table 6.8 Tensile properties of b-CEZ alloy [1]

Processing and
orientation

0.2 % YS (MPa) UTS
(MPa)

rF (MPa) T.E. (%) RA (%)

b annealed L 1180 1280 1415 4 10

Bi-modal L 1200 1275 1660 13 34

b-processed L 1190 1275 1480 10 16

45° 1145 1200 1220 2 2

T 1185 1280 1410 6 10

140 A. Bhattacharjee et al.



explained from the crystallographic texture of the b matrix. Also the fracture
properties are dominated by the angle of the tensile stress axis with the elongated b
grain boundaries containing a layers.

Fatigue Properties Figures 6.20 and 6.21 give examples of the HCF properties of
b-CEZ:

(1) Figure 6.20 compares the fatigue properties of b processed b-CEZ for three
test directions. The HCF strength for the ST test direction was higher than for
the L direction, which is a remarkable result. On the other hand, the 45° test
direction resulted in the lowest fatigue strength, and this correlates with the
lowest yield stress (see Table 6.8).

(2) Figure 6.21 compares the fatigue properties of b-CEZ for three different
microstructures, with the added complication of a 45° test direction for the b
processed material. The fine-grained bi-modal microstructure gave the highest
fatigue strength; the coarse-grained b-annealed microstructure was interme-
diate; and the b processed material again gave the lowest fatigue strength
when tested in the 45° direction.

Fig. 6.20 S–N curves of a b
processed forged rectangular
slab of b-CEZ [1]

Fig. 6.21 S–N curves for
different microstructures in
b-CEZ [1]
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The HCF fatigue behaviour of Ti-6246 followed the same trends. A detailed
explanation is beyond the scope of this chapter and is given in Refs. [1, 34].

Fracture Toughness The fracture toughness values of the b-annealed and
bi-modal microstructures as well as those of the b processed condition for the three
different testing directions (L, 45°, ST) are shown in Fig. 6.22 for Ti-6246.

As can be seen, the fracture toughness of the b-annealed condition is much
higher than that of the bi-modal condition. This is because the crack tip plastic zone
that forms during the onset of crack extension tends to follow b grain boundaries,
more specifically along the a layers at b grain boundaries, and the resulting crack
deflection contributes to the increased toughness. In contrast, the fine-grained
bi-modal surface topography resulted in a much lower fracture toughness value [1].

In more detail, the data for b-annealed material in Fig. 6.22 and the fracto-
graphic observations [1] show that the influence of crack front profile (increased
roughness lowers the crack driving force) is substantial and more than compensates
for the easier crack path (lower crack growth resistance) within the weak PFZ
zones along the b grain boundaries. This is why there is a (+) symbol for KIc in the
first row of Table 6.7.

Returning to Fig. 6.22, the fracture toughness of the b processed material
showed the highest value for the L test direction, followed by the 45° test direction
and then the ST direction. This trend, notably the lowest toughness in the ST
direction, is common for thick-section products of high-strength alloys.

6.2.4.4 Applications of b Titanium Alloys

Aerospace usage of b titanium alloys is increasing mainly at the expense of the
widely used a + b Ti–6Al–4V alloy, and this is because higher strengths are
achievable from b titanium alloys with retention of good ductility and acceptable
fracture toughness.

Fig. 6.22 Fracture toughness
of Ti-6246 as a function of
different processing and heat
treatment conditions [1]
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Large and small forgings The Boeing 777 aircraft was the first commercial air-
plane for which the volume of b alloys exceeded the volume of Ti–6Al–4V. The
main reason was use of the high strength b alloy Ti-10-2-3 in the landing gear
structure, see Fig. 6.23a. Many parts in the landing gear structure are Ti-10-2-3,
except for the outer and inner cylinders and the axles, all being steel. The biggest
single item was the truck beam with a length of about 3 m and a diameter of about
0.34 m. The truck beam was initially fabricated by forging three pieces and joining
them by electron beam welding. Later, the beam was made as a one-piece forging.
The published forging practice for the Ti-10-2-3 alloy is b forging followed by
a + b forging to plastic strains of about 15–25 % [35].

Smaller parts of Ti-10-2-3 alloy are easier to forge, and some examples of precision
forgings are shown in Fig. 6.23b. These parts are used in the Boeing 777 cargo
handling system. The cost advantage of Ti-10-2-3 over Ti–6Al–4V lies in the lower
forging temperature and tooling costs [36]. Yet another application using relatively
large Ti-10-2-3 forgings is the Super Lynx helicopter rotor head shown in Fig. 6.24.

Fig. 6.23 Boeing 777
landing gear and some small
parts required in large
numbers for an aircraft: all
made using Ti-10-2-3 [1]
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Springs Springs made from heavily stabilized b titanium alloys are now commonly
used in a large variety of shapes and sizes in airplanes. The prime reason is the low
modulus of elasticity combined with the high yield stress. Titanium springs have
two major advantages. First, they can save as much as 70 % in weight compared to
steel springs; and second, they are immune to corrosion unlike steel springs. Details
about the specific uses of the springs can be found in Ref. [13].

Flat springs are fabricated from strip, usually the alloy Ti-15-3. Springs made
from round or square wire are commonly manufactured using the Beta C alloy. The
processing route for the springs is the same as for b-annealed microstructures,
which is normally used for heavily stabilized b alloys. If springs are required with a
very low modulus of elasticity with reasonable strength, then the alloy is used
without ageing. This is because ageing results in increasing the volume fraction of a
phase, which in turn increases the modulus of elasticity.

Engine nacelles Another application worth mentioning is use of the heavily sta-
bilized b alloy Beta 21S in the nacelle structure (exhaust plug, nozzle and aft cowl),
e.g. Fig. 6.25, of the engines used for the Boeing 777 aircraft [13, 36].

Beta 21S sheets are used for this application because of the alloy’s excellent
oxidation resistance, which allows long-time operating temperatures in the range of
480–565 °C, with short-time periods up to 650 °C [53]. Beta 21S contains 15 %

Fig. 6.24 Helicopter rotor
using Ti-10-2-3 forgings [1]

Fig. 6.25 Use of Beta 21S as
an engine tail plug (indicated
by an arrow)
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Mo and 2.7 % Nb, and was specially designed for high oxidation resistance. It also
has excellent resistance to embrittlement when exposed to hydraulic fluid at ele-
vated temperatures.

Beta 21S can be used for nacelle structures because the high temperature
operational stresses are small. The Beta 21S sheets are basically used in the
b-annealed condition, but two different final ageing treatments are used at Boeing
[53]. These ageing treatments result in two different microstructures with quite
different yield stress levels. Finally, it may be noted that a major European effort
was initiated recently to use Beta 21S sheets in the exhaust structures of helicopter
engines, in order to reduce the noise level of civil helicopters.

6.3 Summary

Conventional titanium alloys, especially near-a, a + b and the b alloys which have
good strength and low densities, have a great future ahead. This is especially true in
India, where many aircraft industries are being set up and the aerospace sector for
repair and overhaul centres is growing. Because of this, the usage of titanium alloys
can only grow, the only impediment being the cost.
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Chapter 7
Aero Steels: Part 1—Low Alloy Steels

K.P. Balan and A. Venugopal Reddy

Abstract This chapter demonstrates the objectives of adding alloying elements to
steel through their effects on microstructure and consequent improvements in
mechanical properties. Classifications and designations followed by different
international standards are briefly outlined. The development of medium carbon
low alloy steels used for aerospace applications is described, including their
compositions and mechanical properties. Salient aspects of the physical metallurgy
including heat treatment and surface hardening methods are brought out. The
engineering properties of ultra high strength steels are briefly mentioned. The efforts
towards indigenous development and manufacture of some aero steels are also
presented.

Keywords Low alloy steels � Chemical compositions � Processing � Heat treat-
ment � Fatigue � Fracture � Corrosion

7.1 Introduction

“Steel may lack the high-tech image that attaches to materials like titanium, carbon
fibre reinforced composites and most recent nano materials, but make no mistake, its
versatility, strength, toughness, low cost and wide availability are unmatched” [1].

The metallurgy of steels has grown far beyond the historical definition of ‘Steel
is an alloy of iron and carbon’. Present-day steels are complex alloys of Fe and a
host of major and minor alloying elements, whose concentrations are judiciously
selected to achieve the desired mechanical properties for the intended applications.
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Modern computational and technological advances, coupled with the availability
of tools for metallurgical characterization and non-destructive testing, have facili-
tated the production of clean steels with narrow compositional limits and property
scatter. All these factors have contributed to the availability of inexpensive high
strength–high toughness steels for aeronautical applications.

Over the years, because of the availability of high specific strength
(strength/density) materials such as high strength aluminium alloys and titanium
alloys, the usage of steels in aircraft structures and aeroengines has gradually
decreased from 40 % to about 15 %. However, steels are the primary choices for
applications like gears, bearings, undercarriages and high strength fasteners used in
aeronautical engineering.

Steel is classified as carbon steel when the contents of the residual elements
manganese and silicon are less than 0.5 wt% each. However, when deliberate
additions of manganese and silicon beyond 0.5 wt% are made they become alloying
additions in plain carbon steels. The principal elements contained in alloy steels are
Mn, Si, Ni, Cr, Mo, V, W and Co, either singly or in combination. Alloy steels with
total alloy content not exceeding 8 wt% are called low alloy steels [2].

The limitations of carbon steels are overcome by the addition of alloying ele-
ments in various combinations to derive the benefits of synergetic effects. The
objectives of adding alloying elements to primary steel are to

(a) improve the hardenability
(b) increase resistance to softening on tempering
(c) increase wear resistance
(d) improve corrosion and oxidation resistance
(e) improve machinability
(f) improve mechanical properties both at room temperature and high temperatures
(g) improve fabricability and weldability, and
(h) produce fine grains that result in a good combination of strength and toughness.

As compared to plain carbon steels, alloy steels are expensive due to the
ever-increasing costs of the alloying elements. Hence their use in the design of a
steel should be made judiciously.

7.2 Classification and Designation

Alloy steels are generally classified based on chemical composition (Ni steels, Cr
steels, Ni–Cr steels, etc.), microstructure (pearlitic, ferritic, martensitic, etc.),
functionality (structural steels, tool steels, etc.) and specific attributes (magnetic
steels, heat-resistant steels, corrosion-resistant steels, etc.). International standards
have, however, classified steels mainly based on their composition, since this is
deemed to be rational and convenient for both producers and users.
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The designations followed by different international agencies are adopted for
general engineering purposes. Aerospace steel standards are mostly derived from
their corresponding general engineering standards, with narrower composition
ranges, strict control on trace/deleterious elements and drastic reduction in inclusion
sizes, shapes and populations.

In order to differentiate the aerospace grades from general engineering grades,
every country/manufacturer has designated the standards with some alphanumeric
feature. For example, the ASTM standard is replaced by aerospace materials standard
(AMS). The aeronautical steels are also covered by defence standards like MIL
Standard (American), DEFSTAN (British), etc. In addition, General Electric (GE),
Rolls Royce (RR) and Pratt & Whitney (P&W) have their own internal standards.

The AMS grades are generally assigned based on their mill form, product
description and supply condition. Hence, instead of reproducing the list, further
information can be accessed on various steel grades and mill forms from the AMS
designations (see Ref. [3]). For the sake of convenience and brevity the composi-
tions of popular low alloy steels used in aerospace applications are listed in
Table 7.1 as per their AISI/SAE designations [4]. Some of their major applications
are listed in Table 7.2 [5, 6].

Table 7.1 Chemical compositions of UHSS low alloy aerospace steels (wt%) [4]

SAE C Mn Si Ni Cr Mo V

4037 0.35–0.40 0.70–0.90 0.15–0.35 – – 0.20–0.30 –

4130 0.28–0.33 0.40–0.60 0.20–0.35 – 0.80–1.10 0.15–0.25 –

4140 0.38–0.43 0.75–1.00 0.20–0.35 – 0.80–1.10 0.15–0.25 –

4340 0.38–0.43 0.60–0.80 0.20–0.35 1.65–2.00 0.70–0.90 0.20–0.30 –

6150 0.48–0.53 0.70–0.90 0.20–0.35 – 0.80–1.10 0.15–0.25 0.15 min

300M 0.40–0.46 0.65–0.90 1.45–1.80 1.65–2.00 0.70–0.95 0.30–0.45 0.05 min

D6ac 0.42–0.48 0.60–0.90 0.15–0.30 0.40–0.70 0.90–1.20 0.90–1.10 0.05–0.10

9260 0.56–0.64 0.75–1.00 1.80–2.20 – – – –

N.B: The maximum limits of sulphur and phosphorus in all the grades are 0.02 and 0.025,
respectively

Table 7.2 UHSS low alloy steels used in aerospace applications [5, 6]

SAE no. and type Applications

4130 (Cr–Mo) Sheet fittings, landing gear axles, turbine components
(rotors, shafts and discs), highly stressed airframe components

Axles, rotors, gears, perforators, high strength forged
and machined parts, landing gear, highly stressed fuselage
fittings, propeller hubs, snap rings, crankshafts

4130 (Cr–Mo)

4140 (Cr–Mo)

4340 (Ni–Cr–Mo)

6150 (Cr–Mo–V) Propeller cones and snap rings, springs, shafts, gears,
pinions, axles, heavy duty pins, bolts

9260 (Mn–Si) Springs

300M (Ni–Cr–Si–Mo) Landing gear, airframe parts, fasteners

D6ac (Cr–Mo–Ni–V) Landing gear, motor cases for solid fuel rockets,
shafts, gears, springs
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7.3 Compositions of Low Alloy Steels

Most of the aerospace low alloy steels are based on Cr–Mo–Si and Ni–Cr–Mo–Si
combinations with varying carbon contents:

• Low Ni and low Cr steels contain a little over two parts of nickel to one part of
chromium by weight. The combined effect of both elements results in increased
hardenability and strength. The retardation of the austenite ! pearlite trans-
formation during cooling from the austenite region avoids severe quenching
problems. However, these steels are susceptible to temper embrittlement, which
must be avoided.

• Low carbon Ni–Cr steels are used for case carburising since Cr is a carbide
former for the case, and both Ni and Cr improve the toughness of the core.

• The susceptibility of Ni–Cr and Cr–Mn steels to temper embrittlement is
reduced by the presence of 0.5 wt% Mo.

• Cr–Mo steels possess good machinability and mechanical properties.
• Ni–Cr–Mo steels possess the best combination of strength, ductility and

toughness among low alloy steels.

As little as 0.1 wt% of vanadium in low alloy steels restricts grain coarsening
during heat treatment. Vanadium forms finely dispersed carbides and nitrides that
do not go into solution during austenitization. Vanadium also provides resistance to
softening during tempering, and the finely dispersed vanadium carbides give a
secondary hardening effect to steels.

Silicon up to 1.2 wt% is added to low alloy steels to retard softening during
tempering. Modified Cr–Mo and Ni–Cr–Mo steels for aerospace applications are
based on this concept. Finally, many nitriding grades contain Al and/or enhanced
Cr levels.

Several variants of Cr–Mo–Ni steels have been developed especially for landing
gear components like pistons, barrels and struts. These grades are 300M (or S155),
4330V, 4335V, 4340, D6ac, 35NCD16 (or S28). These steels are classified in the
category of ultrahigh-strength steels.

7.3.1 Ultrahigh-Strength Steels (UHSS)

Structural steels with a minimum yield strength of 1380 MPa are referred to as
ultrahigh-strength steels. Medium carbon low alloy steels that fall in this category
are used for aerospace applications. The designations of these steels are AISI/SAE
4130, 4140, 4340, 300M (modified 4340), AMS 6434 and D6ac. The chemical
compositions of these ultrahigh-strength steels (UHSS) are given in Table 7.1 and
their aerospace applications are listed in Table 7.2.

AISI 4130 steel is amenable to intermediate hardening and is immune to temper
embrittlement. Suitable hardening and tempering enables retention of good
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mechanical properties like tensile, impact and fatigue up to 370 °C. However, the
impact properties at cryogenic temperatures are poor. This steel is suitable for case
hardening by nitriding.

AISI 4140 Steel has a higher carbon content than 4130 steel and therefore deeper
hardenability and higher strength. Hardening and tempering gives good mechanical
properties retained up to 480 °C. The steel is susceptible to hydrogen embrittlement
at high strength levels. The steel is weldable and can also be nitrided for certain
applications.

AISI 4340 steel is a deep hardenable Ni–Cr–Mo steel that is immune to temper
embrittlement and gives a good combination of strength and toughness when
suitably heat treated. It retains useful mechanical properties up to about 200 °C, as
indicated in Fig. 7.1. This steel also has high impact toughness even at cryogenic
temperatures [7]. However, it is prone to hydrogen embrittlement and stress cor-
rosion cracking (SCC) at high strength levels (as are all the other low alloy steels:
see Chap. 19 in Volume 2 of these Source Books).

300M Steel is a version of 4340 steel modified by the addition of 1.6 wt% Si. It
contains slightly higher carbon as compared to 4340 steel and also vanadium.
Addition of silicon to the steel provides deeper hardenability and resistance to
softening when tempered at higher temperatures as compared to 4340 steel. The
silicon content also shifts tempered martensite embrittlement (TME) to higher
temperatures. At higher strength levels the steel is prone to hydrogen embrittlement
and SCC. It is a weldable steel.

D6a and D6ac steel is a deep hardenable ultrahigh-strength steel that is immune
to temper embrittlement and maintains a very high yield to tensile strength ratio up
to 1930 MPa. Air-melted steel is designated by grade D6a, while air melted fol-
lowed by vacuum arc remelting is designated by grade D6ac. Like other steels in its
class it is susceptible to SCC.

Fig. 7.1 Variation in tensile properties with test temperature for 4340 steel heat treated to a room
temperature tensile strength of 1380 MPa [8]
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7.3.2 Bearing Steels

The most popular bearing steel is AISI 52100 (1C–1.2Cr) grade, which can sustain
service temperatures from −50 to +150 °C in a neutral environment.

In order to achieve a high rolling contact fatigue life, bearing steels are manu-
factured with high levels of cleanliness. Vacuum induction melting followed by
vacuum arc remelting is found to give maximum freedom from non-metallic
inclusions in bearing steels.

7.4 Effects of Alloying Elements

7.4.1 Critical Transformation Temperatures

The critical transformation temperatures are those that correspond to allotropic
transformation when the steel is heated from ambient temperature to near its
melting point. These are the A1, A3, and A4 temperatures (A2, which occurs at 770 °
C, corresponds to a magnetic change). The A1 temperature is at 723 °C, and is
called the lower critical temperature, where the ferrite ! austenite transformation
starts. The A3 temperature is at 910 °C, and is called the upper critical temperature,
above which BCC (a) iron transforms to FCC (c) iron. The A4 temperature is at
1400 °C, above which FCC (c) iron transforms to BCC (d) iron.

Ni, Mn, Co and Cu are some elements that raise the A4 temperature and lower
the A3 temperature, thereby widening the c phase field, see Fig. 7.2a. Cr, Mo, W, V,
Al and Si have the reverse effect, since they raise the A3 temperature and lower the
A4 temperature. This restricts the field over which austenite is stable, eventually
forming what is commonly called a ‘c loop’ in more highly alloyed steels, see
Fig. 7.2b. The former group of alloying elements is called ‘austenite stabilizers’
while the latter group is called ‘ferrite stabilizers’.

Most of the austenite (c) stabilizing elements have an FCC crystal structure and
easily dissolve in austenite. They also retard the precipitation of carbides in steels.
The ferrite (a) stabilizers have a BCC crystal structure and therefore dissolve easily
in ferrite.

7.4.2 Formation and Stability of Carbides

The elements which form stable carbides when added to steels are Cr, W, V, Mo, Ti
and Nb. The formation of carbides increases the hardness of steels. The carbides are
single, double or complex, containing one or more alloying elements and iron in
them. Examples are M3C, M7C3 and M23C6.
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Fig. 7.2 Relative effects of
additions of alloying elements
on the polymorphic
transformation temperatures
A3 and A4: a tending to
stabilize c, and b tending to
stabilize a, resulting in a ‘c
loop’
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Mn is a weak carbide-forming element and increases the stability of other car-
bides present in steels. Elements like Ni, Co, Si and Al, which have no chemical
affinity for carbon, tend to make iron carbides unstable by releasing free graphitic
carbon. Hence these elements are added to very low carbon steels or together with
carbide-forming elements to medium carbon steels. For example, most of the low
alloy steels containing Ni also contain Cr for counterbalancing the graphitizing
tendency of Ni.

When a steel containing carbon and any of the carbide-forming alloying ele-
ments is quench-hardened and tempered, alloy carbides are formed in the
microstructure. The type and composition of such carbides depend on the chemical
composition of the steel being tempered and the tempering parameters (temperature
and time). At low tempering temperatures M3C-type carbides are formed. With
increase in tempering temperature this carbide is gradually replaced by M7C3 and
finally M23C6-type carbides.

The advantages of using an alloy steel that form alloy carbides are as follows:

(a) Alloy carbides harder than cementite (Fe3C at 840HV) impart greater wear
resistance to steel, e.g. M23C6 which has hardness 1200HV.

(b) For a given tempering parameter an alloy steel retains greater hardness com-
pared to a plain carbon steel of similar carbon content.

(c) Steels containing V, Mo and W exhibit a secondary hardening effect that raises
the softening temperature of the quenched and tempered steel.

7.4.3 Grain Size

Coarse-grained structures result due to heating a steel to high temperature either
during processing, heat treatment, or in service, causing a reduction in strength and
toughness of the steel. Grain growth can be retarded by the addition of small
amounts of V, Ti, Nb and Al. V is the most potent grain refiner: as little as 0.1 wt%
forms finely dispersed carbides and nitrides that are relatively insoluble at high
temperatures and act as barriers to grain growth. Ti and Nb additions have a similar
effect. Aluminium added as deoxidiser in high-grade steel converts to Al2O3 that
also acts as a grain refiner.

7.4.4 Eutectoid Point

Austenite stabilizers lower the eutectoid temperature whilst the ferrite stabilizers
raise it (Fig. 7.3a). All alloying elements lower the eutectoid carbon content
(Fig. 7.3b). This explains why low alloy steels can produce similar microstructures
and properties as plain carbon steels with much less carbon content.
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7.4.5 Hardenability

Hardenability of a steel is the relative ease with which a steel can be prevented from
decomposition of austenite to ferrite and pearlite, thereby allowing the formation of
martensite. The maximum cooling rate that will produce martensite in a steel is
known as the critical cooling rate (CCR) of the steel. The CCR of carbon steels is
high and hence their hardenability is low. Alloying with elements like Mn, Cr, Ni
and Mo helps in increasing the hardenability of a steel.

For a particular strength level in a given composition of steel, there will be a
maximum section size in which the desired transformation can be achieved. This is
the limiting ruling section (LRS), which is the largest diameter for a given steel that
can achieve certain mechanical properties after a specified heat treatment.

Fig. 7.3 Effects of alloying elements on a eutectoid temperature and b the eutectoid carbon
content [9]
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The benefits of alloying in order to achieve deep-hardening improvements in
mechanical properties are illustrated in Table 7.3 [10]. Note that combinations of
several alloying elements give the most improvement in LRS.

Besides improvements in LRS, one of the most important effects of alloying is
that small additions of alloying elements allow much slower quenching rates to
produce martensite, such that oil or air quenching can be resorted to instead of
water quenching. This helps in avoiding distortion or cracking of components, see
Sect. 7.4.6. A disadvantage is that all alloying elements, except cobalt, lower the
martensitic start (Ms) and martensitic finish (Mf) temperatures. This results in
retention of austenite in the as-quenched structure of alloy steels. The retained
austenite content is kept below 2 % in UHSS by judicious heat treatment.

7.4.6 Volume Change

The austenite ! martensite transformation in steels is accompanied by an increase
in volume. This effect can often lead to transformation stresses causing distortion
and cracks in components. Judicious selection of alloying elements can reduce the
risk of cracking of steel components during quenching, as mentioned in the last
paragraph of Sect. 7.4.5.

7.4.7 Resistance to Softening While Tempering

Most low alloy steels soften rapidly with increase in tempering temperature.
However, it is well known that silicon additions to steel improve the resistance of
martensite to softening on tempering [11]. Such improved properties are of con-
siderable importance in low alloy steels, since resistance to softening allows for

Table 7.3 Improvements in tempered steel hardenability (increased LRS) by alloying [10]

Steel
grade

C Mn Cr Mo Ni LRS
mm

UTS
(MPa)

YS
(MPa)

% El
min

Impact CVN,
J min

150 M40 0.36–
0.44

1.30–
1.70

– – – 13 850–
1000

635 12 22

530 M40 0.36–
0.44

0.60–
0.90

0.90–
1.20

– – 29 850–
1000

680 13 50

605 M36 0.32–
0.40

1.30–
1.70

– 0.22–
0.32

– 63 850–
1000

680 13 50

709 M40 0.36–
0.44

0.70–
1.00

0.90–
1.20

0.25–
0.35

– 100 850–
1000

680 13 50

817 M40 0.36–
0.44

0.45–
0.70

1.00–
1.40

0.20–
0.35

1.30–
1.70

150 850–
1000

680 13 50
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greater relief of thermal and transformation stresses on tempering. This leads to
good combinations of strength and toughness.

Silicon additions also displace tempered martensite embrittlement (TME) to
higher temperatures, as mentioned in Sect. 7.3.1, thus allowing tempering at ele-
vated temperatures [13, 14]. The TME phenomenon in silicon-modified AISI 4340
(300M) steel was studied by Horn and Ritchie [15]. They suggested that dis-
placement of TME to higher tempering temperatures is due to the Si enhancing the
stability of carbides and retarding the formation and growth of cementite.

Carbide-forming elements like Cr, Mo and V at large concentrations are more
effective in retarding softening of steel on tempering. These elements not only
retard softening but also provide secondary hardening at higher temperatures of
500–550 °C, owing to fine alloy carbide precipitation. Alloy carbides resist soft-
ening up to around 550–600 °C. Above 600 °C there is a decrease in hardness, see
Fig. 7.4, owing to carbide coarsening.

7.5 Strengthening Mechanisms

The strength of steels can be increased by (i) alloying, (ii) grain refinement,
(iii) precipitation and dispersion of hard particles, (iv) martensitic and bainitic
transformations, (v) retardation of softening during tempering and (vi) strain
hardening.

Alloying: Designing steel compositions is a complex science. The choice of
alloying elements depends on the desired microstructure to give the required
mechanical properties. It is also essential to consider hot workability, heat treatment
and joining. The general guidelines are as follows:

Fig. 7.4 Variation in hardness with tempering temperature for two different steels [12]
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• Achieve the desired hardenability with Cr additions for martensitic transfor-
mation with the lowest quench rate to avoid distortion, warpage and quench
cracks.

• Add Ni, Mn, W, etc. to increase the matrix strength.
• Increase temper embrittlement resistance.
• Induce secondary hardening during tempering with judicious additions of Si,

Co, Al, V and Nb.
• Alter transformation characteristics to facilitate thermomechanical treatments

like ausforming.
• Keep carbon as low as possible, i.e. deviate from the concept of increasing

strength with increasing carbon.

Martensitic and Bainitic Transformations: Quite a few low and high alloy
steels are strengthened by a martensitic transformation. The resultant martensite is
strong but brittle. Tempering restores ductility by softening the matrix. If suitable
alloy additions are made to retard softening during tempering, by decreasing the
carbide growth rate, it is possible to temper at higher temperatures to achieve higher
toughness without significantly sacrificing strength. Modified 4340 with addition of
1 wt% silicon (300M) is an outstanding example of this concept. An additional
advantage is the elimination of tempered martensite embrittlement (TME), often
encountered in steels tempered between 200 and 350 °C. This elimination of TME
enables tempering above the susceptible temperature range without strength
reduction.

Another form of embrittlement, temper embrittlement (TE), is observed in
quenched and tempered steels when tempered between 500 and 600 °C. This can be
avoided by the addition of about 0.5 wt% Mo.

Thermomechanical Treatments: Yet another, but less popular method, to
increase the strength of low alloy steels is to design the composition in such a way
that austenite can be deformed prior to martensite transformation (Ausforming) to
introduce high dislocation densities. Ausforming results in high strength with good
toughness. However, it is rarely employed in aerospace alloys.

7.6 Melting of Low Alloy Steels

Aerospace specifications stipulate stringent control of chemical composition and
non-metallic inclusion limits to minimize scatter in the mechanical properties.
Judicious combinations of primary (arc melting, induction melting or vacuum
induction melting) and secondary (vacuum arc remelting or electro-slag remelting)
techniques are usually employed to produce high-quality steels with close com-
positional tolerances. These modern melting practices help in reducing the contents
of dissolved gases (hydrogen, oxygen and nitrogen) to very low levels. The
non-metallic inclusion contents are reduced to <0.001 wt% by the combination of
VIM + VAR, and ESR also helps in reducing the inclusion contents.
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7.7 Fabrication of Low Alloy Steels

Large landing gears are usually press-forged at slow and controlled strain rates.
Steel forgings are normalized to refine the as-forged grain size and minimize
residual stresses before the forgings are hardened and tempered. Forged products
possess the best combination of strength, ductility and toughness in low alloy steels.

Low alloy steel plates are welded by gas, arc and electron beam welding tech-
niques. Welding rods of the same composition and of comparable strength are used.
The plates are preheated and also subjected to inter-pass heating to avoid cracking.
After welding, the welded plate structures are either stress relieved, followed by
hardening and tempering; or hardened and tempered immediately after welding.
These procedures depend on the complexity of the fabricated structure.

Welded structures of high strength low alloy steels are susceptible to hydrogen
embrittlement and SCC [16]. Therefore absorption of hydrogen during welding
should be minimized/avoided, and stress relieving should be carefully done to avoid
SCC.

Post-fabrication electroplating should be preceded by a stress relief treatment to
avoid hydrogen embrittlement during plating; and electroplating should be imme-
diately followed by ‘baking’ to remove any galvanically absorbed hydrogen and
minimize the risk of hydrogen embrittlement.

7.8 Heat Treatment

Heat treatment is employed in order to bring about changes in microstructure to
obtain the desired properties. The heat treatment process consists of the following:

(a) Heating the steel to a predetermined high temperature, the austenitizing
temperature.

(b) Soaking the steel at the austenitizing temperature for sufficient time to obtain a
homogeneous austenite structure.

(c) Cooling the steel to room temperature at a particular cooling rate to produce the
correct microstructure.

Alloy steels require careful heating to prevent cracking from thermal shock.
They require higher austenitizing temperatures and longer soaking times than plain
carbon steels, owing to the lower rate of dissolution of alloying elements in the
austenite. However, this carries the risk of grain growth (which should be avoided)
during austenitizing. Cooling rates should also be carefully controlled in alloy
steels. Some heat treatments normally employed for low alloy steels are described
below.

Normalizing: This is carried out as a conditioning treatment before the final heat
treatment. Medium carbon low alloy steel forgings are normalized before hardening
to produce a finer grain structure and to minimize residual stresses. Normalizing at

7 Aero Steels: Part 1—Low Alloy Steels 161



815–930 °C, followed by tempering at 650–675 °C, produces a partially spher-
oidized structure that possesses adequate hardness suitable for machining.

Annealing: Depending upon the requirement, different annealing treatments,
namely isothermal annealing, full annealing, process annealing and stress relief
annealing, are employed.

Full annealing is carried out by heating to 730–870 °C, soaking for a suitable
time period, and then slow furnace cooling. This treatment produces maximum
softness in low alloy steels. Process annealing is carried out in wire drawing and
cold rolling industries in order to remove the residual stresses of cold working
processes. This process is not applicable to low alloy steels. Stress relieving
treatment is used after fabrication processes like welding (Sect. 7.7), machining or
cold working in order to relieve residual stresses.

Hardening: The steel is heated to the austenitizing temperature, held there for
sufficient time for complete transformation to austenite and also to bring the car-
bides into solution, followed by quenching in a suitable medium (water, oil) to
convert austenite into martensite.

Low alloy steels are heated to a temperature 50 °C above A3 and soaked at that
temperature for about 1 h per 25 mm section thickness. These steels are usually
quenched in oil to avoid too-fast quenching problems, see subsection 7.4.5, but still
fast enough to ensure complete transformation of austenite to martensite.

Tempering: Two important aspects that should be understood and considered
while carrying out hardening and tempering of low alloy steels are (a) the effect of
chemical composition on hardenability and (b) the effects of tempering temperature
on variation in mechanical properties.

Although as-quenched steel is extremely hard and strong, it is also very brittle.
Tempering is the treatment that is carried out on as-quenched steels in order to
restore ductility and toughness at the cost of some loss of hardness and strength.
During tempering of low alloy steels the as-quenched steel is re-heated to some
intermediate temperature below the A1 temperature, soaked for sufficient time
(usually 2 h per 25 mm section), followed by air cooling to room temperature. In
the case of steels prone to temper embrittlement, water quenching is done to avoid
segregation of trace elements to prior austenite grain boundaries.

Embrittlement of Steels During Tempering: High strength martensitic steels are
susceptible to embrittlement during tempering [17–19]. This embrittlement can
result primarily from two types of thermal treatments, Fig. 7.5:

• Tempering as-quenched alloy steels in the range of 250–350 °C, resulting in
tempered martensite embrittlement (TME).

• Tempering between 475 and 625 °C, causing temper embrittlement (TE).

The main characteristics of TME are (a) there is a minimum in fracture energy
and (b) the fracture mode is usually transgranular owing to transformation of
retained austenite at martensite lath boundaries. Sometimes intergranular fracture
occurs, owing to impurities having segregated to prior austenite grain boundaries.
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TE on the other hand is manifested by (a) a considerable increase in the ductile
to brittle transition temperature, accompanied by a fall in the upper shelf energy in a
notched bar test, and (b) intergranular fracture at prior austenite grain boundaries
owing to co-segregation of impurities, namely As, Sb, Sn and P together with
alloying elements like Ni and Cr.

TME is a rapid phenomenon that develops within the normal time of tempering
and is irreversible. TE develops on prolonged heating or cooling through the sus-
ceptible temperature zone and is reversible: it can be eliminated by re-hardening the
embrittled steel, tempering outside the susceptible temperature zone, and rapidly
cooling through the susceptible temperature range.

7.9 Surface Hardening of Steels

Sometimes the service conditions of components like ball and roller bearings, gears,
shafts, axles, cams, etc. require a hard, wear-resistant surface with a tough core.
This kind of functional properties in a single component can be achieved only via
surface hardening.

By employing a thermochemical treatment, carbon can be diffused to a regulated
depth in a low carbon-alloy steel. Suitable hardening and tempering results in a hard
wear-resistant case above a tough shock-resistant core. Similarly, nitrogen and
boron can also be diffused to produce hardened surface cases. In all these treatments
the solute elements C, N or B form hard phases that provide the wear resistance.

Fig. 7.5 Schematic
illustration of TME and TE
temperature ranges for low
alloy steels

7 Aero Steels: Part 1—Low Alloy Steels 163



The popular surface hardening treatment methods are carburizing, cyaniding,
carbonitriding, nitriding, boronizing and chromizing. These are described in detail
in a recent ASM Handbook [20].

7.10 Engineering Properties

All the alloying elements dissolve in ferrite and result in solid solution strength-
ening. Chromium, tungsten, vanadium, molybdenum, titanium and niobium form
stable carbides and therefore increase the hardness, retard softening on tempering,
and also cause secondary hardening. Alloying elements that help in refining grain
size result in improving the toughness of the steel. Thus the microstructural changes
caused by alloying have remarkable influences in improving the mechanical
properties of steels. The through-hardenable low alloy steels produce a wide range
of mechanical strength, and so their mechanical properties are based on the tem-
pering temperature employed, for example Table 7.4 [21].

Fatigue: The fatigue strengths of steels, including low alloy steels, are generally
good. An engineering ‘rule of thumb’ is that the fatigue limit is approximately

Table 7.4 Mechanical properties of some aerospace low alloy steels [21]

SAE no. and heat treatment
condition

YS
(MPa)

UTS
(MPa)

El
(%)

Hardness (HB or
HRC)

4130 HB
H + T 315 °C 1340 1570 13.0 425

H + T 370 °C 1250 1475 15.0 400

H + T 540 °C 1000 1170 20.0 325

H + T 650 °C 830 965 22.0 270

4140 HB
H + T 205 °C 1740 1965 11.0 578

H + T 315 °C 1570 1720 11.5 495

H + T 425 °C 1340 1450 15.0 429

H + T 650 °C 790 900 21.0 277

4340 HB
H + T 205 °C 1860 1980 11.0 520

H + T 315 °C 1620 1760 12.0 490

H + T 425 °C 1365 1500 14.0 440

H + T 650 °C 860 1020 20.0 290

6150 HB
H + T 205 °C 1810 2050 1.0 610

H + T 315 °C 1720 1950 7.0 540

H + T 425 °C 1490 1585 11.0 470

H + T 595 °C 1080 1150 16.0 350
(continued)
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0.5 � UTS. Since high strength and UHSS steels are not damage tolerant, see
below, no fatigue cracking is permitted in aerospace components made from them.
This means that fatigue design is on a Safe-Life basis, whereby service fatigue
stresses should not cause cracking.

Fracture toughness: The fracture toughnesses of low alloy steels show a steep
inverse relationship with yield strength. At yield strengths below 1500 MPa the
fracture toughnesses are generally above 75 MPa

ffiffiffiffi
m

p
, which is good. However, in

the UHSS range, with yield strengths approaching 2000 MPa, the fracture tough-
nesses decrease to less than 30 MPa

ffiffiffiffi
m

p
[22]. From an engineering point of view

this means as before that UHSS components must be designed as Safe-Life items.
In turn this also means that in-service cracking by fatigue (see above) and stress

corrosion (see below) must be prevented; and also that UHSS components must be
subjected to stringent quality control at all stages of the production process.

However, even in the lower strength range of good fracture toughness, low alloy
steels are generally highly loaded to maximize their structural efficiency. Hence
they cannot properly be regarded as damage tolerant. Other problems, e.g. stress
corrosion, contribute to this limitation. Fatigue and fracture toughness data for some
UHSS steels are presented in Table 7.5 [23].

Stress corrosion, hydrogen embrittlement and corrosion [24]: Low alloy steels
such as 4330, 4330M, 4340, 300M, D6ac and H11 are all susceptible to SCC, and
also hydrogen embrittlement at yield strengths above 1200 MPa; and they are
extremely susceptible at yield strengths above 1400 MPa. This is why it is often
advised to restrict the UTS to less than 1400 MPa. However, exceptions are made,
notably for landing gear. KIscc values for 4340 steel tempered to different hard-
nesses are given in Table 7.6 [23].

Low alloy steels also have poor corrosion resistance, and all UHSS must be
protected against corrosion and the risk of SCC. Reliance is made in the first
instance on high-quality cadmium, chromium and nickel plating, sometimes in
combination with each other. Additional protection is provided by paint systems on
external surfaces.

Table 7.4 (continued)

SAE no. and heat treatment
condition

YS
(MPa)

UTS
(MPa)

El
(%)

Hardness (HB or
HRC)

300M HRC
H + T 100 °C 1240 2340 6 56.0

H + T 200 °C 1650 2140 7 54.5

H + T 315 °C 1690 1990 9.5 53.0

H + T 370 °C 1620 1930 9.0 51.0

D6a
H + T 205 °C 1620 2000 8.9

H + T 315 °C 1700 1840 8.1 –

H + T 425 °C 1570 1630 9.6

H + T 540 °C 1410 1450 13.0
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7.11 Indian Scenario

A number of aerospace low alloy steel grades have been developed in India by both
private and public sector industries. Many of the steels are type-approved by the
Regional Centre for Military Airworthiness (Materials) Hyderabad, India. Chemical
composition, heat treatment schedules, physical properties, mechanical properties
(both room temperature and high temperature), supply conditions, melting prac-
tices, etc. are available.

A list of through-hardenable steels, case hardening steels and spring steels
detailing the grades, production agencies and applications is given in Table 7.7.
The properties are given in the literature [25].

Table 7.5 Fracture toughness and fatigue limit of some VAR UHSS steels [23]

Grade Equivalent tensile strength (MPa) KIc (MPa
ffiffiffiffi
m

p
) Fatigue limit (MPa)

4340
Longitudinal 2035 60.4 965a

Transverse 2015 61.5 715a

59.7c

Longitudinal 2005 44.5 −

Transverse 2000 45.8 −

48.8c −

300M
Longitudinal 2080 57.4 –

Transverse 2015 64.1 –

61.4c –

D6ac
T 575 °C 1434 110 –

1520 – 780b

aAt 107 cycles
bAt 106 cycles
cWR orientation

Table 7.6 Fracture toughness and KIscc for 4340 steel tempered to different hardnesses [23]

Hardness Equivalent tensile strength (MPa) KIc (MPa
ffiffiffiffi
m

p
) KIscc (MPa

ffiffiffiffi
m

p
)

550 2040 53 8

430 1520 75 30

380 1290 110 33
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Table 7.7 Indigenous (Indian-manufactured) through-hardenable steels

Sl.
no.

Alloy Mill Form Application Production Agency

1. Grade AISI 4130 Bars, Rods
and Forgings

Engine mounting lugs,
aircraft frame tubing for
fuselage, jacks, shafts,
fittings, bushings, gears,
bolts, axles, structural
plates

M/s. Mysore Iron and Steel
Limited, Bhadravati,
Shimoga Dist. Karnataka

2. 100C6 Forged Bars Bearing races, balls and
rollers bearing outer
housing of aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

3. Grade 25CD4S Bars Rear and front flange of
aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

4. Grade 35CDV4 Bars Shafts, dowel bolts, studs
and pins of aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

5. Grade 15CDV6 Bars Turbine main shaft,
junction wheel of
aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

6. Grade 35NC6 Forged Bars Nuts and washers of
aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

7. BS S154, S98,
S99

Forged Bars Bolts, nuts, mounting
pinions of aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

8. 30NCD 16 Forged Bars Axial compressor shaft of
aeroengine

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

9. BS S142 Forged Bars
and Hot
Rolled Bars

Aircraft frame tubing for
fuselage, jacks, shafts,
fittings, bushings, gears,
shafting bolts, axles

M/s. Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

10. 38XMUAW and
30XGC AW

Hot Rolled
Bars

Aircraft M/s. Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

11. MDN 127A Plates and
Strips

Stator plate, rotor segment,
drive block

M/s. Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

Russian Grades

12. 20 G2 CD Wires Aircraft fasteners M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

13. 38 Kh A Hot Rolled
Bars

Airframe and aeroengine
parts

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

(continued)
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Table 7.7 (continued)

Sl.
no.

Alloy Mill Form Application Production Agency

14. 40 Kh Bars/Rods Aircraft parts M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

15. 18KhSN Filler Wire Filler wire and flux coated
electrodes

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

16. 16KhSN Wire Fasteners viz. rivets and
bolts (by cold upsetting)

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

17. MDN LA2 Cold Drawn
Wire

Fasteners viz. rivets and
bolts (by cold upsetting)

M/s. Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

18. 30XCA Forging Forgings of steel parts in
R11F/R25 and R29B series
of engines

M/s HAL, Koraput

19. 20Kh4GMA Wires Filler wire (electrode) for
welding

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

20. 30KhGSA Forging, HR
Bars, CD
Bars and CD
Hexagonal
Rods

Forgings of steel parts in
R11F/R25 and R29B series
of engines and aircraft
structural components

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur and M/s.
Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

21. 30KhGSA-SSH Wires Aircraft fasteners M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

22. 30KhGSNA Forgings Aircraft machine
components

M/s WG Forge and Allied
Industries, PB 41, Thane,
Mumbai

23. 30KhGSNA-SSH CD
Hexagonal,
Rods, CD and
HR Bars

Aircraft machine
components

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

24. 30XGCN2A All forms Aircraft fasteners and
transmission components

M/s. Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

Case Hardening Steels

25. 12KhN3A Rods Gears, shafts, ball joint pins M/s. Firth (India) Steel Co.
Ltd, Thane, Mumbai 400
604

26. MDN LA1 Hot Rolled
Bars

Gears, shafts, ball joint pins M/s. Mishra Dhatu Nigam
Ltd. (MIDHANI),
Kanchanbagh,
Hyderabad-58

(continued)
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Table 7.7 (continued)

Sl.
no.

Alloy Mill Form Application Production Agency

27. 12NC12 Forged Bars Gear shaft, bearing housing
gears, output shaft, lay
shaft gears, bearing
housing valves, drive shaft

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

28. 16NCD13 Forged Bars Drive shaft, gear shaft,
spiral gear, spur gear

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur and M/s.
Mishra Dhatu Nigam Ltd.
(MIDHANI),
Kanchanbagh,
Hyderabad-58

29. BS S82 Forged Bars Gear driven, pinion driven,
idler gear

M/s. Mishra Dhatu Nigam
Ltd. (MIDHANI),
Kanchanbagh,
Hyderabad-58

30. 30 CD12 Forged Bars Rear shaft, nose shaft,
driving gear, bearing
housing

M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur

31. MDN 40A Forged Bars Quill shaft, mounting
trunnions, bevel pinion,
bearing housing, driving
pump gear

M/s. Mishra Dhatu Nigam
(MIDHANI)
Kanchanbagh,
Hyderabad-58

32. MDN 132A Forged Bars Bush front mounting, bevel
gear driver

M/s. Mishra Dhatu Nigam
Ltd. (MIDHANI),
Kanchanbagh,
Hyderabad-58

33. AE 712 BD Forged Bars
and Hot
Rolled Bars

Gears M/s. Mishra Dhatu Nigam
Ltd. (MIDHANI),
Kanchanbagh,
Hyderabad-58

34. AE 69 Forged Bars
and Hot
Rolled Bars

Pin (R/H diffuser) and
plunger (starting system),
casing starting system,
valve hydraulic flap control
(jet) and cam shaft etc.

M/s. Mishra Dhatu Nigam
Ltd. (MIDHANI),
Kanchanbagh,
Hyderabad-58

Spring Steels

35. 50KhFA CD Wires Aircraft springs M/s. Firth (India) Steel Co.
Ltd, Thane, Mumbai 400
604

36. 65S2VA-SH CD Wires Aircraft springs M/s. Firth (India) Steel Co.
Ltd, 40 MIDC, Hingana
Road, Nagpur
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7.12 Summary and Conclusions

Alloying elements added in small amounts, singly or in combination, to steel
improve its fabricability, hardenability and mechanical properties. Most of the low
alloy steels used for aerospace applications are based on the alloying addition
combinations of Cr–Mo–Si and Ni–Cr–Mo–Si with varying carbon contents.
Ultrahigh-strength steels are the most preferred for aerospace applications owing to
their high load density capabilities, e.g. in landing gear. A combination of vacuum
induction melting and vacuum arc remelting techniques is employed to produce
high-quality steels. Low alloy steels are amenable to mechanical working, welding
and heat treatment in order to make components with the desired dimensions and
properties. A number of aerospace low alloy steel grades are presently developed
and manufactured in India.
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Chapter 8
Aero Steels: Part 2—High Alloy Steels

M. Srinivas and A. Venugopal Reddy

Abstract Highly alloyed steels (total alloying element content more than 8 wt%)
are generally classified as secondary hardening steels, maraging steels and pre-
cipitation hardening (stainless) steels. The effects of alloying elements on
microstructure and mechanical properties are briefly described in this chapter. The
manufacturing procedures and optimum processing parameters are discussed, and
the heat treatment schedules and achievable properties are tabulated. Details on
machining and weldability of these steels are also provided.

Keywords High alloy steels � Chemical compositions � Processing � Heat treat-
ment � Mechanical properties

8.1 Introduction

High alloyed steels are defined as those having alloying element content more than
8 wt%. These steels are broadly categorized into three groups, namely Co + Mo
secondary hardening steels, maraging steels, and precipitation hardening stainless
steels. Some of these highly alloyed steels belong to the ultrahigh strength category
where yield strengths are greater than 1380 MPa. Unlike low alloy steels, these
ultrahigh strength high alloy steels do not have poor ductility, toughness and stress
corrosion resistance.
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8.2 Secondary Hardening Steels

Secondary hardening steels belong to the quenched and tempered class of steels
containing sufficient amount of carbide-forming elements (Cr, W, Mo, V).
Tempering in the temperature range 500–600 °C forms fine dispersions of alloy
carbides (Cr7C3, W2C, Mo2C, VCx) that replace the coarse cementite particles and
are more stable. In the classical description of tempering, secondary hardening
corresponds to the fourth stage of tempering. The replacement of coarse carbides by
fine dispersions of alloy carbides occurs due to the enhanced diffusivity of
carbide-forming substitutional solute atoms like Cr, Mo and V at higher tempering
temperatures, and results in a hardening effect in contrast to the normal softening
effect. Secondary hardening steels have a number of commercial applications such
as tool steels and high strength structural applications due to their combination of
ultrahigh strength and toughness.

The main alloying elements in this class of highly alloyed steels are carbon (0.2–
0.5 wt%), molybdenum (0.2–2.0 wt%), chromium (0.2–1.0 wt%), cobalt (3.5–5 wt
%) and nickel (7.0–10.0 wt%). International standards have classified them mainly
based on their composition, which is considered to be both rational and convenient
for the steel producers and users.

8.2.1 Effects of Alloying Elements in Secondary
Hardening Steels

Increasing carbon content increases the peak hardness and strength in the secondary
hardening regime, and this effect is directly related to increased volume fractions of
alloy carbides [1]. An increase in strength with increasing carbon content results in
a decrease in toughness. However, this effect is less marked for the high carbon
grades. Increasing carbon content also decreases the ratio of notch tensile strength
to yield strength, irrespective of strength level. Because of this, an optimum carbon
content has to be chosen for a specific application.

Nickel increases the strength primarily by increasing the hardenability of the
steel such that a lath martensite microstructure is formed. Nickel also lowers the
ductile–brittle transition temperature and keeps the material ductile at room tem-
perature even at high strength levels. The improvement of impact toughness with
nickel addition is associated with enhancement of cross-slip at high strain rates and/
or lower temperatures. Nickel also lowers the martensite start temperature, Ms,
resulting in an increase in retained austenite. However, this increase in retained
austenite content can be balanced by cobalt additions.

Cobalt addition increases the Ms temperature, refines the martensite structure and
leads to retention of dislocation substructures at higher tempering temperatures,
resulting in finer precipitation of dislocation-nucleated alloy carbides. Cobalt has
several effects on the mechanical properties, depending on the baseline steel:
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1. The effect of up to 8 wt% cobalt on tempering behaviour of carbon-free, 10 wt
% Ni steel is to increase the hardness via a solid solution effect that is main-
tained throughout the tempering temperature range.

2. The influence of cobalt content on strength and impact toughness of a 5Ni–Cr–
Mo–0.25C steel is shown in Fig. 8.1. It is seen that addition of 6 wt% Co
increases the yield strength in the secondary hardening temperature range 425–
540 °C. On the other hand, addition of 8 wt% Co increases the strength at all
tempering temperatures, although the notch toughness decreases with increasing
cobalt content particularly in the secondary hardening regime.

3. Cobalt additions to a 0.12C–10Ni steel increase the hardness and strength values
at all tempering temperatures, see Fig. 8.2.
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Fig. 8.1 Effect of cobalt content on tempering response of 5Ni–Cr–Mo steels [11]. Base
composition: 0.25C, 0.75 Mn, 5Ni, 1.5 Cr, 0.5 Mo; austenitization: 815 °C-1 h; WQ; tempering
time: 5 h
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Fig. 8.2 Effect of cobalt content on the tempering response of 0.12C–10 Ni–2 Cr–1 Mo steels [1,
11]. Austenitization: 815 °C-1 h; WQ; tempering time: 5 h
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It is evident from Figs. 8.1 and 8.2 that the increased yield strength at the
secondary hardening peak is higher in 10Ni–Co–Cr–Mo steels than in 5Ni–Cr–Mo
steels. In addition, in 10Ni–Co–Cr–Mo steels the toughness is lower at lower
tempering temperatures than those resulting in the peak yield strength. In other
words, the toughness increases with increase in yield strength in the temperature
range where the yield strength peak appears.

Manganese behaves in a similar manner to nickel. However, the manganese
content is limited to 0.35 wt%, since further amounts do not contribute to the
toughness.

Silicon additions increase the strength and decrease the toughness of the steels.
In addition, silicon shifts the temper embrittlement regime from 260 °C to 425–
480 °C. Hence special melting practices must be employed to keep silicon content
as low as possible.

Effect of carbide-forming elements: Increasing the amount of carbide formers such
as molybdenum and chromium also leads to higher peak hardness and strength [1].
The increase in hardness and strength can be attributed to the increase in alloy
carbide content. Chromium in the presence of molybdenum goes into solution in the
Mo2C and results in a hardness increase. These carbide-forming elements are kept
at minimum levels in medium carbon steels when high toughness is required.
However, in low-carbon-containing steels these elements do not have a detrimental
effect on toughness and hence they help in increased strength, weldability, temper
resistance and elevated temperature properties [2].

Vanadium addition in low concentrations acts as a grain refiner and reduces the
reaction rates of the pearlite and bainite transformations in HP 9-4-X steels.

Fracture in ultrahigh strength high-toughness steels occurs by microvoid
nucleation, growth and coalescence. Therefore the well-known decrease in tough-
ness with increased strength depends on factors that influence the microvoid coa-
lescence. Microvoid nucleation occurs at inclusions and alloy carbides, with
decohesion first occurring at large inclusions. The inclusion content can be mini-
mized by adopting advanced melting practices. By increasing the size and spacing
between inclusions for the same volume fraction, it is possible to achieve increased
toughness. When the inclusion content is maintained constant, refining the size of
the alloy carbides leads to a significant improvement in toughness. This is because
more energy must be expended to nucleate microvoids at smaller carbides, such that
they can then link up with the larger microvoids already nucleated at inclusions [1].

8.2.2 Processing and Thermal Treatments

Secondary hardening steels are produced by electric arc melting (EAM)/vacuum
induction melting (VIM) followed by consumable-electrode vacuum arc remelting
(VAR), depending on the stringency requirements. The optimum combinations of
properties are obtained using vacuum arc remelting plus carbon deoxidation. The
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hot working processes are similar to those used for AISI 4340 or similar medium
carbon low alloy steels.

The maximum soaking temperature has been set at 1120 °C for carbon deoxi-
dized material, to prevent grain coarsening in the absence of significant amounts of
aluminium. Forging of VAR + carbon deoxidized steel ingots of HP 9-4-45 and HP
9-4-25 has to be carried out to 75 % of maximum reduction and a maximum finish
temperature of 1040–1065 °C.

8.2.3 HP 9-4-X Steels

The chemical compositions of HP 9-4-X steels are given in Table 8.1. Heat treat-
ments and mechanical properties given in Tables 8.2, 8.3, and 8.4 are discussed
after these tables.

The HP 9-4-X steels, where X represents carbon contents over the approximate
range 0.2–0.5C, can be through-thickness hardened up to diameters of 10–30 cm,
respectively, using water quenching. The strongest grade HP 9-4-45 can give very
high strength, but a refrigeration step should be included to transform retained
austenite. Higher toughness is obtained from a bainitic treatment, which results in
slightly lower yield strength. For the HP 9-4-30, HP 9-4-25 and HP 9-4-20 grades
only a martensitic treatment is recommended.

HP 9-4-30: This steel is widely used because of an optimum combination of
strength and fracture toughness: HP 9-4-25 has lower strength and HP 9-4-45 has
poor fracture toughness. HP 9-4-30 steel is usually melted in an electric arc furnace
followed by VAR. Forging temperatures should not exceed 1120 °C. This steel has
good hardenability and a fully martensitic structure can be obtained in section
thicknesses up to 150 mm.

The heat treatment requirements are as follows:

1. Normalizing. Austenitize between 870 and 925 °C and hold for 1 h per 25 mm
of thickness, and air cool.

2. Annealing. Heat to 620 °C, soak for 24 h and furnace cool.

Table 8.1 Chemical compositions (wt%) of HP 9-4-X steels

Steels C Mn Si P S Ni Co Mo Cr V Al

HP
9-4-45

0.42–
0.48

0.10–
0.25

0.10
max

0.01
max

0.01
max

7.0–
8.5

3.5–
4.5

0.2–
0.35

0.2–
0.35

0.06–
0.12

−

HP
9-4-30

0.29–
0.34

0.10–
0.35

0.10
max

0.01
max

0.01
max

7.0–
8.0

4.25–
4.75

0.9–
1.1

0.9–
1.1

0.06–
0.12

−

HP
9-4-25

0.24–
0.30

0.10–
0.35

0.10
max

0.01
max

0.01
max

7.5–
9.0

3.5–
4.5

0.35–
0.55

0.35–
0.55

0.06–
0.12

−

HP
9-4-20

0.16–
0.23

0.10–
0.35

0.20
max

0.01
max

0.01
max

8.5–
9.5

4.25–
4.75

0.9–
1.1

0.65–
0.85

0.06–
0.12

−
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3. Hardening. Austenitize at 830–860 °C and soak for 1 h per 25 mm of thickness
(1 h minimum); quench in water or oil. Cryogenic treatment of at least 1 h at
−87 to −60 °C is applied to convert retained austenite into martensite.

4. Tempering. Heat to 200–600 °C, depending on the desired strength and
toughness. Double tempering is preferred: the most widely used tempering

Table 8.2 Standard thermal treatments for HP 9-4-X steels

Steels Normalizing
temperature
(°C)

Austenitizing
temperature
(°C)

Quenching
media

Cryogenic
treatment

Tempering
temperature (°C),
and microstructure

HP
9-4-45

870–900 790–815 Oil Refrigerate
at −73 °C

205 for 2 + 2 h
tempered martensite

870–900 790–815 Molten salt at
240–245 °C

− 240–245 for 4–8 h
AC bainite

HP
9-4-30

900–930 830–855 Oil Refrigerate
at −73 °C

540 for 2 + 2 h
tempered martensite

900–930 830–855 Molten salt at
445–455 °C
for 6–8 h

− 445–455 for 6–8 h
bainite

HP
9-4-25

900–930 830–855 Oil or water − 540 for 2 h
tempered martensite

HP
9-4-20

885–915 800–830 Water − 540–565 for 4–8 h
tempered martensite

AC Air cooled

Table 8.3 Mechanical properties of HP 9-4-X steels

Materials and
conditions

UTS
(MPa)

0.2 %
YS
(MPa)

Elongation on
50 mm (%)

RA
(%)

CVN
impact
(J)

KIc

(MPaffiffiffiffi
m

p
)

Hardness
(Rc)

HP 9-4-45
(martensitic)

1930–
2070

1680–
1790

6–10 20–
35

14–16 55–77 51

HP 9-4-45
(bainitic)

1790–
1930

1520–
1620

12–14 40–
50

27–41 71–104 51

HP 9-4-30
(martensitic)

1520–
1660

1310–
1380

12–16 50–
60

27–34 110–
132

44

HP 9-4-30
(bainitic)

1520–
1660

1310–
1389

12–16 50–
60

34–41 132–
148

44

HP 9-4-25
(martensitic)

1345–
1450

1225–
1325

15–18 55–
65

43–54 >154 42

HP 9-4-20
(martensitic)

1310–
1480

1240–
1345

14–20 61–
71

68–98 170–
192

41
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treatment is heating to between 540 and 580 °C and soaking for 2 h, and air
cool, followed by 2 h more at the same elevated temperature.

5. Stress relief after welding restrained systems. Heat to 540 °C and hold for 24 h;
air cool to ambient temperature.

HP 9-4-30 can be formed by bending and rolling, and is weldable in the
heat-treated condition. Tungsten inert gas welding is recommended, and after
welding the components have to be stress relieved at 540 °C for 24 h. This steel is
available as billet, bar, rod, plate, sheet and strip. It is extensively used in pressure
vessels, rotor shafts, drop hammer rods, aircraft structural components and high
strength shock absorbing automotive parts.

8.2.4 AF1410 Steel

This steel is resistant to stress corrosion cracking and can be used in advanced
submarine hulls and aircraft components. The chemical composition and mechan-
ical properties of AF1410 steel are given in Tables 8.5 and 8.6. Processing and heat
treatments are discussed in the following paragraphs.

The preferred melting route for AF1410 is VIM followed by VAR. However,
melting may be carried out employing VIM followed by VAR/electroslag remelting
(ESR). Melting practice requires that trace and impurity elements be kept very low
to achieve high fracture toughness. AF1410 is forgeable to 1120 °C, and a mini-
mum of 40 % reduction should be given below 900 °C to attain optimum prop-
erties. This steel is air hardenable up to 75-mm-thick sections and is easily
weldable, with continuous-wave gas tungsten arc welding preferred.

Table 8.4 Room temperature mechanical properties of HP 9-4-30 steel

Heat treatment UTS
(MPa)

0.2 %
YS
(MPa)

Elongation
in 4D (%)

RA
(%)

CVN
impact
(J)

KIc

(MPaffiffiffiffi
m

p
)

Hardness
(RC)

845 °C OQ + −73 °
C + double temper at
205 °C

1650–
1790

1380–
1450

8–12 25–35 20–27 66–99 49–53

845 °C OQ + −73 °
C + double temper at
550 °C

1520–
1650

1310–
1380

12–16 35–50 24–34 99–
115

44–48

Table 8.5 Chemical composition (wt%) of AF1410 steel

Steel C Mn Si P S Ni Co Mo Cr V Al Fe

AF1410 0.13–
0.17

0.10
max

0.10
max

0.01
max

0.01
max

9.5–
10.5

13.5–
14.5

0.9–
1.1

1.8–
2.2

− − Balance
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The microstructure after quenching from the austenitizing temperature consists
of highly dislocated Fe–Ni lath martensite. The choice of ageing and tempering
schedules is very important, as may be inferred from the following reactions:

• Ageing/tempering at 425 °C gives rise to Fe3C, while tempering at 455 °C
results in precipitation of (Fe–Cr–Mo)-containing M2C carbides.

• Ageing/tempering at 480 °C converts the (Fe–Cr–Mo)-containing M2C carbides
into (Mo–Cr)-containing M2C carbides.

• Increasing the temperature to 510 °C results in M2C beginning to coarsen; and
at 540 °C M6C starts replacing M2C.

AF1410 steel attains maximum strength when aged for 5 h at 480 °C, the peak
secondary hardening temperature. The toughness is very dependent on ageing
temperature: minimum impact toughness results from ageing at 425 °C; over the
range 425–540 °C, the impact energy attains a maximum value when aged at 508 °
C. Ageing above 540 °C reduces both strength and toughness.

The heat treatment requirements are as follows:

1. Normalizing and overageing. Austenitize between 880 and 900 °C and hold for
1 h per 25 mm of thickness, and air cool and overage at 675 °C for 5 h mini-
mum. This treatment is best suited to achieve good machinability.

2. Stress relief. After normalizing and overageing a stress relief treatment at 675 °
C may be applied.

3. Hardening. Double austenitize at 870–900 °C and soak for 1 h per 25 mm of
thickness (1 h minimum); quench either in water, oil or air; a cryogenic treat-
ment for 1 h at −87 to −60 °C is optional.

4. Tempering/ageing. The most widely used tempering treatment is heating to
480–510 °C for 5–8 h followed by air cooling. The effects of ageing temper-
ature on the strength and impact energy are shown in Fig. 8.3.

8.2.5 AerMet Steels

AerMet steels are another group of Ni–Co–Cr–Mo secondary hardening steels used
for many critical aerospace applications. Based on the attainable strength levels,
AerMet steels are designated as AerMet 100, AerMet 310 and AerMet 340.

Table 8.6 Effect of quench media on mechanical properties of AF1410 steel

Quench
medium

UTS
(MPa)

0.2 % YS
(MPa)

Elongation in
4D (%)

RA
(%)

CVN
impact (J)

KIc (MPaffiffiffiffi
m

p
)

Air 1680 1475 16 69 69 174

Oil 1750 1545 16 69 65 154

Water 1710 1570 16 70 65 160
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• AerMet 100 steel provides high hardness and strength coupled with extraordi-
nary fracture toughness and stress corrosion resistance. This steel is used up to
about 425 °C for landing gear components, jet engine shafts, drive shafts,
structural tubing, fasteners, actuators, armour and ordnance.

• AerMet 310 alloy possesses higher strength than AerMet 100 and may be used
in similar applications for components requiring ultrahigh strength, high fracture
toughness and exceptional stress corrosion cracking resistance.

• AerMet 340 possesses the highest strength and may be considered for appli-
cations like structural tubing, drive shafts, springs, connecting rods and crank
shafts.

The chemical compositions and mechanical properties of AerMet steels are
given in Tables 8.7 and 8.8. Processing and heat treatments are discussed in the
following paragraphs.
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Fig. 8.3 Variations of
strength and impact toughness
with ageing temperature for
AF1410 steel [12]

Table 8.7 Chemical compositions (wt%) of AerMet steels

Steels C Ni Co Mo Cr Ti Al Fe

AerMet 100 0.23 11.1 13.4 1.2 3.1 0.05 max − Balance

AerMet 310 0.25 11.0 15.0 1.4 2.4 0.05 max − Balance

AerMet 340 0.33 12.0 15.60 1.85 2.25 − − Balance
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The AerMet steels are manufactured using VIM + VAR melting. Forging for
primary breakdown should be done at a maximum starting temperature of 1230 °C.
Finish forging should be done from 980 °C, with a finishing temperature less than
900 °C. Forged parts should be air cooled to ambient temperature followed by
annealing. After annealing, the forgings should be normalized to restore the
properties of the dead zones.

Machining of AerMet steels is more difficult than for normal medium carbon low
alloy steels (Rockwell hardness RC38), and requires carbide-tipped tools. After
rough machining, a stress relief treatment may be given at 425 °C for 1–3 h, as
desired. AerMet 100 is weldable and requires no pre-heating or post-heating. All
three steels are available in the form of billet, plate, round bars, sheets, tubes, strip
and wire, including welding wire.

The heat treatment requirements are as follows:

1. Normalizing.

• AerMet 100: Austenitize between 900 and 925 °C and hold for 1 h per
25 mm of thickness, and air cool. Optimum softening for machining is
obtained by normalizing at 900 °C followed by overage annealing at 675 °C
for 16 h.

• AerMet 310: Austenitize at 970 °C and hold for 1 h per 25 mm of thickness,
and air cool. Optimum softening for machining is obtained by normalizing at
970 °C followed by overage annealing at 675 °C for 16 h.

• AerMet340: Austenitize at 968 °C and hold for 1 h per 25 mm of thickness,
and air cool. Optimum softening for machining is obtained by normalizing at
968 °C followed by overage annealing at 675 °C for 16 h.

2. Stress relief. After normalizing and overageing a stress relief treatment at 675 °C
may be applied.

3. Annealing. Heat to 677 °C, soak for 16 h, and air cool. The maximum annealed
hardness is RC 40.

4. Hardening. Austenitize at 870–900 °C for AerMet 100; 900–925 °C for AerMet
310; and 955–988 °C for AerMet340. Soak for 1 h per 25 mm of thickness (1 h
minimum). The alloys should be cooled from the austenitizing temperature to
65 °C in 1–2 h to obtain optimum properties. Water quenching is not recom-
mended. However, sections larger than 50 mm diameter or 25 mm thickness

Table 8.8 Mechanical properties of AerMet steels after ageing at 485 °C

Steels UTS
(MPa)

0.2 %YS
(MPa)

Elongation in
4D (%)

RA
(%)

CVN
impact (J)

KIc (MPaffiffiffiffi
m

p
)

Hardness
(RC)

AerMet
100

1980 1697 16 67 45.6 132 53.0–54.0

AerMet
310

2170 1900 14.5 63 27.1 71.5 55

AerMet
340

2379 2068 11 53 15 37 56.5
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must be quenched with oil in order to reach 65 °C in 1–2 h. Individual sections
up to 50 mm diameter or 25-mm-thick plates should be air cooled to 65 °C in 1–
2 h. Cryogenic treatment is then to be given for 1 h at −75 °C, followed by
warming to room temperature.

5. Tempering/ageing. The standard ageing treatment is to hold at a temperature
between 475 and 488 °C for 5 h. AerMet steels should never be aged below
468 °C, since this results in very low toughness.

6. Straightening. Though AerMet steels show minimum distortion during heat
treatment, some parts may require mechanical straightening. Prior to straight-
ening a low temperature stress relief treatment at 175/205 °C for 5 h has to be
given after cryogenic treatment.

7. Decarburization. Similar to other carbon-containing high strength steels,
AerMet alloys undergo decarburization during hardening. Heat treatment should
be done in a neutral atmosphere furnace, salt bath or under vacuum. The depth
of decarburization should be determined by microhardness measurements of a
small test sample and should never exceed 10 % of the thickness/diameter.

8.2.6 Ferrium Steels

Ferrium C61 and C64 steels are carburizing steels that provide higher core strength
and corrosion resistance, high fracture toughness, high temperature resistance and
high surface hardenability as compared to medium carbon low alloy steels intended
for similar applications, e.g. AISI 9310 and AISI 8620. Ferrium C61 develops a
surface hardness of RC 60–62, and Ferrium C64 develops a surface hardness of RC

62–64. These Ferrium alloys attain these superior properties due to nano-size M2C
carbide dispersions in a Ni–Co lath martensitic matrix.

The chemical compositions and mechanical properties of Ferrium C61 and C64
are given in Tables 8.9 and 8.10. These alloys are generally double vacuum melted
(VIM + VIM/VAR). They can be used as gears, shafts, actuators and other power
transmission components. They have the advantages of compactness, weight sav-
ings, high temperature resistance and durability compared to other regularly used
steels for similar applications.

Table 8.9 Chemical compositions (wt%) of Ferrium steels

Steels C Ni Co Mo Cr W Fe

Ferrium C61 0.15 9.5 18.00 1.10 3.5 − Balance

Ferrium C64 0.11 7.50 16.30 1.75 3.50 0.20 Balance
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8.3 Maraging Steels

The maraging steels are a group of interstitial-free Ni–Co–Mo–Ti high alloy steels.
Maraging steels belong to a class of ultrahigh strength steels where the strength-
ening mechanism is different from the classical mechanism associated with carbon
martensite, bainite or precipitation of carbides during tempering. Maraging steels
have very low carbon content, replacing this with elements like Mo and Ti that
produce age hardening in Fe–Ni martensite. These steels attain ultrahigh strength
from precipitation of intermetallic compounds during ageing of martensite, hence
the name maraging.

Maraging steels have a wide range of aerospace applications such as missile
casings, aircraft forgings, cannon recoil springs, Belleville springs, bearings,
transmission shafts, fan shafts in commercial jet engines, couplings, hydraulic hoses
and bolts.

The development of maraging steels was started in the late 1950s by the
International Nickel Company [3]. Initial work started with 20 and 25 wt% nickel
steel [4]. However, the 20 and 25 % nickel-containing steels were not pursued
further as they were very brittle at ultrahigh strength levels [5].

The most common maraging steels are based on the 18Ni–Co–Mo type: the
effects of cobalt and molybdenum on hardening of Fe–Ni martensite were studied in
detail in the 1960s. Figure 8.4 shows the synergistic effect of cobalt and molyb-
denum on the age hardenability of Fe-18 % Ni alloys [6].

Table 8.10 Mechanical properties of Ferrium steels

Steels UTS
(MPa)

0.2 %
YS
(MPa)

Elongation
in 4D (%)

RA
(%)

Achievable
surface
hardness (RC)

Core
hardness
(RC)

KIc

(MPaffiffiffiffi
m

p
)

Tempering
temperature
(°C)

Ferrium
C61

1656 1552 16 70 60–62 48–50 143 482

Ferrium
C64

1580 1373 18 75 62–64 48–50 93.5 496

0 10 20 30 40 50 60 70
20

30

40

50

60

7.5 Co - 8.3 Mo

7.0 Co - 5.4 Mo

7.0 Co - 3.8 Mo

5.0 Co - 2.2 Mo
3.4 Co - 1.9 MoH

ar
dn

es
s 

(R
c
)

Wt.% Co  X Wt.% Mo

1.7 Co - 1.8 Mo

Fig. 8.4 Effects of Co × Mo
contents on maximum
hardness of Fe-18.5–20.1 wt
% Ni alloys [6]: filled
diamonds maraged 3–10 h at
425–480 °C; filled squares
annealed 1 h at 870 °C, air
cooled

184 M. Srinivas and A.V. Reddy



The Fe-18 % Ni binary was chosen as base since higher nickel contents result in
excessive retained austenite. Generally, the heat treatment of maraging steels
consists of solutionizing at 815–820 °C, followed by air cooling to room temper-
ature, which results in complete transformation to martensite. In these steels
complete hardenability is achieved irrespective of cooling rate, since the carbon
content is low and the nickel content is high. In the annealed condition the hardness
is around RC 30 and the steels can be readily machined or fabricated. Ultrahigh
strength is achieved by maraging, namely ageing at 485 °C for 3–6 h. Maraging
steels can be welded without preheat in both the annealed and aged conditions.

8.3.1 Effects of Alloying Elements in Maraging Steels

The main alloying elements in maraging steels are Ni, Co, Mo and Ti (in addition to
iron):

Nickel: Ni ensures a lath martensite structure, lowers the resistance of the crystal
lattice to dislocation movements, and reduces the energy of interaction of dislo-
cations with interstitial atoms [7]. Nickel promotes stress relaxation and reduces
susceptibility to brittle fracture.
Cobalt: Co lowers the lattice resistance to dislocation movements and reduces the
energy of interaction between dislocations and interstitial atoms. In addition, cobalt
raises the Ms temperature and allows increased amounts of alloying elements that
induce hardening during ageing without leading to retained austenite. Further, cobalt
increases the amount of age hardening by reducing the solubility of the hardening
elements Ti and Mo in α–iron, thereby increasing the volume fraction of the precip-
itates. Figure 8.5 shows (somewhat indirectly) the effect of cobalt and titanium on the
UTS for all the specific grades (grades 200 through 500) of maraging steels.
Molybdenum: Mo lowers the diffusion coefficients of a number of elements in the
grain boundaries and thereby reduces the preferential precipitation of second phase
particles during ageing. This helps in increasing the ductility and plasticity in the
aged condition.
Titanium: Ti acts as a hardening element as well as refining element by binding
residual carbon.
Aluminium: At concentrations above 0.2–0.3 wt% aluminium lowers the ductility.
The addition of aluminium also leads to limited hardening of the martensite.
Manganese: Mn leads to the formation of martensite at low nickel contents, and
reduces the ductility after ageing.
Chromium: Cr additions increase the corrosion resistance and increase the strain
hardening coefficient of the martensite.
Silicon: Silicon above 0.1 wt% reduces the ductility.
Microstructure: The microstructure of maraging steels consists of soft Fe–Ni lath
martensite. The martensite hardens during ageing owing to the following two
mechanisms:
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1. Fine uniform precipitation of intermetallic precipitates or austenite.
2. An ordering reaction in the cobalt-containing solid solution.

The generally observed intermetallic precipitates are Ni3Mo and Ni3Ti.

The chemical compositions and mechanical properties for several maraging
steels are given in Tables 8.11 and 8.12. Processing and heat treatments are dis-
cussed in Sect. 8.3.2.
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Table 8.11 Chemical compositions (wt%) of maraging steels

Steels C Ni Co Mo Ti Al Fe

18 Ni 200 <0.03 18 8.5 3.3 0.2 0.1 Balance

18 Ni 250 <0.03 18 8.5 5.0 0.4 0.1 Balance

18 Ni 300 <0.03 18 9.0 5.0 0.7 0.1 Balance

18 Ni 350 <0.03 18 12.5 4.2 1.6 0.1 Balance

18 Ni Cast <0.03 17 10.0 4.6 0.3 0.1 Balance
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8.3.2 Processing and Heat Treatments of Maraging Steels

Maraging steels can be manufactured using either air or vacuum induction melting.
For steels with higher titanium contents vacuum melting is desirable. VAR
improves cleanliness and results in superior properties. Hence the general melting
practice for aerospace quality is VIM followed by VAR.

Cast grade maraging steel can be melted and cast in air, since the steel has
sufficient castability and fluidity [8]. For investment castings to have a good surface
finish, vacuum melting is recommended [9, 10].

The wrought maraging steel grades are easily workable by means of forging,
rolling, drawing and extrusion. Homogenizing of ingots at 1260 °C is recom-
mended. Hot working may be carried out at temperatures between 1260 °C and
815 °C. To minimize scale formation the hot working may be started in the tem-
perature range 1150–1049 °C. Finishing at low temperatures is desirable to obtain a
fine grain size and optimum properties.

Precipitation of TiC films should be avoided. These films form during slow
cooling after hot working in the temperature range 650–1095 °C. It is also
important to note that long dwell times in this temperature range should be avoided.
However, it is safe to heat the steel into this temperature range, since stable carbides
will already have precipitated.

Maraging steels can be cold-worked in the solution-annealed condition. They
have a very low work-hardening rate and hence can be subjected to heavy
reductions.

The heat treatment requirements for wrought maraging steels are as follows:

1. Solutionizing. Solutionize at 820 °C for 1 h for each 25 mm of thickness, and
air cool.

2. Ageing. Ageing is carried out for most grades at 480 °C for 3 h. In the case of
18Ni350, the ageing time is extended to 12 h.

Table 8.12 Mechanical properties and fracture toughness data for maraging steels

Steels UTS
(MPa)

0.2 %YS
(MPa)

Elongation on
50 mm (%)

RA
(%)

CVN
impact (J)

KIc (MPaffiffiffiffi
m

p
)

Hardness
(RC)

18 Ni
200

1500 1400 10 60 35–68 155–240 44–48

18 Ni
250

1800 1700 8 55 24–45 99–165 48–50

18 Ni
300

2050 2000 7 40 16–26 88–143 51–55

18 Ni
350

2450 2400 6 25 − 35–50 −

18 Ni
Cast

1750 1650 8 35 20 105 −
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For the 18Ni cast grade solutionizing is done at 1150 °C for 1 h for each 25 mm
thickness. Primary ageing is at 595 °C for 1 h. This is followed by another solu-
tionizing treatment at 820 °C for 1 h, and subsequent ageing at 480 °C for 3 h.

8.4 Precipitation Hardening (PH) Steels

Precipitation hardening (PH) stainless steels are a family of corrosion resistant
alloys that achieve high strengths from the precipitation of alloy carbides and solid
solution strengthening. These steels contain a minimum of 12 wt% chromium to
obtain stainless properties. Many 12 % Cr steels have been developed to attain high
strengths via the addition of carbide-forming elements such as tungsten, molyb-
denum and vanadium; several others derive their strength from precipitation of
intermetallic compounds.

The family of PH stainless steels may be divided into three main types:

1. Low-carbon martensitic. Typical examples and chemical compositions of these
steels are given in Table 8.13.

2. Semi-austenitic. These have a microstructure of single-phase austenite in the
annealed condition, but transform to fully martensitic after ageing, or refriger-
ation, or deformation. Typical examples and chemical compositions of these
steels are given in Table 8.14.

Table 8.13 Chemical compositions (wt%) of low carbon martensitic PH stainless steels

Steels C Cr Ni Cu Mo Ti Al Others Fe

17-4 PH 0.07
max

15–
17.5

3–5 3–5 − − − 0.15–0.45
(Cb + Ta) 0.4 Mn

Balance

AM 363 0.05
max

11 4.0 − − 1.0 − − Balance

PH
13-8Mo

0.05
max

12.25–
13.25

7.5–
8.5

− 2.0–
2.5

− 0.90–
1.35

− Balance

Custom
450

0.05
max

14.0–
16.0

5.0–
7.0

1.25–
1.75

0.5–
1.0

− − 8 × C min Nb Balance

Table 8.14 Chemical compositions (wt%) of semi-austenitic PH stainless steels

Steels C Cr Ni Cu Mo Ti Al Others Fe

15-7Mo PH 0.07 15.1 7.1 − 2.2 − 1.1 0.70 Mn Balance

17-7 PH 0.07 17.0 7.1 − − − 1.1 0.70 Mn Balance

AM 350 PH 0.08 16.5 4.3 − 2.8 − − 0.1 N Balance

AM 355 PH 0.13 15.5 4.3 − 2.8 − − 0.1 N Balance

PH 14–8Mo 0.04 14.4 8.2 − 2.2 − 1.1 − Balance
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3. Fully austenitic. Fully austenitic grades are stable down to room temperature.
The chemical compositions of fully austenitic steels are given in Table 8.15.
Fully austenitic steels are the least widely used of the three classes of PH steels.

8.4.1 Mechanical Properties of Typical PH Stainless Steels

Mechanical properties for different heat treatment conditions of some of the steels
listed in Tables 8.13, 8.14 and 8.15 are given in Table 8.16.

Table 8.15 Chemical compositions (wt%) of fully austenitic PH stainless steels

Steels C Cr Ni Cu Mo Ti Al Others Fe

17-10P PH 0.07 17.2 10.8 – – – – 0.28 P, 0.75 Mn Balance

(A286
Specification)
AISI 600

0.04 15.25 26.0 – 1.25 2.15 0.15 0.25 V, 0.007 B Balance

Table 8.16 Mechanical properties of different PH steels solution treated at 1038 ± 15 °C,
followed by air cooling and ageing at different ageing temperatures

Steels Conditions UTS
(MPa)

0.2 %YS
(MPa)

Elongation in 4D
(%)

Hardness

17-4 PH H900 1448 1379 7 RC45

H925 1379 1345 8 RC43

H1025 1276 1172 8 RC38

H1075 1207 1148 8 RC37

H1150 1103 1034 11 RC35

17-7 PH Austenite conditioning 896 276 35 RB85

TH1050 1379 1276 9 RC43

RH950 1620 1517 6 RC48

Cold reduction to
condition C

1517 1310 5 RC43

CH900 1827 1793 2 RC49

15-7Mo
PH

Austenite conditioning 896 372 35 RB88

TH1050 1448 1379 7 RC44

RH950 1655 1552 6 RC48

Cold reduction to
condition C

1517 1310 5 RC45

CH900 1828 1793 2 RC50

AM 355
PH

H850 1489 1255 19 RC48

H1000 1276 1179 15 RC40
(continued)
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8.4.2 Processing and Heat Treatments of PH Stainless
Steels

The heat treatment requirements for PH stainless steels involve precipitation
strengthening, which is generally done in three steps: solution treatment, quenching
and precipitation or ageing:

1. Solutionizing. This treatment is done at a temperature where the pre-existing
precipitates dissolve and alloying elements go into supersaturated solid solution.
Typical solution treatment temperatures are in the range of 980–1065 °C.

2. Quenching or cooling. This can be done in air or oil or water, but must be fast to
retain a supersaturated solid solution.
The low-carbon martensitic steels transform to martensite at relatively low
temperatures, e.g. 250 °C for 17-4 PH.
The semi-austenitic steels are supplied in the metastable austenite condition.
They may also contain up to 20 % of delta ferrite in equilibrium with austenite
at the solution temperature. The martensite finish temperature of these steels is
well below room temperature, and hence a conditioning treatment at *750 °C
should be carried out to achieve an austenite to martensite transformation after a
forming operation. A cryogenic treatment is required if the conditioning tem-
perature used is above 930 °C.
Fully austenitic steels have very low martensite start temperatures and hence
cannot be transformed to martensite.

Table 8.16 (continued)

Steels Conditions UTS
(MPa)

0.2 %YS
(MPa)

Elongation in 4D
(%)

Hardness

AM 350
PH

H850 1275 min 1000 min 8 min RC38

H1000 1140 min 1035 min 8 min RC37

Custom
450

Annealed
H900
H950
H1000
H1050
H1150

979
1351
1289
1193
1103
979

814
1296
1269
1165
1048
634

13
14
16
17
20
23

RC28
RC42.5
RC41.5
RC30
RC37
RC28

PH
13-8Mo

RH950
H950
H1000
H1050
H1100
H1150
H1150 M

1620
1551
1482
1310
1103
1100
896

1482
1449
1413
1241
1034
724
586

12
12
13
15
18
20
22

RC48
RC47
RC45
RC43
RC35
RC33
RC32

17-10P
PH

Annealed
H700

613
985

255
675

70
20

RB82
RC32
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3. Precipitation and age hardening
Martensitic PH steels, for example 17-4 PH steels, are aged in the temperature
range between 480 and 620 °C to achieve the required strength. Precipitation of
hardening in this class of steels is achieved by precipitation of intermetallic
phases such as Ni2Al, Ni3Ti, Ni3(TiAl), Ni3Al, Ni3Nb, Ni3Cu and carbides.
For the semi-austenitic steels the ageing temperatures are within the range 500–
600 °C. Hardening occurs by precipitation of intermetallic compounds and
carbides, resulting in room temperature yield strengths up to 1400 MPa.
In the case of fully austenitic grades, improvements in strength can be obtained
from ageing between 500 and 750 °C, resulting in precipitation of a very fine
coherent intermetallic Ni3Ti phase. The precipitation reaction is very sluggish in
this class of steels. Fully austenitic steels possess good toughness and may be
used at cryogenic temperatures.

8.4.3 Weldability of PH Stainless Steels

Martensitic PH steels: These can be welded by most of the conventional arc
welding (GTAW) processes in the solution-treated condition: Tungsten inert gas
(TIG) welding results in the best GTAW toughness, since it produces clean weld
metal. However, electron beam (EB) and laser welding give still better toughnesses.

Pre-heating of the weld joints is generally not required, since the low-carbon
martensite is soft. However, for welds over 25 mm thickness pre-heating around
100 °C is suggested to prevent the risk of cracking. An interpass maximum tem-
perature of 200 °C is recommended because these steels transform to martensite at
relatively low temperatures. If the weld joint is highly restrained a post-weld heat
treatment has to be carried out to avoid cracking of the weld. Matching filler
materials are available for all the martensitic grades.

Semi-austenitic PH steels: Common arc and resistance welding processes can be
used with stainless steel grade 17-7PH. However, during fusion welding inert gas
shielding should be used to prevent oxidation of aluminium during the process.

Austenitic PH steels: Fully austenitic alloys have to be welded in the
solution-treated condition. These steels are solutionized at 980 °C. To develop
strength in welded joints an ageing treatment has to be carried out for 15 h at 720 °
C. Pre-heating of welds is not necessary for these steels.
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8.5 Illustration of Martensitic PH Steels Diversity:
Custom 455, 465 and 475

The Carpenter Technology Corporation has developed many specialty steels,
including Custom 450 (see Tables 8.13 and 8.16) and Custom 455, 465 and 475.
Typical aerospace uses are for landing gear components, slat components, torque
tubes and pneumatic cylinders.

Custom 455 is relatively soft and formable in the annealed condition. This steel
can be used at temperatures close to 595 °C and shows excellent oxidation resis-
tance. It has generally high corrosion resistance comparable to that of 17 % Cr
ferritic (non-hardenable) steels (Type AISI 430).

Custom 465 is a premium melted steel designed to have excellent fracture
toughness and notch tensile strength in the aged condition H950. In the H1000
condition this steel has a superior combination of strength, toughness and stress
corrosion cracking resistance compared with Custom 455 and PH 13-8Mo. Its
corrosion resistance is high and comparable to that of the fully austenitic steels like
AISI 304.

Custom 475 is also a premium melted steel, capable of high strength up to
2000 MPa, good toughness and ductility, and high corrosion resistance similar to
that of Custom 455.

The nominal chemical compositions of Custom 455, 465 and 475 and their
mechanical properties are given in Tables 8.17 and 8.18.

8.5.1 Processing and Heat Treatments of Custom 455, 465
and 475 Stainless Steels

Hot working: Custom 455 is forgeable in the temperature range 900–1260 °C.
Optimum properties can be achieved by heating the material uniformly to 1035–
1150 °C and soaking for 1 h. The forging finishing temperature should be between
815 and 925 °C to achieve optimum grain size and properties after heat treatment.
The forgings are cooled to room temperature and annealed.

Custom 465 is forgeable in the temperature range 1010–1095 °C. The forgings
are cooled to room temperature and solution treated prior to age hardening.
Cold Working: All three steels can be cold-worked easily. Cold working prior to
ageing results in much higher strengths.
Machinability: All three steels are easily machinable, and the machining practices
are similar to those used for other high strength alloys.
Availability: Custom 455 and 465 are available in the form of round bars, square
bars, flat bars, billet, strip and wire. Custom 475 is available in the form of strip and
wire.
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Table 8.18 Mechanical properties of Custom 455, 465 and 475 steels after ageing at different
temperatures

Steels Conditions UTS
(MPa)

0.2 %
YS
(MPa)

Elongation
in 4D (%)

RA
(%)

CVN
impact
(J)

Hardness
(RC)

KIc

(MPaffiffiffiffi
m

p
)

Custom
455

H900 1724 1689 10 45 12 49 *40

H950 1620 1551 12 50 19 48.0 *55

H1000 1448 1379 14 55 27 45.0 85

H1050 1310 1207 15 55 48 40.0 *100

Custom
465

H950 1765 1669 13 62 30 49.5 104.5

H975 1703 1620 13 61 36 48.0 120.0

H1000 1593 1510 15 63 55 47.5 142.0

H1050 1482 1386 17 66 70 45.5 152.9

Custom
475

H950 1765 1669 13 62 30 49.5 104.5

H975 1703 1620 13 61 36 48.0 120.0

H1000 1593 1510 15 63 55 47.5 142.0

H1050 1482 1386 17 66 70 45.5 152.9

The heat treatment requirements for these steels are as follows:

1. Solution treated or annealed.

• Custom 455: Heat to 815–845 °C and cool rapidly. Water quenching is
recommended for small sections.

• Custom 465: Heat to 980 ± 10 °C, hold for 1 h and cool rapidly. Sections
above 300 mm should be subjected to rapid air cooling, while sections below
300 mm should be quenched in a suitable coolant. Cryogenic treatment at
−70 °C for 8 h after solutionizing and prior to ageing results in an optimum
ageing response.

• Custom 475: Heat to 925–935 °C, hold for 1 h and cool rapidly. Cryogenic
treatment at −70 °C for 8 h after solutionizing and prior to ageing results in
optimum ageing response. This cryogenic treatment should be given within
24 h of solution treatment.

2 Ageing:

• Custom 455, conditions H900, H950, H1000 and H1050: ageing between
480 and 565 °C for 4 h, followed by air cooling. The ageing temperature
depends on the property requirements.

• Custom 465, conditions H900, H950, H1000, H1050 and H1100: ageing
between 480 and 565 °C for 4 h, followed by water or oil quenching for
optimum properties. The ageing temperature depends on the property
requirements.

• Custom 475: conditions H975, H1000, H1025, H1050 and H1100: ageing
between 525 and 595 °C for 4 h, followed by water or oil quenching for
optimum properties. The ageing temperature depends on the property
requirements.
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8.5.2 Weldability of Custom 455, 465 and 475 Stainless
Steels

Shielded fusion welding and resistance welding processes can be used for Custom
455, 465 and 475 stainless steels. Oxy-acetylene welding is not recommended since
the carbon content increases in the welds.

Welding in the solution-annealed condition and subsequent ageing is recom-
mended for optimum strength, ductility and corrosion resistance. If high residual
stresses are likely, then welding in the overaged condition is advised. The com-
ponent or part has then to be resolutionized and aged to achieve optimum
properties.

8.6 Indian Scenario

In India Mishra Dhatu Nigam Ltd (MIDHANI), Hyderabad, manufactures some PH
steels. Their chemical compositions and mechanical properties are given in
Tables 8.19 and 8.20.

MIDHANI also manufactures considerable amounts of maraging steel 18 Ni
250, in all product forms; and this and other maraging steels are widely used in
India for aerospace applications.

The other classes of high-alloyed steels like the Ni–Co–Cr–Mo secondary
hardening steels (e.g. AF1410 and the AerMet family) are yet to enter the Indian
market. It is to be noted that the AerMet class of alloys is patented by Carpenter
Steel Corporation USA.

Table 8.19 Chemical compositions of PH stainless steels manufactured at MIDHANI,
Hyderabad, India

Steels C Cr Ni Cu Mo Ti Si Mn Others Fe

MDN15-5
PHA

0.07 15.0 5.0 3.5 – – 1.0 1.0 0.4Cb Balance

MDN174A 0.07 17.0 4.0 4.0 – – 1.0 1.0 0.4
(Cb + Ti)

Balance

MDN13-8Mo
PHA

0.05 13.0 8.0 − 2.0 – − − 1 Al Balance

MDN465A 0.02 11.5 11.0 − 1.0 1.6 − − – Balance

MDN11-10T
PH

0.03 10.0–
11.3

9.0–
10.3

0.3 1.8–
2.3

1.0–
1.4

0.15 0.10 0.15Nb Balance
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8.7 Summary

High-alloyed steels are capable of developing ultrahigh strengths coupled with high
fracture toughness and stress corrosion resistance. These highly alloyed steels may
be divided into three categories: secondary hardening steels, maraging steels and
precipitation hardening stainless steels.

Secondary hardening steels must be fabricated in the soft-annealed condition.
They have to be quenched and tempered to obtain ultrahigh strengths, which are
due to precipitation of nano-size M2C carbides in a nickel lath martensite. The
tempering takes place in the range of 455–525 °C, and this results in high fracture
toughness and high stress corrosion resistance at ultrahigh strength levels.
Secondary hardening steels are useful for aerospace applications such as structural
tubing, drive shafts, springs, connecting rods, fasteners, landing gear and crank
shafts.

Maraging steels, on the other hand, do not require quenching. They can be air
cooled from the solutionizing temperature and aged in the temperature range of
485–510 °C to achieve ultrahigh strength and excellent toughness. This strength
and toughness is due to a fine precipitation of Ni3Mo and Ni3Ti intermetallic
precipitates. Maraging steels can be fabricated in the solutionized condition, which
is a major advantage. They have a wide range of aerospace applications such as
missile casings, aircraft forgings, cannon recoil springs, Belleville springs, bearings,
transmission shafts, fan shafts in commercial jet engines, couplings, hydraulic hoses
and bolts.

Precipitation hardening (PH) stainless steels are classified into three categories:
martensitic stainless steels, semi-austenitic stainless steels and fully austenitic
stainless steels. These steels achieve ultrahigh strength due to precipitation of
intermetallic phases or carbides, or by both, depending on the category of steel. PH
stainless steels are used in aerospace applications such as landing gear components,
slat components, torque tubes, pneumatic cylinders and many other parts.
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Chapter 9
Nickel-Based Superalloys

D.V.V. Satyanarayana and N. Eswara Prasad

Abstract Nickel-based superalloys are an exceptional class of structural materials
for high temperature applications, particularly in the challenging environment of the
turbine sections of aircraft engines. Continued improvements in the properties of
these materials have been possible through close control of chemistry and
microstructure as well as the introduction of advanced processing technologies.
Surface modification by application of coating technology concurrent with the
introduction of directional structures and then single crystals, has extended the
useful temperature range of superalloys. Further improvements are likely with the
development and implementation of tools for alloy design, microstructure-process
evolution, and mechanical-property modelling. To date, six generations of single
crystal (SC) nickel-based superalloys have been developed with improved creep
properties and phase stability. Therefore it appears that the evolution of advanced
nickel-based superalloys is a never ending process, and their replacement in turbine
engine applications seems to be impossible at least for a few more decades. The
present chapter is a brief review of various aspects pertaining to chemical com-
position, heat treatment, microstructure, properties and applications of both cast,
and wrought alloys as well as the evolution of advanced cast nickel-based
superalloys.
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9.1 Introduction

“Superalloys” belong to a group of alloys developed after World War II for use in
turbo-superchargers and aircraft gas turbine engines that required high performance
at elevated temperatures. The use of these alloys has subsequently expanded too
many other areas, including land-based gas turbines, rocket engines, chemical, and
petroleum plants. These materials are particularly well suited for these demanding
applications because of their ability to retain most of their strength even after long
exposure times above 650 °C. Their versatility stems from the fact that they
combine high strength with good low-temperature ductility and excellent surface
stability. Several books [1–5] as well as numerous papers and reports [6–26] giving
detailed account of various aspects of superalloys are already available in the open
literature. Nevertheless, an attempt has been made in the chapter of this book is not
only to briefly present the physical metallurgical aspects and mechanical properties
of nickel-based superalloys, but also include details on the evolution of advanced
cast nickel-based superalloys so as to prepare a brief up-to-date compilation of
information on this class of alloys. Indian efforts in producing type-certified
superalloy primary and secondary products as well as select components are sur-
veyed in Chap. 24 in Volume 2 of these Source Books.

9.2 Classification of Nickel-Based Superalloys

Superalloys are the major materials used for the turbine sections of aircraft.
Nickel-based superalloys along with iron-based/ iron-nickel-based and cobalt-based
superalloys are used in wrought, cast, powder metallurgy, and cast-single crystal
forms to meet the demands imposed by efficient high-temperature use. Figure 9.1
illustrates the use of nickel-based superalloys and other alloys for various sections

Fig. 9.1 Sectional view of an
advanced aircraft gas turbine
engine (Source Michael
Cervenka, Rolls-Royce) [5]
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of an aircraft gas turbine engine, where it is seen that superalloys are employed in
the combustion chamber and turbine sections.

The superalloys are based on Group VIII B elements of the Periodic Table, and
usually consist of various combinations of Fe, Ni, Co, and Cr, as well as lesser
amounts of W, Mo, Ta, Nb, Ti, and Al. The three major classes of superalloys are
nickel-, iron-/iron-nickel-, and cobalt-based alloys. In all cases, the crystal structure
is face centered cubic (fcc) at all temperatures, owing to stabilization of this
structure by the alloying elements, particularly nickel. A large number of super-
alloys have been invented and studied, and many have been patented. However,
only a few are extensively used. The present chapter considers only nickel-based
superalloys.

All superalloys products can be classified into three main categories [3–5]:
(i) cast, (ii) wrought, and (3) powder metallurgy (PM). Examples of alloys in these
categories are listed in Tables 9.1 and 9.2. Wrought alloys are generally more
homogeneous with more uniform microstructures than cast alloys, which usually
have segregation caused by the solidification process. As a consequence, wrought
alloys are considered more ductile and exhibit more consistent mechanical
properties.

Early in the history of superalloys, the development of new alloy compositions
was successful only if melt processing techniques were advanced enough to pro-
duce commercial-size quantities. As higher strength and more highly alloyed
materials were produced, melt processes were developed which reduced ingot

Table 9.1 Chemical compositions of wrought nickel-based superalloys

Alloy Cr Al Co Mo W Nb Ti B Fe C Others Ni

Combustor applications

Hastelloy
X

22 – 1.5 9 0.7 – – 0.005 1.9 0.07 – Bal

Nimonic
C-263

20 0.4 20 6 – – 2.1 – 0.4 0.06 – Bal

IN617 22 1.2 12.5 8.5 – – – – – 0.05 – Bal

IN 230 22 0.35 5 2 14 – – 0.015 3 0.1 – Bal

Disc applications (aircraft engines and industrial gas turbines)

IN 706 16 – – – – 2.9 1.8 – 37 0.03 – Bal

IN 718 19 0.5 – 3 – 5.1 0.9 – 18.5 0.03 – Bal

Udimet
720

18 2.5 14.8 3 1.25 – 5 0.033 – 0.035 0.03 Zr Bal

Udimet
720 LI

16 2.5 15 3 1.25 – 5 0.018 – 0.025 0.03 Zr Bal

IN 100a 10 5.5 15 3 – – 4.7 0.015 – 0.15 0.06 Zr;
1 V

Bal

Rene 88
DTa

16 2.1 13 4 4 0.7 3.7 0.015 – 0.03 0.03 Zr Bal

aProcessed by powder metallurgy(PM) route
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segregation and allowed sufficient ingot sizes such that subsequent thermome-
chanical processing was adequate to homogenize the macrostructures and
microstructures.

The development of PM superalloys arose when conventional melt processing
methods were inadequate for highly alloyed compositions. Ingots cast from these
advanced compositions would either self-destruct due to thermal stress, or show
severe dendritic segregation, which would be impractical to homogenize.

9.3 Physical Metallurgy

9.3.1 Chemical Composition

Nickel-based alloys can be either solid solution or precipitation strengthened. Solid
solution strengthened alloys, such as Hastelloy X, are used in applications requiring
only modest strength, e.g., combustion chamber walls. For the most demanding
applications, such as high pressure turbine blades and vanes, precipitation
strengthened alloys are required.

Most nickel-based alloys contain 10–20 % Cr, up to 8 % Al and Ti, 5–10 % Co,
and small amounts of B, Zr, and C. Other common additions are Mo, W, Ta, Hf,
and Nb. The elemental additions in Ni-based superalloys can be categorized as (i) γ
formers (elements that tend to partition to the matrix), i.e. solid solution strength-
eners, (ii) γ′ formers (elements that partition to the γ′ precipitate), (iii) carbide
formers, and (iv) finally, the elements that segregate to the grain boundaries. The
roles of alloying elements in the formation of various phases are described in
Table 9.3 as well as in Fig. 9.2.

Elements which are considered γ formers are Group V, VI, and VII elements of
the Periodic Table such as Co, Cr, Mo, W, and Fe. γ′ formers come from group III,

Table 9.2 Chemical compositions of cast nickel-based superalloys

Alloy Cr Al Co Mo W Nb Ti B Fe C Others Ni

IN 713 12.5 6.1 – 4.2 – 2 0.8 0.01 – 0.12 0.1 Zr Bal.

IN 100 10 5.5 15 3 – – 4.7 0.01 – 0.18 0.06 Zr Bal.

Mar-M200 9 5.5 15 – 12.5 1.8 2 0.015 – 0.14 0.05 Zr Bal.

Mar-M246 9 5.5 10 2.5 10 – 1.5 0.015 – 0.14 0.05 Zr;
1.5 Ta

Bal.

Mar-M246
+Hf

8 5.5 10 2.5 10 – 1.5 0.015 – 0.15 0.05 Zr;
1.5 Ta,
1.5 Hf

Bal.

Rene
80 + Hf

14 3 9.5 4 4 – 4.7 0.015 – 0.15 0.01 Zr;
0.8 Hf

Bal.

IN 738 16 3.4 8.5 1.75 2.6 0.9 3.4 0.01 – 0.11 0.04 Zr;
1.75 Ta

Bal.
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IV, and V elements and include Al, Ti, Nb, Ta, Hf. Furthermore, Co, Fe, Cr, Nb,
Ta, Mo, W, V, Ti, and Al are solid solution strengtheners in both γ and γ′. There
are, therefore, limits to the concentrations of these elements that can be added
without inducing precipitation.

It is particularly important to avoid certain embrittling phases such as Laves and
Sigma. There are no simple rules governing the critical concentrations. A major
concern in the design of new alloys, and in defining specification limits for the
acceptable range of individual alloying elements, is the avoidance of a class of
phases known as topologically closed packed phases (TCPs). These phases are
typically rich in refractory alloying elements and possess complex crystal structures
characterized by closed-packed layers of atoms (atomic coordination number >12).

Examples of TCPs include the orthorhombic P phase, the tetragonal σ phase, and
the rhombohedral R and μ phases [27–31]. TCP phases are detrimental because they
not only deplete strengthening elements from the microstructure but also serve as
crack-initiation sites during cyclic loading [4, 27–29]. However, precipitation
kinetics for these phases is often very sluggish, resulting in precipitation only after
extended times in service.

The main carbide formers are C, Cr, Mo, W, C, Nb, Ta, Ti, and Hf. The carbides
tend to precipitate at grain boundaries and hence reduce the tendency for grain
boundary sliding, thereby improving the creep resistance. Also, polycrystalline
superalloys contain grain boundary strengthening elements such as boron and zir-
conium (and also carbon, already mentioned above). The resulting increase in grain
boundary cohesive strength improves creep rupture strength and ductility.

Chromium and aluminium are essential for oxidation resistance, and small
quantities of yttrium help the service-induced oxide scale to cohere to the substrate.

New alloy design tools based on the Calphad method [32–35] are increasingly
used in the design of new alloys and to establish or modify specification ranges for

Table 9.3 Alloying elements in nickel-based superalloys and their role

Elements Effects

Ni Stabilizes fcc matrix, forms γ′ (Ni3(Al,Ti)), and inhibits formation of
deleterious phases

Cr Imparts oxidation and sulphidation resistance as well as solid solution
strengthening, and forms grain boundary carbides

Co Raises solvus temperature of γ′ and lowers stacking fault energy (thereby
making cross-slip of screw dislocations more difficult)

Mo, Ta and
W

solid solution strengthening and formation of MC-type carbides

Ti Forms γ′ (Ni3(Al,Ti)) and MC-type carbides

Al Forms γ′ (Ni3(Al,Ti)) and improves oxidation resistance

B and Zr Improve stress rupture properties and retard grain boundary Ni3Ti formation

La and Y Improve oxidation resistance

C Formation of carbides (MC, M23C6 etc., type)

Nb and Ta Form γ′′ (Ni3Nb) and MC-type carbides
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existing alloys to avoid deleterious phases. The ability to predict phase composi-
tions and their ranges of stability depends on the development of thermodynamic
models for the complex intermetallic phases and on the availability of databases to
validate the modelling.

9.3.2 Microstructural Constituents

The major phases present in most nickel-based superalloys are as follows [1–5, 11,
12]:

Gamma (γ): The continuous matrix (called gamma) is an fcc nickel-based auste-
nitic phase that usually contains a high percentage of solid solution elements such
as Co, Cr, Mo, and W.

Fig. 9.2 Role of alloying elements in nickel-based superalloys
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Gamma Prime (γ′): The primary strengthening phase in nickel-based superalloys is
Ni3(Al,Ti), and is called gamma prime (γ′). Aluminium and titanium are the major
alloying elements in γ′, and are added in amounts and mutual proportions to pre-
cipitate a high volume fraction of γ′ in the matrix. In some modern alloys the
volume fraction of γ′ is around 70 %.

γ′ is a coherently precipitating phase (i.e. the crystal planes of the precipitate are
in registry with the gamma matrix) with an ordered L12 (fcc) crystal structure. The
close match in matrix/precipitate lattice parameter (*0–1 %) combined with the
chemical compatibility allows γ′ to precipitate homogeneously throughout the
matrix and have long-time stability. In addition, γ′ is quite ductile and thus imparts
strength to the matrix without lowering the fracture toughness of the alloy.

There are many factors that contribute to the hardening imparted by the γ′ and
include γ′ fault energy, γ′ strength, coherency strains, volume fraction of γ′, and γ′
particle size.

Extremely small γ′ precipitates always occur as spheres, owing to the dominance
of minimizing the surface energy. For larger coherent precipitates it becomes more
important to minimize the interfacial energy, and this result in γ′ forming cubes,
thereby allowing the crystallographic planes of the cubic matrix and precipitate to
remain continuous. Thus as the γ′ volume fraction increases, the morphology
changes from spheres to cubes, or plates. However, coherency can be lost by
overageing, and this is evidenced by directional coarsening (change in aspect ratio)
and rounding of the cube edges.
Carbides: Carbon, added at levels of 0.05–0.2 %, combines with reactive and
refractory elements such as titanium, tantalum, and hafnium to form carbides (e.g.
TiC, TaC, or HfC). During heat treatment and service, these begin to decompose
and form lower carbides such as M23C6 and M6C, which tend to form on the grain
boundaries [3, 4, 12]. These common carbides all have an fcc crystal structure. In
general, carbides are considered to be beneficial by increasing the creep rupture
strength at high temperatures.
TCP phases: These are generally undesirable brittle phases that can form during
heat treatment or service. TCPs (σ, µ, Laves, etc.) usually form as plates (which
appear as needles in 2-D micrographs). The plate-like structure adversely affects the
ductility and creep rupture strength. Sigma appears to be the most deleterious, while
strength retention has been observed in some alloys containing µ and Lave phases.

TCPs are potentially damaging for two main reasons: they sequester γ and γ′
strengthening elements in a non-useful form, thus reducing the overall creep strength,
and they can act as crack initiators because of their brittle nature [3, 4, 11, 12].

9.3.3 Heat Treatment

To optimize properties (often of an alloy/coating system), solution-treated
nickel-based superalloys are aged at two different temperatures within the γ/γ′
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phase field. The higher temperature heat treatment precipitates coarser particles of
γ′. The lower temperature heat treatment leads to a finer, secondary dispersion of γ′.
The net result is a bimodal distribution of γ′. Typical microstructures of wrought
and cast nickel-based superalloys are illustrated in Figs. 9.3, 9.4 and 9.5.

The solution heat treatment temperature determines not only the amount of γ′
that dissolves, but also the γ grain size. This coarsens if all the γ′ is dissolved, since
the grain boundaries are no longer pinned by precipitates. Typical heat treatment
cycles (combinations of solution and ageing treatments) for wrought and cast
superalloys are given in Table 9.4.

MC-type
carbides

M23C6- type
carbides

100 μm

(a)

50 μm

(c) 

(b) 

Fig. 9.3 Wrought alloy
microstructures: a equiaxed
annealed grain structure,
b coarse MC-type
(TiC) carbides within grains
and M23C6-type (Cr23C6)
carbides along grain
boundaries, and c spherical γ′
precipitates
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9.3.4 Strengthening Mechanisms

Nickel-based superalloys consist of matrix γ containing a dispersion of ordered
intermetallic precipitates of the type Ni3Al (γ′). To increase the strength of initial
simple Ni–Cr–Al–Ti alloys, the approach has been to strengthen the matrix by
adding other elements that can be taken into substitutional solid solution and to
increase the volume fraction of γ′.

The grain boundaries are reinforced by carbide precipitation and by the use of
minor additions of boron and zirconium to increase grain boundary cohesion. This
strengthening method obviously does not apply for SCs.

Because of its electronic structure, the fcc nickel lattice enables a larger solu-
bility for many other elements [3–5]. Solid solution strengthening is partly caused
by lattice distortion and therefore increases with increase in atomic size difference
up to a maximum of about 10 %. High melting point elements provide strong lattice
cohesion and reduce diffusion, particularly at high temperatures. Mo and W are
particularly effective for both these reasons.

Atomic clustering or short range order can also strengthen the matrix. This is an
electronic effect and is observed with Mo, W, Cr, and Al. These elements therefore
produce greater hardening than Fe, Ti, Co, or V. However, strengthening due to
short range order diminishes rapidly above about 0.6 Tm owing to increased
diffusion.

(a)

(b)

200 μm

10 μm

Fig. 9.4 Cast alloy
microstructures: a dendrites
within coarse equiaxed grain
structure b coarse MC-type
(TiC) carbides and near
cuboidal γ′ precipitates within
grains
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The origin of precipitation hardening is complex. The size and spacing of the
precipitates and therefore their volume fraction are important factors [3–5].
Generally, the hardening increases with increased amounts of precipitate, and it also
increases, up to a peak value, with increasing precipitate size:

Fig. 9.5 a Scanning electron
micrograph of a typical single
crystal microstructure,
cuboidal γ′-precipitates
surrounded by γ-matrix, b fcc
gamma structure and,
c L12-ordered crystal
structure of γ′-phase

Table 9.4 Typical heat treatment cycles for various types of nickel-based superalloys

Alloy Alloy type Heat treatment cycle

IN718 Wrought 980 °C/1 h/AC-720 °C/8 h-FC-620 °C/8 h/AC

Udimet
720

1113 °C/2 h/AC-1079 °C/4 h/OQ-649 °C/24
h-760 °C/8 h

Mar-M-200 Cast: equiaxed grain
structure

1230 °C/1 h-1260 °C/0.5 h-1080 °C/8 h-870
°C/15 h

DS CM
247

Cast: directionally
solidified

1230 °C/1 h-1260 °C/3 h/Argon quench-1080 °C/4
h/Argon quench-870 °C/20 h/AC

AM1 Cast: single crystal 1300 °C/3 h/Argon quench-1100 °C/9 h/Argon
quench-870 °C/20 h

AC air cooled; FC furnace cooled; OQ oil quenched
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• Before the age-hardening peak is reached, the operative strengthening mecha-
nism involves cutting of γ′ particles by dislocations, and the strength increases
with increasing γ′ size as shown in Fig. 9.6.

• After the age-hardening peak, the strength decreases with continuing particle
growth, because dislocations no longer cut the γ′ particles but bypass them. This
effect can be demonstrated for tensile or hardness behaviour in low-volume
fraction γ′ alloys (A-286, Incoloy 901, Waspaloy), but may not be as readily
apparent in high-volume fraction γ′ alloys such as MAR-M-247 and IN-100 [4]

For creep rupture the effects of ageing are less well defined than for short-time
properties such as tensile strength. Uniform fine to moderate γ′ sizes (0.25–0.5 µm)
are preferred to coarse or hyperfine γ′ for optimal creep properties. The reasons for
this are related to the interactions of dislocations with matrix/precipitate interfaces
and the precipitates themselves [3–5, 11, 12].

9.4 Manufacturing Processes

Superalloy ingots are subsequently used for one of three major processing routes,
see Fig. 9.7. These are (1) remelting and subsequent investment casting,
(2) remelting followed by wrought processing, or (3) remelting to form superalloy
powder that is subsequently consolidated and subjected to wrought processing
operations.

Ingots are fabricated by vacuum induction melting (VIM) in a refractory crucible
to form a base alloy. Although selected alloys can be melted in air/slag environ-
ments using electric arc furnaces, VIM melting of superalloys is much more
effective in the removal of low melting point trace contaminants [2–4, 11]. The

Fig. 9.6 Strength (hardness)
versus particle diameter [4].
Smaller particles are cut by
dislocations, but they have to
bypass larger particles by
bowing out between them.
The result is a strength
increase. Note that lower
ageing temperatures increase
the strength as well
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alloy ingots are subsequently subjected to additional melting or consolidation
processes that depend upon the final application of the material.

9.4.1 Wrought Alloys

Wrought alloys are typically fabricated by remelting of VIM ingots to form sec-
ondary ingots for subsequent deformation processing. A secondary melting process
is necessary for wrought alloys because the high temperature structural properties of
nickel-based superalloys are very sensitive to microstructural variations, chemical

Fig. 9.7 Process flow chart illustrating manufacturing routes for superalloy products and
components
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inhomogeneities, and inclusions. As ingot sizes increase, VIM melting often results
in macrosegregation or the formation of large shrinkage cavities during solidifi-
cation. The formation of these solidification defects is caused by large-scale solute
segregation associated with dendritic solidification under low thermal gradients.
Because heat transfer during solidification of VIM ingots is limited by the low
intrinsic thermal conductivity of the solidifying mass, large ingots are very prone to
the formation of these defects [4, 8, 11]. Thus other secondary melting processes are
utilized, including vacuum arc remelting (VAR), electro-slag remelting (ESR), and
electron beam cold hearth refining (EBCHR) [4, 8, 11].

For the production of critical rotating components, such as turbine discs, VAR is
used to refine the ingot and eliminate macrosegregation. Consumable electrodes
(30–50 cm in diameter) cast by VIM are remelted into a water cooled copper
crucible. Unlike the VIM process, in which the entire quantity of the alloy is molten
and allowed to solidify, VAR involves only localized melting of the electrode
tip. Melt rates of VAR are on the order of 0.5–1 kg/s. Defect features, such as
macrosegregation and shrinkage, are effectively minimized since high thermal
gradients are maintained during solidification of the comparatively smaller melt
pool [4, 8, 11]. The remelted ingots are subsequently subjected to thermome-
chanical processing such as forging, hot rolling, extrusion, etc., to obtain the final
products including billets, slabs, rods, plates, and sheets.

Combustor components are fabricated out of sheet nickel-based superalloys.
Hastelloy X was used from the 1960–1980s. Nimonic 263 was subsequently
introduced and has higher creep strength [36]. As combustion temperatures have
further increased in newer gas turbines, HA-188, a cobalt-based superalloy has been
recently introduced for some combustion system components for improved creep
rupture strength [36].

IN 718 has been used for the manufacture of discs in aircraft engines for more
than 25 years [36]. This alloy has been produced through the conventional ingot
metallurgy route. IN 718 is the most frequently used superalloy for aircraft gas
turbines, but because of its segregation tendency it could not be produced with ingot
diameters more than 500 mm until the beginning of the twenty-first century.
Remelting developments and very close control of chemical composition have
enabled production of ingots as large as 750 mm in diameter. This has resulted in
the ability to process IN 718 to the large disc sizes needed in modern industrial gas
turbines (IGTs). A considerable amount of R&D on IN 718 has been reported at
several international conferences [37–42].

Udimet 720 [43] has also evolved as an advanced wrought alloy for land-based
gas turbines. Reductions in Cr content to prevent sigma phase formation and in
carbon and boron levels to reduce stringers and clusters of carbides, borides, or
carbonitrides, have led to the development of Udimet 720 LI. Both alloys have also
been incorporated in some aircraft gas turbines [43]. The chemical compositions of
Udimet 720 and 720 LI alloys may be compared from Table 9.1.
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9.4.2 Cast Superalloys

The compositions of wrought alloys are restricted by the hot workability require-
ments, and this has led to the development of cast alloys. The main advantage of
cast alloys is that their compositions can be tailored for good high-temperature
strength, since there is no forgeability requirement. Further, cast components are
intrinsically stronger than forgings at high temperatures, owing to their coarse grain
size. A recent review has covered the advances made in cast nickel-based super-
alloys [44].

Cast IN 713 was among the early grades established as materials for airfoils in
the most demanding gas turbine applications. Efforts to increase the γ′ volume
fraction to realize higher creep strength led to the development of alloys like IN 100
and Rene 100. Increased amount of refractory solid solution strengtheners such as
W and Mo were added to some of the grades developed later, and this led to the
availability of grades like MAR-M200, MAR-M246, IN 792, and M22. Subsequent
addition of 2 wt% Hf improved ductility, and a new series of alloys became
available, such as MAR-M200 + Hf, MAR-M246 + Hf, and Rene 125 + Hf.

Fig. 9.8 Turbine blades: a equiaxed polycrystalline, b DS polycrystalline, and c single crystal,
showing the as-cast component
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General Electric pursued its own alloy development with Rene 41, Rene 77,
Rene 80, and Rene 80 + Hf having relatively high Cr content for improved cor-
rosion resistance at the cost of some high-temperature strength. Similar alloys with
high Cr content are IN738C, IN738LC, Udimet 700, and Udimet 710. The chemical
compositions of all these cast alloys are included in Table 9.2.

Investment casting [2–4, 11] is the primary casting process for fabrication of
superalloy components with complex shapes, including blades and vanes. Ceramic
moulds containing alumina, silica, and/or zirconia are utilized in this process. The
moulds are fabricated by progressive buildup of ceramic layers around a wax
pattern of the cast component. Ceramic cores can be embedded in the wax to obtain
complex internal cooling structures.

A thermal cycle removes the wax, and the mould is filled with remelted
superalloy in a preheated vacuum chamber to obtain a shaped casting. Castings thus
obtained may be equiaxed, directionally solidified (DS) columnar grained, or single
crystal (SC) (Fig. 9.8). Equiaxed castings solidify fairly uniformly throughout their
volume, whereas columnar and SC castings are withdrawn from a hot zone in the
furnace to a cold zone at a controlled rate. A schematic is shown in Fig. 9.9.

Following initial solidification, castings are subjected to a series of heat treat-
ment cycles that serve to reduce segregation, establish one or more size populations
of γ′ precipitates, modify the structure of grain boundary phases (particularly car-
bides), and/or assist in the application of coatings.

DS-induced grain defects: DS processing can result in several types of chemistry
sensitive grain defects [46]. The two most common defects are freckle chains and
misoriented grains (Fig. 9.10).

Freckle-type defects [45–52] occur because of convective instabilities in the
mushy zone. The instabilities develop as a result of density inversions created by
progressive segregation of individual alloying elements during solidification. The
fluid flow within “channels” that develop because of these instabilities [53, 54]
results in fragmentation of dendrite arms, producing a small chain of equiaxed
grains aligned approximately parallel to the solidification direction. The freckles are
enriched in elements that segregate to the interdendritic region during solidification
and thus differ in composition from the base alloy [46]. Freckle formation is pro-
moted by low cooling rates, (low thermal gradients) and corresponding large
dendrite arm spacings [47].

Misoriented grains differ from freckles in that they have the same nominal
composition as the base alloy, but are typically larger and elongated along the
solidification direction.

The occurrence of these defects can be avoided by reducing the density gradient
in the mushy zone, which is accomplished by increasing the thermal gradient in the
process [46–49]. There has recently been greater effort aimed at increasing the
thermal gradients. A new approach involves the use of liquid-metal coolants
(LMCs) during solidification [53]. A modified Bridgman system using liquid tin as
a cooling medium has been developed. Substantial increases in cooling rate and
elimination of freckle defects have recently been demonstrated by this method [54].
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9.5 Properties of Superalloys

Superalloys constitute a large fraction of the structural materials in turbine engines
because of their unique combination of physical and mechanical properties.
Table 9.5 lists some typical physical properties of superalloys. In aircraft engines, it
is typical to consider density normalized properties, especially in rotating

Fig. 9.9 Schematics of
typical DS process (top) and
the beginning of the single
crystal DS process (bottom),
whereby a helical mould
section prevents all but one
grain from growing into the
main casting
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components. Thus alloy densities, which are typically in the range of 7.7–
9.0 g/cm3, are of particular interest.

Optimization of mechanical properties is of paramount importance and depends
on a high level of control and understanding of the processes mentioned in
Sect. 9.4. Mechanical properties of primary interest include tensile properties,
creep, fatigue, and cyclic crack growth. Depending on the details of component
design, any one of these four properties may be life-limiting.

9.5.1 Tensile Properties

Nickel-based superalloys have relatively high yield and ultimate tensile strengths,
often in the respective ranges of 900–1300 MPa and 1200–1600 MPa at room
temperature. Figure 9.11 shows the temperature dependence of the yield strength of
an SC alloy and a PM-processed disc alloy [11, 55, 56]. The blade alloy tensile
properties do not substantially decay until temperatures above 850 °C. However,
disc alloys are typically developed to have higher strengths at temperatures below
800 °C, with some design margin in strength to protect against disc burst in the
event of an engine overspeed.

Fig. 9.10 Macroscopic chemistry-sensitive grain defects present on the surfaces of single crystal
nickel-based superalloy castings: a freckles and b a misoriented grain
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Figure 9.11 also shows that the yield strengths increase slightly at intermediate
temperatures. This unusual behaviour is due to the complicated dislocation
movements required to shear the γ′ precipitates in this temperature range [5, 57–59].
Note also from Fig. 9.12 that a two-phase superalloy is much stronger than either
the matrix or precipitate materials in their bulk form.

9.5.2 Creep Resistance

Gas turbine components experience stresses at high temperature for extended
periods. Hence a high resistance to creep deformation is essential. This is very
important for cast blade alloys, because they are exposed to temperatures up to
1100 °C, whereas disc alloys are typically limited to less than 700 °C.

For a fixed stress and temperature precipitate-strengthened superalloys have
much higher creep resistance than their single-phase counterparts. It has been
reported that the strength peaks when the precipitate volume fractions are in the
range of 0.6–0.7, and many advanced alloys contain precipitates in this range [60].

Table 9.5 Physical
properties of nickel-based
superalloys

Properties Typical ranges and values

Density 7.7–9.1 g/cm3

Melting point 1320–1450 °C

Elastic modulus RT: 210 MPa

800 °C: 160 MPa

Thermal expansion coefficient 8–18 × 10−6/°C

Thermal conductivity RT: 11 W/m.K

800 °C: 22 W/m.K

Fig. 9.11 Temperature
dependence of yield strength
for a single crystal turbine
blade alloy and a PM
polycrystalline disc alloy
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Alloy chemistry is also important to creep properties. Because the
rate-controlling processes in creep are diffusion-controlled, elements that have low
interdiffusion coefficients with nickel are generally beneficial. Elements most
effective at slowing diffusion include Ir, Re, Ru, Pt, W, Rh, and Mo [61, 62].
Advanced creep-resistant alloys benefit from substantial additions of Re, W, and
Mo (Tables 9.2, 9.6, 9.7, 9.8 and 9.9).

A combination of increasing additions of refractory elements and advances in
processing has resulted in substantial increases in the maximum temperature
capability of superalloys since the 1950s (Fig. 9.13). For a creep rupture life of
1000 h at a stress of 137 MPa, the most recently developed single crystal super-
alloys [63, 64] have a temperature capability of approximately 1100 °C, whereas
conventionally cast equiaxed alloys had a temperature capability of 900–950 °C. In
fact, the temperature capabilities of advanced superalloys have now reached 85–
90 % of the melting point, which is truly remarkable.

9.5.3 Fatigue

Turbine components also experience significant fluctuations in stress and temper-
ature during their repeated start—flight operation—shutdown cycles. These cycles
can result in localized small plastic strains. Thus low cycle fatigue is of interest to
engine design and operation; and engine vibrations and gas/airflow fluctuations
between turbine stages can also result in high cycle fatigue, with rapid cycle
accumulation in airfoils at frequencies in the kHz range.

Figure 9.14 shows the conventional smooth-specimen S-N fatigue properties of
the PM disc alloy Rene 88 DT at room temperature and 593 °C [65]. In the low
cycle fatigue regime (typically up to about 20,000 cycles) such disc alloys exhibit

Fig. 9.12 Temperature
dependence of flow stress for
an as-cast and heat treated
nickel-based superalloy, and
the individual phases [60]
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outstanding fatigue properties, with fatigue strengths that are a high fraction of the
monotonic yield strength.

The variability (scatter) in fatigue lives increases at lower stresses and longer
lives. This is also shown in Fig. 9.14, where fatigue lives at 593 °C vary between
approximately 106 cycles and 109 cycles. The scatter is probably caused by dif-
ferences in the fatigue crack initiation lives. In turn, these differences can be due to
intrinsic variations in microstructure [65–69] and/or the infrequent presence of
PM-induced discontinuities (defects). In cast alloys fatigue cracks may also initiate
at porosity, carbides, or eutectic.

Table 9.6 Chemical compositions (wt%) of first generation single crystal nickel-based
superalloys

Alloy Cr Co Mo W Al Ti Ta Nb V Hf Density
(g/cm3)

CMSX-2 8 4.6 0.6 8 5.6 1 6 – – – 8.6

PWA
1480

10 5 – 4 5 1.5 12 – – – 8.7

SRR 99 10 5 – 10 5.5 2.2 3 – – – 8.56

Rene N4 9 8 2 6 3.7 4.2 4 0.5 – – 8.56

AM1 7.8 6.5 2 5.7 5.2 1.1 7.9 – – – 8.6

Table 9.7 Chemical compositions (wt%) of second generation single crystal nickel-based
superalloys

Alloy Cr Co Mo Re W Al Ti Ta Nb Hf Density
(g/cm3)

CMSX-4 6.5 9 0.6 3 6 5.6 1 6.5 – 0.1 8.7

PWA
1484

5 10 2 3 6 5.6 – 8.7 – 0.1 8.95

Rene N5 7 8 2 3 5 6.2 – 7 – 0.2 8.7

MC2 8 5 2 – 8 5 1.5 6 – – 8.63

Table 9.8 Chemical compositions (wt%) of third generation single crystal nickel-based
superalloys

Alloy Cr Co Mo Re W Al Ti Ta Nb Hf Others Density
(g/cm3)

CMSX-10 2 3 0.4 6 5 5.7 0.2 8 0.1 0.03 – 9.05

Rene 6 4.2 12.5 1.4 5.4 6 5.75 – 7.2 – 0.15 0.05 C;
0.004 B
0.01 Y

8.97

TMS-75 3 12 2 5 6 6 – 6 – 0.1 – –
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9.5.4 Fatigue Crack Growth

Fatigue crack propagation is also an important aspect of superalloy behaviour,
particularly for turbine disc materials. So-called ‘Paris Law’ crack growth beha-
viour is displayed over a wide range of stress intensity factor ranges (ΔK) for most
superalloys [66, 67, 69]. The fatigue crack growth threshold ΔK values (ΔKth) [70]
are relatively high and often above 8 MPa.m1/2.

The crack growth rates are sensitive to microstructural features, including grain
sizes, precipitate sizes, and volume fractions of precipitates [70]. At temperatures
above about 500 °C environmental and cycle frequency effects become significant
factors, with higher crack growth rates in air than in vacuo or in inert environments [4].

In single crystal superalloys, cracks may grow crystallographically along {111}
planes, particularly in the early stages of growth (stage I) [7, 70]. Depending on

Table 9.9 Chemical compositions (wt%) of fourth, fifth, and sixth generation single crystal
nickel-based superalloys

Alloy Cr Co Mo Re W Al Ru Ta Hf Others Density
(g/cm3)

Alloy
Generations

EPM-102 2 16.5 2 5.95 6.0 5.6 3.0 8.25 0.15 0.03 C 9.2 Fourth

0.004 B

0.001 Y

TMS-138 3.2 5.8 2.9 5 5.9 5.8 2.0 5.6 0.1 – 8.95

Tms-138A 3.2 5.8 2.9 5.8 5.6 5.7 3.6 5.6 0.1 – 9.01

TMS-162 3.0 5.8 3.9 4.9 5.8 5.8 6.0 5.6 0.1 – 9.04 Fifth

TMS-173 3.0 5.6 2.8 6.9 5.6 5.6 5.0 5.6 0.1 – 9.11

TMS-196 4.6 5.6 2.4 6.4 5.0 5.6 5.0 5.6 0.1 – 9.01

TMS-238 4.6 6.5 1.1 6.4 4.0 5.9 5.0 7.6 0.1 – Sixth

Fig. 9.13 Illustration of the
enhancement of creep
performance of nickel-based
superalloys from the 1950s to
the present, owing to casting
technology developments
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testing conditions, as cracks grow longer (stage II) there is a greater tendency
toward mode 1 behaviour [68, 71].

Because fatigue and fatigue crack growth are often limiting properties, com-
prehensive models for life prediction that account for complex loading, crack ini-
tiation and crack growth, as well as microstructural and environmental effects,
continue to be developed. The integration of physics-based models with advanced
sensors that can diagnose the current “damage state” is a promising approach for
life prediction [72].

9.6 Evolution of Advanced Nickel-Based Superalloys

In the case of cast superalloys, the introduction of directionally solidified
(DS) columnar grained blades led to considerable increases in creep strength owing
to the elimination of transverse grain boundaries. SC castings were developed
during the 1970s and were a spin-off from the technological advances made in the
DS casting processes. SC castings are produced in a similar fashion to DS by
selecting a single grain via a grain selector, see Figs. 9.8 and 9.9. During solidi-
fication, this single grain grows to encompass the entire part.

Even more spectacular improvements in creep strength became possible for SC
castings, since besides the total elimination of grain boundaries, the chemistries
could be altered (rebalanced) to increase the solidus temperature beyond the γ′
solvus. This avoided the formation of eutectic nodules and made it possible to use
high temperature homogenization, with complete solutionizing of the γ′ and sub-
sequent formation of a uniform distribution of fine precipitates.

In slightly more detail, the exceptional properties of DS and SC alloys are due to
[4, 11, 15]:

Fig. 9.14 Fatigue (S-N)
behaviour of PM Rene 88 DT
at 20 and 593 °C at a load
ratio of 0.05 and frequencies
of 10 Hz and 20 kHz. The
arrow shows a specimen
runout beyond 109 cycles
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1. The alignment or elimination of any weak grain boundaries oriented transverse
to the loading direction.

2. The low modulus associated with aligning the 〈100〉 crystallographic directions
parallel to the blade or vane spans enhances the thermomechanical fatigue
resistance in areas of constrained thermal expansion, particularly for turbine
vanes.

In general, the lack of transverse grain boundaries coupled with the lower
modulus can result in 3–5 times improvement in creep rupture life.

As should be evident from subsection 9.4.2, the manufacture of advanced SC
blades is a high-precision casting process. Many of the early DS blades produced
from the late 1960s were hollow, with air cooling channels about half a millimetre
in diameter [3–5]. Today’s SC blades often contain even more intricate cooling
circuits, and the wall thickness can be as small as a few tenths of a millimetre.
These developments have resulted in progressively higher operating temperatures,
as was already shown in Fig. 9.13.

The SC superalloys are often classified into first, second, third, fourth, and fifth
generation alloys. The evolution of these alloys is summarized in Sects. 9.6.1–9.6.6.
Also, Tables 9.5, 9.6, 9.7, and 9.8 give the chemical compositions and densities of
a few SC alloys from each generation.

9.6.1 First Generation Superalloys

These alloys were derived from wrought superalloys to take advantage of vacuum
melting and casting introduced in the early 1950s. All these cast superalloys can be
grouped into conventionally cast (CC),DS and SC superalloys.

Important aspects of alloy development toward improving the strength of the
alloys include introduction of higher γ′ contents, elimination of formation of
deleterious phases such as σ and Laves phases using phase computation
(PHACOMP [73] and Calphad [32–35]), improved castability through additions of
Ta, increased additions of refractory solid solution strengtheners (such as W and
Mo) to impart higher temperature capability, and addition of Hf (*2 wt%) to
improve stress rupture ductility and minimize porosity via increased amounts of
low melting point eutectic.

Subsequently, elimination of transverse grain boundaries by direct solidification
(DS) of blades and vanes led to a further improvement in temperature capability.
Although transverse grain boundary elimination was the original motivation for DS,
it was the favoured 〈100〉 growth directions and improved heat treatment charac-
teristics from which most benefits occurred. Alignment of a 〈100〉 direction along
the blade span not only provided intrinsically high creep resistance, but also greatly
improved the thermal fatigue life, since this is a low Young’s modulus direction [4,
7, 9].
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DS turbine blades and vanes began appearing in military and commercial
aeroengines in the 1960s. A logical extension of eliminating transverse grain
boundaries in DS technology was to remove grain boundaries altogether to produce
SC blades and vanes.

9.6.2 Second Generation Superalloys

The development of second generation SC alloys [10–16], which are essentially
rhenium (Re)-modified (*3 wt%, see Table 9.7), was marked by increased addi-
tions of refractory alloying elements, while maintaining a γ′ volume fraction above
60 %.

Re is known to partition mainly to the γ-matrix, to retard γ′ coarsening, and to
increase the γ′/γ misfit. It is argued that some of the enhanced resistance to creep
comes from the promotion of γ′ ‘rafting’ by Re [14–16]. It is also claimed that Re
reduces the overall diffusion rate in nickel-based superalloys [10–16].

In summary, the second generation SC alloys provide about a 30 °C metal
operating temperature improvement, together with adequate resistance to oxidation,
thermal fatigue and deleterious phase formation relative to the first generation SC
alloys.

9.6.3 Third Generation Superalloys

The development of third generation superalloys [17–19] was marked by yet higher
additions of Re (*6wt%, see Table 9.8) due to its dual role of improving creep
strength as well as environmental resistance in spite of a low Cr level. Development
of these alloys has led to yet another 30 °C improvement in metal operating tem-
perature capability, this time relative to the second generation superalloys. Some
examples follow:

1. Cannon Muskegon Corporation, USA, optimized their third generation SC alloy
CMSX10 employing total refractory elements of about 20 wt%, with 6 wt% Re
after tailoring the Cr, Co, and W levels to 2, 3, and 5 wt%, respectively [17, 18].

2. GE designed an SC superalloy, Rene 6, with optimized composition to have a
good balance between stress rupture strength and microstructural stability [19].
This overcame the problem of TCP formation in CMSX10 during long-term
exposure at higher temperature.

3. An SC superalloy DMS4 [74] was developed at DMRL, India, by pushing the
total refractory element content to 22 wt%, with about 6.5 wt% Re and
removing Mo and Ti completely. This alloy exhibits superior strength together
with good castability, alloy phase stability, and environmental resistance.
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4. Further, a columnar grained superalloy DMD4 [74] was derived from the DMS4
alloy for cost competitive production of complex turbine airfoils, which are
difficult to cast in SC form. The alloy composition has been tailored by replacing
some of the Ta with Hf and incorporating C and B for grain boundary
strengthening. The alloy also had good phase stability, environmental resistance,
and creep rupture properties close to those of the second generation SC
superalloy CMSX-4.

9.6.4 Fourth Generation Superalloys

The fourth generation superalloys, Table 9.9, were developed by the additions of
platinum group metals (PGMs), especially ruthenium (Ru), to third generation
superalloys to further improve the phase stability in the presence of higher
refractory element contents, thereby improving the strength [20–23]. Further, the
higher negative γ/γ′ misfit resulted in γ′ rafting perpendicular to the applied stress,
thereby acting as a barrier to deformation under high temperature and low stress
conditions.

9.6.5 Fifth Generation Superalloys

The fifth generation superalloys [24, 25] was developed with yet higher Ru contents
(≥6 wt%). TMS-162 and TMS-172 are the first two fifth generation SC superalloys
(Table 9.9) developed by the National Institute of Materials Science (NIMS) [25]
and have excellent creep resistance.

Higher Ru contents (≥5 wt%) allow higher Mo and Re additions in TMS-162
and TMS-173, respectively. Higher lattice misfit and further solid solution
strengthening by Mo and Re as well as Ru, and improved phase stability by Ru can
all contribute to superior creep resistance over the previous generations. However,
the lower Cr content of these two alloys has resulted in poorer oxidation resistance
at elevated temperatures, owing to vaporization of Ru and Re oxides [25].

On the other hand, another fifth generation superalloy, TMS-196, with a mod-
erate amount of Cr, exhibits acceptable oxidation resistance similar to that of Rene
N5. Also, TMS-196 possesses better microstructural stability and shows significant
improvements in creep resistance and thermal fatigue properties over the current
commercial superalloys such as CMSX-4, CMSX-10, PWA1484, and Rene N5
[25].

9 Nickel-Based Superalloys 223



9.6.6 Sixth Generation Superalloys

As can be seen from Table 9.9, the fifth generation SC superalloy TMS-196 has
higher contents of Re and Ru as compared to the fourth generation superalloy
TMS-138A. These changes were made in order to obtain better mechanical prop-
erties [26]. TMS-196 also has better oxidation properties due to its higher Cr
content.

Continuing the developments, NIMS have recently developed yet another
advanced alloy, TMS-238, with mechanical properties similar to those of TMS-196
but with improved oxidation and hot corrosion resistance.

For TMS-238 the Mo and W contents were reduced and the Co and Ta contents
were increased, as can be seen in Table 9.9. The tensile properties of this sixth
generation superalloy are given in Table 9.10, and it is claimed that these properties
are superior to those of all other generations of superalloys.

The creep rupture properties of TMS-238 at 800, 900, and 1000 °C are com-
parable to those of TMS-138A and TMS-196, but at 1100 °C TMS-238 is superior,
see Fig. 9.15. TMS-238 alloy also has superior oxidation properties, and thus an
unmatched combination of mechanical and environmental properties [26].

Table 9.10 Tensile properties of various generations of single crystal nickel-based superalloys

Alloy and
generation

400 °C 750 °C

0.2 % yield strength
(MPa)

UTS
(MPa)

0.2 % yield strength
(MPa)

UTS
(MPa)

CMSX-4: II 860 950 950 1150

TMS-138A: IV 830 906 868 1241

TMS-196: V 879 1214 845 1308

TMS-238: VI 925 1373 1041 1348

Fig. 9.15 Comparison
among different generations
of nickel-based superalloys in
terms of 1100 °C/137 MPa
creep and 1100 °C oxidation
resistance [26]
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9.7 Concluding Remarks

The ordered gamma prime (γ′), which is the main source of strengthening, endows
nickel-based superalloys with exceptional performance and renders them superior
to most of the other high temperature structural alloys. This is because γ′ is stable
up to temperatures of 1000 °C and can directionally coarsen under service condi-
tions for enhanced creep resistance.

The performances of the superalloys have progressively improved by controlling
chemistry and microstructure, and by innovative processing technologies. Surface
modification by application of coating technology concurrent with the introduction
of directionally solidified (DS) structures and then single crystals (SCs), has
extended the useful temperature range of superalloys. In spite of considerable recent
efforts toward developing other materials such as intermetallics, ceramics, and their
composites for engine applications, nickel-based superalloys continue to be the
most reliable materials for hot sections of turbines.

Six generations of SC nickel-based superalloys with improved creep properties
and phase stability have already been developed. Therefore it appears that the
evolution of advanced nickel-based superalloys is a never-ending process, and their
replacement in turbine engine applications seems to be impossible at least for the
next few decades.
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Chapter 10
Structural Intermetallics

R. Mitra and R.J.H. Wanhill

Abstract Development of materials for structural applications at elevated tem-
peratures in aeroengines has encouraged research on intermetallic alloys. A select
group of aluminides and silicides has shown significant promise for high temper-
ature structural applications owing to their high melting temperatures, as well as
their ability to retain strength and oxidation resistance at elevated temperatures. In
recent years the focus is on multiphase multicomponent intermetallic alloys with
significant volume fractions of ductile constituents to achieve an optimum com-
bination of toughness and elevated temperature strength. The engineering properties
and actual or potential aerospace applications of the currently most important
structural intermetallics, the nickel, iron, and titanium aluminides, are concisely
discussed.

Keywords Intermetallics � Nickel aluminides � Titanium aluminides � Iron alu-
minides � Molybdenum silicides � Niobium silicides � Processing � Properties �
Applications

10.1 Introduction

Intermetallics with high melting points are of interest for structural applications in
aeroengine and automotive components, and also nuclear and power generation
equipment requiring strength retention at elevated temperatures. Intermetallics are
either compounds with fixed stoichiometric ratios between the metals, or phases
having an extended range of compositions that may vary with temperature.

Stoichiometric intermetallics consist of strictly periodic arrangements of atoms.
The formation and evolution of intermetallic phases in the microstructure depends
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on their thermodynamic stability. However, metastable phases with inhomogeneous
compositions are often formed during solidification, and the equilibrium phases are
subsequently obtained by a suitable heat treatment.

Much research has concentrated on development of intermetallics for various
structural and functional applications. The properties of interest for high tempera-
ture aerospace applications are high melting point, strength retention, ductility, and
resistance to environmental degradation.

This chapter provides a concise overview of the structural intermetallics based
on aluminides and silicides. These have received the most attention over the past
three decades owing to their promise for elevated temperature use.

For overviews and details of the fundamentals regarding phase equilibria, pro-
cessing, structure, and properties of intermetallics as well as development of
selected intermetallic types, the reader is referred to Refs. [1–7].

10.2 Crystal Structures and Compositions of Selected
Intermetallics

The typical crystal structures, space-groups, and lattice constants of some of the
structural intermetallics are shown in Table 10.1 [6].

Table 10.1 Nominal compositions and crystal structures of selected intermetallics [6]

Composition Crystal structure Structure symbol and space
group

Lattice constants (nm)

NiAl Body-centered cubic B2 (cP2), Pm-3m 0.2887

Ni3Al Face-centered cubic L12 (cP4) a = 0.356

Al3Ti Tetragonal D022 (tI8), I4/mmm a = 0.3809; c = 0.847

TiAl Face-centered
tetragonal

L10 (tP4), P4/mmm a = 0.3997;
c = 0.4081

Ti3Al Hexagonal D019 (hP8), P63/mmc a = 0.5729;
c = 0.4574

Fe3Al Face-centered cubic D03 (cF16), Fm3m 0.5655

FeAl Body-centered cubic B2 (cP2), Pm-3m 0.291

MoSi2 Body-centered
tetragonal

C11b (tI6), I4/mmm a = 0.3202;
c = 0.7845

Mo5Si3 Body-centered
tetragonal

D8m (tI32), I4/mcm a = 0.959; c = 0.487

Mo3Si Cubic A15 (cP8), Pm3n 0.4892

Mo5SiB2 Body-centered
tetragonal

D81 (tI32), I4/mcm a = 0.6013; c = 1.103

Mo(Si,Al)2 Hexagonal C40 (hP9), P6222 a = 4.644; c = 6.548

NbSi2 Hexagonal C40 (hP9), P6222 a = 4.7971; c = 6.592

Nb5Si3 Body-centered
tetragonal

α: D81 (tI32)
β: D8m, I4/mcm

a = 0.656; b = 1.187
a = 1.0; b = 0.507
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10.2.1 Nickel Aluminides

The Ni–Al binary system contains the following intermetallic phases starting from
the Al-rich side: Al3Ni, Al3Ni2, AlNi (or NiAl), Al3Ni5, and AlNi3 (or Ni3Al) [7, 8],
see Fig. 10.1. NiAl and Ni3Al are the most important, owing to their high
melting/liquidus temperatures:

• NiAl has a wide temperature-dependent homogeneous phase field ranging from
40–69 at.% Ni, with the highest congruent melting point (1638 °C) at the sto-
ichiometric composition (50:50 at.%).

• Ni3Al has a homogeneity range of ≈ 4.5 at.% around its stoichiometric com-
position, and a melting point of 1395 °C at the stoichiometric composition.

Table 10.1 shows that NiAl has an ordered body-centered structure (B2, cP2),
whereas Ni3Al has an ordered face-centered cubic (fcc) structure (L12, cP4). The
ordered structure in NiAl remains stable even above 0.65TM (melting point tem-
perature in K). This is attributed to strong covalent bonding along 〈111〉 directions
between the nearest neighbour Ni-Al atom pairs [9]. This bonding is accompanied
by weak ionic repulsion between second nearest neighbour atoms along 〈100〉.

Fig. 10.1 Ni–Al phase diagram: after [7]
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Both types of directional bonds are superimposed upon the nondirectional metallic
bonds between unlike and similar metallic atoms and are responsible for the elastic
anisotropy of NiAl.

10.2.2 Titanium Aluminides

The Ti–Al binary system contains three intermetallic phases, Al3Ti, TiAl, and Ti3Al
[10], with a posited Ti2Al phase at 66 at.% Al, see Fig. 10.2. Only TiAl (γ TiAl
alloys) and Ti3Al (α-2 alloys) are of engineering importance.

Ti-Al: The binary intermetallic exists over a wide range (49–66 at.% Al) of
temperature-dependent stability, and apparently remains ordered up to its melting
point of about 1450 °C [7].

The γ alloys of engineering importance contain about 45–48 at.% Al and 1−10
at.% M, where M = V, Cr, Mn, Nb, Ta, or W, or combinations of some of these
elements. These γ alloys may be divided into two categories: single-phase (γ) and
two-phase (γ + α-2).

The single-phase alloys contain additional alloying elements such as Nb or Ta to
improve strength and oxidation resistance. Two-phase alloys have additions of V,
Cr, and Mn to increase ductility; Nb and Ta for increased oxidation resistance; or
combinations of these elements to improve both ductility and oxidation resistance
[7]. The maximum temperature capability, above which protective coatings must be
used, is about 750–800 °C, depending on long- or short-term applications, e.g. in
gas turbines or missile fins [7].

Fig. 10.2 Ti–Al phase diagram: after [7]
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Ti3Al: As shown in Fig. 10.2, the α-2 alloy has a wide range (22–39 at.%) of
compositional stability. The stoichiometric composition (Ti-25 at.% Al) is stable up
to about 1090 °C [7], while the limit of ordering in any composition is about 1180 °
C [11].

The hexagonal crystal structure (see Table 10.1) is retained when small amounts
of alloying additions (Nb, V, Mo) are made to improve creep resistance while
retaining an Al content ≈ 25 at.% [7]. However, additions of Nb above about 10 at.
% result in a change to an ordered orthorhombic structure based on the O phase
(Ti2AlNb).

The incentives for higher alloying and changing the crystal structure are sig-
nificant improvements in strength and ductility over a wide range of temperatures,
though at the expense of maximum temperature capability (about 650 °C) [7].

These Ti–Al–Nb alloys have been studied for several decades and can be
classified according to the amount of β-stabilizers (Nb, Mo, Ta and V) [11] as:

(1) 10–12 at.% Nb. These alloys have two-phase microstructures consisting of α-2
and β or B2 (disordered or ordered bcc phase).

(2) 14–17 at.% Nb. These alloys contain three phases: α-2, β (or B2), and O.
(3) 25–30 at.% β-stabilizers. These alloys are reported to have two-phase

microstructures consisting of β (or B2) and O.

10.2.3 Iron Aluminides

The Fe–Al binary system contains the following intermetallic phases starting from
the Fe-rich side: Fe3Al, FeAl, FeAl2, Fe2Al3, Fe2Al5, and FeAl3. [7, 12], see
Fig. 10.3. Only Fe3Al and FeAl are of interest for structural applications, since the
rest are very brittle.

Fe3Al: This intermetallic has an ordered fcc D03 structure up to 540 °C, and then
an ordered body-centered cubic B2 structure up to 760 °C [7]. Above this tem-
perature the B2 structure becomes disordered.

The D03 → B2 transition temperature decreases with increasing Al content
above 25 at.%, and only the B2 structure is stable at Al contents above 36 at.% [7].
The most commonly used composition is Fe-28 at.% Al.
FeAl: This ordered B2 phase has a wide range of compositional stability,
approximately 30–50 at.% Al, as may be seen from Fig. 10.3. The most commonly
used composition is Fe-40 at.% Al.

10.2.4 Molybdenum Silicides

The Mo–Si binary phase diagram shows the presence of two stoichiometric com-
pounds with compositions Mo3Si and MoSi2; and the compound Mo5Si3, which has
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a homogeneity range of 3 at.% Si [13], see Fig. 10.4. Most interest for practical
applications has been directed to MoSi2 itself and Mo-Si-B alloys containing Mo,
Mo3Si, and Mo5SiB2.
MoSi2: This has an ordered body-centered tetragonal structure up to 1900 °C. It is
attractive because of its high temperature capabilities, but is very hard and brittle at
ambient temperatures.

R&D on this compound for structural applications has been directed toward
rather exotic high temperature composite materials with MoSi2 as matrix, and
ceramic or refractory metal reinforcements [7].
Mo–Si–B alloys: These have potential for advanced gas turbine engines with tur-
bine entry temperatures (TET) beyond the capabilities of nickel-base superalloys
[14].

As an example, Fig. 10.5 shows the Mo-rich section of the ternary isothermal
phase diagram [14] of the Mo-Si-B system at 1600 °C, indicating the various
phases. The ternary alloys can be designed to have the optimum volume fractions of
Moss (Mo-solid solution), Mo3Si, and Mo5SiB2 phases. All three phases have
nearly fixed composition with limited solubility for other elements, and they
therefore provide microstructural stability at high temperatures.

10.2.5 Niobium Silicides

The Nb–Si binary phase diagram shows the presence of two intermetallic com-
pounds with compositions Nb5Si3 and NbSi2, see Fig. 10.6. Nb5Si3 has a very

Fig. 10.3 Fe–Al phase diagram: after [7]
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Fig. 10.4 Mo–Si phase diagram: after [13]

Fig. 10.5 Mo–Si–B
isothermal section for
Mo-rich compositions at
1600 °C [14]
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small homogeneity range at lower temperatures (αNb5Si3) and a homogeneity range
of about 3 at.% Si when changed to β Nb5Si3. A eutectoid reaction at around 1770 °
C leads to decomposition of the Nb3Si phase into Nb solid solution (Nbss) and
Nb5Si3.

As in the case of molybdenum silicide alloys, the niobium silicide alloys have
potential to replace nickel-base superalloys in advanced gas turbines. Since the
monolithic phase Nb5Si3 is very brittle at ambient temperatures, multiphase com-
posites are envisaged based on Nb5Si3 alloyed with other elements (e.g. Ti) and
employing a ductile niobium solid solution (Nbss) as the matrix [16]. This is
ongoing R&D, with actual applications still in the future.

10.3 Processing

General information: Bulk intermetallics can be processed by conventional ingot
metallurgy (IM) and powder metallurgy (PM) routes, as well as by rapid solidifi-
cation processing (RSP). Coatings are prepared by various methods including
electron beam physical vapour deposition (EB-PVD), which has become

Fig. 10.6 Nb–Si phase diagram: after [15]
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increasingly favoured for aerospace-quality coatings on gas turbine and other
components. The coatings are generally of the NiCoCrAlY (oxidation resistant) or
CoCrAlY (hot corrosion resistant) types.

The purity of raw materials and the processing route control the final impurity
content, and also influence the microstructural evolution, thereby influencing the
properties. Special methods of processing have been developed to control the
impurity levels, the grain sizes, and the sizes of dispersed phases, all of which affect
the mechanical properties

IM processing: The ingot metallurgy processing methods include arc-melting [17],
induction skull melting [18], single crystal growth [19], directional solidification
[20], and investment casting [21].

There are also several special techniques to produce in situ composites [22].
These are not limited to intermetallics and are currently more in the developmental
stage than ready for actual production.
PM processing: The powder metallurgy processing methods involve consolidation
of the powders to form densified intermetallic alloys of a specified composition.
The powders can have either the specified composition of the intermetallic alloy, or
be synthesized reactively from elemental precursors.

For some intermetallic alloys reactive synthesis of elemental powders is com-
bined with uniaxial hot pressing or hot isostatic pressing (HIP). A reaction is started
by applying heat in the form of a laser pulse or electric discharge to one surface of
the elemental powder compact [23]. The reactions during synthesis are exothermic
and release sufficient heat to drive them to completion. If the reaction initiation
temperature is higher than the melting point of one of the reactant elements, then the
presence of a transient liquid phase enhances the reaction kinetics and the process
of densification, as occurs for nickel aluminides.
RSP methods: These include both the formation of powders for PM processing and
thermal spray deposition on a substrate. Thermal spray deposition has some
applications for bulk products and coatings, e.g. the ‘Osprey’ process [24], but the
quality is insufficient for aerospace bulk products and also coatings on critical
components such as high pressure turbine blades and vanes.
Secondary fabrication: Nickel, iron, and titanium aluminides can be fabricated by
IM and PM, and also as castings [7, 25]. Iron and titanium aluminide ingots can be
conventionally hot-rolled, but nickel aluminide ingots must be isothermally forged
since there is only a narrow temperature window before the ingot surfaces cool to
become brittle and crack [7]. However, conventional (secondary) hot forging is
feasible for fine-grained nickel aluminides [7].

PM consolidation can be done, e.g. by steel-canning and hot forging or extru-
sion, and also by HIP followed by forging or extrusion.
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10.4 Properties of Ni-, Fe-, and Ti-Based Aluminides

Nickel, iron, and titanium aluminides are currently the most likely intermetallics to
(partly) replace nickel-base superalloys in high-performance aeroengines. The main
obstacles to their use have been, and continue to be, brittleness and low ductility at
ambient temperatures [7].

Much R&D has been directed to enhance the low temperature ductility, and also
improving the high temperature properties. This includes the development of in situ
composites, mentioned in Sect. 10.3.

The properties of interest for high temperature aerospace applications are high
specific strength and stiffness (favoured by low densities), high melting points,
strength retention and creep resistance, ductility, and resistance to environmental
degradation.

10.4.1 Property Surveys

Mechanical properties: Table 10.2 lists some generic properties and characteristics
of nickel, iron, and titanium aluminides. Table 10.3 compares the properties of
titanium aluminides with those of titanium alloys and nickel-base superalloys.
Table 10.4 lists the mechanical properties of molybdenum and niobium silicides.
From these tables the following points can be made:

1. The titanium aluminides offer large advantages in density compared to
nickel-base superalloys, and are also less dense than conventional titanium
alloys. TiAl is especially attractive because of its high elastic modulus (and
hence high specific stiffness), and high creep and oxidation resistance.

Table 10.2 Some properties and characteristics of nickel, iron, and titanium aluminides [7]

Alloy Melting
point (°C)

Density
(g/cm3)

R.T.
E (GPa)

Maximum use (°C) Alloy characteristics

Strength Corrosion

Ni3Al 1390 7.50 179 1000 1150 Oxidation resistance; high
temperature strength

NiAl 1640 5.86 294 1200 1400 Oxidation resistance; high
melting point

Fe3Al 1540 6.72 141 600 1100 Oxidation and sulphidation
resistance

FeAl 1250 5.56 261 800 1200 Oxidation and sulphidation
resistance

Ti3Al 1600 4.2 145 760 650 Low density; good specific
strength

TiAl 1460 3.91 176 1000 900 Low density; good specific
strength

MoSi2 2020 6.24 440
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2. The nickel aluminides have lower densities than nickel-base superalloys,
notably NiAl, which also has a much higher elastic modulus.

3. The iron aluminides also have lower densities than nickel-base superalloys and
are resistant to high temperature oxidation and corrosion. However, the maxi-
mum strength capability of the iron aluminides is relatively low.

4. The silicides and multicomponent silicide-based alloys have much higher
melting points and higher temperature capabilities compared to aluminides, but
have higher densities. Furthermore, these materials are brittle at ambient tem-
peratures in polycrystalline form, with the brittle-to-ductile temperature being
very high, at about 1100 °C.

While useful, Tables 10.2, 10.3, and 10.4 are generic. They cannot provide the
whole story, since (i) they do not fully cover the ambient and elevated temperature
properties, and (ii) they do not account for the large amount of R&D on alloy
processing and development over the past three decades. Both of these topics are
beyond the necessarily limited scope of the present chapter. The reader is therefore
referred, as mentioned earlier, to Refs. [1–7].

Table 10.3 Properties of titanium aluminides, titanium alloys, and nickel-base superalloys [7]

Alloys Density
(g/cm3)

R.T. E
(GPa)

R.T. Y.S.
(MPa)

R.T. UTS
(MPa)

Creep limit
(°C)

Oxidation
limit (°C)

Ductility (%)

R.T. H.T.

Ti-alloys 4.5 96–100 380–1150 480–1200 600a 600 20 High

Ti3Al 4.1–4.7 100–145 700–990 800–1140 760 650 2–10 10–20

TiAl 3.7–3.9 160–176 400–650 450–800 1000 900b 1–4 10–60

Ni-alloys 8.3 206 – – 1090a 1090a 3–5 10–20
a1995 data; bNeeds coating above 750–800 °C, see Sect. 10.2.2

Table 10.4 Properties of Mo-silicide and Nb-silicide based binary and multicomponent
intermetallic alloys [5, 6]

Alloys Melting
point (°C)

Density
(g/cm3)

R.T.
E (GPa)

R.T.
Flexural
strength
(MPa)

R.T.
Fracture
toughness
(MPa√m)

Creep
limit
(°C)

Oxidation
limit (°C)

MoSi2 2020 6.24 440 140–160 2.5–5.0 1300 1700

Mo3Si 2025 8.9 295 – 3.0 1300 1000

Mo5SiB2 2160–2200 8.8 383 – 2.0 1500 1400

Mo-Si-B
(Moss–Mo3Si–
Mo5SiB2)

2025 8–9 310–
325

400–600 5.0–20.0 1400 1300

Nbss–Nb5Si3 ≥1915 7–7.5 170 500–1450 6–24 1200 1200

Nb–Si
multicomponent
alloys

≥1800 6.6–7.2 165 800–950 18.2–23.3 1200 1300
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Nevertheless, it is important to note that the characteristic low ductility or
brittleness of these intermetallics at ambient temperatures is (or has been) a major
disadvantage with respect to (i) alloy processing and component manufacture, and
(ii) service performance.

The first problem has been the focus of much fundamental and applied research
to improve the ductility and toughness through alloying additions and
process-based microstructural control. For example, Ref. [7] lists some 13 com-
positional variations and 19 processing methods for TiAl aluminides. An analo-
gous, though less extensive, situation exists for Ni3Al [7], whose commercial alloys
contain small additions of boron (B) to enhance the ambient temperature ductility
[7, 26]; and varying amounts of Cr, Fe, Mo, and Zr [7].

There has also been much R&D directed to improving the high temperature
properties, particularly the creep resistance of nickel aluminides to enable them to
compete with advanced superalloys. However, although detailed comparisons are
not available, the latest generations of nickel-base superalloys (discussed in Chap. 9
of this Volume of the Source Books) would appear to have high temperature
properties beyond the capabilities of nickel aluminides, which have a temperature
limit ≈1100 °C [27].

Oxidation: The nickel aluminides have an inherently high oxidation resistance,
especially NiAl, which is why this alloy is used in bondcoats for thermal barrier
coatings (TBCs). The high oxidation resistance is due to the formation of a pro-
tective Al2O3 scale.

The oxidation behaviour of the iron aluminides is determined by the nature and
composition of the oxide scale. The minimum concentration of Al to enable a
continuous and protective Al2O3 scale is reported to be about 15 at.% Al in a binary
Fe-Al alloy [28]. Addition of Cr accelerates the formation of this protective scale
[29].

The titanium aluminides TiAl and Ti3Al do not form a protective scale.
However, certain alloying additions (Mo, Nb, Si) improve the oxidation resistance
by enabling the formation of a continuous Al2O3 scale [30].

Much more information on the oxidation characteristics of all these aluminides
(and the silicides) is available in the literature, e.g. Ref. [2].

10.5 Aerospace Applications

10.5.1 Silicides

Earlier in this chapter it was stated that molybdenum and niobium silicides are
potential replacements for nickel-base superalloys in advanced gas turbines. When
this major change will occur, if it occurs, is unknown. For example, a decade ago,
in 2006, General Electric (GE) suggested that niobium silicide low-pressure turbine
(LPT) blades could be in use by 2012, with high pressure turbine (HPT) blades
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following by 2015 [31]. This suggestion has been overtaken by events (continued
superalloy improvements), but it does show the direction of thinking by a major
engine manufacturer.

10.5.2 Aluminides

Nickel and iron aluminides: The prospects for using nickel and iron aluminides in
aerospace gas turbines are uncertain. As mentioned in subsection 10.4.1, nickel
aluminides may not be competitive with the latest generation of superalloys, even
though NiAl has a significantly lower density (compare the data in Tables 10.2 and
10.3). In 1996 Darolia et al. [32] summarized the problems thus:

1. Nickel-base superalloys have properties that are extremely difficult to surpass.
2. Any intermetallics intended to replace superalloys will probably retain vestiges

of one or more of the following generic problems:

• Low ductility and toughness, especially at low temperatures.
• Obtaining a balance of sufficient creep strength, ductility, and toughness.
• Environmental stability.

Darolia et al. [32] concluded that the use of intermetallics will be very selective
and gradual, and it is unlikely that superalloys will be rapidly and widely displaced.
This conclusion is reinforced by superalloy developments and improvements in the
subsequent two decades, see Chap. 9 of this Volume of the Source Books.

Furthermore, there seems no reason why iron aluminides should show any
benefits in the relatively non-corrosive environments pertaining in aeroengine gas
turbines.

Titanium aluminides: TiAl alloys are the first aluminides to have reached
operational status in aeroengines, as 6th and 7th stage cast blades for the LPTs of
the General Electric GEnx-1B and GEnx-2B engines, see Figs. 10.7 and 10.8.
Similar components will be used in the GE9x engine, which is currently (early
2016) still under development.

The GEnx engines entered service in late 2011 with the Boeing 787 Dreamliner
(GEnx-1B), and the Boeing 747-8F (GEnx-2B). Testing had already demonstrated
that TiAl blades with redesigned (thicker) leading edges should survive relatively
large impacts from foreign object ingestion [33]: this is important for all engine
blades.

Nevertheless, it is noteworthy that this first application of TiAl blades is in the
last stages of the engines. Thus any service failures would cause minimal damage.
As service experience with TiAl LPT blades accumulates, it may be possible to
consider aluminide blades for replacing conventional titanium alloys in some of the
last stages of the high pressure compressor (HPC).

Other, potential, aeroengine applications of titanium aluminides include com-
pressor casings and blade dampers; and critical components for the exhaust nozzle
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Fig. 10.7 TiAl LPT turbine blade for the GEnx aeroengine. Source GE

Fig. 10.8 LPT turbine blade locations (arrowed) in the GEnx aeroengine: modified Boeing
illustration
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of an (eventual) future high speed civil transport (HSCT) [34]. However, it should
be noted that ceramic matrix composites (CMCs) could be serious contenders [31].

10.5.3 Indian Scenario

Hindustan Aeronautics Limited (HAL) in Bengaluru has developed the precision
forging of Ti3Al aluminide compressor blades, the alloy supplier being Mishra
Dhatu Nigam (MIDHANI) in Hyderabad. Also, the Defense Metallurgical Research
Laboratory in Hyderabad has demonstrated isothermal forging of in-house devel-
oped TiAl alloys [35].

These activities were carried out as part of the indigenous Kaveri engine pro-
gram, which, however, was discontinued in 2015. Some information on the
structural design of the Kaveri engine is given in Chap. 24 of Volume 2 of these
Source Books.

10.6 Summary

Intermetallics are a class of materials that have been studied extensively, motivated
by a variety of potential structural applications in the aerospace, automotive, and
power generation industries. The materials discussed in this chapter are (i) nickel,
iron, and titanium aluminides, and (ii) molybdenum and niobium silicides. These
have been, or are, candidates for applications in aerospace gas turbines.

Only one intermetallic, TiAl and its alloying variants, has attained service use in
aircraft engines. It is uncertain or unlikely that nickel and iron aluminides will do
so. The main reason is that conventional nickel-base superalloys already have
outstanding combinations of properties and are continuously being improved.

Molybdenum and niobium silicide composites are potential candidates for
advanced engines with turbine entry temperatures beyond the capabilities of
superalloys. However, they will have to compete with other materials such as
ceramic matrix composites.
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Chapter 11
Bronzes for Aerospace Applications

B. Saha, V. Nimbalkar, D.B. Anant Sagar, M. Sai Krishna Rao
and V.P. Deshmukh

Abstract This chapter provides an overview of various bronzes with special
attention to aerospace applications. Bronzes consist of several families of alloys but
only those with specific properties applicable to the aircraft industries are discussed
here. Bronze alloys like tin bronzes (C5100–C54400), beryllium bronzes, man-
ganese bronzes, high leaded tin bronzes, oil impregnated bronzes, aluminium
bronzes and silicon bronzes are some of the bronzes which have found their place in
aircraft applications. This chapter briefly discusses these bronzes, highlighting their
physical metallurgy, processing and properties. A specific part of this chapter has
been dedicated to discussing the indigenous development of two types of bronzes,
Al-bronzes and Si-bronzes, mainly for aerospace applications. These two bronze
types have been specifically developed for fabrication of anti-friction bearing cages
for aircraft and have to undergo rigorous quality assurance during production type
certification.

Keywords Bronzes � Alloys � Processing � Heat treatment � Applications

B. Saha (&) � D.B.A. Sagar � M.S.K. Rao
RCMA (Materials), CEMILAC, DRDO, Hyderabad, India
e-mail: bsaha898@yahoo.co.in

D.B.A. Sagar
e-mail: anantnani15@gmail.com

M.S.K. Rao
e-mail: munjuluri@rediffmail.com

V. Nimbalkar � V.P. Deshmukh
NMRL, DRDO, Ambernath, India
e-mail: vijayn@nmrl.drdo.in

V.P. Deshmukh
e-mail: vinay@nmrl.drdo.in

© Springer Science+Business Media Singapore 2017
N. Eswara Prasad and R.J.H. Wanhill (eds.), Aerospace Materials
and Material Technologies, Indian Institute of Metals Series,
DOI 10.1007/978-981-10-2134-3_11

247



11.1 Introduction

The word ‘bronze’ is derived from the Italian word ‘bronzo’ meaning ‘bell metal’.
Bronzes are copper alloys consisting of several families based on the principal solid
solution alloying elements. For example, the familiar tin bronzes (C50100–
C54400); the aluminium bronze alloys containing 2–15 % Al (C60800–C64200);
and the silicon bronzes (C64700–C66100). Because of their specific properties,
bronze alloys are considered for aerospace applications such as bearings and
bushings in landing gears, cargo doors, wheel and brake components, etc.

11.2 Bronzes

The tin bronze series (C50100–C54400) comprise a set of good work-hardening
solid solution alloys having around 0.8 % Sn (C50100) to 11 % Sn (C52400), with
small additions of phosphorus mainly for its effective deoxidation abilities. Tin
bronzes possess an excellent combination of formability, softening resistance,
strength, corrosion resistance and electrical conductivity.

Another commercially important series are aluminium bronzes, containing
around 2–15 % Al and belonging to the series C60800–C64200. The addition of
aluminium imparts good solid solution strengthening and also work hardening in
addition to improved corrosion resistance. Iron is an important addition in alu-
minium bronze alloys, usually of the order of 2–5 % Fe, mainly providing ele-
mental dispersions to promote dispersion strengthening of the alloys, and also grain
size control for better uniform properties.

The other bronzes suitable for aerospace are silicon bronzes of the series
C64700–C66100. These bronzes provide good strength via solid solution hardening
and work hardening, as well as excellent resistance to stress corrosion and general
corrosion. Tables 11.1, 11.2, 11.3, 11.4, 11.5, 11.6 and 11.7 show the chemical
compositions of several types of commercial bronzes, including phosphor bronzes
[1].

11.2.1 Effects of Alloying Elements

Solid solution strengthening of copper is a common procedure and much used for
bronzes. The classic bronzes are essentially binary Cu–Sn alloys. These are not
used as such in aerospace applications, since other elements are also added. Solid
solution strengthening is also achieved by additions of aluminium, manganese,
nickel and zinc.
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Another copper strengthening method is precipitation hardening. This process is
often used for copper alloys containing beryllium, chromium or zirconium.
Precipitation hardening offers distinct advantages. Fabrication is relatively easy
using the soft solution-annealed form of the quenched metal. The subsequent
ageing process of the fabricated part can be performed using relatively inexpensive
furnaces. Often the heat treatment can be performed in air, at moderate furnace
temperatures and with little or no controlled cooling. Many combinations of duc-
tility, impact resistance, hardness and strength can be obtained by varying the heat
treatment times and temperatures.

Table 11.1 Chemical compositions of commercial aluminium bronzes

Aluminium bronzes

Alloys Chemical composition (wt%)

Pb Fe Sn Zn Al Mn Si Ni Cu

C60800 0.10 0.10 – – 5.0–6.5 – – – Bal.

C61000 0.02 0.50 – 0.20 6.0–8.5 – 0.10 – Bal.

C61300 0.01 2.0–3.0 0.20–0.50 0.10 6.0–7.5 0.20 0.10 0.15 Bal.

C61400 0.01 1.5–3.5 – 0.20 6.0–8.0 1.0 – – Bal.

C61500 0.015 – – – 7.7–8.3 – – 1.8–2.2 Bal.

C61550 0.05 0.20 0.05 0.8 5.5–6.5 1.0 – 1.5–2.5 Bal.

C61800 0.02 0.50–1.5 – 0.02 8.5–11.0 – 0.10 – Bal.

C61900 0.02 3.0–4.5 0.6 0.8 8.5–10.0 – – – Bal.

C62200 0.02 3.0–4.2 – 0.02 11.0–12.0 – 0.10 – Bal.

C62300 – 2.0–4.0 0.6 – 8.5–10.0 0.50 0.25 1.0 Bal.

C62400 – 2.0–4.5 0.20 – 10.0–11.5 0.30 0.25 – Bal.

C62500 – 3.5–5.5 – – 12.5–13.5 2.0 – – Bal.

C62580 0.02 3.0–5.0 – 0.02 12.0–13.0 – 0.04 – Bal.

C62581 0.02 3.0–5.0 – 0.02 13.0–14.0 – 0.04 – Bal.

C62582 0.2 3.0–5.0 – 0.02 14.0–15.0 – 0.04 – Bal.

C63000 – 2.0–4.0 0.20 0.30 9.0–11.0 1.5 0.25 4.0–5.5 Bal.

C63010 – 2.0–3.5 0.20 0.30 9.7–10.9 1.5 – 4.5–5.5 78.0
Min

C63020 0.03 4.0–5.5 0.25 0.30 10.0–11.0 1.5 – 4.2–6.0 74.5
Min

C63200 0.02 3.5–4.3 – – 8.7–9.5 1.2–2.0 0.10 4.0–4.8 Bal.

C63280 0.02 3.0–5.0 – – 8.5–9.5 0.6–3.5 – 4.0–5.5 Bal.

C63380 0.02 2.0–4.0 – 0.15 7.0–8.5 11.0–14.0 0.10 1.5–3.0 Bal.

C63400 0.05 0.15 0.20 0.50 2.6–3.2 – 0.25–0.45 0.15 Bal.

C63600 0.05 0.15 0.20 0.50 3.0–4.0 – 0.7–1.3 0.15 Bal.

C63800 0.05 0.20 – 0.8 2.5–3.1 0.10 1.5–2.1 0.20 Bal.

C64200 0.05 0.30 0.20 0.50 6.3–7.6 0.10 1.5–2.2 0.25 Bal.

C64210 0.05 0.30 0.20 0.50 6.3–7.0 0.10 1.5–2.0 0.25 Bal.
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Table 11.2 Chemical compositions of silicon bronzes

Silicon bronzes

Alloys Chemical composition (wt%)

Pb Fe Sn Zn Mn Si Ni Cu

C64700 0.10 0.10 – 0.50 – 0.40–0.8 1.6–2.2 Bal.

C64710 – – – 0.20–0.50 0.10 0.50–0.9 2.9–3.5 95.0 Min

C64730 – – 1.0–1.5 0.20–0.50 0.10 0.50–0.9 2.9–3.5 93.5 Min

C64900 0.05 0.10 1.2–1.6 0.20 – 0.8–1.2 0.10 Bal.

C65100 0.05 0.8 – 1.5 0.7 0.8–2.0 – Bal.

C65400 0.05 – 1.2–1.9 0.50 – 2.7–3.4 – Bal.

C65500 0.05 0.8 – 1.5 0.50–1.3 2.8–3.8 0.6 Bal.

C65600 0.02 0.50 1.5 1.5 1.5 2.8–4.0 – Bal.

C66100 0.20–0.8 0.25 – 1.5 1.5 2.8–3.5 – Bal.

Table 11.3 Chemical compositions of phosphor bronzes

Phosphor bronzes

Alloys Chemical composition (wt%)

Pb Fe Sn Zn P Cu

C50100 0.05 0.05 0.50–0.8 – 0.01–0.05 Bal.

C50200 0.05 0.10 1.0–1.5 – 0.04 Bal.

C50500 0.05 0.10 1.0–1.7 0.30 0.03–0.035 Bal.

C50700 0.05 0.10 1.5–2.0 – 0.30 Bal.

C50710 – – 1.7–2.3 – 0.15 Bal.

C50715 0.02 0.05–0.15 1.7–2.3 – 0.025–0.04 Bal.

C50900 0.05 0.10 2.5–3.8 0.30 0.03–0.30 Bal.

C51000 0.05 0.10 4.2–5.8 0.30 0.03–0.35 Bal.

C51100 0.05 0.10 3.5–4.9 0.30 0.03–0.035 Bal.

C51800 0.02 – 4.0–6.0 – 0.10–0.35 Bal.

C51900 0.05 0.10 5.0–7.0 0.30 0.03–0.35 Bal.

C52100 0.05 0.10 7.0–9.0 0.20 0.03–0.35 Bal.

C52400 0.05 0.10 9.0–11.0 0.20 0.03–0.35 Bal.

Table 11.4 Chemical compositions of leaded phosphor bronzes

Leaded phosphor bronzes

Alloys Chemical composition (wt%)

Pb Fe Sn Zn P Cu

C53400 0.8–1.2 0.10 3.5–5.8 0.30 0.03–0.35 Bal.

C54400 3.5–4.5 0.10 3.5–4.5 1.5–4.5 0.01–0.50 Bal.
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11.2.2 Aluminium Bronzes

Aluminium bronzes are the alloys with the best chemical resistance, and have high
strength. They are standardised as wrought materials in UNS numbers C60600–
C64499 and DIN 17665, and as cast materials in UNS numbers C95200–C95900
and DIN 1714.

Al-bronze alloys contain 2–15 wt% Al, which increases their resistance against
seawater, sulphuric acid, and salt solutions, as well providing good wear properties
and oxidation resistance. Their strengths, and in many respects their corrosion
resistance, are better than those of many stainless steels, especially in aggressive

Table 11.5 Chemical compositions of wrought and cast beryllium bronzes

Wrought and cast beryllium bronzes
Alloys Chemical composition (wt%)
UNS No. Be Co Ni Co + Ni Co + Ni + Fe Si Pb Cu

Wrought alloys

C17200 1.8–2.0 – – 0.2 min 0.6 max – – Bal.
C17300 1.8–2.0 – – 0.2 min 0.6 max – 0.2–0.6 Bal.
C17000 1.6–1.79 – – 0.2 min 0.6 max – – Bal.
C17510 0.2–0.6 – 1.4–2.2 – – – – Bal.
C17500 0.4–0.7 2.4–2.7 – – – – – Bal.
C17410 0.15–0.5 0.35–0.6 – – – – – Bal.
Cast alloys

C82000 0.45–0.8 – – 2.4–2.7 – – – Bal.
C82200 0.35–0.8 – 1.0–2.0 – – – – Bal.
C82400 1.6–1.85 – – 0.2–0.65 – – – Bal.
C82500 1.9–2.25 – – 1.0–2.0 – 0.2–0.35 – Bal.
C82510 1.9–2.15 – – – – 0.2–0.35 – Bal.
C82600 2.25–2.55 – – – – 0.2–0.35 – Bal.
C82800 2.5–2.85 – – – – 0.2–0.35 – Bal.

Table 11.6 Chemical compositions of manganese bronzes

Chemical composition (wt%)

Element Cu Al Fe Pb Mn Ni Sn Zn

Min-Max 60–66 5.0–7.5 2–4 0.20 2.5–5.0 1.0 0.20 22–28

Table 11.7 Chemical compositions of leaded tin bronzes

Chemical composition (wt%)

Element Cu Pb Sn Fe Ni Zn P Sb

Min-Max 78–82 8–11 9–11 0.70 0.5 0.8 0.1 0.5
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marine environments. They are readily weldable for fabrication of large compo-
nents. The excellent natural corrosion resistance of all copper alloys is enhanced by
the protective film of aluminium oxide formed very rapidly under normal operating
conditions. If damaged, this film is self-healing, such that the alloys can be used in
service conditions where abrasion and wear can be expected.

Most aluminium bronzes have aluminium contents below 10 wt%, see
Table 11.1. This is because alloys with more than 10 % Al cannot be cold-worked,
since the a solid solution phase boundary is then exceeded, see Fig. 11.1. Other
alloying elements are iron (grain refining, magnetic permeability), manganese
(deoxidation), nickel (excellent corrosion resistance), arsenic (resistance against salt
solutions) and silicon (elevated strength, better machinability) [2–4].
Wrought aluminium bronzes: There are six compositions of Al-bronze covered by
British standards, three of which have an a structure and are therefore ductile and
amenable to cold-working [5]. The presence of b phase in the higher aluminium
alloys makes them more difficult to form at normal temperatures but they are readily
fabricated at temperatures ranging from 665 to 1000 °C, with adequate control to
avoid grain growth.

The alpha alloys are generally used in the soft and lightly worked conditions for
applications requiring maximum corrosion resistance. They are available as sheet,
tubes, sections and wire. The duplex a + b alloys are hot rolled, extruded and
forged. As the aluminium content increases above 10 wt%, the wear resistance
increases but the ductility and toughness decrease.

The alloys can be joined by welding using the inert gas arc processes and friction
welding. They are readily machined and can be finished to good surfaces of typical
gold shades.

Fig. 11.1 Copper–
aluminium phase diagram
(Cu-rich side)
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The indigenous Indian development of Al-bronze alloys equivalent to C63000
and AMS 4640 is discussed in detail in Sect. 11.4.
Cast aluminium bronzes: There are two basic aluminium bronze alloys in BS 1400.
Alloys AB1 and AB2 each have nominally 9.55 wt% aluminium, with AB2 having
higher contents of iron (3.5–5.5 wt%) and nickel (4.3–5 wt%) and each giving
a + b structures with properties depending on the detailed composition and method
of casting [3]. The alloys can be sand- or die-cast, and their short freezing range
makes their properties almost independent of section thickness, which is a great
advantage. These aluminium bronzes require expert handling in the foundry, par-
ticularly to avoid oxide inclusions, and with close attention to the rate of cooling.
Heat treatment is sometimes applied to increase the strength or wear resistance, but
there is a risk of distortion. A stress relief anneal is desirable to minimise distortion
on machining, and also after welding to homogenise the properties across the heat
affected zone.
Applications: Owing to their good (high-temperature) strength in the hot-worked
and cast conditions, Al-bronze alloys are used in steam fittings, guides and valves.
Their high corrosion resistance enables their application in the food, chemical and
petrochemical industries, ship construction, desalination plants, the electrical
industry, power plants, etc.

Typical products are pumps, turbines, propellers, valves, tees, branches and
other water fittings, pressure vessels, heavy duty journal and flat bearings, gearbox
components and masonry fixings [6]. Nickel aluminium bronzes containing around
10 wt% aluminium, with additions of iron and manganese to increase strength and
toughness still further, are widely specified for aircraft applications.

11.2.3 Aluminium-Silicon Bronzes

Alloys having silicon contents ranging up to about 2 wt% and aluminium to about
6 wt% are known as aluminium-silicon bronzes. Silicon improves machinability
and also has a deoxidising effect and increases the strength and corrosion resistance.
These alloys are stronger than unmodified single-phase aluminium bronzes and can
be cast and hot-worked more readily. Like other aluminium bronzes, they have a
low magnetic permeability and excellent resistance to shock loading. The alloys are
available in wrought and cast forms. They are used particularly in refrigeration
related applications, in heat exchangers, armatures, chemically resistant castings,
etc. [6].

11.2.4 Silicon Bronzes

Silicon bronze is a low-lead brass alloy that is generally composed of 96 % copper.
The remainder can be silicon and a variety of other elements such as manganese,
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tin, iron or zinc. Silicon bronze is known for its easy pouring ability, appealing
surface finish and superior corrosion resistant properties, even when submerged in
liquids and chemicals. Silicon bronze was originally developed for the chemical
industry, but later became more widely used owing to its good casting
characteristics.

AMS 4616(C65620) is a special high strength silicon bronze that is easily
machined into ball-bearing cage assemblies. The additional iron content in this
alloy provides added strength for easy machinability. Silicon bronze offers added
strength in conjunction with the self-lubricity of silicon for excellent bearing cages,
raceways and spacers for the aerospace industry.

11.2.5 Phosphor Bronzes

Phosphor bronze or tin bronze, is a mixture of copper, tin and phosphorus.
Phosphor bronze alloys are primarily used for electrical products because they have
excellent spring qualities, high fatigue resistance, excellent formability and high
corrosion resistance. The phosphorus increases the wear resistance and stiffness of
the alloy.

Phosphor bronze C 544 was one of the first bearing alloys available, and can be
supplied as sheet, strip, wire, rod and bar. Other uses include corrosion resistant
bellows, diaphragms, spring washers, bushings, bearings, shafts, gears, thrust
washers and valve parts. This material has found use in aircraft components.

11.2.6 Beryllium Bronzes

Beryllium bronzes are some of the most successful of the copper-base alloys. Their
compositions are given in Table 11.5. Wrought Be-bronze alloys contain 0.2–
2.0 wt% Be and up to 2.7 wt% Co (or up to 2.2 wt% Ni). Be-bronzes used for
castings are generally slightly richer in Be content, with up to 2.85 wt%.

The beryllium content can be reduced by replacement with alloying elements
such as Zr, Co, Si or Ag. Normally some nickel (0.5 wt% Ni) or cobalt is added to
reduce grain growth, silver to prevent surface oxidation and to increase the con-
ductivity, and lead to improve the machinability.

The most significant feature of these alloys is that the addition of beryllium
enables precipitation hardening and strengthening by Cu2Be. The tensile strength
can be raised from 480 MPa in the annealed state to 1380 MPa in the fully heat
treated state [7]. High strength is achievable while retaining effective and useful
levels of electrical and thermal conductivity.

Physical metallurgy: Fig. 11.2 shows the copper-rich side of the Cu–Be binary
phase diagram. The solid solubility of beryllium in the a copper matrix decreases
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sharply as the temperature is lowered, and hence Be-bronzes are precipitation
hardenable. For these alloys, solution annealing followed by precipitation
treatment/age hardening is the general heat treatment. Be-bronzes can be
cold-worked between annealing and age hardening to improve the age hardening
response.

Actually, a third element, either cobalt (Co) or nickel (Ni), is usually added to
Be-bronzes, see Table 11.5. The main function of these additions is to restrict grain
growth during the annealing process by ensuring a good dispersion of precipitates
in the matrix. The other advantage of these additions is to improve the age hard-
ening response and avoid the tendency to overage or soften at prolonged ageing
times and at higher ageing temperatures.
Solution annealing: The alloy is heated to a temperature just below the solidus so
that a maximum amount of beryllium is dissolved, followed by rapid quenching to
room temperature to retain the beryllium in a supersaturated solid solution. For high
strength Be-bronzes the annealing temperature range is around 760–800 °C, and for
high conductivity the annealing temperature range is from 900 to 955 °C. The
lower and upper temperature limits (760 and 955 °C) are set to ensure complete
recrystallisation and avoid excessive grain growth (or even incipient melting),
respectively. The heating period during solution annealing is usually estimated at
1/2 to 1 h per inch of thickness.
Age hardening: After quenching, the solution-annealed material is reheated to a
temperature below the equilibrium solvus line for a period sufficient to nucleate and
grow the beryllium-rich precipitates responsible for hardening. The age hardening
temperatures are within a range of around 260–400 °C for 0.1–4 h for high strength
alloys, and 425–565 °C for 0.5–8 h for high conductivity alloys. The wrought

Fig. 11.2 Copper–beryllium
phase diagram (Cu-rich side)
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alloys are cold-worked between solution annealing and age hardening to increase
the rate and magnitude of the age hardening response [8, 9]. The increased age
hardening response is beneficial to both strength and electrical conductivity: when
the alloys are in the solution annealed condition, the electrical conductivity is at its
lowest mainly due to the presence of beryllium dissolved in the copper matrix;
during age hardening the electrical conductivity increases as dissolved beryllium
precipitates from the solid solution. The ageing time and temperature increase the
conductivity, but ageing temperature has a more pronounced effect.
Applications: The commercial mill forms for Be-bronzes are mostly ingot, cast
billets, rods, bars, tubes, strips and plates. The alloys can be easily formed con-
ventionally and they respond adequately during plating and joining processes.
Depending on the temper (age-hardening) conditions, the wrought Be-bronzes can
be stamped, cold-formed and machined. Be-bronzes can be soldered with standard
fluxes and also be joined by normal brazing and many fusion welding processes.

The resistance of Be-bronzes to fatigue and wear makes them suitable for dia-
phragms, precision bearings and bushings, ball cages and spring washers. Certain
specific applications of beryllium bronzes are electrical contact springs, minia-
turised electronics parts in space applications, automotive electronic connectors and
as parts of electronic devices for interference grounding, mechanical springs and
electrical switches for aerospace applications [10, 11].

11.2.7 Manganese Bronzes

Manganese bronzes have exceptionally high strength, toughness and corrosion
resistance. The alloys contain aluminium, manganese, iron and occasionally nickel
or tin. The chemical composition ranges are shown at Table 11.6. Equivalent
specifications for these bronzes are C86300, SAE 430 B, CDA 863 and ASTM B
505 (continuous cast). Typical minimum tensile properties are shown in Table 11.8.

These alloys can be formed, extruded, drawn or rolled to any desired shapes.
They are used for slow speed heavy duty load bearings, gears, cams and hydraulic

Table 11.8 Minimum tensile properties of a typical manganese bronze

UTS (MPa) Min YS (MPa) Min % El (Min) Hardness (BHN)

760 415 14 225

Table 11.9 Minimum tensile properties of typical leaded tin bronzes

Sample type UTS (MPa) Min YS (MPa) Min % El (Min)

Centrifugally cast 207 83 15

Continuously cast 241 138 6

Sand cast 207 83 15
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cylinder parts. Certain marine applications are rudders, clamps, boat parts, etc.
Specific aircraft and aerospace applications are heavy-load bearings and bushings,
screw-down nuts and hydraulic cylinder parts.

11.2.8 High Leaded Tin Bronzes

High leaded tin bronzes (C93700) have excellent machining properties, medium
strength and good corrosion resistance. They can withstand mild acids as found in
mineral waters. The chemical composition ranges are shown in Table 11.7. Typical
minimum tensile properties are shown in Table 11.9.

These bronzes can be used where lubrication is less than adequate. For example,
bearings manufactured from C93700 alloy provide low friction and have excellent
wear resistance under conditions of high speed, heavy pressure and vibration. This
alloy may be joined by brazing and soldering, but welding is not recommended.

11.2.9 Sintered Bronzes (Oil Impregnated Bronzes)

These tin bronzes are made via powder metallurgy rather than standard ingot
metallurgy. The chemical composition ranges are given in Table 11.10.

A controlled powder blending and sintering process results in a uniform grain
structure and spheroidised interconnected porosity, which should be a minimum of
19 %. This enables oil impregnated components to provide a uniform oil coating of
contact surfaces. Typical room temperature tensile properties of these sintered
bronzes are given in Table 11.11.

During operation the oil impregnated bronze SAE 841 has a proven record of
excellent wear resistance and long life where normal lubrication is difficult or

Table 11.10 Chemical
composition ranges of typical
sintered bronzes

Chemical composition (wt%)

Element C Cu Sn Fe

Min–Max 1.75 87.5–90.5 9.5–10.5 1.0

Table 11.11 Typical tensile
properties of sintered bronzes

UTS (MPa) YS (MPa) % El

97 75 1.0

Table 11.12 Chemical
composition of aircraft bronze
UZ19A16

Chemical composition (wt%)

Element Al Zn Mn Fe Cu

Min-Max 6.5–7.0 18–21 4.5–5.5 3.5 Balance
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impossible to provide. The equivalent and related specifications for this alloy are
ASTM B 438 (Grade 1, Type 2), AMS 4805, SAE 841 and Military Standard
MIL-B-5687D. This alloy is used for manufacturing various aerospace components.

11.2.10 Aircraft Bronze (French Bronze)

The aircraft bronzes known as French bronze (UZ19 AL60 and UZ19A16) are used
extensively for aircraft landing gear components. UZ19A16 is a high strength
bronze with good brush and excellent wear resistance. Its chemical composition and
tensile properties are given in Tables 11.12 and 11.13.

This alloy is especially resistant to friction under high loads. Its fretting prop-
erties and resistance to oxidation are comparable to those of many other bronzes.
Some of the equivalent specifications for this alloy are NFL 14707, DIN 1709
(Bars) [12]. Finally, it should be noted that aircraft bronzes are not recommended
for joining by brazing and welding.

11.2.11 Nickel-Silicon Bronzes

The nickel-silicon alloy Super Bronze contains 2–3.5 wt% Ni and 0.4–0.8 wt% Si,
and is age hardenable. The alloy possesses high strength and good ductility com-
bined with high electrical and thermal conductivity. The resistance to corrosion in
marine and industrial environments is excellent and the alloy has good antifrictional
and bearing properties.

The versatility of this type of alloy is demonstrated by widespread use in diverse
industry sectors: applications include valve guides and end bushes in high perfor-
mance internal combustion engines, aeroengine bearing cages, aircraft landing gear
components, splined motor shafts in helicopters, slipper pistons in fuel pumps,
gears and bushes, resistance welding electrodes, electrical contacts, piston crowns,
clutch plates in marine engines and nonmagnetic naval vessel winches [13].

Table 11.13 Minimum
tensile properties at room
temperature for aircraft
bronze UZ19A16

UTS (MPa) Min YS (MPa) Min % El (Min)

135 90 10
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11.3 Processing of Bronzes

11.3.1 Melting Practices

During melting, bronzes are particularly susceptible to gas reactions with hydrogen,
oxygen, sulphur dioxide and carbon monoxide. Sulphur must be absent from the
fuel used, and the risk of reaction between the liquid metal and water vapour in the
air must be minimised. Electric furnaces are therefore favoured and rapid melting is
essential (for example, 200 kg in less than an hour). A charcoal cover is usual, but a
slightly oxidising atmosphere (5–6 % oxygen) is required to avoid hydrogen or
carbon monoxide pick up.

Degassing is carried out by means of an oxidising slag or by adding proprietary
tablets, or by gas scavenging with nitrogen or air. This is followed by deoxidation
usually with phosphor copper (15 wt% phosphorus), but since excess phosphorus
reduces the mechanical properties, lithium (as 10 wt% lithium copper) may be
used.

Control tests are normally made for melt quality of gunmetal castings and
particular attention is necessary to prevent metal—mould reactions when sand
castings are produced. For aerospace applications special care is taken during
melting, and generally addition of scrap material is not allowed when the alloy is
used for fabrication of critical components.
Impurities: Impurities have effects on copper-rich materials including bronzes.
Lead, antimony and bismuth derived from the ores are especially harmful since they
segregate to grain boundaries and cause embrittlement. Their limits are given in
Table 11.14.

Antimony and bismuth in aluminium bronzes are detrimental to the mechanical
properties owing to forming brittle films at grain boundaries. The tin bronzes are
adversely affected by antimony, bismuth, arsenic and aluminium: as little as
0.005 wt% aluminium can be harmful, as also can 0.3 wt% arsenic or antimony.

Aluminium causes difficulties in many alloys owing to the ease with which
alumina is formed. This gives unsoundness and films at grain boundaries. It is not
easy to exclude aluminium when scrap copper alloys are remelted—hence the need
for care in handling and storing scrap material.
Aluminium bronze: Cathode copper is preferred for this group of alloys, but high
purity tough pitch metal is also used; and process scrap of known composition is
also suitable. Aluminium is added directly or as 50/50 master alloy. Other alloying
elements dissolve best as master alloys, such as 60 wt% copper, 30 wt% man-
ganese and 10 wt% iron or nickel.

Table 11.14 Impurity limits
for lead, antimony and
bismuth in copper-rich
bronzes

Element wt%

Lead 0.02

Antimony 0.01

Bismuth 0.003
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Melting should take place as quickly as possible under a dried charcoal cover.
Deoxidation with manganese may be required before adding the aluminium, which
is a powerful deoxidant but could result in oxide inclusions. Carbon monoxide,
carbon dioxide and nitrogen are insoluble in the melt, hence hydrogen is the only
gas likely to cause porosity. For large melts in reverberatory furnaces a flux cover
may be used to minimise oxidation, but this may attack the refractory lining and the
metal may require degassing with nitrogen.

11.3.2 Casting Practices

Aluminium bronzes: The casting characteristics of aluminium bronzes require
special techniques, particularly to avoid entrapment of oxide and gross shrinkage
porosity. The short freezing range, coupled with the liquid-to-solid contraction, can
cause cavities and piping unless solidification is controlled by the use of large
feeder heads.

The major difficulty arises from rapid oxidation of the aluminium content to give
alumina, which forms instantly whenever the surface of the molten metal is exposed
to air. The alumina is inert, insoluble and melts at a temperature in excess of 2200 °C;
and its density is low, such that any stirring or turbulence traps it in the melt to give
films and inclusions which reduce the mechanical properties and machinability, as
well as impairing pressure tightness and surface finish. It is therefore essential to cast
aluminium bronze ingots and billets without breaking the aluminium oxide film, and
this is done by tilting both the ladle and mould so that the molten alloy remains
enclosed in its alumina ‘bag’. The methodmost commonly used was patented in 1919
by Durville and latter modified as the semi-Durville process.

The moulds are cast iron or copper, and normally no dressing is used, although a
light refractory coating may be necessary.

Continuous and semi-continuous casting of aluminium bronze billets has been
adopted and is very successful provided that the metal is poured slowly and quietly
into the water-cooled mould at a rate equal to the rate of withdrawal of the solid
billet. Centrifugal casting has also proved very suitable [14].

Of the two basic alloys AB1 and AB2 (see Sect. 11.2.2.), AB1 is preferred for
die castings made in weights ranging from 50 g to 20 kg with thicknesses of 2–
20 mm. This is because the higher alloy content of AB2 makes it less fluid and
increases the difficulty of economical die casting.

The copper-manganese-aluminium alloys, e.g. C63380 in Table 11.1, are nor-
mally classified as aluminium bronzes, although they contain about 12 wt% man-
ganese in addition to approximately 8.5 wt% aluminium.
Tin bronzes: Water-cooled copper or iron moulds are used, copper moulds being
preferred as they give better surfaces and have a longer life than cast iron. Slow
pouring of degassed alloy is recommended at temperatures not exceeding 1200 °C,
and top pouring is common. The long freezing range of these alloys demands
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effective feeding, and pressure methods may be used. Mould dressings are usually
of alumina or 10 % aluminium powder in synthetic resin.

Tin bronzes and gunmetal are cast by semi-continuous processes, resulting in
very sound bars and tube shells with optimum properties. Sections from about 12–
120 mm diameter (or equivalent) are commonly cast vertically using a graphite die
cooled by a water jacket. Alternatively, dies of chromium-copper are used, and for
hollow billets the mandrel may also be of chromium-copper.

Centrifugal casting is widely used for bronzes and gunmetal with either cast iron
or sand-lined moulds, which are generally horizontal but may also be vertical or
inclined. In general, vertical moulds are used for castings when the length/diameter
ratio is more than 1.5, otherwise the bore tends to taper and more inclusions may be
found.

11.3.3 Hot-Working

Deformation of copper and its alloys above their recrystallisation temperatures (i.e.
hot working) is widely practised as the initial step in the production of finished
shapes and semi-fabricated forms. Hot-working results in no work hardening, and
the phase changes that occur tend to improve the microstructural homogeneity. The
operations used include rolling, extrusion and piercing, forging, and pressing, over
a range of temperatures. Extrusion causes less cracking than hot rolling, bending or
piercing operations, which impose tensile stresses on the hot metal.

Large slabs for rolling are scalped, and billets may require machining to remove
surface defects which would otherwise persist in the finished product. Preheating is
usually undertaken in gas- or oil-fired furnaces or in electric muffle furnaces, using
a controlled atmosphere that is neutral or slightly reduced to prevent excessive
oxidation. Induction heating is suitable for billets for extrusion or forging.

The duplex binary alloys are most readily hot-worked with preheating temper-
atures up to 850–900 °C: otherwise grain growth may be excessive. Lower tem-
peratures can be used as the aluminium content increases, with finishing
temperatures down to 650 °C. Higher temperatures are necessary for alloys con-
taining iron and nickel: for example, 950 °C for alloys with 4–6 wt% iron or nickel
(iron above 1.5 wt% inhibits grain growth). Any type of preheating furnace can be
used, since scaling is minimal; and induction heating of extrusion billets has
advantages, particularly in minimising the risk of grain growth at high temperatures.

Extrusion presses up to 3000 tons capacity are used, and air cooling is preferred
for the best combination of strength and ductility. This is because quenching gives
too much b in the microstructure, while slow cooling favours eutectoid formation:
both phenomena reduce the ductility. Die wear is likely to be high due to the high
temperatures and alumina in the surface films. Hence the need for high grade tool
steels for the dies, which should be water-cooled if possible [14].
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Descaling: All hot-worked copper-base materials require descaling. This is con-
ventionally done by pickling in an acid bath containing 5–10 % sulphuric acid at
about 80 °C. For removal of alumina-containing films 1–2 % nitric or hydrochloric
acid may be added, or strong hydrochloric acid is used. Washing is essential, and
metal recovery from descaling operations is standard practice.

11.3.4 Cold-Working and Annealing

The rate of work hardening, which governs the amount of cold-working undertaken
between successive process anneals, varies proportionally to the initial annealed
strength of the metal and is indicated by the slopes of the tensile strength and
hardness curves. Thus pure copper work hardens least rapidly and aluminium
bronzes the most (with the exception of copper-nickel alloys, which work-harden at
a lower rate than brasses).

Continuous or batch rolling is undertaken, and modern cold mills permit high
production rates. Cold rolling operations include single pass mills, tandem mills for
continuous production of coiled strip, Sendzimir multi-roll plants, the pendulum
(Sachs-type) mill and foil mills.

Cold rolling of rods is practiced at the break-down stage, particularly for
phosphor bronzes and beryllium copper. Cold drawing of hot rolled or extruded
rods is undertaken as a final operation to give the required temper, size and finish,
and cold drawing of sections from strip is commonly used.

Bronze tubes can be fabricated by welding formed strip, but by far the greater
proportion is made as seamless tubing from extruded or hot pierced shells. The
main problems are avoidance of eccentricity and the provision of a smooth, clean
inner surface. The tube shells are drawn through successive dies on draw benches at
speeds from 3 to 100 m/min. While copper permits severe reductions and several
drawing operations before annealing is required, alloys may need to be softened
between successive draws. It is essential that all traces of lubricant are removed
from the metal before annealing; otherwise any carbonaceous residue is likely to
cause pitting corrosion when the tube is used for water services or to convey more
corrosive media.

Annealing is undertaken in electric or gas-fired furnaces which may be contin-
uous or batch type (for example, bell furnaces). Suitable atmospheres enable bright
or clean annealing. Sulphur must be absent from furnace atmospheres and lubri-
cants from rolling or drawing must be removed by prior degreasing.

Alloys with readily oxidisable elements, such as aluminium bronze and beryl-
lium bronze, are bright annealed in hydrogen or in a cracked ammonia atmosphere
free from water vapour. Partially burnt hydrocarbons can also be used if mild
oxidation is acceptable.

The rate of cooling is not important, except for the precipitation hardening alloys,
and quenching in water is often practised after annealing in air. This removes scale
and facilitates pickling, as well as preventing further oxidation during cooling.
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11.4 Indigenous Development of Aluminium and Silicon
Bronzes for Aerospace

An indigenous development programme has been undertaken for two aerospace
grades of aluminium bronze and silicon bronze. The programme specifically targeted
the development of an Al-bronze equivalent to AMS 4640F (UNS C63000) and an
Si-bronze equivalent to AMS 4616F (UNS C65620), mainly for extruded tubes and
rods used in fabricating anti-friction bearing cages. These bearing cages are required
for various military aircraft being flown in India [15, 16]. It was decided that the
development of these two bronzes would be done with an industrial partner having
the requisite facilities and expertise for copper-base extruded products.

The finally developed bronze products will have to undergo airworthiness
qualification procedures to ensure that they meet all the requirements for flight
clearance. The development activities therefore involve airworthiness agencies in
addition to the development agency, the designer, user and manufacturer. The type
certification methodology mandated by the airworthiness agencies ensures that the
vendor is fully qualified to manufacture airworthy products. The airworthiness

Table 11.15 Required dimensions of aluminium and silicon bronze tubes and rods

Alloy Sizes (in mm)

Al-bronze
AMS 4640F

OD 45 � 1D 28
OD 63 � 1D 32
Tubes
OD 80 � 1D 32
Rod

Si-bronze
AMS 4616F

Table 11.16 Chemical compositions of aluminium and silicon bronzes as per AMS specifications

Chemical composition (wt%)

Alloys Al Ni Si P Fe Mn Zn Sn Cu

Al-Bronze AMS4640F
(UNS C63000)

9.0–
11.0

4.0–
5.5

0.25
max.

– 2.0–
4.0

1.5
max.

0.30
max.

0.20
max.

Bal.

Si-Bronze AMS 4616F
(UNS C65620)

– – 2.40–
4.00

0.10
max.

1.00–
2.00

1.00
max.

1.50–
4.00

– Bal.

Table 11.17 Mechanical properties of the aluminium and silicon bronzes at room temperature

Alloys Mechanical properties

YS (MPa) min UTS (MPa) min % El (min) Hardness (HB)

Al-Bronze AMS4640F
(UNS C63000)

345 655 10 183–241

Si-BronzeAMS 4616F
(UNS C65620)

138 386 30 > 90
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agencies qualify the products based on Development/Type Test Schedules (DTS/
TTS) and other relevant aerospace specifications such as AMS and MIL specifi-
cations. The complete type certification methodology followed by airworthiness
agencies is discussed in Chap. 24 of Volume 2 of these Source Books.

The product sizes required by the user for fabrication of the bearing cages using
these Al- and Si-bronze alloys are given in Table 11.15. The chemical compositions
and the room temperature mechanical properties are given in Tables 11.16 and
11.17, respectively.

During the actual development phase, two firms were shortlisted based on their
technical competence to process the bronzes in the tube size 63 OD � 32 ID mm �
1500 mm length. The alloys were processed using either an oil-fired furnace route

Table 11.18 Qualification tests as per development test schedules (DTS)

S.
no.

Tests and checks

1 Chemical composition

2 Dimension checks

3 Visual inspection

4 Surface cleanliness

5 NDT: ultrasonic, eddy current, hydrostatic, pneumatic

6 Metallography: microstructure, macro etch test

7 Mechanical properties: hardness, tensile properties (RT, −50, 150 °C), shear strength
(RT), impact (RT and −50 °C), fatigue

8 Embrittlement: hydrogen embrittlement, mercurous nitrate

9 Wear resistance

10 Corrosion resistance

11 Stress corrosion cracking (SCC)

12 Physical properties: density, elastic modulus, Poisson’s ratio, coefficient of thermal
expansion, coefficient of thermal conductivity

Table 11.19 Chemical compositions of oil-fire (A) and induction melted (B) aluminium bronze
4640 F

Chemical composition (wt%)

Aluminium bronze 4640F (UNS C 63000)

Elements Al Ni Fe Mn Zn Si Sn Cu

Specified
(AMS 4640F)

Min 9.0 4.0 2.0 – – – – Balance

Max 11.0 5.5 4.0 1.50 0.3 0.25 0.20

Al-Bronze
route (A)

Obtained 9.54 5.06 3.24 0.84 0.04 0.07 – 80.17

Al-Bronze
route (B)

Obtained 9.41 4.20 3.80 0.54 0.30 0.10 0.02 80.60

Al–Bronze
imported

Obtained 10.33 4.37 3.74 0.66 0.045 0.045 0.033 80.22
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(A) or an induction melting furnace route (B), followed by hot extrusion to arrive at
the required development size. The tube products were then evaluated and char-
acterised using the DTS tests and checks listed in Table 11.18.

Summaries of the chemical composition and mechanical property test results are
presented in Tables 11.19, 11.20, 11.21 and 11.22, together with the AMS speci-
fications and data for imported material, which was tested with the indigenous
materials wherever possible.

Based on the results in Tables 11.19, 11.20, 11.21 and 11.22 and other detailed
characterisations it was decided to follow the induction melting route (B) for
subsequent certification activities. The final extruded tube products (63 OD �
32 ID mm � 1500 mm length) for both alloys met all the DTS requirements issued
by the airworthiness agencies. Hence it was concluded that the development activity
was successful, and these alloy products can now be brought into regular pro-
duction in India.

Table 11.20 Chemical compositions of oil-fire (A) and induction melted (B) Silicon bronze
4616F

Chemical composition (wt%)

Silicon bronze 4616F (UNSC 65620)

Elements Fe Mn Zn Si P Cu

Specified AMS 4616F Min 1.0 – 1.50 2.4 – Balance

Max 2.0 1.0 4.0 4.0 0.10

Si-Bronze Route (A) Obtained 1.32 0.38 3.05 2.86 – 92.59

Si-Bronze Route (B) Obtained 1.23 0.001 2.31 2.40 – 93.71

Table 11.21 Mechanical properties of oil-fire (A) and induction melted (B) aluminium bronze
4640F

Properties UTS (MPa) YS 0.5 % Ext. (MPa) %El (4D) Hardness (HB)

Specified Al-Bronze
(AMS 4640F)

655 (min) 345 (min) 10 (min) 187–241

Al-Bronze Route (A) 689 370 11.35 200

Al-Bronze Route (B) 744 429 10.40 194

Imported Al-Bronze 742 430 10.38 219

Table 11.22 Mechanical properties of oil-fire (A) and induction melted (B) Silicon bronze 4616F

Properties UTS
(MPa)

YS at 0.5 %
Ext. (MPa)

%El
(4D)

Hardness
(HB)

Grain size
(mm)

Specified Si-Bronze
(AMS4616F)

386
(min)

138 (min) 30
(min)

> 90 < 0.20

Si-Bronze Route (A) 422 202 44 110 0.045

Si-Bronze Route (B) 431 258 51 116 0.015

Imported Si-Bronze 435 204 58 120 –
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11.5 Summary and Conclusions

Several of the bronzes discussed in this chapter offer specific properties required for
aircraft components. The manufacturers of these necessarily high quality alloys must
fulfil stringent quality assurance (QA) requirements. Two bronze alloys, anAl-bronze
and an Si-bronze, were developed indigenously for Indian aircraft applications, and
are intended to achieve the necessary quality for passing through a rigorous quality
assurance check during production and requirements type certification.
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Chapter 12
Niobium and Other High Temperature
Refractory Metals for Aerospace
Applications

V.V. Satya Prasad, R.G. Baligidad and Amol A. Gokhale

Abstract Refractory metal alloys based on Nb, Mo, Ta, W, and Re find applica-
tions in the aerospace industries because of their high melting points and high
temperature strengths. They are generally produced by powder metallurgy tech-
nique due to their very high melting points. However, when refining is desired,
melting under high vacuum becomes necessary, for which nuggets or powder based
electrodes are employed. Niobium is the lightest refractory metal with density close
to that of nickel, and exhibits good thermal conductivity. Niobium can be alloyed to
improve high temperature strength and oxidation resistance. Applications in
nuclear, aerospace, and defence sectors have been reported. The goal of current
research in Nb alloys is to simultaneously achieve high strength and workability,
and provide protection from oxidation for long-term operation. There is strong
research interest in intermetallics also. This chapter will discuss the salient features
of refractory metals and alloys in general, and Nb-based alloys in particular.

Keywords Niobium � Refractory alloys � Processing � Mechanical properties �
Creep � Applications

12.1 Introduction

Future aerospace applications such as advanced turbojet and scramjet engines to be
used in subsonic, supersonic, and hypersonic flights will require materials with ever
increasing temperature- and load-bearing capabilities for improved performance
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under extreme environmental conditions. The state-of-the-art superalloys can be
utilized to a maximum temperature of 1077 °C, and the need for viable materials
with higher (1127–2027 °C) temperature capabilities has long been felt. Hence
work is being pursued in different directions to develop materials with very high
temperature capability [1, 2].

One such area is the development of ceramics and composite materials which
have very good high temperature capability. However, designers frequently find
that these newer materials cannot be easily fabricated into the shapes required. In
other instances, users of high temperature materials are rediscovering that the
applicability of advanced nonmetallic and composite materials may be limited by
their relatively low thermal conductivity: alloys with good thermal conductivity
require less intense air cooling in applications such as turbine hot sections.

Although there are a number of metals that can be considered as refractory by
virtue of their high melting points, tungsten, molybdenum, tantalum, and niobium
are the promising ones, all of which have body centered cubic (bcc) structures.
Rhenium, a hexagonal close packed metal, is also often considered to be a member
of this group. The common characteristic of these metals, as shown in Table 12.1
[3], is a high melting point ranging from 2468 °C (Nb) to 3410 °C (W). It would
seem natural that these elements would form the bases for high temperature
structural materials. Their high temperature strength and Young’s modulus are
shown in Figs. 12.1 and 12.2 [3].

Unfortunately, all four of the traditional refractory metals have little or no
resistance to oxidation in the service temperature range. Niobium and tantalum are
the most versatile refractory metals due to their relative ease of fabrication (because
of excellent room temperature ductility and low ductile-to-brittle transition tem-
perature, DBTT) and corrosion resistance. The corrosion resistance of niobium is
provided by the formation of a very dense and adhesive oxide layer. With the
exception of hydrofluoric acid, concentrated hot sulphuric acid and hot alkaline
solutions, niobium shows good resistance to aqueous solutions.

In comparison to tantalum the corrosion resistance of niobium is less, but still much
better than that of stainless steels or nickel-base alloys used in chemical industries.

Although tungsten finds applications as ballast and nozzle material in rocket
systems, its main use has been as core material in antitank penetrators owing to its
very high density. All refractory metals find use as alloying elements in nickel-base
superalloys since they are beneficial to the creep resistance.

Table 12.1 Properties of common refractory metals

Metal M.P. (°C) V.P. (torr) at 2327 °C DBTT (°C) Density (g/cm3)

Nb 2468 4 � 10−5 < −126 8.75

Mo 2617 6 � 10−4 27 10.2

Ta 2996 8 � 10−7 < −248 16.7

Re 3179 1.3 � 10−6 – 21.0

W 3410 7 � 10−8 302 19.3

M.P. melting point, V.P. vapour pressure, DBDT ductile to brittle transition temperature
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Fig. 12.1 Tensile strength of refractory metals versus test temperature

Fig. 12.2 Variation of the modulus of elasticity of refractory metals with temperature
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In view of the excellent potential of niobium as an advanced candidate material
for aerospace applications, this chapter deals extensively with melting, processing,
properties, and applications of Nb alloys and also describes important character-
istics of other refractory alloys.

12.2 Niobium Alloys

12.2.1 Nb Alloys and Their Properties

Niobium is a tough, shiny, silver-gray, soft, ductile metal that somewhat resembles
stainless steel in appearance. The metal was discovered in 1801 in an ore shipped
from Connecticut, more than 100 years earlier, by the English scientist Charles
Hatchett, who named it Columbium. The name niobium was adopted by IUPAC in
1950. The important physical properties of niobium metal are listed in Table 12.2.
Currently about 1000 tons of niobium is produced per year, of which 95 % is used
as additions to steel and nickel-base alloys for increasing strength, while the balance
is used either as pure Nb or its alloys.

Niobium is also the lightest refractory metal, with density close to that of nickel,
and has good thermal conductivity (65.3 W/mK at 600 °C). Its bcc structure
enables a higher solubility of alloying elements, and the metal has excellent
formability and weldability, and is not susceptible to low temperature notch sen-
sitivity. However, although niobium is attractive in terms of melting temperatures
and room temperature ductility, its applications have been limited because of its
poor high temperature strength and oxidation resistance.

Niobium is easily oxidized at about 250 °C. The oxidation takes place rapidly
above 500 °C. Its high temperature oxidation resistance and high temperature
strength have to be improved for long-term very high temperature structural appli-
cations [2]. Nevertheless, it is noteworthy that this metal possesses qualities that
cannot be offered by any other type of material. Hence considerable effort has been
made to compensate for its disadvantages via engineering design of the components.

Table 12.2 Physical properties of niobium

Properties

Density at 20 °C (g/cm3) 8.75

Crystal structure, lattice parameter Body centered cubic, a = 3.3 � 10−10 m

Melting point (°C) 2468

Boiling point (°C) 4927

Linear coefficient of thermal expansion (K−1) 6.892 � 10−4

Specific heat (kJ kg−1 K−1) 0.26

Latent heat of fusion (kJ/kg) 290

Latent heat of vaporization (kJ/kg) 7479

Thermal conductivity at 0 °C (W cm−1 K−1) 0.533

Electrical resistivity (lX cm) 15.22
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Niobium can be alloyed to improve the oxidation resistance and also the high
temperature strength. The problem is that it is not always possible to achieve the
desired combination of improvement through alloying without sacrificing some of
the other desirable properties. For example, a higher strength, oxidation resistance,
and good room temperature ductility combination has not yet been found. Nor has
anyone yet achieved the excellent high temperature strength from alloying without
sacrificing something in fabricability and weldability.

In searching for ways to increase high temperature strength and creep resistance
with satisfactory workability, as well as methods of protection against oxidation at
operating temperatures exceeding 1027 °C, significant Nb alloy development
activities were undertaken in the 1960s and early 1970s. Several potential alloys
were developed [4–6] that may be conveniently divided into low, medium-, and
high-strength alloys that have been used for long-term operation at 1000–1200 °C
and for short-term operation at 1200–1700 °C.

These alloys were extensively investigated as candidate materials for nuclear
applications and structural components in aircraft, space vehicles, rockets, etc.; and
are also used for electronic, high energy physics, and chemical process industries.
Even in these areas, their applications have been limited by their susceptibility to
high temperature oxidation and long-term creep [7]. Efforts to improve the resis-
tance to high temperature oxidation through modification of alloy chemistry have
not been successful.

Although protective coating systems were developed to permit the use of Nb
alloys in high temperature oxidizing aerospace applications [8], the goal of
simultaneously achieving high strength and workability, and providing safe pro-
tection for long-term operation remained unsolved. Hence the interest in refractory
metallic systems based on Nb declined.

However, the more recent need, since the 1980s, for (very) high temperature
materials in aerospace and power engineering has rejuvenated the interest in refractory
metallic systems, particularly Nb-based alloys. Two problem areas were identified:

1. In the temperature range 600–900 °C wrought titanium alloys are unsuitable,
while nickel-base alloys do not meet specific (i.e. density compensated) strength
requirements.

2. In the temperature range 1100–1500 °C wrought nickel-base alloys are
unsuitable, whereas alloys based on intermetallics and heat-resistant ceramics,
considered as prospective structural materials, do not provide the required
strength, ductility or fracture toughness.

Commercial Nb alloys are relatively low in strength and extremely ductile, and
can be cold-worked by over 70 % before annealing becomes necessary. Alloying
elements such as Mo and W, which are group VIA elements and which go into solid
solution with Nb, are the most effective in imparting high temperature strength.
However, when added in sufficient quantity to give appreciable strengthening effect,
these elements raise the temperature to achieve 10 % reduction in area, see
Fig. 12.3, and adversely affect the fabricability and weldability.

Another potent strengthening mechanism characteristic of most of the high
strength alloys is the interaction between one of the reactive elements Zr or Hf and
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C, O, or N to form precipitates. The precipitates are very effective for high
temperature strengthening and maintaining ductility after welding. The most
common high temperature niobium alloys are listed in Table 12.3 [9, 10]. All are
hardened by solid solution strengthening; however, small amounts of second phase
particles such as oxides, nitrides, and carbides are present. The size and distribution
of second phase precipitate particles can often have a strong influence on
mechanical properties and recrystallization behaviour. Typical room temperature
mechanical properties of unalloyed niobium and the most common Nb alloys are
given in Tables 12.4 and 12.5 [9, 10], respectively.

The WC-3009 alloy listed in Tables 12.3 and 12.5 contains *0.10 wt% oxy-
gen, which is about five times more than in other niobium alloys. This high level of
oxygen is the result of powder processing. It is not deleterious to mechanical
properties because oxygen combines with hafnium in the alloy to form stable
hafnium oxide precipitates. WC-3009 is unique in that it exhibits an oxidation rate
less than one tenth that of most other niobium alloys. When WC-3009 was
developed, it was speculated that such an alloy could survive a short supersonic
mission even in the event of a protective coating failure.

Fig. 12.3 Effect of alloying addition on ductility transition temperature of niobium

Table 12.3 Commercial
niobium alloys

Nominal composition (wt%) Commercial nomenclature

Nb-1Zr Nb-1Zr

Nb-1Zr-0.1C PWC-11

Nb-28Ta-10W-1Zr FS-85

Nb-10W-2.5Zr Cb-752

Nb-10Hf-1Ti C-103

Nb-10W-10Hf-0.1Y C-129Y

Nb-30Hf-9W WC-3009

Nb-46.5Ti –

Nb-55Ti –
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All the alloys (except FS-85) are quite ductile at room temperature. The highest
tensile strength at room temperature is exhibited by C-3009 (Nb-30Hf-9W), while
the highest ductility is shown by Nb-1Zr. The high temperature tensile and creep
properties of common Nb alloys are shown in Fig. 12.4. Even though WC-3009
clearly exhibits the highest tensile strength over the entire temperature range, FS-85
has superior creep strength. Its high creep strength is due to its higher melting point,
which is due to its high concentration of Ta and W.

Niobium alloys are much less tolerant to impurity pick-up than other reactive
metals such as titanium and zirconium. Alloys containing second phase particles
that form a continuous boundary between grains can show drastically reduced room
temperature tensile elongation. This condition is usually caused by contamination
(omit) or improper heat treatment.

The total permissible interstitial oxygen, hydrogen, carbon, and nitrogen con-
tents of niobium alloys are typically one-fifth to one-tenth of those for titanium or
zirconium alloys.

Table 12.4 Mechanical properties of niobium

Mechanical properties

Annealed condition

Ultimate tensile strength 195 MPa

Yield strength 105 MPa

Elongation 30 %+

Reduction in area 80 %+

Hardness 60HV

Poisson’s ratio 0.38

Strain hardening exponent 0.24

Elastic modulus 103 GPa

DBTT −126 °C

Recrystallization temperature 800–1000 °C

Cold-worked condition

Ultimate tensile strength 585 MPa

Elongation 5 %

Hardness 150HV

Table 12.5 Room temperature tensile properties of commercial niobium alloys

Commercial name of
alloy

Alloy composition (wt
%)

YS
(MPa)

UTS
(MPa)

EL
(%)

Nb-1Zr Nb-1Zr 150 275 40

PWC-11 Nb-1Zr-0.1C 175 320 26

FS-85 Nb-28 Ta-10W-1Zr 462 570 3

Cb-752 Nb-10W-2.5Zr 400 540 20

C-103 Nb-10Hf-1Ti 296 420 26

C-129Y Nb-10W-1Hf-0.1Y 515 620 25

C-3009 Nb-30Hf-9W 752 862 24
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Elastic modulus, thermal conductivity, and total hemispherical emissivity are
listed in Tables 12.6, 12.7, and 12.8. Generally, smooth and non-oxidized surfaces
have much lower emissivity than their oxidized counterparts. Also shown in
Table 12.8 is an emissivity value of 0.7–0.82 for silicide coated C-103. This value
is for a common Si-20 %Fe-20 %Cr coating applied by the slurry coat and diffusion
method.

12.2.2 Production Methods for Niobium

Niobium metal was originally produced by powder metallurgy methods that
involved high temperature vacuum sintering and carbon reduction. However, alu-
minothermic reduction and electron beam (EB) purification became the standard
practices since the early 1960s [11, 12].

In aluminothermic reduction, Nb2O5 and aluminium powders are first blended
together and then reacted exothermically to form crude niobium metal and Al2O3

slag. The crude niobium metal typically contains several percent impurities,

Fig. 12.4 Strength and creep properties of common Nb alloys

274 V.V. Satya Prasad et al.



including aluminium and oxygen. At elevated temperatures many of these impu-
rities have a much higher vapour pressure than niobium metal, because of which
they can be purified commercially by EB melting; while the low vapour pressure
impurities such as tantalum and tungsten are more difficult to remove. The real
impetus to niobium and niobium alloy metallurgy came with the commercialization
of the EB Melting Process.

12.2.3 Melting and Refining of Niobium and Preparation
of Nb-Based Alloys

It is well established that the properties of wrought refractory metal products
depend to a large extent on the purity of the raw material, particularly the interstitial
impurity contents [13, 14], which tend to embrittle the alloys. Therefore raw
material production methods which result in lower impurity contents are preferred.
As such, although Nb-based alloys can be prepared by powder metallurgy
(PM) methods, the more common and economic way of preparing the starting
material is the ingot metallurgy (IM) route, since it results in lower impurity
contents.

Conventional melting and casting techniques are unsuitable for refractory metals
and alloys production, since the melting temperatures of these metals are above the
working temperatures of common refractories. Vacuum arc remelting (VAR) and

Table 12.6 Elastic moduli of
commercial niobium alloys

Alloy Elastic modulus (GPa)

20 °C 1200 °C

Nb-1Zr 80 28

FS-85 140 110

C-103 90 64

C-3009 123 –

Cb-752 110 –

Table 12.7 Thermal
conductivity of commercial
niobium alloys

Alloy 800 °C (W/mK) 1200 °C (W/mK)

Nb-1Zr 59.0 63.1

C-103 37.4 42.4

FS-85 52.8 56.7

Cb-752

Table 12.8 Total
hemispherical emissivity of
commercial niobium alloys

Alloy 800 °C 1200 °C

Nb-1Zr 0.14 0.18

C-103 0.28 0.4

C-103 (silicide coated) 0.70 0.82
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EB melting furnaces are widely used for melting niobium and its alloys. Powders of
Nb and other alloying elements are premixed, compacted, and vacuum sintered to
produce consumable electrodes for these processes. VAR is suitable for preparation
of Nb-based alloys containing alloying elements with high vapour pressure.
However, it is necessary to start with high purity Nb, since no refining is possible
during VAR. High purity Nb is produced by multiple melting in EB furnaces.
Recently, it has been demonstrated that it is possible to produce high purity niobium
ingots in one single step of melting by operating the EB melting process under
optimum process parameters. Nb-based alloys containing alloying elements with
low vapour pressure can be directly EB melted to produce alloys.

The most common alloy additions to Nb are zirconium, titanium, and hafnium.
Higher melting temperature elements such as tungsten or tantalum can be added
during EB melting. Even though VAR (commonly used for alloy steels, nickel, and
titanium alloys) can also be used for niobium, it should be noted that the high
melting temperature of niobium requires much higher power levels. It is not unusual
to melt 200 mm diameter ingots using 15,000–20,000 amperes of current. Some
alloys such as Nb-1Zr are prone to arcing against the crucibles and causing burning
of the water jacket. Therefore intensive water cooling is required to minimize this
risk.

12.2.4 Processing of Niobium

Niobium can be worked by most metal working processes. However, compared to
other more common materials like steel or titanium alloys, niobium alloys have
higher flow stresses at hot working temperatures. Processing temperatures of Nb
and its alloys are given in Table 12.9 [15].

Breakdown of the generally large-grained ingots by mechanical working is a
challenging problem from the cracking point of view, particularly for high strength
alloys. Recently, extrusion has become an attractive alternative for alloys with low
workability, because of improved glass lubricating and die coating techniques.
These reduce frictional stresses and the resultant cracking tendency.

Forging is done for primary breakdown of alloys, although intermediate extru-
sion is necessary for low workability alloys. Both hammer and press forging
techniques are used to produce flat slabs or round billets. Hot forging temperatures
for typical commercial alloys range between 650 and 1400 °C.

Heating to the above-mentioned temperatures causes excessive oxidation, and
oxygen, nitrogen, and hydrogen can be picked-up, occupying interstitial positions.
Thus the alloys are heated using protective coatings or in inert gas atmospheres.
Coating protects the alloys during both heating as well as forging, but a certain
amount of material must be sacrificed in subsequent grinding or pickling.

Most niobium alloys are either cold rolled or warm rolled (200–370 °C) to
produce plates, wires, rods, etc. Cold die forging, spinning, hydroforming, and
welding techniques are employed to produce complex shapes.
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During the early 1980s there were several programme aimed at producing nio-
bium alloy parts by more cost-effective methods. Several attempts were made to
manufacture niobium alloy net shape parts by investment casting. This method
presented some special challenges with respect to extensive metal—mould reaction,
and to get enough superheating into the metal to avoid cold laps. While it was
demonstrated that casting is possible even for niobium alloys with melting tem-
peratures over 2400 °C, the “as-cast” microstructure is typically less ductile than
normal wrought microstructures.

The economic aspects of producing niobium alloy castings were also severely
hindered by the loss of metal in the form of gates, skull, and risers. Unlike titanium
and nickel alloys, the gates and other casting scrap are not remeltable for niobium
alloy production, owing to the metal’s low tolerance for interstitial impurities. An
investment cast C-103 alloy turbine engine stator is shown in Fig. 12.5. At this time
no niobium alloy parts are actually produced by this method.

12.2.5 Applications of Niobium and its Alloys

The largest amount of niobium production is as FeNb in the steel industry, where
niobium is used as an alloying element for improvement of the high temperature
strength and for providing non-scaling properties during hot working. A special
property of niobium is its superconductivity, which was discovered in 1911. For
practical use of superconductivity ultrapure niobium is required.

Since niobium is relatively low in density and can maintain its strength at high
temperatures, niobium and its alloys are finding high temperature applications. The

Table 12.9 Mill processing temperature for niobium and its alloys

Commercial
name of
alloy

Forging
temp. (°
C)

Forging
total
thickness
reduction
(%)

Extrusion
temp. (°C)

Extrusion
area
reduction
ratio

Rolling
temp. (°
C)

Rolling total
reduction in
thickness between
anneals (%)

Nb 980–650 50–80 1095–650 10:1 315–
205; 20

50 breakdown; 90
finish

Nb-1Zr 1205–980 50–80 1205–980 10:1 315–
205; 20

50 breakdown; 80
finish

FS-85 1315–980 50 1315–980 4:1 370–
205; 20

40 breakdown; 50
finish

Cb-752 1205–980 30 1315–980 4:1 370–
260; 20

50 breakdown; 60
finish

C-103 1315–980 50 1315–980 8:1 205; 20 50 breakdown; 60
finish

C-129Y 1315–980 50 1315–980 4:1 425; 20 50 breakdown; 60
finish
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most common application of the alloys is in sodium vapour lamps: the Nb-1Zr alloy
demonstrates excellent formability, weldability, and long life in a sodium vapour
environment. The small tubular shapes of Nb-1Zr in these lamps are made from
seamless tubing, which in turn is made by deep drawing sheet metal. Today, the
primary application for high temperature niobium alloys is for rocket thrusters and
nozzles.

The alloy with the most promising combination of elevated temperature strength
and fabrication characteristics is the C-103 alloy. For aerospace applications at
1100–1500 °C, alloy C-103 has been the workhorse of the niobium industry
because of its higher strength. Excellent cold forming and welding characteristics
enable manufacturers to construct very complex shapes such as thrust cones and
high temperature valves. Closed die forgings are also easily produced.

Most of the components in propulsion systems are exposed for relatively short
times to temperatures between 1200 °C and 1400 °C. The service environments for
propulsion systems are often less oxidizing than the normal atmosphere. However,
because C-103 has virtually no oxidation resistance, components are extensively
coated with silicides. The coatings contain elements such as chromium, hafnium,
iron and nickel in addition to silicon. After the element-mixed coating is applied by
spraying or dipping, it is diffused into the alloy at high temperature.

C-103 has also been considered for thrust augmenter (afterburner) flaps in air-
craft engines. These flaps are placed at the tail end of the engine to form a high
temperature liner in the afterburner section, typically reaching 1200–1300 °C and
lasting for *100 h of afterburner time.

Niobium alloys have also been evaluated for various high temperature compo-
nents of the (cancelled) US National Aerospace Plane. Hypersonic leading edges
and nose cones were fabricated to function as heat pipe thermal management
systems. The heat pipe concept was designed to transport extreme heat away from
hot spots, such as hypersonic leading edges, to cooler areas, where heat could be

Fig. 12.5 Investment cast
C-103 stator ring produced by
precision casting
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expelled by radiation. A typical 500 g niobium heat pipe can dissipate over 10 kW
of heat and operate isothermally at 1250–1350 °C.

In addition to these applications, niobium and its alloys are used in more
common applications, for example in chemical engineering for heat exchangers, in
high temperature furnace construction for heating, and for shielding elements.

12.3 Niobium-Silicide Based Composites

Niobium-silicide based composites are promising candidates for high temperature
applications in the next generation advanced jet engines [16–19]. The suction
casting method with large cooling rates has been used to produce alloys with
refined and large volume fraction eutectic structures [20]. There have been several
reviews of development of Nb-silicide based composites [21, 22]. Simple
Nb-silicide composites are based on binary Nb-Si alloys; more complex systems are
alloyed with Ti, Hf, Cr, and Al.

Alloying strategies have been developed to achieve an excellent balance of room
temperature toughness, high temperature strength, and oxidation resistance. The
melting point of the Nb-silicide based composites is in excess of 1750 °C. The
density is in the range of 6.6–7.2 g/cm3. The room temperature fracture toughness
of the Nb-silicide based composite system has been reported to be >20 MPa/m.

Many of the research programme have focussed on developing a fundamental
understanding of the solidification paths, mechanical behaviour, and oxidation
resistance of the Nb-silicide based system.

The reactivity of the Nb alloy melts excludes the use of ceramic-based melting
crucibles. However, Nb-silicide based composites have been fabricated using a
range of processes including arc melting, ingot casting plus thermomechanical
processing [21], directional solidification [22], vapour deposition, and powder
metallurgy processing [21]. These techniques have successfully produced labora-
tory scale materials for alloy development and property studies. Directional solid-
ification, investment casting, and hot extrusion have been used successfully to
produce Nb-silicide composites. Recent investment mould developments have
shown excellent potential for thin wall airfoils, although these techniques are not
well developed with regard to the production of net-shaped airfoils.

The oxidation resistance of the Nb-silicides is sufficient to qualify for near term
engine testing applications, but further improvements are required to satisfy the
long-term design requirements. Additional work is required to generate an under-
standing of the mechanisms controlling properties such as fracture toughness,
fatigue crack growth, and creep performance before these alloy systems can be
considered for service. Process developments are required to manufacture actual
components of Nb-silicide composites.
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12.4 Other Refractory Metals

12.4.1 Tantalum and its Alloys

Tantalum provides a unique combination of properties among refractory metals. Its
high melting point (2996 °C), reasonable modulus of elasticity, excellent room
temperature ductility, low DBTT, and relatively high solid solubility for other
refractory and reactive metals make it an alternative base material for high tem-
perature structural applications.

The most common tantalum alloys are listed in Table 12.10 [15]. Ta-10W is
primarily being considered for aerospace applications, while Ta-2.5W is used in
heat exchangers and other welded-tube applications where high formability is
needed. Other elements that can be added to modify tantalum properties include
zirconium, hafnium, molybdenum, niobium, rhenium, and vanadium. The typical
tensile strengths of tantalum and tantalum alloys from room temperature to 1800 °C
are shown in Fig. 12.6 [15].

High purity Ta is produced by multiple melting in an electron beam melting
(EBM) furnace. EBM can also be used for melting Ta-based alloys containing
alloying elements with low vapour pressure. Vacuum arc remelting (VAR) is
suitable for preparation of Ta-based alloys containing alloying elements with high
vapour pressure.

Both hammer and press forging techniques are used to produce flat slabs or
round billets. Hot forging temperatures for typical commercial alloys range between
815 °C and 1260 °C. However, heating to temperatures within this range causes
excessive oxidation. Therefore these alloys are heated using protective coatings or
an inert gas atmosphere. Most tantalum alloys are either cold-rolled or warm-rolled
(260–370 °C) to produce plates, wires, rods, etc. Cold die forging, spinning,
hydroforming, and welding techniques are employed to produce complex shapes.

It has been reported that the largest (66 %) quantity of tantalum is used in the
electronic industry in the form of powder, wire, and furnace hardware for the
production of solid electrolyte capacitors. About 22 % tantalum finds applications
in cutting tool industries, and only about 2 % is used for nuclear industries and
defence applications. Primarily because of its unique combination of ductility and

Table 12.10 Commercial
tantalum alloys

Alloy name Composition (wt%)

Ta-2.5W

Ta-7.5W

Ta-10W

T-111 Ta-8W-2Hf

T-222 Ta-10W-2.5Hf

ASTAR-811C Ta-8W-1Re-1Hf-0.025C

Ta-20Ti

Ta-40Nb
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high density, tantalum has become the material of choice for several advanced
anti-armour weapon systems. However, because of its very high density, initial
efforts to use Ta and its alloys for aerospace applications have not been successful.

12.4.2 Molybdenum and Its Alloys

Molybdenum combines a high melting point with strength retention at high tem-
peratures. Molybdenum also has a high specific elastic modulus, which makes it
attractive for applications that require both high stiffness and low weight. The high
thermal conductivity, low coefficient of thermal expansion, and low specific heat of
this metal provide resistance to thermal shock and fatigue. These properties are also
important for electronic applications.

Carbide-strengthened alloys were the first molybdenum alloys to be commer-
cialized, see Table 12.11 [23]. Mo-0.5Ti, the initial alloy, is no longer commer-
cially available. Its high temperature strength and recrystallization resistance were
improved by adding about 0.08 % zirconium, resulting in the alloy known as TZM.
A higher alloy-content modification of TZM, called TZC, has improved properties
and responds to an age-hardening heat treatment. However, TZC has not replaced
TZM as the commercial alloy of choice, primarily due to economic considerations.

More recently, alloys strengthened with hafnium carbide (MHC) and combi-
nations of reactive metals carbides (ZHM) have been marketed. Figure 12.7 [23]
compares the elevated temperature tensile properties of carbide-strengthened Mo

Fig. 12.6 Tensile strengths
versus temperature for pure
tantalum and typical tantalum
alloys
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alloys. N.B: Both TZM and MHC are used as tooling materials in the isothermal
forging of nickel-base superalloy parts for aircraft gas turbine engines.

Primary consolidation of molybdenum and its alloys can be done by either VAC
or powder metallurgy (P/M) techniques. Both mechanical pressing and cold iso-
static pressing (CIP) are used to consolidate P/M billets, although most P/M mill
products originate as CIP’ed billets.

P/M billets are typically sintered in hydrogen because hydrogen reduces
molybdenum oxides and further purifies the material. Vacuum sintering is used by
some manufacturers.

Unalloyed molybdenum and TZM can be readily forged with a variety of tools
including steam hammers, drop hammers, and hydraulic forging presses using
either open or closed dies. Unalloyed molybdenum and TZM are typically forged in
the 870–1260 °C temperature range. Billet heating is conducted in commercial gas
or oil-fired furnaces. Billets and work pieces will lose weight from volatilization of
the oxide at temperatures above 650 °C, but there is no scale formation: weight
losses of 1–5 % can be anticipated.

Molybdenum and its alloys are readily extruded to form a variety of shapes
including tubes, round to round bars, round to square bars, and round to rectangular
bars. Pure molybdenum is typically extruded in the temperature range 1065–1090 °C,
and TZM is extruded in the temperature range 1120–1150 °C. Large tubes and
rings are fabricated from back-extruded solid billets. Additional ring-forming
operations are undertaken via ring rolling. Molybdenum and its alloys can be

Table 12.11 Commercial
molybdenum alloys

Alloy name Composition (wt%)

TZM Mo-0.5Ti-0.08Zr-0.01C

TZC Mo-1.2Ti-0.3Zr-0.1C

MHC Mo-1.2Hf-0.05C

ZHM Mo-0.5-1.5Hf-0.2C

Fig. 12.7 Elevated
temperature properties of
carbide-strengthened
molybdenum alloys
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fabricated in sheet form by conventional rolling and cross-rolling processes, and
molybdenum and TZM sheet are typically supplied in the annealed condition.

Molybdenum is important in the missile industry, where it is used for high
temperature structural parts such as nozzles, leading edges of control surfaces,
support vanes, struts, re-entry cones, heat-radiation shields, heat sinks, turbine
wheels and pumps. Alloy Mo-0.5Ti has been used for some aerospace applications,
but TZM is preferred where higher hot strength is needed. The service temperatures
for molybdenum alloys in structural applications are limited to a maximum of about
1650 °C.

12.4.3 Tungsten and Its Alloys

Tungsten has the highest melting point of any metal (3410 °C) and also the highest
density (19.26 g/cm3). It also has an unusually high elastic modulus (414 GPa) and
is the only elastically isotropic metal. The high melting temperature and low vapour
pressure of tungsten, along with its ability to be drawn into fine wire, were
responsible for its initial commercial application in lamp filaments at the beginning
of the twentieth century.

Tungsten has high tensile strength and good creep resistance. At temperatures
above 2205 °C, tungsten has twice the tensile strength of the strongest tantalum
alloys and is only 10 % denser. However, its high density, poor low temperature
ductility, and strong reactivity in air limit its usefulness. Maximum service tem-
peratures for tungsten range from 1925–2480 °C, but surface protection is required
for use in air at these temperatures.

Tungsten heavy alloys usually contain Ni and Cu or Ni and Fe. The mechanical
properties of tungsten heavy alloys are closely linked to W content, sintering
variables, and the amount of post-sintering mechanical working. These alloys are
mainly used in counterweights and anti-armor kinetic-energy penetrators. They are
also considered for radiation shielding.

Three types of tungsten alloys are produced commercially: W-ThO2, W-Mo, and
W-Re alloys (Table 12.12) [24]. The W-ThO2 alloy is a dispersed-second-phase
alloy containing 1–2 % thorium oxide (thoria). The thoria dispersion enhances
thermionic electron emission, which improves the starting characteristics of gas
tungsten arc weld (GTAW) welding electrodes. Thoria also imparts creep strength
to wire at temperatures above one-half of the absolute melting point of tungsten.

The W-Mo alloys are solid solution alloys. These alloys are used mostly for
improved machinability, where strength requirements are somewhat lower than
those of W and the W-ThO2 alloy. W-Re alloys are also solid solution alloys. The
W-1.5Re and W-3Re alloys are used to improve the resistance to cold fracture in
lamp filaments, especially for lamps subjected to vibrations. These alloys also
contain the AKS (alumina, silica, and potassium) dopants to improve the creep
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strength in filament wire: undoped W-1.5Re and W-3Re alloys are used in ther-
mocouple applications where strength is not the primary concern.

Tungsten is consolidated to full density by three principal methods, two of which
are P/M processes. These methods are (i) solid-state sintering and mechanical
working (wrought P/M tungsten), (ii) liquid-phase sintering of powders, and
(iii) chemical vapour deposition (CVD). Tungsten and tungsten alloys may also be
produced by arc casting or EBM, but these methods are not of significant com-
mercial interest. Although tungsten produced by the melting route can have higher
purity than P/M or CVD products, the slight improvement in mechanical and
physical properties does not justify the added expense and engineering challenge of
melting tungsten.

A cold isostatically pressed (CIP’ed) tungsten powder bar is self-resistance
heated to around 2500 °C and sintered to 90 % of the theoretical density. The bar is
then swaged and drawn into wire; or alternatively the sintered tungsten bar may be
forged or rolled into bar or sheet products. Initial hot working is done at temper-
atures above 1500 °C, since the as-sintered bar is brittle at low temperature because
it is fully recrystallized and not fully dense. However, there are more considerations
about hot working: the DBTT of fully dense unalloyed tungsten is approximately
3000 °C and the recrystallization temperature is 1700 °C, and so the common
thermomechanical processing scheme is to deform the metal at temperatures
between the DBTT and the recrystallization temperature. As the amount of
deformation increases, both the DBTT and the recrystallization temperature
decrease. Hence at room temperature hot-worked tungsten bar is brittle, but heavily
worked tungsten wire exhibits significant ductility.

Tungsten and tungsten alloys are used in mill products, as an alloying element in
tool steels and superalloys, in tungsten carbide cutting tools, and in a variety of
tungsten-based chemicals. In terms of refractory metal consumption, tungsten ranks
second to molybdenum, with more than 8500 metric tons consumed annually.
Cutting tools account for 59 % of the total; mill products, 26 %; alloying, 9 %; and
chemicals and miscellaneous applications, 6 %.

Table 12.12 Commercial tungsten alloys

Alloy name Composition (wt%)

W-ThO2 W-1ThO2

W-2ThO2

W-Mo W-2Mo

W-15Mo

W-Re W-1.5Re

W-3Re

W-25Re

AKS doped 0.0015 Al, 0.009 K, 0.005 Si and 0.0035 O
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12.4.4 Rhenium and Its Alloys

Rhenium has a very high modulus of elasticity and does not have a DBTT, since it
retains its ductility from subzero to high temperatures. Its hardness increases
sharply after a small amount of deformation: the work hardening rate is higher than
that of any other pure metal. Rhenium products withstand many heating–cooling
cycles without losing their strength. Rhenium also has superior tensile and creep
rupture strength over a wide range of temperatures [25]: for example, rhenium
shows longer rupture life compared to tungsten up to 1800 °C. In addition, rhenium
has been found to survive more than 1,000,000 thermal fatigue cycles from room
temperature to over 2500 °C without any evidence of failure [25, 26].

Rhenium powder can be produced by the reduction of pure ammonium per-
rhenate in a stream of hydrogen. The desired properties of the metal powder, such
as grain size and surface area, can be achieved by adjustment of the reduction
parameters. The rhenium metal powder with added compaction agents is com-
pressed into pellets and then sintered (1000–1500 °C) under an atmosphere of
hydrogen. Large workpieces are produced by compressing rhenium metal powders
isostatically and then sintering. EBM and zone refining are the methods used to
produce rhenium with 99.995 % or more purity [27].

Rhenium has very poor oxidation resistance and therefore cannot be hot-worked
when exposed to air. Hence hot working has to be done under vacuum or in a
protective atmosphere, or by adopting an encapsulation technique. Because of its
very good ductility, rhenium can be cold-worked into wire, rod, sheet, plate, and
tubing. Frequent intermittent annealing may have to be performed since, as men-
tioned above, rhenium work hardens very quickly. Electrical discharge machining,
centreless grinding, and welding are manufacturing techniques commonly used for
rhenium components.

Platinum-rhenium reforming catalysts are the major rhenium end-use products
and account for a significant proportion of rhenium consumption. The higher
electrical resistivity coupled with low vapour pressure makes it ideally suited for
filament applications. One of the largest applications for rhenium is for mass
spectrometer filaments. These are generally available in commercial (99.99 %) and
zone-refined (99.995 %) purities.

Besides its intrinsic properties, rhenium is a beneficial alloying addition to other
refractory metals and alloys, greatly enhancing their strength. This capability is
maintained even when heating above the recrystallization temperature. For exam-
ple, all aeroengine turbine blades made of second and subsequent generations of
nickel-base superalloys contain 3–6 % Re, which significantly improves the creep
properties [28]. Rhenium alloys are used in nuclear reactors, semiconductors,
electronic tube components, thermocouples, gyroscopes, miniature rockets, elec-
trical contacts, thermionic converters, and other commercial and aerospace appli-
cations. Tungsten-rhenium alloys, obtained by vapour deposition, are used to coat
the surfaces of molybdenum targets in X-ray tubes. Other rhenium alloys (with
tungsten or molybdenum) are used for filaments, grid heaters, cathode cups, and
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igniter wires in photoflash bulbs. Rhenium has been used as a heat exchanger
material for a solar rocket, nozzles for rocket thrusters, and in high temperature
thermocouples. Also, rhenium is unique among refractory metals in that it does not
form a stable carbide. For this reason, rhenium-coated carbon has been evaluated
for rocket nozzles.

The use of rhenium has been restricted by its high density and high cost. For
example, the addition of 3 % rhenium to tungsten wire doubles the cost of the wire.

12.5 Indian Scenario

In India a number of organizations have been focussing efforts to develop different
refractory metals and their alloys for a variety of applications. Nuclear Fuel
Complex, Hyderabad, has been engaged in the production of aluminothermically
reduced niobium from the ore, which is refined by multiple EB drip melting to
produce reactor grade Nb. This is used to manufacture coolant tubes of Zr-2.5Nb
alloy for heavy water nuclear reactors.

Recently M/s MIDHANI, Hyderabad, has produced sheets of C-103
(Nb-10Hf-1Ti) alloy for satellite applications, starting from imported sheets of
high purity raw material. Two EBM furnaces of 150 and 300 kW have been
recently established at MIDHANI to develop alloys based on refractory metals.
BARC, Mumbai, is actively pursuing development of Nb-1Zr-0.1C alloy for
nuclear applications. DMRL is involved in developing an Nb-based (Nb–W–Zr)
alloy for aerospace applications.

DMRL has pioneered the development and application of tungsten for penetrator
applications. An industrial plant (Ordnance factory) is in operation at HAPP,
Trichy, producing W-based penetrators based on the DMRL technology. C-Met,
Hyderabad, has perfected the technology of producing high purity tantalum for
capacitor applications.

12.6 Summary

Future high temperature materials will depend on developments in refractory metals
and alloys in view of their high melting temperatures and good high temperature
mechanical properties. Refractory metals, with their unique properties, can perform
in situations where no other materials can meet the required properties. The future
developments in this area include developing alloys with the desired combinations
of strength, ductility, and oxidation resistance. Niobium is particularly attractive for
aerospace applications because of its lower density among refractory metals, which
is comparable to that of nickel-base superalloys.
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An effort has been made in this chapter to discuss the important features of
refractory metals and their alloys in general, and niobium and niobium-based alloys
in particular.
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Chapter 13
GLARE®: A Versatile Fibre Metal
Laminate (FML) Concept

R.J.H. Wanhill

Abstract This chapter surveys the applications and properties of the fibre metal
laminate (FML) concept GLARE. This concept includes a family of FMLs that can
be tailored to specific requirements for aerospace applications, including resistance
to fatigue crack growth, fracture, impact and fire and blast damage.

Keywords Fibre metal laminates � GLARE � Properties � Fatigue � Fracture �
Corrosion � Applications

13.1 Introduction

Fibre metal laminates (FMLs) intended for aerospace structures have a long history,
going back at least to the 1970s [1]. Their development has not been easy, and some
initially promising candidates have proven non-viable as property and cost-effective
alternatives to all-metal structures.

GLARE (GLAss REinforced aluminium laminates) have, however, succeeded in
reaching production and service deployment, notably in the Airbus A380 civil
transport aircraft, but also for other applications, as will be mentioned. This success
has been made possible by a huge and well-documented R&D effort [2].

The first point of contact concerning GLARE and other FMLs is the Fibre Metal
Laminates Centre of Competence (FMLC), founded in 2001 and based at the Delft
University of Technology in the Netherlands. GLARE production currently takes
place at Fokker Papendrecht (Netherlands) and Premium Aerotec Nordenhamm
(Germany).
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13.2 GLARE: A Family of Materials

GLARE is a member of the family of FMLs. A GLARE laminate consists of
alternating layers of aluminium alloy sheets and unidirectional (UD) prepregs of
S-glass fibres. The number and orientation of the UD prepreg layers between the
aluminium alloy sheets can be varied to ‘tailor’ the engineering properties to the
required application, see Table 13.1, which shows that there are currently six dif-
ferent standard grades of GLARE. Within each grade there can be many variations,
depending upon the thicknesses of the aluminium alloy layers and the numbers of
interleaved aluminium and prepreg layers. These variations are captured in a
standard classification system, examples of which are shown in Fig. 13.1.

Figure 13.2 illustrates the build-up of a GLARE 3 laminate with a 3/2 lay-up,
see Table 13.1 also.

Table 13.1 Standard types of GLARE: (1) each prepreg layer is 0.127 mm thick; (2) RD-Al is
the rolling direction for the aluminium alloy sheet, defined as 0° for all the GLARE laminates

GLARE
type

Prepreg
lay-up
between each
alloy layer

Alloy and
sheet
thickness
(mm)

Main
beneficial
characteristics

Typical applications

GLARE 1 0°/0° AA7475-T761
0.3–0.4 mm

Fatigue,
strength,
yield stress

UD-loaded parts, RD-Al in
loading direction (stiffeners)

GLARE 2A 0°/0° AA2024-T3
0.2–0.5 mm

Fatigue,
strength

UD-loaded parts, RD-Al in
loading direction (stiffeners)

GLARE 2B 90°/90° Fatigue,
strength

UD-loaded parts, RD-Al
perpendicular to loading
direction (butt straps)

GLARE 3 0°/90° Fatigue,
impact

Biaxially loaded parts with
principal stress ratio 1:1
(fuselage skins, bulkheads)

GLARE 4A 0°/90°/0° Fatigue,
strength in 0°
direction

Biaxially loaded parts with
principal stress ratio 2:1 and
RD-Al in main loading
direction (fuselage skins)

GLARE 4B 90°/0°/90° Fatigue,
strength in
90° direction

Biaxially loaded parts with
principal stress ratio 2:1 and
RD-Al perpendicular to main
loading direction (fuselage
skins)

GLARE 5 0°/90°/90°/0° Impact Floors and cargo liners,
leading edges

GLARE 6A
GLARE 6B

+45°/−45°
−45°/+45°

Shear,
off-axis
properties

Blast-resistant luggage
containers
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13.3 GLARE Applications

The most notable success of GLARE in airframe structures is its use in the Airbus
A380, Fig. 13.3. Four grades of GLARE have been used: grade 2A for stringers,
grade 2B for butt straps, grades 3 and 4A for fuselage skins [3, 4] and grade 5 for
the horizontal and vertical stabiliser leading edges [5].

It should also be noted that the A380 airframe employs several classes of
materials. These include conventional aluminium alloys, aluminium-lithium (Al–
Li) alloys, GLARE and carbon fibre reinforced plastics (CFRPs) [6]. This reflects
the modern trend of designing and using hybrid structures for optimum efficiency,
in both civil and military aircraft and especially helicopters and VTOL
configurations.

Fig. 13.1 GLARE standard notation examples

Fig. 13.2 Illustration of the build-up of a GLARE 3 laminate with a 3/2 lay-up: see Table 13.1
also
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Other applications of GLARE include [7, 8]:

• cargo bay floor replacements for civil transport aircraft (GLARE 5)
• radome front bulkhead for Learjet 45 (GLARE 5)
• blast-resistant cargo containers (GLARE 5 and 6)
• bonded patch repairs on Lockheed C-5A fuselage crowns (GLARE 2A/B).

Besides these actual uses, there are more possibilities. The following have been
suggested: upper and lower wing skins, fuselage frames, passenger floors, flat or
curved fuselage bulkheads, firewalls and cargo barriers [9].

Notwithstanding these possibilities, GLARE must generally compete with sev-
eral other candidates, especially in primary structures. This is discussed in
Sect. 13.5.

13.4 GLARE Properties

The main incentive for developing GLARE and other FMLs has been the quest for
improved Damage Tolerance (DT) properties combined with high structural effi-
ciency (strength and stiffness). Vogelesang [1] describes the history of FML
developments in the Netherlands that led to GLARE, pointing out that fatigue
damage dominates during the service life of an aircraft. Other sources amply
support this [10, 11].

This section will focus on the DT properties of GLARE. Other properties that
will be (briefly) considered are impact, flame and corrosion resistance; and

Fig. 13.3 GLARE deployment in the Airbus A380 [3–5]
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inspection and repair, both with respect to repair of GLARE itself and the use of
GLARE patches to repair other structures. Much more information is in the mod-
estly titled book Fibre Metal Laminates: An Introduction [2].

13.4.1 Damage Tolerance (DT): GLARE Basics

GLARE is produced by elevated temperature curing of the assembly of aluminium
alloy and prepreg layers. Thermal expansion differences between the aluminium
alloy and prepreg layers result in residual tensile stresses in the aluminium layers
[12]. Although these stresses are minimised by careful design and production, they
nevertheless adversely affect the resistance to fatigue crack initiation in the alu-
minium layers.

On the other hand, GLARE has a very high resistance to fatigue crack growth.
The reason is ‘crack bridging’, see Fig. 13.4. Intact fibres in the aluminium alloy
crack wake restrain the crack opening and reduce the crack driving force owing to
load transfer into the fibre layers. Some delamination does, however, occur between
the aluminium and fibre layers along the crack flanks.

The residual strength of GLARE is more complicated to evaluate [13]. This is
because there are two different possible scenarios: (i) cracks with completely or
mainly intact fibre layers, typically resulting from fatigue, and (ii) cracks through all

Fig. 13.4 Aluminium alloy
crack bridged by unbroken
fibres in the crack wake [12]:
original diagram by J. Schijve
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the layers owing to severe Foreign Object Damage (FOD) e.g. an uncontained
engine failure due to rotor burst.

13.4.2 Fatigue Evaluation: The MLB Test

Many laboratory tests have determined the fatigue and fatigue crack growth
properties of GLARE, but probably the most definitive test is the Airbus MegaLiner
Barrel (MLB) full-scale fatigue test. This test was done by Airbus Deutschland in
Hamburg, Germany.

Figure 13.5 shows (i) the MLB; (ii) the types of applied loads, namely fuselage
pressurisation (ΔP) and bending (MY, MZ) and ground loads QZ) and (iii) the
number of simulated flights applied during testing. This is slightly more than twice
the nominal Design Service Goal (DSG) of 20,000 flights.

After the test there were teardowns of three key GLARE areas and details [4]:

• stringer coupling (GLARE 2A, stiffener; 2B, butt strap; 4A, skin)
• passenger window area (GLARE 3)
• passenger door beam (GLARE 3).

Cracks at fastener holes were detected by eddy current non-destructive inspec-
tion (NDI) after removal of the fasteners. Selected cracked holes from the windows

Fig. 13.5 Airbus A380 MegaLiner Barrel (MLB) full-scale fatigue test ‘specimen’, the general
loading conditions, and the number of simulated flights applied during testing [4]
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and door beam were broken open for Quantitative Fractography (QF). The results
are summarised here:

Stringer couplings: Figure 13.6 classifies the NDI-indicated crack lengths for the
GLARE coupling assembly and two AA7349-T7651 stringers. There were many
crack indications for the GLARE components, but all were less than 4.5 mm.
However, two crack indications for the aluminium alloy stringers were longer: 6.3
and 7 mm.
Windows and door beam: Figure 13.7 compares the fatigue crack growth beha-
viours of the largest cracks from these areas, which had differing local load levels
and histories. However, the GLARE window skin and AA7175-T73 window frame
were directly comparable. There are two main points to note:

1. The fatigue crack growth rates in the GLARE window skin were much lower
than those in the AA7175-T73 window frame and tended to decrease.

2. The door beam crack had a nearly constant growth rate up to its end point
(6.54 mm).

In a broader context, Figs. 13.6 and 13.7 show that fatigue cracks readily initiate
in GLARE but do not accelerate. They also grow more slowly than in monolithic
aluminium alloys. This agrees with small-scale test results, e.g. Ref. [1], crack
growth modelling for GLARE [4], and the following contract report available from
the first author and the author of this chapter:

Fig. 13.6 Classification of NDI-indicated cracks for the MLB GLARE stringer coupling
assembly and two AA7349-T7651 stringers [4]
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• Schijve, J., Wiltink, F.J. and Bodegom, V.J.W., 1994, “Flight-simulation fatigue
tests on notched specimens of fiber-metal laminates”, Report LRV-10, Faculty
of Aerospace Engineering, Delft University of Technology, Delft, the
Netherlands.

However, the MLB results are more significant because they represent full-scale
fatigue testing of GLARE to more than twice the DSG. Also the load levels were set
conservatively high [14]. Thus the fact that no GLARE fatigue crack exceeded
6.54 mm in length (the largest detected crack in the door beam) indicates the high
DT capability of GLARE under realistic service-related conditions.

13.4.3 Residual Strength

As stated in Sect. 13.4.1, there are two different scenarios to evaluate the effec-
tiveness of GLARE: (i) cracks with completely or mainly intact fibre layers, typi-
cally resulting from fatigue, and (ii) cracks through all the layers owing to severe
FOD:

1. Figure 13.8 shows that the residual strength of GLARE with cracked aluminium
alloy layers is much better than that of through-cracked GLARE, as would be
expected.

2. Figure 13.9 shows crack growth resistance (KR) curves for several
through-cracked GLARE types together with KR curves for the standard damage
tolerant alloy AA2024-T3 and the improved modern alloy AA2524-T351.

Fig. 13.7 Comparisons of fatigue crack growth rates for the longest cracks in the MLB passenger
window area and passenger door beam [4]. The corrected trend line for the door beam crack is
explained in the original paper [4]
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Fig. 13.8 Residual strength of partially (aluminium layers) and completely through-thickness
cracked GLARE 3-3/2-0.3 laminates [13]

Fig. 13.9 Comparison of crack growth resistance (KR) curves for through-thickness cracked
GLARE laminates and the AA2024-T3 and AA 2524-T351 damage tolerant aluminium alloys
[13]. The results have been adjusted to account for the different densities (ρ) and hence specific
weights of the materials
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All the GLARE types showed better crack growth resistance than AA2024-T3.
However, it is clear that crack growth resistance equivalent to or better than that of
AA2524-T351 depends on the type of GLARE: a better crack growth resistance is
certainly achievable with GLARE.

An important practical aspect is fulfilment of the civil transport fuselage
Fail-Safe crack criterion. This requires that a complete through-crack in two adja-
cent fuselage bays must be arrested within those bays under Limit Load conditions
(see Fig. 18.3 in Chap. 18 of Volume 2 of these Source Books also). For GLARE
this can be achieved by incorporating extra ‘crack stopping’ fibre layers in the
fuselage skin laminate [1, 13].

13.4.4 DT Certification of GLARE

Laboratory tests and the MLB test have consistently shown that fatigue cracks
initiate more readily in the aluminium alloy layers of GLARE than in monolithic
aluminium alloy sheets. This negative aspect represents a potential issue for the
Damage Tolerance certification of GLARE, despite the excellent resistance to
fatigue crack growth. This issue, its resolution, and many other considerations are
addressed in the book Flying GLARE® [15].

13.4.5 Impact Resistance

Impacts can occur from various sources, at both high and low velocities. Examples
are runway and tyre debris, maintenance damage (dropped tools), collision with
service vehicles and cargo, hail, bird and lightning strikes, and debris from
uncontained engine failures (which fortunately rarely occur).

Figure 13.10 shows some impact results for aluminium alloy AA2024-T3, a
Glare 3 laminate and a quasi-isotropic carbon fibre reinforced plastic (CFRP)
laminate [1]. The CFRP impact resistance was low, as would be expected, since this
is a major disadvantage of these materials. However, the GLARE laminate had
better impact resistance than AA2024-T3, especially against high velocity impacts.
This is attributed to high-strain-rate strengthening and a relatively high failure strain
of the glass fibres [1, 16].

GLARE responds to impacts in a similar way as monolithic aluminium alloys, in
that the damage is visually detectable and can be covered by the Code of Federal
Regulations Section 25.571 [17, 18].

As mentioned in Sect. 13.3, the excellent impact resistance of GLARE, notably
GLARE 5, has been exploited for cargo floors and liners, and the leading edges of
the A380 horizontal and vertical stabilisers. GLARE 5 has been ‘tailored’ for high
impact resistance by providing it with more prepreg layers than the other types, see
Table 13.1.
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Lightning strikes damage only the outer aluminium alloy layer, with local
melting and a small disbonded area around the impact point [1, 19]. The damage is
less extensive than that in a monolithic aluminium alloy panel [19].

13.4.6 Flame Resistance

The flame resistance of GLARE is extremely good [19]. Similarly to lightning
strike damage, only the outer aluminium alloy layer melts. The exposed glass fibres
withstand the flame temperature, while carbonisation of the epoxy matrix and
delamination insulate the remaining laminate layers.

As an example, when aluminium alloy sheets 1.5–2 mm thick were exposed
under standard test conditions [20] to an 1100 °C flame, the burn-through time was
about 90 s. However, similar thickness GLARE 3 and 4 laminates resisted flame
penetration for more than 15 min [19]. These tests showed that GLARE can be
qualified as fireproof and used for firewalls [19].

13.4.7 Corrosion Resistance

The aluminium alloy sheets used for GLARE are anodised and coated with a
corrosion-inhibiting primer before laminate assembly and bonding. Furthermore, to

Fig. 13.10 Comparison of impact properties for AA2024-T3 aluminium alloy, a GLARE 3
laminate and a quasi-isotropic CFRP [1]: PEEK polyetherether ketone, a thermoplastic polymer;
m the mass of the impactor (unspecified for the high velocity impacts)
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avoid bondline corrosion only the outside surfaces of GLARE laminates are clad, if
required [21].

Under severe accelerated corrosion testing conditions GLARE performs as well
as, or better than, monolithic aluminium, see Fig. 13.11. Through-thickness cor-
rosion in GLARE is prevented by the fibre-epoxy layers. It is worth noting here that
the glass fibres are not electrically conducting, so there is no risk of galvanic
corrosion of the aluminium layers.

13.4.8 Inspections and Repairs

Inspections: C-scan ultrasonic inspection is used for quality assurance of
as-produced GLARE laminates [1]. Eddy current techniques may be used to detect
fatigue cracking from fastener holes [22] (cracks only in the aluminium layers).

GLARE self-repairs: Damaged GLARE laminates may be repaired with
GLARE patches using riveted [23] or bonded [24] repair techniques already
developed for aluminium alloy structures [1].

GLARE repairs on other structures: GLARE bonded patches on aluminium
alloy structures behave better than CFRP patches and also boron fibre composite
patches [24]. The main reason for GLARE’s better performance compared to CFRP
patches is the closer match of the aluminium and GLARE thermal expansion
coefficients [24].

As mentioned in Sect. 13.3, GLARE 2A/2B patch repairs have been applied to
the fuselage crowns of Lockheed C-5A aircraft. The design and manufacture of
these patches is discussed in detail by Guijt et al. [8]. Figure 13.12 shows a patch
in situ before fastener re-installation.

Fig. 13.11 Extent of corrosion in AA2024-T3 sheet and a GLARE 4 laminate after 175 h of
EXCO testing [21]: EXCO EXfoliation COrrosion testing, ASTM Standard G34-01
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Glare may also be used to repair CFRP structures, since the stiffnesses are better
matched than if using aluminium or titanium alloy patches. The external aluminium
layers of GLARE are then omitted to avoid galvanic corrosion.

13.5 GLARE and Other Candidates for Primary Aircraft
Structures

In practice, the selection of materials for aircraft structures is a complex process
[25]. Table 13.2 lists many factors that may be considered as advantages and
disadvantages of conventional (legacy) aluminium alloys, the latest (3rd generation)
Al–Li alloys, CFRPs and GLARE [6]. The importance of these factors differs
greatly, but some broad indications can be given:

Engineering properties: These must meet the aircraft load requirements, which
vary for different structural areas.
Improved properties: The importance of these depends on both the load require-
ments and the weight savings potential. The greatest weight savings potentials
come from low-density materials, which favours CFRPs and also Al–Li alloys as
replacements for legacy alloys.

Other properties, especially strength and stiffness, also contribute to weight
savings. For example, GLARE’s excellent DT and impact properties have been
combined with efficient design and manufacturing (see below) to enable competi-
tive weight savings and actual deployment in the Airbus A380 upper fuselage and
horizontal and vertical stabiliser leading edges, see Sect. 13.3 and Fig. 13.3.

Fig. 13.12 GLARE patch
bonded to the fuselage crown
skin of a Lockheed C-5A
aircraft [8]
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Costs and weight savings: Material and manufacturing costs are relatively high
for GLARE and CFRPs, but can be at least partially offset by their weight savings
potentials. (CFRP material costs are particularly high—a significant disadvantage.)

GLARE is some 5–10 times more expensive per kg than conventional alu-
minium alloys [27], and this difference cannot be offset by weight savings alone.
Additional savings must come from cost reductions during manufacturing, and
these are best achieved by producing components directly from GLARE rather than
half-product GLARE sheets [27].

Design principles and safety: Not only must aircraft have lightweight and highly
efficient structures, but they must also be safe, see Chaps. 16 and 18 in Volume 2 of
these Source Books. The design principles developed for the aircraft industry are
based on mature engineering experience and well-established safety factors for
metallic aircraft structures. This is an important advantage for aluminium and Al–Li
alloys and also GLARE, which can be treated basically like a metallic material [15].

CFRPs, however, cannot use the design principles for metallic aircraft structures.
In addition to problems in analysing complex components and predicting the onset
of failure, even in nominally undamaged components, CFRPs are susceptible to
impact damage and subsequent fatigue cracking and delamination.

The damage growth is difficult to predict, and this also makes it difficult to
validate repairs. The overall result of these issues is that safety must be ensured by
over-designing CFRPs according to the ‘No Growth’ damage tolerance principle
[28, 29]. This increases their weight and manufacturing costs.

13.6 Summary

GLARE is a versatile FML concept that has been successful in important and
diverse aerospace applications that exploit its excellent Damage Tolerance
(DT) properties and impact and flame resistances. GLARE is also eminently suit-
able for repair patches on cracked and damaged aluminium alloy and CFRP aircraft
structures.

GLARE has the advantage that well-established design methods for metallic
structures can be used. However, the high material costs in comparison to alu-
minium alloys necessitate highly cost-effective manufacturing, whereby compo-
nents are made directly as GLARE assemblies rather than from half-products.

The expertise in designing, manufacturing and using GLARE is primarily
accessible via the Fibre Metal Laminates Centre of Competence (FMLC), founded
in 2001 and based at the Delft University of Technology in the Netherlands.
GLARE production currently takes place at Fokker Papendrecht (Netherlands) and
Premium Aerotec Nordenhamm (Germany).
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Chapter 14
Carbon Fibre Polymer Matrix Structural
Composites

R.J.H. Wanhill

Abstract This chapter concisely surveys the applications and properties of poly-
mer matrix structural composites (PMCs), concentrating on carbon fibre reinforced
composites. These are the most widely used composite materials, notably in
aerospace, and are commonly called carbon fibre reinforced plastics (CFRP).
A major source for this chapter is Baker et al. (Composite materials for aerospace
structures. American Institute of Aeronautics and Astronautics, Inc., Reston,
Virginia, USA, 2nd edn, 2004).

Keywords Polymer matrix composites � CFRP � Processing � Properties �
Damage Tolerance � Applications

14.1 Introduction

Aircraft structural materials must have outstanding combinations of engineering
properties and also enable the manufacturing of lightweight and durable structures
(i.e. the airframe). Aluminium alloys have predominated in aircraft manufacturing
since introduction of the Boeing 247 (1933) and Douglas DC-2 (1934), but com-
posites (mainly carbon fibre reinforced plastics, CFRP) increasingly provide
competition, Fig. 14.1.

There are two more points to note with reference to Fig. 14.1:

1. Tactical aircraft tend to use higher percentages of composites than transport
aircraft.

2. Military aircraft with special qualities (VTOL, stealth) have higher percentages
of composites than their more conventional contemporaries. (The Northrop
Grumman B2 has a high-cost composite airframe mainly because of the
radar-absorbing properties.)
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For civil transport aircraft the introduction of the Boeing 787 (2011) and Airbus
A350 (2015) represents a potential ‘game changer’. The airframes are about 50 and
52 % composites, respectively, e.g. Figure 14.2. However, some authorities doubt
whether future aircraft in the Boeing 737 and Airbus A320 size category will have
such high percentages of composite structures, since they are more expensive than
comparable aluminium alloy structures. There are also other disadvantages, as well
as advantages, in using composites, as will be discussed in Sect. 14.4.

Fig. 14.1 Increasing use of CFRP composites in aircraft: main source Ref. [1]

Fig. 14.2 Airframe materials distributions and percentages for the Boeing 787: The Boeing
Company
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What is more evident is an increasing trend to design and build hybrid airframe
structures for both civil andmilitary aircraft. An illustration of this trend is provided by
Fig. 14.3, which points out the various types of materials in major structural locations
of theAirbusA380. The amount of composite structure in theA380 is about 22–24 %,
which is significantly higher than in previous transport aircraft, see Fig. 14.1.

N.B: Information on conventional aluminium alloys and aluminium-lithium
(Al–Li) alloys is given in Chaps. 2 and 3 of this Volume of the Source Books.
Al–Li alloys are also the subject of a recent book [2]: they can provide
structural efficiencies that rival those of composites. GLARE (GLAss
REinforced aluminium laminates) is discussed in Chap. 13 of this Volume.

14.2 Types of Composites

Composites are materials composed of two or more physically distinct components
whose combination results in enhanced properties. The primary component is a
continuous matrix. The secondary (but no less important) component is the filler
material or materials. Composites may be classified into several categories, based
on the materials used and also the fabrication methods. An overview concentrating
on carbon fibre polymer matrix composites (PMCs) is given in Fig. 14.4.

Fig. 14.3 Airframe materials distributions for the Airbus A380 [2]: AA 2XXX, 6XXX and
7XXX = conventional aluminium alloys; Al–Li aluminium–lithium alloys; LBW Laser Beam
Welding [3]
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14.3 CFRP Composites

14.3.1 CFRP Composite Matrices

As Fig. 14.4 shows, there are two categories of CFRPs, thermosets and thermo-
plastics, depending on the type of matrix:

Thermosets: The most widely used thermosets for aircraft structures are epoxy
resins, since they are readily processed and have good chemical and mechanical
properties. They also undergo a low-viscosity stage during cure, thereby enabling
liquid resin-forming techniques like resin transfer moulding (RTM) [1], see
Sect. 14.3.3.

Bismaleimide resins (BMIs) have similar processability and mechanical prop-
erties compared to epoxies. However, the higher resin costs limit their use to
operating temperatures (up to about 180 °C) that are beyond those of epoxies (100–
130 °C).

For higher operating temperatures polyimides could be used. These allow
operating temperatures up to 300 °C, but they are more expensive than BMIs and
much more difficult to process [1].

Fig. 14.4 Composites progressively classified according to the types of (i) matrix, (ii) fibre
PMCs, (iii) carbon fibre—PMC (CFRP) thermosets and thermoplastics: main source Ref. [1]
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Thermoplastics: The matrices for thermoplastic CFRPs include
polyetheretherketone (PEEK), used up to 120 °C; polyetherketone (PEK), up to
145 °C; and thermoplastic-type polyimide, up to 270 °C [1]. These three matrix
types are the most suitable for aerospace applications.

Thermoplastics are fully polymerised before they are used to make composites.
Hence they are unsuitable for RTM. Fabrication by resin-film infusion (RFI) or hot
pressing of pre-coated fibres (prepregs) is more suitable [1].

Comparisons of the properties of thermosets and thermoplastics are presented in
Table 14.1. Important points in comparing and considering thermosets and ther-
moplastics are:

1. Thermosets have relatively low fracture strains and fracture toughness, which
result in poor fracture resistance in CFRPs. Thermosets also absorb moisture,
which reduces the matrix-dominated properties like elevated temperature shear
and compressive strengths [1].

2. Thermoplastics are generally more expensive and require high processing
temperatures and pressures, which increase the cost differentials.

3. Overall, thermoset CFRPs are more extensively used, with thermoplastic CFRPs
favoured when the need for high resistance to impacts and edge damage justifies
the higher costs [1].

Table 14.1 Properties and comparisons for thermosets and thermoplastics [1]

Thermosets Thermoplastics

Main characteristics
• Undergo chemical change when cured
• Low strain to failure
• Low fracture energy
• Irreversible processing
• Very low-viscosity possible
• Absorbs moisture
• Highly resistant to solvents

• Non-reacting, no cure required
• High strain to failure
• High fracture energy
• Very high viscosity
• Processing is reversible
• Absorbs little moisture
• Limited resistance to organic solvents, in some
cases

Advantages
• Relatively low processing temperature
• Good fibre wetting
• Formable into complex shapes
• Liquid-resin manufacturing feasible
• Resistant to creep

• Short processing times possible
• Reusable scrap
• Post-formable: can be reprocessed
• Unlimited shelf life without refrigeration
• High delamination resistance

Disadvantages
• Long processing time
• Long cure (*1–2 h)
• Restricted storage life (requires
refrigeration)

• Lower resistance to solvents
• Requires high temperature (300–400°C) and
pressure

• Can be prone to creep
• Very poor drapabilitya and tackb

aAbility of a fabric to form pleating folds when deformed under pressure
bAdhesive quality
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14.3.2 CFRP Composite Fibres

There are three categories of carbon fibres used in aerospace CFRPs. These are high
modulus (HM, Type I), high strength (HS, Type II) and intermediate modulus (IM,
Type III). Examples of their properties are given in Table 14.2, which shows the
considerably different mechanical properties of the three types of fibres. Although
the strength properties of HM and HS fibres overlap somewhat, it is evident that
there is a trade-off between modulus and strength: high modulus (HM) is traded for
high strength (HS).

N.B: Fibre manufacturers present a bewilderingly wide range of tensile
moduli and strength values within the three fibre categories. Furthermore,
there are two other categories, referred to as ‘standard’ and ‘ultrahigh mod-
ulus’ (UHM). The trade-off for the UHM category is fracture resistance: the
higher the modulus, the more brittle the fibres.

Carbon fibre production: The fibres are made from organic precursors by car-
bonisation. Most are made from polyacrylonitrile (PAN) fibres, which give the best
carbon fibre properties. However, they can also be made from pitch. Details of the
PAN and pitch-based fibre carbonising process are given by Baker et al. [1]. The
final properties of the fibres depend on the processing details and also whether the
fibres undergo a final graphitisation heat treatment.

Carbon fibre filaments: The finished PAN fibres have diameters between 5 and
10 μm. Examples are shown in Fig. 14.5. The surface finish is reminiscent of tree
bark. Additional processing can strip off the ‘bark’, leaving smoother and smaller
diameter fibres that can be packed into smaller spaces in the matrix, and hence
provide higher stiffness per cross-sectional area. However, these fibres are more
expensive owing to the additional processing.

Dry carbon fibre products: The PAN fibre process is set up to produce con-
tinuous fibre bundles called tows, which are used for weaving into fabrics with
various weave patterns. These undergo subsequent processing into PMCs using
pre-impregnation (prepreg), resin films or liquid resin injection.

Table 14.2 Typical properties of commercial carbon fibres [1]

Property HM type I HS type II IM type III

Density (g/cm3) 1.9 1.8 1.8

Tensile modulus (GPa) 276–380 228–241 296

Tensile strength (MPa) 2415–2555 2105–4555 4800

Ultimate strain (%) 0.6–0.7 1.3–1.8 2.0

Thermal expansion (Χ10−6 mm−1 K−1) −0.7 −0.5 N/A

Thermal conductivity (Wm−1 K−1) 64–70 8.1–9.3 N/A

Resistivity (μΩ m) 9–10 15–18 N/A
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Prepreg products: These are made by infusing fibre tows and fabrics with epoxy
resin. The prepregs are subsequently processed into PMCs. Most prepregs are
unidirectional tapes and are made by spreading and collimating many fibre tows
into a sheet of parallel fibres that is then prepregged.

14.3.3 CFRP Aerospace Components Production

The manufacturing of aerospace components and structures from CFRPs is dis-
cussed in detail in Chap. 5 of Ref. [1]. An overview is given here.

The main method of making CFRP aerospace components is (i) the lamination
of woven fabrics or aligned-fibre sheets and tapes. The other methods are (ii) resin
transfer moulding (RTM); (iii) filament winding and (iv) braiding onto rotating
mandrels; (v) tow placement; and (vi) pultrusion [1]. Table 14.3 lists typical CFRP
aerospace composite forms that can be made by these techniques.

However, there is much more to manufacturing CFRPs than the choice of
forming technique: Fig. 14.6 is an example of the several steps involved from
producing carbon fibres to obtaining a finished component. In this schematic the
‘Intermediates’ represent some of the above-mentioned forming techniques, notably
laminating (lay-ups) and filament winding.

Figure 14.6 also helps to explain an important point mentioned in Sect. 14.1:
composite structures are more expensive to manufacture than comparable alu-
minium alloy structures.

Laminating procedures: Aircraft manufacturers prefer epoxy prepreg as the
starting material for laminates [1]. As mentioned in subsection 14.3.2, the prepregs
can be tows and fabrics, and most are unidirectional, notably tapes. The lay-up of
large laminated components (wing and empennage covers, fuselage shells) uses

Fig. 14.5 Carbon fibres
viewed in the scanning
electron microscope (SEM).
The fibre ends are fracture
surfaces
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automated tape layer (ATL) and automated tow placement (ATP) equipment, for
example Fig. 14.7.

An ATL tape laying head is multi-functional. Thus it (i) removes backing paper
from the prepreg tape, (ii) delivers the tape to the lay-up tool with application of

Table 14.3 Typical CFRP aerospace components formed by several techniques [1]

Techniques Types of structures Applications

Laminating • Sheets, thick monolithic • Wing skins

• Sheets, integrally
stiffened

• Empennage skins

• Sandwich panels • Control surfaces; floor sections

• Shells • Fuselage sections

• Beams • Spars; ribs

• Complex forms • Aerofoils

RTM • Small complex forms • Doors; door pillars; flaps; spoilers

Filament
winding

• Closed shells • Pressure vessels

• Open shells • Radomes; rocket motors

• Tubes • Drive shafts

• Secondary formed tubes • Helicopter blades

Braiding • Tubes • Drive shafts

• Complex tubes • Curved pipes; truss joints; ducts

• Closed shells • Pressure vessels

• Secondary formed • Fuselage frames; propellers; helicopter
blades

Tow placement • See laminating • See laminating

• Complex wraps • Grips; shafts; ducts

Pultrusion • Beams • Floor beams; stringers; spars; ribs;
longerons

Fig. 14.6 Some methods for manufacturing CFRP components: Lux Research, Inc., Boston, USA
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pressure, (iii) lays the tape in a programmed path (course), (iv) cuts the material at
the precise location and angle, (v) lifts away from the tool, (vi) retracts to the start
position, and (vii) begins laying the next course [4].

The tape laying head also has an optical flaw detection system that signals to
stop laying tape when a flaw is detected, and a heating system that heats the prepreg
to increase tack for tape-to-tape adhesion [4].

Resin transfer Moulding (RTM): This technique uses the epoxy thermoset
characteristic of a low-viscosity stage during cure in an autoclave. Dry fabric
preforms are put into matched-cavity moulds, preheated in the autoclave, and then
filled with preheated injected resin under pressure: a vacuum is usually applied at an
exit port in the preform/mould assembly to remove air and moisture before injec-
tion. After injection the mould temperature is increased to cure the component
under autoclave pressure.

A variant, referred to as vacuum-assisted RTM (VARTM) involves placing a
permeable membrane on top of the preform, vacuum bagging the mould/preform
assembly, preheating it in an oven, and then applying a vacuum at the assembly exit
port to enable the resin to infuse the preform via the permeable membrane. The
advantage is lower costs, using an oven instead of an autoclave. However, the
absence of autoclave pressure, relying on vacuum-compaction only, results in fibre
volume-fractions about 5 % less than from RTM [1].

Fig. 14.7 Automated tape laying: CFRP tape layers being placed on the lay-up tool for an Airbus
A350 upper shell fuselage skin section: Premium AEROTEC, Nordenham, Germany
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Resin-film infusion (RFI): In this process a film of resin is placed onto a mould
either beneath or above the dry fabric preform. The assembly is then vacuum
bagged and loaded into an autoclave. The temperature is raised to the resin’s
low-viscosity stage and a low-level pressure forces the resin into the preform. When
infusion is complete the temperature and pressure are increased to compact and cure
the component [1].

Filament winding: This involves laying down resin-impregnated continuous
fibres on a stationary or rotating mandrel. The mandrel is removed after cure. This
technique is best suited to components with simple surfaces of revolution, e.g.
shells and tubes, see Table 14.3.

The fibres may be (i) wet wound, whereby dry fibres are impregnated with a
low-viscosity resin during winding, (ii) dry wound and subsequently impregnated
with resin under pressure or (iii) prepregged before winding. Thermoset resins are
most commonly used, requiring curing after winding. Thermoplastics can be used
in prepregs that are consolidated during winding [1]. This is more or less implied by
the extended ‘Filament winding’ box in Fig. 14.6, although thermoplastics are not
consolidated by curing, i.e. chemical conversion, see Table 14.1.

Pultrusion: This is an automated process for manufacturing constant
cross-sectional profiles [1]. Continuous unidirectional fibre tows are impregnated
with a thermosetting epoxy resin and pulled through a heated die to shape and cure
the composite product. However, full cure is not normally achieved before the
component exits the die, so post-curing needs to be considered.

Although pultrusion can be used for several types of aerospace components, see
Table 14.3 and Fig. 14.10 in Sect. 14.4.1, the limited production runs are usually
too short for pultrusion to be economically viable. There may also be quality issues
compared with other manufacturing techniques unless special resins are used that
enable relatively high fibre volume-fractions [1].

14.3.4 Reference Guidelines for CFRP Materials
and Processing

Aerospace manufacturers have in-house and therefore proprietary guidelines and
specifications for the characterisation and processing of CFRPs. In particular, the
determination and evaluation of fibre and matrix properties are essential to selecting
optimum combinations for particular applications.

However, Besides Ref. [1], open-source guidelines are available from the U.S.
Department of Defence Composite Materials Handbook, Volumes 1–3 [5–7], which
may be downloaded from the Internet.
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14.4 CFRP Properties

The main incentive for developing CFRPs has been to obtain high structural effi-
ciency owing to a combination of their relatively low densities, ρ = 1.52–
1.63 g/cm3 [7] and high strength and stiffness.

In particular, the specific stiffnesses are basic design parameters for aircraft:

1. The specific stiffness E/ρ is important for lower wing surfaces, upper tailplane
surfaces and spars, ribs and frames.

2. The specific buckling resistance E1/3/ρ is important for upper wing surfaces,
lower tailplane surfaces and the fuselage.

However, as mentioned in Sect. 14.1, CFRP components and structures are more
expensive than comparable aluminium alloy ones. Other properties and factors are
of course important: see Table 14.4, which lists the advantages and disadvantages
of CFRPs with respect to aluminium alloys.

Sections 14.4.1–14.4.3 focus on the following major topics: (i) specific
mechanical properties and weight savings and costs, (ii) impact damage and
inspections, and (iii) structural repairs.

14.4.1 Specific Mechanical Properties and Practical Weight
Savings and Costs

The mechanical properties of CFRPs depend on the fibre volume-fractions, the
orientations of the fibres with respect to the applied loads and—most importantly—
on the component lay-ups and geometries. The fibres carry almost all the loads and
are therefore responsible for the strengths and stiffnesses of CFRP components and
structures.

Figures 14.8 and 14.9 present some data for the specific strengths and stiffnesses
of CFRPs compared to those for aluminium alloys:

Specific strengths: Figure 14.8 shows that 100 % aligned-fibre CFRP laminates
have intrinsically very high specific strengths, well beyond the capabilities of
aluminium alloys. However, reduction factors accounting for property variabilities
and environmental and notch effects greatly decrease the CFRP ‘allowables’,
especially in compression: also see the remark about compression failures in
Table 14.4.

Furthermore, when the dependence of CFRP strengths on the degree of fibre
alignment is considered, Fig. 14.8 shows that the reduction factors can eliminate the
CFRP-specific strength advantages compared to aluminium alloys.
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These examples may be thought of as extreme cases, but they illustrate the points that
(i) CFRP mechanical properties are much more complex to assess than those of alu-
minium alloys or, indeed, other metallic materials; and (ii) it is by no means a foregone
conclusion that CFRPs will provide large specific strength benefits in actual structures.

Specific stiffnesses: Figure 14.9 compares the specific stiffnesses of conven-
tional aerospace aluminium alloys and third generation Al–Li alloys with some
examples for high-fibre-density CFRPs without reduction factors.

The overall advantages of CFRPs are much less than in the case of specific
strengths. Even so, the aluminium alloys match only the 25 % aligned-fibre com-
posites in terms of specific stiffness E/ρ.

Practical weight savings: Actual CFRP components are assembled from layers
with different fibre orientations. Also, most aircraft structures are subjected to
multidirectional loads, and this means that mechanical property isotropy will often
be important. N.B: This is discussed further, and in detail, after Figs. 14.8 and 14.9.

For CFRP components a requirement of mechanical isotropy means that the
amount of fibres aligned in the principal loading direction will be about 25 % [8],
which is the lowest value in Fig. 14.9.

Table 14.4 Relative advantages and disadvantages of CFRPs compared to aluminium alloys:
information from various sources, including Refs. [3, 8–11]

Advantages Disadvantages

• Higher and much higher specific stiffnesses,
depending on percentages of aligned fibres

• Greater flexibility in designing structurally
efficient components: tailored directional
properties

• 10–20 % weight savings in actual
componentsa

• Dimensional stability
• (Greatly) reduced part count owing to largely
integral assemblies with limited mechanical
fastening

• High fatigue strength
• Corrosion resistant: reduced maintenance
costs

• Radar-absorbing properties (stealth)
• Vibration damping (sometimes)
• Possible self-healing (under development)

• High material, labour and manufacturing
costs

• Possible delaminations and other flaws
during fabrication, e.g. from drilling fastener
holes

• Intrinsically anisotropic: complex
components difficult to analyse, sometimes
resulting in poor predictions; complex failure
modes and processes in compression make it
difficult to develop failure criteria for
compression loading

• Higher notch sensitivity under static loading
(e.g. fastener holes)

• Conservative design and safety factors owing
to
– high susceptibility to impact damage
– damage growth difficult to control and

predict
– difficult validation and certification of

repairs
– susceptibility to moisture pick-up

(thermosets) and fuel absorption
• Non-destructive inspection (NDI) difficulties
• Low electrical conductivity requiring metal
(copper) mesh in external surface layers to
protect against lightning strikes

• Flammable and non-recyclable
aSee Sect. 14.4.1 for discussion of this very important point
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Fig. 14.9 Specific stiffnesses (average values) for high-fibre-density (60 % volume) CFRP
composites tested in the aligned-fibre direction [10], conventional aerospace aluminium alloys and
third generation Al–Li alloys [3]

Fig. 14.8 Reduction factor effects on CFRP specific strengths, and comparison with high strength
aluminium alloy specific strengths. The CFRP properties are for intermediate modulus fibres and a
toughened resin system [12]
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On the other hand, if property isotropy is not necessary, the CFRP layers of a
component can be ‘tailored’ to preferentially align some or most of the fibres in the
principal loading direction, thereby increasing the structural efficiency: see
Table 14.4.

The foregoing discussion is most important. It shows that although CFRPs with
high percentages of aligned fibres have (very) high specific strengths and stiffnesses
compared to aluminium alloys, a direct translation to high weight savings in actual
components is not possible. This is the case even in the absence of reduction
factors.

Mouritz [8] suggests 10–20 % weight savings from using CFRPs instead of
aluminium alloys. This weight savings range is only slightly higher than the 8–
15 % achievable by substituting third generation Al–Li alloys for conventional
aluminium alloys [3]. Thus despite the increasing use of CFRPs in aircraft struc-
tures, Fig. 14.1, there is still potential competition from aluminium alloys. And, as
also mentioned, there is an increasing trend to design and build hybrid structures.

Trade-off between stiffness, weight savings and costs: An instructive example
of a trade-off between specific stiffness, weight savings and costs is given in
Fig. 14.10. This shows different material choices, CFRP pultrusions [13] and Al–Li
AA2196-T8511 alloy extrusions [14], for nominally identical applications in the
Airbus A380.

The reasons for these differing choices are:

1. To maximise usable space the upper deck floor must span the entire fuselage
without the intermediate supports commonly used for lower/main deck flooring.

Fig. 14.10 A380 CFRP and
Al–Li alloy floor beams [3]:
see Fig. 14.3 also
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This puts great demands on the floor beam stiffness, favouring the use of
CFRPs, see Fig. 14.9.

2. On the other hand, the main/lower deck beams can be supported, as seen in
Fig. 14.10. This enabled the Al–Li alloy extrusions to successfully compete for
the beams, in a trade-off between the engineering properties, the resulting
component weights, and the manufacturing costs.

14.4.2 Impact Damage and Inspections

Table 14.4 indicates that CFRPs have high fatigue strengths compared to alu-
minium alloys. However, CFRPs are highly susceptible to impact damage, which
can grow during service, but not necessarily or at all by fatigue [1: p. 371].

In fact, CFRPs have the least impact resistance of any composites [1]. As an
example, Fig. 14.11 compares a thermoplastic CFRP (i.e. a CFRP with better
fracture resistance than thermoset CFRPs) with a standard damage tolerant aero-
space aluminium alloy, AA2024-T3, and a damage tolerant version of GLARE.
Note the especially high impact resistances of GLARE: this has led to its use as

Fig. 14.11 Impact properties for a quasi-isotropic thermoplastic (PEEK) CFRP, aluminium alloy
AA2024-T3, and a GLARE laminate [15]: m the mass of the impactor (unspecified for the high
velocity impacts)
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leading edge protection for the CFRP empennage on the Airbus A380: see Fig. 13.2
in Chap. 13 of this Volume.

Types of impact damage: These are various and varied, including hailstones
(in-flight and on the ground), bird and lightning strikes, runway debris, tyre rupture,
incidental contact with ground vehicles and installations, tool drop during main-
tenance, and engine blade loss or even rotor burst. The damage can be classified as
shown in Table 14.5.

Several types of damage are obvious. However, there is a very important cate-
gory of damage that is defined by the assumption that most in-service inspections
are visual [19]. This damage is called ‘barely visible impact damage’ (BVID).

The importance of BVID lies in its threat to the structural integrity. BVID is
difficult to detect by in-service inspections, and it could lead to visually unde-
tectable damage growth (by whatever mechanisms) within the composite, followed
by sudden failure at loads below the design allowables for nominally undamaged
structures.

The reason why BVID can be so damaging is that impact effects are not confined
to the composite surface [20]. A particularly severe example is shown in Fig. 14.12.
The dominant type of damage is extensive delamination between the fibre layers;
and in general it is delamination growth during service that is of most concern.

There are strength (and inspection) requirements to deal with all types of impact
damage, including BVID, see Sect. 14.5, specifically 14.5.4.

N.B: Besides impact damage there are many types of manufacturing damage,
including delaminations, voids, disbonded areas in skin/stringer interfaces,
inclusions, scratches and fibre and matrix damage at drilled-hole locations
[1]. These are accounted for by quality control inspections during manufac-
turing, see below, and a ‘Building Block’ (BB) test and analysis approach of
validating composite structures for service [7, 18, 22–25]. This approach is
also discussed in Section 14.5.

Table 14.5 Classification of
specific types of impact
damage [16–18]

Impact type Self-evident Impact location

Hail Yes Yes

Bird strike Yes Yes

Runway debris Sometimes Usually

Tyre rupture Yes Sometimes

Panels lost in-flight Yes Sometimes

Contact on ground Sometimes Yes

Tool drop Sometimes Yes

Engine blade/rotor Yes Yes

Lightning strike – –
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Inspections: NDI methods for BVID and quality control of production processes
can be summarised as follows:

1. BVID may be assessed visually at two levels, namely general and detailed visual
inspections [22]. General visual inspection (GVI) includes service-induced
impact damage and screening of impact test results. Detailed visual inspection is
more appropriate to test results.
The impact dent depth is widely used as a BVID criterion [22]. For GVI a
typical detectable dent depth is about 0.25–0.5 mm [18]. For service compo-
nents and structures the BVID dent depth is taken to be the minimum that can be
reliably detected by scheduled inspections.

2. The majority of CFRP production defects are internal, so visual inspections,
though necessary, are not sufficient. NDI techniques that establish internal
defect acceptance and rejection limits are required [7].
The most used NDI techniques are ultrasonics [7, 26], usually
through-transmission C-scan inspections [7] and sometimes pulse-echo A-scans.
X-ray inspection is often used to check the bonding of inserts in laminate panels
and honeycomb/facesheet bonds in sandwich panels [7].
The extent of this production-oriented NDI depends on whether the components
are for (i) primary (safety-of-flight) structures, (ii) secondary structures, whose
failure would affect aircraft operation but not the safety, and (iii) tertiary
structures, whose failure would not significantly affect aircraft operation.

More information on CFRP NDI techniques may be obtained from Ref. [7] and
specialist publications. As noted in Table 14.4, this is a difficult topic. The reasons
are the variety of possible manufacturing defects and the ways in which CFRP
structures can be built up. Another important point is that this subject area is
continually evolving as the technique capabilities improve and new methods are
developed.

Fig. 14.12 BVID ‘hidden’
damage in a CFRP laminate
cross-section: modified
photomontage from [21]
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14.4.3 Repairs of CFRP Structures

The previous topic, Inspections, is directly related to repairs. And like inspections,
repairs of CFRP structures have difficult aspects, particularly validation, which is
discussed in Sect. 14.5.5.

Repair options depend on several factors [1]:

• Types of damage
• Component and/or structural build-up and requirements
• Field or depot level repair possibilities
• Criticality with respect to flight safety and operation.

Figure 14.13 classifies repairs into non-patching techniques for minor damage
(surface and potting repairs), and patching for more serious damage that affects the
load-carrying capability.

A detailed discussion of the types of repairs, with supporting literature, is given
by Baker et al. [1]. Similar and additional information is present in the U.S.
Department of Defence Composite Materials Handbook, Volume 3
(MIL-HDBK-17-3F) [7], which, as stated earlier, may be downloaded from the
Internet.

Fig. 14.13 Classification of CFRP repairs into non-patching and patching techniques: after [1]
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Also, the Federal Aviation Administration (FAA) and European Aviation Safety
Agency (EASA) sponsor CFRP composite research in several key areas, including
structural substantiation; damage tolerance; maintenance and repair practices;
materials control and standardisation; and advanced material forms and processes
[16–19, 21–24, 27]. These activities, in which major companies (Airbus, Boeing)
participate, provide continuing updates to the guidelines [7] and requirements for
composite structures [25].

14.5 Safety and Damage Tolerance of CFRP Components
and Structures

This Section summarises the Damage Tolerance (DT) and fatigue requirements for
CFRP composite aircraft structures. A full discussion is beyond the scope of this
Source Book Volume, and could also be misleading, since the subject area is
continually evolving as part of the activities mentioned at the end of Sect. 14.4.3.

14.5.1 Strength and Safety Definitions

There are two essential basic strength requirements for ensuring aircraft safety.
These are the airframe structural limit load (LL) and ultimate load (UL) definitions:

Limit Load (LL): Maximum load to be expected in service.
Ultimate Load (UL): Limit Load multiplied by a historically-based safety factor,
LL × 1.5 [28].

The limit load (LL) and ultimate load (UL) definitions apply to all possible types
of external flight and ground loads on the airframe structure. The 1.5 safety factor
on LL covers inadvertent service flight and ground loads greater than LL, structural
deflections above LL that could compromise structural integrity, and as-built part
thicknesses within tolerance but less than those assumed in the stress analyses.
However, the safety factor does not cover:

• analysis or modelling errors
• poor design practice
• material property variations
• process escapes (e.g. different materials used than those specified, improperly

drilled holes, etc.).
• damage and repairs
• environmental effects on composite properties.
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14.5.2 Reduction Factors on Allowables

From Fig. 14.8 it was already pointed out that reduction factors greatly decrease the
CFRP ‘allowables’ from those theoretically possible. A more general illustration is
given in Fig. 14.14. This shows how manufacturing anomalies, service-induced
damage, environmental effects and the 1.5 safety factor must be taken into account
when designing CFRP structures. The reduction on allowable strain can be as much
as two-thirds [29].

14.5.3 Testing to Determine Allowables

Accurate and reliable estimates of the design allowables for CFRP aircraft struc-
tures present many challenges, since together with the design details, all the factors
shown in Fig. 14.14 must be considered. The general consensus is that a so-called
‘Building Block’ (BB) test and analysis approach should be used, see Fig. 14.15.

The BB approach may be viewed as a pyramid consisting of four levels of
testing and analysis: (i) specimens, (ii) components, (iii) structural units, and
(iv) full-scale units. Each level of the pyramid is the foundation for the next, and the
complexity and costs increase with each upward level.

The overall purpose of the tests, and the supporting analyses, is to validate the
structures for service. The final phase, leading to certification of the aircraft, is
ground and flight testing.

Fig. 14.14 Reduction of
strain allowables for CFRP
structures: after [18, 29]
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Important
Levels (i)–(iii): Up to the level of full-scale testing the BB approach for
composite structures is broadly analogous to the BB approach for metallic
airframe structures, see Chap. 16 in Volume 2 of these Source Books.
However, there are major differences. Metallic airframe materials have better
defined and consistent material and mechanical properties; considerably
fewer types of manufacturing anomalies (especially in built-up structures);
much less susceptibility to impact damage; and mechanical properties
insensitive to environmental effects. (Another difference, this time an
advantage of CFRPs, is that they are not susceptible to corrosion, unlike, for
example, most aerospace aluminium alloys.)

Level (iv): There are also major differences at the full-scale test level.
For CFRP composite structures there is emphasis on static proof tests and
separate fatigue tests on impact- and discontinuity-damaged structures to
demonstrate ‘no-growth’ damage behaviour [7, 25]. On the other hand,
metallic aircraft structures are subjected to full-scale fatigue testing to
demonstrate (a) adequate fatigue life and crack growth characteristics, and
(b) adequate residual static strength after fatigue testing.

The word ‘emphasis’ in the previous paragraph is used because the
MIL-HDBK-17-3F [7] and FAA AC-20-107B [25] guidelines do not exclude
full-scale fatigue testing of CFRP aircraft structures, whereby the objective is
to account for limited growth of impact (BVID) damage and/or manufac-
turing discontinuities during service.

For more, and more detailed, information on the testing of CFRP composite
structures the reader should consult both of these guidelines, which have been

Fig. 14.15 ‘Building block’ test approach for materials, components and structures: after [30]
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developed with joint consultation, but differ in scope and extent. For example,
the MIL-HDBK-17-3F guidelines have been developed for military aircraft
(although there is much information relevant to civil aircraft), while the FAA
AC-20-107B guidelines are primarily concerned with civil transport aircraft.

N.B: The MIL-HDBK-17-3F and FAA AC-20-107B guidelines are con-
tinually evolving, and they are updated at appropriate intervals.

14.5.4 Damage Tolerance (DT) Allowables

MIL-HDBK-17-3F [7] and FAA AC-20-107B [25] provide extensive information
on assessing the effects of various types of impact damage (see Table 14.5) and
other damage on the integrity of CFRP airframe structures.

An outline of the FAA AC-20-107B guidelines for DT evaluation of damage is
given in Table 14.6. This outline is derived from the guidelines for all types of
damage, i.e. including manufacturing anomalies as well as service-induced damage.

Again following FAA AC-20-107B, completion of the first step in Table 14.6
allows the various types of damage to be classified into five categories, as shown in
Fig. 14.16. In more detail these are:

Category 1: Allowable damage that may go undetected (BVID) in service and
also allowable manufacturing defects. Structural substantiation includes a reliable
service life while maintaining UL capability.

Category 2: Damage reliably detectable by field inspections. Structural sub-
stantiation includes demonstration of reliable inspection and the retention of LL
capability. Examples of category 2 include visible impact damage (VID), deep

Table 14.6 Outline of guidelines for DT evaluation of damage in CFRP composite aircraft
structures

1. Identification of structure whose failure would reduce the structural integrity, and a
damage threat assessment to determine possible locations, types and sizes of damage that
may occur during manufacture, operation or maintenance

2. Realistic testing (i.e. including service loads and environmental simulations) according to
the BB approach to define the sensitivity of the structure to damage growth

3. Establish the extent of initially detectable damage consistent with the inspection
techniques used during manufacturing and service

4. Establish the extent of damage for residual strength assessments, including considerations
about the probability of detection using field inspection techniques

5. Develop an in-service inspection programme for inclusion in a maintenance plan.
Establish inspection intervals for reliable detection of damage between the time it initially
becomes detectable and the time at which the extent of damage reaches the limits for the
required residual strength

6. For continued airworthiness the maintenance and repair should meet all the appropriate
considerations covered in FAA AC-20-107B
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Fig. 14.16 Schematic diagram of design load levels versus categories of damage severity [25]

gouges or scratches, detectable delamination or disbonding, and local major heat or
environmental degradation.

Category 3: Damage reliably detected within a few flights of occurrence by
operations or maintenance personnel with no special skills. Structural substantiation
includes demonstration of reliable quick detection and the retention of LL or
near-LL capability. An example of Category 3 is large VID.

Category 4: Discrete source damage from a known incident such that flight
manoeuvres are limited. Structural substantiation includes a demonstration of
residual strength. Examples of Category 4 include severe in-flight hail, bird strikes,
and tyre and rotor bursts.

Category 5: Severe damage from anomalous ground or flight events, and not
covered by design criteria or structural substantiation procedures. This category is
included in FAA AC-20-107B to make all concerned (design engineers, operations
andmaintenance personnel) aware of possible damage fromCategory 5 events, which
need immediate reporting. Examples of Category 5 include severe collisions with
ground vehicles, anomalousflight load conditions, abnormally hard landings, and loss
of parts in flight with possible subsequent high-energy impacts on adjacent structures.

14.5.5 Repair Issues: Validation

Validation of repairs relies on strict attention to repair design and analysis,
appropriate design values supported by tests, damage removal and site preparation,
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appropriate choice of the repair materials and fabrication processes, and inspection
(quality control) [7, 25]. Some damage types may need special instructions for field
repair and the associated quality control [25]. In addition, the service inspectability
and durability of the repairs must be verified: this is a difficult task.

Thus although the schematic in Fig. 14.13 appears straightforward, the actual
repair procedures can be complex. For example, bonded repairs require more
in-process quality control than bolted repairs [7]:

Bonded repairs: The composite materials and adhesives must be compatible
with the original structure, and so must the repair process, which involves patch and
parent surface preparation, adhesive application, bagging (enclosing the repair for
curing) and the cure thermal cycle [1, 7]. Each of these activities may be different
for the type of bonded repair and the component being repaired.

Bolted repairs: These are simpler, since a pre-processed patch is mechanically
fastened to the damaged structure. Even so, drilling and reaming holes in both the
patch and parent material require much care to avoid damaging the hole vicinities
and prevent splitting of parent skin material.

14.6 Developments Old and New

The title of this Section may seem unusual, but it reflects the fact that development
and introduction of aerospace materials is a long-term process, often taking
10 years or more. For example, although high-modulus carbon fibres were devel-
oped in the mid-1960s [31], the first CFRP applications were in tactical aircraft in
the mid-1970s, see Fig. 14.1. Transport aircraft applications followed in the 1980s.

More recent developments, though not deserving the designation ‘new’, are
so-called smart structures, three-dimensional (3D) fibre reinforcements, and
self-healing matrices.

Smart structure technology uses the layered configuration of composite lami-
nates to insert interlayer optical fibres and sensors for structural health monitoring
(SHM). SHM is the subject of Chap. 22 of Volume 2 of these Source Books, and is
also discussed specifically for CFRPs in Ref. [1]. Hence smart structures will not be
considered here.

The incentive to develop 3D and self-healing CFRPs stems from trying to
improve the damage resistance of conventional CFRP composite structures. These
topics, 3D and self-healing CFRPs, are briefly discussed in Sects. 14.6.1 and 14.6.2.

14.6.1 3D CFRP Components and Structures

Laminated two-dimensionally (2D) reinforced CFRP composites have poor impact
resistance, see Sects. 14.4 and 14.5 and also low through-thickness strength. It was
realised more than 25 years ago [32] that these properties could be improved by
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fabricating 3D composites. This is partly why NASA set up an Advanced
Composites Technology (ACT) programme in 1989, followed by the first ACT
conference in 1990 [33]. Thus the development of 3D CFRPs already has a
respectably long history.

In 3D reinforcement some of the fibres are oriented in the through-thickness
(z) direction. This can be obtained from 3D weaving or braiding, or by stitching-in
fibres in the z-direction [1]. This z-stitching is much simpler than weaving, but it
does not provide all the benefits of fully 3D fibre configurations [1].

Whichever type of reinforcement is used, a dry preform is made and then
converted into a composite part using one of the liquid resin moulding techniques
(RTM or RFI, see Sect. 14.3.3). Besides enabling 3D configurations, the RTM and
RFI techniques have the additional advantage of relatively low cost compared with
conventional laminating procedures [1].

The ACT programme initially concentrated on developing large composite wing
structures for commercial aircraft. Several types of composite fabrics were evalu-
ated, and it was found that stitching combined with RFI showed the greatest
potential for overcoming the cost and damage tolerance restrictions [34].

The stitched/RFI CFRP wing manufacturing process used three textile processes,
knitting, braiding and stitching, as follows [34]:

1. The wing covers were made from knitted tow preforms stacked in layers as few
as two stacks in low-stress areas and up to twenty stacks in high-stress areas.
Then the stacks were stitched to make solid wing cover preforms.

2. The stiffeners and rib clips were made from braided tubes, which were collapsed
and stitched to make blade-shaped profiles. The braiding process made it easier
for the components to conform to the wing contours.

3. The stiffening elements were stitched to the wing cover preforms, ready for the
RFI process.

This manufacturing process required a very large Advanced Stitching Machine
(ASM), which is also discussed in Ref. [34].

More recently, NASA and Boeing set up a demonstrator programme for a large
CFRP multi-bay pressure box [35–38], whose configuration is derived from a
Blended Wing Body design concept [39]. The box consists of stitched/RFI
sub-assemblies that form the exterior shell and floor members and 4 interior
sandwich rib panels. The stitched/RFI sub-assemblies were designed, manufactured
and evaluated using the Building Block (BB) approach, whereby the stitching is
intended to suppress interlaminar failures, arrest damage and turn cracks [37].

An illustration of the sub-assemblies, the sandwich panels and the box is given
in Fig. 14.17. The box itself was assembled at Boeing’s C-17 assembly site in Long
Beach, California, by mechanically fastening the sub-assemblies [38]. After final
assembly the box was transferred to the NASA Langley Research Center, to be
statically tested under combined pressure and bending loads, firstly in the pristine
condition and subsequently with interior and exterior BVID [38].
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This demonstrator programme has already been extensively reported in the open
literature [35–38], and there will undoubtedly be much more follow-on information
in the next few years.

14.6.2 Self-healing CFRPs

Over the past 20 years, and especially in the last decade, there has been much
interest in developing self-healing polymer resins and, by extension, self-healing
PMCs. Two recent and extensive reviews [40, 41] are available via the Internet.

The basic self-healing idea is shown in Fig. 14.18, progressing from (a) to (c).
A growing crack breaks microcapsules that contain either a liquid resin (healing
agent) or a catalyst (cure agent). The contents of these capsules react to polymerise
the resin within the crack and heal it. Another possibility is to use hollow glass
fibres as the encapsulating vessels [41].

Recovery of more than 90 % of the pristine resin fracture toughness properties is
possible for capsule-based healing of epoxy resins [40, 41]. However, limited data
show that CFRP fracture toughness recovery does not exceed 80 %, and can be
much less [41]. This adverse result, which appears to be generally true for PMCs,
has been attributed to insufficient amounts of self-healing resin to close cracks and
delaminations, and thermal loss of the healing reaction to the fibres [41].

Fig. 14.17 CFRP Stitched/RFI sub-assemblies, sandwich panels and a schematic of the large
multi-bay pressure box [38]: reproduced by permission from NASA/Boeing
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Disadvantages of incorporating microcapsules in PMCs were demonstrated for
C-glass/epoxy composites [42]. Increasing amounts of microcapsules decreased the
tensile strength and modulus, and increased the porosity [41, 42].

Much more research is needed. For CFRPs this includes developing more
appropriate self-healing resins and survival of the encapsulated resins and catalysts
during component manufacture.

14.7 Current Indian Scenario (Contribution Partly
by K. Vijaya Raju)

Indian efforts in the development of CFRP products and components are sum-
marised in this Section. Over the past three decades or so, a number of aerospace
platforms have been developed in India. These include the Advanced Light
Helicopter (ALH-Dhruv) from Hindustan Aeronautics Limited (HAL); the Light
Combat Aircraft (LCA-TEJAS) developed by the Aeronautical Development

Fig. 14.18 Schematic of microcapsule self-healing of a resin
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Agency with HAL as the principal partner; the Light Transport Aircraft
(LTA-SARAS) and two-seater trainer aircraft (HANSA) developed by the National
Aerospace Laboratories (NAL-CSIR); and a number of launch vehicles and satel-
lites for the Indian Space Research Organisation (ISRO-DoS).

All these developments have employed composite materials for the realisation of
efficient lightweight structures—mostly CFRP and glass fibre reinforced compos-
ites, and to a limited extent aramid (Kevlar) fibre reinforced composites.

14.7.1 Light Combat Aircraft TEJAS

The LCA-TEJAS is a multi-role combat aircraft and is the smallest aircraft in its
class amongst contemporary aircraft. TEJAS has an unstable configuration and is
controlled at all times by a fly-by-wire control system via on-board computers.

Among the important requirements for the airframe of such an aircraft are the
lightweight construction, high degree of reliability over a long period, and the need
to have aerodynamic shapes providing high aerodynamic efficiency under operating
(flexed) conditions. It was realised that in order to meet these demands, it was
necessary to have materials with high specific strength and stiffness that can take
complex shapes easily and provide adequate fatigue and corrosion resistance.

Large-scale use of composites in TEJAS has provided effective solutions for
such considerations. The TEJAS airframe consists of about 45 % CFRP that
includes 90 % of the skin material. Illustrations of some of the CFRP components
are given in the upper photomontage of Fig. 14.19. These include complex parts
like the fin, rudder, centre fuselage and main landing gear doors, which are fabri-
cated using co-curing and co-bonding.

The CFRP materials are mainly thermosets using epoxy resins. A high tem-
perature CFRP is used for the engine bay door. Currently, carbon fibre prepregs are
available both as unidirectional tapes (continuous carbon fibre tows embedded in
partially cured matrix polymeric resin) and as bidirectionally woven fabrics
embedded in partially cured matrix polymeric resin.

14.7.2 Light Transport Aircraft SARAS

The LTA-SARAS is a 14-seat twin-turboprop civilian light transport aircraft for
general use. The airframe is about 35 % composites, mainly CFRP. Illustrations of
some of the CFRP components are given in the lower photomontage of Fig. 14.19.
These include the wing, horizontal and vertical stabilisers, the rear pressure bulk-
head, front top skin, engine nacelles and flooring.

The CFRP wing is fabricated using a patented cost-effective manufacturing
technology called VERITy (Vacuum Enhanced Resin Infusion Technology).
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Fig. 14.19 Photomontages of CFRP composite parts in the Light Combat Aircraft TEJAS (top)
and the Light Transport Aircraft SARAS (bottom). Source: Advanced Composites Division,
CSIR-NAL, Bangalore, India
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14.8 Summary

This chapter surveys the applications and properties of polymer matrix structural
composites (PMCs), concentrating on carbon fibre reinforced composites (CFRPs),
which are widely used in modern aerospace structures.

The discussion of CFRPs begins with considering the matrices and fibres and the
production methods for aerospace components. Then some important CFRP
properties and considerations are reviewed, namely the specific mechanical prop-
erties and their influences on practical weight savings and costs; and impact damage
(to which CFRPS are very susceptible) and inspections and repairs of damage.

A complete Section is devoted to Safety and Damage Tolerance of CFRP
components and structures. This is a complex topic and still very much an evolving
discipline. The following Section mentions some ‘old’ but still current develop-
ments (high-modulus fibres and smart structures), and then discusses the newer
developments of 3D fibre reinforcements and self-healing matrices. Especial
attention is given to a NASA/Boeing demonstrator programme for a large 3D CFRP
multi-bay pressure box simulating a centrally-located structure for an advanced
Blended Wing Body aircraft.

The chapter ends with a contribution about the current CFRP scenario in India,
highlighting the Light Combat Aircraft TEJAS and the Light Transport
Aircraft SARAS, whose airframes consist of about 45 % and 35 % CFRPs,
respectively.
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Chapter 15
C/C and C/SiC Composites for Aerospace
Applications

Suresh Kumar, K. Chandra Shekar, B. Jana, L.M. Manocha
and N. Eswara Prasad

Abstract This chapter deals with different aspects of the carbon fibre-reinforced
carbon composites (C/C) and carbon fibre-reinforced silicon carbide composites
(C/SiC), especially for aerospace applications. The reinforcement and matrix
materials and the process technologies developed for these composites are dis-
cussed. Typical mechanical and thermal properties at room and high temperatures
are also presented, together with some actual and potential aerospace applications.
Some products developed in India are also included.

Keywords Carbon matrix composites � Processing � Properties � Applications

15.1 Introduction

Carbon fibre reinforced carbon matrix (C/C) composites and carbon fibre reinforced
ceramic matrix composites (CfCMC) offer some significant advantages over con-
ventional high temperature materials for aerospace applications [1–7]. The devel-
opment of C/C composites started in 1958, with US Air Force sponsored work,
which later received significant impetus from the Space Shuttle programme. The
C/C composite technology remained as guarded secret technology for the USA and
European countries until other industrial applications were explored. Currently,
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many countries, including India, have their own technologies with manufacturing
units in civilian and military sectors.

The C/C composites possess high thermal stability, high specific strength, high
stiffness, high thermal conductivity, low coefficient of thermal expansion, high
fracture toughness and good fatigue and creep resistance. Also, these composites
maintain good mechanical properties, including frictional properties, over the entire
operational temperature range [1, 3, 4, 7].The combination of these properties
makes them the preferred materials for different aerospace structural components
like ailerons, flaps, landing-gear doors and other structural parts. However, they
have a major drawback, the lack of stability above 500 °C in oxidizing environ-
ments. This limits their application in such environments to short durations [4, 8, 9].
On the other hand, these composites can withstand very high heat fluxes for short
durations, making them suitable for re-entry nose tips and leading edges of ballistic
hypersonic missiles [2, 9].

In order to make C/C composites suitable for extended durations and repeated
use, the oxidation resistance is improved by (i) oxidation-resistant coatings, or
(ii) modifying the composite matrix by adding third phase oxidation-resistant
ceramic fillers or (iii) converting the carbon matrix to carbides like SiC. The latter
type of composite, carbon fibre reinforced SiC matrix composites, are called C/SiC
composites.

The C/SiC composites possess most of the good properties of the C/C com-
posites and in addition have better oxidation and erosion resistance. Moreover, the
density of the carbon is lower than the density of many metallic and non-metallic
materials, and this makes them ideal for lightweight applications.

15.2 Carbon Reinforcements

The reinforcements (usually fibres) are the mainstay of any composite product. The
constituents in C/C (and C/SiC) composites have distinctly different structures. In
C/C composites each constituent can range from non-crystalline carbon to
semi-crystalline, or highly crystalline graphite. Thus by varying the starting
materials and processing, composites can be made with a wide range of structures
and properties.

15.2.1 Carbon Fibre Reinforcements

Since the processing temperature of C/C and C/SiC composites is very high, the
fibres must not degrade during processing. This means that the fibres should be
initially produced at a higher temperature than the subsequent composite processing
temperature.
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Carbon fibres can be produced from different precursors and are in this respect
classified into the following categories [3, 4]:

• Rayon-based carbon fibres
• PAN-based carbon fibres
• Pitch-based carbon fibres

– Mesophase pitch-based carbon fibres
– Isotropic pitch-based carbon fibres

• Gas-phase-grown carbon fibres.

However, on the basis of the final heat treatment temperature, the fibres can be
broadly categorized in the following three categories:

1. Type-I. These fibres are called high-heat-treatment carbon fibres (HTT), where
the final heat treatment temperature should be above 2000 °C. These fibres have
a high elastic modulus.

2 Type-II. These fibres are called intermediate-heat-treatment carbon fibres (IHT),
where the final heat treatment temperature should be around 1500 °C. These
fibres have high strengths.

3. Type-III. These fibres are called low-heat-treatment carbon fibres, where the
final heat treatment temperature is around 1000 °C. These fibres have low
modulus and strength.

The properties of the different fibre grades depend upon the precursor, the
processing technology and the final heat treatment temperature.

Table 15.1 lists representative properties of the commercially available carbon
fibre grades taken from the website of M/s Troyaca and M/s Toray. These data are
shown only to illustrate the wide property ranges of the fibres, and consequently
may vary slightly from the actual values. N.B: It is always necessary to obtain
certified properties from the manufacturers for design use.

Table 15.1 Properties of carbon fibres (extracted from the website of M/s Troyaca and M/s
Toray)

Trade
name

Density
(g/cm3)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Elongation
(%)

CTE (m/moC) Thermal
conductivity
(Cal/cm s°C)

T300 1.76 3530 230 1.5 −0.41 � 10−6 0.0250

T700S 1.80 4900 230 2.1 −0.30 � 10−6 0.0224

T800S 1.80 5880 294 2.0 −0.56 � 10−6 0.0839

T1000G 1.80 6370 294 2.2 −0.55 � 10−6 0.0765

M40 J 1.77 4410 377 1.2 −0.83 � 10−6 0.1640

M50 J 1.88 4120 475 0.8 −1.10 � 10−6 0.3720

M60 J 1.93 3920 588 0.7 – –

CTE coefficient of thermal expansion
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15.2.2 Other Carbon Reinforcing Materials

Although most of the high performance composites use carbon fibres, other forms
of carbon are also used as secondary reinforcements:

Graphite whiskers: These are pure graphite single crystals having a high degree of
crystal perfection and possessing very high strength [10]. The whiskers can be used
as a secondary reinforcement in combination with the primary reinforcement of
carbon fibres. However, handling and uniform dispersion of the graphite whiskers
may require additional precautions and skill.
Carbon Black: Carbon black is available in the form of spheres with fused
aggregates below 1 µm size. It is produced by the combustion of hydrocarbons
under oxygen-deficient conditions. Carbon black can be used as filler in the C/C
composite matrix [4] to reduce the number of coal tar infiltration cycles (discussed
in subsection 15.4.2). However, its use is mainly dictated by the desired properties
of the final composite.
Carbon nanotubes: Owing to their unique properties, carbon nanotubes (CNTs) are
potentially an ideal reinforcement candidate. Theoretical and experimental results
have shown some unusual mechanical properties of CNTs, with Young’s modulus
as high as 1.2 TPa and tensile strength 50–200 GPa [11]. These features make
CNTs an attractive option for secondary reinforcing materials in C/C or C/SiC
composites. However, CNTs have been used mostly as fillers in experimental
nanocomposite materials to enhance their properties [12, 13].
Carbon nanofibres: Carbon nanofibres are non-continuous filaments that differ
from conventional carbon fibres with respect to both their dimensions and
mechanical properties. Carbon nanofibres are produced using catalytic chemical
vapour deposition (CVD) as well as by a combination of electrospinning of an
organic polymer and thermal treatment [14, 15]. The diameter of these fibres is
reported to be in the range of 100 nm and their aspect ratio is reported to exceed
100. They could become of great practical—as well as scientific—importance,
owing to their combination of high specific area, flexibility and mechanical
strength.

15.3 Carbon Fibre Preforms

Development of fibre scaffolding with carbon fibres orientated in specific amounts
and directions is called the preforming process. The preform enables the subsequent
composite product to have the desired strength in different directions. Since carbon
fibres are also thermally anisotropic, the preforms should be designed such that the
composite will absorb all the thermal stresses during processing and result in a
delamination-free product. Also, multidirectional preform fabrication technology
provides the means to produce a tailored and near-net shape composite that meets
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the directional thermomechanical property requirements of the final composite
product.

The preforming technology employs multidisciplinary approaches of structural
engineering, mechanical engineering and textile technology to develop preforms.
The preforms can be simple blocks, cylinders, conical contours, surfaces of revo-
lution and complex geometries and shapes. They can be made using layers of
conventional fabrics with dry yarns pierced through them in the third direction, or
assembling semi-cured/pre-cured yarns (pre-pregs), using manual, semi-automated
or automatic machines. An illustration of some complex preform schemes [1, 4, 16,
17] is given in Fig. 15.1. Some of these, and others, are briefly described in the
following paragraphs.
UD preforms: These are the simplest preforms and are obtained by arranging either
dry or resin-impregnated fibre tows (bundles of fibres) parallel to each other and
employing pultrusion or filament winding in combination with a polymeric binder
to obtain the required shape and volume fraction of fibres. The polymeric binder can
be converted into the carbon matrix by heating the preform under inert atmosphere
above 1000 °C.

These initial products are porous and can be densified using the standard C/C
composite processing techniques described in Sect. 15.4.
2-D preforms: These are fabricated by stacking carbon fibre cloth in a suitable
fixture, mostly in the dry condition. The stack is subjected to further processing
along with the fixture till the preform acquires a stable shape and rigidity suitable
for handling. The 2-D preforms can have different stacking arrangements where

Fig. 15.1 Some typical schemes for developing multi-directional carbon fibre preforms
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fibre tows are arranged in a regular fashion with different combinations of fibre
orientations.

This type of preform provides good mechanical and thermal properties in two
directions parallel to the fibre axes, but the composite properties are poor in the
through-thickness direction. Also, 2-D preforms are somewhat susceptible to
delamination during pyrolysis. However, the delamination problem can be over-
come by using an optimum resin system and optimum heating cycle for the given
fibre volume fraction, Vf, or by making 2.5-D preforms.
2.5-D preforms: The delamination problem in 2-D preforms can be eliminated by
stitching the carbon fabric stack with carbon fibre tows. Since the Vf of the stitching
fibres is relatively low compared to the other main direction fibres, such preforms
are called 2.5-D. Stitched preforms are suitable for many C/C and C/SiC composite
products. These preforms are used for general applications owing to their
straightforward fabrication process [18].
3-D preforms: 3-D orthogonal preforms are fabricated using multiple fibre tow
bundles that are appropriately located within the structure in three mutually per-
pendicular directions. In each direction the fibre bundles are straight in order to
obtain their maximum structural capability. This type of preform obviously can
provide greater isotropy compared to UD, 2-D and 2.5-D preforms. However, the
strengths of 3-D preforms are relatively low. 3-D preforms of different shapes and
sizes can be made using automated machines.

3-D preforms are used for applications like rocket nozzles and hypersonic
vehicle leading edges. 3-D cylindrical weave pattern based preforms are used for
some near net conical or cylindrical shapes, but they have the disadvantage of
non-uniform Vf across the thickness, and this affects the mechanical and thermal
properties.
4-D preforms: These are modified versions of 3-D preforms that achieve even
better isotropy, but at the cost of lower Vf and properties. 4-D preforms are made by
introducing diagonal yarns between the main fibre planes.

In addition to 4-D preforms, 5-D and 7-D can also be developed. 4-D and 5-D
preforms are mostly used when greater isotropy is required for re-entry missile nose
tips and for throat inserts in rocket nozzles.

15.4 C/C Composites Processing

Carbon has a high melting temperature (above 3000 °C), and so the fabrication
techniques used for polymer matrix or metal matrix composites cannot be used for
C/C composites. Many research articles have been published on the processing of
C/C composites, but the actual knowledge of fabrication—for both C/C and C/SiC
composites products—remains proprietary and exclusive to a few research
institutions.

A general flow diagram of C/C composite processing is shown in Fig. 15.2 [3,
19]. The processing is based either on vapour phase pyrolysis of some selected
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hydrocarbons, or pyrolysis of solid/liquid carbonaceous precursors. The selection of
the processing route and suitable precursor for the matrix development are the most
important parameters [1, 4, 19]. The carbon matrix precursor materials can be
divided into two categories:

1. Gaseous precursors, usually hydrocarbons such as methane and propane.
2. Liquid precursors (carbonaceous resins). The liquid route can be further cate-

gorized as

• Aromatic thermosetting resins like phenolics and furfural.
• Thermoplastic resins, including pitch material obtained from coal or

petroleum.

The process route selection depends mostly on the availability of the processing
equipment and types of preforms. For example, UD and 2-D based preforms are
generally processed using thermosetting resin systems. 2.5-D and 3-D preforms of
limited thickness are processed using chemical vapour deposition or infiltration
processes (CVD/CVI), while thicker products of 3-D, 4-D and 5-D composites are
processed using pitch impregnation.

Fig. 15.2 Schematic layout of typical methods used to fabricate C/C composites from different
reinforcement materials
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The following factors should be taken into account while selecting the matrix
precursor:

• The solid carbon yield of the precursor must be high. This minimizes the
number of densification (infiltration and pyrolysis) cycles. It also helps in
controlling delamination particularly in 2-D composites.

• The liquid or molten matrix precursor must readily wet the carbon fibres.
• The molten precursor should have a low viscosity to aid penetration into the

preforms.
• On pyrolysis, the resulting matrix should (obviously) acquire a favourable

microstructure for optimum mechanical and thermal properties.

15.4.1 Chemical Vapour Impregnation (CVD/CVI)

This processing route has been widely used by Western countries for the production
of C/C composite thinner parts like aircraft brake discs and extendable rocket
nozzle cones. The chemical vapour impregnation (CVI) technique evolved from
chemical vapour deposition (CVD), which was generally used to obtain uniform
coatings or films with tailored composition by decomposition of gaseous com-
pounds. In this chapter the CVD/CVI term has been used for the process where
entire matrices are developed by infiltrating fibre preforms with volatile hydro-
carbon matrix precursors such as methane, propane, benzene and other similar low
molecular weight hydrocarbons. Thermal decomposition of the hydrocarbons takes
place on the heated surfaces of the carbon fibre preforms, resulting in deposition of
pyrolytic carbon. This technique can be used to deposit carbon onto dry fibre
preforms or on partially densified C/C composite structures produced by the liquid
impregnation route [3, 4].

There are several variants of the CVD/CVI processes. These are summarized in
the following paragraphs.

Isothermal CVD/CVI: This process is the most widely used for fabricating C/C
composite products. The carbon fibre preform is positioned in a vacuum furnace
having a gas management system. The temperature of the preform is raised to
within the range of 700–1000 °C, and the precursor gases are passed through the
preform. For CVD the pressure in the furnace is maintained in the range 10–
100 mbar, while for CVI the pressure should be lower.

The gases decompose and solid carbon is deposited over the fibre surfaces and
between the fibre bundles. In general, the deposition is higher at the surface of the
preform than in the core, since surface deposition hinders diffusion of the gaseous
precursors into the core. The result is non-uniform through-thickness deposition and
an overall low density composite with closed porosity.

To achieve uniformly dense composites, the pores at the surface need to be
opened up by intermittent surface machining, i.e. the CVD/CVI process is dis-
continuous. The final density is usually in the range 1.5–1.7 g/cm3. Even so, a
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density gradient usually remains when using isothermal CVD/CVI. For thin sec-
tions this type of the process is acceptable, but for somewhat thicker sections
thermal gradient CVD/CVI is recommended.
Thermal gradient CVD/CVI: For this process a known temperature gradient is
maintained from one side of the preform to the other. The side where the precursor
gases enter the preform is maintained at a lower temperature, while at the other side
the temperature is maintained high enough to allow deposition, see Fig. 15.3.

As deposition continues the temperature front shifts towards the entry-point of
the precursor gases, such that the whole preform is uniformly densified. The den-
sification rate is improved by applying (i) a pressure gradient to the preform, i.e. by
replacing slow diffusion mass transfer by the much faster convection mass transfer
within the pore network, or (ii) an inverse temperature gradient [20, 21]. Another
efficient way to increase the densification rate is to immerse the heated fibre preform
in a boiling liquid precursor under reflux (calefaction process) [21, 22]. However,
design of the equipment and precise temperature control is a challenging task which
needs to be carefully considered while selecting this process.

For still thicker C/C composites, the liquid impregnation process is
recommended.

Fig. 15.3 Schematic of the thermal gradient CVI process
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15.4.2 Liquid-Phase Impregnation Process

This process is based on impregnation with coal tar/petroleum pitches or
high-char-yielding thermosetting resins into the fibre preforms, followed by
pyrolysis. Figure 15.2 shows the schematic of the C/C composite manufacturing
process using multiple impregnation; carbonization (1000 °C); high pressure (about
1000 bars) carbonization (HIP); and graphitization (up to 2750 °C).

Although it is possible to densify the C/C composite even by atmospheric
pressure carbonization, the process requires several cycles of impregnation and
carbonization because the carbon yield of the pitch is only around 50 % if pyrol-
ysed at atmospheric pressure.

To reduce the total processing time, high pressure carbonization is recommended
since the yield of the coal tar pitches is reported to be 80–90 % if pyrolysed at 750–
1000 bars. Not only is the process time reduced, but high pressure helps in lowering
the temperature of the mesophase formation in the pitch, resulting in a highly
oriented crystalline structure of the matrix. The higher pressure carbonization also
results in a coarser and isotropic microstructure, since it suppresses gas formation
and prevents its escape, and therefore results in a higher char yield. In fact, the HIP
process is the only practical route to lower the production costs of C/C composites.

15.5 Properties of C/C Composites

C/C composites for aerospace applications need to be characterized for general
properties like strength and stiffness, fracture toughness, thermal conductivity and
CTE, and for specific functional properties depending on the service requirements.
For example, the composite needs to be characterized for frictional properties if it is
intended to be used for brake pads, and ablation and erosion resistance if it is used
for propulsion applications.

A large data base is available in the literature covering mechanical, thermal,
electrical, frictional and fatigue properties of C/C composites. The effects of fibre
type, Vf, preform type and the process route have also been reported. The
mechanical properties of C/C composites are controlled by the properties of the
constituents and their volume fraction bonding, and crack propagation mechanisms,
whereas the thermal properties are governed by thermal transport phenomena.
Moreover, both the fibres and matrix are likely to undergo a change in properties
during processing, depending on the final heat treatment temperature, preform type
and the resulting thermal stresses. It is therefore very difficult to compare the
properties reported in different studies. However, characteristic and more or less
representative properties are discussed in Sects. 15.5.1. and 15.5.2.
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15.5.1 Mechanical Properties of C/C Composites

Extensive work has been done to enhance the fibre properties in these composites.
The strength and stiffness of C/C composites are dominated by the type of fibre and
preform. These composites are complex owing to many changes (physical and
chemical interactions) that occur during processing. Broadly speaking, the prop-
erties change with the combined effect of the following factors:

• Fibre types: precursor, heat treatment temperature limit.
• Matrix precursors: resin, pitch, CVD/CVI or hybrid.
• Preforms: type of weave, and number of fibre directions, etc.
• Fibre volume fraction in a particular direction.
• Final density of the composite.

In general, C/C composites having strong fibre/matrix bonding fail catastroph-
ically without fibre pull-out, while those having a desired interface fail in a mixed
tensile and shear mode, resulting in high strength [1, 4, 19, 23].

Differences in the interfacial bonding, owing to residual stresses, are considered
to be the prime factor for the different tensile strengths of 2-D and 3-D C/C
composites. The residual stresses are induced mainly due to the following reasons:

1. Carbon fibres have different CTEs along the axis and in transverse directions.
Along the axis the CTE is close to 0.1 � 10−6/oC, while in the transverse
directions it is about eight times higher. The difference between these two CTEs
varies slightly, depending on the fibre type and its thermal history.

2. Shrinkage of the matrix during the carbonization and graphitization stages. The
as-infiltrated polymeric resin or pitch precursor has a density of the order of
1.0 g/cm3 which converts to a higher density (about 2.0 g/cm3) carbon matrix
during pyrolysis. If the fibre preform does not allow uniform shrinkage during
pyrolysis, then microcracks and residual thermal stresses occur. Also, the
amount of microcracks and residual stresses will depend on the fibre and pre-
form types.

Owing to the above factors, even composites having the same raw materials and
processing route yield different properties depending on the preform types.

Thermal residual stresses in 3-D composites are reported to be much higher than
those in 2-D composites [24]. Thus for 3-D composites, the cracks would be
expected to be much larger and more numerous, and the interfacial strength much
weaker, than in 2-D composites. Hence 3-D composites have lower strength than
2-D composites. Also, the properties of UD C/C composites are reported to be
higher than those of 2-D and 3-D composites. A typical set of properties for UD
C/C composites made with high strength and high modulus fibres is shown in
Table 15.2 [25].
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15.5.2 Thermal Properties of C/C Composites

The complexity of C/C composites makes estimation of their thermal properties
difficult. The thermal conductivity depends more on the crystalline nature of the
fibres than the type of fibres. The thermal conductivity dependence of C/C com-
posites on temperature is shown in Fig. 15.4. This shows that the thermal con-
ductivity of C/C composites made with UHM (highly crystalline high modulus
fibres) is higher than that of those made with HM (high modulus) fibres.

15.6 Example Applications of Aerospace C/C Composites

15.6.1 C/C Composite Brake Pads

Carbon in the form of graphite is a well-known solid lubricant. It is perhaps
surprising that such a material can also be a promising friction material for a

Table 15.2 Typical properties of UD C/C composites [25]

C/C properties Parallel to the fibre axis Perpendicular to the fibre axis

High
strength

High
modulus

High
strength

High
modulus

Flexural strength (MPa) 1250–1600 825–1000 20 30

Tensile strength (MPa) 600 572 4 5

Tensile modulus (GPa) 125 220 – –

Compressive strength
(MPa)

285 380 25 50

Shear strength (MPa) 20 28 – –

Work of fracture (kJ/m2) 70 20 0.4 0.8

Fig. 15.4 Thermal
conductivity of UD
carbon-carbon composites
made with different pitch
based carbon fibres
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braking system. A typical C/C composite brake disc assembly is shown in
Fig. 15.5.

The fact is that many of the characteristics that make carbon an attractive
anti-friction material are equally required to make it an attractive friction material.
Carbon, when rubbed against itself, exhibits a wide range of coefficient of friction
(*0.1 to over 0.5) depending on the material type, load, speed and temperature [19,
26]. In comparison to steel, a carbon brake pad has low density (1/4 of steel
density), high heat capacity (2.5 times that of steel), and a thermal conductivity
almost equivalent to those of metals.

C/C composite brake pads rapidly conduct heat away from the rubbing surface
and help in forming a smooth and stable wear controlling friction film: this is
desirable to facilitate smooth braking and reduce the wear rate, which in turn
increases the service life. In addition, carbon has a high thermal shock resistance
owing to its high thermal conductivity and low coefficient of thermal expansion,
and also does not soften at high temperatures. These properties make C/C com-
posites ideal friction materials for brake design. Over 70 % by volume of C/C
composites are used as aircraft brake discs. M/s Dunlop, UK, provided the first
major breakthrough for C/C composite brakes: these were introduced in the 1970s
for the Concorde undercarriage. The Dunlop design with C/C composite brake discs
saved more than 600 kg (*equivalent to seven passengers) as compared to steel
brakes [27]. Many advanced tactical and commercial transport aircraft also use C/C
composite brake materials [4, 26], as does the Indian Light Combat Aircraft (LCA).

15.6.2 C/C Nozzle and Throat

M/s SNECMA Propulsion Solide has developed C/C composite throat and light-
weight exit cones for rocket nozzles [28]. The C/C composite exit cone concept
significantly simplified the whole nozzle design. Lightweight C/C composite noz-
zles have significantly reduced the overall weight compared to phenolic nozzle

Fig. 15.5 Typical assembly
of C/C brake discs

15 C/C and C/SiC Composites for Aerospace Applications 355



systems [28], which must be much thicker because they ablate and erode much
more. Typical C/C composite nozzle and exit cone are shown in Figs. 15.6 and 15.7
respectively.

Fig. 15.6 Typical C/C
composite exit cone

Fig. 15.7 A typical C/C
composite nozzle test article
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15.6.3 C/C Combustion Chamber

Transpiration-cooled C/C composite combustion chamber test article has been
demonstrated [6, 29]. This cooling method is used for high heat fluxes and long
times. A typical model showing transpiration cooling is shown in Fig. 15.8.

In a transpiration cooling system the coolant is injected into the hot gas flow
through a porous structure like a semi-densified C/C composite, as opposed to a
discrete structure with film cooling. Transpiration cooling also decreases the heat
flux to the structure, and this could benefit its useful life.

15.7 C/SiC Composites

C/SiC composites exhibit excellent thermo-erosive properties up to 2000 °C [17,
18, 30]. Their high strength-to-weight ratio and oxidation resistance make them
ideal candidates for highly demanding engineering applications such as high per-
formance heat shields, structural re-entry components, ultrahigh temperature heat
exchanger tubes, rocket nozzles and brake discs.

The choice of silicon carbide as a matrix is based on its high melting point
(*2500 °C), excellent mechanical properties at high temperatures related to its
covalent character, relatively good oxidation resistance up to about 1500 °C, and
stability in fast neutron environments [22, 31]. Also, silicon carbide can be easily
inserted into a fibre preform by a variety of techniques, discussed in Sect. 15.8.

However, when used in C/SiC composites, the SiC matrix undergoes multiple
microcracking when loaded in tension beyond stress levels of only 100–200 MPa
[22]. The density and widths of the microcracks depend on the fibre architecture,
the fibre/matrix bonding and the applied load. The role of the fibre/matrix interface
becomes very important for C/SiC and other ceramic matrix composites, since the
matrix tends to react with the carbon fibres. The interface and its usefulness in
C/SiC composites are described next.

Fig. 15.8 A typical model
showing transpiration cooled
article
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15.7.1 C/SiC Fibre/Matrix Interface/Interphase

Fibre/matrix interfaces have a strong influence on the mechanical properties and
lifetime of the ceramic composites. The interfacial domain remains a critical area
because load is transferred from the matrix to fibres (and vice versa) through the
interface. The fibre/matrix interface is the key to tolerating stress-induced damage
and enhancing the toughness in brittle matrix composites.

The essential property of a composite interface where the matrix has a lower
failure strain than the fibres, is the ability to disbond in the presence of matrix
microcracks. The concept of weak interfaces has been widely used to increase the
fracture toughness of the composite. However, the weak interface may be detri-
mental to the composite strength: a high strength requires efficient load transfer
from fibre to matrix, which requires a strong interface. Hence the requirements of
tough composites and strong composites are opposite in nature, and this must be
considered when choosing a composite for the desired properties.

The interface is a thin film (about 500 nm) of a compatible material having low
shear strength, and which is coated onto the fibre surfaces before composite pro-
cessing, whereby the matrix is either deposited by a gaseous route or infiltrated by a
liquid route. The main function of the interface is to arrest and/or deflect matrix
microcracks, hence protecting the fibres from premature failure. The interface
should also help in transferring the loads, when necessary.

All intended requirements of the fibre/matrix interface may not be met by a thin
single layer. In such cases multiple thin layers of the same or different materials
have been used. Thus the interface in actual composites is better described as an
interface zone of finite dimensions called an interphase. Within the interphase the
mechanical properties differ from the fibre and matrix.

Different kinds of interphase concepts have been suggested and are shown in
Fig. 15.9 [32–34]:

(a) Single layer pyrocarbon (PyC) or hexagonal boron nitride (BN) interphases.
(b) Porous SiC single layer interphase.
(c) Multi-layered (X/Y)n interphase, with X = PyC or BN, and Y = SiC

(schematic).
(d) Crack deflection in a multi-layered (PyC–SiC) interphase.

Layered crystal structures like PyC-BN or a layered microstructure, e.g. (PyC–
SiC)n or (BN–SiC)n, have been proposed as the best interphase materials, with the
layers deposited parallel to the fibre surface via CVD. On the one hand, these layers
are weakly bonded to one another, but on the other hand the interphase bonds
strongly to the fibre surface [32–34]. Crack deflection occurs within the interphase,
preferably parallel to the fibre surface. However, as Fig. 15.9 suggests, this ideal
crack deflection is not always achieved. Even so, the load transfer capacity is
improved compared to simple fibre/matrix bonding when this bonding is weak.
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15.7.2 Oxidation

When C/SiC composites are exposed to an oxidizing atmosphere at medium or high
temperatures, the matrix microcracks facilitate the depth-diffusion of oxygen
towards the oxidation-prone interphases and fibres. Therefore the SiC matrix and
the fibre/matrix interphase should be designed to hinder oxygen diffusion. The
general guidelines are:

1. Introduction of boron-like elements in the SiC matrix. These form molten oxide
phases over a wide temperature range, filling the cracks and acting as
self-healing materials.

2. Proper design of the interphase to reduce the crack openings.

With respect to (1), boron oxide phases are efficient at relatively low tempera-
tures (500–1000 °C) whereas silica-rich phases are more appropriate at high tem-
peratures (1000–1500 °C). However, these solutions work only when the

Fig. 15.9 Typical interphase schemes as described in [33, 34]
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environmental oxygen partial pressure is high enough to support passive oxidation.
Then the molten oxide phases cover the surface of the composite and prevent
further oxygen diffusion into the structure.

15.8 C/SiC Composite Processing

15.8.1 Chemical Vapour Impregnation (CVD/CVI)

As stated earlier, the solid matrix deposits on the preform fibre surfaces owing to a
vapour phase reaction of the precursor gases under appropriate conditions. For CVI
of C/SiC composites, methyltrichlorosilane (MTS) is generally used as precursor
for SiC. The deposition of SiC takes place between 850–1200 °C in vacuum. The
process requires several weeks of continuous deposition in order to obtain a dense
C/SiC composite. There are several advantages of the CVD/CVI process:

1. The process temperature is lower than that of other processes, e.g. CVI can be
accomplished at 800–1000 °C, whereas the process temperatures of liquid sil-
icon infiltration (LSI) and polymer infiltration and pyrolysis (PIP) are in the
range 1400–1600 °C.

2. Multi-directional preforms can be infiltrated, since gas can diffuse into any
shape and size preform.

3. CVI results in better thermal and mechanical properties of the composites.

The CVD/CVI process yields mostly b-SiC deposits with controlled composi-
tion and microstructure. There are also some disadvantages: long process cycles;
through-thickness density gradients; and requirements for accurate control of the
precursor gas flow, temperature, pressure and handling of hazardous byproduct
gases. It typically takes 40–60 h to infiltrate a 4–5 mm thick carbon preform to
obtain residual porosity of the order of 15 %.

15.8.2 Polymer Infiltration and Pyrolysis (PIP)

The PIP process uses polycarbosilane (PCS), which is a ceramic precursor that
converts into SiC if heated under an inert atmosphere or in vacuum above 1200 °C
[35–39]. Polycarbosilane has also been used to fabricate continuous SiC fibres by
melt spinning, followed by cross-linking and pyrolysis [40].

The PIP process has several advantages, including good matrix composition
control, low densification temperature, and the possibility to join different parts of a
complex-shaped component. There are a few disadvantages: multiple
infiltration/pyrolysis/densification cycles (typically 10 cycles to achieve a density of
2.0 g/cm3) are required; local non-availability of the ceramic precursor in large

360 S. Kumar et al.



quantities; and large shrinkage of the matrix during pyrolysis, leading to matrix
cracking. Also, interior cracks are difficult to fill during subsequent infiltration
cycles.

The composites obtained by PIP have superior interfacial bonding, and this
process has been proposed for making large C/SiC composite rocket nozzles. Such
large products can be made by employing a variety of techniques, including fila-
ment winding, vacuum assisted resin transfer moulding, autoclave moulding,
hydraulic press moulding or matched die moulding. Symmetrical as well as
non-symmetrical composite components can be made.

15.8.3 Liquid Silicon Infiltration (LSI)

Liquid silicon infiltration has been used to fabricate C/SiC composites for different
applications. LSI is the most common and economical method to fabricate C/SiC
composites of reasonable quality, especially for short-life components and thicker
and complex shapes. Investigations of the LSI process have been carried out by
many researchers [17, 18, 30, 41].

The processing by LSI consists of the infiltration of a porous C/C composite
preform with molten silicon using a vacuum or inert gas furnace. Carbon and
silicon react to form SiC at temperatures in the range of 1450–1650 °C. This
process leads to the development of C/SiC composites with lower component
fabrication time and therefore reduced component costs.

LSI-based, 3-D stitched, 3-D woven and 4-D C/SiC composite technology and
product development work has been carried out extensively in India by Suresh
Kumar et al. [17, 18, 42]. Several products have been realized using the process: of
these, Jet-vanes for thrust vector control of rocket motors and a throat insert for a

Fig. 15.10 Typical
microstructure of an
LSI-based C/SiC composite
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liquid propulsion based rocket motor have been included in the C/SiC composite
application Section, see Sects. 15.10.2 and 15.10.4.

A typical microstructure of an LSI-based C/SiC composite is shown in
Fig. 15.10.

15.9 Properties of C/SiC Composites

Much work has been done in achieving the highest possible use of the fibre
properties in C/SiC composites. Nevertheless the properties vary widely, depending
on the manufacturing process and the test results from different R&D laboratories.
This should not be surprising, since C/SiC composites are obviously heterogeneous,
consisting of fibres, matrix and pores. Also, the fibres and matrix can have a variety
of microstructures.

Typical properties for 2-D C/SiC composites are given in Table 15.3. Note that
the thermal properties are experimental values, since calculations of these properties
are difficult owing to the complex microstructures. It is seen from Table 15.3 that
the CVD/CVI process gives superior mechanical properties compared to the LSI
process: this is generally the case. Even so, different researchers have reported
different ranges of properties even for the same processing technique. A typical
image of a 3-D stitched C/SiC composite sample tested under three-point bending is
shown in Fig. 15.11. It can be seen that the crack initiated from the stitching points.

Table 15.3 Properties of bi-directional (2-D) carbon fibre reinforced C/SiC composites [17, 18,
42, 43]

Composite configurations With carbon fibres (2-D composites) 3-D stitched
C/SiC

Property Units PIP -based
C/SiC

CVD-based
C/SiC

LSI-based
C/SiC

LSI -based
C/SiC

Fibre content (Vf) vol.% 42–44 42–47 40–45

Density g/cm3 1.7–1.8 2.1–2.2 2.4 2.1–2.2

Flexural strength MPa 250–330 450–500 180–200 140–180

Tensile strength MPa 200–250 300–380 80–190 70–90

Young’s modulus GPa 60–80 90–100 60 –

Strain to failure % 0.3–1.1 0.6–0.9 0.15–0.35 0.10–0.15

Compressive strength MPa 590 – – –

Thermal conductivity W/m K 11.53 (100 °
C)

– 30–35 50–15a

Specific heat J/kg K 900 (100 °
C)

– 800 (RT) 750–900

CTE
Parallel (� 10−6)
Perpendicular(� 10−6)

m/moC
m/moC

2–3
4–7

3
5

1.0–1.5
5.5–6.0

−0.5–1.5
3.0–4.5

aDerived from the thermal diffusivity value (25–1200 °C) in the through-thickness direction
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Thus on the one hand, stitching the fabric stack improves the integrity of the resulting
composite and also the through-thickness thermal and mechanical properties; but on the
other hand, stitching limits the in-plane strength. This means that it is important to
optimize the preform to achieve the required thermal and mechanical properties.

15.10 Applications of Aerospace C/SiC Composites

C/SiC composites are used primarily for hot structures in aerospace systems. The
applications correspond to very severe service conditions, namely high tempera-
tures and corrosive environments, in which they must often demonstrate long
service lives. However, for some space and missile systems the required life may be
short, and the erosion resistance is paramount. C/SiC composites have also been
proposed for high performance braking systems.

Some examples of C/SiC composite aerospace applications are given in the
following subsections.

15.10.1 Thermal Protection Systems (TPS) and Hot
Structures for Space Vehicles

The temperature during orbiter vehicle re-entry reaches up to 1800 °C. C/SiC
composite thermal protection systems (TPS) have performed over more than two
decades in spacecraft structures and numerous technology-driven projects in
Europe, the USA and Japan. The hot structure of the cancelled X-38 (NASA’s
experimental space vehicle) was to be made from C/SiC composites. A nose cap,
nose skirt, two leading edges segments and two body flaps for steering the vehicle

Fig. 15.11 A typical image
of 3-D-stitched C/SiC
composite failure under
3-point bend testing
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were manufactured and qualified by a German consortium [44–46]. Similarly, the
thermal structure of the cancelled Hermes (European Space Plane), which would
have experienced high mechanical loading and surface temperatures as high as
1300 °C, was intended to be made from a C/SiC composite [47].

15.10.2 Jet-Vanes for Rocket Motors

Jet-vane materials must have good erosion resistance to particulate flow in addition
to high thermal shock resistance (i.e. high thermal conductivity, low CTE and good
strength). Erosion of the Jet-vanes depends on the fibre architecture, the ratio (Vf) of
fibres to matrix, and testing/operation conditions. The formulation of the composite
microstructure requires optimizing the conflicting demands for high fracture
toughness (high carbon content) and high resistance to abrasion/erosion (high SiC
content) [18].

A leading Indian laboratory has developed Jet-vanes made from LSI-based 3-D
stitched C/SiC composites with excellent thermal and mechanical properties [17,
18, 42] and good resistance to erosion by solid rocket motor (SRM) plumes.
A typical Jet-vane before and after testing is shown in Fig. 15.12. A CVD-applied
SiC coating could further protect the Jet-vanes from oxidation and the blast of
alumina particles deriving from the burnt solid fuel.

15.10.3 C/SiC Nozzles and Components for Rocket and Jet
Engines

C/SiC composites have been developed as materials for combustion chambers and
nozzles. The main advantages are an increased maximum combustion temperature

Fig. 15.12 C/SiC Jet-vanes for a thrust vectoring system [18]
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(up to 1500 °C) without requiring anti-oxidation coatings, and improved resistance
to thermal cycles. C/SiC composite rocket engine for a bipropellant propulsion
system has been used elsewhere [48]. Typical C/SiC thruster test articles are shown
in Fig. 15.13. Such nozzles can be easily fabricated using the PIP process. A nozzle
design demonstrator for the upper stage engine of the Ariane 5 has also been
manufactured (by filament winding) using the PIP process.

Flame-holders, exhaust cones and engine flaps for military jet engines made of
C/SiC composites have been reported [30, 43]. Outer flaps of the SNECMA M 88-2
engine have been made from C/SiC composites using the CVI process. These have
provided 50 % weight savings over corresponding nickel-base superalloy flaps
(Inconel 718).

15.10.4 C/SiC Composite Nozzle Throats

Especially for liquid propulsion systems, the exhaust gases contain huge amounts of
H2O molecules that would attack and oxidize C/C composites unless they were
coated. The alternative for short-life components is to use LSI C/SiC composites.
A variety of thrusters made from C/SiC composites for a liquid rocket engine and a
solid rocket motor were qualified as an effort to develop the AESTUS C/SiC
expansion nozzle [49]. LSI-based 4-D C/SiC nozzle throats and inserts with uni-
form thermomechanical properties have been developed in a leading Indian labo-
ratory and tested satisfactorily for 30 s with a mixed hydrazine/nitrogen tetroxide
fuel propulsion system [49]. The throat insert and nozzle configurations are shown
in Figs. 15.14 and 15.15. The 4-D C/SiC composite nozzle throat performed much
better than conventionally used high density graphite or C/C composites under
similar testing conditions. It is envisaged that in future the largest sales volume of
the fibre ceramic production, besides brake discs and in ballistic protection systems
will be based on C/SiC and C/C-SiC composites.

Fig. 15.13 Typical C/SiC
thruster test articles

15 C/C and C/SiC Composites for Aerospace Applications 365



15.11 Indian Scenario for C/C and C/SiC Development

C/C and C/SiC composites have been under investigation for a long time. Several
leading agencies around the world have developed state-of-the-art facilities for the
reinforcements, preforming, processing and characterization of these composites.
Several products have been realized for defence and aerospace applications under
the aegis of NASA, Russia and the European Union. With reference to India, a
significant amount of work has been done in the last two decades. C/C composite
brake discs and reentry ballistic missile nose tips have been fabricated and qualified
for different defence programmes. C/SiC composite Jet-vanes and throat inserts
have been made using the LSI process. The PIP and CVD/CVI processes have also
been employed to obtain C/SiC composite specimens and test articles. Research

Fig. 15.14 A typical 4-D C/SiC composite thruster chamber (a) and throat insert (b) [17]

Fig. 15.15 4-D C/SiC composite nozzle tested under liquid propulsion [17]
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continues to develop a reliable design methodology, automation of the preforming
process, non-destructive testing (NDT), life estimations, and the joining of C/C and
C/SiC composites with other materials.

15.12 Summary

Carbon fibre-reinforced composites occupy an important position in aerospace. This
chapter provides a brief description of the processing, properties and applications of
C/C and C/SiC composites. It also provides some basic information on the raw
materials used for the matrix and fibre reinforcements. Some aerospace applications
of these composites are given as well.

Acknowledgments The authors wish to acknowledge the contribution of the colleague scientists
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chapter.
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Chapter 16
Ceramic Matrix Composites (CMCs)
for Aerospace Applications

N. Eswara Prasad, Anil Kumar and J. Subramanyam

Abstract Ceramic materials have excellent properties, but are brittle and the
strengths are highly variable. Particulate reinforcements give isotropic properties,
but only marginal improvement in toughness. Continuous reinforcements improve
the ceramic materials both in terms of fracture toughness as well as strength vari-
ability. The processing of ceramic matrix composites and improving the required
properties with the available reinforcements is an emerging technology that is
finding new critical applications.

Keywords Ceramic matrix composites � Processing � Properties � Applications

16.1 Introduction

Ceramic materials, by virtue of their inherently high melting points, low density,
good chemical inertness, good stiffness and high hardness, are considered to be
candidates for extending performance limits beyond those offered by metallic
materials. However, their inherent brittleness and poor strength reliability have
inhibited the widespread use of ceramic materials for structural applications. In an
effort to overcome these basic problems, considerable progress has been made
during the past four decades in both compositional and microstructural design of
ceramics, and this is well-summarized in the monograph edited by Professor Walter
Krenkel [1].

N. Eswara Prasad (&)
DMSRDE, DRDO, Kanpur, India
e-mail: nep@dmsrde.drdo.in

Anil Kumar
ASL, Hyderabad, India
e-mail: anil_drdl43@hotmail.com

J. Subramanyam
DMRL, Hyderabad, India
e-mail: js_vij@yahoo.co.in

© Springer Science+Business Media Singapore 2017
N. Eswara Prasad and R.J.H. Wanhill (eds.), Aerospace Materials
and Material Technologies, Indian Institute of Metals Series,
DOI 10.1007/978-981-10-2134-3_16

371



The deployment of composite technology is the principal methodology to
achieve vastly improved mechanical properties and structural integrity, as is
unequivocally advocated by several handbooks/monographs/edited volumes [1–17]
as well as overviews [18–38] and comprehensive technical papers [39–59]. All of
these data sources point to the fundamental fact that three major entities, namely the
matrix, reinforcement and the interface are responsible for determining the char-
acteristics and properties of a particular composite material.

The matrix is the major continuous phase in which the reinforcement is uni-
formly distributed. Depending upon the type of matrix, composite materials can
generally be classified into four different categories, namely polymer matrix com-
posites (PMCs), ceramic matrix composites (CMCs), metal matrix composites
(MMCs) and intermetallic matrix composites (IMCs). This chapter discusses the
second category, CMC materials.

16.2 CMC Constituents

16.2.1 Ceramic Matrices

Major advantages of ceramic matrices over polymer and metal matrices are their
higher melting points, higher hardness, lower coefficient of thermal expansion
(CTE) and better chemical inertness. The range of ceramic matrices is vast. Oxides
like Al2O3, MgO, ZrO2, Mullite, and Spinel, and non-oxides like SiC, Si3N4, TiC,
B4C and TiB2 belong to this category. High temperature structural silicides like
MoSi2, WSi2 and TiSi3 are also being considered as potential matrix materials.

Even though the major emphasis in CMCs centres on the comparatively cheaper
and abundant oxide matrices (Al2O3 in particular), other potential matrix systems,
e.g. Mullite, SiC, SiAlON and MoSi2 are also being examined for their potential as
structural materials. Table 16.1 provides comparative thermal stability data for
some common oxides and non-oxides [4], since such data primarily decide the
choice of CMCs for high temperature applications in different environments.

Discontinuously reinforced ceramic matrix (DRCM) composites are CMCs
reinforced by ceramic particulates, platelets, whiskers or short fibres. The reasons
for success of these composites as structural ultrahigh temperature (UHT) materials
are their remarkable isotropic properties, amenability to conventional ceramic
powder processing techniques, and the availability of comparatively low-cost and
high-volume production. The physical and mechanical properties of various com-
mon ceramic matrix materials are compiled and presented in Table 16.2 [7].

A series of early investigations indicated that continuous fibre reinforcements in
alumina can impart high stiffness and better tensile properties as compared to most
other CMCs [2, 6, 9, 22–24, 30, 34, 48, 54]. However, this approach has several
limitations: expensive and complicated processing techniques; problems related to
oxidation and reaction of fibres with the matrix material at elevated temperatures;

372 N. Eswara Prasad et al.



poor resistance of polycrystalline fibres to creep deformation; considerable degra-
dation of the continuous polycrystalline fibres due to grain growth at temperatures
above 1250 °C; and fragmentation behaviour of the polycrystalline fibres during

Table 16.1 Comparative thermal stability data for some of the most common ceramic materials
[4]

Properties/materials Melting
point (°C)

Short term
maximum use
temperature (°C)

Maximum use temperature (°C)
in air for no significant creep or
loss of properties

Oxides (In air)

Alumina 2060 1950 1500

Zirconia
(stabilized)

2680 2300 1500

Mullite 1810 1700 1400

Spinel (MgA12O4) 2135 1800 1400

Magnesia 2800 2000 1400

Non-oxides (In inert atmosphere)

Silicon carbide 2400
(dissociates)

2000 1450

Boron carbide 2420 1300 800

Titanium carbide 3050 1400 750

Silicon nitride 1800
(dissociates)

1500 1200

Titanium diboride 2880 2400 1000

Table 16.2 Comparative properties of various ceramic matrix materials [7]

Material Density
(g/cm3)

Melting
point (°
C)

Hardness
(GPa)

Fracture
toughness
(MPa√m)

Thermal
conductivity
(W/m°K) at
1273°K

Coefficient
of thermal
expansion
×10−6 (/°
K) at 1273°
K

Electrical
resistivity
Ωm at
298°K

A12O3 3.97 2050 18 3.2 6 8 >1015

MgO 3.24 2800 12 2.6 7 9 1012

ZrO2 6.10 2720 12 8.0 3 13 1012

Mullite 2.80 1810 13 2.1 5 6 1013

SiC 3.21 2400a 21 4.2 40 5 ≈1

Si3N4 3.20 1900a 16 5.1 15 3 104

TiB2 4.50 2800 22 5.2 25 6 10−5

MoSi2 6.25 2100 12 4.1 20 8 2 × 10−5

TiC 4.90 3050 25 4.2 30 9 10−4

AIN 3.26 2300 13 2.7 50 6 2

TiN 5.40 3090 18 4.1 30 9 5 × 10−5

BN 3.50 3000a 32 3.1 35 6 1010

B4C 2.50 2420 25 3.2 15 6 0.5
aDissociates
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high pressure—high temperature consolidation processing, such as hot pressing.
Because of these inherent problems, and also because discontinuous reinforcements
are easier to process and more available, discontinuous reinforcements are preferred
to continuous reinforcements for toughening brittle ceramic matrices.

Although various alumina matrix composites have been developed over the past few
years, major attention has been focussed on discontinuously reinforced alumina matrix
(DRAM) composites using SiC fibres. Because of the potential of this A12O3–SiCw

system, it has become one of the most important members of the DRAM composite
family. Some others are A12O3–SiCp (particulate), A12O3–TiB, A12O3–TiC, A12O3–

TiN, A12O3–SiCp1 (platelet), A12O3–B4C and A12O3-Graphite systems.

16.2.2 Ceramic Reinforcements

Most of the ceramic reinforcements based on oxides, carbides, nitrides and borides
have already been found to be suitable reinforcements for incorporation into brittle
ceramic matrices. Amongst these reinforcements, SiC is of the highest interest as a
reinforcement material because of its relatively high modulus, low coefficient of
thermal expansion (CTE), low density, good hardness, and availability in various
forms ranging from different sizes of particulates to fine single crystal whiskers,
multi-filament tows and relatively coarse monofilaments.

Reinforcements are generally available in the form of continuous fibres, short
fibres, whiskers, platelets and particulates, see Fig. 16.1. Continuous fibres are

Fig. 16.1 Schematic diagram showing different types of CMCs—namely, particulate, discontin-
uous and continuous fibre-reinforced CMCs
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unidirectionally oriented polycrystalline material and are available in the form of
monofilaments or multifilaments. Monofilaments, such as Boron, Borsic and SiC,
with diameters of about 100–150 μm, are made by the chemical vapour deposition
(CVD) technique. Multifilaments such as Nicalon (SiC), Sumitomo (A12O3) and
Carbon fibres are made by pyrolysis of organometallic compounds in the form of
tows (bundles of a few thousand 3–10 μm diameter fibres) or
two/three-dimensional weaves of the tows. Short fibres such as Saffil and Kaowool
are physically similar to multifilaments except for the shorter length.

Whisker-reinforced CMCs employ SiC and Si3N4 defect-free single crystals with
lengths of the order of 0.2–250 μm and aspect ratio (length to diameter ratio) in the
range of 2–250. Among the commercially available types, SiC whiskers have the
greatest potential for improving the properties of brittle ceramic matrices, owing to
their better reinforcing properties. Secondly, commercial grade SiC whiskers of
high purity have been successfully produced by various routes, e.g. (i) thermal
decomposition or hydrogen reduction of organic silicon compounds, (ii) hydrogen
reduction of a gaseous mixture of silicon halides and hydrocarbons, (iii) recrys-
tallisation of sublimed silicon carbide, (iv) supersaturation technique in the molten
phase of silicon alloys, and (v) reaction between SiO2 and C with a catalyst and
reaction between Si and a hydrocarbon in the presence of H2S.

Continuous fibre-reinforcement possesses the advantage of superior properties
like stiffness and strength as compared to the discontinuous reinforcements (par-
ticulates, short fibres, etc.), but cannot impart isotropic properties and is una-
menable to near-net-shape forming techniques. On the other hand, discontinuous
reinforcements offer isotropic properties and the amenability to be processed by
conventional ceramic powder processing techniques.

Chawla [9] has recently reviewed the major commercially available continuous
fibre reinforcements and their suitability for different matrix systems. Effects of
various reinforcements such as SiC, SiCpl(platelet), SiCw(whisker), TiC, B4C, TiB2,
B4C2pl(platelet), B4Cw(whisker), A12O3pl(platelet), Graphite, TiN, ZrB2pl(platelet),
SiAION and Diamond on different ceramic matrix systems have been studied
extensively. For the majority of such CMC systems, improvements in mechanical
properties have been achieved as compared to their unreinforced counterparts. The
properties of some of the commonly available ceramic reinforcements are sum-
marized in Table 16.3 [3].

16.2.3 Interfaces

Performance of a composite material depends critically on the nature of the matrix/
reinforcement interface, as well as the interfaces between the matrix grains and the
reinforcement particles. The interfaces play a crucial role in the load transfer
between the matrix and the reinforcement as well as in interactions between cracks
and reinforcements. Moreover, physical properties like thermal conductivity,
coefficient of thermal expansion (CTE) and dimensional stability depend on the
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nature of the interface. It is thus desirable to have a clear understanding of the
interfacial characteristics of different types of ceramic matrix composites and
consequently to be able to tailor these for optimum performance of CMCs.

Although the primary role of the interface in CMCs is to transfer load from the
matrix to the reinforcement, its nature primarily depends on the chemical reaction,
wetting, and bonding between the matrix and reinforcement. Interfacial bonding
can be categorized as mechanical and chemical. Mechanical bonding could arise
due to mismatch of CTE or elastic modulus between the matrix and the rein-
forcement. It is comparatively a weaker bonding, but it is efficient in load transfer
when the applied force is parallel to the interface. Interfacial bonding of this type
can give rise to substantial toughening effects for brittle ceramic matrices via fibre
pull-out/bridging mechanisms. On the other hand, chemical bonding due to one or
more chemical reactions yields a much stronger interface between the matrix and
the reinforcement. However, if a brittle reaction product is formed in the process,
this may be a serious detrimental factor for the performance of a composite. It must
be noted that although several studies of the influence of interface characteristics
have been reported with many promising applications [14, 42, 45], these effects are
not yet fully understood; hence this topic is being further researched.

16.3 Toughening by Fibre Reinforcement/Crack Bridging

The toughening of ceramics (which is also more generally discussed in Chap. 18 of
this Volume) by fibre reinforcement is most effective in CMCs, and is discussed in
detail here. First we note that even the toughening of monolithic ceramics can be a
complex process, with several mechanisms contributing simultaneously, see Fig.
16.2. Bearing these comments in mind, the fracture process of a CMC adds addi-
tional complexities, which are illustrated schematically in Fig. 16.3.

Different micromechanisms of fracture take place in three fracture regions: (i) the
process zone ahead of the crack tip; (ii) at the crack tip itself; and (iii) in the crack
wake. For CMCs the most important result is crack tip shielding owing to crack
bridging. These mechanisms include some or most of the following [30, 32, 40],
which by themselves might seem to be detrimental, but in combination with others
become beneficial:

1. Local increase in the stress level with the application of external loading.
2. Development of compressive residual stresses at the crack tip.
3. Crack extension in the compressive stress zone.
4. Relative displacement of matrix/ interface elements.
5. Matrix microcracking, leading to matrix failure (with or without significant

crack path meandering, i.e. crack deflection and/or branching).
6. Disbonding of matrix/fibre interface (with or without significant frictional

forces).
7. Fibre pull-out and fibre breakage in the crack tip process zone.
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8. Frictional sliding of the fibres along the matrix/fibre interfaces.
9. Loss of residual strain energy.

The overall result is significant energy dissipation through frictional events in the
wake and process zones, acoustic emission and fibre disbonding, pull-out and
breakage. Contributions from these stages of crack tip and fibre-reinforcement
interactions, with or without the contributions from matrix fracture events, have led
to significant increases in the fracture resistance [40].

Several constitutive laws and quantitative treatments of the fracture toughness
enhancements by crack bridging are available in the literature and are summarized
by Anthony G. Evans [30]. A closer look at these studies suggests that the mode I
fracture toughness of any particular material that exhibits crack bridging, measured

Fig. 16.2 Schematic of
important toughening
mechanisms in monolithic
ceramics. After [33]

Fig. 16.3 Schematic
showing various
micromechanisms and
processes of crack bridging in
fibre-reinforced composites
[30]: d disbond (debond)
length; q residual stress
normal to fibre interface [30]
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in terms of the critical fracture energy (GIc), varies considerably with (i) interface
disbond toughness (τi/τf the ratio of initial and final fibre sliding stresses), (ii) fibre
characteristics, namely the length (2d, where d is defined in Fig. 16.3), radius
(R) and volume fraction (f), (iii) misfit strain between the matrix and the fibre (εii

T),
(iv) frictional coefficient at the disbonding interface (μ), (v) fibre strength (S) and
matrix toughness (significant for strongly bonded interfaces), and (vi) fibre sliding
stress (τ) and pull-out length (hp), where the value of τ usually varies inversely with
hp. This large number of variables and parameters makes predictions of CMC
fracture toughnesses very difficult.

CMCs toughened by fibre reinforcement are also called “Inverse Composites”,
since in these materials the brittle matrices fail before the fibres. Since the gov-
erning principle is that the failure strain for the matrix is less than that of the
reinforcing fibres, matrix cracks have to be arrested and/or deflected at the
fibre/matrix interfaces to avoid premature failure of the fibres. This is the only
possibility for effective fibre-reinforced toughening.

16.4 Processing of CMCs

Processing of particulate and short fibre composites is carried out by a conventional
powder metallurgy (P/M) process, since the reinforcements are essentially
small-dimensioned. The ceramic and reinforcement powders are blended with
suitable additives. The powder can be cold pressed in a die followed by sintering or
hot pressing. Another method involves mixing the blend of ceramic and rein-
forcement powders with a binder and shaping the mix by extrusion or injection
moulding, followed by debonding and sintering. A general schematic is shown in
Fig. 16.4.

CMCs reinforced with continuous fibres use a reinforcement skeleton or a
preform woven into a porous solid block of fibres that has to be filled with a ceramic
matrix. The preform can be woven/arranged in a solid block in a variety of forms,
the most common being 3-D and 4-D (D-dimension) configurations. The pores are
micron-sized and only a liquid or vapour can infiltrate and deposit the ceramic
matrix within the preform.

There are four common methods adopted for the densification of the composite:
reactive liquid infiltration (RLI), chemical vapour infiltration (CVI), polymer
impregnation pyrolysis (PIP) and the Sol-Gel process. The processing methods are
specific to certain composite systems:

1. RLI is used to process carbon fibre-reinforced silicon carbide composites
(C-SiC). This process takes advantage of the high reactivity of carbon and liquid
silicon. The preform is partially densified with carbon and infiltrated with
molten silicon by capillary action under controlled conditions in a furnace. As
the silicon infiltrates, it reacts to form silicon carbide. Figure 16.5 gives a
schematic of the RLI process.
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2. CVI involves the infiltration and reaction of two or more chemical species in the
vapour state to form the desired ceramic matrix in the preform. The process is
carried out in highly controlled temperature gradient conditions in a furnace.
This method may yield any type of ceramic and is most popularly used for the
processing of C–SiC or SiC–SiC composites. The chemical used is methyl
trichlorosilane, which yields SiC. The CVI process is very slow and takes
several months of continuous operation to yield a product. However, the
composite properties are excellent. Figure 16.6 shows a schematic of the CVI
process.

Fig. 16.5 Schematic of silicon melt infiltration in a reactive liquid infiltration (RLI) process. The
crucible shown here contains liquid silicon, and the preform is essentially a carbon long fibre
structure that is gradually infiltrated by silicon, which after reaction transforms to SiC

Fig. 16.4 Flow chart for the processing of ceramic matrix composites
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3. PIP involves the use of a ceramic precursor polymer to first impregnate the
porous fibre preform, followed by pyrolysis to form the ceramic. As the polymer
pyrolyses, it leaves porosity and the impregnation process has to be repeated
many times until the required density of the composite is achieved. This process
uses pyrolysis of a polycarbosilane polymer to form a SiC matrix. A schematic
of the process is shown in Fig. 16.7.

4. Aqueous sols of oxide ceramics like alumina and silica can be used to infiltrate
porous fibre preforms, followed by gelling and removal of the aqueous medium
by drying. This process can be repeated many times until the required composite
density is achieved.

16.5 CMCs Properties

The material behaviour of fibre-reinforced CMCs is more similar to that of metals
than monolithic ceramics, in that the strength does not depend on the volume of the
part or structure (size effect). Hence reliable large CMC structures can be realized
without increasing the failure risk. However, the availability of reliable data for
material properties is limited. Additionally, the published values cannot be

Fig. 16.6 Schematic figure of thermal gradient CVI processing
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compared directly, owing to different evaluation methods and a lack of information
about material composition and manufacturing details. These caveats should be
borne in mind when consulting Tables 16.4 and 16.5, which provide a rough guide
to the properties of some CMCs: these data cannot be used as design data without
consulting the material manufacturer.

The mechanical properties are investigated on samples loaded parallel to the
fabric or fibre layers. High temperature properties are determined in an inert gas
atmosphere for carbon fibre based CMCs, and in ambient air for SiC/SiC material.
The variations of the values in Tables 16.4 and 16.5 originate from the standard
material variants, based on different fibre types, fibre volume contents and matrix
composition.

The mechanical properties of CMCs are strongly influenced by the fibre/ matrix
bonding. Therefore these materials tend to show similar ultimate strengths and
failure strains when highly compatible fibre coatings are used. However, for melt
infiltrated C/C—SiC materials where the carbon fibres are processed as supplied
(i.e. no costly fibre coatings), the tensile and flexural strengths are significantly
lower.

Fig. 16.7 Schematic of the
polymer infiltration pyrolysis
(PIP) process
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At temperatures up to 1200 °C, and in an inert gas atmosphere, the mechanical
properties of C/C—SiC are slightly higher than at room temperature, similar to the
behaviour of C/C materials. However, at temperatures above 1350 °C in a vacuum,
a certain decrease of tensile strength was observed.

N.B: The lifetimes of carbon fibre based CMCs in air is limited above 450 °C,
owing to oxidation of exposed fibre ends and exposure of fibres owing to matrix
cracking. Thus despite the fact that a SiC matrix and surface coatings significantly
increase oxidation stability, C/SiC and C/C-SiC materials are not usable for
long-term applications, e.g. in gas turbines.

Table 16.4 Typical material properties of fabric and UD crossply (0°/90°; EADS) based C/SiC
and C/C—SiC materials, depending on the manufacturing method—chemical vapour impregna-
tion (CVI), liquid polymer impregnation (LPI) or liquid silicon impregnation (LSI)

CVI LPI LSI

C/SiC C/SiC C/SiC C/C-SiC C/C-SiC C/SiC

Manufacturer SNECMA
(SPS)

MT
Aerospace

EADS DLR SKT SGL

Density (g/cm3) 2.1 2.1–2.2 1.8 1.9–2.0 >1.8 2

Porosity (%) 10 10–15 10 2–5 – 2

Tensile strength (MPa) 350 300–320 250 80–190 – 110

Strain to failure (%) 0.9 0.6–0.9 0.5 0.15–
0.35

0.23–
0.3

0.3

Young’s modulus (GPa) 90–100 90–100 65 50–70 – 65

Compression strength
(MPa)

580–700 450–550 590 210–
320

– 470

Flexural strength (MPa) 500–700 450–500 500 160–
300

130–
240

190

ILSS (MPa) 35 45–48 10 28–33 14–20 –

Fibre content (vol.%) 45 42–47 46 55–65 – –

Coefficient of thermal
expansion (10−6K−1)

ǁ 3a 3 1.16d −1–2.5b 0.8–1.5d –0.3

⊥ 5a 5 4.06d 2.5–7b 5.5–6.5d −0.03–
1.36e

Thermal conductivity
(W/mK)

ǁ 14.3–20.6a 14 11.3–
12.6b

17.0–
22.6c

12–22 23–12f

⊥ 6.5–5.9a 7 5.3–
5.5b

7.5–
10.3c

28–35 –

Specific heat (J/kgK) 620–1400 – 900–
1600b

690–
1550

– –

ǁ and ⊥ = fibre orientation; aRT-1000 °C; bRT-1500 °C; c200–1650 °C; dRT-700 °C; e200–1200 °
C; f20–1200 °C
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16.6 Aerospace Applications

There are numerous actual and potential applications of CMCs in the aerospace
arena. Most are for high temperature oxidizing environments pertaining to aero-
engines and re-entry space vehicles.

Because of the sensitivity of carbon to oxidation, ceramic matrices have been
developed since the middle of the 1970s to replace carbon in order to obtain
materials capable of long-term resistance to high thermal fluxes and mechanical
loads in oxidizing environments. C–SiC or SiC–SiC composite materials are pre-
ferred for these applications. These materials offer good strength (about 300 MPa)
at room temperature, and a non-brittle behaviour, with an enhanced failure strain of
about 0.5 %.

The feasibility of different aeroengine parts, hot gas valve parts, thermal struc-
tures and thermal protection systems (TPS) of re-entry vehicles based on carbon—
ceramic or ceramic—ceramic materials, has already been demonstrated, see
Figs. 16.8, 16.9 and 16.10.

Fig. 16.8 SiC–SiC and C–SiC composites for aeronautical applications
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Fig. 16.10 SEPCARBINOX
flaps for Rafale M88-2 engine

Fig. 16.9 C-SiC composites for thermal protection systems (TPS)
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16.7 Summary

In designing ceramic matrix composites, due consideration is to be given for
selecting the matrix, ceramic reinforcement and the interface. Each of them plays a
vital role in deciding the final properties of the composite. Processing of discon-
tinuously reinforced composites is relatively easy and has already found a number
of applications. Complicated processing like chemical vapour infiltration is cur-
rently required to make SiC fibre reinforced SiC composites with excellent high
temperature properties. Also, this process is slow and takes several days to months
to make components. Alternative processing techniques as well as improved fibres
need to be developed. At present the new fibre reinforced composites like C–SiC
and SiC–SiC are replacing earlier materials in critical aerospace applications. With
further developments and innovation in processing, they should find wider
application.
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Chapter 17
Nanocomposites Potential for Aero
Applications

Naveen K. Mahenderkar, T. Ram Prabhu and Anil Kumar

Abstract This chapter briefly summarizes the types of nanocomposites, their
fabrication and properties. Emphasis is placed on the strengthening mechanisms for
metal, polymer and ceramic matrix nanocomposites. A brief introduction to the
types of reinforcement and matrix materials is given, and finally the current
developments and future trends of nanocomposites are discussed.

Keywords Nanocomposites � Metal matrix � Polymer matrix � Ceramic matrix �
Processing � Applications

17.1 Introduction

Nanocomposites are materials similar to conventional composites with a matrix
phase and a reinforcement phase, although unlike conventional composites the
dimensions of reinforcement materials are typically on the order of 100 nm or less.
The reinforcement are usually 1-D, 2-D or 3-D nanomaterials.

Nanocomposites are a fast growing area of research and application owing to
their unique properties that are usually not seen in conventional composite mate-
rials. The properties of nanocomposites depend on both the matrix and reinforce-
ment phases and are also influenced by the morphology and interfacial
characteristics. Research so far showed that virtually all types of nanocomposites
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show improved properties compared to their conventional counterparts. Therefore
nanocomposites with mechanically reinforced lightweight materials show promis-
ing applications in the field of aerospace materials.

Nanocomposites are typically classified based on the type of materials used as
the matrix. Other types of classifications include the shape and material of rein-
forcement, such as particle reinforced, lamellar reinforced and organic/inorganic
reinforced. This chapter briefly summarizes the synthesis and properties of metal
matrix nanocomposites (MMNCs), polymer matrix nanocomposites (PMNCs) and
ceramic matrix nanocomposites (CMNCs).

17.2 Metal Matrix Nanocomposites (MMNCs)

Recently, the Inter-governmental Panel on Climate Change (IPCC) reported that
aviation would account for 15 % of total greenhouse gas emissions by 2050. This
emphasizes the need for developing ultra-lightweight airframe and engine materials
to minimize the fuel consumption and operational cost, and to increase the payload
and engine thrust. Among different materials, lightweight metal matrix composites
(MMCs) are most promising because of the availability of mature processing
techniques and the ability to tailor attractive properties such as specific strength,
specific modulus, high thermal stability and wear resistance.

MMCs have typically micron-scale particles or whiskers, or long or short fibres
in the metal matrix. When the size scale of reinforcements is selected to be in the
nanometer range (typically less than 100 nm), the MMCs become MMNCs. The
main advantage of using nanoscale reinforcements is that the required volume
fraction of reinforcement is relatively much less (1–5 %) than that required for
MMCs to obtain similar strength properties. The low volume fraction of nanoscale
reinforcements in MMNCs has the benefit of retaining metallic matrix character-
istics such as electrical and thermal conductivities, toughness, machinability and
damping capacity.

17.2.1 Strengthening Mechanisms

Many mechanisms contribute to the strengthening of MMNCs. However, they are
not additive since there is an interdependence of different mechanisms and also the
dominance of one or more mechanisms over others. The brief description of each
strengthening mechanism is presented below:

Grain size strengthening The grain size of the matrix in MMNCs is determined
mainly by the size and volume fraction of the reinforcement. Increasing volume
fractions and/or decreasing the size of the particles restrict grain growth by grain
boundary pinning effects. The combined equation using the Zener and Hall–Petch
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relations explains the effects of particle size (dp) and volume fraction (vp) on the
yield strength (σy) of MMNCs, which is as follows: [1–3]

ry ¼ ro þ kyffiffiffiffiffiffiffi
4adp
3vp

q ð17:1Þ

where σo is the original strength of the matrix material (MPa) and ky and α are
constants. The square root term in the equation, as proposed by Zener, is related to
the matrix grain size refinement.

Orowan and dislocation strengthening The strengthening effect from the Orowan
mechanism (particle cutting or looping around particles by dislocations) depends on
the particle geometrical characteristics and inter-particle spacing, and is generally
expressed as [2, 3]

rorowan ¼
ðkMGbÞ ln dp

b

k
ffiffiffiffiffiffiffiffiffiffiffi
1� t

p ð17:2Þ

where k is a constant, M is the mean orientation factor, G is the shear modulus of
the matrix, b is the Burgers vector, dp is the particle size, υ is Possion’s ratio and λ is
the interparticle spacing.

The above equation shows the significance of small particle size in improving
the strength of the composites. It is also reported that the same mechanism helps in
improving the creep strength of Mg (AS41/Al2O3) nanocomposites despite grain
refinement by nanoparticles, which is undesirable with respect to creep failure [4].

On the other hand, the Orowan strengthening effect does not improve the
strength linearly with decreasing particle size in the nanoscale range: there exists a
critical size below which Orowan strengthening effects become insignificant
because of the fact of easier particle shearing by dislocations; and this critical
(nano) size is independent of the volume fraction of particles. For instance, the
contribution of Orowan strengthening decreased abruptly below the critical particle
size of 1.74 nm in Mg/Al2O3 composites [5].

Dislocation strengthening is facilitated in MMNCs by the formation of geo-
metrically necessary dislocations (GNDs). The mismatches in the coefficient of
thermal expansion and elastic modulus between the matrix and particles are mainly
responsible for the formation of GNDs during processing. The dislocation forest
around the particle/matrix interfaces causes severe work hardening during defor-
mation, resulting in significant strengthening. The individual contributions of
thermal mismatch (σCTE) [6, 7], elastic mismatch (EM) [8] and work hardening (σw)
[9] on the strength of MMNCs are expressed as follows

rCTE ¼ MbGb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ADaDT vp
b dp ð1� vpÞ

s
ð17:3Þ
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rEM ¼ CaGb
1:9 vpe
d3p

ð17:4Þ

rw ¼ CGb

ffiffiffiffiffi
e
b _x

r
ð17:5Þ

where M is the Taylor factor, α, β, C and A are constants, G is the shear modulus of
the matrix, b is the Burger’s vector, Δα is the difference between the coefficient of
thermal expansion between the matrix and reinforcements, ΔT is the difference
between the processing and ambient temperatures, dp is the particle size, vp is the
volume fraction, ε is the strain caused by work hardening, and ẋ is the average
distance that dislocations move during deformation.

Load bearing effect The load bearing effect of very stiff particles contributes to the
strengthening of MMNCs when the interfaces between the matrix and particles are
sufficiently strong. The particle volume fraction (vp) and the particle aspect ratio (l/
t) are the critical factors deciding the load bearing efficiency of the particles. The
contribution of load bearing ability of particles to the strengthening of MMNCs is
expressed as [10]

rw ¼ vprm
ðlþ tÞ
4t

ð17:6Þ

where l, t and σm are respectively the length and thickness of the particles and the
matrix yield strength.

17.2.2 Synthesis and Processing

Conventional MMC processing methods are inappropriate for fabricating MMNCs
because of the size scale of the reinforcements. Nanoscale sizes provide high
surface areas of the reinforcements, increasing their reactivity and a tendency for
agglomeration during processing. These result in an inhomogeneous reinforcement
distribution in the matrix and undesirable brittle phases when conventional pro-
cessing techniques are used. Therefore special processing techniques have been
developed to synthesize and process MMNCs. We briefly discuss the
state-of-the-art of these technologies in the following subsections.

Spark plasma sintering Conventional consolidation processes (cold compaction
and sintering, pressure sintering, die casting) cannot be used to make MMNCs,
owing to many problems such as coarse microstructure, poor densification, porosity
defects, prolonged processing time and high sintering temperature requirements,
low strength properties, and poor interface integrity between the matrix and
particles.
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These problems can be easily overcome by a novel sintering technique, such as
pressure assisted spark plasma sintering (SPS). SPS has many unique features such
as short processing time, low sintering temperature, no prior compaction step
requirements, and high heating rate that help in retaining nanostructures with better
particle and matrix interface characteristics, less shrinkage and near theoretical
density consolidation in MMNCs [11].

The proper selections of DC pulse voltage, current, duration, ramp rate and
holding time are important to generate heat (by spark plasma, Joule heating, spark
impact pressure) in the shortest possible time. SPS has typically four stages, starting
with the removal of gases and then application of vacuum, followed by the
application of pressure coupled with the generation of heat by resistance pulse
heating, and finally ending with cooling [11].

Solidification In this process, melt spinning and/or spray or gas atomization
techniques are used to produce nanosize ceramic particles by rapid solidification.
The nanosize particles and wetting agents are added to the molten metal by stirring
or ultrasonic mixing. Then the melt is solidified under pressure or pressure-less
conditions to obtain the MMNCs.

An example produced by this method is an Al/10 vol% Al2O3 (50 nm)
nanocomposite, which showed high wear resistance and strength properties (yield
strength *515 MPa), owing to matrix grain refinement, dislocation strengthening
and grain boundary pinning effects by the nanoparticles. Compared to an Al/46 vol
% Al2O3 (29 µm) MMC or AISI 304 stainless steel, the strength is 6 or 1.5 times
higher, respectively [12, 13].

Liquid metal infiltration In this process, the reinforcement particles are bonded
using binders and additives to make a preform consisting of a network of inter-
connected pore structures. The preform is then infiltrated with molten metal under
very high pressure (>1 GPa) to produce an MMNC. For example, Al/CNT
nanocomposites are prepared by infiltrating liquid aluminium into a carbon nan-
otube (CNT) preform at 800 °C under a nitrogen atmosphere [14].

Severe plastic deformation (SPD) processing SPD processes such as equal
channel angular pressing (ECAP), accumulative roll bonding (ARB) and
high-pressure torsion (HPT) are very popular in the field of ultra-fine grain size
materials development [15]. The same processes can also be employed to fabricate
MMNCs.

In SPD processing of MMNCs the matrix grains and particles are continuously
fragmented. On the one hand the fragmented particles refine the matrix grains by
pinning the grain boundaries, increasing the dislocation density and forming a
dislocation cell structure and subgrains; while on the other hand the grain frag-
mentation itself helps grain refinement by forming high angle grain boundaries [15].
For example, Al/Al2O3/B4C nanocomposite processed by ARB resulted in a
nanograin structure with mean matrix grain size of 230 nm [15].
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Friction stir processing Friction stir processing (FSP) is an advanced thermome-
chanical process to develop surface nanocomposites [16]. In FSP the substrate
matrix material is usually given a composite coating. The coating typically consists
of nanoscale particles dispersed in the same substrate matrix.

A specially designed FSP tool pin is placed on the surface of the composite layer
and moved along the designated path at a predetermined tool angle and speed. The
forward rotation of the pin generates heat through friction, making the matrix melt
and flow behind the pin, where it gets refined by severe plastic deformation.
Subsequently, the melt is rapidly cooled under hydrostatic pressure to yield the
composite with nanosize matrix grains containing nanosize particles [17]. The
number of passes, the tool rotation speed, the penetration depth and the forward
motion speed are the most important parameters deciding the matrix grain size and
particle distribution in the nanocomposites.

Other methods Techniques such as electro-codeposition, disintegrated melt
deposition, selective melting, microwave sintering, in situ composite formation by
liquid metallurgical processes, melt stirring high-pressure die casting, arc discharge
plasma method, high intensity ultrasound cavitation-based casting, hot extrusion,
rheocasting and squeeze casting, are reported to be used either alone or in com-
bination to prepare MMNCs [18].

17.2.3 Current Developments in Lightweight MMNCs

The combinations of lightweight matrixes such as Al, Mg and Ti with nanoscale
particles of oxides (Al2O3, Y2O3, ZrO2, SiO2), carbides (SiC, B4C, TiC), nitrides
(Si3N4, AlN), borides (TiB2) and carbon nanotubes (CNT) are promising in aero-
space applications because of very high specific strength, specific stiffness and
thermal stability.

Typical properties of potential Al, Mg and Ti matrix nanocomposites are pre-
sented in Table 17.1. CNT-based lightweight MMNCs are given much attention
because of the extraordinarily high strength and elastic modulus of CNTs
(*10 GPa and *1 TPa respectively), very high thermal and electrical conduc-
tivity, low density (1.3 g/cm3) and low cost.

17.3 Polymer Matrix Nanocomposites (PMNCs)

High performance polymer nanocomposites are fabricated using nanosize organic
and/or inorganic additives in a polymer matrix, and show superior properties
compared to traditional PMCs. The enhanced properties of polymer nanocompos-
ites can be mainly attributed to the high surface-area/volume ratio of the
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reinforcement phase obtained from nanoparticles, which show a dramatic change in
both physical and chemical properties [29].

The properties that show substantial improvements in a nanocomposite over the
traditional filler polymers include mechanical strength, electrical conductivity,
thermal stability, flame resistance, moisture resistance and chemical stability.

The aspect ratio of the nano-reinforcement and the degree of mixing between
two phases are the two major factors crucial for controlling the overall properties of
the composite [30]. Uniform dispersion of the nanoparticles in the polymer matrix
enables homogeneity of properties and interaction of nanoparticles for superior
mechanical strength. A high aspect ratio of the nanoparticles aids in improved
adhesion at the nanoparticle–polymer interface [31].

17.3.1 Reinforced Strengthening

Nanomaterial reinforcements enhance the structural strength of a PMNC composite
by allowing a transfer of load between them while closely bonded to the relatively
soft polymer. Depending on the morphology and aspect ratio of nanomaterials,
overall or directional strengthening can be achieved. Some of the nanomaterial
morphologies currently being studied include nanoparticles, nanofibres, fullerenes,
nanotubes and nanowires. The type of reinforcement used is broadly classified as
fibrous, layered, and particles [32, 33].

Carbon and glass nanofibres are some of the most commonly used fibrous rein-
forcements which impart directional strength to the nanocomposites. Aramid fibres,
which are commonly known as Kevlar, are also being used extensively for
high-performance applications [32]. Graphite and organosilicates are some of the
layered structures used as reinforcement due to their high aspect ratio. Nanoparticles of
silica, carbon, metals and hard ceramics are used as particle reinforcements.

Carbon nanotube reinforcement Carbon nanotubes (CNTs) are cylindrical
nanostructures of carbon with very high aspect ratios. They consist of tubes of
graphene with nanometre-scale thickness and centimetre scale lengths. Typically,
CNTs have one-atom-thick walls, but depending on the type of CNT used there
may be multiple layers. Therefore CNTs can be classified as single-walled or
multi-walled structures. CNTs are traditionally fabricated using chemical vapour
deposition, arc discharge and laser ablation [34].

During the process of reinforcement a uniform dispersion of CNTs in the
polymer matrix is essential [35–37]. Owing to van der Waals interactions, CNTs
tend to aggregate during the mixing process, which could lead to an inhomoge-
neous strength distribution. Inefficient transfer of load through the material could
lead to crack sites in the nanocomposite. Uniform dispersion of CNTs is also
essential for electrical and thermal conductivity of the nanocomposites. CNTs are
inherently hydrophobic in nature, but recent progress on chemical attachment to
reduce the hydrophobicity has helped improve the adhesion to polymers [38–40].

17 Nanocomposites Potential for Aero Applications 399



Single-walled and multi-walled CNT reinforcements show different properties in
a composite. Single-walled CNTs are graphene wrapped in a hollow cylindrical
geometry, whereas multi-walled CNTs can be multiple concentric tubes or a scroll
of graphene. CNTs tend to grow in a multi-walled geometry and therefore it is
challenging to grow only single-walled nanotubes (Fig. 17.1). Due to the relatively
smaller size, single-walled CNTs have a higher tendency to aggregate during the
mixing process. Although multi-walled CNTs show a relatively lower agglomera-
tion during the mixing process, they tend to show lower mechanical strength
compared to single-walled CNTs. Double-walled CNTs have properties similar to
those of a single-walled CNT but also have improved surface chemical resistance,
which helps in chemical modification to improve the adhesion with the polymer.

Cadek et al. have shown an increase in Young’s modulus by a factor of 1.8 and
hardness by a factor of 1.6 in a multi-walled CNT/polyvinyl alcohol nanocomposite
with 1 wt% of CNTs. It was also observed that the presence of nanotubes acts as a
nucleation site for the crystallization of polyvinyl alcohol. Increased crystallinity of
the polymer matrix has been shown to improve the mechanical strength of the
nanocomposite [41]. Gojny et al. studied the enhancement of stiffness and fracture
toughness of low carbon content CNT-reinforced epoxy. It was observed that
compared to carbon black-reinforced epoxy, a relatively small amount (0.1 wt%) of
CNTs resulted in a higher tensile strength and Young’s modulus [42]. Kearns et al.
showed that single-walled CNTs at 1 wt% content had 40 % higher tensile strength
and 55 % higher Young’s modulus compared to neat polypropylene fibres [43].

Carbon nanofibre reinforcement Carbon nanofibres (CNF) are cylindrical
nanostructures of stacked cones of graphite. CNFs have a diameter typically
ranging from 10 to 50 nm and can be few hundred microns long. CNFs have higher
surface-area/volume ratios compared to a traditional carbon fibre. Higher surface
area aids in better adhesion to the polymer and efficient load transfer characteristics.
The ultimate tensile strength of a nanocomposite with CNFs is higher than that

Fig. 17.1 Schematic of
a single-walled CNT with
nanometer-scale width and
high aspect ratio and
b multi-walled CNT with
relatively higher width
showing concentric tubes
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obtained from PMCs using traditional carbon fibres. This has been attributed to
lower defects in the nanofibres and higher contact area with the polymer. CNFs also
show higher flexibility due to the higher aspect ratio, which leads to superior
mechanical properties.

Carbon nanofibres are typically fabricated from poly-acrylonitrile or pitch
polymers. The polymer precursors are initially spun or drawn into filaments. This
process aligns the polymer chains in one direction to have enhanced mechanical
properties along the longitudinal direction. The filaments are then heated to a
temperature of 1700 °C in a process known as carbonization or graphitization. This
process evaporates or sublimates all the non-carbon atoms from the polymer,
thereby producing the carbon fibre. Figure 17.2 shows a scanning electron micro-
graph of CNFs produced using a poly-acrylonitrile precursor.

CNFs can also be fabricated using pyrolysis of methane at 900 °C in the pres-
ence of a metal catalyst. Pyrolysis of hydrocarbons is one of the most studied
methods to grow carbon fibres and could possibly be used for mass production at
relatively low cost. Some of the other techniques for producing CNFs are template
synthesis, electrospinning, phase separation, etc. [44, 45].

CNFs have superior mechanical and electrical properties compared to traditional
carbon fibres. Vapour-grown CNFs by Endo et al. have shown that the tensile
strength of a nanocomposite is inversely proportional to the diameter of the
nanofibres. A tensile strength of 2 GPa and a tensile modulus of 200 GPa was
observed [46]. Also, in contrast to CNT-reinforced nanocomposites, nanofibres
have lower probability of aggregation and thus produce a homogeneous composite.

Fig. 17.2 SEM micrograph
of poly-acrylonitrile-based
carbon nanofibres
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CNF-reinforced nanocomposites typically are also reinforced with CNTs for tan-
dem properties and smoother surface finish.

Other reinforcements There are other materials such as exfoliated graphite,
nano-structured titanium oxide, aluminium oxide, silica, polyhedral oligomeric
silsesquioxane (POSS), montmorillonite nanoclays and silicon carbide (SiC) that
have been used to form polymer nanocomposites with enhanced material properties.

17.3.2 Fabrication of PMNCs

Fabrication of PMNCs can be done using conventional composite methods. Some
of the most widely used fabrication processes include wet lay-up, resin transfer
moulding (RTM), vacuum assisted RTM, filament winding, resin film infusion,
prepreg moulding, and autoclave processing [47].

Wet lay-up and pultrusion process This involves positioning layers of reinforcement
material in or against a mould. These layers are then impregnated with a liquid resin
system, either with a brush or roller, to ensure a good wet-out of the reinforcement
material. Layering and impregnation are repeated until the required thickness is achieved.

Curing can be performed at room temperature or under heat, depending on the
resin system. This can be accomplished with or without the use of a vacuum
bagging process. The mechanical properties of products are, however, usually poor
due to the presence of voids and non-uniformity.

Pultrusion is similar to the wet lay-up process in terms of applying liquid resin
and impregnation, but it is a process of producing a continuous length of reinforced
polymer nanocomposites with constant cross-section. Mass production at relatively
low cost can be achieved using this method. The amounts of voids and defects in
this process are similar to those from the wet lay-up process. The fibre alignment in
the composite can be optimized by varying the rate at which the fibres are pulled,
the temperature, and the curing time.

Resin transfer moulding and vacuum assisted RTM Resin transfer moulding is a
closed-mould process that yields high reinforcement-to-resin ratio, increased laminate
compression and excellent strength-to-weight characteristics [48]. In this process a
nanofibre preform or dry fibre reinforcement is packed into a mould cavity with the
desired shape and the mould is then closed. Low viscosity resin with catalysts for
hardening is then pumped into the mould under pressure, displacing the air at the edges
until the mould is filled. The nanocomposites are then cured by heating to polymerize
the resin into a rigid plastic. The shape and preparation methods of nanofibre preforms
can also have a significant influence on the final properties of the nanocomposite. CNFs
weaved into a fabric shows higher toughness then unidirectional fibres.

Vacuum-assisted RTM is also a closed-mould process using a partial vacuum to
assist the resin flow. Vacuum assists in allowing air bubbles to escape and in
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eliminating voids in the final composite. It also helps a homogeneous resin flow
through the nanofibre preform. Figure 17.3 shows a schematic of the
vacuum-assisted RTM process.

Resin film infusion consists of a catalyzed semi-solid resin layered with the
nanofibre preform in a vacuum mould. Vacuum eliminates any air in the mould to
avoid air bubbles in the composite, and then the mould is heated in an autoclave.
The resin is melted and impregnated into the preform and then polymerized to form
a rigid plastic.

Filament winding and prepreg moulding Filament winding is typically used to
fabricate hollow structures. A steel mandrel is rotated along its axis and carbon fibre
impregnated with resin is wound on the mandrel. Carbon fibre is wound at different
angles and orientations on the mandrel to achieve complex patterns for higher
strength and toughness. The mandrel plus the desired thickness of nanocomposite is
then cured, and the hollow structure is separated from the mandrel. Various process
parameters like tension on the fibres, rate of mandrel rotation, resin concentration,
nanoparticle reinforcement in the resin, and curing temperature can be used to
optimize the final properties. Mass production of hollow nanocomposite structures
is feasible using this process.

Prepreg composites consist of nanofibre reinforcements that have been
pre-impregnated with a resin. The resins are usually pre-catalyzed and semi-cured
for ease of handling at ambient temperatures. High-temperature annealing is usually
required to achieve complete polymerization. The prepregs are placed in vacuum
moulds having the desired configuration and are heated to allow the resin to soften.
This helps the resin to reflow into the prepreg structure, and then the temperature is
increased to completely cure the structure.

17.3.3 Current Challenges in PMNCs

PMNCs show promising improvements in material properties in contrast to the
conventional counterparts. Relatively lower cost, and significant improvements in
strength, toughness and electrical conductivity, are only a few among many
properties that can be obtained using polymer nanocomposites.

Fig. 17.3 Schematic of the
vacuum-assisted resin transfer
moulding process
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Homogeneous dispersion and wettability of the nanoparticles and large-scale
production of nanostructures is still being intensively researched [49]. The control
of porosity during polymer pouring and densification affects the final properties.
Formation of agglomerates could cause splitting of the nanocomposite when sub-
jected to force. The (mis)orientation of carbon nanofibres in a unidirectional
composite could also lead to crack initiation.

17.4 Ceramic Matrix Nanocomposites (CMNCs)

Ceramic matrix nanocomposites (CMNCs) are nanostructured metal, metal oxides
and ceramics reinforced in a ceramic matrix. CMNCs exhibit improved fracture
toughness, thermal stability, resistance to corrosion and show lower brittleness in
contrast to conventional ceramics.

CMNCs can be classified into two groups based on grain size of the matrix
phase: (i) the micro-nano type, where the matrix is composed of micrometre-sized
grains with a nanometre reinforcement [50] and (ii) the nano-nano type, also
referred to as nanoceramics. This second group contains nano-sized (<100 nm)
constituents of both the matrix and reinforcement. A dramatic difference in prop-
erties is observed for these two groups of composites.

17.4.1 Types of Reinforcement/Strengthening Mechanisms

Conventional ceramic matrix composites use SiC, Si3N4, TiC, etc., as reinforce-
ment. Although the reinforcements are hard and brittle, sufficient improvement in
the strength and fracture toughness of the composite is observed. Soft reinforce-
ments like graphite and metal nanoparticles also have shown improved overall
properties [51–53]. Current research interest focusses on both hard and soft rein-
forcements on the nanometre scale and nanostructures with high aspect ratios.

Metal nanoparticle-reinforced CMNCs Enhanced mechanical and structural
properties are obtained by reinforcing the ceramic matrix with nano-sized metal
particles. Typically ceramics such as silica, silicon carbide, alumina, zirconia,
mullite, etc., are used as ceramic matrix phase materials. Nanoparticles of tungsten,
molybdenum, nickel, chromium, iron, etc., are used as reinforcement.

Powder processing techniques such as hot pressing or cold pressing and
high-temperature sintering are used to fabricate CMNCs. Precursors for both matrix
and reinforcement phases start as nanopowders; the desired proportions of metal
and ceramic powders are mixed and hot pressed, allowing consolidation and sin-
tering [54–60]. Besides simple powder mixing, the nanocomposites can also be
made using oxide reduction, sol–gel, gel casting and salt infiltration.
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Niihara et al. fabricated Al2O3/Mo nanocomposites using α and γ alumina. It was
observed that in a 5 vol% Mo system, elongated grains of Mo surrounded alumina
grains, resulting in improved fracture toughness, hardness and strength of the
nanocomposite. Ceramic nanocomposites containing lower melting point metals
also show exceptional mechanical properties [54, 60]. Along with the mechanical
properties, the magnetic properties are also expected to improve by simply incor-
porating nano-sized Ni, Co and Fe into an Al2O3 matrix.

Soft nanoparticle-reinforced CMNCs Besides the mechanical properties, the most
important improvement using soft nanoparticles in CMNCs is the machinability
[61–64]. One of the most studied soft reinforcements is hexagonal boron nitride
(h-BN), which has excellent corrosion resistance, thermal shock resistance and
machinability. Kusunose et al. [61] obtained a Si3N4/h-BN nanocomposite with
significant improvements in machinability, strength and dispersion. Also, hexago-
nal boron nitride nanocomposites with silicon nitride, silicon carbide and zirconia
all showed property improvements over their monolithic ceramic counterparts.

It was observed that hexagonal boron nitride in the matrix inhibits grain growth
during the sintering process. This yields in a finer microstructure of the
nanocomposite. Although in most of these nanocomposites a decrease in toughness
was observed, it was still higher than that of conventional ceramic composites.
Hexagonal boron nitride also showed improvements of the thermal resistance in the
silicon nitride system up to temperatures as high as 1500 °C.

Hard nanoparticle-reinforced CMNCs Hard materials such as SiC, Si3N4, ZrO2 and
TiO2 are used as reinforcements in oxide ceramic matrices like Al2O3 and MgO. These
nanocomposites have higher sintering temperatures than the monolithic matrix mate-
rials. For example, in the Al2O3/SiC system a dramatic increase in sintering temper-
atures was observed with the incorporation of 5 vol% SiC [50]. Similar to hexagonal
boron nitride reinforcement, SiC promoted a fine grained microstructure. Nanoparticles
of SiC with small grain size appeared to disperse in the matrix: however, large grains
were dispersed along the grain boundary. SiC incorporation led to higher toughness and
strength and this could be mainly because of the residual stress generated due to the
difference in thermal expansion coefficients of Al2O3 and SiC [50].

Carbon nanotube (CNT)-reinforced CMNCs Carbon nanotube reinforced
CMNCs are known to impart very high toughness to nanocomposites. CNTs are
lightweight, hollow and high aspect ratio materials, see Sect. 17.3.1 for an intro-
duction on CNTs. CNT reinforcement gives improved high temperature strength,
toughness and electrical properties.

Ceramic matrices are brittle and stiff and the main purpose of reinforcement is to
impart toughness. CNTs enhance the fracture toughness and also enable electrical
conductivity in ceramics. However, significant improvements in the properties of
ceramic nanocomposites have not been observed using CNTs. Only a limited amount
of the CNTs’ potential has been exploited, and more research is needed.
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The critical parameters that affect the properties of CNT-reinforced CMNCs are
the type of CNT, the sintering process, and the homogeneous dispersion and
bonding of CNTs to the matrix material for an efficient load transfer.

17.4.2 Fabrication of CMNCs

CMNCs are fabricated using a wide range of techniques such as sol–gel, hot
pressing, hot isostatic pressing, cold pressing and sintering, oxide reduction, salt
infiltration, SPS, micro emulsion, auto ignition, codeposition, microwave sintering,
etc. Dense CMNCs can be obtained using hot pressing: however, consolidation to
high densities and the high sintering temperatures are still major difficulties.

Sol–gel and gel casting The sol–gel technique uses an innovative approach towards
processing of ceramic structures. Suitable precursors are polymerized to form a colloidal
solution known as a sol. Typically the precursors for preparation of sols include metal
oxides or alkoxides which are subject to hydrolysis polymerization to form the sols. The
liquid state then goes through hydrolysis or condensation at relatively high temperatures
to form gels. Sintering of these gels at relatively high temperatures (lower than powder
processing) yields dense ceramic composites. This sintering process and temperatures of
the gels can be used to alter the structure and properties of the nanocomposites. Thin
films of ceramics can also be produced by spray pyrolysis of gels. Relatively low
processing temperatures and better control over homogeneity and particle distribution are
some of the advantages of using this process. However, coarsening of the microstructure
occurs during the sintering process, and this could lower the overall strength.

Hot pressing Powder mixing and consolidation is one of the simplest ways to
fabricate CMNCs. This involves conventional mixing and/or milling processes,
followed by compaction or consolidation and then densification (sintering and/or
pressing). These powder processing techniques include hot pressing and hot iso-
static pressing, where the compaction and sintering occur simultaneously. Similar to
the sol–gel process, coarsening of grains during sintering could lower the overall
strength of the nanocomposite. Depending on the size and shape of powder and the
process used for compaction, complete densification is difficult to achieve. Metal
powders during sintering at high temperatures have the tendency to oxidize and
may also cause differences in the strength of the nanocomposite.

Other methods Some of the techniques such as oxide reduction, salt infiltration and
SPS are also used in fabricating CMNCs. Similar to conventional powder pro-
cessing, the oxide reduction process utilizes metal oxide powders in a ceramic
matrix phase. During sintering the metal oxide particles are reduced to the metallic
state in the presence of a reducing agent.

Salt infiltration utilizes the reduction of metal salts to metal nanostructures in the
porous ceramic matrix. The ceramic matrix phase is produced using conventional powder
compaction and sintering processes. The powder processing conditions are optimized to
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achieve a network of pores without complete densification. The pores are infiltrated using
a water-based metal salt solution and then dried to eliminate any water, leaving the
dispersed metal salts in the pores of the nanocomposite. Annealing in a reducing
atmosphere causes the metal salts to change the oxidation state to the metallic form.

17.5 Characterization of Nanocomposites

High resolution characterization tools such as the scanning electron microscope
(SEM), transmission electron microscope (TEM), scanning tunnelling microscope
(STM), atomic force microscope (AFM), X-ray diffraction (XRD), energy disper-
sive X-ray spectroscopy (EDAX), and focussed ion beam (FIB) techniques are
generally used to assess the phases, morphologies and microstructures of nano-scale
particle reinforced composites [17].

AFMs are widely used in developing MMNCs. An AFM is usually operated in
three modes: (1) contact mode, (2) non-contact mode and (3) phase mode to analyze
MMNCs. Both the contact and non-contact modes are used to obtain high reso-
lution topographic images of the surfaces of MMNCs, whereas the phase mode
provides the surface mapping of material composition [17].

An STM is generally used to obtain the atomic arrangements of the surfaces of
MMNCs [17]. Electron microscopes (SEM with EDS, TEM) are also used to obtain
surface topographies, phase identifications, composition maps, crystallographic
orientations, electronic structure and phase shift. The grain sizes are commonly
determined from XRD patterns.

Most of the characterization tools mentioned for MMNCs are the same for
PMNCs and CMNCs. However, some of the techniques such as STM and con-
ductive AFM require the material to be electrically conductive and thus could cause
limitations due the lack of conductivity in CMNCs and PMNCs.

Various other techniques for characterization of PMNCs include wide-angle X-ray
diffraction (WAXD), small-angle X-ray scattering (SAXS), scanning probe microscopy
(SPM), differential scanning calorimetry (DSC), thermo gravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FTIR), and dynamic modulus analysis
(DMA). Using these techniques enables obtaining a comprehensive understanding of
the basic, physical, chemical and structural properties of PMNCs [65–70].

Some of the most commonly used characterization measurements for CMNCs
include Vickers hardness (micro and nano hardness), impact fracture toughness,
residual and fracture strength, and compressive and tensile strength.

17.6 Future Aerospace Applications

The use of MMNCs in aircraft or aero engine applications is still in the future.
However, their potential has been noted by many recent researches.

17 Nanocomposites Potential for Aero Applications 407



MMNCs using Al, Mg or Ti matrices may find use in the next generation of aircraft,
based on property improvements and weight savings. For instance, the substitution of
Ti MMNCs for currently used Ni-base superalloys in the high pressure compressors of
jet engines is one potential application where weight savings of more than 50 % are
expected [71]. Other possible applications include helicopter rotor blades, vertical fins,
fan guide exit vanes, turbine fan blades and discs, engine spacers and shafts, brake pads
and brake discs, compressor rotor blisks and blings.

In recent years, PMNCs for aerospace applications have shown significant
improvements in mechanical properties. PMNCs are being used by Boeing as high
temperature materials in aerospace applications [72]. Researchers have developed
lightweight and durable transparent nanocomposites for the aerospace industry [73].

CMNCs are being used in space applications owing to lower weight and high
thermal stability. They are also being used in gas turbine components, brake pads and
thrust control pads in jet engines. SiC/C CMNCs were proposed for steering flaps for
the NASA space vehicle X-38 [74] which, however, was cancelled in 2002.

17.7 Conclusions

Although nanocomposites have the potential to provide exceptionally high strength,
stiffness, wear resistance, thermal conductivity and significant weight savings, the
major challenges such as aerospace product quality standard, reproducibility,
machining, immature processing techniques, high capital investment for fabrication,
and poor ductility and fracture characteristics should be addressed to obtain a wide
commercial acceptance in aerospace applications. Research in the field on nanocom-
posites is very broad and in the early stages of development: more research and
in-depth understanding of every process is required to optimize the conditions for
fabrication of nanocomposites.
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Chapter 18
Monolithic Ceramics for Aerospace
Applications

N. Eswara Prasad and S.B. Bhaduri

Abstract Following a brief introduction to monolithic structural ceramics and their
mechanical properties and micromechanisms of toughening, the materials devel-
opment and salient features of various high- and ultrahigh-temperature (UHT)
ceramics are discussed. The discussion includes alumina, zirconia, silicon nitride,
silicon carbide, molybdenum disilicide and carbon-based ceramics. Subsequently,
emerging ceramics such as the titanium- and zirconium-boride ceramics are
introduced and discussed. Finally, the Indian scenario on the development and
production of these materials is described.

Keywords Ceramics � Mechanical properties � Creep � Thermal shock �
Fracture � Applications

18.1 Introduction

The class of modern and advanced ceramics represents enabling materials, which in
certain cases represent the only choices for numerous twenty-first century appli-
cations, such as in advanced electronics, telecommunications, optical, functional,
sensor, heat engine, turbine, defence and aerospace applications.

This chapter on ceramics will focus on the materials that are both established and
potentially important for ultrahigh-temperature (UHT) service (� 1200 °C). The
motivation here is to review their applications in defence and aerospace where UHT
conditions are frequently encountered. Ceramic-based materials are both attractive
and viable UHT structural materials of the present era, thanks to several decades of
dedicated global efforts in the areas of:
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– Innovative materials design (leading to newer toughening mechanisms).
– Advanced materials research (leading to newer materials including composites

and coatings).
– Development of novel processing methods (establishing close control over

atomic-scale, nano-scale and micro-scale structures).
– Sophisticated and well-established characterization techniques (covering a wide

range of structure and physical and mechanical properties).
– Applications of several unconventional yet effective design methodologies

(including advanced statistical analyses and computer simulated methods).

To describe the targeted applications, this chapter will begin with a discussion on
important mechanical properties and strategies to improve them. Subsequently, the
chapter will focus on specific materials. Since it is beyond the scope of the present
review to cover the materials that are on the horizon for other applications, the
reader is advised to refer to the literature [1–19] (especially the overviews and Ref.
[15]).

18.2 Mechanical Properties

18.2.1 Strength Properties

The strength in ceramics is commonly defined as the materials’ resistance to tensile
stresses. Other modes used are 3- and 4-point bending and compression; although
these are still used by materials developers, they are only of minor importance with
respect to design and materials selection.

A tensile test enables a homogeneous stress distribution and a pure uniaxial
stress state. This provides the clearest procedure to determine the tensile strength.
However, tensile testing at ambient and ultrahigh temperatures is not only tedious
but also very difficult due to complicated specimen clamping, which is necessary to
avoid superimposed bending moments. Several standard test procedures are being
established [8] to provide details of tensile strength determination. On the other
hand, the procedures to determine the bend and compressive strengths are well
established [20–22], and these properties are in fact much easier to determine.
However, as mentioned earlier, they are of little or no practical use for design.

18.2.2 Fracture Toughness

Most ceramic components and structures fail from inherent discontinuities (natural
flaws) when growing cracks attain a critical size. Owing to the inherent low fracture
toughness of ceramics, the critical flaw sizes are often in the size range of the
discontinuities. This is the major limitation for structural ceramics.
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The critical crack size depends on the fracture toughness (expected to be lowest
for mode-I or tensile loading); the distribution of flaws and flaw sizes ahead of the
crack tip; crack wake zone effects; and finally the state of stress and environment.
The methods of fracture toughness evaluation and methodologies of data analyses,
including statistical treatments, are discussed in numerous publications [13–38].

18.2.3 Thermal Shock Resistance

Most ceramic materials are sensitive to thermal shock and thermal fatigue. High
thermal stresses due to inhomogeneous temperature distributions during processing
and/or service are responsible for extending pre-existing discontinuities and final
fracture. If only one single severe thermal cycle occurs, it is called ‘thermal shock’.
However, in service several thermal shocks of moderate stresses cause incremental
damage leading to final fracture. This latter phenomenon is called ‘Thermal
Fatigue’.

Fracture mechanics and non-fracture mechanics tests of the thermal shock
resistance of ceramic materials are based on either time-independent stationary
thermal stresses and their distributions, or non-stationary thermal stresses which are
usually encountered during rapid heating or cooling [39–45]. Some of the important
thermal shock parameters, namely the critical temperature difference (Rs = rc

(1 − m)/aE), thermal shock sensitivities (Rs′ = kRs, Rs″ = Rs′/qCp; and Rs′′′ = KIc
2 /

rc
2) and the related physical (a, E, m, k, q and C) and mechanical (rc and KIc)

properties, can be obtained from the literature [39–41]

18.2.4 Creep and Creep Crack Growth

Deformation and failure of ceramics at ultrahigh temperatures are governed by
creep and creep crack growth effects, respectively. Creep failure, otherwise known
as ‘creep rupture’, is caused by the formation, extension and coalescence of creep
cracks. The damage phenomena leading to this rupture process are in general (i) the
formation of grain boundary cavities, (ii) growth of these cavities leading to
microcrack formation, and (iii) growth of the microcracks [46, 47]. Langdon and
co-workers [44, 48, 49] have done pioneering work on modelling the creep and
creep damage process.

Property characterization in the fields of creep and creep rupture/creep crack
growth include tensile, compression, flexure (3- or 4-point bend); indentation;
tension/compression under variable stresses; crack growth with determination of the
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stress intensity factor (K); and creep crack growth parameters Ch
* (primary creep

region), C* (secondary creep region) and crack growth for the entire regime (da/
dt as a function of C*) [44–52].

18.2.5 Mechanical Property Improvements via Toughening
Micro Mechanisms

Toughening in ceramics [as well as in ceramic matrix composites (CMCs)] controls
most structural and mechanical properties. This may be understood from the basic
equation of linear elastic fracture mechanics (LEFM) that relates the fracture
strength (rf) with the flaw bearing capability (in terms of the maximum flaw size
(c) and the linear elastic (plane-strain) fracture toughness (KIc):

rf ¼ fKIc=Yc
1=2g ð18:1Þ

where Y is a geometrical factor, which depends on the crack morphology and
alignment with respect to the stress axis.

From Eq. (18.1) one can see that the fracture stress of a material can be
enhanced if the flaw size is minimized. Several researchers [22, 32, 36] have shown
that the fracture toughnesses of glasses and ceramic single crystals lie in the range
0.5–2 MPa√m. And Becher [17] states that most ceramic polycrystals that do not
employ any toughening mechanisms will never exceed a fracture toughness of
5 MPa√m.

To achieve a fracture strength of 1000 MPa in a material with a fracture
toughness (KIc) of 5 MPa√m, one needs to control the flaw size within 20 lm
(assuming a disc-shaped flaw with Y = 1.128). Process control in current ceramic
material technologies aims to contain initial inherent discontinuities (flaws) that are
much less than this limiting flaw size by developing ultrafine powders, special
forming and sintering techniques, and controlled final finish forming and machining
[13, 14]. However, there is a limit to minimizing the inherent discontinuity size,
since processing with extremely fine powders poses several problems [14].
Furthermore, a ceramic material containing an accidentally large ‘rogue’ flaw can
have very dangerous implications because the material may fail catastrophically at
stresses much below the design stress. Hence newer design methodologies simul-
taneously attempt to improve the fracture toughness by invoking one or more of the
toughening mechanisms listed in Fig. 18.1.
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18.3 Ultrahigh-Temperature Ceramics for Aerospace
Applications

The focus of this section will be on structural ceramics for high and ultrahigh
temperature applications, describing some of the candidate materials. Modern
high-performance ceramics are the ‘enabling’ materials for many advanced tech-
nologies. With the recent interest in developing hypersonic aerospace vehicles and
re-usable atmospheric re-entry vehicles, interest in such materials has increased
significantly in the last few years.

Most high-performance ceramics under development today are based on silicon
nitride, silicon carbide, zirconia, dispersion toughened alumina or CMCs [76–83].
Zirconia and Cr2O3 based coatings have proven successful in many gas turbine and
diesel applications [76, 83]. Analogously, SiC, A12O3 and mullite fibres are finding
applications as reinforcements in ceramic composites.

General Mechanism Detailed Micromechanism(s)
Crack Deflection [56-59] Tilt and twist of crack plane around the grains and second phase particles.
Crack Bowing [60,61] Bowing of the crack plane between two second phase crack pinning points.
Crack Branching [62,63] Cracks may subdivide into two or more branches, which ultimately result in parallel cracks.

Crack Tip Shielding by 
Process zones

1. Microcracking [64,65].
2. Transformation toughening [18,66-69]. 
3. Ductile yielding in the process zone (occurs essentially in ductile reinforcements [69].

Crack Tip Shielding by Crack 
Bridging [18,19,69-78]  

1. Fibre reinforcements and their partial disbonding.
2. Frictional and ligamentary grain bridging.
3. Second phase ductile ligament bridging.

Fig. 18.1 Failure mechanisms under high temperature conditions: I–IV: various modes of failure
(I From existing crack; II Crack tip pore formation and coalescence with the main crack; III Pores
due to creep deformation without the requirement of any pre-existing crack; and IV Oxidation)
[35]. The subdivisions a ! c indicate damage evolution with time
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Last but not least, binary compounds of transition metals have generated con-
siderable attention. Figure 18.2 presents a comparative summary of the melting
points of transition metals and their compounds [84]. It is seen that carbides have
the highest melting points. However, by the same token, it is difficult to process
them into monolithic shapes. As opposed to carbides, borides have somewhat lower
melting points and therefore are easier to work with. Table 18.1 lists some
important transition metal borides with their melting points and density values.

Fig. 18.2 Melting points of transition metals and their binary compounds, showing the superior
high temperature capability (in terms of higher melting temperatures) of some ceramic materials,
particularly carbides [84]

Table 18.1 Properties of
transition metal borides [84]

Metal boride Density (gm/cm3) Melting point (°C)

TiB2 4.38 3225

ZrB2 6.17 3246

HfB2 11.2 3650

VB2 5.10 2450

NbB2 7.5 3050

NbB2 6.97 3050

TaB2 14.2 2040

TaB2 11.2 3100

CrB2 5.20 2170

Mo2B5 7.48 2370

W2B5 14.8 2370
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18.3.1 Alumina Ceramics

Pure aluminium oxide, Al2O3, has only one thermodynamically stable phase, the
hexagonal a-phase (corundum). Ceramics based on alumina have been used for
many years. These traditional ceramics are, however, unsuitable for high temper-
ature structural applications, but within the last three to four decades a family of
toughened aluminas has been developed. Alumina has been toughened by the
addition of ZrO2 dispersoids (zirconia toughened alumina, ZTA), and by the
incorporation of SiC-whiskers.

ZTA consists of a polycrystalline a-AI2O3 matrix with a dispersion of ZrO2

particles. The ZrO2 can be either tetragonal and/or monoclinic, and is almost
without exception located in the alumina grain boundaries. However, a ZTA con-
taining intragranular t-ZrO2 particles and intergranular m-ZrO2 particles has been
produced by sol–gel methods.

ZTAs are toughened by transformation toughening when t-ZrO2 particles are
present. These materials also exhibit a great deal of toughening due to microc-
racking (which hinders the growth of the main crack) when m-ZrO2 is present.
There appears to be a critical size associated with microcrack toughening just as
there is with transformation toughening [76, 77]. If the zirconia particles are too
small, the stresses produced upon transformation will be insufficient to nucleate
microcracks. If the particles are too large, the stress field caused by transformation
will, in addition to nucleating microcracks, also spontaneously extend them, thereby
weakening the material. When both phases of zirconia are present, both transfor-
mation and microcrack toughening are active.

Further, the reinforcement of alumina by short, discontinuous SiC-whiskers
(*0.5 µm diameter and *30 µm length) greatly improves the strength and frac-
ture toughness [77–79]. Both the strength and fracture toughness increase with
increasing whisker content. These properties are maintained up to temperatures in
the 1000 °C range. The primary toughening mechanism appears to be crack
deflection by the SiC-whiskers, although there is some contribution by whisker
pull-out.

18.3.2 Zirconia Ceramics

Zirconia (ZrO2) has three allotropes—monoclinic (room temperature to 950 °C),
tetragonal (950–2370 °C) and cubic (above 2370 °C). The tetragonal to monoclinic
transformation is martensitic, and so the tetragonal phase cannot be quenched to
room temperature in the form of pure ZrO2. Uncontrolled transitions are undesirable
because they are accompanied by a shear strain of *0.16 and a volume expansion
of *4 %.

The addition of certain stabilizing oxides (MgO, CaO, Y2O3, etc.) suppresses the
uncontrolled phase transformations. These additions in small amounts result in a
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two-phase material referred to as partially stabilized zirconia (PSZ), consisting of a
cubic (c) matrix and tetragonal (t) and/or monoclinic (m) precipitates, depending on
the thermal history.

It was in PSZ that Garvie et al. [88] first noted the importance of t-ZrO2 pre-
cipitates in enhancing toughness. When a crack is present in PSZ (and in related
ZrO2 toughened materials such as TZP) the stress field near the crack tip causes the
metastable t-ZrO2 to transform to the monoclinic symmetry.

The transformation absorbs energy which would otherwise assist in advancing
the crack, thereby increasing the resistance to crack growth, hence the use of the
term ‘Transformation Toughening’. This ability makes zirconia ceramics unique
among structural ceramics and prompted Garvie et al. [88] to label them ‘ceramic
steels’ in their initial report, drawing the analogy with phase transformations in iron.

PSZ is classified by microstructure: conventional PSZ, fine-grained PSZ, poly-
crystalline tetragonal zirconia, fine-grained monoclinic, overaged conventional and
single crystal PSZ.

Conventional PSZ ceramics are stabilized by the addition of MgO, CaO, Y2O3

or rare earth oxides such as CeO2. They are usually sintered in the cubic solid
solution field (1600–1900 °C). Appropriate cooling produces microstructures
containing 50–100 lm c-ZrO2 grains with coherent t-ZrO2 precipitates dispersed
within the cubic grains. The t-precipitates are then coarsened in the 1300−1500 °C
range to optimize their ability to undergo the stress-induced transformations to
m-ZrO2 [63, 88–92].

The above process can be simplified by combining sintering and ageing into a
single step heat treatment in the two-phase cubic/tetragonal field. This produces
similar microstructures and properties.

Tetragonal zirconia polycrystals (TZP) are fine-grained, single-phase materials
stabilized by Y2O3 (Y-TZP) or rare earth oxides CeO2 (Ce-TZP). The constraints
imposed by grains on each other allow the retention of the tetragonal phase. While
the grain size is usually between 0.1 and 1.0 µm depending on the Y2O3 solute
content (usually 1.5−5.0 wt%) and the density of the material, in the case of
Ce-TZP a larger grain size is allowable (*10 lm).

Sintering takes place in the tetragonal field of the respective binary phase dia-
grams. The detrimental problem of Y-TZP ceramics is the t ! m transformation at
intermediate temperatures (200–400 °C) in humid atmospheres [92]. Ce-TZP does
not have this problem.

18.3.3 Silicon Nitride Ceramics

Silicon nitride exists in two phases, a and b, both of which have hexagonal crystal
structures. The a phase has a unit cell approximately twice as large as that of the b
phase. The silicon nitride based ceramics include hot-pressed, reaction-bonded,
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sintered and hot isostatic pressing (HIP) materials and also the b′-SiAlONs (a solid
solution of A12O3 and/or other metal oxides in the b-Si3N4 lattice).

Hot-pressed Si3N4 is produced by either conventional uniaxial or hot isostatic
pressing (HIP). In these processes [95] one starts with a-Si3N4 powder and adds a
densification aid such as MgO, Y2O3, or SiBeN2. Almost all hot-pressed silicon
nitrides have room temperature flexural strengths of 690 MPa or higher, and retain
these strengths to at least 1000−1200 °C, as well as exhibiting excellent resistances
to thermal shock, erosion and corrosion.

Depending on the purity and phase composition of the starting Si3N4 powder,
the type and percentage of additive, the milling and mixing procedures, and the
hot-pressing parameters (temperature, time and pressure), one can obtain a wide
variety of strength versus temperature, creep, or oxidation behaviours.

Of all the available high temperature structural ceramics, hot-pressed Si3N4 with
MgO as a densification aid (typified by the Norton Company’s NC-132 material)
most nearly possesses the reproducible mechanical properties expected of a true
engineering material. However, the presence of a magnesium silicate grain
boundary phase causes a rapid decline in strength, creep and oxidation resistance
between 1200 and 1350 °C.

Since it was apparent that the limitations of hot-pressed silicon nitride were due
to the nature of the grain boundary phase and not intrinsic to the Si3N4 itself, Tsuge
and his co-workers at Toshiba [93] and others [94, 95] have focussed their attention
on controlled modification of the grain boundaries.

Sintered silicon nitrides are a more recent development [95]. The balance between
dissociation of the Si3N4 and densification during sintering is such that material of
only about 90 % theoretical density is obtainable with normal sintering processes.
However, near full density sintered Si3N4 has been achieved using a nitrogen
overpressure and other techniques to suppress the density-limiting dissociation of
Si3N4 at the sintering temperatures.

In addition, high density preforms of Si3N4 can also be produced by conven-
tional HIPping. These are more uniformly dense with higher Weibull moduli, and
generally have lower component rejection rates than other silicon nitrides. HIPped
Si3N4 also allows for more precise shape-definition. This eliminates most
post-consolidation machining.

SiAlONs are an important new class of ceramic materials that are solid solutions
of metal oxides in the b-Si3N4 crystal structure [94]. These solid solutions produce
a distorted b-Si3N4 lattice; hence they are referred to as b′-SiAlONs.

SiAlONs were originally developed with A12O3, but MgO, BeO, Y2O3 and
others have all been found to yield b′ solid solutions, as well as a variety of other
phases. Although SiAlONs were intended for applications in heat engines, they
have not yet been extensively used in engine demonstration programmes, though
this is likely to change.

Since SiAlON phases are present in the grain boundaries of most hot-pressed or
sintered Si3N4, they control the high-temperature behaviour of these materials.
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Therefore understanding the phase relationships in these systems is of major
importance.

18.3.4 Silicon Carbide Ceramics

Silicon carbide can be produced with either cubic (b) or hexagonal (a) crystal
structure. The silicon carbide-based ceramics include hot-pressed, sintered,
reaction-sintered, and chemically vapour-deposited (CVD) SiCs; and composites of
SiC fibres in a silicon matrix [78, 96, 97].

Hot-pressed SiC can be fabricated to full density and high strength by using
additions of boron and carbon or Al2O3 to either a or b SiC starting powder [87].
Hot-pressing is typically accomplished at temperatures of 1900−2000 °C with
pressures of 35 MPa. This product is surpassed in strength only by hot-pressed
silicon nitrides at low to moderate temperatures, and has a higher strength than any
of the silicon nitride based ceramics in the range 1300−1400 °C.

However, hot-pressed SiC has the major drawback of requiring expensive
diamond-machining to form shaped components. This has tended to focus industrial
development on developing a sinterable SiC, which can be shaped into components
in the ‘green’ (unfired) soft and relatively easily shaped state.

Sintered silicon carbide is a major accomplishment in ceramic science and tech-
nology. Until 1978 it was widely believed that SiC could not be conventionally
sintered to full density because its highly covalent bonds precluded the volume- or
grain boundary-diffusion required for densification.

However, in 1978 Prochazka [78] demonstrated that a very fine
(sub-micrometre) b-SiC powder with a low oxygen content (< 0.2 wt% oxygen)
and small additions of boron and carbon (about 0.5 and 1 wt%, respectively) could
be sintered to nearly full density at temperatures of 1950−2100 °C under an inert
gas or in vacuo, and without applying pressure. There are three reasons for this
achievement:

(1) The ultrafine powder provides a high thermodynamic driving force for den-
sification as well as short diffusion distances.

(2) Boron appears to accelerate both volume and grain boundary diffusion.
(3) Carbon removes the SiO2 layer from the SiC powders.

Prochazka also demonstrated that sintered b-SiC could be formed into useful
shapes by slip casting, die pressing and extrusion. However, non-uniform distri-
bution of the carbon additive and exaggerated grain growth of a-SiC were found to
interfere with densification. This problem might be solved using a-SiC for the
starting powder rather than b-SiC.

Reaction-sintered silicon carbides cover a wide range of compositions and man-
ufacturing processes, in which a plastic body is formed from SiC powder, graphite
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and a plasticizer. In some variants of the process SiC powder plus a char-forming
binder are also used.

The plastic body is pressed, extruded, injection-moulded, or otherwise formed
into a green body. The plasticizers are burned off or converted to a porous char by
pyrolysis. Silicon ‘metal’ as a liquid or vapour is infiltrated into the body and reacts
with the graphite powder or char to form SiC in situ, thereby reaction-sintering the
components. Excess silicon (typically 2−12 wt%) is usually left to fill any voids,
thus yielding a nonporous body.

Such materials exhibit quite reasonable strengths up to the melting point of
silicon (1400 °C) or beyond, depending on the amount of retained free silicon: this
free silicon is a problem in applications where temperatures above 1300 °C are
likely to be encountered. The major advantage of these materials is that they
maintain the geometry of the green preform after conversion to SiC. Thus little
machining is required and the component cost is relatively low. A variety of suc-
cessful experimental gas turbine components like combustors or stators have been
made by this material-processing route.

Reaction-formed SiC fibre/Si composites have been developed by Prochazka [78];
and also Prasad and co-workers [97]. These are among the first engineered ceramic
composite structural materials. The process consists of (i) starting with a graphite
cloth, tow, felt, chopped fibre array or any other possible precursor; (ii) making a
preform by any one of a variety of routes, and (iii) infiltrating the preform with
liquid Si. The molten Si reacts with the filamentary graphite materials to form
polycrystalline SiC fibres in a silicon matrix.

The result is a fully dense oxidation-resistant body with about 30−50 % Si
fibres. This material is quite distinct from reaction-sintered SiC, and it permits the
design of a composite component optimized for mechanical and thermal
requirements.

The presence of free silicon would be expected to limit usage temperatures to
1400 °C. Despite this, the material has been used in an experimental combustion
liner at temperatures above 1425 °C and also for ceramic vanes.

Chemically vapour-deposited (CVD) SiC is a fully dense material with no addi-
tives. However, the strength of CVD SiC, which on occasion can be very high, is
variable. The large scatter in strength is due to the occurrence of large columnar
grains and residual deposition stresses. Although CVD SiC has been produced in
complex shapes, the technique may be too costly for production.

18.3.5 Molybdenum Disilicide (MoSi2) Ceramics

MoSi2 has a tetragonal (non-cubic) crystal structure, a high melting point (2030 °
C), moderate density (6.31 g/cm3) and excellent oxidation resistance at tempera-
tures above 600 °C. It is an abundant material, which is non-toxic and
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environmentally benign [98, 99]. It can be electro-discharge machined due to its
low electrical resistivity.

The strength of MoSi2 compares favourably with that of SiC/SiC composite up
to at least 1250 °C. The strength is strain rate sensitive, i.e. the strength increases
with increasing strain rate. Recent work with single crystal MoSi2 indicates that
although it has a sufficient number of independent slip systems, the critical resolved
shear stress necessary to activate the hardest orientations is extremely high at
temperatures below 1300 °C [100–102].

MoSi2 is inherently brittle at low temperatures: the ductile to brittle transition
temperature (DBTT) is approximately 1000 °C. Dislocations and stacking faults
were reported to be active during elevated temperature deformation, thus rendering
the deformation to be relatively ductile in nature, in contrast to that exhibited by
most ceramic materials [100, 101].

MoSi2 is also known to exhibit excellent high temperature oxidation behaviour
up to 1600 °C. The material forms glassy silica layers at high temperatures, and
these are excellent diffusion barriers against oxidation. However, MoSi2 can dis-
integrate rapidly during oxidation at temperatures around 500 °C, a phenomenon
called PESTING. Qualitatively, the pest effect may be correlated with the tetragonal
crystal structure and hence a highly anisotropic coefficient of thermal expansion
(CTE) and the high DBTT: residual microstresses at grain boundaries can occur and
result in microcracks, followed by brittle failure.

PESTING does not occur in materials of density greater than 98 %, crack- or
pore-free samples and in stress-free single crystals. PESTING can also be mini-
mized by the addition of MoGe2, which alters the viscosity and CTE of the SiO2

layer.
Solid solution alloying of MoSi2 has been attempted in order to improve its high

temperature mechanical properties. Specifically, WSi2 has been added owing to the
similarity in crystal structure and lattice parameters with MoSi2, and this leads to
significant improvements in high temperature strength and creep resistance.
However, the effects of WSi2 on room temperature ductility are very limited.

In view of their attractive properties, MoSi2 and its composites are considered to
be one of the most promising classes of candidate materials to be used in gas
turbine engines expected to operate at temperatures up to 1600 °C [98–103]. More
details of this class of materials are given in Chap. 10 of this Volume.

18.3.6 Carbon Ceramics

Carbon is a unique element with two allotropic forms, diamond and graphite,
exhibiting very different properties. Diamond is extremely hard and abrasive, but
graphite is extremely soft and a lubricant. Diamond consists of a regular
three-dimensional network of strong covalent bonded carbon atoms, whereas in
graphite the carbon atoms are held together by strong covalent bonds in layers of
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two-dimensional hexagonal networks, with the layers held together by weak Van
der Waals forces.

Apart from these defined allotropic forms, carbon can take any number of
quasi-crystalline forms ranging from amorphous or glassy carbon to highly crys-
talline graphite. The latest developments are fullerenes (C60) and carbon nanotubes
(CNTs).

Carbon and graphite are attractive materials for use at elevated temperatures in
inert atmospheres and ablative environments. However, the use of monolithic
carbon or particulate carbon composites is greatly limited by their brittle
mechanical behaviour, low failure strains, thermal shock sensitivity, anisotropy, and
processing difficulties associated with large and complex shapes.

Carbon–carbon (C–C) composites have been developed [43] to overcome the
limitations of monolithic carbon. A detailed account of these UHT C–C composites,
which have been developed based on ‘Crack Bridging’ toughening, is given in
Chap. 16 of this Volume.

18.4 Emerging Monolithic Ceramics for Aerospace
Applications

The focus of this section will be on borides, especially those of titanium and
zirconium. The most important compounds in these systems are TiB2 and ZrB2.
Table 18.2 summarizes the properties of these two materials. Their unique com-
bination of properties makes them eminently suitable for aerospace applications.

18.4.1 Titanium Boride Ceramics

Ti–B System The phase diagram of the Ti–B binary system is shown in Fig. 18.3
[105]. Three compounds are known to exist: orthorhombic TiB, orthorhombic

Table 18.2 Comparison of properties between TiB2 and ZrB2 [104]

Properties TiB2 ZrB2

Melting point (°C) 3225 3245

Density (gm/cm3) 4.52 6.12

Thermal expansion (10−6 K−1) ac = 6.6; ac = 8.6 5.9 (avg.)

Thermal conductivity (W m−1 K−1) 60–120 60

Electrical resistivity (10−6 X cm) 10–30 10

Elastic modulus (GPa) 530 489

Hardness (GPa) 25–30 21–23

Fracture toughness (MPa√m) 5–7 3.5–4.2
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Ti3B4 and hexagonal TiB2. Their respective melting points and homogeneity ranges
are evident from the phase diagram. Of the three compounds, TiB2 has been
researched over a long time, while research on TiB is more recent. In the following,
these two materials are discussed in some detail.

Titanium diboride TiB2 powder can be synthesized via reduction processes,
chemical routes and reactive processes [104]. In a typical reduction technique,
titanium oxide may be reduced with boron and carbon [106]. Alternatively,
nanocrystalline TiB2 has been synthesized using solution/gas phase reactions [107,
108].

Mechanical alloying of Ti and B can also result in TiB2 nanoparticulates,
although there may be some possibility of contamination from the grinding media
[109]. Finally, combustion processes (also known as self-propagating high tem-
perature synthesis reactions (SHS), especially in the former Soviet Union) have
been successfully used to synthesize TiB2 [110, 111].

After synthesis, the powders can be densified by sintering. There are two major
problems associated with sintering TiB2 to high density [112–114]:

(1) A thin oxygen rich layer (mainly TiO2 and B2O3) is present on the surface of
TiB2 powders, irrespective of the synthesis route [112]. Sintering additives to
counteract this can be metallic or non-metallic. Metallic additives include Ni,
Fe, Fe/Cr [113]. Addition of nitrides such as AlN and TiN, along with the
application of pressure, has also been reported to enable very high density [114].

Fig. 18.3 The Ti–B phase diagram [108]
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(2) The second problem is the anisotropic thermal expansion coefficient, which
eventually results in microcracks and loss in strength [113]. This happens if
the grain size is greater than 15 lm. Thus densification at very high temper-
atures that results in grain sizes beyond 15 lm should be avoided.

Titanium monoboride Study of TiB and the rest of the Ti–B system is relevant to
understanding and using these compounds as opposed to titanium diboride. As
noted before, research on TiB is of recent origin. Until recently, synthesis of 100 %
TiB was not possible. Since the 1990s Ti–TiB cermet compounds have been
synthesized and studied. Ti–TiB composites have gained interest for their unique
properties such as high elastic modulus (approximately 370 GPa) [115] and
increased strength and deformation resistance owing to TiB whisker-induced
strengthening [116].

TiB possesses important and useful properties including high hardness [117] and
stiffness [118], high melting point and good chemical stability and thermal con-
ductivity. Furthermore, the strong Ti–B covalent bonding makes Ti–B composites
attractive ceramic materials. TiB has been widely used as reinforcement for tita-
nium metal matrix composites [119–121].

Titanium and TiB have very similar densities of 4.50 and 4.56 g/cm3, respec-
tively. This makes it possible to increase the TiB volume fraction in a Ti–TiB
cermet without significantly increasing the density of the overall composite [120].
In 2006, Cao et al. [121] took advantage of this and developed a Ti–TiB composite
with a 95 % volume fraction of TiB. This material has a very high Young’s
Modulus of about 450 GPa [121]. This value was later given support by Madtha
et al. [122] after they synthesized and tested 100 % TiB and found E to be
425 GPa. Synthesis of 100 % TiB was done by reaction-sintering of Ti and TiB2

[122]. Another method, spark plasma sintering (SPS), has been used by Zhang et al.
[123], again using Ti and TiB2 as reactants.

18.4.2 Zirconium Boride Ceramics

Zr–B System Okamoto initially described the zirconium-boron phase diagram as
shown in Fig. 18.4 [124]. There are seven phases in the Zr–B system: liquid, hcp
Zr, bcc Zr, b-B, ZrB, ZrB2 and ZrB12 [125]. The melting points and the homo-
geneity ranges of the three compounds are evident from the diagram. Of the three
compounds, only ZrB2 is stable and has gained substantial attention. ZrB is
believed to be unstable [126, 127]. The following paragraphs discuss these mate-
rials, especially ZrB2.

Zirconium diboride Research on ZrB2 is well documented. Its unique combination
of properties has made it an important member of the ultrahigh-temperature
ceramics (UTHC) family. ZrB2 is a grey refractory solid and is considered to have
the best oxidation resistance of all refractory materials [128]. It also has excellent
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thermal shock resistance and thermal conductivity. However, the density of ZrB2 is
higher than that of TiB2 [129].

Notable uses of ZrB2 include a diffusion barrier in semiconductors, a container
for molten metals, a burnable absorber in nuclear reactor cores, and perhaps most
popularly, a thermal protective layer in aerospace systems that involve hypersonic
flight and atmospheric re-entry.

Like its Ti-counterpart, technical-grade ZrB2 powder can be produced in several
ways. The three main synthesis routes are: (i) reduction processes; (ii) chemical
routes and (iii) reactive processes. The reduction processes use zirconia as the
source with either boron or carbon as reducing agents [130, 131]. Combustion
(SHS) processes have also been used.

The powders are densified conventionally (e.g. hot pressing and pressure-less
sintering) and non-conventionally, e.g. by reactive densification and SPS.
Conventional hot pressing at temperatures � 1800 °C with the simultaneous
application of pressure has resulted in 99 % theoretical density.

Conventional pressing is useful for making simple shapes; and pressure-less
sintering is useful in densifying green powder compacts into complex shapes. Like
Ti-borides, sintering aids such as C, and BN, AlN, and SiC have been used [132].

Reactive hot-pressing using Zr, Si and B4C has been reported in the fabrication
of dense ZrB2–SiC composites [133]. Finally, SPS using the simultaneous

Fig. 18.4 Zr–B phase diagram (after Okamoto [124])

430 N. Eswara Prasad and S.B. Bhaduri



application of pressure and pulsed electric current has been reported for the fab-
rication of ZrB2 based [134].

Zirconium monoboride While ZrB2 has been well studied, very little attention is
now been paid to ZrB. Because of this, it is now gaining importance in fields that
require ultrahigh thermal protection, such as re-entry space vehicles. It is hypoth-
esized that ZrB possesses interesting and useful properties that will be applicable in
numerous scientific fields. However, (much) more research will be necessary.

18.5 Indian Scenario

The use of monolithic and composite ceramic materials in India has increased
steadily in the last 2–3 decades owing to emerging aircraft, missile and space
systems. However, there is a serious gap in the technology development and pro-
duction of these materials in India because of the lack of production facilities for
high-quality powders. At present most of the materials are imported, and this
includes carbon fibres and structural graphite. It is expected that over the next
decade a large number of small- to medium-scale industries will become operative
for basic materials production.

Ultrahigh-temperature sintering and hot-pressing facilities are just becoming
available in Indian industries. Also, fabrication facilities for components of varied
configurations are being built at the system centers in India—mostly in the national
units of ISRO, CSIR (especially NAL, Bangalore and CGCRI, Kolkata), DST
(ARCI) and DRDO (DMRL, DMSRDE, ASL and DRDL).

18.6 Summary

The use of established and emerging structural monolithic ceramics is increasing in
India owing to the evolution of several ongoing and new systems (aircraft, missiles
and space). This chapter has discussed some of the known physical and mechanical
properties of several monolithic ceramics, and also mentioned their actual and
potential applications.
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Chapter 19
Nano-enabled Multifunctional Materials
for Aerospace Applications

K. Balasubramanian, Manoj Tirumali, Yutika Badhe
and Y.R. Mahajan

Abstract This chapter discusses the significance of nano-enabled multifunctional
materials for aerospace applications. Several studies of these materials report
research breakthroughs on the in situ formation of nanostructures and hierarchical
structures, and their effects on the improvement of both functional and structural
properties for space and aircraft applications such as the EMI shielding, thermal,
electrical and opto-magnetic properties, fracture toughness and strength. The
materials discussed here relate mostly to polymers.

Keywords Nano-enabled materials � Functional materials � Structural applica-
tions � Sensors

19.1 New Challenges for High Performance Aerospace
Materials

On February 1st 2003 the Space Shuttle Columbia disintegrated during re-entry
over Texas, thereby killing all crew members on board. The catastrophe was
attributed to the breaking-off of a piece of foam insulation from the propellant tank
soon after take-off, leading to structural damage to the edge of the left wing of the
Shuttle and its reinforced carbon–carbon (RCC) panel. This disaster stimulated
research to explore high performance materials for aerospace vehicles with
improved functional and structural properties such as the thermal resistance, impact
tolerance and fracture toughness [1]. The exploration of these high performance
materials is highly challenging and interesting.

K. Balasubramanian (&) � M. Tirumali � Y. Badhe
Defence Institute of Advanced Technology (DU), DRDO,
Ministry of Defence, Girinagar, Pune 411025, India
e-mail: meetkbs@gmail.com

Y.R. Mahajan
Centre for Knowledge Management of Nanoscience
and Technology (CKMNT), Secunderabad 500 017, AP, India

© Springer Science+Business Media Singapore 2017
N. Eswara Prasad and R.J.H. Wanhill (eds.), Aerospace Materials
and Material Technologies, Indian Institute of Metals Series,
DOI 10.1007/978-981-10-2134-3_19

439



This chapter discusses the ongoing research studies of nanostructural materials
and their associated nanofunctional effects applicable for aerospace vehicles.

19.2 Definitions

Nano: The term “nano” represents any one dimension of a particle to be of nano
size (10−9 m) [2].
Nanofunctional: The term “nanofunctional” denotes the combination of size and
properties of a material and their effects when formed as a composite (Shape
Memory Alloys/Shape Memory Polymers, Metal Matrix Composite, Polymer
Matrix Composite, Polymer Composite, Ceramic Matrix Composite, Functionally
Graded Materials, SMART materials) especially for aerospace [3–6].
Functional Materials: These include materials with both structural and
non-structural or functional properties that vary with the size of particles over the
macro–micro–nano-scales.

The structural properties are the basic mechanical properties: for instance stiff-
ness, strength, fracture toughness, creep and toughness. Non-structural or functional
properties are function-related, such as electrical/thermal conductivity, optical,
magnetic, electromagnetic interference shielding, energy harvesting/storage, struc-
tural health monitoring, super hydrophobicity, thermal barriers and ablation resis-
tance [7]. Therefore some authors refer to functional materials as “Structure+”
materials [8, 9]. These materials can be ceramics, metals, polymers and organic
molecules.

In conventional aerospace structures the load-bearing function is performed
separately by the aerospace structure, while the non-structural or functional activ-
ities are performed by additional added equipment or devices which necessarily add
weight. However, there are R&D efforts to develop integrated structures that per-
form both load-bearing and non-load-bearing functions [10–12].
SMART Materials: These are multifunctional [13]. Potential aerospace applications
include morphing of aircraft wings, and optically transparent impact absorbing
structures [2, 13, 14].

19.3 Examples of Functional Materials

Some examples of functional materials are shape memory metals and polymers;
micro-electromechanical systems (MEMS) and nano-electromechanical systems
(NEMS), which promise to have many applications in electronic equipment [7, 15,
16]; piezoelectric sensors; and self-healing agents in composites [13], which are
widely researched for future aerospace usage.
Piezoelectric materials: Materials like lead zirconate titanate (PZT), polyvinylidene
fluoride (PVDF) and aluminium nitrides have the required electromechanical
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couplings suitable for both actuation and sensing. Piezoelectric materials are used
as thin films and thin wafers embedded in a composite structure.

A piezoelectric fibre composite (PFC) is a classical example of a functional
material composite structure. The piezoelectric material is embedded between the
carbon fibre/epoxy layers, and interlayer electrodes apply the electric field required
for actuation [8, 13]. The piezoelectric coupling coefficient, Ks, defines the elec-
tromechanical coupling efficiency given by the conversion efficiency of mechanical
energy into electrical energy, and is given by the following relation:

Ks ¼ SQRTðUe=WmÞ

where Ue is the electrical (dielectric) energy density, and Wm is the mechanical
(strain) energy density.

Figure 19.1 shows the construction of a PFC consisting of a hollow carbon fibre
coated with a piezoelectric middle layer and an external electrode layer. The
principle of sensing and actuation is achieved by converting the longitudinal
deformation of the fibre into radial electric output; and in reverse, the radial poling
into longitudinal deformation. The electromechanical coupling efficiency of such a
composite structure is 65–70 %.

Fig. 19.1 Hollow piezoelectric fibre with radial poling and longitudinal deformation: reprinted
with permission from [13]
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Uses of PFCs include energy harvesting, structural health monitoring, vibration
control and damping. Further improvement may be achieved using a PFC for
actuation and a Fibre Bragg Grating (FBG) for sensing, since this will rule out the
possibility of cross-interference ‘talk’ between the sensing and actuation functions
in a PFC when operating as both sensor and actuator.
Self-healing Agents: The other classical examples for nanofunctional materials are
resin-containing nanoporous glass capsules and nanoporous silica capsules as
self-healing agents. When a crack in a structure pierces the micro-encapsulations,
the resin flows out by capillary action and mixes with a catalyst which polymerises
the resin in the crack, see Fig. 19.2.

However, as mentioned in Chap. 14 of this Volume, limited data (up till 2012)
show that the fracture toughness recovery in carbon fibre-reinforced plastic (CFRP)
composites does not exceed 80 % and can be as low as 41 %. This adverse result
appears to be generally true for polymer matrix composites, and has been attributed
to insufficient amounts of self-healing resin to close cracks and delaminations, and
thermal loss of the healing reaction to the fibres.

Fig. 19.2 Illustration of self-healing agent. Reprinted with permission from [13]
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19.4 Studies of Functional Materials and Potential
Aerospace Applications

In recent years there have been numerous studies especially of micro/nanofunc-
tional materials and structures. Many of these studies and their topics are listed
here:

• Various opportunities and challenges in multifunctional nanocomposites
(MFC) [17].

• Carbon nanotubes (CNTs) and their composites as sensors and actuators [18].
• Vibrations of CNTs and their composites [19].
• A range of kinds of energy absorption in composites [20].
• Electrical percolations in CNT polymer composites [21].
• Vibration-based structural health monitoring (SHM) of composite materials [22,

23].
• Self-healing polymeric materials [24].
• Energy harvesting and storage for sensor networks in SHM [25, 26].

Many of the studies in the above list are relevant to advanced aerospace
applications, particularly for composite structures and also for SHM in general.

19.5 Nanomaterials and Structures for Aerospace:
An Overview

Nanomaterials and nanostructures are basically small-sized materials and structures.
The dimensions range between 100 nm and 1 nm. Nanostructures have been
synthesised as one dimensional (nanoplates), e.g. nanoclay silicates; two dimen-
sional (nanofibres); and three dimensional (nanoparticles), see Fig. 19.3. These
particles can be used as fillers in the synthesis of nanocomposites.

A more complex and very important class of nanostructures is carbon nanotubes
(CNTs). A CNT is graphene rolled up into a tubular structure. If rolled up with one

Fig. 19.3 Nanostructures. Reprinted from [32]

19 Nano-enabled Multifunctional Materials for Aerospace Applications 443



wall, it is called a single-walled CNT (SWCNT) and has a diameter of 1–2 nm. If
there is a concentric set of cylinders, a CNT is called multi-walled (MWCNT).
MWCNTs can have diameters of 4–150 nm. Figure 19.4 illustrates the two types.

Some of the specific applications being researched and proposed for nanopar-
ticles and nanocomposites are high performance fabrics, sensor devices for sensing
and actuation, armour plating for military aircraft, microwave absorbers, fire
retardation, electrostatic discharge (ESD) dissipation, corrosion protection, stealth,
and control valves in rheological fluids [2, 7, 9, 10, 13, 27–31].

For CFRPs the use of nanoparticles and CNTs offers the prospect of improved
strength and stiffness along with enhanced thermal conductivity of the resin [9, 32] and
electromagnetic interference (EMI) shielding. The main difficulty in synthesising such
composites is to obtain a homogeneous distribution of CNTs in the resin [9].

19.6 Specific Assessments of Some Nanostructural
Materials

This section discusses the following topics:

• Carbon compounds: CNTs and nanofibres.
• Ablative applications: nanostructural fillers and in situ developed

nanostructures.
• Sensor films (spacecraft).
• Superhydrophobic coatings.

19.6.1 Carbon Compounds

Carbon Nanotubes (CNTs): CNTs are potential reinforcement fillers since they
contribute remarkable stiffness and specific strength properties in a polymer com-
posite. This is achieved with minimal increase in weight. The other added values

Fig. 19.4 Examples of a SWCNT, reprinted with permission from [9], and MWCNT, reprinted
from [32]
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are that they enable increases in vibration and flame resistances [33, 34].
Nevertheless, there are several obstacles to commercialization of CNT-reinforced
polymer composites,

First, high-quality CNTs can cost up to 1000/g USD. However, with several
efforts undertaken for mass production the cost is falling rapidly, enabling eco-
nomic feasibility. This trend is complemented by refined synthesis and setting up
many manufacturing plants.

Second, for effective reinforcement there are four processing needs to be satis-
fied [35]:

(1) High aspect ratio: CNTs have considerable aspect ratios, but their lengths are
small, only of the order of microns. This makes them difficult to handle and
process. Methods to synthesise longer tubes are under development.

(2) Interfacial stress transfer: Due to their unique structural and electrical prop-
erties CNTs do not adhere well to their host matrix or each other. This has an
adverse influence on the mechanical properties owing to limited load transfer.
Much research has focussed on increasing the reinforcement strength via
chemical functionalization and surface modification of the CNTs [36–38].

(3) CNT dispersion: It is important to obtain a fine dispersion of CNTs within the
matrix to attain positive load transfer to the nanotubes. This enables a
homogeneous stress distribution and minimises the consequences of stress
concentrations. The two main dispersion problems are debundling (separation)
from each other and fine mixing in the matrix. To overcome these problems,
processes such as the homogeneous dispersion (sonication) of CNTs within a
solvent may be used (this is one of the most common methods [35]) and shear
mixing and magnetic stirring are also used.

(4) Alignment for tailored properties: The alignment of CNTs within a matrix
should be controlled in order to ‘tailor’ the composite properties for specific
applications. Unidirectional fibres provide strength along the direction of the
fibre, and little or no improvement in the transverse direction. On the other
hand, randomly directionalised fibres result in isotropic mechanical properties,
but with much lower levels of property enhancements [35–39]. This problem
remains to be solved.

Vapour Grown Carbon Nanofibres (VGNF): VGCFs possess superior thermal
insulation, low thermal conductivity (0.45–0.58 W/mK) and high thermal shock
resistance, which make them suitable candidates for thermal shielding systems [40].
VGCNFs are graphene layers cylindrical in form and arrayed in a stacked coned
shape, see Fig. 19.5.

VGCNF synthesis is carried out by catalytically decomposing hydrocarbon
gas-phase molecules at high temperature, resulting in fibre depositions on a sub-
strate. Fibres with diameters from 7–30 μm have been grown, and it was estab-
lished that the tensile strength and Young’s modulus decrease with increasing
diameter [41], which is disadvantageous.
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Nitric acid or plasma oxidative surface treatments of the fibres improve their
adhesion to a polymer (phenolic) matrix without altering their morphology. The
VGCNF–phenolic matrix combination has use as an ablative material for solid
rocket motors [40]. NASA currently uses the MX-49 grade of VGCNFs, composed
of two types of reinforcements: woven ex-rayon carbon fibres (AvtexFibres, Inc)
and carbon black fillers with a phenolic resin matrix.

As in the case of CNTs, the fibre orientations of VGCNF composites are very
important.

19.6.2 Ablative Applications

Ablation occurring in all re-entry vehicles is the thermal degradation of a material
due to frictional forces that causes high temperatures of the order of 2000–3000 °C.
“Char” is an ablative carbonaceous material that insulates the substrate from
superheated gases and hyper-thermal environments. Successful ablative materials
expend thermal energy by enduring sacrificial loss of material owing to a
self-regulating heat and mass transfer process [42].

Popular ablative materials are phenolic resins, which have excellent char
retention capability [43]. These resins can be intrinsically improved by molecular
changes [44, 45], and they may be used as the matrix for ablation-resistant
composites.

Nanostructural fillers: A wide range of reinforcements such as fibres made up of
carbon, refractory oxides, mineral asbestos, or glasses and elements with high bond
energies (B, P, Mo, Ti) may be added to the resin matrix [46–51] to assist the
retention of char.

Another possibility is nanofillers: the nanoparticles have remarkable surface to
volume ratio, making them effective as filler reinforcement for ablative composites.

Fig. 19.5 Transverse section
of a VGCNF showing a tree
ring morphology. Reprinted
with permission from [40]
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The reinforcing effects depend on the particle crystalline microstructures and the
effective interfacial bonding with the parent matrix [31, 52].

Nanofillers with high thermal stability, low thermal conductivity and high
adhesive bonding with the matrix enhance the ablative material’s resistance to
thermal degradation and high temperature erosive aerodynamic shear forces [53].

Some of the nanofillers can be listed under the category of nanoclays, including
clays like bentonite and montmorillonite. Besides clays, a prominent filler is
nano-sized silicon carbide (SiC). SiC nanoparticles take the form of a greyish white
powder with a cubic morphology. Several studies [54–57] have investigated the
thermal properties of silicon carbide, concluding it to be an excellent thermal
insulator.
In situ developed nanostructures: Some materials like silicon carbide and boron
carbide (B4C) form in situ nanostructures at the very high temperatures that occur
on ablating surfaces.

SiC nanostructures having a low coefficient of thermal expansion (4.0 × 10−6/
K) are stable up to very high temperatures (Melting Point, 2730 °C). This property
derives from the absence of phase transitions, thereby avoiding abrupt changes in
thermal expansion [58]. During ablation, SiC forms a fused mass of silica glass
(silicon dioxide) that acts a barrier inhibiting oxygen attacking the underlying
polymer layer, see Fig. 19.6.

B4C yields nanospheres and nanoagglomerations during ablation. These are
made of borate glass, and like silica glass act as oxygen scavengers, thereby pro-
tecting the underlying polymer [59].

The formation of in situ developed glassy nanostructures is an important
development in nanostructures for ablative applications.

Fig. 19.6 Ablated surface
with fused mass of silicon
dioxide. Reprinted from [58]
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Another aspect is that C–SiC composites have a high resistance to aerodynamic
shear forces under high temperature erosive environments. These composites also
enhance the ablation resistance [60].

19.6.3 Sensor Films (Spacecraft)

Aerospace systems depend on highly developed sensors for various defence and
security applications, such as reconnaissance, fire control and imaging (infrared and
hyper spectral) [58].

Launch vehicles and spacecraft require large quantities of explosive and/or toxic
chemicals. The hazard to civilians from contact to deadly plumes during launches
could constrain access to space. The launch opportunities are enhanced with the
confidence gained by taking real-time data to improve the accuracy of exhaust
plume dispersion models. The protection of the personnel working in the region of
the aerospace craft and payloads is ensured by having better chemical sensors for
dangerous propellants.

Nowadays, progress in miniaturised chemical sensors of low power permits the
instrumentation of aerospace vehicles and tank regions to detect contact with
dangerous gases. These kinds of sensors allows rapid detection of leaks, enabling
operators to quickly measure the level and penalty of a small leak and minimise the
time and effort needed for fault and failure analysis.

Infrared sensor coatings: Multi-metallic oxides and perovskites like barium tita-
nate (BaTiO3) and barium strontium titanate (BaSrTiO3) are synthesised with a
fairly simple catalytic process [61]. This was developed at the Institute for
Collaborative Biotechnologies at UC Santa Barbara. The prefabricated infrared
sensor circuitry has a refined high-quality thin film of uniformly distributed
nanocrystals. The films are mechanically tough, and have rapid response times and
excellent spatial resolution. This responsiveness and better resolution is due to the
large surface to volume ratio of the nanoscale particles, resulting in high sensitivity
and fast heating/cooling [61].
Chemical Sensors: Polyaniline nanofibres in nanostructured sensor layers enable
much improved diffusion. This is due to the fact that these materials have a
remarkable surface area that allows easier diffusion of gas molecules than in the
bulk material. Fibres surpass even ultrathin films of similar diameter owing to the
large surface to volume area. Thus sensors with nanofibres (less than 100 nm) are
likely to have superior performance [62–66].

19.6.4 Superhydrophobic coatings

Ice build-up on aircraft wing leading edges is a serious potential (and actual) hazard
affecting flight performance. Under exceptional circumstances the internal de-icing
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systems do not always cope with this problem. There is thus the potential for
applying hydrophobic and superhydrophobic coatings to selected areas of the
external surfaces. Other applications are to reduce corrosion and fouling of the
aircraft surfaces.

Hydrophobic coatings, and their limitations, are discussed in Chap. 25 in this
Volume. Here we shall mention superhydrophobic coating developments. Such
coatings have contact angles between water droplets and the surface that exceed
170° [67–70]. Recent developments are as follows:

(1) Optical photolithography + reactive ion etching to obtain nanoscale pillar-like
structures on polymethylmethacrylate (PMMA) sheet surfaces. Micro- as well
as nano-patterned structures were observed on the PMMA sheet surfaces, and
a contact angle of around 168° was achieved [71].

(2) Immersion of copper foil in hydrochloric acid and then a wax solution,
resulting in nanoscale ‘cabbage-like’ copper oxide (CuO) structures with
superhydrophobic properties [72].

(3) Carbon soot fillers in various polymers applied to a variety of substrates [73,
74].

19.7 Update of Nanofunctional Materials Research

An exhaustive review of the overall status update of nanofunctional materials
research is given in the recent book by Banerjee and Tyagi [75]. This book is not
restricted to aerospace. Some specific topics will be mentioned here (see Sect. 19.4
also):

• Ongoing research in the fields of ferroelectricity, piezoelectricity, magnetism,
EMI shielding, ESD dissipation and energy harvesting and storage, involving
nanostructured materials and coatings [17–26].

• Functional oxides are receiving much attention in the study of ferroelectricity
and piezoelectricity [8, 13].

• Nanostructured materials for electronics and optoelectronics [7].
• SWCNT sensors for piezoelectric actuators or sensing devices [6, 13, 15, 18, 37,

42, 76].
• Polymer–clay nanocomposites for flame-retardant and gas barrier materials [14,

32].
• Polymer–clay–CNT (or some other filler) nanocomposites for further

enhancement of thermal, electrical and mechanical properties [14, 32].

Overall, there is a trend to study nanofunctional materials and structures for
multifunctional applications in aerospace, and to determine how nanoscale prop-
erties and functions relate to and affect the macroscopic functionality.
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Also studied are the constraints imposed on the design of nanofunctional
materials by practical considerations such as fabrication and inspection.

19.8 Summary

This chapter has reviewed current and ongoing research on nanofunctional mate-
rials and structures that have potential applications in aerospace. Innovative
materials and processing techniques need thorough assessment studies to substan-
tiate their appropriateness for aerospace usage. Therefore these innovative and
challenging concepts will need more time in order to become practical realities.
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Chapter 20
MAX Phases: New Class of Carbides
and Nitrides for Aerospace Structural
Applications

Sai Priya Munagala

Abstract This chapter summarizes the new class of carbides and nitrides discov-
ered in recent decades. These materials serve as a bridge between metals and
ceramics, having advantages from both classes of materials. Due to this reason,
MAX phases fit into a wide range of applications from electronic to structural
materials. The synthesis methods have been discussed, with the scope for
improvement, in order to discover newer phases as well.

Keywords MAX phases � Carbides � Nitrides � Physical metallurgy � Processing �
Properties � Applications

20.1 Introduction

In the late 1960s a new class of materials called ‘MAX’ phases was discovered [1].
However, it was not until 1996 that Barsoum [2] successfully synthesized MAX
phases in bulk form using hot pressing (HP). Later the parameters were optimized
and synthesis took place by hot isostatic pressing (HIP).

Mn+1AXn (or MAX in short) are nanolayered carbides or nitrides where n = 1, 2,
3, M is an early transition metal, A is from group A (mostly IIIa or IVa) and X is
either carbon or nitrogen. With well-defined stoichiometry and chemistry, these
phases usually consist of hexagonal structures with densities ranging from 4 to
14 g/cm3 (most have densities in the range 4–7 g/cm3). There are around 60 known
MAX phases at present. The important (most-researched) ones are Ti2AlC, Ti3SiC2

and Ti4AlN3, which have densities in the range 4.1–4.7 g/cm3. Figure 20.1 indi-
cates the elements involved or expected to be involved in MAX phase formation.
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These materials combine properties of metals and ceramics, and can be ‘tailored’
for certain applications. They exhibit high rigidity and good machinability along
with good electrical and thermal conductivity [1].

This unique combination of properties is due to the hexagonal-layered structure
consisting of Mn+1Xn with intercalated pure element A layers. Because of the
stoichiometry, ‘A’ layers intercalated between MX and MAX phases can be referred
to as 211, 312 and 413 for n = 1, 2 and 3 respectively. The number of M layers
being separated by A is equal to ‘n’. The crystal structures are shown in Fig. 20.2.

20.2 Physical Metallurgy of MAX Phases

MAX phases collectively come under the category of “layered ternary ceramics”.
The transmission electron microscopy (TEM) investigations made by Jiang et al. [3]
have shown that there is a wide variety of these ceramics.

20.2.1 Polymorphism of MAX Phases

Till now, only two types of polymorphism have been discovered, one for the 312
type of phases, and the other for the 413 type of phases. The former one involves
the shearing of A layers, which was assumed to occur during TEM sample
preparations. However, a specimen of Ti3GeC2, showed an a-b transformation
occurring at very high pressures (*90 GPa).

Fig. 20.1 Elements involved in actual and probable MAX phase formation [25]
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The second type of polymorphism was discovered in the 413 type of phases
(high pressure sintered Ta4AlC3 and Ti4AlN3). Separate characterization techniques
finally concluded that Ta4AlC3 has two polymorphs, a (same as Ti4AlN3) and b.
The differences in these polymorphs compared to the 312 type lie in the positions of
Ta and C. Density functional theory (DFT) investigations have suggested that the a
phase is more stable when compared to b at room temperature and ambient
pressure.

Intergrown hybrid structures: A new set of hybrid structures has been discovered,
and these phases are called 523 and 725 phases. They are referred to as hybrid due
to their irregular stacking and the combination of half unit cells from the original set
of MAX phases. For example, the unit cell of 725 hybrid phase consists of unit cells
of 312 and 413 phases. Similarly, the 523 hybrid phase has 211 and 312 unit cells.

Fig. 20.2 Crystal structures of the 211, 312 and 413 MAX phases [26]
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20.3 Synthesis Procedures

The synthesis procedures can be broadly categorized into (a) thin phase films and
(b) bulk processing. Any synthesis procedure resulting in a film or coating
� 100 µm thick can be conveniently categorized as bulk processing. Of all the
current MAX phases, Ti3SiC2 has attracted much attention, and synthesis of this
material is discussed in detail in order to compare the different techniques.

Chemical vapour deposition (CVD) processes were initially favoured for thin
films. These processes were later improved by conversion of CVD into plasma
vapour deposition (PVD) processes.

Hot pressing has been the most popular procedure in the bulk category. An
alternative is combustion reaction, but this results in less purity of the MAX phase
and many undesirable secondary phases. The advantage of combustion reaction
synthesis is its speed, sometimes taking only a few seconds [4].

Progress in synthesizing has called attention to pressureless sintering [5] as a
commercially viable procedure for bulk forms. Spark plasma sintering (SPS) and
pulse discharge sintering (PDS) are some of the popular techniques being much
studied as well.

20.3.1 Synthesis of Thin MAX Phases

The initial concept of producing thin films by CVD was successful, but later it was
proven to be not so beneficial in terms of assay value and process control. This led
to less interest in the CVD technique. The procedure evolved to the PVD process,
which gave more favourable results. For this process Ti3SiC2 has been produced
successfully by magnetron sputtering [1] and spark plasma sintering (SPS) [6], both
of which have become popular.

Figure 20.3 gives a schematic of PVD magnetron sputtering. Plasma is created,
and the positively charged ions from the plasma are accelerated by an electrical field
superimposed on the negatively charged electrode or target. The same PVD process
has been used for more systems like the Ti–Ge–C, Ti–Al–N and Ti–Al–C systems,
but impurities were obtained. Besides PVD, techniques like pulsed cathodic arc,
plasma spray coating, and high velocity oxy-fuel spraying are also used.

The thin film microstructures depend on the formation temperature. For exam-
ple, when formed at higher temperatures, textured or single crystals are possible.
When formed at lower temperature (<300 °C) the result is nanocomposite films,
which find applications in coating electrical friction contacts, since these films
combine metallic conductivity and resistance to wear and corrosion [5].
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20.3.2 Synthesis of Bulk MAX Phases

MAX phases were initially produced in bulk using hot pressing (HP) or hot isostatic
pressing (HIP). This technique overcame the drawbacks of combustion synthesis,
which resulted in less purity and unwanted secondary phases. To avoid any inad-
vertent reactions, an inert gas is used during HIP.

Zhou and Gu [7] performed in situ HP solid–liquid synthesis of dense Ti3SiC2

and successfully obtained 92 wt% purity. The solid–liquid reaction was also
modified by adding small amounts of metallic Sn to improve the purity. This
process was extended to other systems like Ti3GeC2, Ta2AlC and Nb2AlC, and
good results were obtained.

MAX production via powder synthesis has served as an alternative to HIP bulk
production. Studies have also suggested that high purity (up to 99.3 wt%) Ti3SiC2

was obtained by isothermal heating of stoichiometric proportions of Ti–Si–Ti–C
powder mixtures [5]. However, a similar process when applied to Ti3AlC showed
that the elemental powder mixture could be explosive: metallic Sn was seen to be a
remedy to suppress the explosion.

Pressureless sintering seems a viable synthesis procedure for bulk production,
being both economical and scalable. This technique consists of sintering a green
powder compact without mechanical pressure. Initial attempts were made from
mechanical alloying of powders and a traditional sintering technique, which gave
samples that lacked purity. Promising advancements include tape casting or cold
pressing, which are expected to retain the purity levels.

20.3.3 Synthesis of MAX Phases in Commercially Viable
Bulk Forms

Since the early 2000s spark plasma sintering (SPS) has been noted as a novel
technique with the advantages of high efficiency and energy saving characteristics
[8–10]. This process can also be referred to as pulsed electric current sintering

Fig. 20.3 PVD magnetron sputtering for thin film formation of MAX phases
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(PECS) or the field-assisted sintering technique (FAST) or pulsed discharge sintering
(PDS). SPS does not require external heating equipment, since heat is generated
internally (http://en.wikipedia.org/wiki/Spark_plasma_sintering). A schematic of the
SPS process is shown in Fig. 20.4.

The SPS energy saving, higher heating and cooling rates, and shorter holding
times when comparing to other bulk procedures, make it one of the better tech-
niques for economical industrial scale production [11]. The end product has higher
density and enhanced properties, including mechanical strength, fracture toughness,
wear and corrosion resistance, flexural strength, and conductivity.

This synthesis was initially attempted for producing bulk Ti3AlC2- and Ti3SiC2-
based composites. Al was found to be a very good sintering aid in order to produce
Ti3SiC2 of high purity in this technique. Also, production of Ti3SiC2 was possible
in situ. However, the complete mechanism underlying the formation of this phase is
still under study, and efforts are being made to reduce the costs further.

Fig. 20.4 Schematic of spark plasma sintering (SPS) equipment [27]
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There are several factors that affect the purity levels of the Ti3SiC2 phase. These
will be discussed with the aid of the 1200 ºC section of the tertiary Ti–Si–C phase
diagram in Fig. 20.5. This diagram shows that the Ti3SiC2 phase region is very
small, such that it is difficult to obtain a thermodynamically stable single-phase
product [12, 13]. Hence the synthesis inevitably results in impurities like TiC, SiC
and TiSiC2. However, Barsoum and El-Raghy [14] managed to synthesize 98 wt%
pure Ti3SiC2 from Ti, graphite and SiC powders at 1600 °C, under 40 MPa
pressure for 4 h.

Furthermore, the impurity levels can be altered by varying parameters like
holding time, sintering temperature and pressure, and by sintering aids. The main
factor affecting the purity of Ti3SiC2 is the powder proportion being used. Of the
various powder mixtures used, a mixture of Ti/Si/TiC with addition of Al gave the
highest purity Ti3SiC2 (� 99 wt%) [15, 16].

SPS without Al: Zhang et al. [17] produced Ti3SiC2 without using Al as a sintering aid.
This was also an attempt to investigate the effect of Si content on the purity of the end
product. SPS was conducted in the range of 1250–1300 °C for 15–30 min, resulting in a
TiC impurity content *2.5 wt%. The Si content had no effect on the purity of Ti3SiC2.

Gao et al. [18] also synthesized Ti3SiC2 using a mixture system of Ti/Si/2TiC.
This was successful in decreasing the content of TiC by 0.5 wt% when compared to
earlier work.

Effect of Al: Zhou et al. [19] synthesized Ti3SiC2 by SPS and HP, and with Al as a
sintering aid. Their work showed that Al decreased the reaction temperature and
improved the density of the end product. The powder system used for SPS was

Fig. 20.5 Isothermal tertiary phase diagram of Ti–Si–C at 1200 °C [12]
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3Ti/Si/2C/0.2Al, heated at 1150–1250 °C; and for HP the powder system was
2TiC/Ti/Si/0.2Al, heated at 1300–1400 °C.

Further studies conducted using other powder systems resulted in increased
diffusion of Ti and Si atoms and a decrease of TiC content. An increased holding
time at temperature also resulted in lower TiC content.

20.4 Properties of MAX Phases

Many investigators have already reviewed the properties of MAX phases in detail.
Here we give an overview of the main properties.

20.4.1 Physical Properties

The main physical properties, like the electrical conductivity and optical properties,
arise from the impurities present in the MAX phases. Optical properties are due to
delocalization of the electrons and are not temperature dependent [14]. Electrical
resistivities for these materials are observed to be in the range of 0.2–0.7 µXm [20].
The materials are called “compensated conductors” due to the fact that the con-
ductivity is contributed by both holes and electrons (though some exceptions exist).
This is confirmed by measurement of the Hall and Seebeck coefficients, which tend
to fluctuate near zero and give slightly positive or negative values. More infor-
mation can be obtained from Refs. [14, 20, 21].

The thermal conductivity of these materials is good, similar to that of their MX
counterparts, since they are also good electrical conductors. The thermal conduc-
tivities of MAX phases range between 12 and 60 W/m.k [21]. They also have quite
low thermal expansion coefficients, with the exception of Cr-containing phases:
sputter-deposited Cr2AlC has a high thermal expansion coefficient, making it
suitable as an oxidation-resistant coating for steels and turbine materials [4].

20.4.2 Chemical Properties

Al-containing MAX phases show exceptional stability up to 1500 °C in inert
atmospheres. The behaviour at high temperatures mainly depends on the type of
environment. MAX phases form oxide scales in oxidizing atmospheres owing to
their stability and chemistry. The main oxidation resistance comes from an Al2O3

layer that forms in these environments.
Ti2AlC is the most oxidant-resistant material, and can survive 10,000 thermal

cycles up to 1350 °C without spalling or physical damage [20].
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Cr2AlC is also considered to have good oxidation resistance: however, it is
observed to fail by spalling during thermal cycling [22]. Therefore the environ-
mental temperature conditions are considered to be the biggest factor deciding the
oxidation stability of any MAX phase.

While many studies of oxidation have been done on bulk MAX phases, thin
films show different oxidation resistances. For example, epitaxial Ti3SiC2 thin films
are stable only until 1000–1100 °C, and not up to 1800 °C as in the case of bulk
material. It has been observed that the presence of an interphase reduces the
chemical potentials of the elements, leading to less oxidation resistance; whereas for
the bulk material the surface oxides act as diffusion barriers leading to better
oxidation resistance [1, 5].

20.4.3 Mechanical Properties

MAX phases show much similarity to their MX counterparts with respect to
physical properties, but the mechanical properties are vastly different. MAX phases
are relatively softer (1–5 GPa) [22], have good machinability, and are more
resistant to thermal shock. They also possess very high compression strengths.
Some exhibit brittle-to-ductile transitions at high temperatures, together with better
fatigue, creep and oxidation resistance as compared with their MX counterparts.

The better mechanical properties of MAX phases are mainly due to their
hexagonal and layered crystal structure, which helps in generating mobile dislo-
cations. Their better machinability, enabling electric discharge machining (EDM),
is due to their being good electrical conductors [23].

Limited fatigue data are available, and only Ti3SiC2 has been studied in some
detail. Fatigue crack growth progresses in a cyclic manner similar to that in
structural ceramics. This behaviour is attributed to the heterogeneous and laminated
crystal structure [5, 24].

20.5 Applications

MAX phases have become a popular topic in the field of advanced materials, and
they have potential to replace traditional metals for several applications. MAX
phases in bulk are found widely in temperature-resistant structural applications,
notably

• Rotating electrical contacts and bearings
• Heating elements
• Nozzles
• Heat exchangers
• Tools for die pressing
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• Impact-resistant materials.

Thin films of Ti3SiC2 could possibly be used as radiation-resistant cladding
material in the aerospace and nuclear industries. Other applications include sensors,
low friction surfaces and electrical contacts. Special applications have been found
for exceptional MAX phases like Cr2AlC, as coatings on turbine blades.

Semiconductor devices or sensor applications are the next potential fields.
Phases such as Ti4AlN3 and V4AlC3 have the potential to be coated on spacecraft to
avoid solar heating and increase the cooling capacity.

20.6 Summary and Conclusions

After only a few decades of investigation, researchers have discovered a new class
of materials called MAX phases. These have the potential for numerous applica-
tions in the electronic and structural fields. The main focus of this chapter is on the
synthesis processes used in producing this special class of materials.

MAX phases are advanced materials with unique combinations of properties,
since they are intermediate between metals and ceramics. Efforts are being made to
achieve economic industrial-scale manufacturing of these materials. Investigators
are now working on some of the issues such as microstructural control and thermal
shock resistance, and also exploring the possibilities for combining MAX phases
with other composites and ceramics.
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Chapter 21
Shape Memory Alloys (SMAs)
for Aerospace Applications

R.J.H. Wanhill and B. Ashok

Abstract Shape memory alloys (SMAs) have the ability to ‘memorise’ or recover
their previous form when subjected to thermal, thermomechanical or magnetic
variations. This ability has resulted in a new class of materials for engineering
applications in the aerospace, medical, automotive and home appliance sectors.
This chapter surveys SMAs and the developments for aerospace applications.

Keywords Shape memory alloys � Properties � Applications

21.1 Introduction

The first shape memory alloys (SMAs) and the shape memory effect (SME) were
discovered in the early 1930s by Ölander [1], who found that gold–cadmium (Au–
Cd) alloys could be plastically deformed when cool, and restored to their original
form when heated. In 1938 Greninger and Mooradian [2] observed the SME for
copper–zinc (Cu–Zn) and copper–tin (Cu–Sn) alloys. Similar effects in other alloys
such as In–Tl and Cu–Al–Ni were found in the 1950s.

The origin of the shape memory effect, which is governed by the thermoelastic
behaviour of a reversible martensitic transition, was reported already in 1949 by
Kurdjumov and Khandros [3], and by Chang and Read [4] in 1951.

In 1959 the important Ni–Ti alloy was discovered by Buehler [5]. The com-
mercial potential of Ni–Ti was soon appreciated [5], and the first use was in 1969
for CryoFit™ “shrink-to-fit” hydraulic tube couplings in the Grumman Aerospace
Corporation F-14 tactical aircraft. This success was followed by the alloy’s use for
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orthodontic bridge wires in 1971 [5]. Since the 1980s many non-aerospace appli-
cations of Ni–Ti alloys have been developed owing to their unique capabilities.

Some useful books on SMAs are as follows:

• Shape Memory Alloys: Manufacture, Properties and Applications, 2010, Ed.
Chen, H.R., Nova Science Publishers, Inc., Hauppauge, NY 11788-3619, USA.

• Shape Memory Alloys, Modelling and Engineering Applications, 2008, Ed.
Lagoudas, D.C., Springer Science+Business Media, LLC, New York, NY
10013, USA.

• Shape Memory Materials, 1998, Eds. Otsuka, K. and Wayman, C.M.,
Cambridge University Press, Cambridge, UK.

• Engineering Aspects of Shape Memory Alloys, 1990, Eds. Duerig, T.W.,
Melton, K.N., Stöckel, D. and Wayman, C.M., Butterworth Heinemann Ltd.,
London, UK.

21.2 SME Mechanisms

Shape memory alloys undergo temperature-dependent phase changes, or upon
application of stress or (less commonly) a magnetic field. The basic changes due to
temperature and stress are illustrated in Figs. 21.1, 21.2 and 21.3, and are discussed
as follows:

1. Figure 21.1 shows the temperature-induced changes in crystal structure that are
common to SMAs. The high temperature austenite structure (named after W.C.

Fig. 21.1 Temperature-induced phase transformations in SMAs: after [6]. Ms and Mf are the
martensitic transformation start and finish temperatures; As and Af are the austenitic transformation
start and finish temperatures
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Roberts-Austen) transforms to twinned martensite (named after A. Martens) on
cooling, and changes back to austenite on reheating. Note that the transforma-
tions occur over temperature ranges.

2. Figure 21.2 is a two-dimensional simplified representation of the SME. In the
first instance, an unstressed twinned martensite undergoes a stress-induced
isothermal change to detwinned martensite. Secondly, when the stress is
removed the crystal structure remains unchanged until the material is heated.
Then it transforms to austenite, as would undeformed martensite, see Fig. 21.1.

Fig. 21.2 Two-dimensional illustration of the SME: stress-free shape recovery on heating: after
[6]

Fig. 21.3 Illustration of the shape memory effect (SME) on stress–strain temperature axes: after
[6]. Note that besides start and finish temperatures (As and Af on the temperature axis) there are
also stress–strain start (rs) and finish (rf) points in the r–e plane
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3 Figure 21.3 gives a fuller illustration of the SME, following the circuit
ABCDEFA. Note that there are stress–strain start (rs) and finish (rf) points in
the r–e plane; and that for clarity the Ms and Mf points between As and B have
been omitted.

21.2.1 SMA Behaviour

Only a brief survey is given here. Much more is available from the bibliography,
e.g. Ref. [6].

SMA transformations These are thermoelastic martensitic transformations. They
involve small volume changes, a generally relatively small temperature hysteresis
(tens of degrees °C) and good reversibility.

The temperature hysteresis means that the reverse transformation occurs at
higher temperatures than the original transformation. Although it is described above
as relatively small, the temperature hysteresis is important for practical applications
(actuators), see Sect. 21.3.2.

Formation of the twinned martensite structure takes place by deformation
(mainly shear) of the crystal lattice. This is illustrated schematically by the atom
displacements in Fig. 21.1. The shear deformation is almost completely elastically
accommodated, but this elastic energy accommodation nevertheless requires con-
tinuous cooling of the alloy to complete the transformation.

During transformation from the parent (austenite) phase, each martensite crystal
can have a different orientation direction (variant). The assembly of variants can
exist in two forms: (i) twinned and (ii) detwinned, see Figs. 21.2 and 21.3.

Transformation temperatures There are two basic aspects, which to some extent
are related. First, the transformation temperatures for different alloys cover a wide
range from near absolute zero to about 320 °C, and mainly depend on alloy
composition. The alloys exhibiting these transitions include Au–Cd, In–Tl, Ni–Ti
and some Cu-based alloys.

Secondly, the transformation temperatures are stress-dependent. Thus not only
do the forward and reverse transformations occur over a range of temperatures (Ms

to Mf; As to Af) for a particular alloy, but these ranges also depend on the applied
stress level [6].

Pseudoelasticity This behaviour is associated with isothermal or thermomechanical
stress-induced transformation, which results in strains during loading and subse-
quent strain recovery upon unloading at temperatures above Af. More details are
given in Ref. [6]. However, this property is also important for practical applications,
e.g. in springs and vibration dampers. In commercial brochures and some archival
literature the pseudoelastic effect is also referred to as superelasticity.
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One- and two-way memory effects : The SME can be classified as either a one-way
shape memory effect or a two-way effect:

1. A one-way SME is a reverse transformation where a mechanically worked
detwinned martensitic material reverts during heating to its original austenitic
shape, and in doing so all memory of the low temperature mechanical working
is lost.

2. A two-way SME is where memory of the low temperature mechanical working
is retained. In other words, renewed mechanical working is not necessary when
the material again undergoes a transformation from the austenitic structure to the
detwinned martensitic structure.

Both of these memory effects are important for practical applications of SMAs.
But it must be noted that the two-way memory effect is not an inherent property,
and it requires repeated specific thermomechanical processing before a satisfactorily
reproducible response is obtained [7].

21.3 SME Alloys

Table 21.1 lists some alloy systems that have shape memory characteristics. The
bold typeface rows indicate the commercially important alloy systems. These are
the only alloys which can recover substantial amounts of strain or generate sig-
nificant force upon changing shape.

Table 21.1 Some shape memory effect (SME) alloys: after [8–10]

Alloy Composition Ms temperature
range (°C)

Approximate hysteresis
temperature range Ms − Af

and/or Mf − As (°C)

Ag–Cd 44–49 at.% Cd −190 to −50 15

Au–Cd 46.5–50 at.% Cd 30 to 100 15

Cu–Al–Ni 14–14.5 wt% Al; 3–
4.5 wt% Ni

−140 to 100 35

Cu–Sn *15 at.% Sn −120 to 30 large

Cu–Zn 38.5–41.5 wt% Zn −180 to −10 10

Cu–Zn–X
(X = Si, Al, Sn)

a few wt% of X −200 to 200 10

In–Ti 18–23 at.% Ti 60 to 100 4

Ni–Al 36–38 at.% Al −180 to 100 10

Ni–Ti 49–51 at.% Ni −100 to 110 30
Fe–Pt *25 at.% Pt *−130 4

Mn–Cu 5–35 at.% Cu −250 to 180 25

Fe–Mn–Si 32 wt% Mn; 6 wt%
Si

−200 to 150 100
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The Ni–Ti alloys are especially important, since compared to Cu–Al–Ni and
Cu–Zn–Al alloys they have greater SME strain (up to 8 % vs. 4–5 %), much higher
ductility and thermal stability, and better corrosion resistance [8]. On the other
hand, the Cu-based alloys are much less expensive, they can be melted in air (unlike
Ni–Ti alloys, which require vacuum or inert environments) and they have a wider
range of transformation temperatures [8, 9].

More information on the alloy properties is given in Sects. 21.3.1 and 21.3.2.

21.3.1 Properties of Commercial SMAs

A comparative overview of the properties of Ni–Ti, Cu–Ni–Al and Cu–Zn–Al
alloys is given in Table 21.2, concentrating on the engineering aspects. There are
several points to note:

1. The strengths and E-moduli of the three alloy classes are similar, but the Ni–Ti
alloys are much more ductile and can tolerate greater strains (as mentioned
earlier).

2. The Ni–Ti alloys have higher working stress capabilities and can tolerate much
larger numbers of thermal cycles (if necessary). They also have good fatigue
strengths, and better corrosion resistance, also mentioned earlier.

3. The Cu-based alloys have wider ranges of transformation temperature ranges,
which can be advantageous, and the Cu–Zn–Al alloys have a much higher
damping capacity.

Table 21.2 Some important properties of Ni–Ti, Cu–Ni–Al and Cu–Zn–Al alloys manufactured
by Advanced Materials Technologies Pte Ltd. [10]

Property Ni–Ti Cu–Zn–Al Cu–Al–Ni

Melting point (°C) 1250 1020 1050

Density (g/cm3) 6.45 7.9 7.15

Thermal expansion coefficient (10−6/K) 6.6–10 17 17

E-modulus (GPa) 95 70–100 80–100

UTS, martensite (MPa) 800–1000 800–900 1000

Elongation to fracture, martensite (%) 30–50 15 8–10

Fatigue strength at 106 cycles (MPa) 350 270

Transformation temperature range (°C) −100 to +110 −200 to +110 −150 to +200

Maximum one-way memory strain (%) 7 4 6

Normal two-way memory strain (%) 3.2 0.8 1

Normal working stress (MPa) 100–130 40 70

Normal number of thermal cycles +100,000 +10,000 +5000

Maximum overheating temperature (°C) 400 150 300

Damping capacity (%) 20 85 20

Corrosion resistance Excellent Fair Good
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4. The lower density and thermal expansion coefficient of Ni–Ti alloys are
potential advantages for applications where weight savings and dimensional
tolerances are critical, e.g. in spacecraft and some medical devices.

21.3.2 Ni–Ti Alloy Variants

Ni–Ti alloys are highly sensitive to changes in the binary alloy composition, and the
addition of other elements also significantly affects the properties [11]:

1. Binary alloys. The common composition range for commercial alloys is 49.0–
50.7 at.% Ti (see Table 21.1 also):

• superelastic alloys: 49.0–49.4 at.% Ni
• SME alloys: 49.7–50.7 at.% Ni.

The alloys usually have Ms temperatures between −50 and +100 °C, although a
wider range is given in Tables 21.1 and 21.2.

2. Ternary alloys. The most important are Ni–Ti–Cu and Ni–Ti–Nb alloys:

• Ni–Ti–Cu alloys cover a range of compositions whereby copper substitutes
for nickel. More than 15 at.% Cu embrittles the alloys [12], making con-
ventional casting unsuitable (such high-Cu alloys can be made via melt
spinning [13], but the aerospace industry generally avoids low-ductility
alloys).
The most useful practical effect of Cu substituting for Ni is a narrowing of
the temperature hysteresis [14]. This makes these alloys better suited to
applications like actuators, which usually need rapid response times (narrow
hysteresis loops) during thermal cycling.

• Ni–Ti–Nb alloys cover a wide range, up to at least 30 at.% niobium, sub-
stituting for nickel and titanium [15]. These alloys have increased yield
strength, but more importantly a wider temperature hysteresis [11, 15]. This
makes these alloys better suited for couplings and fasteners.

3. Other alloying additions. Fe. Al, Cr, Co and V are added to binary Ni–Ti alloys
to lower the Ms temperature while maintaining the basic stability and ductility
[11]. The main practical result is creation of a cryogenic SMA.
Pd and Pt additions first decrease the Ms temperature and then increase it up to
as high as 350 °C [16]. This gives possibilities for using SMAs as actuators in
aerospace gas turbines [17, 18], e.g. in valves for switching or moderating fluid
flows.
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Note
There are numerous companies advertising Ni–Ti alloy variants. The exact
chemical compositions are proprietary, but it is interesting that several vari-
ants are offered. For example, the following alloys are advertised by Memry
Corporation:

• superelastic, high-strength superelastic, Cr-doped superelastic, high tem-
perature and body temperature Ni–Ti alloys

• narrow hysteresis Ni–Ti–Cu alloy
• high-strength superelastic Ni–Ti–Fe alloy
• high-stiffness Ni–Ti–Co alloy.

21.4 Aerospace Applications of SMAs

21.4.1 Overview

Figure 21.4 shows compilations of the percentages of US patents and world-wide
published articles on SMAs over the time period January 1990 to September 2013
[18]. These are discussed in detail in Ref. [18], and only a summary is given here:

1. Biomedical patent applications predominate, but this is not reflected in the
number of published articles.

2. The ‘Others’ percentage for published articles reflects the great scientific interest
in these materials.

3. The aerospace sector percentages reflect ‘niche’ applications or potential
applications.

Fig. 21.4 Relative numbers of patents (US) and publications per application sector from January
1990 to September 2013 [18]
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21.4.2 Actual and Potential Applications in Aircraft

Background: As part of a 1996 NATO–AGARD Lecture Series on Smart
Structures and Materials, a lecture on SMAs stated that their application in aircraft
was limited to shrink fit hydraulic tube couplings, and that this was understandable
because the application does not require precise temperature control or taking full
advantage of the potential of SMAs [19]. The authors also remarked upon the
complexity of SMAs and SMA-activated structures.

The foregoing observations were made 27 years after the first use of SMAs for
the CryoFit™ couplings in F-14 tactical aircraft, e.g. Fig. 21.5. Now, another two
decades on, the situation with respect to in-service SMA applications in aircraft is
virtually unchanged. In fact, Hartl et al. recently emphasized that there are no
certified SMA-based actuators for use in commercial aircraft [20].

Fig. 21.5 Examples of
CryoFit™ couplings
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SMA actuators current situation There are several reasons why SMA actuators are
not presently used in aircraft:

1. Incorporating these actuators into engineering structures and systems is a
complex and multi-disciplinary process.

2. Although much metallurgical knowledge has been gained in the last 25 years, as
may be found in the Bibliography, there are still many engineering issues. For
actuators, which employ the two-way memory effect, these include the fol-
lowing [18, 21]:

• relatively small usable strains (less than half the maximum strains in
Table 21.2)

• low actuation frequencies and narrow frequency bandwidths
• low activation (energy) efficiencies
• ‘training’, i.e. repeated thermomechanical processing, to obtain reproducible

responses.
• long-term durability and reliability under repeated thermomechanical load-

ing, i.e. the in-service fatigue performance.

3. The transformation-based properties and testing methods for SMAs to be used
in actuators are not (yet) standardized [20]. Also, it appears from the fatigue data
surveyed and obtained in Ref. [22] that actuator requirements and specifications
would benefit from a comprehensive data bank on thermomechanical transfor-
mation fatigue.

Perhaps the most important engineering issue is the low actuation frequency and
narrow bandwidth [18, 21], which are related since they depend on the achievable
heating and cooling rates of the SMA actuators. The narrow frequency bandwidth is
a particular issue for vibration control. More information on these and the other
issues is obtainable from Refs. [18, 21, 22].

SMA actuator prospects Fig. 21.6 shows an overview of the potential applications
of SMA actuators in aircraft. These are discussed in detail in Refs. [18, 21, 23, 24],
whereby Refs. [23, 24] are devoted exclusively to ‘morphing’, i.e. changing the
shapes of aerodynamic surfaces, especially the wings. The authors of Ref. [23]
realistically quote NASA in concluding that aircraft with morphing control surfaces
are decades into the future.

Advantages of SMAs The primary advantages of SMAs are significant reductions
in mechanical complexity and size [18, 21] owing to the following:

1. Direct reaction to environmental stimuli.
2. High energy densities. Substantial forces and displacements can be generated in

small components. Besides saving space this is beneficial for weight savings and
hence structural efficiency.

3. Three-dimensional actuation. SMAs with the usual polycrystalline microstruc-
tures can be produced in a variety of shapes.
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Note
Huang [25] has compiled a series of charts to assist in selecting SMAs for use
in actuators.

21.4.3 Applications in Spacecraft

SMAs have been, and continue to be, used in spacecraft for several types of
applications [18, 21]:

1. Low-shock release. Unlike pyrotechnic release mechanisms, SMA release
devices can be actuated slowly, avoiding shock failures in satellites. This type of
application is very important for satellites, and can also be used for ‘mi-
crosatellites’, since compact separation devices with very small SMA release
triggers can be made. Examples including the popular Starsys Qwknut system
are given in Refs. [26–28]. These are all testable and re-settable on the space-
craft. A particularly simple concept is the Frangibolt release mechanism,
Fig. 21.7: a compressed (deformed) SMA cylinder recovers and lengthens by
heating, and exerts sufficient force on the notched bolt retaining nut to break the
bolt. (N.B: this is obviously not re-settable.)

Fig. 21.6 Overview of potential applications of SMA actuators in aircraft [18]
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2. Low-shock deployment. SMA actuators can also be used in deploying satellite
antennae, solar arrays [29] and other devices. A well-known and early use was
for the Mars Pathfinder Lander [30]. The SMA actuator assembly is shown
schematically in Fig. 21.8. Heating the Ni–Ti wire caused it to contract, turning
the axle and rotating the cover glass arm to the right. A spring ensured that the
arm returned to its rest position when the Ni–Ti wire was allowed to cool. The
procedure was repeatable, and this was the first multi-cycle SMA actuator used
in a space application [30].

Note
The Pathfinder and Frangibolt devices use(d) SMA behaviour in opposite
ways: heating lengthens the Frangibolt SMA but shortened the Pathfinder
wire.

Fig. 21.7 Illustration of the Frangibolt® low-shock release mechanism

Fig. 21.8 SMA actuator assembly for the Mars Pathfinder lander [30]: see text for explanation
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3. Sensors. Since SMAs are thermally activated, they can also be used as sensors.
In this capacity SMAs acquire information from a thermomechanical system
(i.e. they are heated or cooled), and transformation-induced material property
changes, e.g. resistivity [21], are monitored.

4. Vibration damping. An additional exploitable benefit of using SMAs in
spacecraft is that the pseudoelastic effect makes them suitable for absorbing
vibrations. However, the use of SMAs specifically for vibration dampers
appears to be still largely in the R&D and patent application stages [18, 21, 31].

Special considerations Spacecraft mechanisms and devices are often custom-built:
the Pathfinder lander SMA assembly shown in Fig. 21.8 is a prime example.
However, space agencies like NASA and ESA have stringent requirements, and all
mechanisms and devices must undergo rigorous qualification programmes.

21.5 Concluding Remarks

Aerospace applications of shape memory alloys (SMAs) are limited, especially for
aircraft, less so for spacecraft. The alloys have unique properties and capabilities,
and there are numerous potential applications. However, their usage is hindered by
several inherent issues and the complexity of incorporating their behaviour into
engineering structures and systems. For example, even an apparently simple system
like that for the Mars Pathfinder Lander had to account for many factors in order to
guarantee its reliability [30].

Multi-disciplinary R&D, including reliability engineering, will be needed to
change this situation. Even so, widespread application of SMA mechanisms and
devices in aircraft appears to be many years in the future. Space applications—
although different—could provide greater familiarity with some of the design
issues.

Any consideration of SMA applications should involve the alloy manufacturing
companies, who obviously have much proprietary knowledge at their disposal: see
the note in Sect. 21.3.2.
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Chapter 22
Detonation Sprayed Coatings
for Aerospace Applications

D. Srinivasa Rao, L. Rama Krishna and G. Sundararajan

Abstract This chapter presents a concise overview of detonation spray technology
and the associated principles and applications for the aerospace industry. The most
popular feedstock powders for obtaining a wide variety of coatings with varying
composition and properties are emphasized. The strategies for obtaining improved
structure–property combinations via spray process optimization are discussed, and
also the utilization of novel powders for enhanced protection. The typical
microstructural features as a key to achieving the required mechanical, tribological
and corrosion properties are briefly illustrated with specific examples.

Keywords Detonation sprayed coatings � Processing � Wear resistance � Thermal
barriers

22.1 Introduction

In the modern world many materials are expected to deliver multi-functional
properties and performances. The available choice window often becomes narrow
and therefore encourages non-conventional materials processing routes.

An important example is the development of thermal spray coatings. This
technology has expanded especially over the last few decades in such a way as to
significantly broaden the otherwise narrow material selection window. In fact,
thermal spray technologies have become essential for enhancing the service life of
various engineering components, and have therefore become an integral part of the
manufacturing process. For example, almost all aircraft landing gear manufacturers
have one or more thermal spray systems as part of the regular manufacturing line.
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In view of the large number of thermal spray technologies employed for various
industrial applications, including aerospace, this chapter focusses mainly on one of
the most important thermal spray technologies known as detonation spraying.

The detonation spray coating (DSC) technology (also known with popular trade
names such as D-Gun, Super D-Gun) primarily depends upon the kinetic energy of
particles-in-flight, rather than the thermal energy transferred to the particles (e.g.
unlike plasma spraying). In view of the lower thermal energy input the feedstock
undergoes skin melting or plasticizing. Therefore the oxidation tendency and
solidification stresses (tensile) are minimal. The detonation causes the particles to
bombard the substrate with high kinetic energy, leading to formation of a coating
with uniformly dense microstructure (porosity < 0.5 %) and excellent inter-splat
bonding and adhesion to the substrate.

In the aerospace industry detonation sprayed coatings are used mainly on aircraft
gas turbine components. Some of these are illustrated in this chapter and are from
the authors’ institute.

22.2 Detonation Spraying

22.2.1 The Spraying Process

While most thermal spray techniques deposit coatings continuously, DSC is a
‘pulsed’ process in which oxygen and acetylene are injected in pre-measured
quantities into the combustion chamber of a long water-cooled stainless steel barrel.
This is shown schematically in Fig. 22.1. The oxy-fuel mixture is ignited explo-
sively using a spark plug, and the combustion products expand rapidly owing to
their high specific volume and the high temperature generated by the explosion.

Upstream of the combustion process, and assisted by a nitrogen carrier gas,
metered quantities of powder (usually 5–45 lm size) are fed into the zone of
reduced barrel inner diameter where detonation waves are generated, as shown in

Fig. 22.1 Schematic representation of the detonation spray coating process
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Fig. 22.1. The powder particles interact with the surrounding combustion products
and undergo physico-chemical changes while travelling towards the open end of the
barrel.

The thermal and kinetic energy transport rate primarily depends upon the relative
ratio of oxygen to fuel (acetylene) and the total volume of the gas mixture. The
particles are accelerated to supersonic velocities that can be as high as 1200 m/s.
The temperature and velocity of the particles exiting the barrel depend upon the
size, density and thermo-physical properties of the particles.

The particles ejected in each detonation cycle impact the substrate to form
layer-by-layer coatings. By manipulating the movement of the barrel (and the part
being coated), a uniformly thick coating can be deposited. More details about the
process fundamentals and coating formationmechanisms are described inRefs. [1–3].

One interesting feature which distinguishes the DSC process from most other
thermal spray methods is its ability to spray metals, ceramics and cermets very
effectively by way of creating neutral, oxidizing or reducing environments, simply
by altering the relative oxygen/fuel ratio.

22.2.2 Equipment Characteristics

The DSC technology was proprietary until the last decade. However, commercial
systems based on the original design from the former Soviet Union are now
available. The typical water-cooled stainless steel barrel illustrated in Fig. 22.1 is
1350 mm long and has a 22 mm internal diameter, see Fig. 22.2 also.

A variety of powder feeder designs are available, based on the application needs.
For instance, multiple powder feeder systems may be used to allow spraying dif-
ferent powders; or sequential spraying that permits formation of coating layer
gradients with varied composition in each layer.

The spray process is usually controlled and monitored remotely via a panel
located outside the spray booth, which is sound- and dust-proof. A typical spray
booth is shown in Fig. 22.2b.

22.3 DSC Technology Compared with Other Thermal
Spray Techniques

Although DSC was initially meant for depositing wear-resistant carbide coatings,
its ability to deposit dense ceramic coatings has enabled it to secure an equivalent
position with respect to high velocity oxy-fuel spray coating (HVOF). Also, the
thermo-kinetic energy transport of powder particles is better controlled in the DSC
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process than in the well-established thermal spray technologies APS and VPS (air
and vacuum plasma spraying).

HVOF is the chief alternative to DSC. The HVOF combustion gases are dis-
charged through a confined cooled nozzle at high gas flow (up to Mach 3 velocity),
and the resultant particle velocities, especially for carbide powders, are similar to
those of DSC (up to 1200 m/s). The HVOF coatings also have similar densities to
those produced by DSC: both types of coating are much denser than plasma sprayed
coatings.

In fact, most wear-resistant carbide coatings are sprayed using either the HVOF
or DSC systems with identical aerospace quality specifications. This demonstrates
wide acceptance of these techniques as being equivalent. (However, since DSC is
only recently commercially available, HVOF has been the only option for
depositing dense, wear-resistant carbide coatings on a large variety of aircraft and
helicopter components.)

DSC is very versatile: it can accommodate a wide variety of spray grade pow-
ders including metals, alloys, ceramics, cermets and composites with low melting
point binders [4–9]. Also, the number of spray grade powders being formulated and
manufactured has steadily increased, such that a wide variety of DSC coatings is
potentially available.

Fig. 22.2 a Typical
configuration of DSC systems
and b spraying in progress
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Although DSC can deposit almost any material that melts without decomposi-
tion, the size of the gun prevents complete internal coatings. Internal cavities
connected to the outer surface can be coated only via line-of-sight. Therefore,
utilizing the 45° angle of deposition, it is possible to provide internal coating of a
cylindrical object to a length equal to its diameter.

Other competing technologies are powder flame spraying, wire flame spraying
and wire arc spraying. These find limited use at present, although they have the
advantages of moderate equipment costs and are portable for on-site repairs and
refurbishments. Recent developments such as the introduction of solid ceramic rods
as feed in wire arc spraying systems have increased their potential for relatively
non-critical and corrosion-resistant aerospace applications.

22.4 DSC Coating Applications in Aerospace

22.4.1 Tungsten Carbide/Cobalt (WC–Co) Coatings

Tungsten carbide/cobalt (WC–Co) coatings are the main thermal spray coatings
used in aerospace. These coatings possess a unique combination of extreme
hardness (12–14 GPa), high modulus (350–400 MPa), high indentation toughness
(5–7 MPa√m) and low porosity (0.5 %), and have excellent resistance to fretting
wear, corrosion and rolling contact fatigue. Such wide-ranging properties are
attributed mainly to a uniform distribution of extremely hard (24 GPa) WC cuboids
in the softer (2.5 GPa) cobalt matrix, which typically constitutes 20 vol% of the
coating [10]. The cuboids have a typical size range of 0.5–6 lm.

Unlike plasma spraying, both the HVOF and DSC processes can maintain
reducing atmospheres within the combustion gas stream, making these techniques
particularly suited to depositing carbide-based coatings. The DSC process has some
advantages over HVOF in (i) its flexibility to employ a wide range of oxy-fuel
ratios while maintaining a reducing atmosphere, and (ii) the use of a much longer
barrel that enables better thermo-kinetic energy transfer to the particles. Thus DSC
coatings are often preferred to HVOF coatings, especially when close control over
the final coating microstructure is essential.

An illustration of the DSC flexibility is given in Fig. 22.3: using the same WC–
12Co feedstock powder, the DSC technique can significantly alter the coating
microstructure simply by varying the oxy-fuel ratio [10].

Decarburization: Whichever technique is used, a common issue is the decarbur-
ization of WC cuboids during spray deposition. On the one hand, the powder
particle temperature during spraying needs to be sufficiently high to attain cobalt
melting and therefore achieve higher inter-splat cohesion. But on the other hand,
higher particle temperatures lead to decomposition or decarburization of WC,
whereby W and C dissolve into the cobalt matrix [11]. Therefore the temperature
and oxidation potential of the gas stream needs to be balanced to achieve a practical
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balance of these opposing phenomena. Also, the finer the WC-cuboid size in the
WC–Co powder, the greater is the extent of decarburization during the coating
process, while too-large cuboids lead to relatively poor cohesion with the cobalt
matrix [12].

Particle changes during deposition: It is noteworthy that decarburization cannot
be completely eliminated, since the Co matrix has to melt to impart sufficient
inter-splat bonding. At the same time, formation of the harder W2C phase
(30 GPa—harder than WC itself) should be minimal because W2C embrittles the
coating, see Ref. [10]. The presence of W2C can be easily identified in the coating
microstructure by the formation of typical W2C shells around the WC cuboids
[10, 11]. Since the solid solubility of both W and C in the Co matrix decreases
rapidly as the splat cools down, precipitation of W2C around the WC cuboids and

5 µm 

5 µm 

5 µm 

(a)

(b)

(c)

Fig. 22.3 WC–12Co
coatings deposited by DSC at
various oxy-fuel ratios. a 1.16
b 1.5, c 2.0
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W in dendritic form can be observed in the coating microstructure, as schematically
illustrated in Fig. 22.4b.

Also, while the primary goal is to retain the typical composite structure of WC
cuboids distributed in the Co matrix, the cuboids will eventually reduce in size, and
the shape changes to non-cuboidal (with rounded edges) due to WC loss from the
sharp edges, as also indicated in Fig. 22.4.

It should be noted that the extent of retention of dissolved C in Co is determined
by the rate at which C is lost from the Co matrix owing to the formation of CO2/CO
during the rapid solidification when the particles impact the substrate [14].

In view of the above-mentioned physico-chemical changes that are likely to
happen during spray deposition of WC–Co coatings, it is very important to
understand the influence of all possible interacting factors to arrive at the optimum
process parameters, including the inter-splat cohesion. Any compromise in
inter-splat cohesion will have a deleterious effect on the fracture toughness and
wear resistance of the coatings. Experience has shown that an oxy-fuel ratio of 1.3–
1.5 is the optimum for obtaining the best property combinations.

Wear resistance: As already mentioned, WC–Co coatings have excellent resis-
tance to wear and rolling contact fatigue. They also have a high erosion resistance:
erosive media, e.g. sand, usually have grain sizes much larger than the WC cuboids,
and so the WC–Co composite modulus provides a high resistance to erosion
damage. This can be explained with the aid of Fig. 22.5 [15]. This shows the
formation of lips on the WC–Co coating surface, implying a ploughing mechanism,
which is a common feature of ductile materials undergoing and resisting erosion.

Rounded, 
smaller WC

C (in Co) + O2 = CO2 

Co with W, C
in solid solution

Original WC cuboids in powder

W dendrites

WC
W2C

(a)

(b)

Fig. 22.4 Schematic
illustration of physico-
chemical changes in WC–Co
powder particle a during
spraying, b during splat
solidification: Refs. [12, 13]
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WC–Co coatings also provide excellent protection under abrasive and sliding
wear modes [16–19]. In addition, these coatings significantly enhance service life
by resisting fretting wear, erosion–corrosion and rolling contact fatigue [20, 21], as
was also mentioned earlier.

Gas turbine applications: The exceptional combination of properties obtainable
from WC–Co coatings has resulted in numerous applications in aircraft gas tur-
bines. In the turbine section these include actuator piston rods and fuel pump
impellers in the afterburner; combustion chamber positioning pins; gear box sup-
port pins, bushings and lugs; labyrinth seal fins and seal teeth; gears; oil pump
scavenge and breather tubes; bearing housings and seal assemblies; and exhaust
fairing pins and bushings.

In addition, WC–Co coatings are used to meet the functional requirements of
numerous parts in the compressor section, e.g. bevel gears; gear box drives; bleed
manifold expansion joint liners and sleeves; fan and compressor blades; case
flanges; hubs; discs; rotor tubes and sleeves; diffusers; impellers and vane sectors;
and variable vanes.

Figure 22.6 depicts some aircraft parts that have been coated with the two most
popularly employed coatings, viz., WC–12Co and WC–17Co.

Helicopter applications: WC–Co coatings to combat wear, corrosion, fretting and
sliding wear damage are applied to a wide selection of helicopter components
including main rotor shafts, rotor blade extension sleeves, blade bolts, transmission
gears, damper housings, swash plates, tail rotor hubs, pinion gears, blade radius
rings, cylinder assembly plungers, inner race bearings, spur gears, bearing retaining
nuts, bevel drive gears, and conical and input gears.

Fig. 22.5 Eroded surface of
WC–Co coating showing lip
formation [15]
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22.4.2 Modified Tungsten Carbide/Cobalt (WC–Co–Cr)
Coatings

A slightly modified WC–Co coating chemistry is the WC–10Co–4Cr composition,
which is recognized as an actual and potential replacement for hard chrome elec-
troplating [22], thereby avoiding the environmentally hazardous chemicals used in
the plating process.

Although WC–Ni and WC–Ni–Cr coatings have also been extensively studied,
the WC–Co–Cr coatings demonstrate superior corrosion and erosion resistance.
Also, these coatings are superior to hard chrome electroplate with respect to pitting,
spalling and cracking under stress [23, 24]. Further, it should be noted that these
coatings are more rapidly deposited via DSC/HVOF routes as compared to the
electroplating process.

Owing to their superior erosion and corrosion resistance, the WC–Co–Cr coat-
ings are now used to effectively provide functional property enhancement of
numerous landing gear components; piston rods and swash plate sliders; low- and

Fig. 22.6 a WC–17Co coated compressor disc and b–c WC–12Co coated nozzle parts
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high-pressure turbine shafts; pinch locks; bearing housings; and front- and
rear-compressor hubs of aircraft and helicopter gas turbines.

22.4.3 Cr3C2–NiCr Coatings

Besides WC-based coatings, DSC-deposited Cr3C2–NiCr coatings are widely used
to provide high thermal stability, excellent resistance to wear [25], oxidation,
fretting, corrosion and high temperature wear, especially in the harsh operating
conditions of an aircraft engine. Also, the solid particle erosion resistance at low
angles of impingement is better than that of special grade stainless steels, and the
coatings are well-bonded to the substrate (bond strength *70 MPa [26]).

The relative proportion of NiCr ranges from 20–40 at.%, although Cr3C2–

25NiCr (50:50 at.% Ni–Cr solid solution) is the most popular spray grade powder
[27]. The Cr3C2–NiCr coating exhibits a typical plate-like lamellar structure ori-
ented roughly parallel to the substrate, as shown in Fig. 22.7. The microstructure is
characterized by a dense skeletal network of fine chromium carbide (Cr3C2) and
chromium oxide (Cr2O3) bound within the NiCr ductile matrix [28]. With such a
microstructure and a coating hardness in the range of 750–950 HV, the high
temperature wear resistance up to 980 °C is excellent, especially under moderate
load, dry frictional conditions [25, 29].

Owing to the above-mentioned specific properties, the Cr3C2–NiCr coatings are
being used for seals, flaps, nozzle segments and spray bars of afterburner sections;
sealing rings, spacers, air seals, shrouds, blades and vanes in turbine sections;
clamps, liners, nozzle nuts and fuel swirlers in combustion sections; and seal seats
and spacers of bearings. As an illustration, a Cr3C2–NiCr coated turbine blade is
shown in Fig. 22.8.

It should be noted that the Cr3C2 phase in Cr3C2–NiCr powder undergoes
decarburization during the spraying process. Hence a proper selection of the
spraying parameters is essential. Decarburization of the Cr3C2 phase leads to

Fig. 22.7 Typical lamellar
microstructure of a
325-m-thick Cr3C2–NiCr
coating deposited by the DSC
process
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formation of lower carbides such as Cr7C3 and Cr23C6 phases, thereby negatively
influencing the coating properties [25].

22.4.4 Abradable Coatings

Abradable coatings are mostly deposited by vacuum plasma spraying and HVOF
processes. The DSC process is also capable of depositing abradable coatings, and
owing to its better thermal management during spraying it is used for specialized
abradable applications on various aeroengine components.

Unlike wear-resistant coatings, abradable coatings should preferentially wear
away, and the debris should not damage the mating surfaces. Besides good
abradability these coatings should have high resistance to gas and particulate ero-
sion, good thermal properties, be self-lubricating, and have minimum affinities with
the substrate materials. In view of these requirements, abradable coatings are mostly
combinations of metals (e.g. Al–Si and MCrAlYs, where M=Ni, Co, Fe or a
combination of these elements) with polyester and solid lubricants such as
hexagonal boron nitride (h-BN), bentonite or graphite [30].

Al–Si–polyester, Ni–graphite and Ni–Cr–Al–bentonite can withstand engine
operating temperatures up to 325, 450 and 815 °C, respectively [31]. The abrad-
ability requirements are met by introducing controlled porosity in the coating
microstructure, thereby reducing the overall cohesive strength; while the substrate–
coating bond strength is designed to be higher than the inter-splat cohesive strength.

22.4.5 Thermal Barrier Coatings (TBCs)

Components such as blades, vanes, combustion chambers, liners and domes in the
hottest parts of gas turbines are usually provided with thermal barrier coatings

Fig. 22.8 Aircraft engine
turbine blade coated with
Cr3C2–NiCr for corrosion,
oxidation and fretting wear
resistance
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(TBCs) to better resist corrosion, oxidation or excessive heat loads [32]. The most
used TBC, yttria-stabilized zirconia (YSZ) containing 7–8 wt% Y2O3, serves as a
functional topcoat, and is usually deposited by plasma spray or electron beam
physical vapour deposition (EB-PVD) [33].

EB-PVD provides the most sophisticated TBC, since it builds up a columnar
YSZ microstructure that has better strain tolerance and resistance to cracking and
spalling. However, the success of TBCs also relies on a good bond coat between the
YSZ and the substrate. The bond coat provides the main resistance to high tem-
perature oxidation and corrosion.

Bond coats are MCrAlYs, and are deposited by thermal spray variants such as
vacuum plasma spray (VPS), low pressure plasma spray (LPPS), air plasma spray
(APS), HVOF or DSC [34]. Sufficient aluminium content in the MCrAlY bond coat
allows formation of a thin Al2O3 layer (thermally grown oxide, TGO) between the
bond coat and YSZ topcoat: the TGO hinders further oxidation of the bond coat.

A NiCoCrAlY TGO-forming bond coat is the most generally used, since it
provides the best cyclic oxidation resistance. Recent research has shown that a
DSC-deposited NiCoCrAlY bond coat outperforms a similar HVOF-sprayed bond
coat under cyclic oxidation testing [35].

22.4.6 Coating Refurbishments

Refurbishment of previously coated and damaged or worn components by thermal
spraying is most important, since it extends the service lives of many expensive
parts and assemblies, notably in aircraft gas turbines. Refurbishing usually entails
completely stripping away the original coating by mechanical or electrochemical
means (or both), followed by surface preparation (e.g. grit blasting) and recoating.

The versatility of DSC technology enables it to be used for refurbishing various
parts. For example, Fig. 22.9 shows a refurbished blade and the entire assembly of
a low pressure compressor module, where the faces of the snubber abutments
(interlocking mid-span supports) have been DSC sprayed with a WC–17Co coating.

Other examples are given in Fig. 22.10, which shows high-pressure compressor
spacers after refurbishing with a plasma sprayed NiCr bond coat and DSC Al2O3

top coat as abradable coating.

22.5 Other Coating Processes

Combustion flame spray: This process, with its flame temperature of 3000 °C and
relatively lower particle velocity (90–180 m/s), is used for depositing metallic
coatings (molybdenum) and self-fluxing coatings.
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Plasma spraying: This is performed via three principal techniques: air plasma
spraying (APS); argon-shrouded plasma spraying (ASPS); and vacuum plasma
spraying (VPS) or low pressure plasma spraying (LPPS).

The principal limitation of the APS technique is the incorporation of air in the
plasma jet, thereby slowing it and simultaneously causing some oxidation of
metallic or alloy powders, resulting in higher oxide contamination in the coating.
The particle velocities are higher in the VPS technique (400–600 m/s), leading to
formation of relatively denser coatings with good adhesion and significantly
reduced oxide content.

Typical uses of VPS–LPPS in aeroengines include M–Cr–Al–Y systems
(overlays and thermal barrier bond coats), hot gas path seal systems, TBC coatings
on afterburner liners, seals, flaps, nozzle segments and numerous combustion
chamber parts [31]. Apart from these applications, TBCs are also employed on a
wide variety of high pressure turbine blades and vanes, whereby both the bond coat
and the TBC YSZ topcoat are applied via plasma spray.

EB-PVD: With the advent of EB-PVD technology, many of the critical applica-
tions have been shifted from plasma coating to EB-PVD bond coat + EB-PVD
topcoat, while the bond coat market is also popularly shared with platinum–alu-
minide coating by chemical vapour deposition (CVD) [36, 37]. Figure 22.11 shows
a high-pressure turbine vane with a CVD platinum–aluminide bond coat and
EB-PVD topcoat.

Ion vapour deposition: Another popular process in the aerospace industry is ion
vapour deposition (IVD) of aluminium as a replacement for cadmium plating [38–
40]. The largest use of IVD aluminium is for corrosion protection of low-alloy steel
parts such as cylinders, retainers, caps, retainer rings, spacers, strikers, springs,
bolts, brackets, standoffs, links, flap tracks, rings, outboard actuators, strut

Fig. 22.9 Refurbished compressor module. a individual blade with snubber abutment face coated
with DSC-sprayed WC–17Co coating, and b the assembled module
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Fig. 22.10 High-pressure
compressor spacers pertaining
to a stage-1, b stage-2 and c 7
spacer stages in an assembled
module
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terminals, blower impellers, stops, screw assembly ball nuts, plates, housings leg
bolts, fasteners, nuts, covers, housings, etc.

Selected aluminium alloys are also IVD aluminium-coated for corrosion pro-
tection and to eliminate a fatigue debit associated with anodizing aluminium parts:
anodizing high-strength aluminium alloy parts can cause surface pits that nucleate
fatigue cracks.

22.6 Summary and Concluding Remarks

Engine design concepts are moving towards greater thermal and propulsive effi-
ciency. Materials and especially coatings will continue to play an important role in
advancing performance, efficiency and reliability. Future engines are expected to
operate at much higher temperatures and speeds; hence the need for extended
component lives as well as reduced costs will grow [41]. With respect to coatings,
reduced costs need to be realized via a compatibility and commonality of coating
processes and compositions, and also the ease of coating repair and refurbishment.

Processing methodologies will be essential in creating new generation coating
systems. For a given coating system it will be necessary to have more rigorous
optimization schemes, such that even minor improvements in coating properties
should be seen as an important opportunity. Sub-systems should also be developed
to incorporate new and modified coatings with minimal alterations in existing
production facilities.

As an example, Fig. 22.12 shows that Cr3C2–NiCr powders of almost identical
median size (20 ± 5 lm) but manufactured via different routes give DSC coatings
with widely differing porosity levels and hardness [25]. Although Fig. 22.12 shows
that the blend (B) powder delivers the best combination of porosity and hardness,
further refining or re-optimizing the process parameters may enable higher coating
hardness from pre-alloyed and blended powders. In any event, the data in

Fig. 22.11 High pressure
turbine vane with platinum–

aluminide bond coat and
EB-PVD TBC YSZ topcoat
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Fig. 22.12 highlight the need to optimize the process parameters separately for each
powder.

An altogether new set of properties is achieved from composite coating struc-
tures, see Ref. [2]. Thermal spray systems and in particular the DSC and HVOF
technologies should be evaluated with respect to achieving through-thickness
graded or layered coating architectures. Recent world-wide R&D activities in
developing multiple powder feeding systems indicate the interest in such coatings.

Finally, spray system automation to enhance the robustness of the processes
needs to be increased. For example, the present authors have recently taken the
initiative to completely replace all the mechanically moving parts of earlier
designed DSC systems by using advanced flow metres and process controls. This is
being done to improve the deposition efficiency, deposition rate, coating integrity
and overall process reliability [42].
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Chapter 23
Piezoceramic Materials and Devices
for Aerospace Applications

P.K. Panda

Abstract Piezoelectric materials produce electric charges on application of
mechanical stress, or change their dimensions when subjected to an electric field.
Lead zirconate titanate (PZT) is a synthetic piezoceramic material with high
piezoelectric properties. In aerospace PZT is used widely as sensors and actuators
for vibration control of structures, health monitoring, development of smart aero-
plane wings/morphing structures, energy harvesting and self-powering applications
in micro aerial vehicles (MAVs), unmanned aerial vehicles (UAVs), as precision
fuel injectors in propulsion systems, etc. This chapter reviews the preparation of
piezoceramic materials, e.g. PZT, PZT–PMN and PMN–PT, and the fabrication and
characterization of multilayer (ML) stacked devices and their applications in
aerospace.

Keywords Piezoceramics � Mechanisms � Processing � Structural health moni-
toring � Fuel injectors

23.1 Introduction

Piezoelectric materials generate electric charges on application of mechanical stress
(direct piezoelectric effect) and also a mechanical stress or strain on application of
an electric field (converse piezoelectric effect). Piezoelectricity was discovered by
Pierre and Jacques Curie in 1880, while studying the effect of pressure on natural
minerals such as quartz and tourmaline. Since then there has been tremendous
development of new piezo materials, fabrication of devices and their uses. This
development was stimulated by the discovery of synthetic piezo materials such as
barium titanate (BaTiO3) and lead zirconate titanate (PZT) with improved piezo-
electric properties. Also, fabrication of piezo devices in multilayered form has
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reduced the driving voltage from a few kilovolts (kV) to only a few volts and
millivolts for very thin films and micro-electrical-mechanical devices (MEMs).

Owing to their advantages, piezoelectric materials are currently used for many
aerospace applications, including sensors and actuators for vibration control of
structures, health monitoring, development of smart aeroplane wings/morphing
structures, energy harvesting and self-powering applications in micro aerial vehicles
(MAVs), unmanned aerial vehicles (UAVs), and as precision fuel injectors in
propulsion systems [1–4]. In this chapter we review the preparation of piezoceramic
materials, e.g. PZT, PZT–lead magnesium niobate (PMN), PMN–lead titanate (PT),
and the fabrication and characterization of multilayer (ML) stacked devices and
their applications in aerospace.

23.1.1 Origin of Piezoelectricity

The piezoelectric effect arises due to an asymmetry in the crystallographic unit cell
and the electric dipoles generated due to mechanical stress. For a crystal to possess
a piezoelectric effect, it must be non-centrosymmetric, i.e. it does not have a centre
of symmetry. However, not all non-centrosymmetric crystalline substances are
piezoelectric. The relationship between piezoelectric properties and crystallographic
subgroups on the basis of symmetry is given in Fig. 23.1.

Fig. 23.1 Interrelationship of piezoelectrics and subgroups on the basis of symmetry
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23.1.2 Piezoelectric Charge Coefficient (D)

On application of a mechanical stress, the charges (Q) developed in a piezoelectric
material are proportional to the applied force (F), i.e. Q α F

Now Q = d × F, where d is the piezoelectric charge constant expressed in
Coulombs/Newton. Therefore,

d ¼ Q=F ¼ Q=ðA � TÞ ¼ D=T ð23:1Þ

where T is the mechanical stress and D is the dielectric displacement (equal to the
total charge Q per unit area A). The sign is positive for compression and negative
for tension.

In the converse effect, the strain produced is directly proportional to the applied
field (E). Thus S α E or S = d Χ E, where d is expressed in metres/Volt. Now

d ¼ S=E ¼ D=T ð23:2Þ

For both the direct and converse effects the piezoelectric constant d is numeri-
cally identical and is usually expressed as 10−12C/N for the direct effect and 10−12

m/V for the converse effect. High “d” coefficients are desirable for materials used
for motional or vibration producing devices, such as actuators/sensors and ultra-
sonic transducers.

23.1.3 Notation of Axes

The piezoelectric properties are directional quantities. Hence they are usually
specified with subscripts to identify the orientation directions as described in
Fig. 23.2. The direction “3” is usually taken as the poling axis and the directions

Fig. 23.2 Notation of axes
for poled PZT ceramics
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“1” and “2” are the two other orthogonal axes. Shear effects are indicated by the
subscripts 4, 5 and 6.

The charge coefficients d are generally expressed by two subscripts: the first
refers to the electrical direction (electric field or dielectric displacement) and the
second refers to the mechanical direction (stress or strain). For example, the first
subscript (3) of d33 indicates the direction of polarization and the second subscript
(3) is the direction of the applied stress causing this polarization. Similarly, for d31
the polarization direction is “3” when the stress is applied in the direction “1”.
Equations 28.1 and 28.2 can be written with directional properties as

D3 ¼ d33T3 direct effectð Þ ð23:3Þ

S3 ¼ d33E3 converse effectð Þ ð23:4Þ

23.1.4 Structure of PZT

PZT has a cubic unit cell and the general formula ABO3, where “A” is a divalent
cation (Pb2+) at the corners of the cube, “B” is a tetravalent cation (Zr4+ or Ti4+) in
the body centred position and “O” is the oxygen at the face-centred positions of the
cubic structure (Fig. 23.3).

The ionic radii of both lead and oxygen ions are about 1.2 Å and 1.4 Å,
respectively, and together they make a face-centred cubic array having a lattice
parameter of nearly 4.0 Å. When an electric field is applied to the PZT unit cell, the
Ti4+ or Zr4+ ion moves to a new position (up or down, or to one side or the other)
along the direction of the applied field.

23.1.5 Piezoelectric Effect—Importance of Poling

Naturally occurring single crystals, such as quartz, tourmaline, etc., are examples of
natural piezoelectric materials. However, the synthetic ceramic materials such as

Fig. 23.3 Cubic (perovskite)
structure of PZT
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PZT, barium titanate, etc., are polycrystalline and not piezoelectric by themselves,
since the piezoelectric effects from individual crystals cancel each other. A strong
DC electric field is required to align the randomly oriented dipoles of the crystals in
the direction of the applied field and develop piezoelectricity. This process is
known as poling. After poling, the ceramic develops a net dipole moment and
responds linearly to an applied electric field or mechanical stress.

Complete alignment of dipoles in the direction of the electric field (domain
switching) is not possible owing to internal friction among the domains, resulting in
hysteresis. This is an important characteristic of ferroelectric materials and is called
the ‘fingerprint’ of ferroelectric ceramics. A typical ferroelectric hysteresis loop is
shown in Fig. 23.4.

When a small electric field is applied, only a linear relationship between
polarization (P) and the electric field (E) is observed because the field is not
sufficient enough to align any domain and the crystal behaves as a normal dielectric
material. This corresponds to the segment OA of the curves in Fig. 23.4. As the
electric field is increased a number of negative domains, which have a polarization
opposite to the direction of the field, are switched over to the positive direction
along the field, and domain orientation occurs. This results in a sharply rising ‘P’
with increasing field ‘E’, and the polarization increases rapidly (segment AB) until
all the domains are aligned in the positive direction (segment BC). This is the state
of saturation in which the crystal is composed of just a single domain.

As the field strength decreases, the polarization generally decreases but returns to
point D rather than zero. This is because some of the domains remain aligned in the
positive direction and the crystal exhibits a remanent polarization (Pr).
Extrapolation of the linear segment BC of the curve back to point E on the
polarization axis gives the value of the saturation polarization (Ps).

The remanent polarization (Pr) in a crystal cannot be removed until an applied
field in the opposite direction reaches a certain value, at the point F. The strength of
the field required to reduce the remanent polarization (Pr) to zero is called the

Fig. 23.4 A typical
hysteresis graph for PZT
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“coercive field” (Ec). Further increase of the field in the negative direction causes a
complete alignment of the dipoles in this direction, at point G. Then the cycle can
be completed by reversing the field into the positive direction.

23.2 Preparation of Piezoelectric Powders

23.2.1 PZT Materials

PZT is a solid solution of (i) ferroelectric lead titanate (PbTiO3) and
(ii) anti-ferroelectric lead zirconate (PbZrO3) phases [9]. PZT is rhombohedral in
Zr-rich compositions (ZrO2 >54 %) and tetragonal for TiO2-rich compositions
(ZrO2 < 48 %). In the intermediate compositions both rhombohedral and tetragonal
phases coexist, see Fig. 23.5. This intermediate region is known as the morphotropic
phase boundary (MPB).

PZT compositions in the MPB region produce maximum piezoelectric properties
owing to the coexistence of tetragonal and rhombohedral phases totalling 14 pos-
sible polarization directions (6 from tetragonal and 8 from rhombohedral) and a low
energy barrier available for dipole orientation [5].

The properties of PZTs are modified by addition of different dopants in the “A”
or “B” sites [6–8], see Fig. 23.3. These dopants are mainly of two types: (i) “donor”
dopants which are higher valence cations such as La3+ and Nd3+ for substitution in
A sites, and Nb5+, Ta5+, etc. for B sites; these dopants induce cation vacancies,
thereby facilitating easy domain wall motion during poling, resulting in “soft”
PZTs; and (ii) “acceptor” dopants which are of lower valence cations such as K+

and Na+ for A sites and Sc3+, Mg2+ and Fe3+ for B sites. These dopants induce

Fig. 23.5 XRD traces for
PZT near the MPB
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oxygen vacancies, making the domain wall motion difficult and thereby developing
“hard” PZTs.

The conventional method of PZT preparation is by the “mixed-oxide” route,
although there are other methods such as co-precipitation, sol-gel, spray pyrolysis,
hydrothermal synthesis and molten salt synthesis. In the “mixed-oxide” route the
oxide powders are mixed in a ball mill and calcined for PZT phase formation. This
process is very simple and cost effective. The main drawbacks are (i) inhomo-
geneity at the micro-level; (ii) high reaction temperature, therefore high lead loss;
and (iii) difficulty in maintaining the stoichiometry, leading to variations in the
piezo properties.

The above drawbacks could be overcome by following a wet-chemical route [9–
11]. In this process an aqueous solution of precursors (generally in the form of
nitrates) is converted into a homogeneous hydroxide precipitate that is converted
into PZT after calcination. The calcined powders are generally de-agglomerated in
an attrition mill. Test samples/pellets are prepared by hydraulic pressing, sintered in
the temperature range of 1100–1250 °C, poled, and the properties measured.
Typical properties of PZT powders prepared by the wet-chemical route are pre-
sented in Table 23.1.

23.2.2 PMN Materials

PMN [Pb(Mg1/3Nb2/3)O3] is a relaxor ferroelectric material with high dielectric
constant (K*20,000) and used as a capacitor. It produces a large electric-field-
induced strain, and is therefore used as an electrostrictive actuator [12, 13].

It is very difficult to prepare the pure PMN phase, owing to formation of a low
dielectric constant (K*200) lead niobate “pyrochlore” phase. PMN is usually
synthesized by various chemical processing routes such as sol-gel, combustion
synthesis, EDTA gel, citrate gel, co-precipitation, molten salt synthesis, partial
oxalate method and also by polymeric precursor methods [14–19]. These chemical
routes have the potential to form pyrochlore-free PMN powders owing to better
homogeneity, compositional control, and lower processing temperature, and are
therefore preferred over solid–state reaction processes.

Figure 23.6 shows the dependence of the room temperature dielectric constant of
a PMN sample on frequency, ranging from 100 Hz to 4.5 MHz. The dielectric

Table 23.1 Typical piezo
properties of PZT-5H
powders prepared by the
wet-chemical route

Piezo properties of PZT-5H powders

Particle size (μm) 0.91

Density (% theoretical) 98.0

Piezoelectric charge constant (d33) pC/N 590

Relative dielectric constant (K) 1700

Dissipation factor (tan δ) at 100 Hz 0.025
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Fig. 23.6 Dielectric constant
versus frequency for a PMN
sample at room temperature

constant is 10,335 at 100 Hz, and reaches a maximum value of 79,098 at a fre-
quency of 4.18 MHz [18].

23.2.3 PZT–PMN Materials

PZT powders possess a very high charge coefficient, while PMN is generally a high
dielectric material. Combining PZT and PMN powders in suitable ratios is therefore
expected to produce materials with the required/desired piezoelectric and dielectric
properties [20]. Typical hysteresis loops of pure PZT, PZT + PMN (40 %) and pure
PMN are presented in Figs. 23.7a−c.

23.2.4 PMN–PT Materials

Pb(Mg1/3Nb2/3)O3–PbTiO3 materials have high electrostrictive, piezoelectric and
dielectric properties and are used for various applications such as multilayer
capacitor and electromechanical systems [21]. This material is generally prepared
similarly to PMN. A typical SEM picture, dielectric constant and ferroelectric loop
of PMN–PT are presented in Figs. 23.8a−c.

23.3 Fabrication of PZT Devices

23.3.1 Fabrication of Multilayered Stacks

A multilayer (ML) stack consists of a large number of PZT electrode layers stacked
in an alternate manner as shown in Fig. 23.9. On application of the voltage, the ML
stack expands or contracts depending on the polarity of the applied voltage. The
dimensional change is about 0.1 % of the total height of the stack.
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Fig. 23.7 Typical hysteresis
loops of a pure PZT,
b PZT + PMN (40 %) and
c pure PMN
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Fig. 23.8 Typical a SEM
picture, b dielectric constant
and c ferroelectric loop of
PMN–PT samples
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Stacks are generally fabricated by two methods: (i) “Cut and Bond” and
(ii) “Tapecasting”. A typical flow chart of ML stack fabrication by both methods is
presented in Fig. 23.10.

Cut and Bond method: In the ‘cut and bond’ method the individual layers are cut
from pre-sintered PZT blocks. Each layer is supplied with an electrode, and they are
poled and bonded together properly. This method is suitable only for thick-layered
(few mm) ML stacks which can be operated at higher voltage (in kV). Typical PZT
sintered blocks, strips and fabricated stacks are shown in Fig. 23.11.

Fig. 23.9 Schematic of a
multilayer stack of PZT
electrode layers

Fig. 23.10 Flow chart of ML
stack fabrication by the “Cut
and Bond” and “Tapecasting”
methods
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Fig. 23.11 a–d Photographs
of PZT sintered blocks, strips,
and fabricated stacks made by
the cut and bond method
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Tapecasting method: This method is used to build stacks consisting of very thin
layers *100 µm. Such stacks then have the advantage of working at low driving
voltages. ML PZT actuators consisting of 100–120 layers, each *100 µm thick,
are generally fabricated using a tape casting unit, screen printer, laminator, etc. The
process consists of preparation of a homogeneous PZT slurry containing the
required amounts of PZT powder, solvent, dispersant, binder and plasticizers. This
slurry is poured into a tape caster to make PZT tapes of the required thickness. The
dried PZT tapes are screen printed with Pt electrode paste, stacked and laminated.
The green stacks are co-fired at 1250 °C/2 h. The co-fired stacks are then given
electrodes and poled at 2 kV/mm. Examples are shown in Fig. 23.12.

23.3.2 Amplified PZT Actuators

The displacement of a simple ML PZT actuator is very small, typically 1 µm per
1 mm height of the stack. To amplify the displacement a simple diamond-shaped
metal casing is used. The PZT stacks are placed inside the casing horizontally in a
pre-stressed condition. On application of the voltage, the stacks expand horizontally
with a simultaneous contraction along the vertical direction. The ratio of contraction
to the horizontal expansion is called the amplification factor [5]. A typical amplified
piezo actuator and its displacement profiles are presented in Fig. 23.13. Such an
actuator using six multilayered piezo stacks produces a maximum displacement of
173 μm at 175 V, with an amplification factor of 4.3 [22].

23.3.3 Ring Actuators

Ring-type actuators are mainly used for fluid flow control. An example is shown in
Fig. 23.14. The ring portion of the actuator is glued to a substrate in an inverted

Fig. 23.12 Photograph of
ML stacks fabricated by the
tape casting method
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position. On application of a DC voltage the active ring part expands in the upward
direction, and the central inactive rod attached to the actuator cap remains as such,
thereby producing a gap in-between the substrate and the central rod, facilitating the
flow of fluid [23].

23.4 Aerospace Applications of PZT ML Stacks

23.4.1 Shape and Vibration Control

Shape control of flexible aero structures has been carried out to improve the per-
formance of aerodynamic lifting surfaces and to reduce drag on components. Piezo
actuators are mostly used for this purpose. These actuators operate linearly, using
only tensile and compressive forces to correct the structural deformations produced
by air pressure.

Fig. 23.13 a Photograph of
an amplified piezo actuator,
and b its displacement profile
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The same principle is used in active vibration control, where piezo elements are
utilized both to detect vibrations that are disrupting the structure and to cancel out
these vibrations by imparting counter-vibrations into the structure [24].

23.4.2 Structural Health Monitoring (SHM)

Structural health monitoring (SHM) is a very important aspect of aircraft opera-
tions: see Chapter 22 in Volume 2 of these Source Books. Piezoelectric devices can
be used for this purpose. For example, piezoelectric ceramics have been bonded to
the outsides of structures to monitor delamination and damage in composites via
changes in the natural vibration frequencies. If the composite begins to delaminate,
its vibrational frequency will be affected and the piezoelectric sensor will be able to
detect the changes. This can aid in timely structural maintenance and repair,
avoiding failures in service [25].

Fig. 23.14 Photograph of a a
ring actuator and b its
displacement profile
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23.5 Other Applications

23.5.1 Piezo Energy Harvesting

The process of acquiring energy from surrounding systems and converting it into
usable electrical energy is called power or energy harvesting. The research on
power harvesting has rapidly increased in recent years. Piezoelectric materials are
used as mechanisms to transfer ambient vibrations into electrical energy that can be
stored and used to power other devices. With the recent surge of interest in
micro-scale devices, piezoelectric power generation can provide an alternative to
traditional power sources used to operate certain types of sensors/actuators [26–29].

23.5.2 Piezo Fuel Injection Systems

High-pressure direct injection (HPDI) technology is used to reduce the emissions
produced by diesel engines. The technology uses multilayer PZT actuators for
injector-needle opening, replacing conventional solenoid technology. In the late
1990s fuel injection systems were developed using piezoelectric actuators. These
have better performance than conventional actuators. In a fuel injector, PZT stack
actuators control the injection process via an applied electric field: the stroke of the
actuator is used to activate a valve needle, allowing the pressurized fuel to be
injected. The response time of the needle nozzle is typically less than 0.1 ms. The
short response time reduces the fuel delivery rate and the energy required from the
high-pressure fuel pump. Also, since the valve is actuated more quickly, very
precise injection intervals are possible between pre- and main injections, which
significantly reduce emissions and reduce fuel consumption by up to 15 % [30].
Overall, the advantages of piezoelectric injectors over conventional solenoid
technology are that they provide an optimized injection system, i.e. more eco-
nomical, more powerful and with reduced emissions [31].

23.6 Conclusions

Piezoelectric materials are increasingly used in the aerospace industry as sensors
and actuators for vibration control of structures, health monitoring, development of
smart aeroplane wings/morphing structures, energy harvesting and self-powering
applications in micro aerial vehicles (MAVs), unmanned aerial vehicles (UAVs)
and as precision fuel injectors in propulsion systems. This chapter has described the
development of piezoceramic materials, the fabrication and characterization
methodology for piezoelectric devices, and their applications.
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Chapter 24
Stealth Materials and Technology
for Airborne Systems

N. Kumar and S.R. Vadera

Abstract “Stealth” normally signifies “radar stealth”, but it actually means sup-
pression of all the following signatures: visual, radar, infrared, electromagnetic and
sound. After a brief historical introduction, this chapter summarizes the basic stealth
requirements for military assets, particularly airborne systems. Special sections are
devoted to radar-absorbing materials and structures, plasma stealth (a means of
active stealth), acoustic stealth and counter stealth.

Keywords Stealth technology � Stealth materials and coatings � Sensors � Radar
absorption � Applications

24.1 Introduction

The dictionary meaning of stealth is the act or action of proceeding secretly or
imperceptibly. In military circles the so-called stealth technology, also termed
“low-observable” technology or signature management, is a sub-discipline of
camouflage or other countermeasures that make combat military systems such as
aircraft difficult to detect by CCDs, infrared, radar, and other detection methods.

The concept of stealth is not new. Being able to operate without the knowledge
of the enemy has always been a goal of military technology and tactics. Initially,
stealth technology mainly referred to invisibility of an aircraft from radar. However,
rapid advancements in detection and interception technologies extending from
visible to infrared (IR) to microwave regimes, and acoustic, seismic or magnetic
signatures have increased the necessity of stealth technology to be multispectral [1].
The implementation of stealth technology therefore requires the use of special
materials and techniques that reduce the optical, thermal, acoustic, IR and radar
signatures of a target while blending it into its background.
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The importance of stealth is second only to lethal military combat systems, and
any significant development in this area is a closely guarded secret. Successful
stealth technologies make use of functional materials and design aspects, and are
deployed today on several types of aircraft and naval vessels, especially submarines.
Developments in the area of counter-stealth technologies are also important [2].

The importance of stealth technology is judged from the fact that in any war
scenario it serves not only to counter threats from guided weapons and surveillance,
but also acts as a force multiplier. Also, stealth is a cost-effective measure and
therefore an inescapable military requirement in its own right.

24.2 History of Stealth Technology

The beginning of stealth technology may be traced back even to before 1912, when
German scientists reported the concept of a monoplane with its wings and fuselage
made from cellulose-based materials, although it was never put into operation [3].
Since radar had not been invented at that time, optical visibility was the sole
concern, and the goal was to create aircraft that were hard to see. Taking clues from
these developments, Russian scientists attempted to design a transparent aircraft in
the 1930s [4].

Historically, the first attempt towards the construction of an aircraft with low
observable (LO) characteristics is considered to be the German Horten Ho-229,
Fig. 24.1, which was built just before the end of WWII and flew in 1944, though it
never became operational. It is said to have made use of graphite-based
radar-absorbing paint together with special shape-deflecting radar waves. (The
special “flying wing” shape is believed to have inspired Northrop to design the B-2
stealth bomber.)

The advent of RADAR during World War II and its threat perception to detect
aircraft and surface naval vessels during the war led to the development of
radar-absorbing materials (RAMs) both in Germany [5] and the USA in 1945: these
materials were based on iron and charcoal to make an aircraft less visible to
RADAR [6].

Fig. 24.1 Artist’s impression
of the Horten Ho 229 ‘stealth’
aircraft: https://
creativecommons.org
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There have been slow but continuous efforts for development of stealth tech-
nology since WWII. Notable among them is the development of the SR-71
“Blackbird”, a high-altitude reconnaissance aircraft, by Lockheed in the USA in the
mid-1960s, see Fig. 24.2. This aircraft was highly invisible to the radar of that
period [7]. The aircraft was designed with only a few vertical surfaces that would
directly reflect radar waves back towards a transmitter. Furthermore, the external
surfaces were coated on the leading edges and tail fins with radar-absorbing
materials consisting of carbonyl iron and carbon black. This unique aircraft was
used for high-altitude surveillance in other countries.

In the 1970s the pace of development of stealth technology was accelerated,
particularly in the USA, while employing every available method to avoid detection
by visual, radar, infrared, electromagnetic and acoustic means, and keeping these
methods highly secret. As an outcome, the existence of two U.S. stealth combat
aircraft, the F-117 fighter and B-2 bomber, has become publicly known in the
1980s, though the technical details are still classified.

24.3 Threat Perception and Analysis

Over the past three decades there have been tremendous advancements in sensor
technology, so much so that sensors with high degrees of precision are available
now for detection and acquisition of military targets over a broad range of the
electromagnetic spectrum (i.e. optical, infrared, microwave) or acoustic regions, see
Table 24.1.

Amalgamation of these sensor technologies, aided with advances in computer
technologies and the operational platforms using them, make it very difficult to hide
any target [8]. It is now even possible to obtain real-time information about enemy
deployments in battlefields. Development of stealth technology to counter these
detection measures is therefore a real challenge.

Fig. 24.2 Lockheed SR-71
“Blackbird”, designed to have
basic stealth characteristics:
https://pixabay.com
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24.4 Multispectral Stealth

Stealth technology is very much a multidisciplinary, complex, and challenging
subject. It involves integration of many materials, techniques and strategies to
address the need for avoiding detection. For better understanding, stealth technol-
ogy can be categorized based on the wavelengths and/or frequencies listed in
Table 24.1. Multispectral stealth may be achieved with the aid of carefully selected
materials that have different electromagnetic properties, e.g. refractive index, per-
mittivity and permeability. Table 24.2 lists the physical principles and materials for
each spectral range and type.

Table 24.1 Threat sensors available for surveillance reconnaissance and guided weapon systems
[8]

Wavelength/frequencies Threat sensors Platforms Remarks

Visual to near-infrared
k = 0.4–1.0 µm

• Aided/unaided
human eye,
telescopes

• TV cameras,
photography (true
and false colour)

• Spectral imagers
• Charge coupled
devices (CCD)

• Low light devices
(Lidar)

• Surface
• Subsurface
• Airborne
• Satellites

• Passive
• High resolution (cm
to metres)

• Identification and
classification of
military objects

• Short and long range

Thermal infrared
(IR) k = 3–5 µm and
8–14 µm

Imaging and
non-imaging:
• IR films, SWIR,
FLIR

• Thermal imagers
(InSb and HgCdTe
chips)

• Surface
• Subsurface
• Airborne and
guided weapon
systems

• Passive
• High accuracy
• Weather/atmosphere
dependent

• Short range detection
(up to 10 km)

Microwave f = 2–
18 GHz

• Synthetic aperture
radar (SAR)

• Side-looking
airborne radar
(SLAR)

• Moving target
indication
(MTI) radar

• Surface (land
and sea)

• Airborne
• Satellites

• Active
• All weather
• Day and night
• Short and long range
detection

Acoustics • Sonars, torpedoes • Subsurface • Detection of
submarines
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24.4.1 Visual Stealth

Visual stealth may be understood as minimization of the contrast in reflectance
between a target and its surroundings. Visual stealth is realized in several ways such
as by elimination of smoke contrails (improved engine combustion), blending the
target with its surroundings through surface treatments, and low level flight.

An aircraft can be made stealthy in the optical region by camouflaging the
aircraft, e.g. Fig. 24.1. Other examples are (i) black paint for high-altitude recon-
naissance planes, see Fig. 24.2, (ii) painting the undersides grey to match with the
sky during daytime, and (iii) black or dark grey for night operation. In addition,
coatings need to be non-glossy, and cockpit glass or other smooth surfaces should
be antireflective. An ideal solution for visibility stealth, however, lies in the
development of smart materials capable of chameleon-like mimicking of
backgrounds.

Table 24.2 Physical principles and materials for multispectral stealth applications

Wavelength/frequencies Physical principles Coating materials

Visual to near-infrared
k = 0.4–1.0 µm

• Coating to adjust the reflectance
of an object to resemble its
immediate surroundings

• Should match in colour and
texture with that of
surroundings

• Low specular reflectance (gloss)

• Paint pigments
Green: Cr, Ni, Co, Fe
oxides; phthalocyanin;
soluble dyes
Earth Yellow: (sand) TiO2,
C-black, Fe oxides
Brown: TiO2, ZnO, Fe
oxides, organic dyes
• Paint binders: resin dyes
• Aqueous foams in different
colours

• Antireflective coatings on
windscreens

Thermal IR
k = 3–5 µm and 8–
14 µm

• Scattering and reflection of IR
radiation

• Low emissivity

• Obscurants (smoke)
• Surface coatings: metal
flakes in low emissivity
resins

• Foam (liquid or solid)

Microwave f = 2–
18 GHz

• High absorption and/or
dispersion of radar waves

• Impedance matching

• Magnetic: ferrites,
carbonyl iron

• Dielectric: carbon,
conducting polymers,
complex Ba, Ti and Mn
oxides

• Chiral: organic and liquid
crystalline materials

Acoustics • Viscoelastic loss and local strain
deformation

• Vibration damping
• Flow noise reduction

• Polyurethane foam
• Interpenetrating network
polymers (IPN)

• Ceramics
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24.4.2 Infrared Stealth

Temperature contrast of ±25 °C between an object and its surroundings are not
uncommon in the military operational theatre. Under ideal conditions, thermogra-
phy and thermal imaging cameras can detect temperature differences as little as
0.1 °C, although the accuracy decreases with distance between the camera and
object. Transmittance of radiation through the atmosphere can also be hindered by
meteorological conditions like mist or airborne particles [9]. Nevertheless, ther-
mography cameras generally give good contrast between warmer and cooler objects
and surroundings.

Aircraft emit infrared radiation from several sources, see Fig. 24.3. Although the
IR band is broad, covering electromagnetic radiation with wavelengths between 0.8
and 1000 lm, the region of most relevance for stealth is the near-infrared, i.e.
shorter than 10 lm. This is because the principal source is the aircraft engine,
which radiates waste energy as heat in two basic ways: (i) the tailpipe and (ii) the
exhaust gas plume. Igniting the afterburner will dramatically increase the plume
temperature, which will then dominate the aircraft’s IR signature. More IR is
emitted by hot engine parts, particularly the afterburner nozzle, and also probably
from the aircraft surface, owing to both aerodynamic heating and reflected and
re-emitted sunlight.

Passive stealth measures: IR signatures can only be reduced, not eliminated.
However, there are several possible passive stealth measures. The main one is to
cool aircraft engines. Other measures are embedding the engines inside the fuselage
or wings, thereby screening them from the external surfaces; extra shielding of hot
parts; mixing of cool air with hot exhausts before emission; baffling of exhaust
gases; and application of special coatings to hot spots to absorb and diffuse heat
over larger areas [10, 11].

Flying at lower speeds, and using surface paints is liable to reduce emissions
from the aircraft’s skin. For example, thermal infrared coatings which have a
similar IR reflectance to the background help to disturb the thermal signature,
making detection more difficult. It is noteworthy that the B-2 bomber uses special
chemicals injected into the exhaust gases. These chemicals modify the IR signature
as well as forcing water droplets in the exhaust plume to break up into much finer
particles, thereby reducing or even eliminating contrails.

Fig. 24.3 Sources of infrared
(IR) radiance from a tactical
aircraft
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Active infrared stealth: Similar to passive radar stealth, the use of active infrared
stealth is quite prevalent. This basically involves infrared jamming and the
launching of infrared decoy flares. This is particularly important for combat heli-
copters [12], which fly at low altitudes and relatively low speeds and have to avoid
heat-seeking weapons.

24.4.3 Radar Stealth

Radar is a very powerful way to detect reflected electromagnetic energy in the
microwave region. There are several types of radar, differing in their detection
range depending on the radiation energy. The outstanding features of radar include
round-the-clock operation irrespective of weather conditions. Effectively in use
since WWII, there have been tremendous advancements in radar technology: so
much so, that radar now finds applications in early detection of surface or airborne
objects, and provides extremely accurate information on distance, direction, height
and speed of the objects. Radars are also used to provide long-distance surveillance
and navigation information [13], and in missiles to seek and attack targets.

24.4.3.1 Radar Cross-Section (RCS)

The signature of an object target is ascertained in term of its radar cross-section
(RCS). The RCS is defined as the cross-sectional area of a perfect metal sphere that
gives the same radar reflection as the object or target [14]. The larger the RCS the
easier it is to detect an object and the greater the distance at which it is detected.
Table 24.3 lists RCS values and the maximum detection range, Rmax, for several
types of tactical aircraft. N.B: Rmax /

ffiffiffi
4

p
RCS.

Table 24.3 shows that the RCS values differ enormously, but the
ffiffiffi
4

p
RCS

dependence of Rmax means that the maximum detection range is much less changed.
Nevertheless, the well-stealthed F-35A and F/A-22 aircraft are much less readily
detectable than the others. These examples are, however, only for illustration. RCS
values of most targets are rather complex and vary depending on their positions
with respect to the tracking radar. Other factors influencing RCS include the target
geometry, its surface composition, the radar frequency and the radar antenna
polarization [14].

24.4.3.2 RCS Reduction

The principle of RCS reduction or radar stealth is straightforward, i.e. incoming
waves should be absorbed or deflected away from the tracking radar. The stealth
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level of an aircraft depends on its shape and materials, particularly the special
materials used to cover the external (metallic or composite) surfaces.

Shape: The shape of an aircraft––not its size––is the most important factor affecting
the RCS. Many decades of research have evolved the Physical Theory of
Diffraction (PTD) [15], which was successfully used to design the F-117 and B-2
aircraft [16]. This theory explains the reduction of RCS by specially designed
surfaces and edges that reflect/deflect the incoming radar energy away from the
tracking radar. Generally, flat vertical surfaces, corners and fasteners are avoided in
low RCS aircraft. The Horten Ho 229 and B-2 bomber are examples of streamlined
flying wings that avoid the use of empennage, see Figs. 24.1 and 24.4.

More specifically, stealth design includes shielded (coated) cockpits; no surface
seams or gaps; no right angles on the empennage (if any); angled wings deflecting
radar waves rather than reflecting them; screened engine ducts (the screens are
similar to those used for microwave ovens); and internal fuel tanks, weapons and
other stores. Finally, intake cavities must be minimized, since they make it
impossible to reduce radar reflections from objects and surfaces inside the cavities.
Obvious problem areas are engine intakes. These may be made stealthy by

Table 24.3 RCS and
corresponding maximum
detection range, Rmax

Aircraft types RCS (m2) Rmax (km)

F-15C; Su-27 10–15 450–600

Tornado 8 420–500

MIG-29 5 370–450

F/A-18C 3 330–395

F-16C 1.2 260–310

JAS39 0.5 210–250

Su-47 0.3 185–220

Rafale X 0.1–0.2 140–200

F-18E 0.1 140–170

F-35A 0.0015 50–60
F/A-22 � 0.0002–0.0005 30–45

Fig. 24.4 Northrop
Grumman B-2: https://
pixabay.com
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incorporating S-shaped ducts instead of straight ones. All the foregoing design
aspects are employed in the design of new stealth aircraft.

24.5 Radar-Absorbing Materials and Structures
(RAMS and RAS)

Materials that are capable of attenuating the reflection of microwaves are known as
radar-absorbing materials (RAMs). They can do this in two main ways:

• By being absorbed into a material that converts the microwave energy into
another form of energy such as heat; and

• By destructive interference.

In the former, the electric or magnetic fields of the radiation react with the
material such that energy is consumed and dissipated in the form of heat energy [1,
17]. In the second case, incident waves are cancelled out by antiphase reflections,
with the necessary 180° phase shift being achieved by reflecting surfaces that are
spaced a nominal quarter wavelength apart. Some RAMs, and also radar-absorbing
structures (RAS), utilize both principles.

Apart from military applications of radar stealth, RAMs have several
non-military applications in telecommunication and medical equipment and home
appliances [18, 19]. The major requirements common to both RAMs and RAS
include: (i) strong absorption over a broad microwave frequency range, (ii) low
density, (iii) thin coatings and (iv) simple coating-layer structures requiring minimal
processing.

24.5.1 Radar-Absorbing Materials (RAMs)

As mentioned above, one of the functions of RAMs is to attenuate the reflection of
microwave radiation. RAMs must have high values of complex permittivity and
permeability to allow incoming waves to be absorbed and dissipated as heat inside
the materials. The dissipation mechanisms may be magnetic and/or dielectric, and
physical, chemical or both. Impedance matching (see Table 24.2) is important,
since impedance matching of materials with air (Z = 377 X) allows radar waves
first to penetrate the material (if permeable) and then be absorbed.

To optimize the attenuation of incident microwaves, RAMs need to adjust their
electrical and magnetic properties in order to achieve good impedance matching.
The combination of different materials results in different impedance values, and
consequently different absorption characteristics. Besides absorption there is also a
“skin-effect”. This confines the electrical and magnetic fields (voltages and cur-
rents) generated by the impinging radar waves to a thin surface layer, the “skin
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depth”, within which all the radiation is absorbed. This skin depth parameter is
relevant to the optimum design of thin lightweight coatings that still enable
absorption [20].

Besides absorption over a broad range of microwave frequencies, other
requirements for aircraft stealth RAMs include environmental compatibility (tem-
perature, humidity, atmospheric pressure), erosion resistance, and conformity with
the external aerodynamic surfaces.

24.5.2 Classification of RAMS

The types of RAMs used depend broadly on the applications [21]. RAMs are
generally classified into two types, according to their interactions with radar waves:
(i) magnetic absorbers and (ii) dielectric absorbers. The absorption in magnetic
absorbers is due to the magnetic hysteresis effect, which is obtained when particles
like ferrites are used as fillers in a polymeric (paint/coating) matrix [22]. On the
other hand, absorption in dielectric materials depends on the ohmic loss of energy
achieved by fillers like carbon, graphite, conducting polymers, or metal particles or
powders in a polymeric matrix.

There is a wide range of polymers available for the production of
radar-absorbing coatings/structures. However, the choice of a matrix material
depends on the type of application. Polyurethanes, epoxy and thermoplastic poly-
mers such as polyphenylene sulphide (PPS) are the preferred matrix materials
because of their mechanical strength, erosion resistance and ability to withstand
physical and chemical extremes.

Other ways of classifying RAMs are: (i) narrow band (resonant) or broad range
absorbers; (ii) single- or multi-layered; (iii) specular or non-specular; and
(iv) graded multi-layer dielectrics, whose dielectric constant varies within the
layers.

24.5.2.1 Magnetic Absorbers

Magnetic absorbers are based on carbonyl iron, spinel ferrites, and hexaferrites.
These materials absorb in the MHz to GHz ranges. The resonance frequency is
related to particle size. These materials can be tuned to absorb at higher frequencies
(5–20 GHz) based on particle size and sintering temperature. The bandwidth of
standard ferrite absorbers could be improved via a two-layer absorber design, with a
ferrite layer at the air/absorber interface and a layer containing ferrite and short
metal fibres at the absorber/metal interface.

These materials are loaded as fillers in a flexible matrix consisting of elastomeric
polymers such as polyisoprene, neoprene, nitrile rubber, silicone, urethanes and
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fluoroelastomers. The thickness and magnetic properties of these materials are
controlled in order to achieve the required permeability characteristics. This enables
“tuning” to achieve the desired loss factor and impedance. In the case of magnetic
materials, losses are produced by changes in the alignment and rotation of the
magnetization spin.

Examples of magnetic materials having potential for stealth application on air-
craft or other military targets include: (i) paints based on spinal ferrites, i.e. Ni–Zn
ferrite with the formula Ni1−xZnxFe2O4 (x � 0.5); Mn–Zn ferrite with a
surface-organized polyaniline coating; (iii) paints based M-type barium hexafer-
rites, Ba Fe12O19; (iv) paints based on carbonyl iron in polyurethane or epoxy
resins [23, 24]. Generally, magnetic absorbers are thinner by a factor of about ten
than dielectric absorbers for the same frequency range.

24.5.2.2 Dielectric Absorbers

Dielectric materials are characterized by the presence of permanent positive and
negative charges on their atoms and molecules, which are kept in the same position
by the atomic and molecular forces and are not free to dislocate. However, when an
electric field is applied to such materials, several electric dipoles are formed and
align themselves according to the orientation of the applied electric field.

Such materials are known as dielectric absorbers. The dominant mechanisms
involved in microwave absorption by dielectric RAMs are the absorption of the
incident energy and multiple reflections of the radiation [25]. These effects are due
to physical phenomena such as ohmic losses, and the backscattering of the radiation
in different directions by using proper geometric shapes.

Dielectric absorbers are obtained from combinations of (i) rigid or polymeric
matrices such as epoxy, phenolic, bismaleimide, polyurethane, polyimide and sil-
icone resins; and (ii) both inorganic (carbon, graphite, titanates, carbides, nitrides,
etc.) and organic (conducting polymer) materials.

Artificial Dielectrics: These are fabricated electromagnetic materials consisting of
synthetic substances, usually consisting of orderly arrangements, e.g. arrays. These
arrays are usually evenly spaced on or within a substrate. Hence the dielectric
inclusions are in a kind of periodic lattice, whereby the lattice spacing is designed to
be smaller than the impinging electromagnetic wavelengths, and the effective
permittivity and effective permeability are as required.

These structures are considered to find application particularly in radar-absorbing
structures mimicking metamaterials. The materials used include radar-absorbent
plastics, carbon-based materials and ceramics. Blends of these materials provide the
desired specific electrical and magnetic properties.
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24.5.2.3 Conducting Polymers

Organic polymers that conduct electricity were discovered in the late 1970s and are
referred to as conducting polymers. These materials have the unique combination of
the chemical and mechanical properties of polymers with the electrical properties of
metals and semiconductors. Conducting polymers can be obtained from a variety of
organic monomers such as acetylene, aniline, pyrrole, thiophene, etc. These
monomers form conjugated bonded polymers that upon exposure to electron
acceptor or donor species give rise to conducting polymers of varied electrical
conductivities. Conducting polymers find numerous applications in electronics,
catalysis and electromagnetic devices. The latter area also covers electromagnetic
wave (radar) absorption.

The controllability of conductivity and the ease of manufacturing/coating of
conducting polymers enable tailor-made dielectric loss components for
radar-absorbing materials (RAMs). Conducting polymers derived from pyrrole
(PPy) and aniline (PAn), and doped with electron accepting dopants, are among the
most studied conducting polymers for radar-absorbing applications [26, 27].
Reflection loss strongly depends on the thickness and complex permittivity of the
material. For a single layer material the optimum values of the real part (epsilon′)
and imaginary part (epsilon″) of the required complex permittivity are found from
theoretical calculations.

24.5.2.4 Nanomaterials

An ideal RAM is required to have properties such as (i) strong microwave
absorption properties over a broad frequency range; (ii) to be thin and lightweight,
especially for aircraft; (iii) simple coating-layer structures and easy processing.
Materials scientists are always in search of new microwave-absorbing materials
with a high magnetic and electric loss. In recent years nanostructured RAMs have
received growing interest because they absorb more microwave radiation compared
with their bulk or micro-sized counterparts [28].

Nanostructured RAMs mainly consist of the following four types: nanocrystal
RAMs; core-shell nanocomposite RAMs; nanocomposites of multi-walled carbon
nanotubes (MWCNT) and inorganic material RAMs; and nanocomposites of car-
bon nanomaterials [29, 30]. Furthermore, core-shell type nanomaterials offer the
possibility to design RAMs that combine suitable high-absorption dielectric and
magnetic properties with light weight [31, 32].

It is noteworthy that core–shell FeCo(C) alloy nanoparticles with magnetic FeCo
cores � 25 nm diameter and dielectric graphitic shells of thickness � 10–15 nm
synthesized in the authors’ laboratories [33] show good microwave absorption
properties, since they have both dielectric as well as magnetic loss over a broad
frequency range.
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Carbon-based nanomaterials and their composites with metal, metal oxides and
polymers (conducting or insulating) display outstanding physical properties such as
high electrical conductivity, low density, and good stability that make them better
candidates for microwave applications.

Carbon nanotubes (CNTs) and graphene are among the emerging carbon
nanomaterials being investigated for radar-absorbing applications [34–37] as con-
ductive fillers. There are several recent reports on microwave-absorbing materials
based on graphene and used in combination with conducting polymers or metal
oxides [38–40].

Metallic thin films: Metals are excellent reflectors of microwaves, since they tend to
keep the electric field zero on their surfaces [41]. However, some metals behave as
absorbers when brought to nanometre thickness. As an example, Kantal films with
thicknesses varying from 10 to 200 nm perform effectively as RAMs when used as
coatings on waveguide internal walls. In comparison to conventional RAMs, the
nanometre films can present similar electromagnetic wave attenuation performance,
but they are lighter.

24.5.3 Radar-Absorbing Structures (RAS)

Metallic surfaces of aircraft are good reflectors of radar waves and hence a primary
source of detection. Stealth aircraft structures should therefore be coated either with
RAMs or made out of them. The latter are called radar-absorbing structures (RAS).
Composites come into greater focus when considering radar-absorbing structures
(RAS). Reinforced plastic materials are known for their unique combination of low
weight with high strength, stiffness and fatigue resistance, but their electromagnetic
(EM) characteristics are also important.

RAS are preferable because no additional RAM coatings are needed. An actual
RAS usually refers to a resin-based composite structure, typically made from car-
bon fibre reinforced plastics (CFRPs). The combination of structural composites
with RAMs can also be used. For example, the matrix resin of a CFRP can be
loaded with fillers or a lossy material [42], provided that the load-carrying
requirements are met.

Low-weight RAS can be made from glass fibre reinforced plastics (GRPs) and
carbon fibre composite lattices in which the voids are occupied by microwave
absorbent foams. The absorption effectiveness is normally related to the volume
fraction of the grid cell structure and the distance between elements. In radio/radar
frequency (RF) absorbers, carbon composite can be used instead of metal for
conductive backplanes, as can metallised fabrics and conductive polymers [43].
Further potential lies in combining the conductive properties of carbon fibre with
low (dielectric) loss GRP in textile composites that then have tailored electro-
magnetic properties. In particular, frequency-selective fabric composites (FSFCs)
can be produced by weaving glass and carbon fibres together in particular patterns.
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Such fabrics can be both load-bearing and RF energy absorbing. Furthermore, they
can be mass produced using existing fabrication processes. This means that their
use to protect large assets such as ships and aircraft becomes feasible.

RAS can be single-layered or double-layered structures. Single skin absorbers
have a metallic mesh as the back scattering surface [44]. A single layer RAS
consisting of Kevlar/graphene/epoxy composite has been reported with a broad
bandwidth in the 12–18 GHz range [45].

24.6 Plasma Stealth

A technology that uses ionized gas (plasma) to reduce an aircraft’s RCS is known
as plasma stealth [46]. Plasma stealth technology is an “Active stealth technology”
and was first developed by the Russians. In plasma stealth a stream of plasma is
ejected in front of the aircraft. The intention is to cover the entire body of the
aircraft with plasma, such that this will absorb most of the electromagnetic energy
of the radar waves and make the aircraft difficult to detect.

While it is theoretically possible to reduce an aircraft’s RCS by wrapping the
airframe in plasma, it may be very difficult to do so in practice. Various methods
might plausibly be able to produce a layer or cloud of plasma around an airframe,
from “simple” electrostatic or RF discharges to more exotic possibilities like
laser-produced plasmas [46, 47]. The Russians have performed more than 100 h of
testing of plasmas to reduce the RCS of a Sukhoi Su-35 aircraft.

24.7 Acoustic Stealth

All wings, either natural or engineered, create turbulent eddies as they cut through
the air. When these eddies hit the trailing edge of the wings, they are amplified and
scattered as sound. Conventional aircraft, which have hard trailing edges, are
particularly noisy in this regard and are easily detected from a distance, even though
sound moves slowly. Owls, however, possess no fewer than three distinct physical
attributes that are thought to contribute to their silent flight capability: a comb of
stiff feathers along the leading edge of the wing; a soft downy material on top of the
wing; and a flexible fringe at the trailing edge of the wing. Considerable efforts
have been made to understand the exact mechanism behind the silent flight of an
owl and apply it to reduce the noise of an aircraft.

Using mathematical models, it has been demonstrated that elastic and porous
properties of a trailing edge could be tuned so that the dominant noise source for
conventional wings could be eliminated.
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24.8 Counter Stealth

Especially for military aircraft, stealth technology has become ubiquitous. All new
aircraft types are designed while taking into account “low observable” principles
and techniques, and existing aircraft types are considered for modification in order
to reduce their radar signature. However, irrespective of the degree of stealth of an
aircraft, it still remains vulnerable, to detection using counter-stealth strategies and
technologies that include the following:

1. Detecting trails of warm air by thermal cameras.
2. Imaging of swirls of air from a stealthy jet by using high resolution Doppler

radar.
3. Detection of aircraft-caused disturbances in the Earth’s magnetic field (magnetic

anomaly detection).
4. Use of specially shaped radar pulses that resist absorption.
5. Use of more than one receiver, and possibly more than one transmitter, in a

network.

To defeat the counter-stealth capabilities is a real challenge for a stealth
technologist.

24.9 Currently Available Stealth Aircraft

A number of stealth aircraft have been developed or are undergoing development
[48–58]. These include:

1. Northrop Grumman B-2, see Fig. 24.4. These aircraft are designed to deflect
most of the radar away from the source. They are also covered with a
radar-absorbing skin or paint, which makes the radar echo much weaker. This
makes a stealth aircraft seem so small that it easily gets lost among the countless
random echoes (noise) that come back to the radar.

2. Lockheed F-117. The first stealth fighter known to have low RCS, using a
combination of designed shape and radar-absorbing materials. The airframe uses
only about 10 % metal.

3. Lockheed Martin F-22A. This employs a “stealthy” design; the ability to cruise
over long ranges at supersonic speed without afterburning; a very high level of
aerial agility and STOL capability with the aid of a two-dimensional thrust
vectoring system; a fly-by-light control system for a relaxed stability airframe;
and an advanced navy/attack system using artificial intelligence to filter data and
reduce the pilot’s workload while improving his grasp of the tactical situation.

4. Lockheed Martin F-35. This is a multirole fifth generation fighter with stealth and
other capabilities such as Short Take-Off and Vertical Landing, and Conventional
Take-Off and Landing. The F-35 has been developed under the Joint Strike
Fighter (JSF) programme between the USA and allied nations. It is believed to be
the current front runner stealth fighter.
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5. Sukhoi PAK FA (T-50). This is a fifth generation stealth fighter considered to be
one of the best available combat fighters with super-cruise capabilities, i.e. its
normal cruise speed is beyond Mach 1. Besides low RCS, the other salient
features include a wide combat radius, supersonic cruise speed, superb
low-speed manoeuverability, and the ability to make short take-offs and land-
ings with a normal take-off weight.

6. HAL AMCA. This is India’s contribution to developing a fifth generation stealth
multirole fighter, better known as the Advanced Medium Combat Aircraft
(AMCA). It is an advanced version of the TEJAS aircraft and is being designed
and developed by the Defence Research and Development Organization
(DRDO) of India.

7. Chengdu J-20. This is a fifth generation stealth fighter prototype developed and
demonstrated by China. It is considered to match the performance of the U.S.
F-22. Its maiden flight was held in January 2011 and the aircraft is expected to
be operational in 2017–2019.

8. Mitsubishi ATD-X Shinshin. This is a prototype fifth generation stealth fighter
aircraft indigenously developed by Mitsubishi, Japan. The Shinshin uses
advanced stealth technology.

9. Dassault nEUROn. This is an experimental Unmanned Combat Air Vehicle
(UCAV) jointly developed by a consortium of European aerospace companies:
Dassault (France), Alenia Aermacchi (Italy), SAAB (Sweden), EADS-CASA
(Spain), Hellenic Aerospace Industry (Greece) and RUAG (Switzerland). It is
essentially a technology demonstrator incorporating state-of-the-art stealth
features.

24.10 Summary

Stealth materials and technology are of great significance for any type of military
airborne system including fighter aircraft, helicopters and UAVs. The impact of
stealthy airborne systems, mainly developed by the USA, has been well demon-
strated during several recent wars and operations. This has been the primary reason
to keep the technological aspects classified, and hence the advancements in stealth
are not reported in the open literature.

Nevertheless, the two most fundamental aspects of stealth technology remain the
shape design and radar-absorbing materials (RAMs). These form part of the
structure (radar-absorbing structure, RAS) or are applied as surface coatings. The
present chapter has given a brief description of important stealth materials, with
special emphasis on advanced materials such as conducting polymers and nano-
materials that are the subject of R&D in both developed and developing countries,
including India. It is believed that some of these materials will play key roles in
future stealth technologies, especially by providing lightweight and broadband
MW-absorbing structures.
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Chapter 25
Paints for Aerospace Applications

K. Shunmugapriya, Shirish S. Kale, G. Gouda, P. Jayapal
and K. Tamilmani

Abstract Paints are important for aerospace applications in view of appearance,
surface protection, and as stealth coatings. Paints are generally applied as a scheme
involving primer-coats and top-coats for achieving ultimate protection. The satis-
factory performance of paint coatings throughout the service life of an aircraft
depends on many aspects. The present chapter discusses these paint aspects under
the following topics: importance for aerospace applications; selection for aerospace
applications; application areas in military aircraft; special functional paints; the
properties, testing and analysis of paints; ageing of paints; airworthiness certifica-
tion of paints; volatile organic compounds regulations; and paint monitoring. Some
important new developments of paints are also discussed.

Keywords Paints � Constituents � Functional paints � Properties � Testing �
Applications

25.1 Importance of Paints for Aerospace Applications

Aircraft operate up to high altitudes and high speeds (subsonic and supersonic
speeds for combat aircraft). This environment imposes temperature differentials and
changing pressures on the aircraft structure, resulting in expansion and contraction,
severe wing and empennage flexure, condensation of water on the aircraft surface
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[1] and transpiration via externally connected structural joints, etc. Metallic aircraft
structures and components deteriorate/corrode due to the presence of moisture,
saline and polluted atmospheres, ultraviolet (UV) light and bacteria. Corrosion is
most likely to occur at and within joints and attachment points, which provide
entrapment areas for moisture accumulation and corrosive agents.

From the foregoing it follows that aircraft external surfaces and also the internal
structures, sub-assemblies and components need to be protected from environ-
mental degradation.

Paint coatings serve as barriers to environmental degradation. The paints need to
have certain prime properties like flexibility, good adhesion with the substrate, and
retention of film properties under extreme operating conditions. In addition they
should resist:

• The effect of low air pressure at high altitudes in making residual liquid in the
paint more volatile

• UV radiation, which is considerable at high altitudes
• High humidity and saline atmospheres, particularly for naval aircraft
• A variety of in-service aircraft fluids such as fuels, lubricating oils, and

hydraulic fluids, which are especially aggressive.

Civil and military transport aircraft have broadly similar design and manufac-
turing criteria, operational limits and mission requirements [2]. However, the
mission requirements of combat (tactical) aircraft are very critical and highly
explicit.

Transport aircraft experience moderate loads, frequent pressurization and
depressurization, both low (at altitude) and high (ground level) temperatures, and
humidity changes. In contrast, tactical aircraft fly for fewer hours but experience
frequent high flight loads due to manoeuvres and large throttle excursions. These
flight conditions generally place more mechanical stresses on the aircraft coating
systems than transport aircraft flight loads.

There are also differences in the requirements for the surface properties of paints.
External paint systems for civil aircraft are primarily meant for aesthetic appearance
and surface protection. However, external paints and coatings for military aircraft
must meet advanced military needs, which include antistatic, thermal flash resis-
tance, radar signal absorbing, and camouflage [3].

Paints for space vehicles form a special category. Space vehicles are exposed to
varying forms of thermal energy, atomic oxygen, UV radiation, and thermal cycles
[4, 5]. These extreme exposure conditions render most aircraft paint systems
unsuitable for space applications. For this reason, the scope of the present chapter
will be restricted to aircraft applications, especially military aircraft.

540 K. Shunmugapriya et al.



25.2 Selection of Paint Formulations
for Aerospace Applications

A paint system is a combination of binder, pigment, solvent and additives. The
properties of the paint largely depend on its constituents. These are discussed here.

Binders These determine the film forming mechanism, weathering ability and
environmental resistance; and also the required surface preparation, application
equipment and techniques. Common binders used for aerospace applications are
epoxy resins, polyurethane (PU) resins, nitrocellulose (NC), acrylics, and modifi-
cations thereof.

The structure of an epoxy resin is shown in Fig. 25.1. Resins having n values
(number of polymer repeat units) ranging from 1 to 2 are generally chosen for
two-pack, ambient-cure coating applications. Epoxies possess attractive properties
like good corrosion resistance, chemical resistance and adhesion. However, their
major drawbacks are poor gloss retention and inferior durability.

PU resins have good gloss retention and durability. The ASTM classifies PUs in
six general types [6]: Type IV, which are high-solid coatings are attractive for
aircraft applications.

NC is developed from natural cellulose, primarily from wood and cotton fibres.
In its normal state, cellulose is an insoluble material. However, the molecule
contains a number of hydroxyl groups and can therefore be esterified to make it
soluble to yield useful products. NC-based finish coats for aerospace applications
consist of cellulose nitrate, glycol sebacate, glyceryl phthalate resin, pigment, and
volatile spirits such as toluene, butyl acetate, butyl alcohol and ethyl acetate.
NC-based paints are fast-drying and provide excellent recoatability, but have poor
corrosion and erosion resistance, durability and gloss retention. They are used in
locations where corrosion resistance is not required [7].

Acrylics belong to the family of synthetic resins formed by polymerizing esters
of acrylic acids. Acrylics have excellent colour stability and resistance to hydrolysis
and UV degradation. Acrylic urethanes are invaluable as high quality aerospace
coatings. Another category are reduced solvent acrylics, which are made by
modifying acrylic urethane with reactive diluents that act like solvents, but react
with the resin to form part of a cross-linked network [8].

We note here that the properties of binders, especially the molecular weight, play
a major role in deciding the film properties. For instance, the increase in molecular

Fig. 25.1 Structure of an epoxy resin
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weight of an epoxy resin increases the flexibility and flexibility retention, the film
levelling properties, hiding power, appearance and pot life. However, increased
molecular weight reduces the cross-link density, thereby resulting in reduced sol-
vent and chemical resistance and increased non-volatile content of the paint at the
application viscosity. Hence, an intermediate optimum molecular weight of binders
is preferred for balanced properties.

Pigments Can be classified as corrosion inhibiting pigments and colouring pig-
ments. They determine the corrosion-inhibitive properties, the colour, and flow
control properties of the applied paint. The paint viscosity depends on pigment
particle size and shape, ease of wettability by the binder, bulking property and
specific gravity. The viscosity affects the application characteristics of the wet
coating, and ultimately the properties of the dry protective coating.

Solvents These enable paint application, substrate wettability, and penetration to
aid in sealing crevices, voids or depressed irregularities. Solvents must also vola-
tilize fast enough to prevent runs and sags in the drying coating. However, a solvent
that is too volatile can cause solvent pops, loss of gloss, dry spray; and poor surface
wetting, penetration, and film flow.

Virtually all coating formulations use a blend of solvents to achieve optimum
properties. Ultimately, all solvents should evaporate to allow the coating to achieve
the required hardness, cure and final properties. Commonly used solvents are tur-
pentines, hydrocarbons, ketones, esters, alcohols, and glycol ethers.

Additives A number of compounds are also required in the paint formulation for
specialized purposes. These include driers, anti-skinning and anti-settling agents,
fungicides or bactericides, and surface active agents used to assist pigment dispersion
[9]. Extenders are constituents used to replace part of the pigment to reduce cost.

More information on aerospace paint formulations may be found in the pub-
lished literature [10–12].

25.3 Paint Application Areas in Military Aircraft

Paints find applications in various parts of military aircraft, and a few of these
applications are explained in the next subsections.

25.3.1 Airframes

Airframe structures have large external and internal surface areas, and more than
one type of material may be used in their construction. Aluminium alloys form the
major structural materials, but composites are also widely used, particularly in
tactical aircraft.
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Apart from surface protection, paints are applied to the external surface contours
to promote a non-turbulent airflow that remains attached to the skin. Military air-
craft also rely on paints for camouflage properties to minimize enemy detection and
tracking during operations. A typical airframe paint scheme for a metal/composite
substrate consists of BS X 33 epoxy primer coat (or) DEF STAN 80-216/1, fol-
lowed by a PU finish coat to BS X 34 with content of volatile organic compounds
(VOC) less than 420 g/l.

Epoxy primers Epoxy primers are applied at temperatures between 15.5 °C and
*37.7 °C. In service, epoxies can be used at both low and high temperatures, but
should not be exposed to temperatures above 148.8 °C.

Primers inhibit corrosion of the substrate and enhance adhesion of subsequent
topcoats. Anticorrosive primer formulations are based on epoxy resins that react at
ambient temperature with amine adducts (amidoamine-based hardeners). The
epoxide rings at the ends of epoxy resin molecules and a number of hydroxyl
groups along the molecular chain make the resins polar and promote good adhesion
to polar/metallic surfaces [13]. Good chemical and moisture resistances of epoxies
are attributed to the stable C–C bond and ether linkages. The ether linkages also
impart much better colour to the paint film. Coatings with low VOC (less than
300 g/l) are obtained by formulating with modified bisphenol A and modified
polyamidoamine-based hardeners.

Strontium chromate is used as an anticorrosive pigment in epoxy primers, since
it is electrolytically active and prevents filiform corrosion. When the paint film is
permeated by water, the strontium chromate pigment slowly releases chromate ions.
These accumulate at the sites of heightened humidity, in particular near exfoliations
of the coating from the substrate, and act as a classical inhibitor for metal corrosion
[14]. However, although chromate pigments are highly effective, there has been
much research to replace them owing to the carcinogenic properties of chromates.

An additional function of pigments, and also extenders, is to allow the primers to
react with Cl− and SO4

2− that diffuse into the primer film from the atmosphere.

Etch/wash primers These are referred to as metal conditioners, and are used as
pretreatments before applying a yellow epoxy primer to non-ferrous metals that
have not undergone other kinds of pretreatment. Etch primers eliminate the need for
phosphating and chromate rinsing the metal surfaces.

Etch primers have a threefold action:

1. Firstly a zinc phosphate film, similar to that formed in the common phosphating
process, is deposited on the metal.

2. Secondly, the primer also provides a continuous supply of chromate ions for the
repair of any pinholes present in the phosphate film. Thus a special chromate
rinse is eliminated.

3. Thirdly, a polyvinyl butyral (PVB) film is chemically bound in the organic layer
via a chromium complex, thus providing additional mechanical protection to the
metal surface (Source: Tuff Coat Polymers Private Ltd., Pune, India).
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An etch primer based on PVB resin provides water resistance via its paraffin
structure. Besides the film having excellent hardness and flexibility, good chemical
resistance is achieved with the dioxin-link nucleus of six atoms. The film is also
reported to have excellent resistance to seawater, oil and grease, and temperatures
up to 400 °C.

Topcoats (epoxy, PU, acrylic, and new developments)

Epoxy topcoats are used only for interior applications, since they tend to fade,
become matt and exhibit chalking under the influence of light and weather [15].

PU topcoats are used for exterior surfaces, since they possess the mandatory
properties of low temperature cure, high flexibility, toughness, resistance to abrasion
and chemicals, and excellent weatherability. These topcoats consist of an isocyanate
cured polyester polyol/acrylic polyol resin, and are formed by the cross-linking
reaction between an isocyanate-containing (–N=C=O) material and a material with a
polyhydroxylate-containing (–OH) co-reactant. The structure of polyurethane is
shown in Fig. 25.2. Cross-linking occurs due to the high reactivity and affinity of the
isocyanate group for the active hydrogen of the polyhydroxyl group.

The isocyanate reactant can be strictly an aliphatic hydrocarbon because these do
not fade or darken and have good light stability due to the absence of a benzene
ring. A PU topcoat based on HDI (Hexamethylene di-isocyanate) imparts excellent
resistance to discoloration, hydrolysis and heat degradation.

The light-fastness properties of PU coatings can be improved by the use of rutile
titanium dioxide (TiO2) and carbon black pigments. The TiO2 absorbs UV radia-
tion, transforming it into heat; and carbon black absorbs heat and renders the
coating insensitive to degradation by light.

Before applying the paint, the two-pack isocyanate and polyol constituents are
mixed, allowing the cross-linking to proceed. All PU coatings must be applied
relatively thinly, *38–49 µm (1.5–2.0 mils) per coat, to prevent the inclusion of
bubbles and voids due to carbon dioxide gas formation during curing and
hardening.

To obtain an optimum surface finish, filling in small indentations and smoothing
uneven surfaces, an intermediate polyester putty coat is applied between the epoxy
primer and PU topcoat. A military aircraft with such a paint scheme is illustrated in
Fig. 25.3.

Acrylic topcoats DTD 5602 is an acrylic finish for general purpose use on aircraft;
and DTD 5599 is a selectively strippable acrylic finish. MIL-L-81352 covers one
grade of acrylic-nitrocellulose lacquer (gloss, camouflage shades) for general use as
an exterior protective coating for metal surfaces: this is particularly formulated for
resistance to di-ester lubricating oil.

Fig. 25.2 Structure of
polyurethane
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New developments On composite structures the paints should have excellent
resistance to moisture permeability. Fluoropolymers suitable for composites have
recently been introduced as finish coats to provide reduced permeability and better
performance [16]. However, these coatings have yet to find applications for Indian
military aircraft. Two military specifications for fluoropolymer-based aircraft
coatings are Boeing BMS 10-125 and MIL-PRF-85285.

Self-priming topcoats, which perform as both primer and topcoat in a single
coating, have also been introduced [17, 18]. If validated, these will save weight on
the aircraft.

25.3.2 Radomes

The primary function of radome paints is protection from the harsh environments
associated with extreme temperatures; high-speed impact by rain, snow and abra-
sive particles; sunlight; and high-voltage surface charges of static electricity.
Aircraft grade primers and topcoats suitable for use on radomes include polyester,
polyurethane, acrylic, and epoxy. Table 25.1 lists various paint types and their
relative antistatic, erosion resistance and transmission properties required for
radome applications [19].

Table 25.1 Paint types and their properties for radome application [19]

Paint type Antistatic
qualities

Erosion
resistance

Transmission
efficiency

Epoxy Fair Fair Good

Acrylic Fair Fair Good

Polyurethane Fair Fair/Good Good

Polyester Good Fair/Good Good

Polyurethane, black
antistatic/anti-erosion

Excellent Excellent Fair

Neoprene, black
antistatic/anti-erosion

Excellent Good Fair

Fig. 25.3 A military aircraft
showing an exterior paint
scheme (LCA Tejas)
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Radomes on aircraft encounter rainstorms, resulting in a phenomenon known as
“rain erosion”. The impact of rain on the high-speed surface destroys or diminishes
the usefulness of the radome by eroding and deforming its surface. Special purpose
protective neoprene (MIL-C-7439) and PU (SAE-AMS-C-83231) finishes are
recommended for countering severe rain erosion. These are antistatic coatings, also
known as electrostatic dissipation coatings. They contain graphite or carbon black
particles to make them semi-conductive so that static charges do not build up on the
radome. However, Neoprene is limited to a service temperature of 90 °C, and PU
(SAE-AMS-C-83231) is used instead up to 150 °C.

Above 200 °C PU erosion coatings lose their elastomeric character and erosion
occurs very rapidly. Hence fluorocarbon copolymers of vinylidene fluoride-
hexafluoropropylene have been developed to retain erosion resistance and cater for
long-term exposure up to 260 °C. Furthermore: these coatings can withstand rainfall
conditions of 25 mm/hr at 223 m/s for an average of 100 min; they demonstrate
one-way power transmission of 94 % at 9.275 GHz and have a surface resistivity of
0.5–15 ohm/square inch; and they last more than 3 years in outdoor exposure.

Antistatic protection and camouflage of the radome to the desired colour is
achieved by incorporation of conductive fibres in fluorocarbon. (Leafing pigments
like small slivers of aluminium or bronze metals should not be used in radome paint
formulations, since they may have a significant negative effect on the radar signal.)

25.3.3 Gear Boxes

Aircraft gear boxes are generally made of magnesium alloys. Corrosion protection
is accomplished by protective coatings developed to meet UK specification DTD
5562. These consist of a solution of epoxide resin, a modified epoxide or a mixture
of epoxides in volatile solvents; a hardener, and chromate pigment for corrosion
resistance.

Primers on magnesium alloys should be based on alkali-resistant binders (e.g.
vinyl, epoxy, polyvinyl butyral (PVB), acrylic, polyurethane, and vinyl—epoxy).
Zinc and strontium chromates are used as pigments.

The operating conditions of magnesium gear boxes may require paints with high
thermal stability. The best resins for service from 260 to 315 °C are silicones,
followed by silicone-modified epoxies or epoxy-phenolics.

25.3.4 Fuel Tanks

The microorganisms present in aviation turbine fuel (ATF) generate solid and acidic
by-products in the presence of air and water, and this can accelerate metal corro-
sion. Hence all fuel storage tanks or fuel truck tanks should be protected by epoxy
paint, as illustrated in Fig. 25.4 [20].
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The hyphae from fungal growth in ATF can extend into the coating, releasing
enzymes that lead to physical degradation. This deterioration results in an increase
in the porosity of the surface coating and loss of adhesion to the substrate. Hence an
anticorrosive epoxy paint complying with specification BS 2X 33 is fortified with a
powerful fungicide that prevents microbial spoilage of the surface.

These fungicides are membrane-active compounds or electrophilic agents that
interfere with the activity of organisms without necessarily killing them. Some
sulphur- and/or nitrogen-containing fungicides and their modes of action are listed
in Table 25.2.

In the past, compounds based on phenyl mercuric and tributyl tin were used as
fungicides. However, owing to their high toxicity they have been replaced by
complex organics such as carbamates, alkylisothiazolinone, benzothiazoles, chlo-
rinated isophthalonitriles, and chlorinated admantane complexes.

25.3.5 Stored Aircraft Weapons

Weapons stored on military aircraft must be protected from accidental fuel fires,
which are associated with a high flux thermal environment. Intumescent (flame
retardant) paints to specification MIL-C-81945B are applied to weapon stores as
exterior insulating coats. These coatings consist of an epoxy modifier with curing

Fig. 25.4 Aircraft wing
tank/ATF tank coated with
epoxy (picture courtesy of
WING, Canada.)

Table 25.2 Fungicide compositions and their modes of action

Fungicide composition Proposed action

3-iodo-2-propynylbutyl carbamate Chelation

2-(thiocyanomethylthio) benzothiazole Reacts with thiols/inactivates
metal-enzyme complexes

2-(thiocyanomethylthio)
benzothiazole + Methylenebis (thiocyanate)

Uncouples oxidative phosphorylation,
reacts with SH-groups
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agent, thermally activated fillers, diluents and a thixotrope. The coatings must have a
minimum thermal efficiency of *0.079 s/µm (i.e. 2 s/mil) to reach 260° C (500° F).

Upon exposure to flame or heat, an intumescent paint immediately foams and
swells, forming a thick, dense, cellular matrix structure that deflects heat away from
the surface, e.g. Fig. 25.5. The expansion of the paint film is many times the
original thickness. More details about intumescent paints are given in subsection
25.4.7.

25.4 Special Functional Paints

Special paints include camouflage paint schemes, radar signal absorbing paints,
fluorescent paints, anti-skid paints, hydrophobic paints, infrared (IR) paints, and
intumescent paints (already mentioned, see Fig. 25.5).

25.4.1 Camouflage Paint Schemes

Camouflage may use two or three colour shades of paint on an aircraft. These paints
are intended to blend well with the background and reduce the apparent visibility of
the aircraft. Hence bright colours are not used, since they tend to attract attention
and reflect sun flashes. Effective camouflage can be achieved with matt finish pastel
grey, blue, tan, and green colours.

The specular gloss requirement of military aircraft paint coating is a maximum
of 5 at 60° angle of incidence, tested as per ASTM D523. Glossiness can also be
judged by the opacity/hiding power. To be opaque, the paint coating should have a
high contrast ratio greater than 0.9 for a film thickness *48–53 µm (i.e. 1.9–2.1
mils): the contrast ratio is obtained according to ASTM D2244.

Camouflage patterns can be obtained by applying a variety of paint shades in a
pseudo-random manner (much like shadow cutting, straight lines or curves) across
various parts of the aircraft to break up the recognizable shape. Examples are shown
in Fig. 25.6.

Fig. 25.5 Intumescent paint
(picture courtesy of
OMNOVA Solutions)
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Concealment (low visibility) may also be assisted by light absorption or scat-
tering by the paint coating. Paint binders are transparent and virtually colourless, so
do not contribute to low visibility. This task depends entirely on the pigment. Black
pigments strongly absorb over the entire visible spectrum, while white pigments
scatter light strongly, i.e. both types can contribute to concealment.

The pigment properties that influence low visibility are the refractive index,
particle size and pigment volume concentration:

• Pigments with a high refractive index provide the best concealment. Among
white pigments TiO2 is the best, especially the rutile mineral form.

• Particle size selection with suitable grit level and pigment volume concentration
plays a vital role in obtaining the required type of finish (glossy, semi-glossy,
matt) to facilitate concealment.

• Various shades of camouflage paints as per military terrain requirements can be
achieved by selection of suitable pigments, their combinations, and extenders.
The representative colour of the pigment is obtained by selective absorption and
reflection of certain wavelengths of light by its chemical bonds. For example,
grey in a PU-based topcoat is obtained by combining carbon black and titanium
dioxide. Extenders are generally inert, and added to control gloss and impart a
much better matt finish. Commonly used extenders for this purpose are barytes,
calcite, and aluminium and magnesium silicates.

Fig. 25.6 Helicopter and
fighter aircraft with
camouflage paint schemes
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25.4.2 Radar Signal Absorbing Paints (RAPs)

Enemies track military targets by obtaining the radar cross-section (RCS), (see
Fig. 25.7). Hence for defensive purposes it is required to reduce the RCS.

There are four methods of reducing the RCS: viz., shaping, active loading,
passive loading and distributed loading. Distributed loading involves covering the
surface with radar absorbing materials (RAMs [21]). RAMs reduce radar echo by
soaking up the incident electromagnetic energy/signals, thereby reducing the net
energy available for reflection: see also Chap. 24 in this Volume.

Radar signal absorbing paints (RAPs) are examples of RAMs. Established for-
mulations of RAPs consist of a PU binder incorporating ferromagnetic particles of
e.g. carbonyl iron and ferrite iron oxides. Coating the particles with a
non-conductive coating (the binder) results in poor conductivity by the particles,
giving them the ability to convert radar wave energy into heat, which is subse-
quently dissipated into the aircraft structure. A uniform particle size distribution
(without agglomerates) also helps. The overall result is good radar absorbing
characteristics [22]. However, a potential disadvantage of using carbonyl iron and
ferrites is doubt about the coating’s corrosion resistance.

Interesting new materials for RAPs include polypyrrole and carbon nanotubes
[23]. Polypyrrole-paint [9] is formulated by mixing a PU-based paint with con-
ducting polypyrrole (PPy) powder. The conducting PPy powder is made from
polypyrrole doped with p-toluene sulphonic acid sodium salt, or 5-sulfosalicylic
acid dehydrate [24].

25.4.3 Fluorescent Paints

Fluorescent paints react to long-wave UV radiation, commonly known as black
light. Through the mechanism of fluorescence, UV-sensitive pigments present in the

Fig. 25.7 Typical RCS
diagram
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paint absorb black light and give off visible light in return. Visibly fluorescent paint
can appear any bright colour, and glows brilliantly under black light.

These paints are formulated with hydrocarbon type powdered resins and
fluorescent dyes soluble in solvents like ketones and alcohols. Stabilizers such as
substituted dihydroxy benzophenones are added for protection from UV.

Uses of fluorescent paints include (i) illuminating aircraft instrument pointers
and dials [25] (particularly important, indeed essential) and (ii) marking escape
paths in transport aircraft. Also, these high-visibility coatings are essential for
trainer aircraft.

Another use, albeit undesirable, is that when an aircraft crashes, there may be
needle-slap against the black background. Some transfer of fluorescent paint may
occur, and although this may not be directly discernible, it could show up under UV
light. Thus readings at impact may be obtained, and these can aid determination of
the cause of the accident.

25.4.4 Anti-Skid Paints

Skid in this context refers to loss of traction between footwear and its contact
surface. This situation is worse on aircraft/helicopter surfaces that are smooth, damp
or wet (due to humid weather, rain, spills and contaminants like sea spray, lubri-
cating oil, grease and soil).

Anti-skid paints overcome skid by facilitating surface roughness. Initially, they
were applied on aircraft wing walkways, facilitating routine base-level service and
repair operations. Currently they are also recommended for military application on
leading edge extensions of fighter aircraft, and in heavy traffic areas like helicopter
cabins. Other (non-aircraft) applications of anti-skid paints include radar/machinery
equipment, decking and truck beds.

The required properties of anti-skid paints include the use of grits with different
particle sizes to obtain a rough, gritty texture/finish; effective lower profile (low
surface roughness); low drag; resistance to wear, abrasion and chemicals; and low
maintenance costs in terms of cleaning and repainting. Also, the surface should be
safe without causing laceration injuries to personnel.

Traditional liquid-based anti-skid coatings consist of a volatile liquid component
containing dispersed polymer droplets (epoxy, polyurethane or alkyd systems) in
friction-contributing additives such as metal, ceramic or polymeric particulates [26]
(i.e. graphite, alumina or polybeads). Epoxies are preferred in such formulations
since they are tough and chemically resistant. An epoxy-based resin system cured
by a polyamide hardener developed to MIL-W-5044C (superseded by A-A-59166)
is used for the cabin floor and maintenance steps in military helicopters in India.

The surface roughness of anti-skid coatings can cause significant aerodynamic
drag [27]. On the other hand, smooth surfaces will not provide the required coef-
ficient of friction (COF). Therefore, to get an optimum roughness and desirable
surface coverage, the total solids in the coating formulation have been restricted to
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between 60 and 80 %. The COF is an important parameter for anti-skid properties,
which depend very much on the natures of the two surfaces in contact with each
other [28]. For example, Table 25.3 illustrates the COF requirements according to
MIL-W-5044C.

25.4.5 Hydrophobic Paints

Water repellence (or hydrophobicity) of a solid surface is an important property that
depends on the chemical composition and geometrical micro- and nano-structures
of the surface. Self-cleaning is a key advantage, whereby rainwater beads up and
rolls over the surface, entrapping dirt and particulates as illustrated in Fig. 25.8.

Hydrophobic coatings have potential use in reducing corrosion and fouling of
aircraft surfaces, and also icing-up. A method of forming a hydrophobic coating and
the materials involved are well described by Jones et al. [29, 30]. There are also
so-called superhydrophobic coatings with a water contact angle CA > 160º. These
could be applied on aircraft surfaces by combining them with the usual paint
coatings (Source: “Super hydrophobic or icephobic coatings”, SAE international).
They are manufactured using certain patented techniques [31].

However, there are numerous challenges to realizing a hydrophobic coating for
aircraft surfaces, including adherence of the coating to the substrate, mechanical
and thermal stability, and long-term stability. Since hydrophobic coatings function
on microscopic levels in terms of surface roughness, they are easily damaged. Also,

Table 25.3 COF
requirements for anti-skid
paint (Ref: MIL-W-5044C)

Test parameter Specification requirements

Factor of sliding friction (leather)

Dry min. 0.5

Watered min. 0.8

Oiled min. 0.45

Factor of sliding friction (rubber)

Dry min. 0.9

Watered min. 0.8

Oiled min. 0.6

Fig. 25.8 Hydrophobicity
(picture courtesy of Larkrise
Coatings)
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their elevated temperature capability is limited, since their wettability increases
owing to a decrease in the surface tension of water.

The most suitable application methods for these coatings to large areas appear to
be plasma treatment techniques, sol-gel methods and some spraying techniques.

25.4.6 Infrared (IR) Paints

Infrared (IR) paints are of interest as defensive methods of preventing IR detection
and laser-induced damage. These paints are also of general interest in reflecting
near-IR solar radiation, keeping the painted surface cooler. For reference, Fig. 25.9
shows the full IR spectrum.

Solar heat reflection can be further improved by applying a thin layer of white
basecoat under a thin layer of a final semi-transparent colour in the near-IR region.
Such coatings are being developed for glass and plastic aircraft transparencies to
help reduce interior cockpit and cabin temperatures (and air-conditioning demands),
and also for heat-sensitive electronic equipment.

Well known PU-based solar heat reflective paints to specification DTD 5618
[British Aerospace Material Specification DTD 5618, Exterior and Interior
Finishing Schemes—Matt and Glossy—Solar Heat Reflecting (Cold Curing
Polyurethane Type), HMSO, London, October, 1974] are available in both gloss
and matt finishes.

Fig. 25.9 Spectrum showing near-, far- and medium-infrared (IR): N.B. Sunlight extends into the
UV region (picture courtesy of FINNLEO)
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25.4.7 Intumescent Paints

Intumescent paints were already mentioned in subsection 25.3.4 with respect to
stored weapons, and an example of their behaviour is illustrated in Fig. 25.5. These
paints also have potential usage in fire-risk areas for aircraft fuel pumps, hydraulic
landing gear parts, cabin interior parts, engine bays, engine firewalls, and carbon
fibre reinforced plastic (CFRP) composites. In particular, CFRP aircraft structures
have introduced potential fire threats and raised concerns about fire safety in both
in-flight and post-crash environments [32, 33].

Intumescent paints for military aircraft need to be lightweight, preferably of low
thickness combined with adequate protection, and having no adverse effects on
existing coatings. A current specification (under review) for suitable intumescent
paints is BS X 37:2004. There are also newly developed flame retardant coatings
and a CFRP thermal protective system [34, 35].

25.4.8 Miscellaneous Paints

Several other types of paints are available for special applications. Examples are
bituminous paint for the interiors of seaplane hulls, acid-resisting paint in the
vicinity of storage batteries [36], and pressure and temperature sensitive paints for
measurements of surface pressure and temperature in wind tunnel and flight tests
[37].

25.5 Properties, Testing and Analysis of Paints

The performance of aircraft paints depends on a number of factors like the substrate
material, surface preparation, the operational environment and flight conditions,
besides their own properties. Military aircraft experience high structural loads and
flight conditions placing mechanical and environmental stresses on the aircraft paint
system. Therefore appropriate test and evaluation procedures are essential for
determining acceptable paint coatings for aircraft applications.

Important paint properties relevant to aircraft applications are (i) viscosity,
density, fineness of grind and coarse particles, solid content, VOC, storage stability,
flash point, drying time, film thickness, colour, opacity, gloss and hardness;
(ii) adhesion, flexibility, tensile and fatigue properties; (iii) resistance to low tem-
perature impact, wear, corrosion, fluid immersion, weathering, and heat exposure.
The significance of some of these properties and tests for them are discussed here:

• The rheological (flow and viscosity) characteristics affect paint application
properties such as atomization, levelling, sagging and brushability. Viscosity
determination by the Ford cup method as per ASTM D1200 is preferred to other
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available methods like the Zahn cup and Brookfield and Stormer viscometers,
since the Ford cup method has better accuracy and stability.

• The fineness of grinding (ASTM D1210-Hegman gauge) and coarse particles
(ASTM D185) decides the pigment dispersion and paint coating finish.

• Drying properties are important for aerospace coatings, owing to the strict time
and processing constraints placed on production and maintenance facilities.

• Fluid compatibility tests are carried out with in-service aircraft fluids like
lubricating oils to MIL-PRF-23699F and DEF STAN 91-98/2, hydraulic oil to
MIL-PRF-5606H, and Jet-A1 fuel.

• Water-borne coatings must be additionally evaluated for their freeze-thaw sta-
bility according to ASTM D2243.

25.5.1 Chemical Analysis

Chemical analysis of paints has been performed historically for deformulation or
re-engineering, quality control, safety and regulatory compliance, defect analysis,
and forensics and restoration in art and archaeology [38]. Numerous analysis
techniques are available. The most common ones are Fourier transform infrared
(FTIR) spectroscopy, UV spectroscopy, scanning electron microscopy (SEM) along
with energy dispersive X-ray analysis (SEM/EDS), and nuclear magnetic resonance
(NMR). A list of applications follows:

• Paint binders: IR spectroscopy and NMR
• Paint solvents: Gas chromatography/mass spectrometry (GC/MS)
• Paint additives: IR, UV, visible spectroscopy and high performance liquid

chromatography (HPLC)
• Inorganic pigments: Atomic absorption and X-ray spectroscopy; and

micro-attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) in the low wave number range (500–230 cm−1) can be used to
identify pigments in paint samples having no absorptions in the mid-IR region
[39].

• Trace elements: Inductively coupled plasma and mass spectroscopy (ICP-MS)
• Surface contamination: Time-of-flight secondary ion mass spectrometry

(TOF-SIMS)

For clear interpretation and information about paint layers, it has been recom-
mended to judiciously use combinations of light and UV-fluorescence microscopy,
scanning electron microscopy combined with energy dispersive X-ray microanal-
ysis, and X-ray micro-diffraction [40]. A recent edition of the “Paint and Coating
testing manual” of the Gardner-Sward Handbook (edited by Joseph V. Koleske)
may be referred to for extensive literature on this subject.
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25.6 Ageing of Paints

Paint is one of the most important materials tested for its weathering resistance. The
major atmospheric factors causing coating deterioration are sunlight, temperature,
moisture, saline environments, pollution, and bio-deterioration.

Sunlight in particular leads to discoloration, premature loss of gloss, scaling,
embrittlement and chalking; moisture may cause blistering, flaking, mildew and
early loss of adhesion; heat may cause embrittlement, cracking and peeling; and
atmospheric oxygen promotes oxidation on the coating surface that may eventually
lead to oxidation of internal layers, causing embrittlement, softening, cracking or
crazing.

The negative effects of weathering are seen as surface appearance changes, and
these are primarily due to breakdown of the basic polymer structure.

Paints are tested for weathering resistance either in natural environments or
under simulation test conditions in the laboratory, or both. To be acceptable, the
paint film should retain its initial colour and finish after completion of the tests.

25.6.1 Outdoor Weathering

Outdoor weathering tests are important for aerospace coatings and are conducted
for a minimum of two years to account for actual use in an uncontrolled envi-
ronment. The test fixtures and mounting techniques are selected to create similar
exposure conditions as in service. Aluminium racks are preferred as the test fixtures.
The exposure angle will affect the amount of solar radiation on the sample, the time
the sample remains wet from rainfall or dew, and the sample temperature. All three
factors have an impact on the type and degree of degradation.

Besides exposure to the sun’s energy, an important adjunct is testing for resis-
tance to saline environments. For such tests the panels are sprayed three times per
working day at intervals of three to four hours with a solution of artificial sea water,
the composition of which has to be as per BS 3900 part F4 Clause 6.1/Def-1053
Method 24. Alternatively marine shoreline tests can be done, if suitable locations
are available.

25.6.2 Accelerated Weathering

Accelerated, or artificial, weathering involves laboratory tests whereby the elements
of radiation, temperature and humidity are more intensely applied compared to
outdoor exposure. Obviously, the conditions are more controllable and repro-
ducible, and the results are also available more quickly. However, these should be
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used only for comparison purposes, since direct correlations between artificial and
natural weathering data have not yet been developed.

The choice of exposure conditions for an accelerated weathering test is more
challenging. For example, although sunlight is composed of light from the UV,
visible and IR regions of the electromagnetic spectrum (see Fig. 25.9), the most
harmful rays to paint films come from the UV region, especially the shorter
wavelengths ranging down to 295 nm.

The UV region can be divided into three domains: UV-A, UV-B and UV-C. The
UV-A domain is 315–400 nm, the UV-B domain is 280–315 nm, and the UV-C
domain is 200–280 nm. Although UV-C is the most damaging, these wavelengths
are filtered out by the atmosphere and hence not used in accelerated testing.

Considering UV-A and UV-B, the energy in the UV-B domain is higher, ranging
from about 91–102 kcal/mol. These energy levels cause more severe and rapid
deterioration of coatings, since they are high enough to break C–N, C–C, N-H, C–O
and C–H bonds in the polymeric part of the coating. These bond-breakages result in
pigment attack, causing fading, chalking and loss of gloss. Hence UV-B light is
selected for testing aerospace paints.

Most of the paint test specifications require the use of “sunlight” carbon arcs,
xenon arcs and fluorescent lamps for accelerated weathering. These light sources
include UV-B and more closely simulate the degrading UV light range of sunlight,
whereby they accelerate the photochemical ageing process in the coating. Other
parameters such as temperature and moisture are also specified for artificial
weathering, e.g. in BS 3900: Part F16:1997.

25.7 Airworthiness Certification of Paints

Paints fail prematurely during service owing to various reasons, e.g. improper
coating formulations, inadequate surface preparation, wrong application method-
ology, poor drying, improper adhesion and ageing.

During formulation and subsequent storage of paints for a long period, defects
such as thickening, skinning, settling and flocculation may occur. Application-
related defects include pinholing, orange peeling, fish eyes, mottling and lifting.
Some common defects that occur during curing are levelling, drying loss, sagging,
bleeding, flooding, floating, blushing, and hazing. Internal stresses during organic
coating film formation [41] result in coating degradation [42]: it is known that
coating components play a role in generating stresses [43].

Paints are expected to withstand exposure to outdoor and chemical environments
for their required service life. However, this is no easy task: (i) variations in
temperature and relative humidity induce hygrothermal stress [41] in organic
coatings, resulting in degradation; (ii) ageing may cause defects like blistering,
chalking, alligatoring, erosion, embrittlement, fading, flaking, cracking, peeling,
scaling, yellowing, darkening, and growth of mildew and algae.
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Various factors like raw material quality, paint formulation, manufacturing
conditions, packing and storing affect the paint quality. The airworthiness agency
for military aviation: CEMILAC, with which the present authors are affiliated, has
evolved the certification methodology for paint airworthiness illustrated in
Fig. 25.10.

The above four-step process is designed to validate and ensure the airworthiness
of the selected paints.

25.8 Volatile Organic Compound (VOC) Regulations

According to the Environmental Protection Agency (EPA), VOC means any
compound of carbon (excluding carbon monoxide, carbon dioxide, carbonic acid,
metallic carbides or carbonates, and ammonium carbonate) that participates in
atmospheric photochemical reactions. For example, VOCs react with oxides of

CERTIFICATION METHODOLOGY EVOLVED BY 
CEMILAC FOR PAINT AIRWORTHINESS 

• Process verification / validation
– Raw materials (procuring standards, analysis, storage, 

shelf  life) 
– Manufacture of paint (paint formulation, sequence of 

operations / addition of ingredients, control of process 
parameters, pigment concentration, selection of 
equipment for various operations etc.) 

– Packing and storage 

• Product evaluation
– Sampling and testing standards 
– Testing of raw materials 
– Testing of finished paint as per specification  
– Total solids, coating weight, film thickness etc. 

• Performance testing of paints / coupon tests for type 
approval
– Colour match as per military standards 
– Testing as per specification [drying time, impact / wear 

resistance, fluid exposure tests (fuel / lubricant / coolant]
, other service related tests as per functional requirements

– Ageing tests 
 i) Accelerated weathering  
 ii) Natural weathering as per service environment 
– Resistance to seawater for naval applications

• Field Trials

Fig. 25.10 Paint certification
methodology developed by
CEMILAC, India
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nitrogen (NOx) in the presence of heat and sunlight to form ground level photo-
chemical smog. Also, on January 6, 2010 the EPA proposed an increased protection
by strengthening the national ambient air quality standards (NAAQS) for ozone,
which is generated by several natural means as well as reactions involving VOCs.

The approach to reduce VOC emissions due to painting and repainting aircraft
and aircraft components has been for the appliers applicators to either adopt an
alternative coating technology (VOC-exempt solvents, high solids content,
water-borne, powder, UV cure) or install engineering controls (carbon adsorption,
incineration, etc.).

25.9 Paint Monitoring

Monitoring the paints’ performance and degradation is obviously an important
aspect of evaluating their service life. Techniques involved in paint monitoring
tasks are listed here [44]:

• Microwave techniques
• Thin film electrochemical sensors embedded under paint films
• Electrochemical sensors applied to the outer surfaces of paint films
• Thermography
• Colour and fluorescence changes (smart coatings)
• Fibre optic sensing
• Chemical sensors for detecting surface contamination at the surface preparation

stage.

It is particularly important to monitor paints used for corrosion protection on
naval aircraft, which experience high humidity and a saline environment. However,
procedures for doing this have not yet been standardized.

25.10 Some Important New Developments

There are some other coatings intended for aerospace applications that are worth
mentioning. Coatings based on nitrocellulose are used for aircraft markings.
Fluoropolymer-based coatings are applied to the internal wiring insulation: this
protects the wiring and reduces the risk of fire in the aircraft. Applications of
silicone-based coatings include jet engine components, furnace parts, incinerators,
high-temperature applications and missile coatings [45].

Technologies like chromate-free primers (e.g. MIL-PRF-23377 and
MIL-PRF-85582), self- healing conversion coatings, and new coatings for CFRP
substrates (Boeing BMS 10-103, BMS 10-125, BMS 10-126) are potential areas for
future research. Moreover the ‘80 % solids rule’ has provided the impetus for
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companies to investigate new coating technologies like powder coating, radiation
cure and high solids formulations.

Another innovative feature is incorporation of microspheres into paints, since
they have many attractive aerospace applications (Source: Composites Technology,
2008). One important potential application is leaching of corrosion inhibitors from
hollow microspheres to protect the substrate when the paint system is damaged.

25.11 Indian Scenario

In India the success of paint technology developments will require the involvement
of overseas and indigenous business partners to effectively exploit local materials
and resources. This would provide self-sufficiency and economic benefits to this
country.

25.12 Conclusions

Modern and future generation fighter aircraft combine high speed and high altitude
operations with novel material technologies, placing a great challenge to paint
technologies and materials. The ultimate goal for military application is to provide a
complete stealth aircraft whose performance is benefited or unaffected by paint
application, without much gain in weight. Nanotechnology research on paint
developments for specific applications needs to be initiated.
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Chapter 26
Elastomers and Adhesives
for Aerospace Applications

C.M. Bhuvaneswari, Shirish S. Kale, G. Gouda, P. Jayapal
and K. Tamilmani

Abstract This chapter deals with the varieties and characteristics of elastomers and
adhesives used in the aerospace industry. The key terms, various grades, structure
and properties of each elastomer are discussed. An outline of rubber compounding
and vulcanisation is presented. Significant elastomer properties for aerospace
applications are highlighted. Further, an adhesives section includes the varieties of
adhesives, mechanism of adhesive bonding, surface preparation, and joint designs
for some loading conditions. Applications of elastomers and adhesives in the
aerospace field are also surveyed.

Keywords Elastomers � Adhesives � Mechanical properties � Fluid resistance �
Adhesive bonding � Applications

26.1 Elastomers

26.1.1 Introduction

Elastomers are elastic materials that recover to almost their original shape after
complete release of the applied force [1]. Elastomers are characterized by large
deformability, low shape rigidity, large energy storage capacity, nonlinear stress–
strain curves, high hysteresis and a large variation of stiffness with temperature and

C.M. Bhuvaneswari (&) � S.S. Kale (&)
Regional Centre for Military Airworthiness (Foundry and Forge),
CEMILAC, Bangalore, India
e-mail: cm.bhuvaneswari@cemilac.drdo.in

S.S. Kale
e-mail: shirish.kale@cemilac.drdo.in

G. Gouda � P. Jayapal
CEMILAC, DRDO, Bangalore, India

K. Tamilmani
Office of DG (AERO), DARE, DRDO, Bangalore, India

© Springer Science+Business Media Singapore 2017
N. Eswara Prasad and R.J.H. Wanhill (eds.), Aerospace Materials
and Material Technologies, Indian Institute of Metals Series,
DOI 10.1007/978-981-10-2134-3_26

563



rate of loading [1]. Particular combinations of these properties make elastomers
suitable for aerospace applications.

Many aircraft components use elastomers as O rings, gaskets, canopy window or
door seals, firewall seals, lip seals and T seals. Elastomers can be compressed to
make a tight seal owing to their excellent elasticity without damage or permanent
deformation. Characteristics like superior tear strength and excellent resistance to
heat build-up make elastomers well-suited for high-performance aircraft tyres. The
high damping capacity of elastomers solves dynamic problems in many fields,
including space applications. For example, elastomeric shock absorbers and passive
dampers are mounted onboard launchers and satellites [2].

26.1.2 Varieties of Elastomers

Natural rubber was the only source of rubber until the advent of synthetic polymers
in the early part of the twentieth century. The natural and synthetic rubbers are the
two classes of commercial rubber products. The source of natural rubber is the latex
obtained from rubber trees. The purified form of natural rubber is the chemical
polyisoprene, which can also be produced synthetically. Synthetic rubbers are
produced by two important stages: the primary step is the production of monomers,
followed by polymerization of monomers. Some of the most important synthetic
rubbers are acrylonitrile butadiene, polychloroprene, chlorosulphonated poly-
ethylene, butyl, polybutadiene, silicone, ethylene propylene and fluoropolymers.

The basic chemical structure of each elastomer dictates most of the properties
such as oil and fuel resistance, ozone, heat and weathering resistance. The fuel
resistance of acrylonitrile butadiene rubber (NBR), weathering resistance of ethy-
lene propylene diene monomer (EPDM), or the high resilience of natural rubber
significantly determine the suitability of an elastomer for any given application.

26.1.3 Elastomer Compounding

Compounding is the process of mixing elastomers with various additives and
curatives to enhance the properties. Compounding is carried out to tailor the
properties of elastomers according to the functional requirements [3]. According to
the nature of the additives, properties like increases of modulus, ozone resistance,
flame resistance, and electrical conductivity can be achieved.

The processing method also plays a major role in the product performance.
Manufacturing of rubber compounds involves mixing, forming and curing. The two
main types of mixing machines are two-roll rubber mixing mills and internal
mixers. The latter are extensively used for large quantity mixing. Internal mixers
generate high shear forces that disperse and mix the fillers and raw materials into a
uniform quality compound. After mixing, the compound is fed into a mill. The
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two-roll rubber mixing mill disperses the reinforcing fillers within the polymer by
repeated milling. The next manufacturing stage is forming the compound to the
required shape by an extrusion process.

Compounding ingredients [4] may be categorized as:

• Base polymer (natural or synthetic rubber)
• Curing or vulcanising agents
• Accelerators, accelerator activators and retarders
• Stabilizer systems (antioxidants and anti-ozonants)
• Processing aids (plasticizers, softeners, tackifiers, etc.)
• Reinforcing fillers (carbon black, silica, mineral fillers) and resins
• Inert fillers and diluents
• Special additives (abrasives, blowing agents, colours, pigments, deodorants, etc.).

26.1.4 Vulcanising

Vulcanising is the process of applying heat for specific temperatures and times. The
selection of temperature and time depends on the type of elastomer. The properly
mixed elastomer compounds can be vulcanised by one of many processes [5], such
as moulding, autoclaving or oven curing, etc. The vulcanising process can be batch
or continuous curing. During vulcanising the following changes occur:

• The vulcanising agent reacts with the long chains of the rubber molecules and
forms cross-links to form three-dimensional structures as shown in Fig. 26.1.
The cross-links resist the large molecular chains slipping past each other under
the application of external forces.

• The cross-linked rubber becomes a solid elastomer with improved strength and
resistance to degradation.

Fig. 26.1 Schematic
representation of polymer
chains before and after
vulcanising [7]
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The most common vulcanising agents are sulphur and peroxide [6]. Unsaturated
elastomers (with double bonds in the backbones) are vulcanized by sulphur,
forming carbon—sulphur—carbon bonds. Saturated elastomers cannot be vulcan-
ised by sulphur and accelerators: organic peroxides are necessary. The peroxides
give rise to carbon—carbon bonds, which are quite stable.

26.1.5 Elastomer Types and Properties [8–10]

Elastomers are classified according to chemical composition. ASTM D 1418
classifies elastomers and gives a set of abbreviations as shown in Table 26.1.

For example, elastomers with only carbon atoms in the main chain and no
double bonds (reactive areas) are referred to as M-types. If the elastomer main
chains contain double bonds, these elastomers are referred as R-types. These are
also referred to as unsaturated or diene rubbers.

The main chains containing only alternating silicon and oxygen atoms are called
Polysiloxanes. These elastomers are known as silicone rubbers and referred to as
Q-types. Table 26.2 clearly illustrates the variety of elastomers and their chemical
and trade names. The following paragraphs discuss the important elastomers [8–10]
that are useful in the aerospace industry:

(i) Natural rubber (NR)

The chemical name of NR is cis-1,4 polyisoprene. The molecular structure is
given in Fig. 26.2. NR is made by the coagulation and drying of aqueous milky sap
from rubber trees (Hevea brasiliensis).

Due to the superior structural regularity and strain crystallization, NR acquires
high strength. This property is exploited for applications requiring abrasion or wear
resistance, and damping or shock-absorbing. Hence NR is used in large truck tyres,
off-road giant tyres and aircraft tyres [11, 12]. It is resistant to acids, alkalis and
alcohol, but has poor resistance to atmospheric oxygen, ozone and fuel.

Table 26.1 Classification of elastomers [10]

Last letter in the abbreviation: meaning Examples

M: saturated chains of carbon atoms, no double bonds EPDM, FKM, FFKM

R: double bonds in the carbon chain (unsaturated) NR, CR, SR, SBR, IIR, NBR, HNBR

O: oxygen in the polymer chain Epichlorohydrin rubber

Q: silicon and oxygen in the polymer chain VMO, FVMQ

T: sulphur in the polymer chain Polysulphide elastomer

U: carbon, oxygen, and nitrogen in the polymer chain Polyurethane rubber

Fig. 26.2 Molecular
structure of NR
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(ii) Synthetic Polyisoprene (IR)

IR is synthetic natural rubber with the same chemical composition of cis-1,4
polyisoprene. However, IR is inferior in green strength, cure rate, tear and ageing
properties compared to natural rubber. IR is mostly used in tyre manufacture and as
shock absorbers [13].

Table 26.2 Elastomer chemical and trade names [8]

ASTM D 1418
abbreviation

Chemical names Trade names

CR Chloroprene Neoprene®, Skyprene®, Butclor®,
Baypren®, Denka®

CSM Chlorosulphonyl polyethylene
(Chlorosulphonated
polyethylene)

Hypalon®, Noralon®

EPD Ethylene-propylene
copolymer

Buna-AP®, Dutral®

EPDM Ethylene propylene diene
terpolymer

Epsyn®, Nordel®, Epcar®, Keltan®,
Royalene®, Polysar-EDM®

FEPM See TFE/P Aflas®Epsyn®

FFKM/FFPM Perfluoroelastomer Perlast®, Kalrez®, Chemraz®

FKM/FPM Fluoroelastomer Viton®, Dai-el®, Fluorel®,
Tecnoflon®

FVMQ Fluorosilicone Silastic LS®, FSE®

HNBR Hydrogenated nitrile Therban®, Tornac®, Zetpol®

IIR Butyl rubber Exxon Butyl®, Polysar Butyl, ® Esso
Butyl®

IR Isoprene Shell Isoprene Rubber®

NBR Nitrile butadiene Breon, Butakon®, Chemigum®,
Hycar®

XNBR Carboxylated nitrile Buna-N®, Butacril®, Paracil®,
Perbunan®, Krynac®, Europrene-N®,
Nipol®

NR Natural rubber Nastsyn®

SBR Styrene butadiene (Buna-S) Cariflex S®, Plioflex®, Europrene®,
Pliolite®, Buna Huls®, Carom®,
Solprene®

TFE/P Tetrafluoroethylene/propylene Alfas®, Flourel®,Fluoraz®

VMQ
PVMQ

Silicone Silastic®, Siloprene®, Rhodorsil®,
Silplus®
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(iii) Styrene butadiene rubbers (SBR)

SBRs are copolymers of styrene and butadiene, with the regular grades con-
taining nearly 23 % styrene. The molecular structure is shown in Fig. 26.3. This
rubber was originally developed to replace natural rubber. Absence of strain
crystallization in SBR makes it inferior in tensile strength, resilience and abrasion
resistance. Owing to backbone unsaturation, SBRs have poor resistance to oxygen
and ozone compared to other elastomers. Typical applications are seals for
hydraulic braking systems and tyre treads [14].

(iv) Butyl rubbers (IIR)

Isobutene-isoprene rubbers (IIR), or butyl rubbers, are copolymers containing
isobutene and isoprene. The molecular structure is shown in Fig. 26.4. These
rubbers have an effective long-term temperature range of −50 to +120 °C.

A small percentage of isoprene is introduced to furnish the necessary sites for
vulcanising. The densely packed structure of IIR elastomers promotes very low gas
permeability and water absorption. Typical applications are in gas retentions such
as tyre inner tubes, vacuum seals and membranes [15].

(v) Poly butadiene Rubbers (BR)

BR is a homopolymer of butadiene. The molecular structure is depicted in
Fig. 26.5. This rubber contains approximately 97–98 % cis-1,4 Butadiene units,
and is an NR substitute with properties generally inferior to those of NR. However,
some polybutadienes exhibit better low temperature flexibility than NR.

Hydrogenated polybutadiene is chemically resistant to hydrazine, propyl nitrate
and tricresyl phosphate, and is useful for missile applications [16]. Hydroxyl-
terminated polybutadiene is used as the polymeric binder in solid rocket propellants
[17].

(vi) Ethylene Propylene Diene Rubber (EPDM)

EPDM is a terpolymer of ethylene, propylene and a small percentage of
non-conjugated diene, which provides unsaturation in side-chains pendent from the
fully saturated backbone. The molecular structure is depicted in Fig. 26.6. EPDM’s
mechanical properties are inferior to those of NR but it has superior resistance to
ageing, swelling and chemicals.

Fig. 26.3 Molecular
structure of SBR
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Owing to its low density, EPDM is used as the rocket motor insulator for rocket
and missile applications [18, 19]. It is also used as elastomeric bushings in aircraft
and helicopter applications [20].

(vii) Polychloroprenes (CR)

This type of rubber is a homopolymer of chloroprene (chlorobutadiene). These
are also called Neoprene rubbers. The molecular structure is depicted in Fig. 26.7.
The backbone chains are of the trans-1,4 configuration, which gives a high degree
of stereo-regularity. This property enables CRs to crystallize on stretching.

Neoprene has inferior mechanical properties at room temperature and poorer low
temperature flexibility compared to natural rubber. However, neoprene is ozone and

Fig. 26.4 Molecular structure of IIR

Fig. 26.5 Molecular
structure of BR

Fig. 26.6 Molecular
structure of EPDM

Fig. 26.7 Molecular
structure of CR
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flame resistant, and also has fair resistance to corrosive chemicals and moderate
swelling resistance to oils, fuels and solvents.

Owing to its strain-induced crystallization, neoprene is used as rubber pads,
elastomeric bushings, seals, O rings and shock mounts [21].

(viii) Nitrile rubbers (NBR)

NBR is a copolymer of acrylonitrile and butadiene rubber. The properties of this
copolymer are governed by the ratio of the two monomers acrylonitrile and buta-
diene. The molecular structure is shown in Fig. 26.8.

Nitrile rubber can be classified as three types based on the acrylonitrile
(ACN) content (low, medium and high) as follows:

• High nitrile: >45 % ACN content
• Medium nitrile: 30–45 % ACN content
• Low nitrile: <30 % ACN content

As the ACN content increases, NBRs show superior resistance to aromatic
hydrocarbons. This can be attributed to the polarity nature of ACN. However, the
lower the ACN content, the better will be the low temperature flexibility. Hence the
medium nitrile NBR is widely used for the best overall balance.

NBRs show excellent resistance to aircraft fuel, and hydraulic and lubricating
oils. But they are not suitable for strong polar liquids. They are widely used as seals,
gaskets and hoses in fuel/hydraulic system of aircraft, helicopters, rockets and aero
engines.

Nitrile rubbers are also available as carboXylated (XNBR) and Hydrogenated
(HNBR) nitrile rubbers [22]. Compared to regular NBR, XNBR shows increased
tensile strength, higher modulus and better abrasion and tear resistance. HNBR
gives improved resistance to heat and ozone.

(ix) Chlorosulphonated polyethylene rubbers (CSM)

Polyethylene is converted into CSM by reacting with chlorine and sulphur
dioxide. The molecular structure is depicted in Fig. 26.9. Hypalon is a trade name

Fig. 26.8 Molecular structure of NBR
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for a CSM. It is resistant to chemicals, temperature extremes and ultraviolet light.
Hypalon also has fair mechanical properties and excellent resistance to heat, fati-
gue, chemicals, ozone and weather. Its major uses are to blend [23] with other
elastomers, and for chemical barrier elements and static seals.

(x) Silicone elastomers (VMQ)

Silicone rubber is a polymer with a backbone of silicone-oxygen linkages as
depicted in Fig. 26.10. While the backbone of silicone rubber is silicone-oxygen,
the pendent groups can be methyl (MQ, most popular), Vinyl methyl (VMQ, higher
peroxide cross-linking efficiency), phenyl vinyl methyl (PVMQ, crystallization
inhibition, low temperature flexibility), and trifluoropropyl (FSR or FVMQ,
solvent/fuel resistance).

According to ASTM D 1418 there are various classes of silicone rubbers [10],
see Table 26.3. VMQs have excellent resistance to ozone and weathering, and good
resistance to compression set at high temperatures. Due to the flexible backbone of
Si–O–Si linkages, they have poor tensile strength, low tear and abrasion resistance,
and high gas permeability.

Fig. 26.9 Molecular structure of CSM

Table 26.3 Classes of silicone elastomers [26]

Class Substituent in polymer chain Applications

MQ Methyl Not commonly used

VMQ Vinyl General purpose

PMQ Phenyl Extremely low temperature

PVMQ Methyl, phenyl and vinyl Extremely low temperature

FVMQ Trifluoropropyl Fuel, oil and solvent resistance

Fig. 26.10 Molecular structure of VMQ
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The saturated backbone and flexible chain find wide application in aircraft as
weather resistant canopy seals. The properties like inertness and lack of toxicity
make these elastomers suitable for pilots’ oxygen masks. They are also widely used
in the aerospace industry as pneumatic seals [24, 25].

(xi) Fluorosilicone elastomers (FVMQ)

The FVMQ elastomer is a modified silicone rubber. The molecular structure is as
shown in Fig. 26.11. The trifluoropropyl substitution in the polymer chain induces
the polarity in an FVMQ. This elastomer overcomes the disadvantages of silicone
in terms of fuel resistance without compromising the weathering resistance and low
temperature flexibility.

These rubbers have a very wide service temperature range and low chemical
reactivity. However, they have low tensile strength, and poor tear and abrasion resis-
tance compared to fluorocarbon rubbers. Typical uses include sealing systems [27, 28]
requiring wide temperature exposure and resistance to aerospace fuels and oils.

(xii) Fluorocarbon elastomers (FKM or FPM)

Fluorocarbon gums are prepared by copolymerizing monomers such as vinyli-
dene fluoride (VF) and hexafluoropropylene (HFP). The type of monomer deter-
mines the fluorine content, and there are three different types of FKM, see
Table 26.4. The molecular structures of all three types are shown in Fig. 26.12.

The high strength of FKMs can be attributed to the C–F bond compared to the
C–H bond. General properties of FKMs include excellent resistance to heat,

Fig. 26.11 Molecular structure of FVMQ

Table 26.4 Types of FKMS [10]

Class: fluorine content Properties/applications

Copolymer of vinylidine fluoride (VF) and
hexafluoropropylene (HFP): 65–65.5 %

Good fluid and best compression set

Terpolymer of VF, HFP and tetrafluoroethylene
(TFE): 67 %

Better chemical resistance and inferior
compression set

Tetrapolymer of VF, HFP, TFE and cure site
monomer: 67–69 %

Improved chemical resistance and
compression set compared to terpolymers

572 C.M. Bhuvaneswari et al.



petroleum oils and hydrocarbon fuels, organic and silicate ester-based lubricants,
and aromatic hydrocarbons. On the other hand, they have poor resistance to ethers,
ketones, esters, amines, and hydraulic fluids based on phosphate esters. Superior
tensile strengths make them suitable for dynamic sealing applications, with the
lowest operating temperature between −15 and −18 °C, i.e. these elastomers are not
suitable for low temperature applications. The excellent fluid resistance can be
attributed to the fluorine content in the molecular structure. The fuel resistance of
FKMs increases with the fluorine content at the expense of compression set.

Owing to their excellent fuel resistance and strength, FKMs are widely used in
aircraft and spacecraft fuel systems as dynamic seals [29].

(xiii) Perfluoroelastomers (FFKM)

An FFKM is chemically a terpolymer of tetrafluoroethylene (TFE) and per-
fluromethylvinylether (PMVE) with a small amount of cure-site monomer. The
molecular structure is depicted in Fig. 26.13. The absence of hydrogen atoms in
cured FFKM polymers increases the heat and chemical resistance as compared to
FKMs. The unique property of FFKMs is the long-term resistance to exposure at
high temperatures up to 260 °C and short-term resistance up to 310 °C.

FFKMs are the most chemically resistant elastomers available—effectively a
rubber form of PTFE (polytetrafluoroethylene). They are extremely inert and have
excellent resistance to the majority of chemicals that attack other elastomers. They
have outstanding resistance to ketones, hot fuming nitric acid, oil field sour gases
and high temperature steam; and they give low out-gassing under vacuum. Also,
they have good long-term high temperature compression set resistance. The major
disadvantage is the poor low temperature flexibility. The high strength and high

Fig. 26.12 Molecular
structures of FKMs

Fig. 26.13 Molecular
structure of FFKM
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temperature resistance properties make FFKMs suitable for static and dynamic seals
in aerospace applications [30].

26.1.6 Elastomer Aerospace Requirements

The exceptionally high elasticity, with elongation values from one hundred to
several thousand percent, makes elastomers suitable for aircraft tyres, seals and
gaskets. Tyres must have many capabilities [31], including supporting vehicle
loads, maintaining dimensional stability, giving adequate tread life, and having low
energy consumption. To meet these requirements they must combine enough
rigidity and flexibility to cope with obstacles without sustaining damage, and give
long flexural fatigue lives. Moreover, aircraft tyres must cope with use at high
speeds and high loads relative to their size.

Their outstanding dynamic properties make elastomers suitable as shock
absorbers and passive dampers in the space industry, where they are mounted
onboard launchers and satellites. Historically, the damping properties of elastomers
were first used for launchers to prevent damage due to shock loads generated by
stage separations. Subsequently, they were mounted inside spacecraft as passive
damping equipment. The intention is always to limit shock level effects on
equipment and micro-vibrations generated by onboard reaction wheels and
gyroscopes.

The following elastomeric properties play major roles in aerospace applications:

(i) Mechanical characteristics

The main mechanical characteristic of elastomers is extreme flexibility. They can
be strongly extended (more than 400 % elongation) without damage, and return to
their original positions when the stress is removed. The extreme flexibility can be

σ

ε

Aluminium

Elastomer 

Fig. 26.14 Schematic tensile
stress–strain curves for an
elastomer and aluminium [31]
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attributed to the long molecular chains made of monomer units rearranging them-
selves to dispense the applied stress. Moreover the network of cross-links formed
between the molecular chain helps the elastomer to return to the original shape.
Figure 26.14 compares the stress–strain behaviour of a metal and elastomer.

(ii) Thermophysical aspects

Owing to the high mobility of the macromolecular chains, the glass transition
temperature (Tg) of elastomers is lower than room temperature, and it also depends
on the chemical structure of the elastomer. Elastomers above Tg will be soft,
flexible and exhibit a delayed elastic response (viscoelasticity), while those below
their Tg will be hard and brittle. When the temperature is higher than Tg, thermal
agitation of macromolecular chains is very high inside the material, making the
elastomer very elastic around Tg. This is the relaxation area where the damping of
the elastomer is maximum.

(iii) Viscoelasticity

Elastomers exhibit a viscoelastic behaviour intermediate between a perfectly
elastic spring and a viscous fluid. This is why a first approximation to modelling a
rubber damper is a spring connected to a dashpot, as shown schematically in
Fig. 26.15.

This viscoelastic model is called the Voigt model. On loading, the spring tries to
elongate instantaneously, but the piston in the dashpot moves rather slowly and
delays the response of the spring. On releasing the load, the spring tries to pull the
system back, but again the dashpot delays the motion. This is the phenomenon of
delayed elasticity, which can be described by both the modulus and viscosity. The
total stress (σ) is equal to the sum of the elastic and viscous stresses, as shown in
Eq. (26.1). Here the modulus can be expressed as an in-phase component, the
storage modulus (G′), which is the measure of the elastic behaviour. G″ is the
measure of the viscous behaviour, and is known as the loss modulus. The ratio of
the loss to the storage modulus, shown in Eq. (26.2), is called the damping (φ).

r ¼ c0½G0ðxÞ sinðx tÞþG00ðxÞ cosðx tÞ� ð26:1Þ

and

u ¼ tan�1ðG00=G0Þ ð26:2Þ

• Frequency influence: From Eq. (26.1), G′ and G″depend on the frequency, ω:

– when ω is low the molecular chains have time to return to their original
positions. Here the viscous or liquid-like flow predominates. Hence the
material appears flexible.
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– when ω increases, the molecular chains lag behind the original positions and
lead to unrecoverable deformation. Here the elasticity dominates and the
material behaves in elastic fashion.

– finally, if ω continues to increase, the molecular chains cannot return to their
original positions. The macromolecular chains are in permanent tension and
the material appears rigid.

• Temperature influence: Temperature and frequency have opposite influences on
elastomers:

– at very low temperatures the elastic moduli are very high and the elastomer is
rigid and brittle.

– at high temperatures the elastic moduli are low and the elastomer is elastic.
– at intermediate temperatures the elastomers are most viscous near the glass

transition temperature Tg.

(iv) Fluid resistance [32]

Many aerospace products such as seals, gaskets and hoses encounter lubricating
and hydraulic oils, greases, and fuels. Therefore it is important to select elastomers
with resistance to these fluids.

Two relationships are of primary importance in the interaction of chemical
compounds: solution and reaction. Many liquids are good solvents for particular
elastomers but do not react with the material: these liquids cause reversible swelling
and property changes in elastomers. Other liquids are not solvents but are highly
reactive: these degrade elastomers by surface attack.

Liquids intermediate between these two extremes cause both swelling and
irreversible changes in the properties. Swelling causes volume changes that alter the
physical properties of elastomers. An immersion test under controlled conditions is
the most reliable method for selecting an elastomer for use in the presence of
specific fluids.

σ

σ

Fig. 26.15 Viscoelastic
model [31]
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The fluid resistance of elastomers depends on the following factors:

• Elastomer grade
• Compounding ingredients
• Temperature and time of exposure
• Dimensions of the elastomer part
• Chemical composition of fluid medium.

26.1.7 Aerospace Applications of Elastomers

Elastomers are essential materials for the following aerospace systems:

(i) Airframe systems

• Structural system vibration damping elements
• Pressurization system sealing parts
• Control system power source, actuator, servo, and vibration damping

parts
• Chemical, thermal, and abrasion-resistant coatings and parts
• Electrical system parts
• Heating and cooling system parts.

(ii) Instrument, weapon, indicator and guidance systems

• Power source and transmission parts
• Electrical insulation
• Shock absorption and vibration damping parts
• Chemical, thermal and abrasion resistant coatings and parts.

(iii) Landing gear systems

• Tyres
• Shock absorption and vibration damping parts
• Braking device parts
• Retraction mechanism parts.

(iv) Propulsion systems

• Fuel containment and transfer element parts
• Actuator and servo parts
• Shock absorption and vibration damping parts
• Electrical insulation
• Solid propellant ingredients.
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26.2 Adhesives

26.2.1 Introduction

Adhesive bonding is widely accepted as a valuable method for obtaining structural
assemblies with very good strength-to-weight ratios. The aerospace industry uses
adhesive bonding extensively, for both metallic and composite structures, and also
hybrid metal/composite structures and components.

Adhesives for elevated temperature applications must operate in severe envi-
ronments. Hence one of the mandatory capabilities is to maintain the mechanical
properties and structural integrity at the designed service temperatures. Adhesive
systems that meet some of these requirements include epoxies (high strength and
temperature resistance), silicones (excellent sealants for low stress applications,
high degree of flexibility and very high temperature capabilities), phenolics, poly-
imides, bismaleimides and ceramic adhesives.

In recent years, adhesive bonding has either been replacing or supplementing
conventional joining methods such as riveting, welding and mechanical fastening in
a variety of applications [33]. This type of bonding is preferable for thin structures
with defined loads, and is being extensively used to repair cracked sheet structures
in aircraft, using composite patches [34]. However, thicker structures with heavy
loads are more suited to mechanical fastening [35].

26.2.2 Advantages of Adhesive Bonding

There are many potentially advantageous industrial applications [36, 37] of adhe-
sives relevant to aerospace structures, for which the major concerns are structural
efficiency (light weight), safety and reliability. In recent years the use of adhesive
bonded aerostructures has increased tremendously due to the following advantages:

• Improvement of load carrying capability
• Excellent fatigue properties
• Attractive fracture mechanics properties
• Corrosion resistance
• Weight reduction.

However, there are also various disadvantages like the requirement of stringent
process control and difficulties with various testing methods.
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26.2.3 Mechanisms of Adhesive Bonding

26.2.3.1 Adhesion

The mechanisms [38, 39] and factors mainly responsible for developing strong and
durable bonded joints are

• Molecular attraction, mechanical interlocking or electrostatic attraction of sur-
faces held together.

• Wetting of surfaces
• Contact angles
• Adherend surface quality
• Adhesive type and properties.

26.2.3.2 Adherend surface

The surface roughness of the adherend surface plays a major role. The rougher the
surface, the more surface area is available for bonding. Good adhesion can be
achieved with good wetting of the adherend surfaces and uniform spreading of the
adhesives. In this respect the surface cleanliness is paramount for successful
bonding.

26.2.4 Surface Treatment of Substrates

Surface preparation is a key factor for the satisfactory service life. There is a wide
range of surface treatments available [40– 44]. All the substrates have to be
chemically treated to remove impurities and promote good adhesion. Best practice
is collected in ISO Standards 4588 (metals) and 13895 (plastics). The techniques
can be classified into five groups, according to treatment type:

(i) Cleaning/Degreasing: Grease, oil, wax and other organic contaminants can
be removed by wiping, dipping or spraying with organic solvents or alkaline
aqueous solutions. Dust can be removed by a clean brush or blast of air.

(ii) Surface Roughening: An abrasion treatment increases the surface roughness
and energy. Abrasive materials enhance the roughness and improve the
chemical activity of the adhesives.

(iii) Chemical Treatments: The type of chemical treatment depends on the
variety of substrate. A chemically active surface can be achieved by
immersion of the substrate in the chemical solution.

(iv) Physical Treatments: The surface of the substrate is exposed to ionized or
active gases, e.g. corona discharges, plasmas, flames and ozone. This method
has wide scope for fine tuning the substrate surface properties.
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(v) Primers: Primers provide protection and durability to the chemically or
mechanically treated surface. These coatings prevent the surface from cor-
rosion and are applied by dipping, brushing or spraying.

Each of the above categories can be further divided into a given technique or
method of surface preparation, see Table 26.5.

Selection of a pre-treatment will be based on the type of substrate, durability,
health and safety, and production costs. Pre-treatment facilities can include
equipment, chemicals and consumables. Key surface features are wettability,
roughness, soundness, stability, lack of contamination, uniformity and adhesive
compatibility.

26.2.5 Adhesive Type and Properties

The selection of adhesives [45–47] for aerostructures is vital in achieving satis-
factory performance. The following points list the factors involved in the selection
of adhesives.

• Basic type of adhesive system
• Cure parameters of bonded structure
• Temperature range of exposure
• Durability
• Mechanical properties
• Environmental resistance
• Performance evaluation.

The key types of structural adhesives [48] may be summarized as follows:

• Epoxies—Epoxy adhesives consist of an epoxy resin plus a hardener. They are
available in one-part, two-part and film form. There are many resins and dif-
ferent hardeners, providing a great variety in formulation and performance.
Polyamines are generally used as the hardeners for epoxy adhesives. However,
dicyanamide is used for high temperature curing. Epoxy adhesives form
extremely strong durable bonds with most of the substrates. The adhesive joints
show good resistance to fatigue, creep, heat, moisture and solvents. Toughened
epoxies contain an epoxy resin toughened with an elastomer. In general, Nitrile

Table 26.5 Surface pre-treatment methods [40, 41]

Mechanical Chemical Energetic

Alumina grit blast Solvent cleaning Plasma

Cryo-blast (Dry ice blast) Detergent wash Corona discharge

Soda-blast Acid etch Flame

Ply peeling Anodizing Excimer laser

Silicon carbide abrasion Primer
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rubber is used for elastomer-modified epoxy resin systems. Elastomers improve
the bond durability, fracture and impact resistance. They are extensively used in
larger wing and honeycomb assemblies for aircraft structures.

• Polyurethanes—Polyurethane adhesives basically consist of polyisocyanates,
polyols and chain extenders. They are produced by the reaction of polyiso-
cyanates and polyols. This type of resin is usually two-part and fast curing. They
have high impact resistance and durability. They are useful for bonding to
glass-reinforced plastics. Fibre-reinforced plastic surfaces to be bonded are often
treated with solvent based primers.

• Cyanoacrylates—These are very important adhesives because of rapid curing.
They are produced by anionic polymerisation of cyanoacrylic acid ester. These
adhesives are not suitable for high temperature applications. Toughened
acrylics are elastomer-modified acrylics, which are fast curing and offer high
impact resistance.

• Modified phenolics—The epoxy and nitrile modified phenolics find use in
military and space applications for metal to metal joints. They have excellent
short-time resistance to high temperatures. Epoxy phenolics have good resis-
tance to high humidity environments.

• Hot melts—Hot melt adhesive systems include ethylene-vinyl acetate copoly-
mers, polyolefins, polyamides, polyesters and thermoplastic elastomers. They
remain solid up to a certain temperature. At this temperature they start melting
and are applied to the surface. Cooling results in rapid setting. They are usually
designed for light loads, and only polyamides and polyesters can withstand
limited loads at elevated temperatures without creep. They are typically used in
door panels, tail-light assemblies, electronic controls and window seals.

• High temperature adhesives—These are used for high service temperatures.
Epoxy and phenolic resins weaken due to rapid thermal degradation at high
temperatures. Thus for specialist applications where brittle ceramic adhesives
are not appropriate, recourse must be made to more exotic, synthetic polymers.
Polyimide and bismaleimide adhesives are the most established types in this
class. They are available as liquids or films, but are relatively expensive and
difficult to handle. However, they are superior to most other adhesive types with
regard to long-term strength retention at elevated temperatures.

• Rubber adhesives—These are based on various elastomer solutions or latexes,
and solidify through loss of solvent or water medium. They are not suitable for
sustained load.

26.2.6 Adhesive Joint Design [47, 48]

The important motives to use adhesive joints are to avoid welding or mechanical
fastening, which can introduce local damage. In aerospace applications the substrate
may be a metallic or composite structure. Hence it is very important to have an
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optimum joint design resistant to failure. The following points are key factors in
designing bonded joints:

• Joint geometry
• Adhesive selection
• Mechanical properties of adhesive and substrate
• Stress in the joint
• Surface preparations of substrate
• Processing and curing conditions.

The bonded joints may be subjected either to the following types of load or
combinations of loads [47].

• Tensile
• Compression
• Shear
• Cleavage
• Peel.

Adhesive joints show great resistance in shear, compression and tension, but
become vulnerable under peel and cleavage loading. Hence the two main criteria of
design are (i) uniform distribution of stresses over the bonded joints and (ii) the
stress should be tensile, compression or shear: peel and cleavage loading should be
avoided because they concentrate the applied forces into a single line of high stress.
Thus for maximum strength the cleavage and peel stresses should be as much as
possible designed out of the joints.

Generally in aeronautical structures two or more following basic type of bonded
joints [48, 49] may be used in combination.

• Simple Lap Joint
• Tapered Lap Joint
• Scarf Joint
• Stepped Lap Joint
• Double Strap Joint
• Tapered Double Strap Joint.

The significance of tapering the ends of joints is a more uniform distribution of
stresses and therefore reductions of stress concentrations.

26.2.7 Aerospace Applications of Adhesives

Adhesives are widely used for bonding applications [50–52] in the aerospace
industry. Current applications are summarized here:
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Aircraft:

• Aluminium alloy or composite skins, frames and stiffeners bonded to form
major structural parts (fuselage, wings and empennage). Bonding is usually
combined with some mechanical fastening (rivets and bolts).

• Aluminium alloy skins bonded to aluminium honeycomb for flight control
surfaces.

• Composite structures such as honeycomb-based floor panels, engine and
transmission decks, cabin work decks and tunnel covers.

• Nano-toughened epoxy paste adhesives with outstanding mechanical properties
are currently used for aircraft structural metal and composite bonding.

• Radomes: Glass-fibre-reinforced plastic skins bonded to glass-fibre-reinforced
plastic honeycomb. Cyanate ester formulations offer outstanding electrical
properties, and are good candidates for both composite matrices and film
adhesives for radome applications.

• Rotor blades: aluminium, titanium, or carbon fibrereinforced plastic skins
bonded to metal ribs.

Spacecraft:

• Apollo command module: leak-tight aluminium alloy sheet and honeycomb
core sandwich structures bonded with epoxy-phenolic adhesive.

• Apollo heat shield: this was an epoxy novolac resin with special additives in a
fibreglass honeycomb matrix. Adhesives were used to bond the
glass-reinforced honeycomb core to stainless steel to form a sandwich
substructure.

• Apollo Service Module: aluminium alloy skins and composite honeycomb core
sandwich bonded with epoxy-phenolic tape adhesive.

• Lunar Module: Seals for mechanical fasteners, and seams with epoxy-based
adhesive for sandwich structure.

• Epoxy-glass skins co-bonded to aluminium honeycomb core for solar panels.
• Solar cells bonded onto polyimide film laminated with a thin glass-epoxy layer.
• Second surface mirrors: Thin fragile glass or quartz plates, metallised on the

back faces, and bonded on the spacecraft.
• Reflective radiation surfaces: bonded on spacecraft exteriors.
• Multi-layer circuit boards, antenna reflectors, tabular truss configurations,

mounting panels, re-entry heat shields.
• Space Shuttle: bonding of tiles for temperature protection. The adhesive used to

bond the ceramic tiles was an RTV (room temperature vulcanising) silicone
rubber [53, 54]. During re-entry to the atmosphere the adhesive strength was
sufficient to hold the tiles in place at the extreme temperatures.

Tactical Missiles:

• Adhesive bonding technology is used for wings, bonding of insulators and
bonding of liners to solid rocket propellant motors, and bonding nozzles to
propellant engines.
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26.3 Indian Scenario

Various ab initio projects in the Indian aerospace field of elastomer compounds and
adhesives have resulted in much indigenous manufacture and use. At present an
enormous number of elastomer compounds are indigenised as per the aeronautical
elastomer specifications, and are being used in Indian aerospace organizations.

In a similar way, many adhesives such as rubber-based polychloroprene, nitrile,
epoxy resin, and lanolin are indigenously available. Epoxy resin with the com-
mercial designation Araldite is widely used as an adhesive in the Indian aeronau-
tical field. Epoxy resins are used in electrical and electronic components, and also
for bonding glass, carbon and aramid fibre in reinforced plastics, and for bonding
metals to non-metals.

26.4 Conclusions

The types of elastomers used in the aerospace industry include Natural, Nitrile,
Neoprene, Butyl, Silicone, Fluorocarbon, and Ethylene Propylene rubbers; and
Hypalon and Fluorosilicones. Their exceptionally high elasticity and elongation char-
acteristics make them especially suitable for aircraft tyres, vibration dampers and seals.

Adhesives are extensively used in the aerospace industry for bonding
metal-to-metal, metal-to-composite and composite-to-composite parts. There are
many types of structural adhesives. However, high-performance epoxies, nitrile
phenolics and bismaleimides are the most prevalent.
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