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Preface 

Intermetallics are a fascinating new group of materials. Due to their unique physical and 
mechanical properties they occupy an intermediate position between metallic and 
non-metallic materials. This range of properties has aroused the interest of materials 
researchers and designers all over the world and has led to various important materials 
developments as well as to a flood of conferences and publications on intermetallics. 

The present monograph was first written as a chapter for Volume 8 of the series 
“Materials Science and Technology: A Comprehensive Treatment”, edited by Robert W. 
Cahn, Peter Haasen, and Edward J. Kramer (Volume Editor Dr. Karl Heinz Matucha). Its 
aim is to give an overview of intermetallics, which is both detailed and comprehensive and 
which includes the fundamentals as well as applications. The result is an extended, critical 
review of the whole field of intermetallics with an emphasis on those intermetallic phases 
which have already been applied as functional or structural materials or which are cur- 
rently the subject of materials developments. A historical introduction and a discussion of 
the relationship between atomic bonding, crystal structure, phase stability and properties 
is followed by a discussion of the major classes of intermetallics. The titanium aluminides, 
nickel aluminides, iron aluminides, copper phases, A15 phases, Laves phases, beryllides, 
rare earth phases, and silicides are reviewed. In particular, the crystal structures, phase 
diagrams, and physical properties as well as the mechanical and corrosion behavior are 
treated. The state of developments as well as prospects and problems are discussed in view 
of present and future applications. The publisher has decided to publish the review as a 
separate monograph in order to make it accessible to a wider audience. 

The author’s research on intermetallics has been supported by the Deutsche 
Forschungsgemeinschaft (DFG) and the Bundesminister fur Forschung und Techno- 
logic (BMFT) throughout a decade, and this is gratefully acknowledged. The author 
is indebted to numerous colleagues whose research is acknowledged in the references, 
and in particular to his colleagues at the Max-Planck-Institut fur Eisenforschung for 
many valuable and stimulating discussions. The author thanks Mrs. Erika Bartsch for the 
large number of electron microscopy investigations of various intermetallic alloys and 
Mr. Gerhard Bialkowski for innumerable mechanical tests on rather brittle materials. 
I am indebted to the editorial and production staff at VCH for their contribution to the 
task of assembling this monograph. My particular thanks go to Dr. Peter Gregory, 
Dr. Ute Anton, and Ms. Deborah Hollis on the editorial side and to Wirt.-Ing. Hans- 
Jochen Schmitt on the production side. 

January 1995 Gerhard Sauthoff 
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1 Introduction 1 

,,Die Sprodigkeit der metallischen Kri- 
stallarten singularer Zusammensetzung, der 
Metallverbindungen, kann ihren Grund 
darin haben, daB ihnen die Fahigkeit, 
Gleitebenen zu bilden, abgeht, oder daB 
neben dieser Fihigkeit noch die Eigentum- 
lichkeit der RiBbildung auftritt.“ 

(“The reason for the brittleness of 
metallic crystals with unique composi- 
tions, i.e. the metal compounds, may be 
that they lack the ability to form glide 
planes, or that in addition to this ability, 
there exists the characteristic of crack for- 
mation.”) 

Tammann and Dahl (1923) 

1 Introduction 

1.1 Definition of Intermetallics 
and Outline of This Report 

Intermetallics is the short and summa- 
rizing designation for the intermetallic 
phases and compounds which result from 
the combination of various metals, and 
which form a tremendously numerous and 
manifold class of materials, as will become 
clear in the following sections. According 
to a simple definition (Schulze, 1967; Gir- 
gis, 1983), intermetallics are compounds of 
metals whose crystal structures are differ- 
ent from those of the constituent metals, 
and thus intermetallic phases and ordered 
alloys are included. During the last ten 
years intermetallics have been of enor- 
mous, and still increasing, interest in mate- 
rials science and technology with respect to 
applications at high temperatures, and a 
new class of structural materials is expect- 
ed to be developed on the basis of inter- 
metallics. Various materials developments 
are under way in various parts of the 
world, in particular in the U.S.A., in Ja- 
pan, and in Germany. These activities are 

the main subject of the present report. 
However, it has to be noted that besides 
intermetallics with oustanding high-tem- 
perature properties there are other inter- 
metallics with outstanding physical prop- 
erties which have given rise to develop- 
ments of new functional materials much 
earlier, and which will also be addressed. 

The numerous and manifold activities 
on intermetallics, as well as the enormous 
interest, have given rise to many confer- 
ences, symposia and workshops on materi- 
als research and development of inter- 
metallics during previous years. The re- 
sults of these activities have been published 
in the respective proceedings volumes, as 
well as the publications in scientific jour- 
nals and research reports, and there are an 
increasing number of review papers on 
various aspects of intermetallics in such 
proceedings and in the scientific journals. 
Furthermore, particular aspects of inter- 
metallics are treated in various volumes of 
the Series Materials Science and Technolo- 
gy (MST): chapters by Pettifor, and Ferro 
and Saccone in Volume 1, chapters by De- 
laey, and Inden and Pitsch in Volume 5 ,  
and chapters by Umakoshi and Mukherjee 
in Volume 6. 

It is the aim of the present report to give 
a summarizing description of the various 
intermetallics which have already been se- 
lected for materials developments, or which 
have been, and still are, regarded as promis- 
ing for materials developments. The charac- 
teristic properties are shown, the physical 
mechanisms which control the observed 
behavior and the problems involved are 
discussed, and the present state and pros- 
pects of the respective materials develop- 
ments are assessed. This report, however, 
cannot be exhaustive because of the large 
and still increasing number of activities, 
and because many developments have not 
yet been described in the open literature. 

Intermetallies 
Gerhard Sauthoff 
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2 Intermetaltics 

After an introductory section with a 
brief account of the history of intermetal- 
lics, the fundamentals of intermetallics are 
discussed by making reference to the re- 
spective chapters in various volumes of 
MST. In particular, the stability of phases, 
as well as the relation between atomic 
bonding and basic properties are ad- 
dressed, and the criteria for grouping the 
various phases are discussed. Then the 
various intermetallics and the respective 
materials developments are described, and 
finally the prospects, as well as the needs 
for research and development, are as- 
sessed. 

1.2 Historical Remarks 

The history of intermetallics has been 
outlined repeatedly in some detail by West- 
brook, one of the central people in the re- 
search and development of intermetallics 
in the second half of this century (West- 
brook, 1967, 1970, 1977, 1993). Therefore 
only some important points are noted 
here. 

Intermetallics have been made use of 
since the beginning of metallurgy, as is ex- 
emplified in Table 1 (for nomenclature see 
the chapter by Ferro and Saccone in Vol- 
ume 1 of MST). Such intermetallics result- 
ed from the used alloy systems with low 
melting temperatures, and the applications 
relied on the outstanding hardness and 
wear resistance of the intermetallics to- 
gether with their metallic properties (West- 
brook, 1977). Because of the metallic be- 
havior of intermetallics they could be pol- 
ished, and thus the decorative aspect was 
also important for many applications. Ex- 
amples are the bronze coatings in ancient 
Egypt and the mirrors which were used, 
not only by the ancient Chinese, but also 
by Etruscans and Romans (Westbrook, 
1977). In this context it has to be men- 

tioned that some intermetallics show beau- 
tiful colors, e.g. the violet Cu,Sb (“Reg- 
ulus of Venus”), which was also discovered 
early on (Westbrook, 1977). 

Intermetallics became a subject of scien- 
tific research during the last century with 
the development of physical metallurgy, 
and the first validated instance of inter- 
metallic compound formation was report- 
ed by Karsten (1839) in Germany (West- 
brook, 1967, 1970). Intensive and broad- 
scale work on intermetallics was initiated 
by Tammann in Gottingen, Germany and 
Kurnakov in St. Petersburg, Russia at the 
turn of the century, from which a large 
number of directive papers resulted (e.g. 
Kurnakov, 1900, 1914; Tammann, 1903, 
1906; Kurnakov and Zhemchuzhny, 1908; 
Tammann and Dahl, 1923). The early 
work on intermetallics during the first 
decades of this century included studies of 
phase stabilities, phase equilibria and 
phase reactions in order to establish phase 
diagrams, as well as studies of the various 
properties, i.e. chemical and electrochemi- 
cal properties, physical properties includ- 
ing magnetism and superconductivity, and 
mechanical properties, as are summarized 
in Tammann (1932). With respect to me- 
chanical behavior it was realized that the 
outstanding hardness of intermetallics is 
accompanied by an unusual brittleness, 
and the reasons for this were also investi- 
gated (Tammann and Dahl, 1923). 

Intermetallics were used in this century 
first and primarily for applications as func- 
tional materials, as is exemplified in Table 
1. Indeed the first industrial applications 
relied on the special magnetic behavior of 
certain phases, and respective materials de- 
velopments led e.g. to Sendust, which 
shows outstanding magnetic properties 
and wear resistance and is widely used for 
magnetic heads in tape recorders (Ya- 
mamoto, 1980; Brock, 1986). In the second 
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Table 1. Some past and present applications of intermetallics (Sauthor, 1989). 

Since Material 
approx. or process 

2500 B. c. 

100 B. C .  

0 

600 

1500 

1505 

1540 

1910 

1921 

1926 

1931 

1935 

1938 

1950 

1956 

1961 

1962 

1967 

cementation 

yellow brass 

high tin bronze 

amalgam 

amalgam 

amalgam 

type metal 

Acutal 

Permalloy 

Permendur 

Alnico 

Sendust 

Cu-Zn-Al 
Cu-Al-Ni 

pack aluminide 
coating 

Kanthal Super, 
M osili t 

A 15 compound 

Nitinol 

Co-Sm magnets 

Reference Phase Application 

Cu3As 

CuZn 

CU, 1 Sn, 

Ag2Hg3 + 
Sn.5Hg 

Cu4Hg3 

Sn,Hg 
SbSn 

(Cu, Mn),AI 

Ni,Fe 

FeCo(-2V) 

NiAl -Fe-Co 

Fe,(Si, Al) 

CuZn- Al 
(Cu, Ni),AI 

NiAI, CoAl 

MoSi, 

Nb,Sn 

NiTi 

Co,Sm 

coating of bronze tools, etc. 
(Egypt, Anatolia, Britain) 

coins, ornamental parts (Rome) 

mirror (China) 

dental restorative (China) 

dental restorative (Germany) 

mirror surface (Venice) 

printing 

fruit knife (Germany) 

Westbrook (1977) 

Gmelin-Institut (1 955) 

Westbrook (1977) 

Westbrook (1977) 
Waterstrat (1990) 

Paufler (1976), 
Westbrook (1977) 
Waterstrat (1990) 

Westbrook (1 977) 

Westbrook (1977) 

Heusler (1989) 

high permeability magnetic alloy Bozorth (1951) 

soft magnetic alloy Bozorth (1951), 
Chen (1961) 

De Vos (1 969) permanent magnet material 

magnetic head material Yamamoto (1980) 

shape memory alloys Hodgson (1990) 

surface coating for protection 

electric heating elements 

Nicholls and Stephenson 

Fitzer and Rubisch (1958) 

from environment (1991) 

superconductors Westbrook (1977), 
Geballe and Hulm (1986) 

Delaey et al. (1974) 
Hodgson (1 990) 

Stadelmaier et al. (1991), 
Westbrook (1977), 

Buschow (1986) 

shape memory alloy 

permanent magnets 

half of this century another important ap- 
plication resulted from the development of 
new superconducting materials based on 
the A15 compounds which are used for 
superconducting magnets (B. W. Roberts, 
1967; Westbrook, 1977; Dew-Hughes, 
1986). A third group of functional materi- 
als, the shape memory alloys, makes use of 
a martensitic phase transformation and 

has again found manifold applications 
during the last three decades, e.g. Otsuka 
and Shimizu (1986). 

An important group of functional mate- 
rials is formed by the 111-V compounds, 
e.g. InSb, InAs, GaAs, which have found 
applications in electronics and in ther- 
moelectric power generation (C. S. Roberts, 
1967; Cadoff, 1967). The constitutive ele- 
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ments of these phases represent the transi- 
tion from metals to semi-metals and non- 
metals, and the resulting compounds are 
semiconductors. Thus these intermetallic 
semiconductor compounds are outside the 
field of intermetallics proper, which exhib- 
it metallic behavior. 

Intermetallics did not find applications 
as structural materials in the past because 
of their brittleness. The only noteworthy 
exception is the continuing use of amal- 
gams as dental restoratives (Westbrook, 
1974, 1977). On the other hand, various 
intermetallics were successfully used as 
strengthening second phases in conven- 
tional alloys for structural applications 
(Westbrook, 1970). Thus it was clear that 
intermetallics are promising for applica- 
tions as structural materials at high tem- 
peratures because of their high hardness 
and stability, and indeed manifold activi- 
ties were started at the beginning of the 
fifties for clarifying the potential of inter- 
metallics for structural applications (West- 
brook, 1960a, b). Various promising can- 
didate phases were identified, but the 
respective materials developments were 
hampered by the unsolved brittleness 
problems, and thus the various activities 
slowly died away during the 1960s (West- 
brook, 1965, 1970, 1977; Ryba, 1967; Liu 
and Stiegler, 1984; Cahn, 1989; Liu et al., 
1990). 

One offspring of these activities was the 
development of the electric heating ele- 
ments based on MoSi, (see Table l), which 
rely on the advantageous chemical behav- 
ior of this phase, i.e. its high oxidation 
resistance at very high temperatures 
(Fitzer and Rubisch, 1958; Schrewelius 
and Magnusson, 1966). In this context the 
surface coatings should be mentioned 
which have been developed in the course of 
superalloy developments to protect the 
coated materials against high temperature 

corrosion, and which rely primarily on 
such intermetallics as NiAl and CoAl 
(Nicholls and Stephenson, 1991). 

It should be noted that the mentioned 
molybdenum disilicide is a borderline case 
of the intermetallics since silicon is not a 
metal, but a semiconductor. It is known 
that the combination of silicon with metals 
gives rise to compounds with metallic 
properties, e.g. MoSi,, as well as com- 
pounds with semiconductor properties 
(Nowotny, 1963), i.e., silicides mark the 
transition from intermetallics to com- 
pounds of metals and nonmetals. Never- 
theless, silicides are traditionally included 
in the field of intermetallics because of 
their many similarities with metals 
(Wehrmann, 1967). 

The first intensive and successful struc- 
tural materials developments were based 
on the titanium aluminides Ti,Al and 
TiAl, and were started at the beginning of 
the 1970s with fundamental deformation 
studies (Shechtman et a]., 1974; Fleischer 
et al., 1989a; Schneibel et al., 1986), 
whereas the potential of these phases for 
high-temperature applications had already 
been recognized during the 1950s (McAn- 
drew and Kessler, 1956). These develop- 
ments are still continuing with a multitude 
of activities. 

Another similar intensive and successful 
structural materials development was 
based on the nickel aluminide Ni,AI, 
which is the strengthening second phase in 
the superalloys, and which was also a can- 
didate phase during the 1950s (Liu and 
Stiegler, 1984). This development had an 
enormous impact due to the detection of 
the “ductilization” effect of small addi- 
tions of boron (Aoki and Izumi, 1979; Liu 
and Koch, 1983), since this effect gave rise 
to large research programs on intermetal- 
lics and excited the general and still in- 
creasing interest in intermetallics. More 
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and more research groups started work on 
intermetallics, and in most cases during the 
last decade Ni,AI was selected as the sub- 
ject of research. A further related develop- 
ment, which was already started at the be- 
ginning of the 1970s, was based on the 
quaternary phase (Fe,Co,Ni),V with the 
crystal structure of Ni,AI (Liu and Inouye, 
1979). These successful developments have 
initiated work on other less-common 
phases recently which aims at low densities 
and/or high application temperatures (e.g. 
Sauthoff, 1989). From these various devel- 
opments over the years the manifold spec- 
trum of present activities has evolved 
which is the subject of the subsequent sec- 
tions. 

2 General Considerations 

2.1 Bonding, Crystal Structure, 
and Phase Stability 

particular crystal structures with ordered 
atom distributions where atoms are prefer- 
entially surrounded by unlike atoms. Sim- 
ple examples of such crystal structures are 
shown in Fig. 1. The crystal structures of 
intermetallics have been discussed in detail 
by Ferro and Saccone in Volume 1 of MST. 

The crystal structure of an intermetallic 
is determined by the strength and charac- 
ter of bonding in the crystal, which de- 
pends on the particular electronic configu- 
ration. The relation between structure type 
and atomic properties of the constituent 
atoms, however, is not a simple one and 
thus various criteria have been used for 
correlating structure type and phase type, 
i.e., for predicting the crystal structure for 
a given phase or phase group. Likewise, all 
the intermetallics cannot be expected to 
show metallic bonding similar to the con- 
stituent metals. This has been discussed in 
detail repeatedly, and the intermetallics 
have been grouped traditionally according 
to various criteria (e.g. Nevitt, 1963; 

Intermetallics form because the strength Schulze, 1967; Schubert, 1967; Laves, 
1967; Girgis, 1983; Hafner, 1987; Pettifor, 
1988; and the chapters by Pettifor and Fer- 
ro and Saccone in Volume 1 of MST). It 

of bonding between the respective unlike 
atoms is larger than that between like 
atoms. Accordingly, intermetallics form 

b c c  
1 

(Fe,Co, B2or L Z o  Ni)AI ggjgL12 - Ni3AI &!j L1, TI Al 

1 ' \  
O030r L2,. 
Fe A1 

Ni2TiAI  

 DO,,^ 
NbAl3 

Fe,AI C 

O A  

O B  

8 C  

Figure 1. Some simple intermetallic crystal structures which are derived from the b.c.c. and f.c.c. structures, 
respectively, with typical examples (SauthoN, 1989). 
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and more research groups started work on 
intermetallics, and in most cases during the 
last decade Ni,AI was selected as the sub- 
ject of research. A further related develop- 
ment, which was already started at the be- 
ginning of the 1970s, was based on the 
quaternary phase (Fe,Co,Ni),V with the 
crystal structure of Ni,AI (Liu and Inouye, 
1979). These successful developments have 
initiated work on other less-common 
phases recently which aims at low densities 
and/or high application temperatures (e.g. 
Sauthoff, 1989). From these various devel- 
opments over the years the manifold spec- 
trum of present activities has evolved 
which is the subject of the subsequent sec- 
tions. 

2 General Considerations 

2.1 Bonding, Crystal Structure, 
and Phase Stability 

particular crystal structures with ordered 
atom distributions where atoms are prefer- 
entially surrounded by unlike atoms. Sim- 
ple examples of such crystal structures are 
shown in Fig. 1. The crystal structures of 
intermetallics have been discussed in detail 
by Ferro and Saccone in Volume 1 of MST. 

The crystal structure of an intermetallic 
is determined by the strength and charac- 
ter of bonding in the crystal, which de- 
pends on the particular electronic configu- 
ration. The relation between structure type 
and atomic properties of the constituent 
atoms, however, is not a simple one and 
thus various criteria have been used for 
correlating structure type and phase type, 
i.e., for predicting the crystal structure for 
a given phase or phase group. Likewise, all 
the intermetallics cannot be expected to 
show metallic bonding similar to the con- 
stituent metals. This has been discussed in 
detail repeatedly, and the intermetallics 
have been grouped traditionally according 
to various criteria (e.g. Nevitt, 1963; 

Intermetallics form because the strength Schulze, 1967; Schubert, 1967; Laves, 
1967; Girgis, 1983; Hafner, 1987; Pettifor, 
1988; and the chapters by Pettifor and Fer- 
ro and Saccone in Volume 1 of MST). It 

of bonding between the respective unlike 
atoms is larger than that between like 
atoms. Accordingly, intermetallics form 

b c c  
1 

(Fe,Co, B2or L Z o  Ni)AI ggjgL12 - Ni3AI &!j L1, TI Al 

1 ' \  
O030r L2,. 
Fe A1 

Ni2TiAI  

 DO,,^ 
NbAl3 

Fe,AI C 

O A  

O B  

8 C  

Figure 1. Some simple intermetallic crystal structures which are derived from the b.c.c. and f.c.c. structures, 
respectively, with typical examples (SauthoN, 1989). 
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should be noted that these groupings are 
not unambiguous since different authors 
stress different aspects of the particular in- 
termetallics. In the following, a brief sur- 
vey on three important and rather differ- 
ent groups of intermetallics is given to il- 
lustrate this. 

The Zintl phases are formed by metals 
on the left-hand side and on the right-hand 
side of the periodic table of elements, and 
are characterized by completely filled elec- 
tronic orbitals, normally by a full octet 
shell (Laves, 1967; Schafer et al., 1987; 
Schmidt, 1987). Thus they may be regard- 
ed as valence compounds which satisfy the 
familiar chemical valency rules (Girgis, 
1983; Hafner, 1987). The Zintl phases have 
crystal structures which are characteristic 
for typical salts, e.g. NaTl with a cubic B32 
structure (Strukturbericht designations are 
used here and in the following for the crys- 
tal structures) or Mg,Si with a cubic C1 
structure (Wars  and Calvert, 1991), and 
therefore ionic bonding is expected. How- 
ever, all types of bonding (ionic, metallic 
and covalent) and mixtures thereof have 
been found depending on the particular 
electronic distribution, i.e. the Zintl phases 
may also be regarded as electronic com- 
pounds for which the electron band-struc- 
ture energy is a large fraction of the total 
energy, and crystal structure types are re- 
lated to particular valence electron concen- 
trations (average number of valence elec- 
trons per atom) (Hafner, 1987). 

The best-known electron compounds 
are the Hume-Rothery phases which have 
the cubic B2 structure, e.g. P-brass at high 
temperatures and the transition-metal alu- 
minides FeAI, NiAl and CoAI, or the com- 
plex cubic A1 3 structure (P-manganese- 
type), e.g. Zn,Co, CUSS, or the close- 
packed hexagonal A3 structure, e.g. 
Cu,Ga, Ag,Al, for the valence electron 
concentration VEC = 3/2, the complex 

cubic D82 structure (y-brass type) for VEC 
= 21/13, e.g. Cu,Zn,, Fe,Zn,, and again 
the A3 structure for VEC = 7/4, e.g. 
CuZn,, Ag,AI, (Girgis, 1983). The bond- 
ing in such intermetallics is not purely 
metallic in spite of the metal-like band 
structure. For example, the bonding in the 
above-mentioned NiAl has been found to 
be essentially covalent with some metallic 
character and no ionic component (Fox 
and Tabbernor, 1991), which can be under- 
stood in view of the band structures of Ni, 
Al and NiAl (Engell et al., 1991). It has 
indeed been shown on the basis of recent 
ab initio calculations that - strictly speak- 
ing - the B2 aluminides are not Hume- 
Rothery electron compounds (Schultz and 
Davenport, 1993). This means that the 
Hume-Rothery rules, which relate crystal 
structure to valence electron concentra- 
tion, represent a very simplified picture of 
the bonding situation. Nevertheless, such 
rules are useful since they describe reality 
surprisingly well. 

Other intermetallics are best character- 
ized by the size ratios and packing schemes 
of the constituent atoms, and are therefore 
called size-factor compounds or topologi- 
cally close-packed intermetallics or 
Frank-Kaspar phases (Wernick, 1967; 
Girgis, 1983; Watson and Bennett, 1985; 
Hafner, 1987). One important group of 
these intermetallics are the A15 phases, 
which were mentioned in the preceding 
section. The best-known size-factor com- 
pounds are the Laves phases, which form 
the most numerous group of intermetallics 
and which crystallize in the closely related 
hexagonal C14, cubic C15 or hexagonal 
C36 structures with MgZn,, MgCu,, 
MgNi,, respectively, as typical examples 
(Wernick, 1967). The valence electron con- 
centration, however, is also an important 
factor here since it decides between the 
three crystal structures. These crystal 
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structures are characterized by high sym- 
metry, high atom coordination and high 
density in close analogy to metals, and in- 
deed the Laves phases primarily show 
metallic bonding according to the limited 
information available (Schulze, 1967; 
Hafner, 1987). 

There are phases which form by a phase 
transition with a lowering of the crystal 
symmetry from the solid solution of the 
constitutent elements at a transition tem- 
perature below the melting temperature, 
and which are known as Kurnakov phases 
(Kornilov, 1967). In the simplest case the 
phase transition results from an ordering 
reaction in the solid solution lattice from 
which a superlattice structure is estab- 
lished. Examples of phase formation by 
atomic ordering are the phases Fe,Al with 
a DO, structure, which forms by two-step 
ordering from the b.c.c. solid solution (see 
Sec. 5.1), as well as Ni,Fe with an L1, 
structure (see Sec. 4.2.2), CuAu with an 
L1, structure and Cu,Au with an L1, 
structure (see Sec. 6.4), the latter three of 
which form from f.c.c. solid solutions. This 
atomic ordering with superlattice fonna- 
tion obviously results from a stronger 
bonding between unlike atoms compared 
with bonding to like atoms. The difference 
in bonding energy between unlike and like 
atoms is usually known as the interaction 
energy and corresponds to an ordering en- 
ergy. Thus a higher crystal stability with a 
higher ordering temperature is expected 
for a higher interaction energy. The degree 
of order, which depends on temperature 
and composition, as well as the order/dis- 
order temperature can be modeled as a 
function of the interaction energy for a 
given phase to various degrees of approxi- 
mation, e.g. to the first approximation by 
the simple Bragg-Williams model or to 
higher approximations by the cluster vari- 
ation method or the Monte Carlo method 

(De Fontaine, 1979; see also the chapter by 
Binder, and Inden and Pitsch in Volume 5 
of MST). Apart from the degree of ap- 
proximation, the predictive power of such 
models with respect to phase stability and 
phase diagram calculations relies on the 
knowledge of the interaction energy, and 
on whether such interaction energies are 
sufficient for the characterization of the 
atomic bonding state. Analyses of various 
transition metal systems have shown that 
modeling with the cluster variation 
method or Monte Carlo method gives 
good agreement with the experimental ob- 
servations in most cases, whereas in some 
cases with b.c.c. structures the simple 
Bragg-Williams model gave better results 
than the more sophisticated models (chap- 
ter by Inden and Pitsch in Volume 5 of 
MST). 

It follows that single simple atomic 
parameters like the interaction energy, 
atomic size or valence electron concentra- 
tion have only a limited validity and are 
generally not sufficient for predicting the 
phase stability as a function of the constit- 
uent elements. A better and more general 
correlation between the atomic properties 
and the compound crystal structure should 
be obtained if the particularities of the 
electronic configurations of the constitu- 
ent atoms are taken into account, which 
are reflected by the positions in the period- 
ic table of elements. A better correlation 
has indeed been found, but the resulting 
structure maps still have their limitations 
because the changes in electronic configu- 
ration due to compound formation are not 
considered (Pettifor, 1988; Villars et al., 
1989). 

It has to be concluded that the bonding 
character and crystal structure of an inter- 
metallic can be predicted in a significant 
way only on the basis of a quantum-me- 
chanical, ab  initio calculation for the re- 
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spective phase (Hafner, 1987, 1989; Ma- 
jewski and Vogl, 1989). Much progress has 
been made in this respect (Gyorffy et al., 
1991), and for various important phases 
with not too complicated structures the 
crystal energy has been calculated as a 
function of the lattice structure in order to 
determine the phase stability (Freeman 
et al., 1991; Bose et al., 1991; Lin et al., 
1991; Pettifor and Aoki, 1991; Gonis et al., 
1991; Becker et al., 1991; Vignoul et al., 
1991; Sluiter et al., 1990; Huang et al., 
1991; De Fontaine etal., 1991; Turchi 
et al., 1991); see also the chapter by Petti- 
for in Volume 1 of MST. However, these 
calculations are very time consuming, even 
in simple cases, and more progress is neces- 
sary in the future in order to give guidance 
to practical materials developments on the 
basis of multinary (i.e. ternary, quater- 
nary, etc.) phases with less simple crystal 
structures. 

From the discussion in this section it 
follows that the intermetallics do not form 
a homogeneous group of materials at all. 
Instead the term intermetallics comprises a 
huge variety of phases which differ drasti- 
cally with respect to bonding, crystal struc- 
ture and properties. Thus the properties of 
intermetallics cannot be discussed general- 
ly with respect to all intermetallics; they 
can only be discussed by referring to 
specific groups of intermetallics. 

It may be supposed that the particular 
crystal structure of an intermetallic reflects 
the character and strength of bonding in a 
sensible way, and thus the crystal structure 
would be a good criterion for phase classi- 
fication. However, this does not mean that 
intermetallics with the same crystal struc- 
ture are similar with respect to bonding 
and properties since, e.g. the B2 structure 
is common to the intermetallic NiAl and to 
the purely ionic salt CsCl, and in the case 
of the transition-metal disilicides with a 

hexagonal C40 structure, NbSi, is metallic 
whereas CrSi, is a semiconductor (Nowot- 
ny, 1963). It has indeed been shown recent- 
ly on the basis of ab initio calculations that 
atomic coordination and connectivity are 
more relevant to crystal energy and stabil- 
ity than symmetry (Shah and Pettifor, 
1993). In view of the complexity of the 
classification of intermetallics, intermetal- 
tics are often grouped according to more 
practical criteria which refer to similarities 
in behavior. In the subsequent sections the 
intermetallics to be discussed are grouped 
according to constitution and crystal 
structure in a somewhat subjective man- 
ner. 

2.2 Bonding Strength and 
Basic Properties 

A basic property is the melting tempera- 
ture since it is known that materials’ 
parameters which characterize the defor- 
mation behavior are well correlated with 
the melting temperature (Frost and Ashby, 
1982). Examples are the elastic moduli 
which not only control the elastic deforma- 
tion, but are also important parameters for 
describing the plastic deformation, and the 
diffusion coefficients which control not 
only the kinetics of phase reactions, but 
also the kinetics of high-temperature de- 
formation, i.e. creep. Furthermore, the 
melting temperature is intuitively regarded 
as a measure of the phase stability since it 
limits the application temperature range. 

However, a phase melts when the Gibbs 
energy of the solid phase, which is a ther- 
modynamic state function and which con- 
trols the phase stability, is higher than that 
of the liquid phase [see e.g. Denbigh (1971) 
and chapter by Pelton in Volume 5 of 
MST]. The Gibbs energy G of a phase is 
given by 

G = H -  TS (1) 
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i.e., it is given by the enthalpy H a t  a tem- 
perature T = 0 K, and its temperature 
dependence is determined by the entropy 
S .  Thus the melting temperature depends 
on the differences in enthalpy and entropy 
between the solid and liquid states and is a 
rather complex function of the bonding 
strength. Only the enthalpy is directly re- 
lated to the internal crystal energy which is 
determined by the bonding strength. Nev- 
ertheless, the melting temperature is corre- 
lated surprisingly well with the phase for- 
mation enthalpy for sufficiently similar 
phases, as is shown in Fig. 2. For the small 
number of phases concerned, there is a lin- 
ear relationship for the phases with a com- 
mon B2 structure, whereas the phase TiAl 
with a different crystal structure follows 
another relationship. 

It may be concluded that the phase for- 
mation enthalpy may be a better parame- 
ter for characterizing bonding strength 
and phase stability, and for correlating this 
with the basic properties, e.g. elastic mod- 
uli. Formation enthalpies have been deter- 
mined experimentally (Hultgren, 1963), 

Y 

c- I I 

formation enthalpy in kJlmo1 o f  atoms 

and they can be calculated by quantum- 
mechanical calculations (e.g., Hacken- 
bracht and Kubler, 1980), or estimated by 
more or less empirical approaches (de Boer 
et al., 1988). Figure 3 shows some data for 
the Ni-A1 system which illustrate the good 
agreement between theory, estimate and 
experiment . 

However, the enthalpy values in Figs. 2 
and 3 refer to compound formation from 
the constituent elements a t  room tempera- 
ture, i.e. from the solid element crystals, 
and thus these formation enthalpies only 
characterize the bonding strength changes 
during compound formation. For com- 
plete characterization of the bonding 
strength the total phase enthalpy is re- 
quired, which refers to the compound for- 
mation from the elements in the gaseous 
state. The total phase enthalpy Htocal of a 
phase C may be estimated by adding up 
the formation enthalpy H,,,, and the en- 
thalpies of fusion and vaporization H,,, 
and Hvap of the constituent elements A and 
B, according to the reaction cycle given in 
Fig. 4. As an example, Fig. 5 shows data 
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=I c 
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E 500 + 

0 

+ 
Ni Ni,Al Ni A l  Ni Al,  A l  

Figure 2. Melting temperature as a 
function of formation enthalpy (Hultgren, 
1963) for the B2 phases CuZn (+), 
FeAl (#), CoAl ( x ), NiAl (*) and for the 
L1, phase TiAl (0) (Engell et al., 1991). 

Figure 3. Formation enthalpies from 
experiments ( x ) (Hultgren, 1963), quan- 
tum-mechanical calculations (+) 
(Hackenbracht and Kiibler, 1980) and 
estimates (0) according to de Boer et al. 
(1988), as a function of composition for 
the Ni-A1 system (Engell et al., 1991). 
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c 
Htoto, 

Figure 4. Reaction cycle for the formation of a phase 
C from the gaseous elements A and B (see text). 

for the Ni-A1 system, and again the agree- 
ment between estimates and experimental 
data is visible. It is noted that the forma- 
tion enthalpies are small compared with 
the total enthalpies, i.e. the enthalpies of 
the constituent elements are the major con- 
tributions to the total enthalpies. 

The correlation between the total 
phase enthalpy and the Young’s modulus, 
which is one of the three elastic moduli, is 
shown in Fig. 6 for various cubic phases, 
i.e. for the f.c.c. elements A1 and Ni (Al), 
the f.c.c.-ordered Ni,Al (Ll,), the b.c.c. 
ordered FeAI, NiAl and CoAl (B2), and 
the cubic Laves phases CaAI,, YAI,, 
LaAl,, NbCr,, ZrCo, and HfCo, (C15). 
The correlation is quite good for the Laves 
phases, i.e. there seems to be a common 
scatter band and the data of some other 
phases are near this scatter band. It has to 

be noted, however, that the data points 
may be subject to appreciable experimen- 
tal uncertainties, as is indicated by the two 
data points for Ni,AI. Such uncertainties 
for the Young’s modulus may be due to 
differences in the microstructure, i.e. tex- 
ture and artefacts. Apart from this, the 
data for the B2 phases show that the 
Young’s modulus is not a simple function 
of the phase enthalpy. This has to be ex- 
pected because the Young’s modulus is a 
complex function of the potential wells of 
the atoms, which cannot be characterized 
by a single parameter. A similar correla- 
tion is found for the activation energy of 
diffusion, as is illustrated in Fig. 7. 

It has to be concluded that there are 
physically justified correlations between 
parameters which characterize the bond- 
ing strength and the phase stability on the 
one hand, and the macroscopic phase be- 
havior on the other. However, such corre- 
lations represent complex functional rela- 
tionships, and thus they are useful only for 
order-of-magnitude predictions. More 
quantitative predictions have to consider 
the character and strength of bonding in a 
more detailed way, i.e. they have to rely on 
quantum-mechanical calculations which 
are cumbersome and time consuming. 

Recently basic properties - in particular 
the elastic moduli - of various simple 
phases have been studied by ab initio cal- 
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Figure 5. Total phase enthalpy as a 
function of composition for the Ni-AI 
system: experimental data (+) (Hultgren, 
1963) and estimates ( x )  according to de 
Boer et al. (1988) compared with the 
ideal solid solution (*) with vanishing 
formation enthalpy (Von Keitz and 
SauthoN, 1991). 
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Figure6. Young’s modulus as a function of total 
phase enthalpy (Hultgren, 1963; Engell et al., 1991; 
Von Keitz and Sauthoff, 1991) at room temperature 
for the f.c.c. elements Al and Ni (Al) (A) (Lide, 1992), 
the f.c.c.-ordered Ni,AI with an L1, structure (+) 
(Davies and Stoloff, 1965; Munroe and Baker, 1988), 
the b.c.c. ordered FeAI, NiAl and CoAl with a B2 
structure (A) (Harmouche and Wolfenden, 1985), 
and the cubic Laves phases CaAI,, YAI,, LaAl,, 
NbCr,, ZrCo, and HfCo, with a C15 structure ( x )  
(Shannette and Smith, 1969; Schiltz and Smith, 1974; 
Fleischer et. al., 1988). 

culations, and a lot of progress has been 
made in this field (e.g. Fu and Yoo, 1990, 
1991; Lee and Yoo, 1990; Guo et al., 1991; 
Yo0 and Fu, 1991, 1993; Yoo, 1991; Fu, 
1991). Thus a basic understanding of the 
bonding character of, e.g. transition-metal 
aluminides has been reached and it has 
been shown that the degree of directional 
d-electron bonding determines the ideal 

cleavage strength (Fu and Yoo, 1992a). 
However, it has also been shown for B2 
transition-metal aluminides that the duc- 
tility or brittleness is too complex a func- 
tion of the strength and character of bond- 
ing to establish simple relations between 
the electronic distribution parameters and 
the mechanical properties (Schultz and 
Davenport, 1992, 1993). 

2.3 Criteria for Phase Selection 

Candidate phases for materials develop- 
ments are selected in view of specific appli- 
cations, i.e. they must show certain proper- 
ties which make them promising for a par- 
ticular application. For permanent mag- 
nets the “energy product” I B.HI is a fig- 
ure of merit and should reach high values 
(e.g. Stadelmaier et al., 1991), whereas for 
other functional materials other physical 
parameters are decisive. 

Selection criteria with respect to struc- 
tural applications at high temperatures 
have already been discussed by Sauthoff 
(1989). First, such phases must have suffi- 
cient strength at the service temperature 
which also means sufficient creep resis- 
tance. The creep resistance scales with the 
diffusion coefficient and with the shear 
modulus (e.g. Jung et al., 1987), and both 
parameters scale with the melting tempera- 
ture (Frost and Ashby, 1982). Thus the 
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Figure 7. Activation energy of diffusion 
as a function of total phase enthalpy for 
Ni, Al, NiAl and Ni,A1 (Frost and 
Ashby, 1982; Wever et al., 1989; Engell 
et al., 1991; Von Keitz and Sauthoff, 
1991). 

tota l  p h a s e  enthalpy in kJ lmol  of a t o m s  

ArcelorMittal Ex. 2038 
Page 22 of 190



12 lntermetallics 

candidate phase should have a sufficiently 
high melting temperature. The limiting 
temperature for structural applications of 
conventional metallic alloys is of the order 
of 75% of the melting temperature in 
many cases. The most advanced, high-tem- 
perature alloys are the Ni-base superal- 
loys, and they are used in gas turbines with 
service temperatures of up to about 
1100°C (Petrasek et al., 1986). Thus 
phases with melting temperatures above 
1600°C have to be considered if applica- 
tion temperatures above those of superal- 
loys are aimed at. High-melting phases 
may form low-melting eutectics which may 
affect the phase stability during processing 
or service, and therefore such phases with 
low-melting eutectics should be avoided. 

For many functional and structural ap- 
plications density is a very important and 
sometimes decisive parameter. Structural 
intermetallics for moving components 
must have sufficiently high specific 
strength, which is the ratio of strength and 
weight density, and which has the dimen- 
sion of length. The specific fracture 
strength, i.e. the rupture length, of ad- 
vanced superalloys, e.g. the mechanically 
alloyed, oxide-dispersion strengthened 
(ODS) superalloy MA 6000, is of the order 
of 15 km (Inco, 1982), which has to be sur- 
passed by new structural materials. Phases 
which contain light elements, e.g. Ti, Al, 
Si, or Mg, may have such a low density 
that they compare favorably with conven- 
tional alloys in spite of lower strength or a 
restricted temperature range. 

The main problem with strong inter- 
metallics is their brittleness, which makes 
processing and application difficult or im- 
possible. However, the brittleness of inter- 
metallics should be less severe than that of 
ceramics because the atomic bonding of 
intermetallics is, at least partially, still 
metallic, whereas it is primarily covalent or 
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600 ---deformability 

--yield stress 
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Figure 8. Yield stress and deformability as a function 
of homologous temperature T/T, (with T, = melting 
temperature) for various materials with different types 
of atomic bonding (Westbrook, 1965). 

ionic in ceramics. This is illustrated in 
Fig. 8 which compares the temperature de- 
pendence of the yield stress and de- 
formability of the intermetallic NiAl with 
that of nickel, and of silicon and alumina. 
NiAI, which is a candidate phase for high- 
temperature applications, softens with ris- 
ing temperature at about half the melting 
temperature T,, which is the range for Si 
with covalent bonding and which is higher 
than that of the ceramic A1,0,. However, 
the brittle-to-ductile transition tempera- 
ture is about 0.4 T,  for NiA1, whereas it is 
above 0.8 T, for Si and A1,0,, i.e. the 
deformation behavior of such an inter- 
metallic may be regarded as intermediate 
between metals and ceramics. 

Plastic deformation is more difficult in 
intermetallics than in metals and conven- 
tional metals alloys because of the stronger 
atomic bonding and the resulting ordered 
atomic distribution, which gives rise to 
more complex crystal structures (Paufler, 
1985). Experience indeed shows that the 
brittleness of intermetallics increases with 
decreasing lattice symmetry and increasing 
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unit cell size (Paufler, 1976). Therefore in- 
termetallics with high crystal symmetry - 
possibly cubic phases - and small unit cells 
are preferred for developing new structural 
materials. Figure 1 shows such crystal 
structures which are cubic (B2, DO, or 
L2,, L1 2, L’1 2) or nearly cubic, i.e. tetrag- 
onally distorted (Llo, DO,,), and some of 
the examples - FeAI, NiAI, Fe,AI, Ni,AI, 
or TiAl - are candidate phases for develop- 
ments of structural materials. 

However, even for such selected phases 
brittleness remains a problem and the 
causes of this are manifold (Liu et al., 
1990; Baker and George, 1992). A material 
fractures in a brittle manner if there is no 
plastic deformation and stress relaxation 
at the crack tip, i.e. the yield stress is higher 
than the stress for cleavage or fracture. 
The reason for this may be an insufficient 
number and/or mobility of dislocations, 
and/or an insufficient number of slip sys- 
tems. Since these parameters depend not 
only on crystal symmetry, but also on the 
specific characteristics of the particular 
phases, the aim of phase selection and 
composition variation by alloying must be 
dislocations with low energies and high 
mobilities and at least five independent de- 
formation modes, i.e. dislocation slip sys- 
tems and twinning systems, which are nec- 
essary for general homogeneous plastic de- 
formation according to the Von Mises 
criterion (von Mises, 1928; Kocks, 1958, 
1970; Kocks and Canova, 1981; Fleischer, 
1988). Crystal anisotropy is an important 
factor in brittleness and criteria are used 
which rely on elastic moduli relations 
(Paxton and Pettifor, 1992). Brittle frac- 
ture may be a result of weak grain 
boundaries and other microstructure het- 
erogenei ties leading to localized deforma- 
tion and stress concentrations. The dispro- 
portion of yield stress and fracture stress 
may also be due to a very low surface ener- 

gy, which makes cleavage and cracking 
easy. This may be aggravated by the segre- 
gation of impurities which usually decrease 
the surface energies (Hondros, 1978). Im- 
purities - in particular oxygen - may enter 
the material from the environment, and 
thus environmental embrittlement is an 
important issue for many intermetallics 
(Liu et al., 1990; Liu, 1991 a). A detailed 
knowledge of the thermodynamics and ki- 
netics of the particular alloy system is nec- 
essary for a reduction in the various em- 
brittling effects. 

Intermetallics for any applications must 
be corrosion resistant in the respective en- 
vironments. For high-temperature appli- 
cations this means oxidation resistance in 
most cases. Oxidation resistance is provid- 
ed by the presence of elements - in partic- 
ular Cr, Al, or Si -which can form protec- 
tive oxide layers (e.g., Aitken, 1967; Hin- 
dam and Whittle, 1982; Fitzer and 
Schlichting, 1983; Meier and Pettit, 1992). 
However, chromium oxide is volatile 
above 1000 “C and silicon oxide may form 
low-melting silicates. Thus aluminides are 
strongly favored for high-temperature ap- 
plications. In order to act as protective lay- 
ers, the scales must have sufficient density 
and adherence which may be improved by 
alloying with further elements (macro- 
alloying) and, in particular, by adding mi- 
nor amounts of “active” elements, e.g., Ti, 
Zr, or Hf (microalloying) (Rahmel and 
Schwenk, 1977; Hindam and Whittle, 
1982). Furthermore, the scales must exhib- 
it sufficient long-term stability which also 
means mechanical stability, i.e. they must 
tolerate strains, e.g. during creep, without 
being damaged (Riedel, 1982). In the case 
of insufficient oxidation resistance, protec- 
tive coatings may be applied (see Pettit and 
Goward, 1983; Weatherill and Gill, 1988; 
Patnaik, 1989; Nicholls and Stephenson, 
1991). However, the thermal stability of 
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such coatings decreases with increasing 
temperature because of increasing reaction 
and diffusion rates, and therefore inter- 
metallics for applications above 1100 “C 
should be inherently oxidation-resistant. 

Finally, it must already be possible to 
prepare an intermetallic of sufficient quali- 
ty in the laboratory, and from a practical 
point of view this is the basic requirement 
for any materials development. The pro- 
cessing of high-strength intermetallics is 
difficult because of their brittleness, and 
development of the necessary processing 
techniques is a very demanding task. It is, 
however, also a very important task, be- 
cause a poor quality increases the apparent 
brittleness and reduces the strength which 
may then preclude any applications of the 
tested material. 

3 Titanium Aluminides 
and Related Phases 

3.1 Ti,AI 

3.1.1 Basic Properties 
and Phase Diagram 

The titanium aluminide Ti,AI - often 
designated a, phase - crystallizes with the 
hexagonal ordered DO structure (Ni,Sn- 
type) which is shown in Fig. 9. The ratio of 
the lattice parameters c and a is c/a = 0.8 
(Eckerlin et al., 1971; Villars and Calvert, 
1991). The generally accepted value for the 
density is 4.2 g/cm3 (Fleischer, 1985; Mun- 
roe and Baker, 1988; Destefani, 1989), 
whereas for Ti,Al-base alloys the range 
4.1-4.7 g/cm3 is given (see Table 2). This 
low density has made the titanium alu- 
minides very attractive for materials 
developments. 

The characteristics of thermal expansion 
were described by Shashikala et al. (1989). 

Table 2. Properties of alloys based on the titanium aluminides Ti,A1 and TiAl compared with conventional 
titanium alloys and nickel-base superalloys (Morral, 1980 Lipsitt, 1985a; Kim, 1989; Kim and Froes, 1990; Froes 
et al., 1991). 

Property Ti-base Ti,Al-base TiAl-base Superalloys 

Structure A3/A2 DO,,/A2/B2 L~IJ /DOI~ Al/Ll, 
Density (g/cm3) 4.5 4.1 -4.7 3.7 - 3.9 7.9-9.1 
Young’s modulus at room temperature 95-115 100-145 160- 180 195 -220 

(GN/m2) 

(M N/m2) 

(MN/m 1 

Yield strength at room temperature 380- 1150 700 - 990 400-650 250-1310 

Tensile strength at room temperature 480-1200 800- 1 140 450 - 800 620- 1620 

Temperature limit due to creep (“C) 600 760 lo00 1090 
Temperature limit due to oxidation (“C) 600 650 900 1090 
Tensile strain to fracture at room 10-25 2-26 1-4 3-50 

temperature (YO) 

temperature (YO) 

temperature (MN/m3I2) high 13-42 10-20 25 

Tensile strain to fracture at high 12-50 10-20 10-60 8-125 

Fracture toughness K , ,  at room 
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such coatings decreases with increasing 
temperature because of increasing reaction 
and diffusion rates, and therefore inter- 
metallics for applications above 1100 “C 
should be inherently oxidation-resistant. 
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ty in the laboratory, and from a practical 
point of view this is the basic requirement 
for any materials development. The pro- 
cessing of high-strength intermetallics is 
difficult because of their brittleness, and 
development of the necessary processing 
techniques is a very demanding task. It is, 
however, also a very important task, be- 
cause a poor quality increases the apparent 
brittleness and reduces the strength which 
may then preclude any applications of the 
tested material. 

3 Titanium Aluminides 
and Related Phases 

3.1 Ti,AI 

3.1.1 Basic Properties 
and Phase Diagram 

The titanium aluminide Ti,AI - often 
designated a, phase - crystallizes with the 
hexagonal ordered DO structure (Ni,Sn- 
type) which is shown in Fig. 9. The ratio of 
the lattice parameters c and a is c/a = 0.8 
(Eckerlin et al., 1971; Villars and Calvert, 
1991). The generally accepted value for the 
density is 4.2 g/cm3 (Fleischer, 1985; Mun- 
roe and Baker, 1988; Destefani, 1989), 
whereas for Ti,Al-base alloys the range 
4.1-4.7 g/cm3 is given (see Table 2). This 
low density has made the titanium alu- 
minides very attractive for materials 
developments. 

The characteristics of thermal expansion 
were described by Shashikala et al. (1989). 

Table 2. Properties of alloys based on the titanium aluminides Ti,A1 and TiAl compared with conventional 
titanium alloys and nickel-base superalloys (Morral, 1980 Lipsitt, 1985a; Kim, 1989; Kim and Froes, 1990; Froes 
et al., 1991). 
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o TI 0 A l  

Figure9. DO,, crystal structure of Ti,AI. 

The temperature and composition depen- 
dence of the elastic constants of polycrys- 
talline Ti,AI were studied (Schafrik, 1977), 
and, in particular, Young’s modulus = 149 
GPa, shear modulus = 58 GPa and Pois- 
son’s ratio = 0.29 were found for Ti,AI 
with 26at.% Al at room temperature. 
Young’s moduli for Ti,Al-base alloys are 
in the range 100-145 GPa, which com- 
pares favorably with 96-1 10 GPa for con- 
ventional Ti-base alloys (Kimura et al., 
1990; Froes et al., 1991). It has to be noted 
that in the case of Ti,Al (as in other cases) 
very different values have been measured 
for the Young’s modulus, e.g. 77 MPa 
(Wolfenden et al., 1989). This emphasizes 
the fact that the elastic moduli depend sen- 
sitively on the alloy composition and mi- 
crostructure including all artifacts which 
may be introduced during processing. 

Ti,AI has an extended composition 
range, as is visible in the commonly used 
Ti-AI phase diagram (Fig. IOa), which, 
however, is still in discussion and has re- 
cently been revised, as shown in Fig. 10b 
(Hellwig et al., 1992; Kainuma et al., 
1994). It forms stable equilibria with the 
two disordered Ti phases, a-Ti with a hex- 
agonal close-packed A3 structure and P-Ti 
with a b.c.c. A2 structure, and with the 
other important titanium aluminide TiA1, 
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composition in at.% A l  (b) 
Figurelo. (a) Ti-At phase diagram according to 
Huang and Siemers (1989), Froes et at. (1991), Y. A. 
Chang et at. (1991), and Kim and Dimiduk (1991) and 
(b) revised version on the basis of new data according 
to Hellwig et at. (1992) and Kainuma et at. (1994). 

which is the subject of Sec. 3.2. The stabil- 
ities of the various phases in the Ti-A1 
system have been studied theoretically by 
first-principles calculations (Asta et al., 
1993). It is noted that these equilibria, i.e. 
equilibrium compositions and transition 
temperatures, depend in a sensitive way on 
impurity contents, in particular on oxygen 
(Kahveci and Welsch, 1986; Huang and 
Siemers, 1989; Froes et al. 1991; Saunders 
and Chandrasekaran, 1992). Basic knowl- 
edge of the Ti-AI-0 system is available 
(Glazova, 1965; Rahmel and Spencer, 
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1991; Saunders and Chandrasekaran, 
1992; Hoch and Lin, 1993), but the conse- 
quences of small oxygen additions on the 
Ti,Al equilibria have not yet been worked 
out in sufficient quantitative detail. 

Ti,AI has been alloyed with various sub- 
stitutional and interstitial elements in or- 
der to control and optimize the mechanical 
properties and the corrosion behavior 
(Froes et al., 1991). With respect to the 
mechanical behavior, alloying with Nb, 
which substitutes for Ti, is very important 
(Rowe, 1990). The Ti-Al-Nb system has 
been analyzed recently (Hellwig, 1990; 
Kattner and Boettinger, 1992), and Fig. 11 
shows a tentative version of the ternary 
Ti-Al-Nb phase diagram according to 
Hellwig (1990). It should be noted that the 
various equilibria in this diagram are not 
yet completely understood and are still in 
discussion because of conflicting experi- 
mental observations. In particular, addi- 
tional phases, i.e. the orthorhombic 0 
phase Ti,AlNb, o structures, and a T, 
phase have been observed, and used, in the 

Ti 10000c 

80 Al 
- at.% Al- 

Figure 11. Isothermal Ti-Al-Nb phase diagram 
section at 1OOO"C where the phase with a 82  struc- 
ture transforms into an o phase at lower temperatures 
(Hellwig, 1990). 

Ti-rich corner besides the B2 phase (Rowe 
et al., 1991; Rowe, 1990; Koss et al., 1990; 
Perepezko, 1991 a; Muraleedharan et al., 
1992a, b; Bendersky et al., 1992; Hsiung 
and Wadley, 1992). The limited knowledge 
of the respective phase equilibria has been 
overviewed (Kim and Froes, 1990; Das 
et al., 1993 a). An improved understanding 
of these phase equilibria has been achieved 
by diffusion couple experiments and diffu- 
sion path analyses from which diffusion 
data can be obtained (Ma et al., 1992). The 
effects of alloying with Mo and V on the 
phase relationships have been studied 
recently (Das et al., 1993b; Ma and 
Dayananda, 1993). 

3.1.2 Microstructure and Mechanical 
Behavior 

Figure 12 shows the temperature depen- 
dence of the strength and plastic de- 
formability of single-phase polycrystalline 
Ti,Al according to Lipsitt et al. (1980). It 
can be seen that this phase is brittle with 
practically no deformability at low tem- 
peratures up to 600 "C. Above this temper- 
ature plastic deformation was observed 
which was, however, still paralleled by in- 
tergranular cracking. Correspondingly, 
the fracture strength is nearly 600 MPa up 
to 600°C. Above that temperature ther- 
mally activated softening occurs, which 
makes plastic deformation possible, and 
the resulting yielding leads to yield 
strengths below the fracture strength. 

The micromechanisms of deformation 
and in particular the dislocation reactions 
have been analyzed in detail and have been 
discussed with respect to strength and duc- 
tility (Koss et al., 1990; Kim and Froes, 
1990; Yamaguchi and Umakoshi, 1990; 
Froes et al., 1991; Umakoshi et al., 1993a, 
b). In the DO,, structure five independent 
slip systems are possible (Kim and Froes, 
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Figure 12. Tensile strength and plastic 
deformability as a function of tempera- 
ture for single-phase, polycrystalline, 
stoichiometric Ti,AI; ~ = fracture 
stress (below 600 "C) or ultimate tensile 
strength, -. ~ = yield stress, 

microcracking, - - - - = estimated deform- 
ability without microcracking (Lipsitt 
et al., 1980). 

--- - apparent deformability including 

1990), which would satisfy the Von Mises 
criterion for uniform deformation (von 
Mises, 1928). However, single-crystal stud- 
ies have shown that the yield stresses 
for the different slip systems are widely 
different (Minonishi, 1991; Nakano and 
Umakoshi, 1993), and thus not all five slip 
systems are activated during the deforma- 
tion of polycrystalline Ti,AI. Only a little 
tensile ductility has been found for basal 
slip, whereas prism slip results in very large 
tensile elongations (Inui et al., 1993). Since 
there is no stress-relieving twinning, as in 
hexagonal metals, the insufficient number 
of slip systems, together with the observed 
planarity of slip, leads to strain incompati- 
bilities and stress concentrations at grain 
boundaries from which cleavage fracture 
results (Koss et al., 1990; Kim and Froes, 
1990; Froes et al., 1991). 

It is noted that one of the possible slip 
systems in single crystals shows an anoma- 
lous temperature dependence for the yield 
stress (Minonishi, 1991; Umakoshi et al., 
1993 b), i.e. the yield stress increases with 
rising temperature until a maximum is 
reached. Such an anomalous temperature 
dependence is characteristic of various in- 
termetallics and has been analyzed in 
much detail for the well-known case of 
Ni,AI, which is discussed in Sec. 4.1.2. The 
findings for Ni,AI, however, do not apply 

in the case of Ti,AI because of different 
dislocation configurations (Minonishi, 
1991). It has to be emphasized that the 
effect can only be observed in appropriate- 
ly oriented, monocrystalline Ti,AI because 
the respective slip system is not activated 
in polycrystalline Ti,AI. 

The aim of the various materials devel- 
opments based on Ti,AI is to improve 
both the strength and ductility by alloying 
with further elements and by controlling 
the microstructure (Rowe, 1990; Froes 
et al., 1991). The most effective element for 
improving ductility is Nb, as is illustrated 
in Fig. 13, and indeed Ti,Al-base alloys of 
engineering significance, i.e. a2 alloys and 
super-a, alloys, contain 10-30 at.% Nb 
(Rowe, 1990; Froes et al., 1991). In spite of 
the extensive development work and the 
related numerous studies of microstruc- 
ture and properties, the mechanism by 
which Nb improves the ductility of such 
Ti,Al-base alloys is not yet clear (Froes 
et al., 1991). Small amounts of Nb, which 
substitutes for Ti, lead to the activation of 
more slip systems which, however, has on- 
ly a small effect on the ductility. Larger 
amounts of Nb result in the formation of 
further phases, i.e. P-Ti in the disordered 
state with an A2 structure or in the ordered 
state with a B2 structure and/or the al- 
ready mentioned orthorhombic 0 phase, 
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Figure 13. Temperature dependence of strength 
for Ti,AI (---) and Ti-24 at.% Al-11 at.% Nb 
(-), and of tensile elongation for Ti,AI ( - - - - - )  
and (Ti-24 at.% Al-11 at.% Nb (-.-.-.-) (Rowe, 
1990). 

which limit the slip length and have a sig- 
nificant, beneficial effect on the ductility. 
The dislocation configurations in the 0 
phase have recently been studied (Douin 
et al., 1993). 

The alloys with good combinations of 
strength and ductility are multiphase inter- 
metallic alloys with complex microstruc- 
tures which may contain primary ct2 

grains, fine secondary a2 Widmanstatten 
platelets or laths, j3 grains in the disordered 
A2 or the ordered B2 state, o phase grains, 
and perhaps 0 phase grains (Koss eta]., 
1990; Rowe, 1990; Kim and Froes, 1990; 
J. M. Larsen et al., 1990; Froes et al., 
1991). In any case, the mechanical behav- 
ior depends in a rather sensitive way on the 
distributions of the various phases, i.e. on 
the number, size, shape, composition, crys- 
tal structure, interface structure, and 
neighborhood relationships of the various 
grains. The phase distribution can be var- 
ied appreciably by proper selection of the 

alloy composition and by thermomechani- 
cal treatments (Koss et al., 1990; Rowe, 
1990; Kim and Froes, 1990; J. M. Larsen 
et al., 1990; Froes et al., 1991, 1992). Thus 
careful control of the processing is neces- 
sary for the optimization and reproducible 
production of ct2 alloys. It was found in 
particular that the optimum alloy mi- 
crostructures are different for different 
mechanical properties, e.g. tensile strength, 
tensile ductility, creep resistance, fatigue 
crack growth resistance, and high cycle fa- 
tigue resistance (Rowe, 1990). The various 
toughening mechanisms have been re- 
viewed recently with respect to crack ini- 
tiation and crack growth in TiAl (Chan, 
1993 a). 

Alloying with Nb improves most of the 
mechanical properties and the effect in- 
creases with increasing Nb. The only nota- 
ble exception is the creep resistance which 
is a decisive property for high-temperature 
applications. Nb was found to reduce the 
creep resistance although it has also been 
found that the Nb-containing 0 phase 
may be beneficial for the creep resistance 
(Rowe, 1990; Kim and Froes, 1990; Froes 
et al., 1991; Nandy et al., 1993). Obviously 
the creep resistance is also a very sensitive 
function of the phase distribution, and cur- 
rent research aims at clarifying the condi- 
tions for optimum creep resistance (Hayes, 
1991; Morris, 1991a; Huang and Kim, 
1991; Es-Souni et al. 1991; Lupinc et al., 
1991; Onodera et al., 1991; Thompson and 
Pollock, 1991). The creep mechanisms 
have been overviewed (Yamaguchi and 
Umakoshi, 1990; Koss et al., 1990). The 
observed creep follows the known rela- 
tionships for conventional disordered al- 
loys, which has also been found for other 
intermetallics and will be discussed in Sec. 
4.3.4 with NiAl alloys as examples. Diffu- 
sion data which are needed for analyzing 
and optimizing the creep behavior are 
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available, in particular for the Ti-Al-Nb 
system (van Loo and Rieck, 1973; 
Dayananda, 1992). 

Other alloying elements for improving 
the strength are Cr, Ta, and Mo. The latter 
is also advantageous for the creep resis- 
tance (Froes et a]., 1991). Minor alloying 
additions of Fe, C and Si affect the creep 
behavior significantly, with Fe having the 
most deleterious effect (Rowe, 1990). Be- 
sides the cited elements, V and Sn were 
used for improving the properties. Alloy- 
ing with Zr increases both the strength and 
the ductility, and microalloying with Y 
and B has been used to control the grain 
size and improve the ductility and work- 
ability (Froes et al., 1991). Very fine and 
stable grain sizes can be produced by rapid 
solidification of alloys with fine disper- 
sions of rare earth oxides, e.g. Er,O, 
(Suryanarayana et al., 1991). In such al- 
loys the small grain size improves the duc- 
tility, whereas the dispersoids enhance the 
strength at the expense of ductility. 

Similar effects can be produced by the 
precipitation of strengthening phases. This 
has been exemplified by materials develop- 
ments which rely on the alloying of Ti,AI 
with Si to produce Ti$, as a strengthen- 
ing second phase (see Wu et al., 1989; Es- 
Souni et al., 1991, 1992a). Ti&, is a very 
hard and brittle phase with a complex hex- 
agonal D8, structure, low density and a 
melting temperature above 2000°C (see 
Sec. 11.3). Further alloying of such two- 
phase alloys with Nb is beneficial with 
respect to the mechanical behavior (Wag- 
ner et al., 1991; Es-Souni et al., 1991, 
1992a). 

u2 alloys of current engineering signifi- 
cance are Ti-24A1-11Nb, Ti-25A1- 
10Nb-3V- 1 Mo, Ti-25A1-17Nb-1 Mo, 
and Ti-23.5A1-24Nb (Froes et al., 1991), 
and the ranges of characteristic properties 
for these alloys are given in Table 2. The 

mechanical behavior, i.e. strength, ductili- 
ty, fatigue, fracture, and creep, has been 
discussed in detail in various recent re- 
views, in particular with respect to the var- 
ious effects of the microstructure (Koss 
et al., 1990; Rowe, 1990; Kim and Froes, 
1990; J. M. Larsen et al., 1990; Yamaguchi 
and Umakoshi, 1990; Froes et al., 1991; 
Kumpfert et al., 1992; Stoloff et a]., 1993); 
see also the chapter by Umakoshi in Vol- 
ume 6 of MST. It is noted that superplastic 
deformation is also possible, during which 
dynamic grain growth with a decreasing 
volume fraction of Ti,Al occurs (H. S. 
Yang et al., 1992, 1993). 

3.1.3 Environmental Effects 

Exposure of Ti,AI or Ti,Al-base alloys 
to oxygen at higher temperatures leads to 
oxidation on the one hand and to oxygen 
dissolution in the alloy on the other (Rowe, 
1990; Kim and Froes, 1990; Froes et al., 
1991). Oxidation resistance would be ex- 
pected if a protective Al,O,, layer could be 
formed by selective oxidation. However, 
Al,O, is only slightly more stable than 
Ti0  and the activity of Ti is much higher 
than that of A1 in Ti,Al (Meier and Pettit, 
1992). Thus Ti0  is the stable oxide in con- 
tact with Ti,Al and further oxidation leads 
to the formation of TiO,, i.e. rutile. The 
thermodynamics of the system Ti-AI-0 
and the equilibrium conditions for the for- 
mation of the various oxide phases have 
been studied in detail (Rahmel and 
Spencer, 1991; Pajunen and Kivilahti, 
1992; Li et al., 1992; Zhang et al., 1992b; 
Saunders and Chandrasekaran, 1992). 

According to these thermodynamic con- 
siderations, the observed oxidation behav- 
ior is complex leading to a layered oxide 
scale structure with TiO, on the outside 
and oxides with higher metal contents un- 
derneath, including A1,0, (Khobaib and 
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Vahldiek, 1988; Shida and Anada, 1993). 
The kinetics follows a parabolic rate law 
and the rate constants of Ti,AI oxidation 
are only slightly smaller than those of typ- 
ical TiO, formers, i.e. conventional Ti al- 
loys (Choudhury et al., 1976; Perkins 
et al., 1989; Meier et al., 1989; Welsch and 
Kahveci, 1989). Nb increases the oxidation 
resistance to such an extent that the ob- 
tained rate constants are intermediate be- 
tween those of TiO, formers and Al,O, 
formers (Choudhury et al., 1976; Khobaib 
and Vahldiek, 1988; Wiedeman et al. 1989; 
Welsch and Kahveci, 1989; Rowe, 1990; 
Kim and Froes, 1990). The oxidation resis- 
tance of Ti,Al-base alloys may also be im- 
proved by alloying with Mo or Ta (Froes 
et al., 1991; Schaeffer, 1993). 

The obtained oxidation resistances are 
not yet sufficient and limit the application 
of Ti,Al-base alloys at high temperatures, 
as is shown in Table 2. Therefore the coat- 
ing of these alloys is studied extensively. In 
particular, pack-cementation techniques 
are optimized for aluminizing the alloy 
surface region to AI,Ti and avoiding sur- 
face cracking (Kung, 1990; Smialek et al., 
1990b). 

Besides scale formation at the surface, 
oxygen diffuses into Ti,Al as a solute since 
Ti,Al has a comparatively high solubility 
for oxygen. This leads to embrittlement, 
i.e. the strength is increased and the ductil- 
ity is decreased, and to crack formation at 
the surface (Balsone, 1989; Rowe, 1990; 
Kim and Froes, 1990; McKee, 1993). The 
rate of embrittlement and crack formation 
is controlled by diffusion processes which 
can only be slowed down by protective 
coatings. It is noted that in spite of the 
inward diffusion of oxygen, internal oxida- 
tion with the formation of fine oxide parti- 
cle dispersions has not been reported. The 
fact that classical internal oxidation does 
not occur, even though a protective oxide 

layer has not formed or has broken down, 
is a common feature of many intermetallics 
and results from the particular thermody- 
namic and kinetic conditions in the respec- 
tive alloy systems (Meier and Pettit, 1992). 

Another important environmental ele- 
ment is hydrogen (Chu and Thompson, 
1991; Eliezer et al., 1991). It stabilizes the 
p phase in the Ti-A1 system, i.e. it affects 
the thermodynamics of the system and 
thereby the microstructure evolution ap- 
preciably. It is indeed used as a temporary 
alloying element during thermochemical 
processing of conventional alp titanium 
alloys for refining the microstructure. The 
solubility of H is highest in P-Ti, lower in 
a-Ti and still lower in Ti,AI. Nevertheless, 
Ti,AI still dissolves significant amounts of 
H at high temperatures, which is precipi- 
tated as hydrides during cooling because of 
the lower solubility at lower temperatures 
(Chu and Thompson, 1991; Eliezer et al., 
1991). Structure, shape and orientation re- 
lationships of the hydrides have been re- 
ported (Shih et al., 1989; Gao et al., 1990). 

Like other alloys, Ti,Al-base alloys are 
embrittled by both dissolved hydrogen and 
precipitated hydrides which leads to hy- 
drogen-induced cracking (Eliezer et al., 
1991; Gao et al., 1990; Chu and Thomp- 
son, 1991, 1992; Chu et al., 1992; Thomp- 
son, 1992, 1993). However, with special 
hydrogen loading conditions and heat 
treatments, i.e. thermochemical treat- 
ments, the strength, ductility and tough- 
ness can also be improved (Chu and 
Thompson, 1991). In particular, a hydro- 
gen-tolerant microstructure has been de- 
veloped for not too high hydrogen con- 
tents (Chan, 1992, 1993 b). More work is 
necessary here in order to understand the 
microstructural mechanisms and utilize 
thermochemical processing for the opti- 
mization of the mechanical behavior 
(Eliezer et al., 1991; Thompson, 1992). 
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3.1.4 Applications 

The developments of Ti,Al-based m2 al- 
loys have progressed in such a successful 
way that the m2 alloys have been on the 
brink of commercialization for several 
years (Lipsitt, 1985a, b, 1993; Fleischer 
et al., 1989a; Dimiduk et al., 1992; Froes 
et al., 1992). m2 alloys are being produced 
in ingots of up to 4500 kg and are available 
as cast shapes or wrought forms including 
billets, bars, plates, and sheet (Peacock, 
1989; Wittenauer et al., 1989; Chesnutt, 
1990; Bassi et a]., 1991). Likewise the pow- 
der metallurgy methods which have been 
developed for conventional titanium alloys 
are readily adapted, and in addition other 
powder metallurgy methods ~ in particular 
reactive processing - have been applied to 
Ti,Al-base alloys (Froes et al., 1991). a2 
alloys can be machined, sheet can be de- 
formed superplastically and diffusion 
bonded to form complex sheet parts, and 
the various manufacturing processes can 
be accomplished on conventional equip- 
ment (Lipsitt, 1985a; Wittenauer et al., 
1989; Bassi et al., 1991). Joining studies 
have shown that m2 alloys can be joined 
successfully by both diffusion bonding and 
linear friction welding, whereas with fu- 
sion welding problems of microstructure 
control may be encountered (Threadgill 
and Baeslack, 1991; Baeslack et al., 1988; 
Cieslak et al., 1990). Components for ap- 
plications in flying gas turbines have been 
produced, they have been engine tested as 
static structures and they are nearing 
engine qualification (Lipsitt, 1985a, b; 
Dimiduk et al., 1992). Examples are com- 
bustor swirlers, compressor casing sec- 
tions, support rings, and afterburner noz- 
zle seals. 

In spite of these successes the a, alloy 
components are not yet flying (Froes et al., 
1991), i.e. they are not yet implemented 

because expectations have risen with re- 
spect to strength and oxidation resistance, 
there are problems of ignition in some 
compressor applications, there is environ- 
mental embrittlement, and finally there are 
economic barriers (Dimiduk et al., 1992). 
Thus widespread use of cc2 alloys is expect- 
ed only after further alloy and coating de- 
velopments. 

Nevertheless, the m2 alloys are being 
considered for many future aerospace ap- 
plications (Roland, 1989; Dimiduk et al., 
1991; Dauphin et al., 1991; Froes et al., 
1991). Major initiatives are programs for 
developing piloted aerospace vehicles with 
hypersonic speeds, and examples are the 
U.S. National Aero-Space Plane (NASP) 
(Ronald, 1989) and the German Sanger 
Project (Kuczera et al., 1991; Bunk, 1992). 
Here specific strength, i.e. strength per unit 
density or specific gravity, is of primary 
interest and alloys to be selected have to 
compete with metallic and nonmetallic 
high-strength materials. In order to meet 
the design criteria, m2 alloys are considered 
as matrix materials of intermetallic matrix 
composites, and respective materials de- 
velopments are in progress (Bassi et al., 
1991; Ronald, 1989; Bowman and Noebe, 
1989; Destefani, 1989; Stephens, 1990; 
J. M. Larsen et al., 1990; MacKay et al., 
1991; Norman etal., 1990; Feng and 
Michel, 1991; Jha et al., 1991 a, b; Kumar, 
1991; Froes et al., 1991; Bryant et al., 
1991; Marshall et al., 1992). 

Besides the problems of mechanical 
compatibility of the composite con- 
stituents, which are already present in con- 
ventional multiphase alloys, there is the 
problem of chemical stability which may 
be affected by reactions between the com- 
posite constituents (Norman et al., 1990). 
Thus composite developments aim at the 
optimization of composition and mi- 
crostructure with respect to composite sta- 
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bility, tensile properties, thermal and me- 
chanical fatigue resistance, creep resis- 
tance, and corrosion resistance, as is exem- 
plified by MacKay et al. (1991). Finally, 
the success of such developments depends 
on economics, i.e. total life cycle costs. 

3.2 TiAl 

3.2.1 Basic Properties 
and Phase Diagram 

The titanium aluminide TiAl - often 
designated as y phase - crystallizes with 
the tetragonal L1, structure (CuAu-type) 
which is shown in Fig. 1. The Ll,, structure 
results from ordering in the f.c.c. lattice 
(Al), i.e. it is basically a cubic structure 
which is tetragonally distorted because of 
the particular stacking of the atom planes, 
as is seen in Fig. 1. The ratio of the lattice 
parameters c and a is c/a = 1.015 at the 
stoichiometric composition and the densi- 
ty is 3.76 g/cm3 (Kim and Dimiduk, 1991), 
whereas for TiAl-base alloys the range 
3.7-3.9 g/cm3 is given (see Table 2). This 
density is still lower than that of Ti3Al and 
has made the titanium aluminides most at- 
tractive for materials developments. 

The temperature dependence of the elas- 
tic constants of polycrystalline TiAl was 
studied (Schafrik, 1977), and Young’s 
modulus = 174 GPa, shear modulus = 
70 GPa, and Poisson’s ratio = 0.23 were 
found for stoichiometric TiAl at room 
temperature, i.e. the elastic constants are 
larger and Poisson’s ratio is smaller than 
for Ti,Al. Elastic constants and fault ener- 
gies of TiAl have been studied theoretically 
by first-principles total-energy investiga- 
tions and have been discussed with respect 
to mechanical behavior (Yo0 et al., 1991; 
Lee and Yoo, 1990; Fu and Yoo, 1990; 
Yoo, 1991; Woodward et al., 1993; Yo0 
and Fu, 1991, 1993). Young’s moduli for 

TiAl-base alloys are in the range 160- 180 
GPa which is only 10-20% lower than 
that of the superalloys (see Table 2). 
Recently, it has been found by ab initio 
calculations that deviations from stoi- 
chiometry are due to accommodated anti- 
structure atoms, i.e. constitutional disor- 
der, instead of vacancies in the sublattices, 
and that the concentration of thermal va- 
cancies is comparatively low because of the 
high formation energy (Fu and Yoo, 1993). 
The self-diffusion of Ti in TiAl has been 
studied (Kroll et al., 1992). 

TiAl has an extended composition range 
and is stable up to the melting point, as is 
shown in the Ti-A1 phase diagram 
(Fig. 10). The variation in A1 content be- 
tween the solubility limits leads to consti- 
tutional disorder with excess Ti or A1 
atoms on A1 or Ti sites, respectively, i.e. 
antistructure atoms on antisites without 
constitutional vacancies, and it results in a 
corresponding variation in the c/a ratio, 
i.e. the tetragonality, between 1.03 for 
maximum Al content and 1.01 for mini- 
mum Al content (Yamaguchi and 
Umakoshi, 1990; Kim and Dimiduk, 1991; 
Shirai and Yamaguchi, 1992). The stability 
of the various phases in the Ti-AI system 
has been studied theoretically by first-prin- 
ciples calculations (Asta et al., 1993). It is 
noted that the Ti-AI phase diagram has 
been in discussion for many years and 
presently the version in Fig. 10 a is general- 
ly used on the basis of various recent stud- 
ies (Y. A. Chang et al., 1991; Shull and 
Cline, 1990; Perepezko, 1991 a, b; Huang 
and Siemers, 1989; Kim and Dimiduk, 
1991; Rowe und Huang, 1988; Kattner 
et al., 1992; Jones and Kaufman, 1993; 
Anderson et al., 1993). Nevertheless, the 
phase equilibria with TiAl at high temper- 
atures are still not clear, and a new, careful 
study has resulted in a revised diagram, as 
shown in Fig. 10b (Hellwig et al., 1992; 
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Kainuma et al., 1994). As already noted 
with respect to Ti,Al, the phase equilibria, 
i.e. equilibrium compositions and transi- 
tion temperatures, depend in a sensitive 
way on impurity contents, in particular on 
oxygen (Kahveci and Welsch, 1986; Huang 
and Siemers, 1989; Froes et al., 1991; 
Saunders and Chandrasekaran, 1992). 

TiAl has been alloyed with various sub- 
stitutional and interstitial elements in or- 
der to control and optimize the mechanical 
properties and the corrosion behavior 
(Hashimoto et al., 1986a, b, 1991; Kasa- 
hard et al., 1987; Tsujimoto and Hashimo- 
to, 1989; Froes et al., 1991; Kim and 
Dimiduk, 1991). Alloying elements have 
different effects on the extension of the 
TiAl field in the respective ternary phase 
diagrams, as is shown schematically in 
Fig. 14. In this crude approximation, V, 
Mn, and Cr apparently act as A1 sub- 
stituents or as both Ti and A1 substituents 
whereas Nb, Ta, Zr, Mo, and W act as Ti 
substituents (Kim and Dimiduk, 1991; 
X. F. Chen et al., 1992). The site prefer- 
ence of such alloying additions in the TiAl 
lattice and their effect on the tetragonality 
have been studied recently by ab initio cal- 
culations and the results are in partial 
agreement with the above experimental 
findings (Erschbaumer et al., 1993). In de- 
tail, the effects are complex and also de- 
pend on the amount of alloying addition, 
as is revealed by the available ternary 
phase diagrams for TiAl with Nb (see 
Fig. l l ) ,  Mn, Zr, V, or Ag (Hashimoto 
et al., 1986a, b; Kasahara et al., 1987; Tsu- 
jimoto and Hashimoto, 1989; Kim, 1989; 
Ahmed and Flower, 1992). As already 
mentioned with respect to Ti,Al (Sec. 
3.1.1), the phase equilibria in the Ti-Al- 
base systems are not yet fully understood 
and the character of additional phases is 
the subject of ongoing research (Jackson 
and Lee, 1992; Jackson, 1993; Nakamura 

A l  content in at.% 

Figure 14. Schematic isothermal section at 900°C 
of the ternary phase diagram Ti AI-M with TiAl 
lobe 1 for M = Nb, Ta, Mo, or W and lobe I1 or I11 
for M = V, Cr, or Mn; area C marks the composition 
range of commercial interest (Kim and Dimiduk, 
1991). 

et al., 1993). An improved understanding 
of these phase equilibria has been achieved 
by diffusion couple experiments and diffu- 
sion path analyses from which diffusion 
data can be obtained (Ma et al., 1992). 
The effects of alloying with Mo and V 
on the phase relationships have recently 
been studied (Das et al., 1993 b; Ma and 
Dayananda, 1993). 

3.2.2 Microstructure and Mechanical 
Behavior 

The variation of strength and ductility 
with temperature is similar to that of the 
Ti-rich Ti,A1 in Fig. 12. Figure 15 shows 
the temperature dependence of the 
strength and plastic deformability of sin- 
gle-phase polycrystalline TiAl according 
to Lipsitt et al. (1975). It can be seen that 
this phase is brittle with practically no de- 
formability at temperatures up to 700"C, 
and only above that temperature was plas- 
tic deformation observed. Corresponding- 
ly, it has a fracture strength of nearly 500 
MPa up to about 700°C. Above that tem- 
perature, thermally activated softening oc- 
curs making plastic deformation possible, 
and the resultant yielding leads to yield 
strengths below the fracture strengths. 
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Figure 15. Tensile strength, i.e., fracture stress, ulti- 
mate tensile strength (UTS), 0.2% yield stress, and 
plastic deformability, i.e., tensile elongation, as a func- 
tion of temperature for single-phase, polycrystalline 
TiAl with 54 at.% Al (Lipsitt et al., 1975). 

The micromechanisms of deformation, 
and in particular the dislocation reactions, 
have been analyzed in much detail and 
have been discussed with respect to 
strength and ductility (Shechtman et al., 
1974; Lipsitt et al., 1975; Yamaguchi and 
Umakoshi, 1990; Greenberg et al., 1991; 
Kim and Dimiduk, 1991; Yo0 and Fu, 
1991; Simmons et al., 1993; Denquin and 
Naka, 1993; Li and Whang, 1993; Whang 
and Hahn, 1993); see also the chapter by 
Umakoshi in Volume 6 of MST. Plastic 
deformation is achieved by the movement 
of single dislocations and superdisloca- 
tions which both exhibit sessile compo- 
nents. In addition, twinning is an impor- 
tant deformation mechanism. Low dislo- 
cation mobility is the main cause for the 
brittle fracture behavior at lower tempera- 
tures since it hinders the formation of a 
plastic zone at the crack tip, which relaxes 
the stress concentrations (Yo0 and Fu, 
1991). A recent study has been directed at 
the effect of grain size on the mechanical 
behavior, which cannot be described by 
the Hall-Petch relation (Imayev et al., 
1993 a, b). 

Single-crystalline TiAl shows an anoma- 
lous, positive temperature dependence for 
the yield stress, i.e. the yield stress increas- 
es with rising temperature until a maxi- 
mum is reached at about 6OO0C, and only 
above this peak temperature is there the 
normal negative temperature dependence 
(Kawabata et al., 1985; Huang and Hall, 
1991 a; Y, G. Zhang et al., 1991; Veyssiere, 
1991; Stucke et al., 1993). The anomaly re- 
sults from thermally activated cross-slip of 
glissile superdislocations with compara- 
tively high mobility to slip planes where 
not only the energy of the superdislocation 
is lower, but also the mobility because of a 
high Peierls stress, i.e. the superdisloca- 
tions are immobilized by thermally activat- 
ed cross-slip pinning (Kawabata et al., 
1991 a; Fu and Yoo, 1990; Yo0 and Fu, 
1991). The energy difference between the 
dislocation configurations, i.e. the driving 
force for cross-slip, originates from the ori- 
entation dependence of the antiphase 
boundary (APB) energy and from the 
torque force between interacting disloca- 
tion partials due to the anisotropy of elas- 
ticity. These effects, i.e. high and aniso- 
tropic APB energies, strong anisotropy of 
elasticity, and high Peierls stresses oppos- 
ing dislocation motion, are related to the 
strong directional bonding between Ti and 
Al atoms (Fu and Yoo, 1990; Yo0 and Fu, 
1991). 

This anomalous temperature depen- 
dence of the yield stress is not always ob- 
served in polycrystalline TiAl alloys, as 
shown in Fig. 15. The reason for this is 
that there are additional strengthening ef- 
fects at lower temperatures - in particular 
grain boundary hardening - which in- 
crease the strength to such an extent that 
the strength peak is no longer discernible 
(Huang and Hall, 1991 a). A recent study is 
directed at the effects of grain size, Al con- 
tent, and impurity content on the flow 
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stress anomaly in TiAl (Sriram et al., 
1993). Similar anomalies have also been 
observed for other intermetallics, and the 
best-known example is Ni,AI, which is dis- 
cussed in Sec. 4.1.2. The mechanisms 
which cause the anomalous temperature 
dependence in Ni,AI and in TiAl have sim- 
ilar characteristics, however, the particu- 
larities are different because of the differ- 
ent crystal structures and dislocation con- 
figurations (Kawabata et al., 1991 a). 

The major problem in the use of TiAl is 
its low ductility at room temperature. The 
low ductility of single-phase TiAl (with 
more than 50 at.% Al) is not improved by 
alloying additions of, e.g. V, Nb, Cr, W, 
or Mn (J. M. Larsen et al., 1990; Kim and 
Dimiduk, 1991). A reduction in the A1 
content improves the ductility. If the A1 
content is reduced below 50 at.% to form 
Ti,AI as a second phase besides the TiAI, 
the resulting intermetallic two-phase alloys 
show ductilities of a few percent, which are 
acceptable for applications (Huang and 
Hall, 1991 b; Kim and Dimiduk, 1991; 
Froes et al., 1991; Nonaka et al., 1992). 
This is illustrated in Fig. 16 which shows 
the hardness and ductility at room temper- 
ature of single-phase and two-phase TiAl 
alloys. According to these data, 48 at.% Al 
is the optimum composition for maximum 
room-temperature ductility of TiAl alloys. 
The different hardness curves for the as- 
cast and annealed conditions indicate the 
strong effect of microstructure variations 
on the mechanical behavior. The aim of 
the various materials’ developments based 
on TiAl is to improve both the strength 
and ductility, first by controlling the mi- 
crostructure and second by alloying with 
further elements. 

The microstructure, i.e. the distribution 
of phases, can be varied within wide limits 
by appropriate heat treatments and ther- 
momechanical processing (Koeppe et al., 

T i  ,A1 + T i l l  j Ti  A l  

400 

200 - annealed 

I I 

45 50 55 6 0  

A l  content in at.% 

Figure 16. Vickers hardness and tensile elongation 
at room temperature as a function of Al content for 
single-phase and two-phase TiAl alloys (Kim, 1989). 

1993). During processing, dynamic recrys- 
tallization occurs which has been studied 
systematically (Lee et al., 1993). Depend- 
ing on the particular heat treatment, 
coarse equi-axed TiAl grains with stringers 
of fine TiAl grains pinned by Ti,AI parti- 
cles, or a fine duplex microstructure con- 
sisting of TiAl grains and lamellar grains, 
or a nearly lamellar microstructure with 
coarse lamellar grains and minor amounts 
of fine TiAl grains, or a fully lamellar mi- 
crostructure with large lamellar grains can 
be formed. Lamellar grains in the various 
microstructures are composed of alternat- 
ing plates of TiAl and Ti,AI (Kim and 
Dimiduk, 1991). 

The various microstructures result in 
rather different mechanical properties and 
offer good possibilities for optimization 
(Y.-W. Kim, 1992), as is shown in Figs. 
17 and 18. It is noted that the small grain 
size of the duplex alloys is advantageous 
for short-term strength and ductility, but 
detrimental to creep resistance, i.e. long- 
term strength, because of grain boundary 
sliding. Such thermomechanically pro- 
cessed, fine-grained alloys can be de- 
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Figure 17. Fracture toughness, tensile strength, 
and tensile elongation at room temperature, and re- 
ciprocal secondary creep rate measuring the creep 
resistance as a function of microstructure (schematic) 
for two-phase TiAl alloys (Kim and Dimiduk, 1991). 
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Figure 18. Temperature dependence of ultimate 
tensile strength (UTS), tensile yield strength (YS), brit- 
tle-to-ductile transition temperature (BDTT), and 
tensile elongation (El) for two-phase TiAl alloys with 
various microstructures produced under various pro- 
cessing conditions, in particular thermomechanical 
processing (TMP) (Kim and Dimiduk, 1991). 

formed superplastically (Cheng et al., 
1992). The character and orientation of the 
phase boundaries is of particular impor- 
tance for the deformation behavior, which 
is controlled by slip and twinning (Wun- 
derlich et al., 1993; Seeger and Mecking, 
1993; Appel et al., 1993). The creep behav- 
ior of single-phase and two-phase TiAl al- 
loys, which includes twinning, has been 
studied in detail (Feng et al., 1990b; 
Huang and Kim, 1991; Oikawa, 1992; 
Maruyama et al., 1992; Hayes and Lon- 
don, 1992; Jin and Bieler, 1993; Bartels 
et al., 1993). Analysis of the observed 
creep with respect to the contributions of 
the constituent phases has been the subject 
of Bartholomeusz et al. (1993). Only a few 
studies have been directed at the fatigue 
behavior of TiAl alloys (Feng et al.; 1990a; 
Aswath and Suresh, 1991; Dowling et al., 
1991; Froes et al., 1992; Rao et al., 1992; 
Soboyejo et al., 1993; Stoloff et al., 1993). 
It has to be noted that particular mi- 
crostructures may have contrasting effects 
on the ductility and toughness, as is 
demonstrated by the properties of the 
lamellar microstructures in Fig. 17. The 
various toughening mechanisms have been 
reviewed recently with respect to crack ini- 
tiation and crack growth in TiAl (Chan, 
1993 a). 

Two-phase TiAl alloys with a very spe- 
cial microstructure and striking mechani- 
cal behavior have been produced by using 
a special crystal-growth technique (Yd- 
maguchi, 1991; Umakoshi et al., 1992; Inui 
et al., 1992; Umakoshi and Nakano, 1993; 
Yamaguchi and Inui, 1993). For example, 
the alloy with 49.3 at.% Al consists of one 
or two lamellar grains which are composed 
of lamellae of the major constituent TiAI 
and of the secondary phase Ti,AI, and the 
TiAl lamellae contain large numbers of 
thin twins. Accordingly, alloys with this 
microstructure are called polysynthetically 
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twinned (PST) crystals. This special mi- 
crostructure gives rise to a mechanical be- 
havior which depends sensitively on the 
orientation of the crystal with respect to 
the loading direction. There is a hard de- 
formation mode with shearing across the 
lamella boundaries and an easy mode 
with shearing parallel to the lamella 
boundaries. The latter allows tensile elon- 
gations of 20% at room temperature. 

Besides carefully controlled heat treat- 
ments and thermomechanical processing, 
small additions of alloying elements - usu- 
ally 1-3 at.% - are used for the optimiza- 
tion of the mechanical behavior of the two- 
phase TiAl alloys (Kim, 1989; Tsujimoto 
and Hashimoto, 1989; Yamaguchi and 
Umakoshi, 1990; Hashimoto et al., 1991; 
Froes et al., 1991, 1992; Kawabata et al., 
1991b, 1993; Kim and Dimiduk, 1991; 
Huang et al., 1991 a; Strangwood et al., 
1992; Tsujimoto et al., 1992; Huang, 1993; 
Hashimoto and Kimura, 1993). V, Hf, Cr, 
and Mn increase the ductility significantly 
and produce solid-solution strengthening, 
with Cr being most effective and Mn being 
least effective. Nb, Ta, and W also produce 
solid-solution strengthening, but they de- 
crease the ductility. Interstitial elements 
such as C and N affect the ductility, de- 
pending on the A1 content and pre-treat- 
ments, and in particular they improve the 
creep resistance (Kawabata et al., 1991 b; 
Kim and Dimiduk, 1991). The effects of 
the various elements have been attributed 
to changes in the electronic distribution 
and bonding character leading to changes 
in the lattice unit cell dimensions, tetrago- 
nality and site occupancy. However, these 
elements also affect the microstructures 
because of their effects on the thermody- 
namics of the Ti-A1 system, and it is diff- 
cult to separate the various effects. Thus a 
clear understanding of the specific roles of 
the various alloying elements has not yet 

been established (Kim and Dimiduk, 
1991). A comparatively simple mechanism 
is precipitate strengthening which has been 
studied by Nemoto et al. (1992). The vari- 
ous materials developments in progress 
have led to a spectrum of multinary alloys 
which differ in A1 content, amount of al- 
loying elements, and processing (Tsujimo- 
to and Hashimoto, 1989; Hashimoto et al., 
1991; Froes et al., 1991; Kawabata et al., 
1991 b; Kim and Dimiduk, 1991; Tsujimo- 
to et al., 1992). The obtained property 
ranges are illustrated in Table 2. 

A special Chinese development relies on 
alloying TiAl with Nb in order to obtain 
strong and oxidation-resistant, lightweight 
alloys (G. Chen et al., 1991,1992, 1993; W. 
Zhang et al., 1993). Alloying with Nb leads 
to atomic ordering in the L1, structure of 
TiAI, i.e. a new phase is produced, the 
crystal structure of which is not yet quite 
clear. 

It has already been emphasized in the 
preceding section that the phase equilibria 
of the titanium aluminides are very sensi- 
tive to interstitial impurities, in particular 
oxygen. It was shown recently that an al- 
most single-phase TiAl alloy with 50 at.% 
Al can be obtained by using high-purity Ti 
and Al, whereas the conventional Ti-50 
at.% Al alloy of low purity is two-phase 
with a significant amount of Ti,AI as well 
as TiAl (Murata et al., 1992, 1993). The 
high-purity TiAl is ductile with a fracture 
strain of more than 3 YO in contrast to the 
low-purity TiAl with only about 1 YO frac- 
ture strain. 

3.2.3 Environmental Effects 

The oxidation resistance of TiAl is 
higher than that of Ti,AI because of its 
higher A1 content, but it is still orders of 
magnitude lower than that of typical 
A1,0, formers, e.g. NiAl (Choudhury 

ArcelorMittal Ex. 2038 
Page 39 of 190



28 lntermetallics 

et al., 1976). The oxidation resistance of 
TiAl relies on the formation of a protective 
AI,O, layer which is, however, only slight- 
ly more stable than TiO, as has already 
been remarked upon with respect to Ti,AI 
in Sec. 3.1.3 (Meier and Pettit, 1992). Be- 
cause of the high Ti activity in Ti-rich al- 
loys, Ti0 is the stable oxide in contact with 
the TiAl alloys with Al contents below 50 
at.%, which is the case for alloys with 
maximum ductility (Kim and Dimiduk, 
1991). Further oxidation leads to the for- 
mation of TiO,, i.e. rutile, which is not 
protective, and thus oxidation is a problem 
for TiAl alloys which have been optimized 
with respect to mechanical behavior. The 
thermodynamics and the equilibrium con- 
ditions for the formation of the various 
oxide phases have been studied in detail 
(Rahmel and Spencer, 1991; Zhang et al., 
1992 b). The oxidation behavior of such 
TiAl alloys is significantly improved by al- 
loying with Nb, which results in the forma- 
tion of a protective Al,O, layer with an 
improved resistance to spalling (Becker 
et al., 1993). 

Oxidation of TiAl alloys with sufficient- 
ly high Al contents, i.e. single-phase alloys 
with at least 50 at.% Al, leads to the for- 
mation of Al,O, scales with correspond- 
ingly low oxidation rates only at tempera- 
tures below about IOOO'C, whereas at 
higher temperatures complex scales devel- 
op with an outer rutile layer over a mixed 
layer of rutile and Al,O,, with markedly 
increased oxidation rates (Meier and Pet- 
tit, 1992; Taniguchi et al., 1991 a). Oxida- 
tion at the surface reduces the Al content 
of the TiAl to such an extent that a layer of 
brittle Ti,AI - usually with cracks - is 
formed. Below these scales and surface lay- 
ers internal oxidation is observed, resulting 
in oxide dispersions in the bulk. The tran- 
sition from low-temperature oxidation to 
high-temperature oxidation occurs in a 

very narrow temperature range, and the 
reasons for this behavior are not yet under- 
stood (Meier and Pettit, 1992). The 
micromechanisms and kinetics of scale for- 
mation have been studied recently (Becker 
et al., 1992; Shida and Anada, 1993). 

The oxidation resistance of TiAl alloys 
can be improved by special pre-oxidation 
treatments (Suzuki et al., 1991). Alterna- 
tively, it can be improved by alloying with 
Nb, Ta, and W which, however, reduces 
the ductility; whereas V, Cr, and Mn, 
which are used for increasing ductility, re- 
duce the oxidation resistance (Kim, 1989). 
TiAl-based alloys with high contents of Nb 
have been studied recently with respect to 
the conditions for protective scale forma- 
tion, and indeed protective oxidation has 
been found at 1400 "C for an A1 content of 
50 at.% (Brady et al., 1993). In view of the 
oxidation problems of the titanium alu- 
minides a coating has been proposed for 
providing sufficient oxidation protection, 
and various approaches have been studied 
(Nishiyama et al., 1990; Taniguchi et al., 
1991 b; Yoshihara et al., 1991; Wu and Lin, 
1993). 

Besides scale formation, oxygen embrit- 
tles TiAl alloys as do other interstitial im- 
purities, i.e. N, C, and B (Kim and 
Dimiduk, 1991). It is noted that the solu- 
bility of oxygen in TiAl is lower than that 
in Ti,AI which, however, is present in most 
TiAl alloys and thus getters the oxygen 
(Yamaguchi and Umakoshi, 1990; Kim 
and Dimiduk, 1991). The yield stress is in- 
creased at low and high temperatures by 
both dissolved oxygen and precipitated 
Al,03 particles (Kawabata et al., 1992). 
Environmental embrittlement has been 
found for TiAl as for other intermetallics 
(Liu and Kim, 1992). This embrittlement is 
obviously caused by the presence of mois- 
ture in the test atmosphere since the ductil- 
ity of an advanced TiAl alloy (with addi- 

I 
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tions of Cr, Mn, and Si) has been found to 
be lowest in air and highest in pure oxygen. 
Such embrittlement effects depend sensi- 
tively on the temperature, strain rate, mi- 
crostructure and phase distribution (Chan 
and Kim, 1993; Kim and Dimiduk, 1993). 
The environmental embrittlement of 
polysynthetically twinned TiAl (see the 
preceding section) is reduced by alloying 
with Cr, Mo or Mn (Oh et al., 1993a, b). 

The solubility of hydrogen in TiAl is still 
sufficiently high for hydride formation on 
cooling, which had not been detected in 
earlier reports (Thompson, 1992). No clear 
effects of hydrogen on the mechanical be- 
havior have been found for single-phase 
TiAl, whereas two-phase alloys with Ti,AI 
showed embrittlement probably due to the 
gettering effect of Ti,AI. More work is 
necessary for a clear understanding of the 
embrittling mechanisms (Eliezer et al., 
1991; Thompson, 1992). 

3.2.4 Applications 

The TiAl alloy developments are less ad- 
vanced than the Ti,Al-based a2 alloy de- 
velopments because of the more severe 
ductility problems. However, the TiAl al- 
loys are regarded as more promising pri- 
marily because of their lower density and 
the higher application temperatures, and 
development activities are now concentrat- 
ed on TiAl in various countries, e.g. in the 
U.S.A. (Kim and Dimiduk, 1991; Froes 
etal., 1991, 1992; Dimiduk et al., 1991; 
Huang et al., 1991 b), in Japan (Nishiyama 
et al., 1990; Yamaguchi, 1992; Matsuo, 
1991; Nakao et al., 1991; Mabuchi et al., 
1991; Kusaka, 1991; Yoshihara et al., 
1991; Ogishi et al., 1991; Kawabata et al., 
1991 b; Fujitsuna et al., 1991; Tokizane 
et al., 1991; Hashimoto et al., 1991; Masa- 
hashi et al., 1991; Matsuo et al., 1991; 
Nakagawa et al., 1992; Tsujimoto et al., 

1992), Great Britain (Peacock, 1989), Rus- 
sia (Bondarev etal., 1991; Imayev et al., 
1993 b) and Germany (Sauthoff, 1990a; 
Dogan et al., 1991; Dahms et al., 1991; 
Kuczera et al., 1991; Frommeyer et al., 
1992). Processing is more difficult than for 
Ti,Al alloys because of the higher brittle- 
to-ductile transition temperature, and in 
particular because the hot working tem- 
peratures are outside the range of conven- 
tional titanium processing equipment, 
which has limited the practical ingot size to 
about 200 kg (Peacock, 1989; Chesnutt, 
1990; Froes et al., 1991; Kusaka, 1991; 
Matsuo, 1991). Present efforts are directed 
at improving the alloy quality by improved 
melting processing and thermomechanical 
treatments (Sakamoto et al., 1992; Lom- 
bard et al., 1992; Szaruga et al., 1992; 
Mouldckhues and Sahm, 1992; Guan 
et al., 1994; Austin and Kelly, 1993; Lon- 
don et al., 1993; T. P. Johnson et al., 1993; 
Takeyama et al., 1993). The problem of 
upscaling heat treatments for large pro- 
duction billets has been considered (Semi- 
atin et al., 1993). Besides casting and hot 
working, powder metallurgy has been used 
for component fabrication, though there 
are problems with quality, availability, 
and the cost of powder (Froes et al., 1991; 
Chesnutt, 1990; Dahms et al., 1991, 1993; 
Tokizane et al., 1991; Fuchs, 1993; 
Oehring et al., 1993). 

Cast TiAl alloys can be forged isother- 
mally (Fujitsuna et al., 1991; Clemens 
et al., 1993 b), tine grain powder metallur- 
gy material can be formed superplastically 
(Tokizane et al., 1991; Matsuo, 1991) as 
well as special cast and thermomechanical- 
ly treated material (Tsujimoto et al., 1992), 
sheet of 1-2 mm thickness can be pro- 
duced by twin-roll casting, special process- 
es have been developed for rolling, and 
machining is possible as well as joining by 
diffusion bonding and welding (Matsuo, 
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1991; Kim and Dimiduk, 1991; Fujitsuna 
et al., 1991; Tokizane et al., 1991; 
Wurzwallner et al., 1993). The diffusion 
bonding process has been studied in partic- 
ular detail (Yan and Wallach, 1993). With 
respect to turbine engine applications, 
component fabrication techniques have 
been demonstrated for airfoils and com- 
pressor cases (Lipsitt, 1985 a; Chesnutt, 
1990; Yamaguchi and Umakoshi, 1990; 
Kim and Dimiduk, 1991; Bondarev et al., 
1991). However, much more development 
work is necessary to overcome the prob- 
lems of ductility and toughness, corrosion 
resistance, strength and costs. 

Nevertheless, TiAl alloys are being con- 
sidered for future aerospace applications 
(Dimiduk et al., 1991; Kim and Dimiduk; 
1991; Matsuo, 1991), and in particular for 
applications in the US.  National Aero- 
Space Plane (NASP) (Ronald, 1989) and 
the German Singer Project (Kuczera 
et al., 1991; Bunk, 1992), which were men- 
tioned earlier with respect to Ti,AI alloys 
in Sec. 3.1.4. Here specific strength, i.e. 
strength per unit density or specific gravi- 
ty, is of primary interest and alloys to be 
selected have to compete with metallic and 
nonmetallic high-strength materials. In or- 
der to meet the design criteria, TiAl alloys 
are considered as matrix materials of inter- 
metallic matrix composites, and respective 
materials developments are in progress 
(Anton, 1988; Christodoulou et al., 1988; 
Feng et al., 1990b; Norman et al., 1990; 
Rosler et al., 1990; Westwood, 1990; 
Bryant et al., 1991; Froes et al., 1991, 
1992; Kumar, 1991; Kumar and Whitten- 
berger, 1991, 1992; Mabuchi et al., 1991; 
Soboyejo et al., 1993; Sadananda and 
Feng, 1993). Here the additional problems 
of chemical and mechanical compatibility 
have to be solved, as was mentioned earlier 
with respect to Ti,AI alloys in Sec. 3.1.4. 
Deterioration of the tensile strength of a 

TiAl/SiC composite by interface reactions 
has recently been studied (Ochiai et al., 
1994). The kinetics of the phase reactions 
is determined by interdiffusion, which has 
been studied in the case of TiAl-Mo 
(Zhang et a]., 1992a). It has been shown 
that both the creep resistance and the 
toughness of a TiAl matrix composite can 
be improved by using coated fibers with 
weak fiber/matrix interfaces (Weber et al., 
1993). 

In any case, ductile reinforcing inclu- 
sions in composites offer the valuable pos- 
sibility of improving the fracture tough- 
ness of the composite. The toughening ef- 
fect of ductile reinforcements in brittle ma- 
trices has been studied both experimentally 
and theoretically for ceramics, e.g. Al,O, 
reinforced with Al, and metals (Sigl et al., 
1988; Flinn et al., 1989; Ashby et al., 
1989). Such a toughening effect has also 
been found for a TiAl/Nb model com- 
posite (Cao et al., 1989). 

Besides aerospace applications, interest 
is focused on automotive engine applica- 
tions, e.g. valves and turbocharger rotors, 
which may be nearer to realization (Kim 
and Dimiduk, 1991). A successful develop- 
ment has led to a cast TiAl turbocharger 
rotor of about 4 cm diameter which com- 
pares favorably with both a superalloy In- 
cone1 713C rotor and a ceramic SiN rotor 
with respect to performance under service 
conditions, and which is ready for use in 
high-performance passenger cars (Nishi- 
yama et al., 1990). 

3.3 A1,Ti and Other DO,, Phases 

3.3.1 Basic Properties 
and Phase Diagram 

The titanium trialuminide AI,Ti crystal- 
lizes with the tetragonal DO,, structure 
which is shown in Fig. 1, and which is 
common to some other trialuminides, i.e. 

ArcelorMittal Ex. 2038 
Page 42 of 190



3 Titanium Aluminides and Related Phases 31 

AI,M with M = V, Nb, Ta, and some 
other phases, e.g. Ni,V (Bauer, 1939; Vil- 
lars and Calvert, 1991). The DO,, struc- 
ture is derived from the close-packed cubic 
L1 , structure by the stacking of L1 , cubes 
with periodic antiphase boundaries in be- 
tween, and thus the DO,, structure may be 
regarded as a tetragonally distorted, long- 
period ordered, cubic structure (Bauer, 
1939; Yamaguchi and Umakoshi, 1990). 

The DO,, structure is still sufficiently 
simple for quantum-mechanical, first-prin- 
ciples calculations and indeed such ab ini- 
tio calculations have been done for A1,Ti 
in order to study the bonding type and 
phase stability, and to obtain theoretical 
values for the elastic constants, fault ener- 
gies and cleavage energies (Carlsson, 1991 ; 
Lin et al., 1991; Yo0 and Fu, 1991). The 
experimentally determined elastic stiffness 
values are larger than the theoretical ones, 
and in particular the resulting experimen- 
tal value of 216 GPa for the Young’s mod- 
ulus of polycrystalline A1,Ti at room tem- 
perature clearly surpasses those of the oth- 
er titanium aluminides, and is of the order 
of that of the superalloys (see Table 2) 
(Nakamura, 1991; Nakamura and Kimu- 
ra, 1991). 

Because of the high A1 content of A1,Ti 
its density of 3.3 g/cm3 is still lower than 
that of the other titanium aluminides (Ya- 
maguchi and Umakoshi, 1990). Further- 
more, its oxidation resistance is signifi- 
cantly higher than that of Ti,Al and TiAl 
(Umakoshi et al., 1989; Subrahmanyam 
and Annapurna, 1986), and thus A1,Ti is a 
candidate phase for lightweight structural 
applications. It is also being considered as 
a coating material and its oxidation kinet- 
ics have been studied in detail (Smialek 
and Humphrey, 1992). 

A1,Ti melts incongruently at about 
1340°C and is a line compound with a 
fixed composition according to the avail- 

able phase diagrams (Glazova, 1965; Mur- 
ray, 1988; Rowe and Huang, 1988; Huang 
and Siemers, 1989; Schuster and Ipser, 
1990; Shull and Cline, 1990; Y. A. Chang 
et al., 1991; Perepezko, 1991 a). I t  should 
be noted that the high-temperature equi- 
libria are still in discussion. A1,Ti can be 
alloyed with the other DO,, trialuminides 
to form ternary DO,, phases which are no 
longer line compounds, but have a range 
of homogeneity, i.e. the composition can 
vary between the solubility limits which 
are given in the respective ternary phase 
diagrams (Sridharan and Nowotny, 1983; 
Hashimoto et al., 1986b; Kumar, 1990; 
Hellwig, 1990; Paruchuri and Massalski 
1991; Weaver et al., 1991; Perepezko, 
1991 a). 

3.3.2 Microstructure and Mechanical 
Behavior 

Al ,  Ti 

The deformation behavior of A1,Ti has 
been studied and analyzed in detail (Ya- 
maguchi et al., 1987, 1990; Wheeler et al., 
1990; Morris and Lerf, 1991; Yamaguchi 
and Umakoshi, 1990; Shimokawa et al., 
1991; and the chapter by Umakoshi in Vol- 
ume 6 of MST). Figure 19 shows the tem- 
perature dependence of the yield stress for 
polycrystalline material with a grain size of 
about 1 mm, which was produced by vacu- 
um induction melting and contains a small 
volume fraction of second phase particles 
(mostly Al) due to the line compound 
character of this phase. The strength at 
room temperature is low compared with 
the other titanium aluminides (see Table 2) 
at about 500°C. The major deformation 
mode is twinning, which does not affect 
the DO,, symmetry. The reason for the 
preponderance of twinning is the low mo- 
bility of dislocations, according to a theo- 
retical study of the deformation behavior 
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Figure 19. Yield strength of AI,Ti under vacuum 
(Yamaguchi et al., 1987) and 0.2% proof stress of 
AI,Nb and A13(Nbo,,5Tio,,5) in air (Sauthoff, 1990b; 
Reip, 1991; Reip and Sauthoff, 1993) as a function of 
temperature (coarse-grained, polycrystalline alloys 
with a DO,, structure, tested in compression at a 
strain rate of 1 ~ ~ s - l ) .  

of DO,, crystals (Khantha et al., 1992). In 
spite of the observed microscopic plastici- 
ty, there is nearly no ductility at tempera- 
tures below 620 "C and cracks are nucleat- 
ed readily at structure heterogeneities, i.e. 
inclusions, second phase particles, inter- 
sections of twins, and grain bound- 
aries. 

The ductility of A1,Ti is improved by 
microalloying, i.e. by small additions of Zr 
and Hf as well as B and Li, and a fracture 
strain in compression of a few percent is 
obtained at room temperature (Yamaguchi 
et al., 1988). The effect of Zr and Hf is 
supposed to be due to a lowering of the 
stacking fault energy, since the phases 
A1,Zr and A1,Hf crystallize with a DO,, 
structure which differs from the DO,, 
structure by a longer stacking period of 
L1, cubes. 

A1,Ti is being considered for use as an 
oxidation-resistant coating on Ti alloys 
and titanium aluminides (Subrahmanyam 

and Annapurna, 1986; Umakoshi et al., 
1989; Smialek and Humphrey, 1992), and 
as a wear-resistant surface layer (Uenishi 
et al., 1992). It should be noted that there 
is another Al-rich titanium aluminide, 
Al,Ti, which shows a higher resistance to 
cracking than identically processed AI,Ti 
with a similar hardness (Benci et al., 1993). 
Recently, A1,Ti has been applied as thin- 
film interconnections in microelectronic 
devices where the A1,Ti acts as a diffusion 
barrier (Colgan, 1990; Gupta et al., 1993). 
Compared with Al metallization, inter- 
metallic aluminides are advantageous be- 
cause of their lower diffusion coefficients, 
and the best properties have been shown 
by AI,Ti films. 

A l ,  V 

AI,V is regarded as promising for appli- 
cations in nuclear reactor technology and 
has been studied with respect to ductility 
improvements (Umakoshi et al., 1988). It 
is isostructural with AI,Ti and both form a 
continuous series of mixed crystals. The 
melting temperature is only slightly higher 
than that of A1,Ti and thus a similar defor- 
mation behavior is expected. The deforma- 
tion mechanisms are indeed analogous to 
those in A1,Ti. However, the yield stress is 
higher than that of AI,Ti by a factor of 
about 2 and there is no ductility in com- 
pression (in vacuum) below about 400 "C. 

Microalloying with A1,Ti improves the 
ductility in compression - at the expense of 
the yield stress - to such an extent that 
A13(Vo~9sTio~05) shows a fracture strain of 
about 7%.  Further alloying with AI,Ti 
leads to a deterioration in the properties, 
i .e. AI,(Vo. , 5Ti0. , 5 )  is significantly stron- 
ger than AI,V, but can only be deformed 
plastically at 700°C and above. 

It is noted that according to a theoretical 
study with first-principles calculations, the 
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phase A1,Ru also has the DO,, structure 
and is closely related to Al,V (Paxton and 
Pettifor, 1992). The deformation behavior 
of A1,Ru is expected to be similar to that 
of AI,V but with enhanced ductility. 

A1,Nb 

AI,Nb is a line compound and thus it 
usually contains second phases - in partic- 
ular excess A1 on the grain boundaries. It 
deforms by dislocation movements and by 
twinning, and it is brittle at room tempera- 
ture (Shechtman and Jacobson, 1975). In 
spite of its room-temperature brittleness, 
AI,Nb is regarded as a candidate phase for 
high temperature structural service (Ro- 
driguez et al., 1991). The deformation be- 
havior, as well as the physical properties, 
of A1,Nb and A1,Nb-base alloys have 
been studied in more detail (Reip, 1991; 
Reip and Sauthoff, 1993); preliminary re- 
sults have been presented in Sauthoff 
(1990a, b), and the main findings are 
briefly reported in the following. 

In spite of the high density of Nb, the 
DO,, phase A1,Nb is still a lightweight ma- 
terial with a density of 4.54 g/cm3, and the 
mean thermal expansion coefficient is 
about 9.6 x K-' between room tem- 
perature and 1000°C which is lower than 
that for superalloys and steels. It melts 
congruently, in contrast to A1,Ti and Al,V 
(Massalski et al., 1990), which makes prep- 
aration easier. Its melting temperature of 
1605°C is significantly higher than those 
of the other DO,, phases, and thus a much 
higher strength - in particular at high tem- 
peratures - is expected. The Young's mod- 
ulus, 246 GN/m2 at room temperature and 
224 GN/m2 at 600°C with a linear temper- 
ature dependence in between, is higher 
than those of the titanium aluminides and 
even higher than those of the superalloys 
(Table 2). Poisson's ratio has been found 

to be 0.17, and similarly low values have 
also been found for A1,Ti and other 
intermetallics with complex crystal struc- 
tures (Fleischer et al., 1989b; Nakamura, 
1991). 

The yield stress, i.e. the 0.2% proof 
stress of A1,Nb in air, is shown in Fig. 19 
as a function of temperature above 850°C. 
Between 600°C and 800"C, AI,Nb fails 
catastrophically in air tests because of 
grain boundary oxidation, which is known 
as a pest phenomenon. Below 500"C, the 
fracture strain in compression is smaller 
than 0.2 %, whereas plastic deformation in 
bending has only been observed above 
1050°C. The plane strain fracture tough- 
ness is only about 2 MN/rn3', at room tem- 
perature, as was also found by others 
(Schneibel et al., 1988). 

It is noted that the pest phenomenon is 
most pronounced for A1,Nb at a critical 
temperature of about 720 "C and under ox- 
ygen partial pressures between lo-' ' and 
lo-'' bar, whereas no pest is observed in 
pure oxygen (Steinhorst and Grabke, 
1990; Grabke et al., 1991 a). The pest-like 
disintegration of AI,Nb is proposed to be 
due to the selective oxidation of Al at the 
grain boundaries, which leads to A1 deple- 
tion and the formation of A1,Nb (Tolpygo 
and Grabke, 1993). Other intermetallics 
suffer the pest phenomenon, too, and the 
mechanism is not well understood (West- 
brook and Wood, 1964; Aitken, 1967; 
Meier and Pettit, 1992). 

The observed dislocation slip systems do 
not differ from those of the other DO,, 
phases, and again twinning, which does 
not affect the order, is a major deforma- 
tion mode at low and high temperatures. 
The number of independent deformation 
modes is smaller than prescribed by the 
Von Mises criterion, which contributes to 
the observed brittleness (see Sec. 2.3). The 
ductility at high temperatures results from 
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thermally activated dislocation motions, 
i.e. creep. 

The creep strength of AI,Nb is compar- 
atively low - a stress of 10 MN/m2 pro- 
duces 1 % strain in only 500 h and fracture 
in 2300 h - whereas the yield stress com- 
pares favorably with the superalloys. This 
illustrates the fact that the difference be- 
tween the yield stress and the creep 
strength is much more pronounced for in- 
termetallics than for conventional alloys. 
Creep of A1,Nb is controlled by disloca- 
tion climb which is accompanied by sub- 
grain formation. The observed creep be- 
havior corresponds to that of conventional 
disordered alloys and the creep rates are 
described by the known constitutive equa- 
tions. This will be discussed in more detail 
with respect to NiAl (Sec. 4.3). The sec- 
ondary creep rate follows the power law, 
i.e. Dorn equation for dislocation creep 

L=A& D G b  Q 

where 1 is the secondary strain rate, A a 
dimensionless factor, D the effective diffu- 
sion coefficient, G the shear modulus, b the 
Burgers vector, k Boltzmann’s constant, T 
the temperature, Q the applied stress, and 
the exponent n is between 3 and 5. For 
AI,Nb a stress exponent of 3.6 and an ap- 
parent activation energy of 360 kJ/mol was 
found, of which 35 kJ/mol are due to the 
temperature dependence of the shear mod- 
ulus and the remaining 325 kJ/mol de- 
scribe the temperature dependence of the 
other factors in the Dorn equation, in par- 
ticular the diffusion coefficient. Diffusion 
data are scarce (Ogurtani, 1972; Slama and 
Vignes, 1972) and are not sufficient for 
analysis of the creep data. 

As already mentioned in Sec. 3.3.1, 
AI,Nb dissolves Ti, i.e. it can be alloyed 
with A1,Ti to form a continuous series of 
mixed crystals with a DO,, structure which 

are no longer line compounds. Figure 19 
shows the 0.2 % proof stress of the ternary 
phase A13(Nbo~,sTio~2s) as a function of 
temperature in air, and it can be seen that 
in contrast to binary AI,Nb the fracture 
strain in compression is already greater 
than 0.2% at 2OO0C, and furthermore 
there are no indications of the pest phe- 
nomenon. However, in bending the brittle- 
to-ductile transition temperature is only 
sightly lower than that for AI,Nb. Small 
additions of Hf and Li give a further low- 
ering of the brittle-to-ductile transition 
temperature, as was already found for 
A1,Ti (see Sec. 3.3.2). It is noted that, as in 
the case of A1,Ti (see Sec. 3.4), attempts to 
alloy AI,Nb with a third element have 
been tried in order to produce the L1, 
structure instead of the DO,, structure 
since the L1, structure is regarded as ad- 
vantageous for developing ductile inter- 
metallics (Li et al., 1992; Subramanian and 
Simmons, 1991). However, these efforts 
have not been successful. The respective 
ternary phase diagrams, including old lit- 
erature from Germany and the former So- 
viet Union, have been reviewed by Kumar 
(1990). 

A more significant improvement in the 
toughness and the brittle-to-ductile transi- 
tion temperature is obtained by using 
AI,Nb as a constituent in an intermetallic 
two-phase or multiphase alloy, i.e. by 
combining AI,Nb with another, less brittle 
phase. In particular A1,Nb forms a stable 
equilibrium with the B2 phase NiAI, i.e. 
intermetallic NiAI-AI,Nb alloys can be 
formed and are discussed in Sec. 4.3. Other 
A1,Nb-base alloys with a complex mi- 
crostructure are produced by using novel 
processing methods including rapid solidi- 
fication and powder metallurgy methods 
(Bowman and Noebe, 1989; Bowden, 
1989; Lu et al., 1990; Alman and Stoloff, 
1991; Rodriguez et al., 1991; Ayer and 
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Ray, 1991; Ho and Sekhar, 1991). For ex- 
ample, a multiphase AI,Nb-base alloy 
which is dispersion-strengthened by TiB, 
was prepared by melt-spinning, pulveriza- 
tion and hot isostatic pressing (Ray and 
Ayer, 1992). Here much more work is nec- 
essary for estimating the potential of 
A1,Nb-base alloys for applications as 
structural, high-temperature materials. 

Apart from the mechanical behavior, a 
sufficient oxidation resistance is a prereq- 
uisite for any high-temperature applica- 
tions. In spite of the fact that AI,Nb is 
being considered as an oxidation resistant 
coating for Nb-based alloys (Bowden, 
1989), the oxidation resistance of bulk 
AI,Nb by scale formation is only limited 
(Perkins et al., 1988; Hebsur et al., 1989; 
Korinko and Duquette, 1990; Steinhorst, 
1989; Steinhorst and Grabke, 1989; 
Grabke et al., 1990, 1991 b). The oxidation 
resistance is improved by excess Al and by 
small additions of Hf (Steinhorst, 1989; 
Grabke et al., 1990, 1991 b). Likewise 
A1,Nb that is macroalloyed with Cr and 
microalloyed with Y exhibits excellent oxi- 
dation resistance at 1200"C, but it still suf- 
fers from severe environmental attack dur- 
ing deformation at intermediate tempera- 
tures (Raj et al., 1992a). Such alloys have 
also been studied with respect to strength 
and fracture toughness at low and high 
temperatures. Apart from these improve- 
ments by single-phase alloying, the oxida- 
tion resistance of AI,Nb is increased sig- 
nificantly by alloying with the already 
mentioned NiAl to form intermetallic mul- 
tiphase alloys (Steinhorst, 1989; Grabke 
et al., 1990, 1991 b), i.e. the multiphase 
AI,Nb-NiAI alloys are advantageous with 
respect to both their deformation behavior 
and their oxidation resistance, and they do 
not show the pest phenomenon. 

A l ,  Ta 

A1,Ta with a DO,, structure is closely 
related to AI,Nb (Bauer, 1939). The Al- 
Ta and Al-Ta-Ti phase diagrams have 
been studied recently (Subramanian et al., 
1990 b; Sridharan and Nowotny, 1983). 
AI,Ta has a still higher melting tempera- 
ture (1627°C) than A1,Nb and its defor- 
mation behavior seems to be similar (Pak 
et al., 1990). Fabrication of this phase is 
difficult because of the widely differing 
melting points of the constitutive elements. 
Nevertheless, it is being considered for 
composite materials developments (Alman 
and Stoloff, 1991; Anton, 1988; Shah 
et al., 1990; Kumar, 1991). 

Ni, V 

The above presented DO,, trialuminides 
are line compounds and their ordered crys- 
tal structure is stable up to the melting 
point, which may be regarded as an indica- 
tion of a strong ordering tendency. In con- 
trast to these phases, the DO,, phase Ni,V 
shows a range of homogeneity and its or- 
dered crystal structure is only stable at 
lower temperatures, i.e. Ni,V disorders at 
1045°C to form an f.c.c. Ni-V solid solu- 
tion (Massalski et al., 1990), which indi- 
cates a weak ordering tendency. The defor- 
mation mechanisms have been studied and 
analyzed in detail (Moreen et al., 1971; 
Vanderschaeve et al., 1979; Faress and 
Vanderschaeve, 1987; Yamaguchi and 
Umakoshi, 1990; Khantha et al., 1992). As 
in the case of the trialuminides, Ni,V de- 
forms by twinning, which does not affect 
the order, and its yield stress is compara- 
tively high, e.g. 720 MN/m2 for polycrys- 
talline Ni,V with large ordered domains 
and 1320 MN/m2 for Ni,V with small do- 
mains. In contrast to the trialuminides, it 
shows considerable ductility in compres- 
sion at room temperature. However, the 
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ductility in tension is still small, i.e. Ni,V is 
also regarded as brittle (Liu and Inouye, 
1979). 

Alloying Ni,V with Fe and Co leads to 
the phases (Fe,Ni),V and (Fe,Co,Ni),V 
with an L1, structure, which is the “par- 
ent” structure of the DO,, structure. These 
ternary and quaternary phases are highly 
ductile with a tensile elongation of 40 YO or 
more at room-temperature, and have been 
the subject of successful materials develop- 
ments (Liu, 1984) which are described in 
Sec. 4.2 together with other L1, phases in 
connection with Ni,Al. This transition 
from the DO,, structure to the L1, struc- 
ture by alloying illustrates the fact that 
these closely related crystal structures (see 
Sec. 3.3.1) differ little with respect to ener- 
gy and stability, as has been shown theo- 
retically by ab initio calculations (Stocks 
et al., 1987; Carlsson, 1991; Freeman 
et a]., 1991). 

In this context Ni,Nb with a DO,, struc- 
ture should be mentioned, which is of 
practical importance for some Ni-base su- 
peralloys. These alloys are strengthened by 
precipitated metastable Ni,Nb particles 
and show excellent weldability (Oblak 
et al., 1974). 

3.4 Trialuminides with the L1, 
Structure 

3.4.1 Basic Properties and Phase 
Diagrams 

The cubic L1 , structure is more symmet- 
ric than the tetragonal DO,, structure (see 
Fig. 1) and has a sufficient number of slip 
systems according to the Von Mises criteri- 
on, and thus it should also be more de- 
formable (George et al., 1991 b). In partic- 
ular, after the successful “ductilization” of 
Ni,AI and Ni,V (see Secs. 4.1 and 4.2) the 
L1 , structure is regarded as most advanta- 

geous and promising for developing struc- 
tural intermetallics. 

It has long been known that there are 
Al-rich ternary intermetallics with an or- 
dered f.c.c. L1, structure (Raman and 
Schubert, 1965). In the preceding sections 
(Secs. 3.3.1 and 3.3.2) it was noted that the 
L1 , and DO,, crystal structures are closely 
related and the enery differences are small. 
A third, closely related structure is the 
DO,, structure, which is another long-peri- 
od ordered cubic structure based on the 
L1, structure (Bauer, 1939). The binary 
trialuminides and the Al-rich ternary 
phases with these closely related crystal 
structures have recently been reviewed 
from theoretical and practical points of 
view with respect to stabilization of the 
L1, structure by alloying, and the pros- 
pects of materials developments on the ba- 
sis of such L1 , phases (Kumar, 1990,1993; 
Freeman et al., 1991; George et al., 
1991 b). The main results are summarized 
in the following. 

The group IIIA element Sc, as well as 
some rare earths and actinides, forms a 
stable, binary trialuminide with an LIZ 
structure, whereas the group IVA and VA 
elements form trialuminides with the DO,, 
structure, i.e., AI,Ti and AI,Hf at high 
temperature, and Al,V, AI,Nb, and AI,Ta, 
or with the DO,, structure, A1,Zr and 
AI,Hf, at low temperature. Ternary L1, 
phases are obtained by alloying A1,Ti with 
Cr, Mn, Fe, Co, Ni, Rh, Pt, Pd, Cu, Ag, 
Au, or Zn, whereas the LIZ structure was 
not obtained with V, Nb, or Mo (Kumar, 
1990; Freeman et al., 1991; George et al., 
1991 b; Nakayama and Mabuchi, 1993). 
Likewise, the LIZ structure has been pro- 
duced by alloying A1,Zr with Sc, V, Cr, 
Mn, Fe, Ni, Cu, or Zn, and by alloying 
AI,Hf with Cu, whereas such alloying has 
not led to L1, phases in the cases of AI,V, 
AI,Nb, and AI,Ta. The different alloying 
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behavior reflects the different stabilities of 
the competing structures and can be un- 
derstood in view of the electron density 
distributions, as obtained by quantum me- 
chanical ab initio calculations. This has 
been shown in particular for AI,Nb-Ni, 
which is attractive because of its advanta- 
geous combination of high melting tem- 
perature and low density (Inoue et al., 
1991 b). It is noted that metastable binary 
trialuminides, i.e. powders of Al,Ti, 
AI,Zr, and Al,Hf, with L1, structures 
could be obtained by mechanical alloying, 
i.e. low-temperature processing (Schwarz 
et al., 1992). The phase Pd,Mn, which or- 
ders below 530°C to form the DO,, struc- 
ture in the absence of hydrogen and the 
L1, structure in the presence of hydrogen 
with sufficient partial pressure (Sowers 
et al., 1992), should be mentioned in this 
context. 

The compositions of the ternary Al-rich 
L1, phases can yary within a small range 
of homogeneity, and are given approxi- 
mately by various kinds of formulae, e.g. 
A166Ti25M9, AI,,Ti,M, or Al,Ti,M with 
M = Cr, Mn, Fe, etc. - with analogous 
formulae for the Zr variants - depending 
on the alloying element. It is not clear in 
what way the atoms are distributed in the 
L1 lattice. Since these compositions are 
near those of the binary trialuminides in 
the respective ternary phase diagrams, 
these ternary L1, phases are commonly 
addressed as ternary L1 , trialuminides with 
a partial substitution of A1 by the third 
M element according to (All -xMx),Ti, 
though there are arguments against this 
view (Durlu et al., 1991; Durlu and Inal, 
1992 a). The respective phase diagrams 
have been discussed (see Kumar, 1990; 
Mazdiyasni et al., 1989; Mikkola et al., 
1991; Nic et al., 1991). In view of the com- 
mon composition range of the various tria- 
luminides with an L1 , structure, a stability 

criterion for the existence of the L1 , struc- 
ture has been deduced which is given by a 
specific number of valence electrons per 
atom of the alloy if the effect of atomic 
interaction on the electronic distribution is 
considered according to the Engel-Brewer 
theory (Durlu and Inal, 1992b). 

3.4.2 Microstructure and Mechanical 
Behavior 

Most studies are centered on AI,,Ti,,M, 
and its mechanical behavior is discussed in 
detail by George et al. (1991 b). Note that 
the processing of these alloys is crucial 
since the cast alloys usually contain residu- 
al pores and second phase particles. The 
elimination of these artifacts by post-solid- 
ification treatments, i.e., heat treatments, 
hot working, hot extrusion, or forging, is 
difficult and alloys of sufficient quality 
have only recently been obtained. Besides 
ingot metallurgy, powder metallurgy and 
rapid solidification have been used. 

Elastic moduli have been measured and 
the Young’s modulus has been found to 
be 200GN/m2 for A167Ti25Ni8 and 192 
GN/m2 for Al,,Ti,,Fe, (George et al., 
1991 b), i.e., it is between those of Ti,AI 
and TiAl on the one hand and A1,Ti and 
AI,Nb on the other, and is of the order of 
those of the superalloys (Table 2 and 
Secs. 3.3.1 and 3.3.2). 

The compressive yield strength of 
Al,,Ti,,M, with M = Fe, Cr, Mn or mix- 
tures of these transition metals is of the 
order of 300 MN/m2 between room tem- 
perature and about 8OO0C, i.e. there is a 
strength plateau or a slight positive tem- 
perature dependence (Yamaguchi and 
Umakoshi, 1990; Kumar et al., 1991 b; 
Kumar and Brown, 1992b; Wu et al., 
1993; Brown et al., 1993). Below room 
temperature there is a steep yield stress in- 
crease with decreasing temperature and 

ArcelorMittal Ex. 2038 
Page 49 of 190



38 lnterrnetallics 

above 800°C the material softens in the 
usual way. Much higher yield stresses can 
be obtained by variations in the composi- 
tion and the microstructure (George et al., 
1991 b), and in particular by the introduc- 
tion of dispersoids to produce particulate 
composites (Kumar et al., 1991 c; Kumar, 
1991; Otsuki and Stoloff, 1992). The me- 
chanical behavior has been analyzed as a 
function of the degree of long-range order 
(Winnicka and Varin, 1993). The grain size 
dependence of the yield stress follows a 
Hall-Petch relationship (Pu et al., 1992). 
The tensile yield strength corresponds to 
the compressive yield strength in general, 
however, there are some complexities 
which are not yet understood (Kumar 
et al., 1991 a, b; George et al., 1991 b). 

The tensile or flexural elongation is only 
a fraction of a percent at room tempera- 
ture and increases slowly with temperature 
with another ductility minimum at about 
500°C (Z. L. Wu eta]., 1990a, b, 1991; 
Kumar and Brown, 1992a, c, 1993). The 
ductility of the single crystals tested to date 
is not higher than that of polycrystals and 
the various variations of composition and 
microstructure have led to only small duc- 
tility improvements (George et al., 1991 b; 
Brown et al., 1993). Slip systems, disloca- 
tion mobilities and reactions, fracture 
modes, bend ductility and creep strength 
have been studied in detail (Yamaguchi 
and Umakoshi, 1990; George et al., 
1991 b; Schneibel et al., 1992a; Morris 
et al., 1993b, c; Sizek and Gray, 1993; Mi- 
ura and Watanabe, 1993; Wu and Pope, 
1993). It has to be concluded that the L1, 
trialuminides of the A166Ti25M9 type are 
brittle and do not fulfill the initial expecta- 
tions with respect to ductility. 

Nevertheless, the L1 , trialuminides are 
promising because of their low density and 
there is a potential for aerospace applica- 
tions though this potential has not been 

realized to date (Dimiduk et al. 1991). For 
such applications a sufficient oxidation re- 
sistance is a necessity, and indeed a cyclic 
oxidation resistance has been found which 
varies from poor for A~,,TiZ5Mn8 to ex- 
cellent for A167Ti25Cr8 (Parfitt et al., 
1991). The present work is directed at the 
optimization of the composition and mi- 
crostructure of AI,,Ti,,M, alloys by care- 
ful processing with respect to strength, 
ductility, toughness, and oxidation resis- 
tance. 

Besides these studies on A1,Ti-base tria- 
luminides, similar work has been started 
on L1 , trialuminide alloys, which are 
based on the DO,, phase A1,Zr and which 
again contain Cu, Mn, or Cr (Virk and 
Varin, 1992; Schwarz et al., 1992; Varin 
et al., 1993). According to first results the 
mechanical behavior seems to be similar to 
that of the A1,Ti-base alloys, and there is 
a strong, positive temperature dependence 
for the yield stress. 

4 Nickel Aluminides and Related 
Phases 

4.1 Ni,AI 

4.1.1 Basic Properties 
and Phase Diagram 

Ni,AI is the most studied and best 
known intermetallic because it has been 
used as a strengthening phase in the super- 
alloys for a long time, and because its duc- 
tility problems can be overcome, i.e. it can 
be “ductilized” by microalloying with bo- 
ron (Aoki and Izumi, 1979; Liu and Koch, 
1983; Aoki, 1990). This means that it can 
be produced and tested without major ex- 
perimental difficulties, and thus it was se- 
lected preferentially in the past for studies 
on the behavior of intermetallics (see 
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above 800°C the material softens in the 
usual way. Much higher yield stresses can 
be obtained by variations in the composi- 
tion and the microstructure (George et al., 
1991 b), and in particular by the introduc- 
tion of dispersoids to produce particulate 
composites (Kumar et al., 1991 c; Kumar, 
1991; Otsuki and Stoloff, 1992). The me- 
chanical behavior has been analyzed as a 
function of the degree of long-range order 
(Winnicka and Varin, 1993). The grain size 
dependence of the yield stress follows a 
Hall-Petch relationship (Pu et al., 1992). 
The tensile yield strength corresponds to 
the compressive yield strength in general, 
however, there are some complexities 
which are not yet understood (Kumar 
et al., 1991 a, b; George et al., 1991 b). 

The tensile or flexural elongation is only 
a fraction of a percent at room tempera- 
ture and increases slowly with temperature 
with another ductility minimum at about 
500°C (Z. L. Wu eta]., 1990a, b, 1991; 
Kumar and Brown, 1992a, c, 1993). The 
ductility of the single crystals tested to date 
is not higher than that of polycrystals and 
the various variations of composition and 
microstructure have led to only small duc- 
tility improvements (George et al., 1991 b; 
Brown et al., 1993). Slip systems, disloca- 
tion mobilities and reactions, fracture 
modes, bend ductility and creep strength 
have been studied in detail (Yamaguchi 
and Umakoshi, 1990; George et al., 
1991 b; Schneibel et al., 1992a; Morris 
et al., 1993b, c; Sizek and Gray, 1993; Mi- 
ura and Watanabe, 1993; Wu and Pope, 
1993). It has to be concluded that the L1, 
trialuminides of the A166Ti25M9 type are 
brittle and do not fulfill the initial expecta- 
tions with respect to ductility. 

Nevertheless, the L1 , trialuminides are 
promising because of their low density and 
there is a potential for aerospace applica- 
tions though this potential has not been 

realized to date (Dimiduk et al. 1991). For 
such applications a sufficient oxidation re- 
sistance is a necessity, and indeed a cyclic 
oxidation resistance has been found which 
varies from poor for A~,,TiZ5Mn8 to ex- 
cellent for A167Ti25Cr8 (Parfitt et al., 
1991). The present work is directed at the 
optimization of the composition and mi- 
crostructure of AI,,Ti,,M, alloys by care- 
ful processing with respect to strength, 
ductility, toughness, and oxidation resis- 
tance. 

Besides these studies on A1,Ti-base tria- 
luminides, similar work has been started 
on L1 , trialuminide alloys, which are 
based on the DO,, phase A1,Zr and which 
again contain Cu, Mn, or Cr (Virk and 
Varin, 1992; Schwarz et al., 1992; Varin 
et al., 1993). According to first results the 
mechanical behavior seems to be similar to 
that of the A1,Ti-base alloys, and there is 
a strong, positive temperature dependence 
for the yield stress. 

4 Nickel Aluminides and Related 
Phases 

4.1 Ni,AI 

4.1.1 Basic Properties 
and Phase Diagram 

Ni,AI is the most studied and best 
known intermetallic because it has been 
used as a strengthening phase in the super- 
alloys for a long time, and because its duc- 
tility problems can be overcome, i.e. it can 
be “ductilized” by microalloying with bo- 
ron (Aoki and Izumi, 1979; Liu and Koch, 
1983; Aoki, 1990). This means that it can 
be produced and tested without major ex- 
perimental difficulties, and thus it was se- 
lected preferentially in the past for studies 
on the behavior of intermetallics (see 

Intermetallies 
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1 6 3 8 O C  

Sec. 1.2). The knowledge obtained on the 
physical and mechanical metallurgy of 
Ni,Al and its alloys has been reviewed in 
an authoritative way by Stoloff (1989). 

The nickel aluminide Ni,Al - known as 
the y' phase - crystallizes with the cubic 
L1 structure (Cu,Au-type) which results 
from the f.c.c. structure by ordering (see 
Fig. 1). Deviations from stoichiometry are 
accommodated primarily by antisite de- 
fects (Lin and Sun, 1993). The density of 
Ni,Al is 7.50 g/cm3 (see Liu et al., 1990) 
and thus is only slightly lower than that of 
the superalloys (see Table 2) which, howev- 
er, is still of interest. The elastic constants 
have been studied experimentally and the- 
oretically by various authors (e.g. Davies 
and Stoloff, 1965; Dickson et al., 1969; 
Kayser and Stassis, 1969; Foiles and Daw, 
1987; Wallow et al., 1987; Yo0 and Fu, 
1991, 1993; Yasuda et al., 1991 a, 1992). 
Young's modulus of cast polycrystalline 
Ni,Al at room temperature is about the 
same as that of pure Ni with a weaker 
temperature dependence (Stoloff, 1989), 

i.e. it is slightly smaller than that of the 
superalloys (see Table 2). Data for thermal 
expansion, thermal conductivity, the See- 
beck effect, and electrical resistivity have 
been presented (Stoloff, 1989). The ther- 
mal diffusivity of Ni,AI has been studied 
recently (Archambault and Hazotte, 
1993). 

Figure 20 shows the binary Ni-A1 phase 
diagram which considers some new results. 
Ni,Al melts incongruently at about 
1383°C to form liquid Ni-A1 and solid, 
disordered, f.c.c. Ni-A1 peritectically 
(Hilpert et al., 1987; Verhoeven et al., 
1991), which is in contrast to the widely 
accepted phase diagram in Massalski et al. 
(1990). In addition, there is a eutectic equi- 
librium at 1380°C with the B2 phase NiAl 
and liquid Ni-A1. Ni,Al is stable, i.e. or- 
dered, up to the melting point according to 
most investigators (Stoloff, 1989), which 
may, however, only be true near the stoi- 
chiometric composition since there are in- 
dications that the critical temperature of 
ordering may be slightly lower than the 

Ni 

Figure 20. Binary Ni-Al 
phase diagram which is 
based on that by Massalski 
et al. (1990) and considers 
the new results of Hilpert 
et al. (1987) and Verhoeven 
et al. (1991) with respect to 
the Ni,AI equilibria. 
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melting temperature for Ni,Al with a high 
Ni excess (Bremer et al., 1988; Yavari 
et al., 1991; Ramesh et al., 1992). 

Ni,AI can dissolve further elements, in 
particular other transition metals, and 
ternary Ni- A1 based phase diagrams have 
been studied by various investigators (e.g. 
Guard and Westbrook, 1959; Kornilov, 
1960; DasGupta et al., 1984; Chakravorty 
and West, 1985, 1986; Chakravorty et al., 
1985; Nash and Liang, 1985; Vincent et al., 
1988; Hong et al., 1989; Enomoto et al., 
1991; Lee and Nash, 1991 a). The direction 
of the Ni,Al lobes in the isothermal sec- 
tions of the ternary phase diagrams indi- 
cate what sites are occupied by the alloying 
additions. According to this and the results 
of specific site occupation studies, Ni sites 
are occupied by Coy Pd, Pt, Cu, or Sc, and 
Al sites are occupied by Ti, Zr, Hf, V, Nb, 
Ta, Mo, W, Zn, Ga, In, Si, Ge, Sn, or Sb, 
whereas Cr, Mn, or Fe occupy both sites 
with a slight preference for the A1 sites 
depending on the composition (Ochiai 
et al., 1984; Miller and Horton, 1987; 
Shindo et al., 1988; Enomoto and Harada, 
1989; Chiba et al., 1991; Hono et al., 
1992). The case of Hf demonstrates the 
difficulties of site determination since there 
is also further strong experimental evi- 
dence of Hf occupying Ni sites instead of 
A1 sites (Bohn et al., 1987a, b). The chem- 
ical activity of Hf in Ni,AI has recently 
been determined, according to which, 
however, Hf substitutes for A1 in Ni,Al 
(Albers et al., 1992). According to comput- 
er modeling, the site occupancy depends 
on the composition, i.e. different types of 
deviations from stoichiometry may change 
the site occupation by a third element 
(Hosoda et al., 1991). 

Deviations from stoichiometry, which 
are possible on both sides of the stoichio- 
metric composition, lead to constitutional 
defects which are important for the me- 

chanical behavior at both low and high 
temperatures since at low temperatures 
such defects may act as dislocation obsta- 
cles and at high temperatures they may 
promote diffusion. (This will be discussed 
in some more detail with respect to the 
deformation behavior of the B2 phases in 
Sec. 4.3.) 

Diffusion in Ni,Al has been studied by 
few investigators - in particular Chou and 
Chou (1985) and Hoshino et al. (1988) - 
and has been reviewed and discussed with 
respect to mechanisms and defects (Bakker, 
1984; Wever et al., 1989; Stoloff, 1989). The 
constitutional defects are antistructure 
atoms on both sides of stoichiometry, i.e. 
A1 on Ni sites and Ni on A1 sites, and the 
concentration of constitutional, i.e. ather- 
mal, vacancies is very small. The vacancy 
content of 6 x at the melting temper- 
ature and the vacancy formation enthalpy 
of 1.60 eV correspond to the respective val- 
ues for Ni, i.e. the vacancy behavior of 
Ni,Al is similar to that of pure metals 
(Schaefer et al., 1992). The diffusion of Ni 
in Ni,Al is not very different from that in 
pure Ni and at high temperatures it is in- 
sensitive to deviations from stoichiometry. 
The diffusion of A1 in Ni,AI is less well 
studied because a tracer is not readily 
available. Defects may interact with dis- 
solved third elements which affects diffu- 
sion. In particular vacancies interact with 
B which is needed for “ductilization”, and 
this leads to a complex dependence of the 
Ni diffusion coefficient on the A1 and B 
content of Ni,AI (Hoshino et al., 1988). 
Data for the diffusion of the third ele- 
ments, Co, Cr, or Ti, in Ni,AI are available 
(Minamino et al., 1992). 

4.1.2 Microstructure and Mechanical 
Behavior 

The mechanical behavior of Ni,AI and 
Ni,Al-based alloys, including creep, fa- 
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tigue and fracture, and in particular the 
effects of microstructure and alloying with 
further elements have been reviewed ex- 
haustively (Stoloff, 1989). Only the most 
important features, i.e. the anomalous 
temperature dependence of the flow stress 
and ductilization by the boron effect, are 
discussed in the following, which also con- 
siders more recent studies. Other recent 
studies concern creep, including inverse 
creep after the first normal primary creep 
stage (Hazzledine and Schneibel, 1989; 
Hayashi et al., 1991 a, b; Hemker et al., 
1991; Miura eta]., 1991; Schneibel and 
Hazzledine, 1992; Wolfenstine et al., 1992; 
Hemker and Nix, 1993; Zhang and Lin, 
1993), superplasticity (Valiev et al., 1991; 
Ochiai et al., 1991; Yang et al., 1992; and 
the chapter by Mukherjee in Volume 6 
of MST), fatigue (Matuszyk et al., 1990; 
Glatzel and Feller-Kniepmeier, 1991; Gor- 
don and Unni, 1991; Gieseke and Sikka, 
1992), and fracture (Kawabata and Taka- 
sugi, 1991; Takasugi, 1991 a; Yo0 and Fu, 
1991). The recrystallization behavior has 
been studied in more detail only recently 
(Gottstein et al., 1989, 1991; Cahn, 1991; 

0 bat% Nb 
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Inoue and Inakazu, 1991; Ball and Gott- 
stein, 1993; Zhou et al., 1993; Jena et al., 
1993). 

Anomalous Temperature Dependence 
of the Flow Stress 

The plastic flow of Ni,Al has been stud- 
ied in much detail by many authors. The 
results have been reviewed and discussed 
intensively and the basic mechanisms are 
now well understood (Stoloff and Davies, 
1966; Paidar et al., 1981; Liu and Stiegler, 
1984; Pope and Ezz, 1984; Stoloff, 1984; 
Liu and White, 1985; Izumi, 1989; Suzuki 
et al., 1989; Liu et al., 1990; Yamaguchi 
and Umakoshi, 1990; Liu, 1993b; Saada 
and Veyssiere, 1993 b; and the chapter by 
Umakoshi in Volume 6 of MST). The out- 
standing feature is the positive, i.e. anoma- 
lous, temperature dependence of the flow 
stress which is illustrated in Fig. 21. Be- 
tween room temperature and about 700 "C 
the flow stress increases with increasing 
temperature to reach a maximum and only 
at higher temperatures does normal soft- 
ening occur. 

04 

Figure 21. Temperature dependence of 
the flow stress for cast polycrystalline 
Ni,AI and Ni,AI with various alloying 
additions (Thornton et al., 1970). 
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As already discussed (Sauthoff, 1986), 
the anomaly results from the anisotropy of 
the energy and mobility of the superlattice 
screw dislocations which determine the 
plastic deformation of Ni,Al. The screw 
dislocations can split on ( 11 1) planes and 
on (010) planes. The splitting on (010) is 
favored energetically because the energy of 
the antiphase boundaries (APBs) between 
the partials is lower on (010). However, a 
superdislocation on (01 0) is sessile because 
the dislocation cores of the partials spread 
outside the plane of the APB. On the other 
hand, the superdislocation on { 11 1) with 
higher energy is glissile because the core 
spreading is confined to the slip plane. 

This glissile state is metastable since the 
partials must first be coalesced into a sin- 
gle dislocation before cross slip back to 
(010) can occur. Hence dislocations are 
generated primarily on (111) planes on 
loading, and slip is confined to (111) at 
low temperatures. With rising temperature 
cross slip to (010) becomes possible by 
thermal activation, by which the disloca- 
tions are immobilized (Kear-Wilsdorf 
mechanism). The sessile dislocations act as 
obstacles and give rise to rapid strengthen- 
ing with increased flow stress. Thus it is 
clear that the anomalous temperature de- 
pendence of the flow stress is observed on- 
ly with sufficient strain, and indeed the 
minimum strain for this observable flow 
stress anomaly was found to be about 
lo-’ (Thornton et al., 1970). At tempera- 
tures above the flow stress maximum, the 
immobilized dislocations are mobilized 
again by enhanced thermal activation 
which leads to the familiar softening. The 
details of these mechanisms and reactions 
have been and still are the subject of 
specific studies, and the theoretical de- 
scription becomes more and more elabo- 
rate (Yo0 et al., 1988; Suzuki et al., 1989; 
Pope, 1991; Yo0 and Fu, 1991; Webb et al., 

1993a; Schoeck, 1993; Dimiduk et al., 
1993; Hirsch, 1993; Molenat et al., 1993; 
Saada and Veyssiere, 1993a, b; Khantha 
et al., 1993a, b). 

From this discussion it is celar that the 
flow stress anomaly of Ni,AI is a function 
of the binding forces between the atoms. 
Indeed the anomaly is exhibited by various 
L1, phases to different extents, and the 
differences are closely correlated with the 
differences in stability between the L1 , 
structure and other possible structures, in 
particular the DO,, and DO,, structures 
(Mishima et al., 1985; Suzuki et al., 1989). 
In Ni,Si and Ni,Ge the anomaly is even 
more pronounced than in Ni,AI, whereas 
it is weaker in Co,Ti, Zr,Al, Fe,Ga, and 
Cu,Au, and there is a continuous transi- 
tion from a positive temperature depen- 
dence to the familiar negative one in the 
L1 , ternary phase (Ni, Fe),Ge when going 
from Ni,Ge to Fe,Ge. Likewise the flow 
stress maximum of Ni,AI can be increased 
and shifted with respect to temperature by 
ternary alloying additions, as is exempli- 
fied in Fig. 21 (see also La11 et al., 1979). It 
has to be noted that such flow stress 
anomalies are also shown by other phases 
with different crystal structures, e.g. Fe- 
Co-2V (B2), CuZn (B2), TiAl (Llo), 
Fe,AI (DO,), Mg,Cd (DO,,), Ni,V 
(DO,,), and Fe,B (C16), and various 
mechanisms have been proposed for these 
phases (Stoloff and Davies, 1964; West- 
brook, 1965; Paufler, 1976; Haasen, 1983; 
Stoloff, 1984; Kawabata et al., 1985). 

The positive temperature dependence of 
the flow stress of Ni,AI can be obscured by 
other concurrent strengthening effects. 
For example, the low-temperature flow 
stress can be increased by reducing the 
grain size to such an extent that it becomes 
higher than the original flow stress maxi- 
mum at high temperature, i.e. a flow stress 
maximum is no longer discernible (Schul- 
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son, 1985). An analogous effect is pro- 
duced when C is dissolved in Ni,Al to 
gradually increase the low-temperature 
flow stress (Jung and Sauthoff, 1989b; 
Wunnike-Sanders, 1993; Wunnike-Sanders 
and Sauthoff, 1994). 

Ductilization 

It is well known that only polycrystalline 
Ni,Al is brittle and fails by intergranular 
fracture whereas Ni,AI single crystals are 
highly ductile, and thus the brittleness of 
polycrystals is attributed to grain bound- 
ary weakness (Liu and Stiegler, 1984). 
Correspondingly, directionally solidified, 
columnar-grained Ni,Al has been found 
to be ductile (Hirano and Mawari, 1993). 
The brittleness of polycrystalline Ni,AI 
can be reduced by macroalloying with Co, 
Cu, or Pt which reduce the ordering ten- 
dency of the Ni,AI (Chiba et al., 1992). 
Alternatively, the polycrystal brittleness of 
Ni,AI can be removed by microalloying 
Al-deficient Ni,AI with boron (Aoki and 
Izumi 1979; Aoki, 1990). The tensile elon- 
gation of polycrystalline Ni,AI with 24 
at.% Al, which has been recrystallized for 
30 min at 1000 "C, increases with increas- 
ing B content from about 0 YO for 0 % B to 
about 44% for 0.025 wt.% B (Liu et al., 
1985). A further increase in the B content 
produces a maximum tensile elongation of 
about 54% for 0.1 wt.% B, after which the 
ductility gradually decreases with increas- 
ing B content. 

This ductilization effect of boron de- 
pends sensitively on the A1 content (Liu 
et al., 1985; Aoki, 1990). An A1 content of 
24 at.% corresponds to the Al solubility 
limit of Ni,Al and cannot be lowered, i.e. 
a further reduction only produces the dis- 
ordered y-Ni-A1 phase (see Fig. 20). With 
higher A1 contents the ductilization effect 
becomes smaller and above the stoichio- 
metric composition of 25 at.% Al, poly- 

crystalline Ni,AI with B is as brittle as 
without B. This stoichiometry effect can be 
changed significantly by alloying with a 
third element (Aoki et al., 1993). It should 
be noted that the ductility increase is ac- 
companied by a significant increase in the 
ultimate tensile strength, which results 
from rapid strain hardening during plastic 
deformation (Liu et al., 1985). 

This dramatic ductilization effect of bo- 
ron has been and still is the subject of elab- 
orate experimental and theoretical studies 
which, however, have not yet led to an 
agreement on the physical reasons for the 
boron effect, i.e. the mechanistic under- 
standing of this ductilization effect is still 
unclear. This has been the subject of a set 
of papers recently, and the present state of 
knowledge and the controversial issues 
have been overviewed (Liu, 1991 b). The 
important factors are briefly summarized 
in the following. 

It has been found that B strongly segre- 
gates to grain boundaries in Al-deficient 
Ni,Al in equilibrium, as well as Al, which 
affects the character and strength of the 
bonding at  the interface. The segregation 
of both elements depends on the bulk Al 
content. Boron does not segregate to free 
surfaces. I t  has been suggested that this B 
segregation enhances the cohesive strength 
at the grain boundary thus preventing 
cracking along the grain boundary. Theo- 
retical first-principles calculations indeed 
confirmed the beneficial effect of B on the 
cohesive strength. A recent study of the 
microscopic deformation behavior has 
shown that during deformation grain 
boundaries with boron emit dislocations 
to relieve stress concentrations, whereas at 
grain boundaries without boron such 
stress concentrations are relieved by the 
nucleation and propagation of cracks along 
the grain boundaries (T. C. Lee et al., 
1992). 

ArcelorMittal Ex. 2038 
Page 56 of 190



44 lnterrnetallics 

It has been proposed by others that this 
B segregation produces disorder at grain 
boundaries, thus facilitating slip transmis- 
sion across them. This view is supported 
by a Hall-Petch type analysis of flow 
stress data as a function of the grain size. 
There are observations on disordered 
grain boundary layers which indicate the 
formation of the y-Ni-Al phase at the 
grain boundaries. This is not improbable 
since the Al content of Al-deficient Ni,Al 
is near the solubility limit, and in the case 
of the L1 phase Cu,Au it has been found 
(Tichelaar et al., 1992) that the order-dis- 
order transition is preceded by the forma- 
tion of disordered layers at the interfaces. 
However, such disordered layers have also 
been found in Ni,AI without B, and have 
not been found in many ductile Ni,Al al- 
loys with B (see also Lin et al., 1993; Sun 
and Lin, 1993). 

A careful investigation of the order-dis- 
order transformation in Ni,A1 has shown 
that the order-disorder transition temper- 
ature is slightly lower than the solidus tem- 
perature for Ni,AI with less than 23 at.% 
A1 (Cahn et al., 1987). This leads to a more 
complex ordering process with domain 
formation which may be beneficial for 
ductility, whereas in the case of stoichio- 
metric Ni,AI with an order-disorder tran- 
sition temperature above the liquidus tem- 
perature ordering occurs directly without 
domain formation. 

This B segregation affects the segrega- 
tion of impurities such as 0, S ,  and P 
which embrittle conventional alloys. How- 
ever, such impurities seem to be of little 
importance for Ni,AI since Ni,Al, and 
other intermetallics of high purity with 
clean grain boundaries are still brittle. 

The experimental evidence for the vari- 
ous proposals is not clear and is even con- 
flicting in some cases (Horton and Liu, 
1990; Liu, 1991 b). It has to be concluded 

that the brittleness of intermetallics is a 
rather complex function of the crystal 
structure, composition and microstruc- 
ture. Obviously this complexity, which 
seems to be more severe than for conven- 
tional alloys, excludes a simple, single- 
cause explanation. In any case, the duc- 
tilization results from changes in the char- 
acter and strength of the bonding of the 
atoms involved which may be clarified by 
adequate quantum-mechanical calcula- 
tions, and which may be characterized in 
an approximative way by differences in 
atomic parameters such as valency, elec- 
tronegativity, and atomic size. 

Furthermore, effects of corroding envi- 
ronments have to be considered, as will be 
discussed in Sec. 4.1.3. Experimental re- 
sults have recently been presented which 
indicate environmental embrittlement as a 
major cause of the low-temperature brit- 
tleness of polycrystalline Ni,AI, which 
is suppressed by microalloying with B 
(George et al., 1992, 1993a, b; Zhu et al., 
1993). However, this environment-induced 
embrittlement should be diminished by re- 
ducing the temperature, but this has not 
been observed, i.e. this aspect of the duc- 
tilization effect is also not yet clear (Lee 
and White, 1993). 

4.1.3 Environmental Effects 

The oxidation behavior of Ni,AI has 
been studied repeatedly. The Al content of 
Ni,Al is sufficient for the formation of a 
stable, protective, A120, scale only at tem- 
peratures above about 1200 "C (Pettit, 
1967; Meier, 1989). At lower temperatures 
Al diffusion in Ni,AI to the surface is too 
slow to avoid A1 depletion at the surface, 
and thus the first formed A1,0, is over- 
grown by mixed Ni-AI scales. The initial 
stages of Ni,Al oxidation have been stud- 
ied in detail (Bobeth et al., 1992). The oxi- 
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dation reaction is coupled with vacancy 
production which leads to the formation of 
voids below the scale and finally to scale 
spallation. Scale adherence is improved by 
the addition of Cr (Pan et al., 1991) and by 
the known oxygen-active elements - in 
particular Ti, Zr, Hf and the rare earths 
(Cathcart, 1985; Taniguchi and Shibata, 
1989; Krasovec et al., 1992). The oxidation 
resistance of such Ni,Al-base alloys has 
been found to be superior to that of the 
conventional high-temperature alloys 800 H 
and 617 (Brill and Klower, 1991). A simi- 
larly advantageous corrosion behavior has 
also been shown in carburizing and chlo- 
ridizing atmospheres, whereas the sulfida- 
tion behavior is less advantageous (Nate- 
san, 1988; Brill and Klower, 1991). 

Apart from corrosion reactions at the 
surface, exposure to air or oxygen affects 
the mechanical behavior of Ni,Al and var- 
ious effects of environmental embrittle- 
ment have been observed. At elevated tem- 
peratures of about 800°C the ductility of 
ductilized Ni,AI shows a minimum which 
is more pronounced in air than in vacuum, 
and which is significantly alleviated by the 
addition of Cr (Liu and McKamey, 1990; 
Liu etal., 1990; Matuszyk et al., 1990; 
Khan et al., 1990). This embrittlement has 
been assumed to result from the effect of 
gaseous oxygen on the crack growth, 
whereas more recent results indicate that 
precipitated particles which are formed by 
internal oxidation may be more relevant to 
the embrittlement (DeVan and Hippsley, 
1989; Chuang and Pan, 1992). The benefi- 
cial effect of Cr has been attributed to 
modifications to the mechanical properties 
of the scale (Taniguchi and Shibata, 1987; 
Hippsley et al., 1990), though a complete 
understanding of the ductility controlling 
mechanisms has not yet been reached (Liu 
and McKamey, 1990; Takeyama and Liu, 
1992; Chuang and Pan, 1992). 

Environmental embrittlement has also 
been observed at room temperature - in 
particular in moist air - depending on the 
Ni,AI composition and the dopant con- 
tent, and it was concluded that this embrit- 
tlement is caused by hydrogen formation 
(Masahashi et al., 1988; Liu, 1991 a; Wan 
et al., 1992a; George et al., 1993 b, c). Cor- 
respondingly, stress corrosion cracking 
has been observed in aqueous environ- 
ments, which is also caused by hydrogen 
(Stoloff, 1989; Ricker et al., 1990). The 
embrittling effect of hydrogen has been 
studied directly and has been attributed to 
a reduction in the cohesive strength of the 
grain boundaries (Bond et al., 1989; Taka- 
sugi, 1991 b; Wan et al., 1992b). Neverthe- 
less, the physical understanding of the hy- 
drogen embrittlement effect is far from 
clear (Izumi, 1989; Takasugi, 1991 a; Liu, 
1991 a; Li and Chaki, 1993a). 

4.1.4 Applications 

Detection of the ductilizing effect of bo- 
ron on Ni,AI (see above) was the starting 
point for successful materials develop- 
ments based on Ni,Al which have resulted 
in a series of closely related Ni,A1 alloys 
for high-temperature applications (Liu 
et al., 1990). These alloys - known as nick- 
el aluminides or advanced aluminides - 
generally contain B at levels below 
500 ppm, and A1 below the stoichiometric 
composition, in order to obtain ductility at 
room temperature, and in addition Hf, Zr, 
Ta, and Mo at levels of up to 5 at.% to 
improve the strength at high temperatures 
and Cr up to 10 at.% to enhance the duc- 
tility at intermediate temperatures between 
400°C and 900°C (Liu et al., 1990; Sikka, 
1990; Alexander and Sikka, 1992). The al- 
loys may contain second phases and in 
particular the Cr-containing alloys gener- 
ally contain 5 to 15 % of the disordered, 
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Ni-rich phase, depending on the A1 con- 
tent (Liu et al., 1990; Khan et al., 1990; Liu 
and Kumar, 1993). 

The Ni,AI alloys compare favorably 
with many superalloys with respect to their 
short-term mechanical behavior, i.e. yield 
strength, which is higher than that of IN- 
713C at elevated temperatures, and ductil- 
ity, which is generally 25 YO to 40 % at tem- 
peratures up to 700 "C and 15 YO to 30 YO at 
up to 1000°C in air (Liu et al., 1990). The 
fatigue resistance of Ni,A1 alloys is higher 
than that of Ni-base superalloys at temper- 
atures below the ductility minimum, i.e. 
below 500°C (Stoloff, 1989; Liu et al., 
1990; Matuszyk et al., 1990; Gordon and 
Unni, 1991). The creep resistance of Ni,Al 
alloys is comparable to that of many su- 
peralloys, but it is not as high as that of 
some advanced, single-crystal, Ni-base su- 
peralloys which are used for jet engine tur- 
bine blades (Liu et al., 1990; Khan et al., 
1990). 

In view of these properties it may be 
stated that the Ni,AI alloys are similar to 
the closely related superalloys and enlarge 
the superalloy spectrum. However, they 
cannot compete with the advanced aero- 
space superalloys which are used in air- 
craft engines, and thus Ni,Al alloys are 
unlikely to displace superalloys in such ap- 
plications (Liu et al., 1990; Dimiduk et al., 
1992). Nevertheless, Ni,AI alloys are prom- 
ising for less demanding applications such 
as gas, water, and steam turbines, aircraft 
fasteners, automotive components, tooling 
and permanent molds where good combi- 
nations of strength and resistance against 
fatigue, wear including erosion and cavita- 
tion, and oxidation are needed (Liu et al., 
1990). 

The technologies for fabrication and 
processing have been developed, i.e. Ni,AI 
alloys can be melted by air-induction melt- 
ing with acceptable quality and by vacu- 

um-induction melting, vacuum-arc remelt- 
ing, and electroslag remelting for better 
qualities, ingots up to 1500 kg and compo- 
nents have been cast with low or no poros- 
ity depending on the boundary conditions, 
hot working is possible by conventional 
hot forging, isothermal forging and hot ex- 
trusion, the alloys can be cold worked and 
property data are available (Sikka, 1988, 
1989,1990; Sanders et al., 1991; Alexander 
and Sikka, 1992; Haubold et al., 1992). 
Most of the alloys can be welded with 
good quality if it is done with care (Bit- 
tence, 1987; Chen and Chen, 1988; Stoloff, 
1989; Liu et al., 1990; Santella, 1993; Li 
and Chaki, 1993 b), and cutting is accom- 
plished by high-speed abrasive wheels 
(Sikka, 1990). Besides ingot metallurgy, 
powder metallurgy methods have been ap- 
plied successfully for producing Ni,Al al- 
loys (Stoloff, 1989; Sampath et al., 1991; 
Liang and Lavernia, 1991; Withers et al., 
1991). 

Over recent years the developed tech- 
nologies have been transferred to various 
industrial companies for the production of 
heating element wires, wear parts, diesel 
engine applications and aircraft fasteners, 
i.e. Ni,AI alloys are on their way to com- 
mercialization (Sikka, 1990; Liu and Ku- 
mar, 1993; Liu, 1993a). An example is 
given by the ongoing development of an 
Ni,AI turbocharger rotor for heavy duty 
diesel engines, and it is expected that with 
further property improvements power cyl- 
inder components in high performance, 
state-of-the-art, diesel engines, i.e. valves, 
valve seats, piston crowns, piston rings, 
cylinder liners, and cylinder heads are like- 
ly candidates for future applications (Pat- 
ten, 1990). The only application of Ni,AI 
alloys which has been realized up to now is 
their use in dies for hot pressing permanent 
magnetic alloys which are already on the 
market (Baker and George, 1992). Obvi- 
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ously, the transfer process from the labora- 
tory to large scale production is handi- 
capped by the limited deformability at ele- 
vated temperatures, which makes hot work- 
ing difficult. 

Besides these developments, which are 
directed at specific applications, Ni,Al al- 
loys are used for the development of inter- 
metallic matrix composites which contain 
reinforcing particles or fibers of borides, 
carbides, oxides or carbon (Fuchs, 1989; 
Lee et al., 1990; Tortorelli et al., 1990; Al- 
man and Stoloff, 1991; Kumar, 1991; 
McKamey and Carmichael, 1991; Muk- 
herjee and Khanra, 1991; Brennan et al., 
1992). Apart from the mechanical proper- 
ties and the necessary corrosion resistance, 
the chemical compatibility of the used 
phases is of primary importance with re- 
spect to the long-term stability. It was 
found that Sic, B,C, and TiB, react exten- 
sively with Ni,Al alloys, whereas very little 
reaction has been observed with Al,O, or 
T i c  in Ni,Al (Fuchs, 1989; Lee et al., 
1990; Brennan et al., 1992). It should be 
noted that Ni,AI alloys are used not only 
as the matrix material, but also as a rein- 
forcing phase in, e.g. an A1 alloy to form a 
metal-matrix composite (Metelnick and 
Varin, 1991). 

4.2 Other L1, Phases 

4.2.1 General Remarks 

Apart from Ni,Al, Ni forms other inter- 
metallic phases with an L1 , structure and 
the composition Ni,X, where X is either an 
element near A1 in the periodic table, e.g., 
Ni,Si, Ni,Ga, or Ni,Ge, or another transi- 
tion metal near Ni, e.g. Ni,Fe or Ni,Mn; 
and there are also analogous examples 
for other transition metals, e.g. Fe,Ga, 
Fe,Ge, or Co,Ti (Villars and Calvert, 
1991). L1, phases are among the first and 
best studied intermetallics because some of 

them, e.g., Ni,Fe and Ni,Mn, as well as 
the classical example Cu,Au, transform 
into disordered solid solutions at tempera- 
tures below the melting temperature which 
allows the effect of atomic ordering on the 
physical properties and mechanical behav- 
ior to be studied (Sachs and Weerts, 1931; 
Dahl, 1936; Vidoz et al., 1963). Such 
phases with a critical temperature of order- 
ing below the melting temperature are 
known as Kurnakov phases. 

Lately, the successful ductilization of 
Ni,Al and the subsequent materials devel- 
opments have excited an enormous inter- 
est in L1 , phases, which have been studied 
in great number and much detail in order 
to understand the physical mechanisms 
which control the plasticity (see, e.g., 
Veyssiere, 1992). In particular Cu,Au and 
Ni,Fe, which are experimentally easy, are 
used as model phases for detailed investi- 
gations of the microstructural features of 
deformation (e.g., Korner, 1991; Tichelaar 
and Schapink, 1991). Jerky flow has been 
observed in polycrystalline Cu,Au and 
Ni,Fe as well as in the L1, phases Zr,Al, 
Ni,Mn, and Ni,Al (Schulson, 1984). 
Ni,Ge has been used as a model phase for 
studying the effects of cyclic deformation 
in comparison to monotonic deformation 
in L1, phases (Pak et al., 1986; Inoue 
et al., 1991 a). 

L1 , phases have been studied systemati- 
cally in comparison to Ni,Al in order to 
clarify the effects of changes in composi- 
tion on the mechanical behavior. It has 
been known for a long time that polycrys- 
talline Cu,Au and Ni,Fe are ductile at 
room temperature (Dahl, 1936; Vidoz 
et al., 1963) whereas polycrystalline Ni,Al 
is brittle, as was discussed in the preceding 
section. This difference in the ductility may 
be attributed to a difference in the ordering 
energy, since Cu,Au and Ni,Fe as Kur- 
nakov phases disorder below the melting 
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temperature and Ni,AI is ordered up to 
the melting point. However, there are oth- 
er L1, phases that are ordered up to the 
melting point and which are not brittle, 
and it can be shown that the ductility of 
polycrystalline L1 , phases is strongly cor- 
related with the absolute valency differ- 
ence of the constituent elements, which is 
reflected by the respective positions and 
distances in the periodic table; Ni,Si, 
Ni,Ga, Ni,Ge, Fe,Ga, and Ni,AI are brit- 
tle whereas Ni,Fe, Ni,Mn, Co,Ti, Cu,Pd 
and Cu,Au are ductile (Takasugi and Izu- 
mi, 1985d). 

Besides ductility, the temperature de- 
pendence of the flow stress may change 
significantly with changing composition. 
In particular, some L1, phases show an 
anomalous, positive, temperature depen- 
dence for the flow stress like Ni,Al, where- 
as other L1 , phases show the conventional 
negative temperature dependence, as was 
already indicated in Sec. 4.1.2. In Ni,Si 
and Ni,Ge this anomaly is even more pro- 
nounced than in Ni,AI, whereas it is weak- 
er in Co,Ti, Zr,Al, Fe,Ga, and Cu3Au, 
and there is a continuous transition from a 
positive temperature dependence to the fa- 
miliar negative one in the L1, ternary 
phase (Ni, Fe),Ge when going from Ni,Ge 
to Fe,Ge. This variation in the tempera- 
ture dependence of the flow stress has been 
the subject of systematic studies and it can 
be shown that the differences are closely 
correlated with the differences in stability 
between the L1 , structure and other possi- 
ble structures, in particular the DO,, and 
DO,, structures (Mishima et al., 1985; 
Suzuki et al., 1989). Furthermore, there is 
a correlation between the anomalous tem- 
perature dependence of the flow stress and 
the elastic anisotropy which has been re- 
vealed by a systematic study of the elastic 
moduli of various L1, phases (Yasuda 
et al., 1991 a, b, 1992), and which supports 

a theoretical model for the flow stress be- 
havior (Yo0 et al., 1988; Yo0 and Fu, 
1991). 

Apart from this scientific interest in L1 , 
phases, the L1, structure is regarded as 
most promising for developing ductile in- 
termetallic materials because of the suc- 
cessful “ductilization” of Ni,AI. Thus L1 , 
phases have been the subject of many stud- 
ies and indeed some L1, phases are of in- 
terest with respect to applications as struc- 
tural materials. Examples are briefly dis- 
cussed in the following section. Further- 
more, other phases, which do not have an 
L1, structure, have been alloyed with fur- 
ther elements in order to produce the L1, 
structure. An example of this is given by 
the so-called trialuminides with an LIZ 
structure, which result from alloying the 
binary A1,Ti phase with a tetragonal DO,, 
structure with the transition metals Cr, 
Mn, Fe, Ni, and Cu, and which have been 
discussed in Sec. 3.4. However, it has to be 
noted that the expected ductilization of 
these trialuminides has not yet been 
achieved. Another example of obtaining 
the L1, structure by proper alloying is the 
multinary phase (Ni,Co, Fe),V, on which a 
successful materials development has been 
based and which is also discussed in the 
following section. 

4.2.2 L1, Phases of Particular Interest 

Ni,Fe 

Ni,Fe is one of the ductile L1, phases, 
as mentioned in the preceding section. It 
shows an order-disorder transition at in- 
termediate temperatures which has been 
studied in detail with respect to energetics 
and kinetics (Marty et al., 1990; Cahn, 
1992; see also the chapter by Inden and 
Pitsch in Volume 5 of MST). The me- 
chanical behavior is well known and the 
characteristics have been discussed with re- 
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spect to strength, dislocation behavior and 
fracture (see, e.g. Vidoz et al., 1963; Davies, 
1963b; Takasugi and Izumi, 1985d, 1992; 
Izumi, 1989; Korner, 1991; D. G. Morris, 
1992; Veyssiere, 1992). The elastic con- 
stants have been measured (Yasuda et al., 
1992). As for other L1, phases, Ni,Fe is 
subject to hydrogen embrittlement at 
room temperature (Liu and Stoloff, 1993). 

The importance of Ni,Fe results from 
its advantageous physical properties, i.e. it 
is ferromagnetic with a high permeability 
(Kouvel, 1967; Dietrich, 1990). Thus Ni,Fe 
gave rise to the developments of the mag- 
netically soft, high-nickel alloys which are 
known as Permalloys. Alloying with fur- 
ther elements improves the magnetic be- 
havior as is demonstrated by the Moly- 
Permalloys which typically contain 80 Yo 
Ni and 4 to 5 YO Mo - the balance being Fe 
- and the Mu-Metals which typically con- 
tain 77 YO Ni, 5 YO Cu and 2 YO Cr, with the 
balance being Fe (Dietrich, 1990). 

Co, Ti 

A promising L1 , phase is Co,Ti which is 
deformable over a wide temperature range 
(including room temperature) and has a 
high strength at elevated temperatures 
(Takasugi and Izumi, 1 9 8 5 ~ ;  Takasugi 
et al., 1990b). However, there are indica- 
tions of environmental embrittlement in 
air at ambient temperatures due to the 
embrittling effect of dissolved hydrogen 
(Takasugi and Izumi, 1986; Liu et al., 
1989b; Takasugi et al., 1990b; Liu, 1991 a). 
The deformation behavior of Co,Ti has 
been studied in detail with respect to 
strength and ductility, and in particular an 
anomalous temperature dependence of the 
flow stress has been found, as in the case of 
Ni,Al (Takasugi and Izumi, 1985 b; Taka- 
sugi et al., 1987). In view of high tempera- 
ture deformation, the diffusion coefficient 

of Co in Co,Ti has been measured and the 
constitutional defects have been studied 
which result from deviations from stoi- 
chiometry (Takasugi and Izumi, 1985 a; 
Nakajima et al., 1988, 1991). Co,Ti can be 
alloyed with third elements and the site 
occupation of the various elements has 
been investigated (Liu et al., 1986; Taka- 
sugi et al., 1990a). Such alloying additions 
can be used for varying the mechanical be- 
havior, i.e. strength, ductility, flow stress 
anomaly, and sensitivity against hydrogen 
embrittlement (Liu et al., 1989a; Takasugi 
et al., 1990b; Hasegawa et al., 1993a). 

Ni,Si 

A promising L1, phase is Ni,Si, the de- 
formation behavior of which, including 
the anomalous temperature dependence of 
the flow stress, is analogous to that of 
Ni,AI. It can be alloyed with Ti to form 
the ternary L1 , phase Ni,(Si,Ti), which is 
being considered as a candidate phase for 
applications which require a high-temper- 
ature structural material or a corrosion re- 
sistant material since its strength is very 
high in comparison to other L1 phases, its 
ductility is high over a wide temperature 
range (particularly at lower temperatures 
when alloyed with B), it has an excellent 
corrosion resistance in hot sulfuric acid 
and likewise an excellent oxidation resis- 
tance in air at high temperatures, and it 
can be produced with good properties by 
various processing methods (Takasugi and 
Yoshida, 1991 b; Baker et al., 1993; Ulven- 
soen et al., 1993). 

Various studies have been directed at the 
alloying behavior and the effects on the 
mechanical properties, including fracture 
(Takasugi et al., 1991 b; Takasugi and 
Yoshida, 1991 a; Takasugi, 1991 a; Taka- 
sugi and Izumi, 1992; Khantha et al., 1991; 
T. Zhang et al., 1991). The elastic moduli 
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have been determined (Yasuda et al., 
1992), and the dislocation behavior at low 
and high temperatures has been studied in 
detail (Yoshida and Takasugi, 1991 a, 
1992; Takasugi and Yoshida, 1992, 1993). 
The yield stress anomaly, which had al- 
ready been reported in 1952 (Lowrie, 
1952), has been clarified recently on the 
basis of ab initio calculations of the elastic 
constants and shear fault energies (Fu 
et al., 1993 b). Ni,(Si,Ti) alloys can be de- 
formed superplastically (Nieh and Oliver, 
1989; Takasugi et al., 1991a, c; Stoner 
et al., 1992) and environmental embrittle- 
ment has been observed (Liu and Oliver, 
1991; Takasugi et al., 1991 d; Takasugi, 
1991~). Recently, Ni,Si has been alloyed 
with Co,Ti to form two-phase intermetal- 
lic alloys with superior creep resistance 
(Hasegawa et al., 1993 b). Finally, it is not- 
ed that at very high temperatures an inter- 
mediate, brittle, monoclinic Ni,Si phase is 
stable, which may form the matrix of re- 
spective Ni-Si alloys with precipitated, 
ductile, Ni-rich solid solution and L1, 
Ni,Si as the toughening second phases 
(Bakeret al., 1993; Li and Schulson, 1993). 

Zr,Al 

The L1 , phase Zr,Al, which forms peri- 
tectically from Zr,Al and Zr, was studied 
extensively for use as the cladding material 
for water-cooled, nuclear power reactors 
since it has a low cross section for the ab- 
sorption of thermal neutrons (Schulson, 
1984; Liu et al., 1990; Parameswaran et al., 
1990). In particular, the mechanical behav- 
ior was the subject of detailed studies 
(Schulson, 1984) according to which the 
strength is high with an anomalous tem- 
perature dependence for the flow stress. 
The work hardening rate exceeds that for 
any disordered or ordered f.c.c. alloy. 
Zr,Al, with polished surfaces, has a ductil- 

ity of about 30% at room temperature 
with, however, a high notch sensitivity. 
Fast-neutron irradiation at low doses sup- 
presses the notch sensitivity, whereas irra- 
diation at higher doses produces an em- 
brittling crystalline to amorphous phase 
transition which is accompanied by signifi- 
cant swelling. These irradiation effects pre- 
cluded the use of Zr,Al in nuclear reactors 
(Parameswaran et al., 1990). Working of 
Zr,Al is limited to an area reduction of 
about 30% and hot working is best done 
above the peritectic temperature, i.e. as 
two-phase Zr-Zr,Al, which is then fol- 
lowed by an annealing treatment below the 
peritectic temperature to produce the 
Zr,Al phase. The material has good oxida- 
tion resistance and can easily be fabricated 
into strip, rod, and tubing. 

( Fe, Co, Ni) , V 

The brittle phases Ni,V with a tetrago- 
nal DO,, structure and C0,V with a com- 
plex hexagonal structure can be alloyed 
with Fe in such a way that ternary 
(Ni,Fe),V and (Co,Fe),V and quaternary 
(Fe,Co,Ni),V phases are formed which 
have the cubic L1 , structure, and are duc- 
tile with tensile ductilities of about 40 % or 
more (Liu and Inouye, 1979; Liu, 1984; 
Liu et al., 1990). For these alloys the crite- 
rion for the stabilization of the L1, struc- 
ture is a valence electron content of less 
than 7.89 per atom since higher valence 
electron contents between 7.89 and 8.6 are 
characteristic of Co,V and (Co,Ni),V with 
hexagonal structures, whilst tetragonal 
Ni,V is characterized by 8.75 valence elec- 
trons per atom. The stability of these L1, 
alloys has also been studied by means of 
quantum-mechanical, first-principles cal- 
culations (Freeman et al., 1992). 

The L1 , alloys (Ni,Fe),V, (Co,Fe),V, 
and (Fe,Co,Ni),V disorder at a critical 
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temperature between 600 "C and 1000 "C, 
depending on the Fe content, to form dis- 
ordered f.c.c. alloys. Recrystallization in 
the ordered state below the critical temper- 
ature is slow compared with the disordered 
state (Cahn, 1991), whereas diffusion does 
not seem to be affected much by the order- 
disorder transition (Mantl et al., 1984). 
These L1, alloys can easily be fabricated 
because of their high ductility, they show 
an anomalous, positive temperature de- 
pendence for the flow stress like Ni,Al, 
strength decreases sharply above the criti- 
cal temperature of disordering, and they 
have an excellent creep and fatigue resis- 
tance [for the latter see Ashok et al. (1983)] 
(Liu and Inouye, 1979; Liu, 1984; Liu 
et al., 1990). They can be welded (Bittence, 
1987), but they are not sufficiently oxida- 
tion resistant above 600°C because of the 
absence of Al (Liu, 1984), and they are 
subject to environmental embrittlement 
(Liu, 1991a; Nishimura and Liu, 1991, 
1992a, b; Liu, 1992; Miura and Liu, 1992). 
In view of their advantageous mechanical 
behavior, they are regarded as promising 
for applications as structural materials in 
conventional power plants - in particular 
for steam turbines - as well as for nuclear 
power plants because irradiation produces 
relatively little swelling with, however, 
some lowering of ductility (Liu, 1984; Liu 
et al., 1990). 

4.3 NiAl 

4.3.1 Basic Properties 

NiAl is the best known example of the 
intermetallics with a cubic B2 structure 
(Fig. l) ,  which form one of the largest 
groups of intermetallics (Baker and Mun- 
roe, 1990). The physical and mechanical 
properties of NiAl have recently been re- 
viewed in detail (Miracle, 1993). As is illus- 
trated by the phase diagram in Fig. 20, 

the phase NiAl has an extended range of 
homogeneity and melts congruently at 
about 1640 "C for the stoichiometric com- 
position with 50 at.% Al. This melting 
point is higher than those of the constitu- 
ent elements which indicates a strong 
bonding between Ni and A1 and a corre- 
sponding high phase stability with a strong 
tendency for atomic ordering. This inter- 
pretation has been confirmed by quantum- 
mechanical, ab initio calculations accord- 
ing to which the strong Ni-AI bonding is 
of a mixed type, i.e. metallic with contribu- 
tions of covalent and ionic bonding, which 
makes the A1 atoms slightly electropositive 
(Fu and Yoo, 1992b; Lu et al., 1992). 

Indeed NiAl with a stoichiometric com- 
position is highly ordered up to the melting 
point according to such ab  initio calcula- 
tions (Stocks et al., 1992). Deviations from 
stoichiometry result in constitutional dis- 
order, i.e. constitutional point defects are 
produced which are antistructure atoms, 
i.e. excess Ni atoms on A1 sites on the Ni- 
rich side of the stoichiometric composition 
and vacancies in the Ni sublattice on the 
Al-rich side, as has been shown experimen- 
tally and theoretically (Jacobi and Engell, 
1971 a, b; Nakamura and Takamura, 1982; 
Koch and Koenig, 1986; Fu and Yoo, 
1992a; Kogachi et al., 1992; S. M. Kim, 
1992). In this way the number of valence 
electrons per alloy atom does not exceed a 
critical value for deviations from stoi- 
chiometry, in agreement with the Hume- 
Rothery rules for electronic compounds 
(Rusovic and Henig, 1980). These point 
defects interact with each other from 
which local ordering results (Georgopou- 
10s and Cohen, 1981). Besides the constitu- 
tional point defects, there are the thermal 
point defects which again are vacancies in 
the Ni sublattice and Ni antistructure 
atoms in the A1 sublattice since vacancies 
can only be created in the Ni sublattice, 
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and any two such vacancies must be com- 
pensated by one Ni antistructure atom for 
a constant NiAl composition (Rusovic and 
Henig, 1980; Fu and Yoo, 1992a). The 
equilibrium configurations of the thermal 
vacancies have been studied theoretically 
(Kozubski, 1993). 

The density of NiAl is low at 5.9 g/cm3 
for the stoichiometric composition com- 
pared with conventional Ni-base alloys, 
and it increases with decreasing A1 con- 
tent (Rusovic and Warlimont, 1977; Har- 
mouche and Wolfenden, 1987). It is noted 
that the density change per unit of Al con- 
tent is larger for Al-rich NiAl than for Ni- 
rich NiAl because of the difference in the 
defect structure. 

The elastic behavior of NiAl has been 
studied repeatedly and the elastic moduli 
have been determined experimentally for 
polycrystals and single crystals as a func- 
tion of composition and temperature 
(Wasilewski, 1966; Rusovic and Warli- 
mont, 1977, 1979; Harmouche and Wolf- 
enden, 1985, 1987). The elastic behavior 
has also been studied theoretically by quan- 
tum-mechanical, ab initio calculations, and 
the resulting elastic moduli are in close 
agreement with the experimental values 
(Yo0 et al. 1990; Fu and Yoo, 1992 b; Free- 
man et al., 1992; Yo0 and Fu, 1993). 

The Young’s modulus of polycrystalline 
NiAl with a stoichiometric composition is 
about 235 GPa at room temperature (Har- 
mouche and Wolfenden, 1987). The elastic 
moduli are functions of the composition, 
and the Young’s modulus reaches a maxi- 
mum of slightly more than 235 GPa, not at 
the stoichiometric composition as is ex- 
pected, but at about 48 at.% A1 which may 
be related to the difference in the defect 
character on both sides of stoichiometry. 
The effect of excess vacancies, which are 
produced by quenching from high temper- 
atures, on the elastic behavior was studied 

by Rusovic and Henig (1980). The elastic 
anisotropy is larger than that of corre- 
sponding disordered metals with an A2 
structure, e.g. b.c.c. Fe, and corresponds 
to that of f.c.c. Cu or Ni (A1 structure) 
(Wasilewski, 1966). As a consequence of 
this anisotropy, the elastic constants of 
polycrystalline NiAl depend sensitively on 
texture. Ni-rich NiAl shows anomalies in 
its elastic behavior, and in particular there 
is an anomalous temperature dependence 
which indicates lattice softening and is re- 
lated to the martensitic transformation 
(Rusovic and Warlimont, 1975,1977). The 
martensitic transformation of NiAl is dis- 
cussed in the following section. 

Diffusion in NiAl has been studied re- 
peatedly, from which a reliable data basis 
has resulted (see, e.g. Hagel, 1967; Han- 
cock and McDonnell, 1971; Shankar and 
Seigle, 1978; Hao et al., 1985; Wever, 
1992). The diffusion coefficient is expected 
to reach a minimum at the stoichiometric 
composition since any deviations from sto- 
ichiometry reduce the degree of atomic or- 
der by introducing constitutional point de- 
fects which enhance diffusion. Indeed the 
diffusion coefficient for Ni in NiAl reaches 
a minimum at about 49 at.% Al (Hancock 
and McDonnell, 1971; Shankar and Seigle, 
1978), which is slightly below the stoichio- 
metric composition and is related to the 
effects of point defects, i.e. vacancies and 
antisite atoms, on diffusion (Wang and 
Akbar, 1993). The tracer diffusion coeffi- 
cient of A1 in NiAl cannot be measured 
directly because the necessary A1 isotope is 
not available. The atomic migration pro- 
cesses in NiAl are more complex than in 
disordered b.c.c. alloys because of the or- 
dered atom distribution and, in spite of 
detailed analyses of the atom jump pro- 
cesses, a complete understanding and mod- 
eling of diffusion in NiAl has not yet been 
reached (Bakker, 1984; Wever et al., 1989; 
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Koiwa, 1992; Bakker et al., 1992). Only re- 
cently a model, which is based on a combi- 
nation of two mechanisms, has been pro- 
posed for describing the composition de- 
pendence of diffusion in B2 phases (Kao 
and Chang, 1993). It should be noted that 
the understanding of the basic diffusion 
processes for other intermetallics is still 
less than for NiAl and other B2 phases 
(Wever, 1992). Diffusion studies of multi- 
component systems are rare, and with re- 
spect to NiAl base alloys only data for 
the ternary phase (Ni,Fe)Al are avail- 
able from a systematic study of the system 
Ni-Al-Fe (Cheng and Dayananda, 1979; 
Dayananda, 1992). Recently, the effect of 
Cr on diffusion in NiAl has been studied 
(Hopfe et al., 1993). 

4.3.2 Phase Diagram and Martensitic 
Transformation 

The equilibria of NiAl with neighboring 
nickel aluminides at high and low tempera- 
tures are shown by the Ni-AI phase dia- 
gram in Fig. 20. Al-rich NiAl forms an 
equilibrium with Al,Ni, only at higher 
temperatures, whereas at lower tempera- 
tures an equilibrium is formed with the 
phase Al,Ni, which has only recently been 
identified (Mukherjee et al., 1979; Ellner 
et al., 1989). Its crystal structure is related 
to the B2 structure of NiAl and contains 
ordered vacancies. Ni-rich NiAl is in equi- 
librium with only Ni,AI at high tempera- 
tures and the mutual solubilities are shown 
in the phase diagram (according to Nishi- 
mura and Liu, 1992b; Bremer et al., 1988; 
Fang and Schulson, 1992). At low temper- 
atures, Ni-rich NiAl forms an equilibrium 
with Ni,AI, which has been studied in 
detail (Robertson and Wayman, 1984; 
Khadikar and Vedula, 1987; Khadikar 
et al., 1993). In addition, precipitate parti- 
cles of a metastable Ni,AI phase with ei- 
ther a trigonal or a monoclinic crystal 

structure have been observed in Ni-rich 
NiAl after quenching and subsequent 
annealing at intermediate temperatures 
(Murthy and Goo, 1993; Muto et al., 
1993 a, b). 

Ni-rich supersaturated NiAl, i.e. NiAl 
with more than 60 at.% Ni, can transform 
martensitically if decomposition and pre- 
cipitation of Ni,AI and/or Ni,A1, can be 
avoided by annealing at high temperatures 
with rapid quenching to low temperatures. 
The martensite formation temperature M ,  
increases linearly with increasing Ni super- 
saturation from about -240°C for 60 
at.% Ni to about 1000°C for 70 at.% Ni 
(Au and Wayman, 1972; Smialek and 
Hehemann, 1973; Ochiai and Ueno, 1988). 
The martensitic transformation produces 
the ordered, face-centered tetragonal L1 , 
structure with a tetragonality of c/a = 

0.86, and there is an internally twinned 
substructure (Chakravorty and Wayman, 
1976a, b). In some cases a hexagonal 
martensite with 2H stacking (a two-layer 
structure) was also observed (Litvinov 
et al., 1974; Martynov et al., 1983; Tanner 
et al., 1990), and furthermore a monoclinic 
structure with rhombohedra1 7R stacking 
(a seven-layer structure) was found de- 
pending on the Al content (Martynov 
et al., 1983; Tanner et al., 1990; Khachatu- 
ryan et al., 1992; Shimizu and Tadaki, 
1992). The 7R structure is intermediate in 
the course of the martensitic transforma- 
tion of NiAl and is derived from L1, by 
introducing periodic stacking faults. It can 
be shown theoretically that the energy bar- 
riers for the martensitic transition from the 
cubic B2 structure to the tetragonal L1, 
structure are lowered by the formation of 
the intermediate 7R phase (Yegorushkin 
et a]., 1985; Stocks et al., 1992; Khachatu- 
ryan et al., 1992; Sluiter et al., 1992). The 
elastic moduli of the formed martensite 
have been determined (Robertson, 1990). 
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The martensitic transformation of Ni- 
rich NiAl can be induced by external ap- 
plied stresses; it is thermoelastic, super- 
elasticity has been observed, and the 
martensite deforms by twinning and de- 
twinning (Au and Wayman, 1972; Chakra- 
vorty and Wayman, 1976b; Enami et al., 
1981; Murakami etal., 1992; Kim and 
Wayman, 1992). Thus all prerequisites for 
the shape memory effect are fulfilled and 
indeed the shape memory effect has been 
produced with NiAl irrespective of the 
method of alloy preparation - ingot metal- 
lurgy or powder metallurgy, i.e. it can be 
shown that the transformation character- 
istics do not depend on the processing 
route (Ochiai et al., 1987; Kim and Way- 
man, 1990). According to a computer sim- 
ulation, the stress-induced martensitic 
transformation is also expected for NiAl 
which is not supersaturated with Ni, but 
which is subject to high stress concentra- 
tions, e.g. at crack tips (D. Kim et al., 
1991). 

NiAl can be alloyed with further ele- 
ments in order to form ternary phases with 
a B2 structure which is then known as an 
L2, structure, too, or to obtain additional 
phases in equilibrium with NiAl. Fe, as 
well as Co, can substitute for Ni in NiAl 
completely without affecting the B2 struc- 
ture, as is expected in view of the binary B2 
phases FeAl and CoAl. Correspondingly, 
the ternary Ni-Fe-A1 phase diagram, 
which is of importance with respect to con- 
ventional high temperature alloys, shows 
the extended B2 phase field and the respec- 
tive equilibria with Ni,Al and Al-rich 
phases on the one hand and with disor- 
dered b.c.c. Fe and f.c.c. Fe on the other 
(Bradley and Taylor, 1938; Dannohl, 1942; 
Bradley, 1951; Hao et al., 1984). The Ni- 
Al-Co system behaves in an analogous 
way (Ha0 et al., 1984; Ishida et al., 1991 a, 
1993). Other ternary systems have been re- 

viewed (Raman and Schubert, 1965; Ku- 
mar, 1990). Another important alloy sys- 
tem is the system Ni-Al-Ti which con- 
tains various ternary intermetallics besides 
NiA1, in particular the Heusler-type phase 
Ni2A1Ti with an L2, structure which is 
derived from the B2 structure (see Sec. 
4.5), and the hexagonal Laves phase 
Ti46Ni27A127 with a C14 structure (see 
Sect. 8) (Raman and Schubert, 1965; Nash 
and Liang, 1985; Lee and Nash, 1991 b; 
Yang et al., 1992b). Similar situations are 
found in the phase diagrams for Ni-A1- 
Nb (Benjamin et al., 1966; Reip, 1991; 
Ochiai et al., 1991) and Ni-Al-Ta (Pak 
et al., 1988). 

Ternary alloying is of particular impor- 
tance with respect to the martensitic trans- 
formation of NiAl since it offers the possi- 
bility of controlling the martensite forma- 
tion temperature M ,  besides other trans- 
formation features. Co reduces the trans- 
formation temperature, reduces the trans- 
formation strain anisotropy and increases 
the interfacial mobility (Russell et al., 
1989). It is noted that the curves of con- 
stant M ,  in the ternary Ni-Al-Co dia- 
gram remain in the two-phase field, i.e. 
only the supersaturated (Ni,Co)Al can 
transform martensitically. The effect of 
other elements, i.e. Ti, V, Nb, Ta, Cr, Mo, 
W, Fe, Mn, Cu, Si (Kainuma et al., 1992a) 
and B (Xie et al., 1993), on M ,  has been 
studied recently and it has been found that 
alloying with Fe leads to a situation which 
is similar to the Ni-Al-Co case, whereas 
alloying with Mn enlarges the B2 field in 
the ternary Ni-Al-Mn phase diagram to 
such an extent that the curves of constant 
M, are shifted into the B2 field, i.e. it is 
expected that supersaturation is not neces- 
sary for the martensitic transformation of 
(Ni,Mn)Al (Kainuma et al., 1992 b,c). 
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4.3.3 Microstructure and Mechanical 
Behavior 

Figure 22 illustrates the variation of the 
flow stress of polycrystalline NiAl with 
temperature and composition. The curves 
show the normal temperature dependence 
with high strength at low temperatures, a 
comparatively steep strength decrease at 
intermediate temperatures around half the 
melting temperature (about 680°C for 
NiAI) and low strength with further soft- 
ening at high temperatures. It can be seen 
that variations in the composition lead to 
variations in the strength, and these effects 
may be different at low and high tempera- 
tures with a transition range around half 
the melting temperature (Sauthoff, 
1990b). 

The softening at high temperatures is 
related to thermally activated creep pro- 
cesses which are the subject of the next 
section. Deviations from stoichiometry 
produce constitutional defects which en- 
hance diffusion and lead to softening at 
high temperatures, whereas at low temper- 
atures these defects are immobile and act 
as strengthening deformation obstacles. 
These different effects of deviations from 
stoichiometry at low and high tempera- 
tures were studied in detail for binary NiAl 
(Vandervoort et al., 1966). 

Alloying of NiAl with a third element, 
e.g. Fe, leads to solid-solution strengthen- 
ing in the total temperature range of 
Fig. 22. These effects depend on both the 
temperature and the strain rate, as was 
shown by Rudy and Sauthoff (1985) and 
Rudy (1986). The effects of various other 
solutes on the high-temperature strength 
have been studied (Vedula et al., 1985; 
Nathal, 1992; Cotton et al., 1993b). Be- 
sides composition, processing was found 
to be a strength controlling factor which 
underlines the important role of the mi- 

temperature in O C  

Figure22. Flow stress (0.2% proof stress 

55 

10 

in 
compression at iO-4s- i  strain rate) as a func- 
tion of temperature for binary and ternary NiAl 
phases, i.e., stoichiometric NiAl (circles), stoichiomet- 
ric (Nio,8Feo,z)Al (squares), and off-stoichiometric 
(Nil,oFeo,z)Al,,8 (triangles) (Rudy and Sauthoff, 1985; 
Rudy, 1986). 

crostructure in strengthening. The highest 
strengths were obtained with alloys with 
an excess of solute which was precipitated 
as second phase particles. NiAl alloys with 
second phases are discussed in Secs. 4.3.4 
and 4.3.6. 

Plastic deformation of NiAl occurs pre- 
dominantly by the movement of perfect 
dislocations in a (100) slip direction which 
is the shortest lattice translation vector in 
the B2 structure, and the preferred slip 
planes are {Oll}, whereas slip on (001) is 
also possible (Ball and Smallman, 1966; 
Strutt and Dodd, 1970; Baker and Mun- 
roe, 1990; Darolia et al., 1992b; Y Zhang 
et al., 1993). The details of slip in single 
crystals have been studied recently as a 
function of crystal orientation, deforma- 
tion mode and temperature (Takasugi 
et a]., 1993 b, c). In view of the high order- 
ing energy of NiAl (see Sec. 4.3.1), creation 
and movement of dislocations is expected 
to be difficult, i.e. high strength and low 
ductility are expected. In a more funda- 
mental sense, it is expected that the high 
strength and low ductility are caused by 

ArcelorMittal Ex. 2038 
Page 68 of 190



56 lntermetallics 

the strength and character of the atomic 
bonding. However, for NiAl there seems 
to be no simple correlation between the 
directionality and ionicity of the bond- 
ing and the mechanical behavior, and 
much more work is necessary (Schultz and 
Davenport, 1992). 

As a consequence of the available slip 
systems, the strength and ductility are 
highly anisotropic with a “hard” (100) di- 
rection and “soft” (1 10) and (1 l l )  direc- 
tions (Darolia et a]., 1992b; Glatzel et al. 
1993b; Takasugi et al., 1993a). NiAl with 
the “hard” orientation shows practically 
no ductility - in spite of indications of local 
plastic deformation (Vehoff, 1992) - below 
the brittle-to-ductile transition tempera- 
ture (BDTT) which is of the order of 
350°C - corresponding to 0.33 T, (T,  = 

melting temperature) depending on the de- 
formation rate - whereas NiAl with a soft 
orientation shows ductilities up to 2.5 YO 
below the BDTT, which is of the order 
of 200”C, corresponding to 0.25 T, 
(Lahrman et al., 1991). The low ductility 
of NiAl at low temperatures is proposed to 
result from low dislocation mobilities be- 
cause of extended dislocation cores (Farkas 
et al., 1991; Mills et al., 1993; Kitano and 
Pollock, 1993). A recent study has shown 
the importance of a sufficient density of 
mobile dislocations since an increased 
fracture toughness has been obtained by 
avoiding any annealing treatments (Hack 
et al., 1992). At the BDTT the ductility in- 
creases rather steeply with increasing tem- 
perature due to thermal activation which, 
however, is not yet understood in detail 
(Darolia et al., 1992b). 

Like strength and ductility, the fracture 
toughness is a sensitive function of the ori- 
entation and the temperature, and this has 
recently been studied in detail (Reuss and 
Vehoff, 1990, 1992; Vehoff, 1992; K.-M. 
Chang et al., 1991, 1992; Darolia et al., 

1993). Corresponding to the low ductility, 
the fracture toughness of NiAl at lower 
temperatures is low. However, it is even 
lower in the soft (110) direction than in 
the hard (100) direction which is assumed 
to be a result of preferred cleavage on 
{ 1 lo} planes. However, the details of the 
fracture processes are more complicated 
and not yet fully understood, according 
to recent observations (Schneibel et al., 
1993 a). The fracture toughness increases 
substantially above 200 “C, independent of 
the crystal orientation which is in contrast 
to the BDTT for the ductility. The crack 
tip stress and deformation fields in NiAl 
single crystals have been analyzed in detail 
(Saeedvafa and Rice, 1992). 

Polycrystalline NiAl is usually found to 
be brittle with practically no ductility 
(Baker and Munroe, 1990; Reuss and Ve- 
hoff, 1992). Crack propagation occurs in 
an instationary way, and the fracture resis- 
tance is not sensitive to the loading rate 
(Schneibel et al., 1993 b). Only with care- 
fully processed, high-purity NiAl with an 
exact stoichiometric composition can a 
tensile ductility of 2.5% be obtained at 
room temperature, whereas similarly pro- 
cessed off-stoichiometric NiAl is brittle 
(Hahn and Vedula, 1989; Baker et al., 
1991). Obviously the constitutional defects 
in off-stoichiometric NiAl reduce the duc- 
tility. In any case, the brittle-to-ductile 
transition temperature can be reduced 
significantly by reducing the grain size 
(Schulson, 1985; Nagpal and Baker, 1990 b; 
Chan, 1990; Cheng, 1992). The limit to the 
grain size reduction is nanocrystalline 
Ni A1 which has been prepared successfully 
with a grain size of about 10 nm (Haubold 
et al., 1992). The recrystallization behavior 
of NiAl was studied by Haff and Schulson 
(1982). Apart from the grain size effect, the 
brittleness can be reduced by introducing 
additional dislocation sources. This effect 
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has been observed in the case of NiAl with 
oxide layers on the surface or with parti- 
cles in the alloy where dislocations are 
emitted from the respective phase bound- 
aries (Prakash and Pool, 1981; J. T. Kim 
et al., 1991; Gibala et al., 1993). As in oth- 
er cases, a higher ductility and toughness is 
observed with a superimposed hydrostatic 
pressure (Margevicius et al., 1993a, b; 
Pawelski et al., 1994). 

One of the reasons for the brittleness of 
polycrystalline NiAl is the insufficient 
number of slip systems since there are only 
three independent slip systems with the 
(100) slip vector, whereas at least five in- 
dependent deformation systems are neces- 
sary for general homogeneous deforma- 
tion according to the Von Mises criterion 
(von Mises, 1928; Baker and Munroe, 
1990; Darolia et al., 1992b). Besides 
(loo), other slip vectors, i.e. (110) and 
(1 1 I ) ,  have been observed under special 
circumstances (Field et al., 1991 a; Kim 
and Gibala, 1991; Miracle, 1991; VeyssiZre 
and Noebe, 1992; Dollar et al., 1992). The 
(1 1 1) dislocation which corresponds to 
the common slip direction in b.c.c. alloys is 
a superlattice dislocation in the B2 struc- 
ture consisting of two superpartials with 
an antiphase boundary (APB) in between. 
The various dislocation types - in particu- 
lar the dislocation cores - have recently 
been studied in detail by direct observa- 
tions and computer simulations, and the 
consequences of the dislocation mobilities 
have been discussed (Mills and Miracle, 
1993; Parthasarathy et al., 1993; Mei and 
Cooper, 1993). With these additional slip 
systems the Von Mises criterion can be 
fulfilled and an increased ductility is ex- 
pec ted . 

It has been found experimentally that 
alloying NiAl with Cr, which reduces the 
APB energy, may indeed increase the 
propensity to (1 11) slip (Field et al., 

1991 b) and produces a strong solid-solu- 
tion strengthening effect (Cotton et al., 
1993 a), though the conditions and mecha- 
nisms are still in discussion (Cotton et al., 
1993 a, c). An improved ductility has been 
found for NiAl-Cr only in compression 
(Kowalski and Frommeyer, 1992), where- 
as the tensile ductility was actually reduced 
and the brittle-to-ductile transition tem- 
perature was increased (Field et al., 1991 b; 
Cotton et al., 1993a). Obviously the Von 
Mises criterion is not a sufficient criterion 
and the material fractures in a brittle man- 
ner because the fracture strength is lower 
than the yield strength. Other elements 
which have been reported to promote 
(1 11) slip are Mn, V, Ti, and Zr (George 
et al., 1991 a; Field et al., 1991 b). With 
Fe substituting Ni there is a continuous 
transition from (100) slip to (111) slip 
(Patrick et al., 1991). Quantum-mechani- 
cal, ab initio calculations have shown that 
the APB energy is indeed lowered by the 
addition of Cr, Mn, or V to NiAl (Hong 
and Freeman, 1989). 

Another reason for the brittleness of 
polycrystalline NiAl may be grain 
boundary weakness. It was found that al- 
loying with a small amount of B, which is 
beneficial in the case of Ni,A1 and segre- 
gates to the grain boundaries in NiAl, 
changes the fracture mode from intergran- 
ular fracture to transgranular fracture 
(George et al., 1991 a; Xie et al., 1993). 
However, ductility and fracture toughness 
are not improved, and a higher amount of 
B even reduces the ductility which may be 
related to an increase in the yield strength 
to levels above the fracture strength and 
to the precipitation of borides (Wu and 
Sass, 1993a, b; Jayaram and Miller, 1993; 
Schneibel et al., 1993 b). The hardening ef- 
fect of B additions is observed for off-stoi- 
chiometric, Ni-rich NiAl and is due to the 
variation in the B solubility (Tan et al., 
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1993). C and Be do not segregate at grain 
boundaries and do not change the fracture 
mode. Nevertheless, Be improves the duc- 
tility of NiAl slightly and the reasons for 
this behavior are unclear. 

It is known that alloying with, e.g. Fe, 
can improve the ductility of NiAl (Baker 
and Munroe, 1990). Indeed substantial in- 
creases in the tensile ductility at room tem- 
perature of monocrystalline NiAl with a 
“soft” orientation have been obtained by 
alloying with small amounts, i.e. about 0.1 
at.% of Mo, Ga. or Fe (Darolia et al., 
1992a): 0.1 at.% Fe produces 6 % ductility 
in contrast to 1 YO ductility without Fe 
whereas 0.5 YO and more Fe produces only 
2 YO ductility. The physical reasons for this 
ductilization effect are not yet clear (Noe- 
be and Behbehani, 1992). 

4.3.4 Creep 

High temperature deformation of metal- 
lic and other materials is controlled by var- 
ious deformation mechanisms depending 
on the temperature and the deformation 
rate, as is illustrated by the so-called defor- 
mation maps for the respective materials 
(Frost and Ashby, 1982). The comparison 
of such maps for various materials with 
different crystal structures and types of 
atomic bonding shows that the deforma- 
tion behavior at temperatures above a 
third of the melting temperature is con- 
trolled by creep processes, not only at low 
deformation rates of lO-’s-’ and lower, 
which are used during typical creep exper- 
iments, but also at higher rates of say l op3  
s-’ which are used during short-term tests 
for flow stress determinations, and this 
may also be assumed to be the case for 
intermetallic phases (Sauthoff, 1990 b). 
Thus any discussion of high temperature 
deformation behavior has to be centered 
on the strength-controlling creep mecha- 
nisms. 

The creep behavior of NiAl has been 
studied and discussed repeatedly in the 
past (Stoloff and Davies, 1966; Vander- 
voort et al., 1966; Strutt and Dodd, 1970; 
Strutt and Kear, 1985; Yaney and Nix, 
1988). In addition, the creep behavior of 
NiAl and NiAl-based alloys has been in- 
vestigated systematically and the findings 
have been the subject of various summariz- 
ing reports (Jung et al., 1987; Sauthoff, 
1990b, 1991 a, b, 1992). Further creep 
studies have been directed at NiAl single 
crystals (Forbes et al., 1993; Glatzel et al., 
1993 b; Forbes and Nix, 1993). In the fol- 
lowing sections the main characteristics of 
the creep behavior of NiAl are reviewed, 
the effects of structure and composition 
changes are outlined and both single-phase 
materials and alloys which contain other 
intermetallic phases besides the B2 phases 
are considered. The creep behavior of 
NiAl is discussed here in further detail 
since the obtained understanding of the 
rate-controlling mechanisms is also valid 
for other intermetallics, and thus the NiAl 
case may serve as a characteristic example 
for other intermetallic alloy systems. 

Creep Resistance of Single-Phase 
B2 Alloys 

The creep behavior of the ternary B2 
phase (Ni,Fe)Al was studied in detail as a 
function of stress, temperature, composi- 
tion, and grain size (Rudy and Sauthoff, 
1985; Rudy, 1986; Jung et al., 1987). At 
high temperatures, e.g. 60 YO of the melting 
temperature or higher, the secondary creep 
at rates between about 
s-’ exhibits power law behavior, i.e. the 
observed secondary creep rates are de- 
scribed by the familiar Dorn equation 
for dislocation creep [Eq. (2)] (Mukherjee 
et al., 1969). 

Dislocation creep of conventional disor- 
dered alloys is produced by gliding and 

s - ’  and 
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climbing dislocations. If climb is the slower 
step, as in pure metals, the creep rate is 
controlled by dislocation climb, which 
gives rise to a well defined subgrain struc- 
ture, and the stress exponent is 4 or 5. This 
is characteristic of class I1 alloys. Other- 
wise, viscous dislocation glide is rate con- 
trolling, which leads to dislocation tangles 
without subgrain formation and a stress 
exponent of 3, with behavior characteristic 
of class I alloys (Sherby and Burke, 1967; 
Nix and Ilschner, 1979). 

The secondary creep behavior of 
(Ni,Fe)Al shows analogous characteris- 
tics. In the Ni rich phases and in the binary 
NiAl a well-defined substructure is found 
after creep. The subgrain size is of the or- 
der of 10 pm, and the dislocation density 
within the subgrains is about 10" m-2. In 
agreement with this, stress exponents be- 
tween 4 and 4.5 have been found for the 
Ni-rich phases, i.e., these phases behave 
like class I1 alloys with dislocation climb 
controlling the creep. 

In the Fe-rich phases and in FeAI, how- 
ever, no subgrain formation has been ob- 
served even after long creep times. The dis- 
location density remains high at about 
l O I 4  m-2, and the stress exponent varies 
between 3 and 3.6. This indicates class I 
behavior, i.e. here the creep is controlled 
by the viscous glide of dislocations. In 
both cases only undissociated (100) dislo- 
cations have been observed. Obviously the 
driving force and the atom mobility which 
are necessary for subgrain formation are 
sufficient only in the Ni-rich phases. The 
line energies, line tensions and derivatives 
of dislocations have been calculated theo- 
retically for NiAI, and good agreement 
with observed dislocation configurations 
after creep has been found (Glatzel et al., 
1993 a). 

These findings show that the disloca- 
tion creep of such intermetallic alloys and 

of conventional disordered Ni-base or 
Fe-base alloys is controlled by the same 
mechanisms. Even the observed disloca- 
tion densities correspond to those in con- 
ventional disordered alloys (Rudy, 1986; 
Sauthoff, 1991 a). This close similarity is 
surprising since the elementary atomic dif- 
fusion processes and the types and num- 
bers of the dislocation slip systems are 
quite different because of the different 
crystal symmetries. 

Besides dislocation creep, grain bound- 
ary sliding was observed in (Ni,Fe)Al. The 
process is, of course, not an independent 
deformation mechanism since the resulting 
grain shifts lead to stress concentrations at 
grain boundary junctions and must be ac- 
commodated by deformation processes 
within the grains, i.e. by dislocation creep 
of the grains in the stress-temperature 
range concerned. For such coupled defor- 
mation processes, the total creep rate is 
controlled by the slower process, which is 
dislocation creep for not too small grain 
sizes. With decreasing grain size the contri- 
bution of grain boundary sliding increases, 
from which a decrease in the total creep 
resistance results, as is well known for dis- 
ordered alloys (Frost and Ashby, 1982) 
and has also been observed for (Ni,Fe)Al 
(Rudy, 1986; Sauthoff, 1990b). The con- 
tribution of grain boundary sliding to 
creep in binary NiAl has recently been 
studied in more detail (Raj and Farmer, 
1993). 

At lower stresses, which produce sec- 
ondary creep rates below lo-* s-l, the 
observed stress-strain rate relationship 
deviates from power law behavior, i.e. the 
apparent stress exponent is smaller than 3 
and decreases with decreasing stress. This 
deviation indicates the contribution of dif- 
fusion creep, which is a linear function of 
stress 
'diff = Adiff f3 (3) 

OD 
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where A,,, is a dimensionless factor (usu- 
ally Adi f f  = 14), l2 is the atomic volume, D 
is the effective diffusion Coefficient which 
considers diffusion both through the grain 
(Nabarro-Herring creep) and along the 
grain boundaries (Coble creep), and d is 
the effective diffusion length which is usu- 
ally approximated by the grain size (Frost 
and Ashby, 1982). Dislocation creep and 
diffusion creep are independent creep pro- 
cesses that act in parallel in the grains, and 
the total creep rate is given by the sum of 
the partial rates. Because of the stronger 
stress dependence of dislocation creep 
[Eq. (2)], the contribution of diffusion 
creep becomes more dominant with de- 
creasing stress. 

In view of the observed creep behavior 
of (Ni,Fe)Al and other phases (Polvani 
et al., 1976; Nicholls and Rawlings, 1977; 
Ashby et al., 1978; Hirsch, 1985; Schneibel 
et al., 1986; Kampe et al., 1991; Hayes, 
1991; Hayashi eta]., 1991 a; Miura et al., 
1991; Rowe et al., 1991; Takahashi and 
Oikawa, 1991; Nathal, 1992; Nabarro and 
de Villiers-Filmer, 1993), it is concluded 
that the creep of intermetallic phases is 
controlled by the same creep mechanisms 
and is described by the same constitutive 

Figure 23. Creep resistance of binary 
and ternary B2 aluminides at 900°C 
(in compression with lO-'s-' strain 
rate) as a function of Al content 
(Rudy, 1986; Rudy and Sauthoff, 
1986). 

equations as the creep of the familiar dis- 
ordered alloys, though the crystal struc- 
tures of the intermetallics are much less 
symmetric than the simple structures of the 
disordered alloys. The lower crystal sym- 
metry leads to particular dislocation types 
and higher dislocation energies, including 
special superlattice dislocations, and to a 
reduced number of slip systems. However, 
dislocation creep is controlled by noncon- 
servative dislocation motions, i .e. disloca- 
tion motions are coupled with local diffu- 
sion fluxes, and the latter are rate con- 
trolling. Thus the particular dislocation 
mechanisms are not of primary impor- 
tance for the total macroscopic creep rate 
which explains the similar behavior of 
metallic and intermetallic alloys. 

Figure 23 shows the effect of compo- 
sition variations, i.e. deviations from stoi- 
chiometry and variations in the Ni:Fe ra- 
tio, on the creep resistance of (Ni,Fe)Al. It 
can be seen that the creep resistance de- 
creases with decreasing Al content, i.e. in- 
creasing deviation from stoichiometry. As 
already noted in the preceding section, de- 
viations from stoichiometry introduce 
constitutional disorder, i.e. point defects 
which increase the diffusion coefficient 
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and thereby the creep rate. However, at 
lower temperatures these point defects be- 
come immobile and act as obstacles to dis- 
location movements, i.e. they increase the 
low-temperature strength. At intermediate 
temperatures the two effects balance each 
other and deviations from stoichiometry 
do not affect the creep resistance, as was 
found for NiAl (Vandervoort et al., 1966). 
In Fig. 23 the Ni-rich phases show a strong 
stoichiometry effect with decreasing A1 
content, whereas the effect is significantly 
smaller for the Fe-rich phases, i.e. the test 
temperature of 900°C leads to high-tem- 
perature behavior by the Ni-rich phases 
and to intermediate-temperature behavior 
by the Fe-rich phases. This behavior is sur- 
prising since it is commonly supposed that 
such thermally activated effects scale with 
the melting temperature, which is higher 
for NiAl than for FeAl. The reasons for 
the observed behavior of (Ni,Fe)Al at in- 
termediate temperatures are still to be clar- 
ified. 

Apart from the effect of deviations from 
stoichiometry, Fig. 23 shows a marked de- 
pendence of the creep resistance for the 
ternary B2 phases (Ni,Fe)Al on the Ni:Fe 
ratio. It can be shown for (Ni,Fe)Al that 
this composition dependence results from 
the composition dependence of the diffu- 
sion coefficient, which can be estimated by 
using data from Cheng and Dayananda 
(1979) and Moyer and Dayananda (1976) 
(see Rudy, 1986; Rudy and Sauthoff, 
1986). The maximum in the creep resis- 
tance of (Ni,Fe)Al is directly related to the 
minimum in the diffusion coefficient. It 
has to be noted that the analysis of creep 
data with respect to diffusion coefficients 
poses problems because, apart from the 
scarcity of data, the diffusion coefficients 
in Eqs. (2) and (3) are effective ones de- 
pending on the particular creep process 
which determines the coupling of partial 

diffusion fluxes, i.e. the needed effective 
diffusion coefficients are not those which 
are measured in diffusion experiments. For 
binary solid solutions, expressions for the 
effective diffusion coefficients are avail- 
able for various creep mechanisms (Chin 
et al., 1977; Fuentes-Samaniego and Nix, 
1981; Dominguez-Rodriguez and Castaing, 
1993), whereas for multinary phases an ex- 
pression for the effective diffusion coeffi- 
cient is known only for the case of diffu- 
sion creep (Herring, 1950). Here more the- 
oretical and experimental work is neces- 
sary. 

Figure 24 shows the correlation between 
the observed creep resistance of various 
binary and ternary B2 phases and the re- 
spective diffusion coefficients, as found in 
the literature or estimated on the basis of 
literature data (Rudy, 1986; Rudy and 
Sauthoff, 1986; Sauthoff, 1991 a). It can be 
seen that the correlation is surprisingly 
good and corresponds to Eq. (2), in spite 
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Figure 24. Creep resistance of binary and ternary 
stoichiometric B 2  aluminides at 900 "C (in compres- 
sion with 10 -7s - '  strain rate) as a function of the 
diffusion coefficient, as found in the literature or esti- 
mated from available data (Rudy, 1986; Jung et al., 
1987; Sauthoff, 1991a; Shankar and Seigle, 1978; 
Akuezue and Whittle, 1983; Cheng and Dayananda, 
1979; Moyer and Dayananda, 1976). 
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of the problems with the appropriate de- 
termination of the effective diffusion coef- 
ficients. The question now is why the diffu- 
sion coefficient depends in this way on the 
composition of the B2 phases. As for other 
properties, the diffusion coefficient de- 
pends on the crystal properties, i.e. on the 
character and strength of the atomic bond- 
ing, and indeed the activation energy of 
diffusion increases with increasing total 
enthalpy of phase formation, as is illustrat- 
ed by Fig. 7. The question is whether such 
a correlation can be established - at least 
for a group of closely related phases - in 
such a way that it can be used for predict- 
ing the effects of alloying additions on the 
diffusion coefficients. For this the correla- 
tion of the diffusion coefficients with the 
character and strength of bonding must be 
studied in more detail. Here again much 
more theoretical and experimental work is 
necessary. 

In view of the discussed composition de- 
pendence of the creep resistance, it is con- 
cluded that the effective diffusion coeffi- 
cient is of primary importance for con- 
trolling the creep resistance (Sauthoff, 
1993 b). This of course does not mean that 
the other parameters in Eq. (2) can be ne- 
glected. This is demonstrated by the tem- 
perature dependence of the creep of B2 
(Ni,Fe)Al, as was discussed earlier 
(Sauthoff, 1991 a). In view of Eqs. (2) and 
(3), the apparent activation energy for 
creep is expected to correspond to that for 
diffusion since the other parameters de- 
pend less sensitively on temperature, and 
indeed this has been confirmed repeatedly 
in the case of conventional disordered al- 
loys. However, in the case of B2 (Ni,Fe)Al, 
the apparent activation energy for creep 
only corresponds to that for diffusion at 
temperatures up to 900°C, whereas at 
higher temperatures the apparent activa- 
tion energy for creep is much higher. Acti- 

vation energies for creep that are higher 
than those for diffusion have also been re- 
ported for other cases (Vandervoort et al., 
1966; Stoloff, 1984; Whittenberger, 1986). 
This means that in contrast to convention- 
al disordered alloys, the microstructure- 
dependent parameter A in Eq. (2) may also 
exhibit a strong temperature dependence, 
since the shear modulus G still depends 
only weakly on the temperature (Har- 
mouche and Wolfenden, 1987). 

The material parameter of secondary 
importance for creep is the shear modulus 
in Eq. (2). Elastic moduli can be calculated 
by quantum-mechanical, ab initio calcula- 
tions (see, e.g. Fu and Yoo, 1992a), and 
thus there is a physical understanding of 
the relation between the strength and char- 
acter of bonding and the elastic behavior. 
However, experimental and/or theoretical 
data are scarce and there is little knowl- 
edge on the effects of changes in composi- 
tion and structure on the elastic moduli. 
Figure 6 shows some Young’s modulus 
data, e.g. for some B2 phases in com- 
parison to some CIS Laves phases, which 
are discussed in Sec. 8. Obviously there is 
only a correlation between the Young’s 
modulus and the total enthalpy of forma- 
tion for the Laves phases. This correlation 
is less apparent for the B2 phases, which 
may be due to experimental errors and to 
the complexities of the elastic behavior of 
the B2 phases. The question is again 
whether such correlations can be estab- 
lished - at least for a group of closely relat- 
ed phases - and whether these correlations 
can then be used for predicting the effects 
of alloying additions on the elastic be- 
havior. 

In summary, it is concluded that the 
creep behavior of intermetallic phases can 
be described as that of the conventional 
disordered alloys given by the familiar 
phenomenological constitutive equations, 
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and indeed deformation maps have been 
calculated as a function of available data 
(Jung et al., 1987). However, the physical 
mechanisms which control the creep be- 
havior are only partially understood and 
much more work is necessary. 

With respect to applications as structur- 
al materials at high temperatures, the creep 
resistance of candidate phases should be as 
high as possible for increasing the service 
temperatures as much as possible. In view 
of Eqs. (2) and (3), the decisive materials' 
parameters for increasing the creep resis- 
tance are the diffusion coefficient D and 
the shear modulus G. Both parameters are 
determined by the atomic bonding energy 
to which the macroscopic enthalpy of 
phase formation is related (Engell et al., 
1991). The latter is related to the melting 
temperature, and indeed there is a correla- 
tion between the parameters D and G and 
the melting temperature (Frost and Ashby, 
1982). This means that in principle alloys 
with increased melting temperatures should 
be used for obtaining increased high tem- 
perature strengths. However, a strict valid- 
ity of this rule cannot be expected since the 
above correlations are complex ones which 
depend on many parameters. An example 
is given by the phases NiAl and CoAl 
which have the same crystal structure and 
nearly the same melting temperature, but 
different creep resistances (Fig. 24). 

Diffusion depends sensitively on the 
crystal structure (Wever et al., 1989), and it 
may be supposed intuitively that a lower 
diffusion coefficient and thereby a higher 
creep resistance may be obtained by lower- 
ing the crystal symmetry. Atomic ordering 
in the B2 lattice results in the L2, structure 
with four sublattices, which is the case for 
the Heusler-type phases Ni,TiAl and 
Co,TiAl. Indeed Co,TiAl shows a much 
higher flow stress than (Co,~,Fe,~,)Al ac- 
cording to data in Sauthoff (1989), and 

Ni,TiAl is more creep resistant than NiAl 
(Strutt and Polvani, 1973). Besides crystal 
symmetry, atomic packing should also be 
considered, and it is well known that, e.g. 
the self-diffusion coefficient of Fe in the 
close-placked f.c.c. lattice is lower by two 
orders of magnitude than that in the more 
open b.c.c. structure (Fridberg et al., 1969). 
The B2 structure results from ordering in 
the b.c.c. lattice, whereas ordering in the 
f.c.c. lattice leads, e.g. to the L1, structure 
of Ni,Al or with carbon to the L'I, struc- 
ture of Fe,AIC (Jung and Sauthoff, 
1989 b) and, furthermore, ordering in the 
LIZ lattice leads to the DO,, structure of 
AI,Nb, as is shown in Fig. 1. 

Figure 25 combines creep data for all 
these structures, and it can be seen that the 
differences in crystal structure with respect 

IOOO/T in K"  
Figure 25. Temperature dependence of creep resis- 
tance (in compression with lO-'s- secondary strain 
rate) for various single-phase intermetallic alloys: 
NiAI, CoAl and related alloys with a B 2  structure 
(Jung et al., 1987; Sauthoff, 1989), Ni,TiAl with an 
L2, structure (Strutt and Polvani, 1973), two Ni,AI 
variants with L1, structures, i.e., an advanced alu- 
minide (+) (Schneibel et al., 1986) and Ni,AILFe ( x ) 
(Nicholls and Rawlings, 1977), Fe,AIC with an L'l, 
structure (Jung and Sauthoff, 1989 b), and AI,Nb with 
a DO,, structure (Sauthoff, 1990a, b; Reip, 1991). 
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to symmetry and atomic packing indeed 
result in correspondingly significant differ- 
ences in the creep resistance. However, it 
can also be seen that the variation in the 
creep resistance with varying sublattice oc- 
cupation in the B2 structure is as large as 
the variation with varying lattice structure, 
i.e. both effects have to be considered for 
increasing the high temperature strength. 

Creep Resistance of Multiphase NiAl-Base 
Intermetallic Alloys 

Precipitated particles are usually used in 
conventional alloys for increasing the 
creep resistance. The strengthening effect 
of precipitated particles was studied in 
NiAl-Fe alloys with a B2 NiAl matrix and 
a-Fe particles (Jung and Sauthoff, 1989a). 
It was found that the effect of the a-Fe 
particles was quite analogous to that of B2 
NiAl particles in Fe-NiAl alloys with an 
a-Fe matrix, which were studied by Jung 
and Sauthoff (1987) and Jung (1986). In 
both cases the particles act as dislocation 
obstacles because of the dislocation-parti- 
cle interaction, and indeed adhering dislo- 
cations were observed at particles before 
detachment in the NiAl-Fe case. Such ob- 
stacles are surmounted by climb which 
gives rise to a threshold stress 0 t h  and in- 
creases the creep resistance according to 

(4) 

This threshold stress is proportional to 
the Orowan stress, as was shown theoreti- 
cally for various climb processes (Arzt and 
Rosler, 1988), and thus is proportional to 
the reciprocal particle distance, in agree- 
ment with the experiments (Jung and 
Sauthoff, 1987,1989a). The observed, sec- 
ondary dislocation creep can be described 
by Eq. (4) and deformation maps can be 
calculated on the basis of the experimental 
data (Jung and Sauthoff, 1989a). 

In particulate alloys one phase, i.e. the 
matrix, is distributed continuously, where- 
as the second phase is distributed discon- 
tinuously. In nonparticulate alloys all 
phases are distributed continuously, as is 
the case in lamellar or fibrous composites. 
The effect of phase distribution on the 
creep behavior of NiAl-Fe alloys with 
lamellar microstructures was studied in de- 
tail (Klower, 1989; Klower and Sauthoff, 
1991, 1992). For this an Ni-40 at.% 
Fe-18 at.% A1 alloy was chosen which 
was produced by directional solidification 
to give a lamellar microstructure of the 
phases B2 NiAl and disordered f.c.c. 
y-Fe-Ni with equal volume fractions. It 
was found that the creep resistance of such 
a lamellar alloy is related to the creep resis- 
tance of the constituent phases according 
to a rule of mixtures as long as the lamellae 
spacing is larger than a critical spacing, 
which is of the order of the free dislocation 
path. If the lamellae spacings are smaller 
than this critical value, then the lamellae 
interfaces give rise to an additional 
strengthening effect. This strengthening ef- 
fect can be described, as in Eq. (4), by a 
threshold stress which again is proportion- 
al to the reciprocal lamellar spacing. 

Similar effects have been observed in 
other intermetallic NiAl-base alloys with 
less regular distributions of hexagonal C14 
Laves phases (Machon, 1992; Sauthoff, 
1993 a), and have been discussed by Saut- 
hoff (1991 b). In those alloys with coarse 
phase distributions the observed second- 
ary creep rates follow a rule of mixtures 
at a first approximation, and additional 
strengthening effects are only observed for 
alloys with fine phase distributions. From 
this it is concluded that particulate and 
nonparticulate intermetallic alloys creep in 
similar ways and can be described by the 
same constitutive equations as convention- 
al multiphase alloys. 

ArcelorMittal Ex. 2038 
Page 77 of 190



However, the above discussion has only 
referred to secondary creep. The situation 
is less clear for the transient primary creep 
stage which precedes secondary creep. As 
already discussed (Sauthoff, 1991 b), the 
primary creep strain is reduced significant- 
ly by the presence of second phases and it 
decreases with increasing stress and with 
decreasing interface spacing, at least in 
some NiAl-base alloys (Reip, 1991; 
Klower, 1989). Such a behavior is also 
known for conventional alloys, but there 
are other alloys which show an opposite 
behavior, i.e. an increasing primary strain 
with increasing stress (see Sauthoff, 
1991 b). Such effects are not yet under- 
stood even for disordered alloys. It is fur- 
ther noted that not only the normal prima- 
ry creep with a decelerating creep rate is 
observed, but also inverse primary creep 
with an accelerating creep rate, e.g. in the 
case of ternary Laves phases (Sauthoff, 
1990a, 1991a; Machon, 1992). Such in- 
verse primary creep has also been reported 
for Ni,AI, where it is due to the activation 
of various slip systems (Hazzledine and 
Schneibel, 1989; Schneibel and Hazzledine, 
1992). Inverse creep results from an in- 
sufficient number of mobile dislocations, 
and a classic example for such a deforma- 
tion behavior is silicon, where the defor- 
mation behavior has been analyzed in de- 
tail (Alexander and Haasen, 1968; Alexan- 
der, 1986). 

In any case, the creep resistance of NiAl 
can be increased significantly by alloying 
with other stronger intermetallics to form 
multiphase intermetallic alloys which may 
be regarded as intermetallic in situ com- 
posites. This is exemplified by Fig. 26 with 
creep resistance data for various Ni-Al- 
Nb alloys which contain the tetragonal 
DO,, phase AI,Nb and the hexagonal 
Laves phase NbNiAl with a C14 structure, 
as well as NiAI. It can be seen that the 
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temperature in "c 
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Figure 26. Creep resistance (in compression with 
10-7s- '  secondary strain rate) as a function of 
temperature for various NiAl -AI,Nb alloys, i.e. for 
the three-phase alloys NiAl-Nb-1, -2, and -3 with 
22 vol.%, 46 vol.%, and 78 vol.% NiAl, and 4 vol.%, 
15 vol.%, and 15 vol.% NbNiAl, respectively, com- 
pared with single-phase NiAl (Rudy and Sauthoff, 
1985; Rudy, 1986), and AI,Nb and A13(Nbo,75Tio,25) 

~ both with a DO,, structure (Reip, 1991). 

creep resistance of these intermetallic al- 
loys increases continuously with increasing 
volume fractions of stronger phases from 
that of the comparatively soft NiAl to that 
of the hard phases A1,Nb and Al,(Nb,Ti), 
which have been discussed in Sec. 3.3.2 
[the AI,(Nb,Ti) data have been introduced 
into this figure because only this ternary 
trialuminide could also be tested at lower 
temperatures]. 

Another example is given in Fig. 27, 
which illustrates the strengthening of NiAl 
by ternary C14 Laves phases. The data 
points for TaNiAl-NiAl seem to follow a 
rule of mixtures, but the data for NbNiAl- 
NiAl clearly indicate a significant devia- 
tion from a lineal superposition for the 
creep resistances. Furthermore, the extrap- 
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Figure 27. Creep resistance (compressive 
stress for lO-’s-’ secondary creep rate) 
at 1200°C as a function of the volume 
fraction of the second phase for the inter- 
metallic NiAl-base alloys NiAl-NbNiAl 
and NiAl-TaNiAl with the C14 Laves 
phases NbNiAl and TaNiAl, 
respectively (Sauthoff, 1990a; Machon, 
1992). 

NiAl volume fraction in O/O NbNiAl 
TaNiAl 

olated creep resistance for 0 YO strengthen- 
ing phase is appreciably higher in this case 
than the measured value for binary NiAI. 
This additional strengthening effect is due 
to precipitated, fine particles of the Heusler- 
type phase Nb,NiAl with an L2, struc- 
ture, which give rise to a threshold stress 
(Sauthoff, 1991 b; Machon, 1992). 

Further examples are given by Nathal 
(1992), where a wealth of data from vari- 
ous alloy systems based on the B2 phases 
are analyzed. 

4.3.5 Environmental Effects 

Unlike most other aluminides which are 
considered for high temperature applica- 
tions, NiAl with a B2 structure exhibits 
excellent oxidation resistance since a pro- 
tective A1,0, scale is readily formed dur- 
ing oxidation (Doychak et al., 1989; Nes- 
bitt and Lowell, 1993). According to pres- 
ent knowledge, NiAl seems to be the only 
really oxidation resistant intermetallic, 
apart from some silicides (Meier et al., 
1993). The physical reason for this high 
oxidation resistance is that the Al content 

is sufficiently high and the Al diffusion is 
sufficiently fast in NiAl at all temperatures 
to form stable Al,O, scales at the surface 
and avoid internal oxidation in the bulk 
(Pettit, 1967). The details of scale growth 
have been described by Doychak et al., 
(1989). 

During oxidation voids are formed at or 
near the NiAI/Al,O, interface because of 
unbalanced diffusion fluxes, correspond- 
ing to the Kirkendall effect (Cathcart, 
1985; Meier et al., 1993). This void forma- 
tion, which has also been observed for oth- 
er Al-rich alloys, leads to spalling of the 
Al,O, scale and affects the oxidation resis- 
tance. Void formation is enhanced by the 
segregation of sulfur to the free NiAl sur- 
face of the voids, thus giving rise of the 
deleterious “sulfur effect” (Grabke et al., 
1990, 1991 b). Scale adherence is also af- 
fected by the presence of TiB, dispersoids, 
as has been shown for an NiAI-TiB, com- 
posite (Pregger et al., 1992). 

As in many other cases, scale adherence 
and oxidation resistance are improved by 
microalloying with “oxygen active” ele- 
ments, e.g. Y, Zr, Hf, Ce, or La (Mrowec 

ArcelorMittal Ex. 2038 
Page 79 of 190



4 Nickel Aluminides and Related Phases 67 

and Jedlinski, 1989; Grabke et al., 1991 b). 
In particular, Zr has been used to increase 
the resistance of NiAl to cyclic oxidation 
(Doychak et al., 1989; Nesbitt et al., 1992). 
The physical understanding of the benefi- 
cial effect of such “oxygen active’’ ele- 
ments is still insufficient, as is also the case 
for conventional disordered alloys. The ef- 
fect of alloying with Cr and Si, which are 
used in other alloys for providing oxida- 
tion resistance, has been reviewed (Meier, 
1989). It is noted that the sulfidation resis- 
tance of NiAl is reduced by Cr (Mrowec 
et al., 1989). 

Apart from oxidation with external 
scale formation, NiAI, as well as various 
other intermetallics, is subject to a special 
oxidation phenomenon which is known as 
pesting (Aitken, 1967; Meier and Pettit, 
1992). Pesting occurs in a critical tempera- 
ture range - usually at about 800°C - and 
may lead to complete disintegration of the 
material. NiAl is less susceptible to pesting 
than other intermetallics, and it shows 
pesting only at very low oxygen pressures 
when oxygen penetrates the thin surface 
scale and diffuses inwards along the grain 
boundaries (Grabke et al., 1991 a, b; Meier 
et al., 1993). 

Environmental embrittlement, which af- 
fects the mechanical behavior of various 
other intermetallics, e.g. the other B2 alu- 
minide, FeAl, has not been found for NiAl 
(Liu, 1992; Lahrman et al., 1993b). 

4.3.6 Alloy Developments 
and Applications 

Magnetic A lloys 

The advantageous magnetic properties 
of Fe-Ni-Al alloys with a suitable com- 
position were first discovered by Mishima 
in 1931, which initiated the development of 
the Alnico alloys for applications as per- 
manent magnet materials (see, e.g. Jelling- 

haus, 1936,1943; De Vos, 1969). The basic 
alloy contains about 50 at.% Fe, 25 at.% 
Ni, and 25 at.% Al to which various other 
elements - Co or Cu as macroalloying ele- 
ments and Nb or Ti as microalloying ele- 
ments - are added for property optimiza- 
tion (McCurrie, 1986). The alloys are sin- 
gle-phase at high temperatures and decom- 
pose spinodally after cooling at a critical 
rate to form a two-phase microstructure 
with an interlocking phase distribution. 
The constituent phases of these alloys are 
an NiAl-base phase with a B2 structure 
and a disordered b.c.c. Fe-rich phase, ac- 
cording to the Ni-Al-Fe phase diagram 
(Bradley and Taylor, 1938; Dannohl, 1942; 
Bradley, 1951; Hao et al., 1984). 

The B2 phase in the Alnicos is only 
weakly ferromagnetic whereas the Fe-rich 
phase is strongly ferromagnetic, and thus 
the interlocking phase distribution and the 
strong shape anisotropy of the Fe-rich 
phase results in a high coercivity (De Vos, 
1969; McCurrie, 1986). The magnetic be- 
havior is a sensitive function of the pre- 
treatment, not only with respect to the 
phase distribution, but also with respect to 
the concentration and distribution of the 
defects, e.g., vacancies and antistructure 
atoms (Kilner and Harris, 1981). The ef- 
fect of the additional alloying elements - 
Co, Mn, Ti, or Cu which dissolve preferen- 
tially in the B2 phase and Cr, Mo, V, Nb, 
or Si which dissolve preferentially in the 
disordered Fe-rich phase - on the decom- 
position process of the Alnico alloys was 
studied by Hao et al. (1985). 

Alnico alloys are brittle and hard, they 
can only be machined by grinding, spark 
erosion, and electrochemical milling, and 
they resist atmospheric corrosion well up 
to 500°C (Fiepke, 1990). The mechanical 
behavior, in particular creep, of Alnico- 
type, Fe-Ni-Al alloys has been studied in 
detail, and both Fe-rich alloys with precip- 

* 
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itated NiAl particles and NiAl-rich alloys 
with precipitated Fe particles have been 
considered (Jung and Sauthoff, 1987, 
1989 a). The magnetic properties are sum- 
marized and compared to those of other 
alternative alloys by Fiepke (1990) and 
McCurrie (1 986). Alnico alloys are superi- 
or to other permanent magnet materials at 
resisting temperature effects on magnetic 
properties. 

It is noted that presently NiAl is also 
considered an attractive candidate phase 
for other functional applications, e.g. con- 
tacts in electronic thin film devices or high 
voltage electrodes in electron-optical in- 
struments (Miracle, 1993). 

Shape Memory Alloys 

It is well known that the martensitic 
transformation of Al-deficient NiAl (see 
Sec. 4.3.2) is thermoelastic and produces 
the shape memory effect. Consequently 
materials developments have been started 
which aim at applications as shape memo- 
ry alloys (Furukawa et al., 1988; Kainuma 
et al., 1992 b, c). The martensitic transfor- 
mation temperature can be varied within a 
broad temperature range up to 900 "C, and 
thus the shape memory effect can be pro- 
duced at high temperatures which allows 
the development of high-temperature 
shape memory alloys. The problem of low 
room temperature ductility of NiAl has 
been overcome by alloying with a third 
element - in particular Fe - to produce a 
ductile second phase with an f.c.c. struc- 
ture. 

Coating Alloys 

Many high-temperature alloy compo- 
nents with insufficient resistance to corro- 
sion in hot gases, e.g. in gas turbines, are 
coated with a corrosion resistant surface 

layer for providing the necessary protec- 
tion from the particular corrosion (see, e.g. 
Griinling et al., 1983; Pettit and Goward, 
1983; Nicholls and Stephenson, 1991). In 
view of the exceptionally high oxidation 
resistance of the B2 phase NiAl (see 
Sec. 4.3.5) it has long since been used as a 
coating material. Indeed, one of the oldest 
processes for producing coatings is pack 
aluminizing, by which A1 diffuses from the 
Al-rich pack into the alloy to be coated 
and forms an aluminide surface layer, 
which consists of NiAl in the case of Ni 
base alloys (Patnaik, 1989). Such diffusion 
coatings are still extensively used for pro- 
tecting turbine blades under various tur- 
bine conditions. The coating performance 
is improved by adding alloying additions, 
i.e Cr, Si, Ta, rare earths, or precious 
metals, which is achieved by modifying the 
pack aluminizing process (Nicholls and 
Stephenson, 1991). 

Besides such diffusion coatings, overlay 
coatings are used which are produced by 
depositing a specifically designed corro- 
sion resistant alloy onto the component 
surface (Nicholls and Stephenson, 1991). 
These coating alloys, which are described 
by the general composition formula 
MCrAlY with M = Fe, Ni, and/or Co 
again rely on the presence of MA1 phases 
with a B2 structure (see, e.g. Gud- 
mundsson and Jacobson, 1988). The ad- 
vantage of these coatings is the negligibly 
small chemical interaction between the 
coating and the substrate during deposi- 
tion, the choice of the corrosion resistant 
alloy composition and the ability to de- 
posit thicker coatings for extended service 
lives. It is noted that during service inter- 
diffusion occurs between the coating and 
the substrate from which an A1 depletion 
of the coating may result. A1 deficient NiAl 
may transform martensitically because of 
cooling cycles, which promotes spalling, 
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i.e., it contributes to the degradation of the 
coating (Smialek and Hehemann, 1973). 

Structural Alloys 

For a long time NiAl has been consid- 
ered as a basis for developing structural 
materials for high temperature applica- 
tions (Fitzer and Gerasimoff, 1959; Imai 
and Kumazawa, 1959; Grala, 1960; 
Jellinghaus, 1961, 1967). NiAl is advanta- 
geous because of its low density, good 
thermal conductivity, high melting point, 
and excellent oxidation resistance, whereas 
its little deformability at room temperature 
and its low strength and creep resistance at 
high temperatures above 1000 "C is always 
a disadvantage compared to the superal- 
loys (Vedula and Stephens, 1987a; Daro- 
ha, 1991). The low strength at high temper- 
atures is related to the excellent oxidation 
resistance, since both effects result from 
easy diffusion at high temperatures which 
is due to the open B2 structure of NiAl (see 
Secs. 4.3.4 and 4.3.5). In view of applica- 
tions as high-pressure turbine blade mate- 
rial in flying gas turbines, NiAl is regarded 
as highly promising for developing alloys 
which are competition for superalloys be- 
cause the strength deficit is compensated 
for by the advantage in density and ther- 
mal conductivity, and respective materials 
developments are under way (Darolia 
et al., 1992b; Liu and Kumar, 1993; Wal- 
ston and Darolia, 1993; Locci et al., 1993; 
Field et al., 1993; Goldman, 1993; Igarashi 
and Senba, 1993; Oti and Yu, 1993; Daro- 
lia, 1993). Microalloying additions of Mo, 
Fe, Nb, Ta, Zr, Hf, B, and C as well as 
special processing routes, e.g. hot extru- 
sion after melting and casting, are used, 
and the aim is always improved room tem- 
perature ductility and increased high tem- 
perature strength (Walston et al., 1993; 
Field et al., 1993; Lahrman et al., 1993a; 

Locci et al., 1993; Hack et al., 1993). The 
mechanical behavior of NiAl under com- 
plex conditions has not yet been studied 
systematically, as is exemplified by the on- 
ly work on fatigue to date (Noebe and 
Lerch, 1992, 1993; Smith et al., 1992; 
Stoloff, 1992; Cullers et a]., 1993; Edwards 
and Gibala, 1993). 

As in the case of conventional disor- 
dered alloys, NiAl alloys can be strength- 
ened appreciably by second phases. Apart 
from the effects on strength, second phases 
may also be beneficial for ductility and 
toughness, as has been discussed with re- 
spect to NiAl-based intermetallic alloys 
(Noebe et al., 1991; Clemens and Bildstein, 
1992). In any case, the effects of second 
phases depend on the properties of the re- 
spective phases and on the phase distribu- 
tion. This is illustrated in the following sec- 
tions by regarding various NiAl alloy sys- 
tems which have been studied in some 
more detail. The creep behavior of NiAl 
alloys with strengthening second phases is 
addressed in Sec. 4.3.4. 

NiAl- Fe Alloys: 

The ternary Ni-Fe-A1 phase diagram 
in Fig.28 shows various two-phase and 
three-phase fields neighboring the (Ni,Fe) 
A1 field, i.e. there are various possibilities 
for producing NiAl alloys with second 
phases. For example, fine b.c.c. Fe-rich 
particles can be precipitated from the 
NiAl-Fe matrix by careful adjustment of 
the Fe and A1 contents and by adequate 
heat treatment (Jung and Sauthoff, 1989a). 
The strengthening effect of these disor- 
dered particles in the ordered intermetallic 
matrix is quite analogous to that of or- 
dered NiAl precipitate particles in a disor- 
dered Fe-base alloy (Jung and Sauthoff, 
3987), and thus corresponds to particle 
strengthening in conventional alloys. The 
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Figure 28. Isothermal section of the Ni-Fe-Al phase 
diagram at 400 "C with the f.c.c. Ni solid solution (Al), 
the b.c.c. u-Fe solid solution (A2) and the intermetal- 
lic phases Ni,AI (L12), Fe,Al (DO,) and (Ni,Fe)Al 
(B2 or L2,) [schematic diagram from Sauthoff (1986) 
according to Bradley and Taylor (1938), Dannohl 
(1942), Bradley (1951), and Hao et al. (1984)l. 

two-phase equilibrium between NiAl and 
disordered f.c.c. y-Fe-Ni has been used to 
produce lamellar two-phase alloys, i.e. in 
situ composites, by directional solidifica- 
tion (Klower and Sauthoff, 1991). The 
strength is described by a rule of mixtures 
as long as the lamellar spacing is large, i.e. 
for coarse microstructures, whereas an ad- 
ditional strength increase is obtained for 
fine microstructures with small lamellar 
spacings (see Sec. 4.3.4). 

Besides strengthening, second phases 
may also be useful for improving the duc- 
tility and the toughness - in particular if 
they are soft, as is the case for the above- 
mentioned, disordered phases (Noebe 
et al., 1991). Even the two-phase eqilibri- 
um between NiAl and the other nickel alu- 
minide Ni,Al can be used to produce a 
two-phase NiAI-Ni,Al alloy with im- 
proved strength and toughness (Baker and 

Munroe, 1990). Consequently, the compo- 
sition range of the Ni-Fe-A1 system, 
which includes the phase equilibria be- 
tween NiAl, a-Fe, y-Fe and Ni,Al, has 
been studied intensively in order to identi- 
fy NiAl-base alloys with good combina- 
tions of strength and ductility, and promis- 
ing materials developments have been 
started (Guha et al., 1989,1992; Baker and 
George, 1992; M. Larsen et al., 1990; Noe- 
beet al., 1991; Raj et al., 1991, 1992b; Raj, 
1992; J. H. Lee et al., 1992; Tsau et al., 
1992; Golberg and Shevakin, 1991; Misra 
et al., 1993; Kostrubanic et al., 1993). In 
particular, alloys with 20 at.% A1 and 30 
at.% Fe, as well as with 30 at.% A1 and 20 
at.% Fe, are subjects of materials develop- 
ments. The fatigue behavior has been stud- 
ied by Stoloff (1992). It has to be empha- 
sized that both composition and process- 
ing have to be controlled carefully, since 
the balance of strength and ductility de- 
pends sensitively on the distribution of the 
phases. It is noted that similar Ni-Co-A1 
alloys have been prepared which also offer 
good possibilities for optimizing the 
strength and ductility (Kimura et al., 
1993). 

The NiAl phase in NiAl alloys with sec- 
ond Fe-rich and/or Ni-rich phases is off- 
stoichiometric with an A1 deficiency. Thus 
NiAl in these alloys may transform 
martensitically, as has been discussed in 
Sec. 4.3.2, which offers a further pos- 
sibility for improving the strength and duc- 
tility. Indeed such alloys with martensiti- 
cally transformable NiAl exhibit some 
room temperature tensile ductility (Khadi- 
kar et al., 1987; Furukawa et al., 1988; 
Ishida et al., 1991 a; Kainuma et al., 
1992 b). It is noted that these alloys show a 
shape memory effect and are of interest in 
view of respective applications. 
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NiAI- Cr Alloys: 

As has been already discussed (Sauthoff, 
1990a), NiAl forms eutectics with the re- 
fractory metals Cr, Mo, and W which may 
be used to produce composite materials by 
directional solidification (Cline et al., 
1971), and indeed the NiAl-Cr composite 
shows promising high-temperature strength 
(Walter and Cline, 1970). Such alloys - in 
particular NiAl-Cr and NiAl-Mo - are 
now studied intensively in order to devel- 
op high-temperature, high-strength alloys 
(Kowalski and Frommeyer, 1992; Subra- 
manian et al., 1990a; D. R. Johnson et al., 
1992, 1993; Bowman, 1992; Chang, 1992; 
Heredia and Valencia, 1992; Goldman, 
1993). For the preparation of alloys, both 
powder metallurgy and ingot metallurgy - 
in particular directional solidification - are 
used. 

CompressiCe and tensile strength and 
toughness have been studied and prelimi- 
nary data have been presented in Sauthoff 
(1 990 a). Strength increases significantly 
with increasing Cr content, i.e. increasing 
volume fraction of the disordered b.c.c. a- 
Cr phase in these two-phase alloys. Fur- 
thermore, strength - in particular at high 
temperatures - increases with increasing 
grain size, whereas ductility decreases. In 
any case ductility and toughness are sensi- 
tive functions of the microstructure and 
can be improved by appropriate ther- 
momechanical processing. This means on 
the one hand that the processing of such 
alloys must be controlled carefully for a 
good and reproducible materials’ quality, 
and on the other hand there are good 
chances of increasing the low toughness 
by optimizing the alloy with respect to 
composition, phase distribution and mi- 
crostructure. The fracture resistance of di- 
rectionally solidified NiAl-Cr and NiAI- 
Mo alloys has recently been studied (Here- 

dia et al., 1993). It has been found that the 
crack-initiation toughness is appreciably 
higher than that of NiAl, which has been 
rationalized by available models. 

The excellent oxidation resistance of 
pure NiAl decreases with increasing Cr 
content and increases with increasing tem- 
perature (Brumm and Grabke, 1992; 
Grabke et al., 1992). In any case the oxida- 
tion resistance of NiAl-Cr alloys is still 
acceptable for not too high volume frac- 
tions of the a-Cr phase. 

NiAl- Ti Alloys: 

Alloying of NiAl with Ti produces 
the hard and brittle Heusler-type phase 
Ni2A1Ti with an L2, structure (Villars and 
Calvert, 1991). It is very stable and strong- 
ly bonded which makes deformation diffi- 
cult, and the strength increases with de- 
viations from stoichiometry (Umakoshi 
et al., 1985). Ni2A1Ti forms a stable two- 
phase equilibrium with NiAl (Raman and 
Schubert, 1965; Nash and Liang, 1985; 
Mazdiyasni et al., 1989; Kumar, 1990; Lee 
and Nash, 1991 b) and accordingly two- 
phase alloys can be produced with either 
Ni2A1Ti precipitate particles in an NiAl 
matrix or NiAl precipitate particles in an 
Ni2A1Ti matrix. Such alloys were studied 
intensively with respect to creep (Strutt 
and Polvani, 1973; Polvani et al., 1976). In 
particular it was found that the creep resis- 
tance of alloys with an Ni2A1Ti matrix and 
small NiAl particles reaches that of the 
Ni-base superalloy MARM-200. 

The microstructure of the Ni2A1Ti- 
NiAl alloys is quite analogous to that 
of superalloys with semicoherent phase 
boundaries and analogous particle shapes 
and orientation relationships. This semi- 
coherency and the orientation relationship 
result from the fact that the B2 structure 
and the L2, structure are closely related 
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(see Fig. l), and the lattice misfit between 
the two phases is small (Takeyama et al., 
1991). However, the lattice misfit is not 
negligible since it gives rise to an elastic 
energy contribution which controls the mi- 
crostructure evolution (Bendersky et al., 
1988). The oxidation rate of Ni,AlTi is of 
the same order of magnitude as that of 
dilute y-Ni-A1 alloys (Lee and Shen, 
1989). Presently, a materials development 
on the basis of NiAl with strengthening 
Ni,AlTi is under way which aims at appli- 
cations such as turbine blades in aero- 
engines (Darolia, 1991; 1993) (see Sec. 
4.3.6.). 

The problem with such alloys is their 
brittleness. Recently it has been found that 
the brittleness can be relieved by making 
use of the three-phase equilibrium between 
NiAl, Ni,AlTi, and Ni,Al (Yang et al., 
1992 a, b). The resulting three-phase alloys 
are plastically deformable in compression 
at room temperature and compare favor- 

Ni 

ably to superalloys with respect to 
strength. The slip transfer from the NiAl 
phase to the Ni,Al phase in such alloys has 
been studied in detail (R. Yang et al., 
1993). In view of these properties and the 
comparatively low density in the range 
6.6-6.9 g/cm3, the three-phase NiAI- 
Ni,AlTi-Ni,Al alloys are regarded as 
promising for applications in aero-engines 
(Yang et al., 1992a). 

NiAl- Nb and NiA1- Ta Alloys: 

In view of the ternary Ni-Al-Nb phase 
diagram (see Fig. 29) there are various 
possible ways to form two-phase or three- 
phase alloys on the basis of NiAl by alloy- 
ing with Nb. For the strengthening of 
NiAl, second phases with not too low A1 
contents are preferred with respect to de 
sity and oxidation resistance. AI,Nb wit1 
tetragonal DO,, structure, which has be 
discussed in Sec. 3.3.2, and the La\ 
phase NbNiAl with a hexagonal C 

Figure 29. Isothermal 
section of the Ni-Al-Nb 
phase diagram at 1140 "C 
(Benjamin et al., 1966). 
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structure, which will be discussed in Sec. 8, 
are such phases, and both phases are sig- 
nificantly stronger and more brittle than 
NiAl. 

Figure 30a shows flow stress data as a 
function of temperature for these phases 
and for three three-phase alloys which are 
composed of NiAI, AI,Nb and NbNiAl 
and are either NiAl-rich or A1,Nb-rich. It 
can be seen that NiAl is indeed strength- 
ened significantly by the hard phases 
AI,Nb and NbNiAl. At high temperatures 
the flow stress increases with increasing 
volume fraction of the hard phases accord- 
ing to a rule of mixtures at a first approx- 
imation. At low temperatures an inverse 
behavior is observed. This may be related 
to the fact that the phases - in particular 
NiAl - which are in mutual equilibrium 
have off-stoichiometric compositions, and 
the resulting constitutional defects which 
are immobile at low temperatures give rise 
to additional strengthening. It is noted 
that the flow stress curves for A1,Nb and 
NbNiAl do not extend to low tempera- 
tures because at low temperatures the frac- 
ture strain is smaller than the 0.2 YO proof 
strain. The three-phase alloys can be tested 
at much lower temperatures because mi- 
crocrdcks in the hard phases are stopped at 
the phase boundaries of NiAl at  intermedi- 
ate temperatures. Indeed the apparent 
brittle-to-ductile transition temperature of 
these alloys is between that of NiAl at 
about 4OO0C, and that of AI,Nb and 
NbNiAl at about llOO°C, as is shown in 
Fig. 30 b. The oxidation resistance of these 
alloys with A1,N b has also been studied in 
some detail, and it was found that the good 
oxidation resistance of binary NiAl can 
nearly be reached by proper adjustment of 
the volume fractions of the respective 
phases (Steinhorst, 1989; Steinhorst and 
Grabke, 1989; Grabke et al., 1990, 1991 b, 
1992). 
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Figure 30. (a) 0.2% proof stress (in compression with 
lO-'s-l secondary strain rate) and (b) fracture strain 
(in bending with s- ' strain rate - always referred 
to the specimen edge) as a function of temperature for 
various NiAl-A1,Nb alloys, i.e. for the three-phase 
alloys NiAlLNb-1, -2, and -3 with 22 vol.%, 46 vol.%, 
and 78 vol.% NiAl (B2), and 4 vol.%, 15 vol.%, and 
15 vol.% NbNiAl (C14), respectively balance AI,Nb 
(DO,,) - compared with single-phase NiAI, AI,Nb 
and NbNiAl (Rudy and Sauthoff, 1985; Rudy, 1986; 
Sauthoff, 1990a,b; Reip, 1991; Machon, 1992; Reip 
and Sauthoff, 1993). 
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In spite of the obtained strength increas- 
es with Al,Nb, the strength of the NiAl 
alloys with Al,Nb - in particular the creep 
resistance - is not yet sufficient to enter the 
temperature range above that of the super- 
alloys. Thus one has to rely on the Laves 
phase NbNiAl, which can be precipitated 
from NiA1, to obtain particle-strengthened 
NiAl alloys (Sherman and Vedula, 1986; 
Vedula and Stephens, 1987 b). NbNiAl is 
significantly stronger than AI,Nb, but also 
more brittle, and crack-free NbNiAl speci- 
mens can be produced only by powder 
metallurgy. However, the Laves phase 
forms a stable equilibrium with the B2 
phase NiAl (Fig. 29), and the resulting 
NbNiAl-NiAl alloys, which have been 
studied in some detail (Sauthoff, 1990a, b, 
1993a; Machon, 1992), can be produced 
without defects by vacuum induction melt- 
ing. The brittleness of these two-phase al- 
loys is reduced to such an extent that the 
alloys can be hit by a hammer at room 
temperature without cracking, i.e. they can 
be handled safely. 

Figure 31 shows yield strength data of 
two-phase NiAl-NbNiAl alloys as a func- 
tion of temperature for increasing volume 
fractions of the strengthening Laves phase. 
It is noted that the Laves phase precipi- 
tates on the grain boundaries and forms a 
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continuous skeleton in all alloys so that the 
Laves phase plays the role of the matrix 
even in the NbNiAl-poor alloys. The com- 
pressive strength again follows a rule of 
mixtures to a first approximation. The 
bending strength does not increase with 
the NbNiAl volume fraction at higher vol- 
ume fractions of NbNiAl. This is supposed 
to be due to alloy defects, i.e. pores and 
microcracks, and thus further work has to 
concentrate on improving the materials' 
quality . 

Up to now the fracture toughness at 
room temperature is 2-4 MNm-3/2 (see 
data in Sauthoff, 1990a, b) for these al- 
loys, and the brittle-to-ductile transition 
temperature is between about 500 "C and 
700 "C depending on composition and 
preparation method. Analysis of the mi- 
crostructures of the deformed alloys has 
shown that in the brittle-to-ductile transi- 
tion range cracks in the Laves phase are 
stopped at the Laves phase-NiAl interface 
by producing a plastic zone in the NiAl 
phase ahead of the crack (Machon, 1992; 
Wunderlich et al., 1992). 

Recently similar alloys have been pre- 
pared by mechanical alloying (Arzt et al., 
1993; Clemens et al., 1993a). Fully dense 
and completely aligned, lamellar, in situ 
composite NiAl-NbNiAl alloys have been 

Figure 31. 0.2% proof stress in 
compression s-  ' deforma- 
tion rate) as a function of temper- 
ature for NiAl (B2), the Laves 
phase NbNiAl (C14) and various 
two-phase alloys with these two 
phases (the percentages at the 
curves are the respective amounts 
of NbNiAl) (Sauthoff, 1989, 
1990a, 1991 a; Machon, 1992) 
compared with data for the ODS 

- .., 
0 200 400 600 800 1000 1200 1400 superalloy MA6000 (in tension) 

temperature in O C  (Inco, 1982). 
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produced successfully by directional solid- 
ification (Reviere et al., 1992; Whitten- 
berger et al., 1992a). This special mi- 
crostructure leads to a further increase in 
the strength, but has no beneficial impact 
on the low-temperature ductility and frac- 
ture strength. 

Other ternary Laves phases with Al are 
NbFeAl, TaFeAl, and TaNiAl (see Sec. 
8.1), and the latter in particular has been 
considered for strengthening NiAl 
(Pathare et al., 1987; Vedula and Stephens, 
1987 b). These phases are still harder than 
NbNiAl, they also form stable equilibria 
with the respective B2 aluminides FeAl 
and NiAl, and preliminary data for the 
respective one-phase and two-phase alloys 
have been presented in Sauthoff (1 990 a, b, 
1993a). Figure 32 shows yield strength 
data for two-phase NiAl-TaNiAl alloys. It 
can be seen that the obtained flow stresses 
are significantly higher than those of the 
NiAl-NbNiAl alloys, and thus it should 
be possible to enter the strength-tempera- 
ture range above that of superalloys by 
making use of such alloys. The Arrhenius 
plot of the data shows that a rule of mix- 
tures may be supposed not only for the 
yield strength, but also for the apparent 
activation energy. It  has to be noted, how- 
ever, that these alloys compare less favor- 
ably with superalloys with respect to long- 
term behavior, i.e. creep strength, which 
has been addressed in Sec. 4.3.4. 

Since the transition metal elements in 
these ternary Laves phases can substitute 
for each other freely, and since the distri- 
bution of Laves phase can be controlled by 
thermomechanical treatments there are 
possibilities for optimizing such NiAl al- 
loys with Laves phases with respect to 
creep resistance and the brittle-to-ductile 
transition temperature (BDTT) by con- 
trolling the composition and phase distri- 
bution, and this is being studied presently 
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Figure 32.0.2% proof stress in compression (10-4s-1 
deformation rate) as a function of temperature for 
NiAl (B2), the Laves phase TaNiAl (C14) and various 
two-phase alloys with these two phases (the percent- 
ages at the curves are the respective amounts of 
TaNiAl) (Sauthoff, 1989, 1990a, 1991 a; Machon, 
1992). 

(Zeumer et al., 1991; Sauthoff, 1993a). 
Variation of the BDTT with changing al- 
loy composition is illustrated in Fig. 33. 

Finally, it is noted that besides the Laves 
phases the Heusler-type phases Ni,AlNb 
and Ni,AlTa with an L2, structure may 
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Figure 33. Brittle-to-ductile transition temperature 
BDTT as a function of strain rate in bending (referred 
to the specimen edge) for various two-phase 
NiAI-(Ta,Nb)NiAl alloys with 23.5 vol.% Laves 
phase: TalONi45A145 ( x), Ta9NblNi45A145 (+), 
Ta7.5Nb2.5Ni45A145 (o), Tal Nb9Ni45A145 (#), and 
NblONi45A145 (*) (Sauthoff, 1991 a; Zeumer et al., 
1991; Zeumer and Sauthoff, 1992). 
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form in the ternary systems Ni-Al-Nb 
and Ni-Al-Ta, respectively, in close anal- 
ogy to the Ni-Al-Ti system, as is shown 
in the respective phase diagrams [see 
Fig. 29 and Pak et al. (1988) and Darolia 
(1991)l. Indeed two-phase NiAl alloys with 
these strengthening precipitates have been 
studied with respect to mechanical behav- 
ior and are regarded as promising for 
materials developments (Pak et al., 1988; 
Yasuda et al., 1992), as well as three-phase 
NiAl alloys with a coarse distribution of 
the NbNiAl Laves phase and a fine parti- 
cle distribution of Ni,AlNb (Machon, 
1992; Machon and Sauthoff, 1994). In 
summary, it is concluded that there are 
good prospects for developing materials 
on the basis of NiAl with strengthening 
Laves phases and/or Heusler-type phases 
which have sufficient creep strength at 
temperatures above the application tem- 
peratures of superalloys and tolerable 
brittleness. 

O D s  NiAl Alloys and Composites: 

In view of the advantageous properties 
of NiAl for high-temperature applications, 
i.e. excellent oxidation resistance, moder- 
ate density, high stability, and good ther- 
mal conductivity, and the disadvantageous 
poor strength at high temperatures, NiAl 
has been considered as a matrix material 
for intermetallic matrix composites, and 
respective materials developments are un- 
der way (see reviews by Bowman and Noe- 
be, 1989; Rigney et al., 1989; Kumar, 1991; 
Vedula, 1991; Kumar and Whittenberger, 
1992; Kumar et al., 1992b; Shah and An- 
ton, 1993). Such composite materials have 
been produced primarily by powder metal- 
lurgy methods, and a variety of phases 
have been used for strengthening the NiAl 
matrix, i.e. A1,0, and other oxides 
(Jellinghaus, 1961; Noebe et al., 1990; Al- 

man and Stoloff, 1991; Dimiduk et al., 
1991; Kostrubanic et al., 1991; Kumar, 
1991; Nourbakhsh et al., 1991; Baker and 
George, 1992; Dymek et al., 1992; Bow- 
man, 1992; Anton and Shah, 1992b; Arzt 
et al., 1993; Hebsur et al., 1993; Dymek 
et al., 1993; Bieler et al., 1993), the nitrides 
SIN and AlN (Shah et al., 1990; Whitten- 
berger et al., 1990b, 1992a; Moser et al., 
1990; Kumar, 1991; Bieler et al., 1992; 
Arzt et al., 1993; Hebsur et al., 1993), Sic, 
B,C and other carbides (Whittenberger 
et al., 1990a; Moser et al., 1990; Nardone 
et al., 1990; Shah et al., 1990; Chou and 
Nieh, 1991; Dimiduk etal., 1991; Dun- 
mead etal., 1991; Kumar, 1991), the 
boride TiB, (Rigney et al., 1989; Sagib 
etal., 1990; Moser et al., 1990; Whitten- 
berger et al., 1990b; Alman et al., 1991; 
Cheng and Cantor, 1992; Kumar et al., 
1992a, b; Pregger et al. 1992; Viswanad- 
ham et al., 1988; Korinko et al., 1992), and 
the beryllide TiBe,, (Carbone et al., 1988). 

At service temperature chemical reac- 
tions may occur between the constituent 
phases of a composite and thus chemical 
compatibility of the phases to be combined 
is of primary importance. Microstructural 
long-term stability is guaranteed only if the 
constituent phases form stable equilibria 
with each other. Even then the phase dis- 
tributions coarsen slowly by ageing pro- 
cesses, i.e. Ostwald ripening occurs which 
is slower the smaller the interface energies, 
the mutual solubilities and the diffusivities 
are (Pitsch and Sauthoff, 1992). Studies of 
the compatibility of the various strength- 
ening phases with NiAl have shown that 
A1,0, and TiB, are sufficiently stable in 
NiAl (Sagib et al., 1990; Moser et al., 1990; 
Shah et al., 1990; Chou and Nieh, 1991; 
Trumble and Riihle, 1990; Wang and Arse- 
nault, 1991; Korinko and Duquette, 1994). 
Apart from chemical compatibility, dis- 
persoids may affect the environmental be- 
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havior, e.g. the oxidation resistance, as has 
been shown recently with respect to an 
NiAl/AlN composite (Lowell et al., 1990). 

Besides powder metallurgy methods, di- 
rectional solidification of eutectic NiAl al- 
loys is used for producing in situ com- 
posites. Examples are NiAl-Cr (Walter 
and Cline, 1970; Kowalski and From- 
meyer, 1992). NiAl-Mo (Sauthoff, 1990a; 
Subramanian et al., 1990a), NiAl-W 
(Sauthoff, 1990 a; Saigal and Kupperman, 
1991), and NiAl-Re (Mason et al., 1990). 
In these composites the second continuous 
phase is disordered, which is expected to 
improve the ductility of NiAl. However, 
the obtained ductilities of these composites 
are still low. Other intermetallic phases are 
also used for reinforcing an NiAl matrix 
composite, and an example is given by 
NiAl containing the Heusler-type phase 
Ni,AlTi (Whittenberger et al., 1989; Ku- 
mar and Whittenberger, 1992) (see also 
Sec. 4.3.6.). A special type of composite is 
being developed (Nardone et al., 1990; 
Nardone and Strife, 1991; Nardone, 1992) 
which combines a continuous ductile 
phase and a particulate hard and brittle 
phase with NiAl. In such alloys cracking 
occurs in the NiAl matrix during deforma- 
tion at about 0.2% strain, whereas the 
final fracture strain of the composite is 

The various NiAl matrix composites 
usually exhibit an increased strength and 
brittleness compared to single-phase NiAl. 
However, there are exceptions to this rule, 
i.e. a decreased high-temperature strength 
has been observed for an NiAl-Ni,AlTi 
composite and furthermore, increased 
toughness has been obtained for an NiA1- 
Al,O, composite (Kumar, 1991). Such 
toughening by dispersed particles is a well- 
established process for improving the 
toughness of metals and ceramics (Wieder- 
horn, 1984; Sigl et al., 1988; Ashby et al., 

30-35 YO. 

1989). Another toughening mechanism in 
ceramics relies on the transformation of 
dispersed zirconia particles which trans- 
form during deformation (Wiederhorn, 
1984; Evans and Cannon, 1986; Riihle and 
Evans, 1989). This transformation tough- 
ening with zirconia has been used not only 
for ceramics, but also for metals and in 
particular for the intermetallic NiAl, i.e. 
the fracture toughness of sintered NiAl has 
been increased from about 14 MN/m3/’ to 
22 MN/m3l2 by the addition of 20 vol.% 
ZrO, which contained 2mol% Y,O, 
(Barinov et al., 1992; Barinov and Evdoki- 
mov, 1993). Present efforts of various NiAl 
developments are directed at improving 
the processing for optimizing the mechani- 
cal behavior. The physical understanding 
of the deformation controlling mecha- 
nisms is only limited and necessitates much 
further work. 

4.4 Other B2 Phases 

Intermetallic phases with a B2 structure 
form one of the largest groups of inter- 
metallics, and there is a broad variation of 
chemical, physical and mechanical proper- 
ties within this group (Dwight, 1967). Oth- 
er B2 aluminides are FeAl and COAL They 
are closely related to NiAl since Ni, Fe, 
and Co can substitute for each other com- 
pletely in the B2 structure - this was made 
use of for improving the high temperature 
strength and creep resistance (Jung et al., 
1987; Sauthoff, 1991 a) - and they are also 
considered for high temperature applica- 
tions (Vedula and Stephens, 1987a; Liu 
et al., 1990; Kumar and Whittenberger, 
1992). Besides these aluminides, the B2 
structure is adopted by compounds of 
group VIII metals and group IVA metals, 
e.g. NiTi, CoTi, and FeCo. These B2 
phases, which are oft interest with respect 
to applications, are briefly overviewed in 
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the following sections with the exception 
of FeAl which is the subject of Sec. 5.3. 
The classical B2 phase CuZn (p-brass) is 
addressed in Sec. 6. 

Intermetallics with precious metals have 
recently been studied with respect to 
strength, ductility and oxidation resistance 
(Fleischer, 1992 b; Fleischer and McKee, 
1993). Outstanding properties have been 
found for the B2 phases AlRu and RuSc 
with melting temperatures of 2060°C and 
2200 "C, respectively. AlRu shows very 
high strength with high work hardening 
and extensive compressive ductility at 
room temperature. The effects of constitu- 
tional defects and ternary solutes on the 
hardening behavior of AlRu have been 
studied in detail (Fleischer, 1993 a, by d, f). 
The fracture behavior of AlRu has been 
studied theoretically by a molecular dy- 
namics simulation (Becquart et al., 1993). 
The oxidation resistance of AlRu allows 
the use of uncoated AlRu up to about 
1250°C. Of course the high costs of such 
intermetallics will not allow the applica- 
tion of these phases as structural materials 
in the near future (Fleischer, 1992 b). PdIn 
is noteworthy because of its gold color 

'which makes it promising for dental pros- 
thetics and jewellery (Baker and George, 
1992). PdIn has been studied with respect 
to deformation behavior (Munroe et al., 
1991) and diffusion (Koiwa, 1992; Wever, 
1992). 

4.4.1 CoAl 

The B2 aluminide CoAl is very similar 
to NiAl with respect to density, thermal 
expansion behavior, melting temperature 
and phase diagram (Westbrook, 1956; 
Whittenberger, 1985; Stephens, 1985; 
Massalski et al., 1990; Harmouche and 
Wolfenden, 1987). The thermodynamic 
properties and point defects have been 

studied experimentally and theoretically 
(Bakker and Ommen, 1978; Chen and 
Dodd, 1986; Koch and Koenig, 1986; 
chapter by Inden and Pitsch in Volume 5 
of MST). Young's modulus, which is 
higher than that of NiAl, has been deter- 
mined as a function of temperature for 
polycrystalline CoAl with the stoichiomet- 
ric composition and with various devia- 
tions from stoichiometry (Harmouche and 
Wolfenden, 1985,1986). Diffusion in CoAl 
is slower with a higher activation energy 
than in NiAI, and deviations from stoi- 
chiometry enhance diffusion as in the case 
of NiAl (Hagel, 1967). 

The hardness of CoAl is higher than that 
of NiAl with a minimum for the stoichio- 
metric composition at temperatures below 
800°C (Westbrook, 1956), i.e. deviations 
from stoichiometry produce constitutional 
defects with restricted mobility at lower 
temperaturts ,which strengthen the CoAI, 
as in the case'of NiAl. The characteristics 
of slip correspond to those of NiAl (Baker 
and Munroe, 1990). The hardening of 
CoAl by constitutional defects and ternary 
solutes, i.e. Mn, Re, and Ti, has been stud- 
ied in detail (Fleischer, 1993c, d, e). 

At high temperatures above 1000°C the 
flow stress and creep resistance are again 
higher than those of NiAl and reach a 
maximum at the stoichiometric composi- 
tion (Hocking et al., 1971; Whittenberger, 
1985; Yaney and Nix, 1988) because the 
constitutional defects, which are produced 
by deviations from stoichiometry, are mo- 
bile at high temperatures and enhance dif- 
fusion and thereby creep, as in the case of 
NiAl. The enhanced creep resistance of 
CoAl is attributed to lattice friction effects 
limiting the dislocation mobility in CoAl 
(Yaney and Nix, 1988). The creep resis- 
tance of CoAl is increased significantly by 
partial substitution of Co by Ni, and still 
more by Fe (Jung et al., 1987; Whitten- 

ArcelorMittal Ex. 2038 
Page 91 of 190



4 Nickel Aluminides and Related Phases 79 

berger, 1987; Sauthoff, 1991 a). Further 
strengthening is achieved by reinforcing 
CoAl with particulate TiB, (Mannan 
et al., 1990). 

The high strength of CoAl is correlated 
with low ductility and toughness, and in- 
deed the fracture toughness is lower than 
the already low toughness of NiAl (K.-M. 
Chang et al., 1992). The fracture charac- 
teristics, however, are quite analogous to 
those of NiAI, i.e. the preferred cleavage 
plane is { 1 lo} and the fracture toughness is 
lowest for directions in the cleavage plane. 
The differences in strength and brittleness 
between CoAl and NiAl cannot yet be 
correlated with differences in the strength 
and the character of bonding, which have 
been studied by quantum-mechanical ab 
initio calculations (Schultz and Davenport, 
1992). 

Because of its high brittleness and be- 
cause Co is a strategic material, CoAl has 
not been selected for materials devel- 
opment in the past in spite of its attrac- 
tive high-temperature strength (Vedula 
and Stephens, 1987a). Recent work on 
CoAI-TiB, composites has led to the con- 
clusion that the more damage-tolerant 
NiAl matrix composites are a better choice 
for creep applications (Mannan et al., 
1990). 

4.4.2 NiTi 

The B2 phase NiTi has been used for 30 
years as a shape memory alloy for cou- 
plings, fasteners, connectors, and actua- 
tors in automotive and aerospace indus- 
tries, electronics, mechanical engineering 
and medical applications (Schmidt-Mende 
and Block, 1989; Stockel, 1989; Thier, 
1989; Hodgson, 1990; Stoeckel, 1990). Ni- 
Ti melts congruently at 1310°C and has an 
extended homogeneity range (Massalski 
et al., 1990). 

NiTi transforms martensitically from 
the parent B2 phase to a monoclinic 
martensite phase with an intermediate or- 
thorhombic R phase from which a re- 
versible shape memory effect - with the 
best shape memory behavior of all shape 
memory alloys - and pseudoelasticity re- 
sults (Hwang et al., 1983; Hwang and 
Wayman, 1983; Nishida and Honma, 
1984; Van Humbeek and Delaey, 1989). 
The characteristics of such shape memory 
alloys have been discussed in detail with 
respect to crystallography, microstructure, 
thermodynamics, kinetics and macroscop- 
ic mechanical behavior, and applications 
have been described (Delaey et al., 1974; 
Krishnan et al., 1974; Warlimont et al., 
1974; Ahlers, 1986; Van Humbeek and De- 
laey, 1989; Hornbogen, 1991). The crystal- 
lography of the martensitic transformation 
has been analyzed in detail (Shimizu and 
Tadaki, 1992). 

The shape memory behavior of NiTi is 
improved by prior thermomechanical 
treatments which produce advantageous 
microstructures and textures (Van Hum- 
beek and Delaey, 1989; Lin and Wu, 1992; 
Mulder et al., 1993). The transformation 
temperature is about 110°C for stoichio- 
metric NiTi and is decreased by excess Ni 
(Hodgson, 1990). Likewise, the transfor- 
mation temperature is lowered by alloying 
with Fe and Cr whereas Cu decreases the 
transformation temperature hysteresis. A 
widened transformation temperature hys- 
teresis was found recently for NiTi-Nb al- 
loys, which is attractive with respect to 
coupling and sealing applications (Piao 
et al., 1992a, b). The tranformation tem- 
perature is increased up to 500°C by the 
partial substitution of Ni with Pd which, 
however, affects the ductility (Yang and 
Mikkola, 1993). 

The elastic and plastic deformation be- 
havior, including mechanical twinning, of 
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NiTi alloys has been studied intensively 
(see, e.g. Saburi et al., 1984; Matsumoto 
and Ishiguro, 1989; Goo et al., 1985). 
Noteworthy is the high ductility of NiTi 
which allows deformations up to 70% 
(Van Humbeek and Delaey, 1989). Fur- 
thermore, the yield strength of NiTi de- 
pends on the temperature in an anomalous 
way, i.e. it increases with rising tempera- 
ture to reach a maximum, and only above 
this peak temperature does normal soften- 
ing occur (Takasugi et al., 1991a). This 
strength anomaly is also shown by other, 
closely related B2 phases, i.e. CoTi, CoZr, 
and CoHf (see next section), but not by 
FeTi and not by the aluminides NiAl, 
CoAl and FeAI, i.e. the transition from 
normal behavior to anomalous behavior is 
obviously related to a critical number of 
valence electrons per atom (Takasugi 
et al., 1991 e). The general characteristics 
of the mechanical behavior of such shape 
memory alloys and the mutual interaction 
of deformation and phase transformation 
have been discussed in detail, and the ther- 
modynamics and kinetics of the involved 
processes have been addressed (Delaey 
etal., 1974; Krishnan et al., 1974; War- 
limont et al., 1974; Hornbogen 1991). 

Processing of NiTi alloys is difficult and 
has to be done with care to obtain advan- 
tageous properties (Van Humbeek and De- 
laey, 1989; Hodgson, 1990). Melting must 
be done in a vacuum or in inert atmo- 
spheres because of the reactivity of Ti, and 
thus vacuum-induction melting, plasma- 
arc melting, and electron-beam melting are 
all used commercially. Hot working is pos- 
sible without problems. Processing at low 
temperatures is difficult because of ex- 
tremely high work hardening, and thus in- 
termediate annealing treatments are re- 
quired for cold rolling, machining, etc. The 
ductility problem of the (Ni,Pd)Ti alloys 
with a high transition temperature is re- 

lieved by alloying with B (Yang and 
Mikkola, 1993). Joining by welding, braz- 
ing or soldering is generally difficult. The 
excellent shape memory behavior of the 
NiTi alloys is accompanied by excellent 
corrosion resistance - comparable to stain- 
less steels - which make these alloys the 
only shape memory alloys suitable for im- 
plantation in human bodies (Van Hum- 
beek and Delaey, 1989). Recently NiTi has 
been used as a strengthening phase in A1 
matrix composites which experience an ad- 
ditional strengthening effect from the 
shape memory effect in NiTi (Furuya 
et al., 1993; Yamada et al., 1993). 

4.4.3 FeTi, CoTi, CoZr, and CoHf 

FeTi with a B2 structure is one of 
the most promising intermetallic phases 
for use as a hydrogen storage material 
and related applications (Reilly, 1979; 
Nathrath, 1986; Lynch, 1991). Dissolved 
hydrogen orders to form a substructure in 
which the B2 structure becomes rhombic, 
i.e. a stable hydride is formed in a re- 
versible way (Somenkov and Shilstein, 
1979; Reilly, 1979). FeTi with excess Ti is 
more easily hydrogenized then stoichio- 
metric FeTi since Ti activates the absorp- 
tion and desorption of hydrogen catalyti- 
cally (Sicking and Jungblut, 1983; Amano 
et al., 1984). Second phases, including ox- 
ides, shorten the incubation time for hy- 
drogenization (Nagai et al., 1987; Amano 
et al., 1983), whereas oxygen may poison 
the FeTi surface at room temperature 
(Schlapbach et al., 1979). The electronic 
structure has been studied theoretically 
(Bose et al., 1991). CoTi is also of interest 
for use as a hydrogen storage material 
(Izumi, 1989), as well as the ternaries (Fe,- 
Co)Ti (Boulghallat and Gerard, 1991) and 
(Fe,Ni)Ti (Bershadsky et al., 1991) which 
show more advantageous storage proper- 
ties than the binaries. 
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The plastic deformation behavior of 
CoTi has been studied in detail since the 
B2 phases CoTi, CoZr, and CoHf exhibit 
an anomalous temperature dependence of 
the yield strength, which is also shown by 
NiTi, but not by FeTi and the aluminides 
NiAl, CoAl, and FeAl (Nakamura and 
Sakka, 1988; Takasugi and Izumi, 1988; 
Takasugi et al., 1990c, 1991 a, e; Yo0 et al., 
1990; Yoshida and Takasugi, 1991 b). Slip 
occurs by (100) dislocations at low and 
intermediate temperatures as in the case of 
NiA1, whereas a t  higher temperatures 
above the peak strength temperature the 
activation of (1 11) dislocations has also 
been observed (Takasugi et al., 1992 b). 
The elastic moduli have been measured 
(Yasuda et al., 1991 b). The transition from 
the anomalous temperature dependence of 
the yield strength in NiTi, CoTi, CoZr, 
and ZrHf to the normal one in FeTi and 
the aluminides NiAI, CoAl, and FeAl is 
related to the change in the number of va- 
lence electrons per atom, i.e. to changes in 
the atomic bonding, but a clear and com- 
plete understanding has not yet been 
reached (Yo0 et al., 1990; Takasugi et al., 
1991e, 1992b). It is noted that alloying 
CoTi with CoSi results in the formation of 
the Heusler-type compound Co,TiSi with 
an L2, structure, which is strongly ferro- 
magnetic with a Curie temperature far in 
excess of room temperature though both 
CoTi and CoSi are nonmagnetic (see also 
Sec. 4.5). 

4.4.4 FeCo 

FeCo - in particular with a 2 YO V addi- 
tion - has found widespread use as a mag- 
netically soft material with a high satura- 
tion induction, e.g. as electromagnet pole 
tips, and the respective alloys are known as 
Permendur alloys (Chen, 1961; Kouvel, 
1967; Dietrich, 1990). These alloys also ex- 
hibit a high, positive magnetostrictive co- 

efficient, which has made them useful in 
sonar transducers and in extremely accu- 
rate positioning devices. 

The B2 phase FeCo is stable only at  tem- 
peratures below 730°C and has a broad 
range of homogeneity (Massalski et al., 
1990). At 730°C there is an order-disorder 
transition with a 0.2% change in volume 
from B2 to A2 (b.c.c.), and a further struc- 
ture change from A2 to A1 (f.c.c.) occurs 
at about 985°C (Buckley, 1975). The or- 
dering reaction proceeds heterogeneously 
or homogeneously depending on the tem- 
perature (Cahn, 1993). The ordering pro- 
cess has been studied in detail and the ther- 
modynamics of the binary Fe-Co phase 
diagram, as well as the ternary Fe-Co-A1 
phase diagram, have been analyzed by 
model calculations (Rajkovic and Buckley, 
1981; chapter by Inden and Pitsch in 
Volume 5 of MST). The ordering kinetics 
are affected by alloying additions and in 
particular alloying with 2 at.% V reduces 
the ordering rate significantly, which al- 
lows freezing of the high-temperature, dis- 
ordered structure by quenching to low 
temperatures. It is noted that the addition 
of more than 2 YO V leads to alloy decom- 
position, as is indicated by the Fe-Co-V 
phase diagram (Mahajan et al., 1974; 
Raynor and Rivlin, 1983). A still larger 
effect on the ordering kinetics is produced 
by alloying with Cr (Alekseyev et al., 
1977). Below the critical temperature of 
ordering, the degree of long-range order in 
equilibrium increases continuously from 0 
at 730°C to 0.9 at 500°C to reach 1 - cor- 
responding to perfect order - asymptoti- 
cally at low temperatures (Stoloff and 
Davies, 1964). 

The mechanical behavior of FeCo has 
been studied intensively since the order- 
disorder transition allows a direct study of 
the effects of ordering on the mechanical 
properties including creep, fatigue and 
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fracture (Stoloff and Davies, 1964; Boett- 
ner et al., 1966; Jordan and Stoloff, 1969; 
Marcinkowski, 1974 b; Pitt and Rawlings, 
1983; Kawahara, 1983 a, c; Delobelle and 
Oytana, 1983; Muller, 1986; Stoloff et al., 
1992; Zhao et al., 1993). At room tempera- 
ture FeCo is ductile - with 15 % uniform 
elongation and subsequent necking - in the 
disordered state, i.e. after quenching from 
above the ordering temperature, whereas 
in the ordered state, i.e. after annealing 
below the ordering temperature, it shows 
only a little ductility with 5 YO uniform 
elongation and no necking (Stoloff and 
Davies, 1964). Thus cold rolling is difficult 
in the ordered state (see Muller, 1986). 
Furthermore, FeCo is subject to hydrogen 
embrittlement at room temperature (Liu 
and Stoloff, 1993). 

Plastic deformation at room tempera- 
ture occurs by the movement of (111) su- 
perlattice dislocations which are pairs of 
superpartials (Baker and Munroe, 1990; 
Yamaguchi and Umakoshi, 1990). The 
flow stress increases with decreasing de- 
gree of order, i.e. with rising temperature, 
to reach a maximum at about 7OO0C, just 
below the ordering temperature where Fe- 
Co is only partially ordered (Stoloff and 
Davies, 1964). This behavior results from a 
decoupling of the superpartials of the su- 
perlattice dislocations since the coupling 
force decreases with increasing disorder. 
Above the flow stress peak temperature 
normal softening is observed which is due 
to thermal activation. In other words, Fe- 
Co, like other intermetallics, exhibits an 
anomalous positive temperature depen- 
dence of the flow stress, which, however, is 
not related to special dislocation mecha- 
nisms as in the case of Ni,AI, but is related 
to incomplete atomic order, i.e. to struc- 
ture changes. 

Ordered FeCo-2V exhibits a more ho- 
mogeneous deformation and a higher 

strain hardening rate than disordered Fe- 
Co-2V at all temperatures (Jordan and 
Stoloff, 1969). The grain size dependence 
of the yield stress and the fracture stress is 
described by the usual Hall-Petch rela- 
tionship. The fatigue resistance is im- 
proved by ordering with only a small effect 
of the environment (Boettner et al., 1966; 
Stoloff et al., 1992). The low ductility can 
be increased by adding Ni as a fourth ele- 
ment, which changes the microstructure, 
and still more by thermomechanical treat- 
ments which lead to a Hall-Petch-type de- 
pendence of ductility on grain size or sub- 
grain size (Pinnel et al. 1976; Pitt and 
Rawlings, 1983). Even cold rolling can re- 
duce the brittleness (Kawahara, 1983 c). 
The brittle-to-ductile transition tempera- 
ture in the ordered state can be reduced 
significantly by deviations from stoi- 
chiometry which decrease the critical tem- 
perature of ordering and introduce config- 
urational disorder (Konoplev and Sarrak, 
1982). Positive effects on cold workability 
have been produced - apart from alloying 
with V or Cr which both slow down the 
ordering kinetics - by alloying with Nb, 
Ta, Mo, W, and C whereas Be, Ti, Zr, Mn, 
Cu, Ag, Au, B, Al, and Si are ineffective 
(Kawahara, 1983 a, b). The physical un- 
derstanding of such effects is still to be 
clarified. 

Finally, it may be noted that alloying 
Fe and Co with precious metals leads to 
the phases FePt, Copt, and FePd with an 
L1, structure, which is an ordered f.c.c. 
structure with tetragonal distortion (see 
Fig. 1). These phases have been of impor- 
tance for applications as permanent mag- 
netic materials, and in particular Copt, 
which is used in the only partially ordered 
state, excels because of isotropy, ductility, 
easy machinability and resistance to corro- 
sion and high temperatures (Jellinghaus, 
1936; Kouvel, 1967; Chin and Wernick, 
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1986; Fiepke, 1990; Leroux et al., 1991; 1984). The most Ni-rich phase Ni,Mo has 
Watanabe, 1991). However, Copt alloy the body-centered tetragonal crystal struc- 
magnets are seldom used now since these ture DI, and is stable only up to about 
alloys have been replaced by the rare earth 880°C with peritectic decomposition. The 
magnets with superior magnetic proper- ordered atom distribution can be estab- 
ties. lished in various ways in this structure 

which gives rise to a domain structure with 
4.5 Heusler-Type Phases various types of domain interfaces. Ni,Mo 

The classic Heusler-type alloys are 
Cu2A1Mn and Cu,SnMn (Dwight, 1967; 
Kouvel, 1967) which will be addressed in 
Sec. 6. Their unique feature is their ferro- 
magnetism, since the constituent elements 
are not ferromagnetic. These phases crys- 
tallize with the L2, structure which is 
derived from the B2 structure (see Fig. I), 
and which is also adopted by a series of 
other ternary phases (Dwight, 1967). 

Outstanding examples are Ni,AlX and 
Co2AIX phases with X = Ti, Zr, Hf, Nb, 
or Ta which are of interest for high-tem- 
perature applications, and some of them 
have been studied with respect to high- 
temperature deformation (Strutt et al., 
1976; Umakoshi et al., 1985, 1986; Saut- 
hoff, 1989; Takeyama et al., 1991). In par- 
ticular, Ni2A1Ti has been used for rein- 
forcing NiAl (see Sec. 4.3.6 under the 
heading Structural Alloys) and a two- 
phase Ni,AlTi-NiAl showed a creep resis- 
tance which was higher than that of single- 
phase NiAl and even Ni,AITi, and reached 
that of a high-strength Ni-base superal- 
loy (Polvani et al., 1976). The high strength 
is correlated with brittleness which has 
handicapped respective materials develop- 
ments until now. Only recently Ni,AITa- 
NiAl has been identified as a more promis- 
ing system because of the improved ductil- 
ity (Pak et al., 1988). 

4.6 Nickel - Molybdenum Phases 

is orthorhombic and is stable up to about 
910°C. This phase, however, can also be 
formed with the metastable, tetragonal 
DO,, structure, which is common to the 
trialuminide AI,Ti and related phases (see 
Sec. 3.3). NiMo is another orthorhombic 
phase and decomposes peritectically at 
1362 "C. Finally, there is the metastable, 
orthorhombic Ni,Mo phase which is 
formed as an intermediate phase during 
ordering. 

These phases are of general interest with 
respect to alloying Ni-base alloys since Mo 
is an important alloying element for super- 
alloys. Corresponding multinary phase 
diagrams have been studied experimental- 
ly and theoretically (see, e.g., Brooks et al., 
1984; Chakravorty and West, 1986; Ko- 
dentzov et al., 1988; Enomoto et al., 1991), 
in particular with respect to equilibria with 
the aluminide Ni,AI which forms the 
basis of the advanced aluminides (see 
Sec. 4.1). 

Special interest is directed at Ni,Mo 
since Ni-Mo alloys with about this com- 
position (20 at.% Mo) and additions of 
further elements - in particular Fe, Cr, and 
C - have been of industrial significance 
since the early 1930s because of their excel- 
lent corrosion resistance in nonoxidizing 
environments and their high strength at 
high temperatures, as is exemplified by the 
Hastelloy B alloys (Brooks et al., 1984). In 
these alloys ordered Ni,Mo may form on 
slow cooling from temperatures above 

Various intermetallic phases are formed 
in the binary Ni-Mo system (Brooks et al., 

900"C, where the f.c.c. solid solution is 
stable, or on ageing at 500-850°C. 
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Ni,Mo formation in Ni-Mo alloys 
leads to both hardening and embrittlement 
(in tension) with fracture occurring along 
grain boundaries. In compression such em- 
brittled alloys can still be deformed plasti- 
cally and furthermore, monocrystalline or- 
dered Ni,Mo shows significant ductility 
even in tension (Brooks et al., 1984; Kao 
et al., 1989). The physical properties of or- 
dered Ni,Mo have been determined and 
the deformation behavior has been studied 
in detail (Brooks etal., 1984). The me- 
chanical properties are a sensitive function 
of the microstructure. The microstructure 
development is controlled by the kinetics 
of the decomposition and ordering reac- 
tions during cooling and ageing of these 
Ni-Mo alloys (see, e.g. Brooks and Cao, 
1992; Cahn, 1992). The low ductility of 
hypostoichiometric ordered Ni,Mo can be 
improved significantly by microalloying 
with B, whereas there is only a small effect 
of B on the stoichiometric phase (Tawan- 
cy, 1991). 

5 Iron Aluminides and Related 
Phases 

An overview of the Fe-AI phases is giv- 
en by the binary Fe-A1 phase diagram 
(Massalski et al., 1990). The Al-rich phases 
with melting temperatures of about 
11 50 "C are of interest for A1 alloys and are 
not addressed here. The remaining phases 
Fe,Al and FeA1, and related phases, have 
been selected for materials developments 
because of their outstanding physical, me- 
chanical, and chemical properties and are 
the subjects of the following sections. 

5.1 Fe,Al 

Fe,Al is formed on cooling by ordering 
reactions in the solid state that transform 
the b.c.c. disordered solid solution, which 

is stable above about 800"C, first into the 
FeAl phase with a B2 structure, which is 
stable between about 800 "C and 550 "C 
and which is the subject of Sec. 5.3, and 
then into Fe,AI with the DO, structure (see 
Fig. 1). The critical temperature of order- 
ing is much lower than the melting temper- 
ature (Massalski et al., 1990) which indi- 
cates less strong bonding between unlike 
atoms compared with, e.g. the nickel alu- 
minides. The ordering process and its ki- 
netics have been studied in detail both ex- 
perimentally and theoretically for the de- 
termination of the field of existence and 
the equilibria of Fe,Al in the Fe-A1 phase 
diagram (see, e.g. Koster and Godecke, 
1980; Godecke and Koster, 1985; Wachtel 
and Bahle, 1987; Inden and Pepperhoff, 
1990; Vennigues et al., 1990; Maziasz 
et al., 1993; chapter by Inden and Pitsch in 
Volume 5 of MST). Recently a transient 
B32 phase has been observed during order- 
ing (Gao and Fultz, 1993). On the Fe-rich 
side there is a two-phase equilibrium be- 
tween Fe,Al and b.c.c. Fe-AI solid solu- 
tion which shows short-range order. On 
the Al-rich side there is a second order 
transition from Fe,AI with a DO, structure 
to FeAl with a B2 structure without a two- 
phase equilibrium. The generally accepted 
phase diagram with the DO,/B2 transition 
has been questioned recently on the basis 
of neutron scattering results (Hilfrich 
etal., 1991) which, however, are not un- 
ambiguous (Inden, 1993). The critical tem- 
perature of ordering, which is about 550 "C 
in the binary case (Massalski et al., 1990), 
can be shifted to higher temperatures by as 
much as 250°C by alloying with a third 
element, in particular Cr, Mo, Mn, Ti, or 
Si (Mendiratta and Lipsitt, 1985; Fortnum 
and Mikkola, 1987; Longworth and Mik- 
kola, 1987; Prakash et al., 1993). 

Thermal vacancies are formed readily 
because of a low formation enthalpy, 

ArcelorMittal Ex. 2038 
Page 97 of 190



a4 lnterrnetallics 

Ni,Mo formation in Ni-Mo alloys 
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et al., 1989). The physical properties of or- 
dered Ni,Mo have been determined and 
the deformation behavior has been studied 
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chanical properties are a sensitive function 
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with melting temperatures of about 
11 50 "C are of interest for A1 alloys and are 
not addressed here. The remaining phases 
Fe,Al and FeA1, and related phases, have 
been selected for materials developments 
because of their outstanding physical, me- 
chanical, and chemical properties and are 
the subjects of the following sections. 

5.1 Fe,Al 

Fe,Al is formed on cooling by ordering 
reactions in the solid state that transform 
the b.c.c. disordered solid solution, which 

is stable above about 800"C, first into the 
FeAl phase with a B2 structure, which is 
stable between about 800 "C and 550 "C 
and which is the subject of Sec. 5.3, and 
then into Fe,AI with the DO, structure (see 
Fig. 1). The critical temperature of order- 
ing is much lower than the melting temper- 
ature (Massalski et al., 1990) which indi- 
cates less strong bonding between unlike 
atoms compared with, e.g. the nickel alu- 
minides. The ordering process and its ki- 
netics have been studied in detail both ex- 
perimentally and theoretically for the de- 
termination of the field of existence and 
the equilibria of Fe,Al in the Fe-A1 phase 
diagram (see, e.g. Koster and Godecke, 
1980; Godecke and Koster, 1985; Wachtel 
and Bahle, 1987; Inden and Pepperhoff, 
1990; Vennigues et al., 1990; Maziasz 
et al., 1993; chapter by Inden and Pitsch in 
Volume 5 of MST). Recently a transient 
B32 phase has been observed during order- 
ing (Gao and Fultz, 1993). On the Fe-rich 
side there is a two-phase equilibrium be- 
tween Fe,Al and b.c.c. Fe-AI solid solu- 
tion which shows short-range order. On 
the Al-rich side there is a second order 
transition from Fe,AI with a DO, structure 
to FeAl with a B2 structure without a two- 
phase equilibrium. The generally accepted 
phase diagram with the DO,/B2 transition 
has been questioned recently on the basis 
of neutron scattering results (Hilfrich 
etal., 1991) which, however, are not un- 
ambiguous (Inden, 1993). The critical tem- 
perature of ordering, which is about 550 "C 
in the binary case (Massalski et al., 1990), 
can be shifted to higher temperatures by as 
much as 250°C by alloying with a third 
element, in particular Cr, Mo, Mn, Ti, or 
Si (Mendiratta and Lipsitt, 1985; Fortnum 
and Mikkola, 1987; Longworth and Mik- 
kola, 1987; Prakash et al., 1993). 

Thermal vacancies are formed readily 
because of a low formation enthalpy, 
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which is even lower than the migration en- 
thalpy, and consequently there is a high 
thermal-equilibrium vacancy concentra- 
tion in contrast to e.g. Ni,AI and pure 
metals (Schaefer et al., 1990, 1992). The 
resulting activation energy of diffusion, 
which has been determined by studying the 
ordering kinetics, varies strongly with the 
A1 content (Vennegues et al., 1990). The 
diffusion coefficients for B, Ni, V, and Ti in 
Fe,Al with a DO, or a B2 structure have 
been determined recently (Hasaka et al., 
1993 a, b). 

Fe,AI exhibits an outstanding, high 
magnetic permeability which makes it use- 
ful as a magnetic material (Nachman and 
Buehler, 1954). The magnetic behavior can 
still be improved by partial substitution of 
A1 by Si, which does not change the crystal 
structure. This gave rise to the develop- 
ment of the Sendust alloys which are based 
on Fe,(AI,Si) and which have found wide- 
spread use as magnetic head materials in 
recorders (Yamamoto and Utsushikawa, 
1977; Yamamoto, 1980; Watanabe et al., 
1984; Brock, 1986). 

Besides this application as a functional 
material, Fe,AI is now also being consid- 
ered for structural applications since it not 
only shows a higher strength than compara- 
ble iron alloys, but also a high corrosion 
resistance in oxidizing and sulfidizing envi- 
ronments (McKamey et al., 1991). Prob- 
lems for application are the low ductility at 
ambient temperatures and the strength 
drop above the ordering temperature. 

The plastic deformation, including twin- 
ning, of Fe,AI and the effect of atomic 
order on strength and ductility has been 
studied in detail (Marcinkowski and 
Brown, 1961; Stoloff and Davies, 1964, 
1966; Morgand etal., 1968; Leamy and 
Kayser, 1969; Marcinkowski, 1974a; Ha- 
nada et al., 1981 a, b; Park et al., 1991; Eh- 
lers and Mendiratta, 1984; Schroer et al., 

1991; Shindo et al., 1991). Ductility de- 
pends sensitively on prior processing 
(McKamey and Pierce, 1993), and plastic 
deformation may reduce the degree of long- 
range order (Dadras and Morris, 1993). 
A special feature is the anomalous temper- 
ature dependence of the flow stress, which 
reaches a maximum slightly below the or- 
dering temperature because of partial dis- 
order. This behavior is thought to be due 
to the decrease in order, as in the case 
of FeCo which has been discussed in 
Sec. 4.4.4. However, new results have 
shown that the yield stress anomaly is a 
result of the complex temperature de- 
pendence of the dislocation mobilities 
(Schroer et al., 1993). Dislocation line en- 
ergies and line tensions as well as elastic 
moduli have been determined for both 
Fe,AI and Fe,(AI,Si) (Kotter et al., 1989). 
Plastic deformation of Fe,AI under special 
experimental conditions gives rise to pseu- 
doelasticity and a shape memory effect 
(Kubin et al., 1982; Nosova et al., 1986). 

Fe,AI has been alloyed successfully with 
Ni and Cr to improve the ductility (Horton 
et al., 1984; Morris et al., 1993a). Good 
combinations of strength and ductility 
have been obtained by thermomechanical 
treatments which resulted in large amounts 
of B2 phase (Sun et al., 1993). If the alloy- 
ing additions surpass the solubility limits, 
precipitation of second phases, e.g. a 
Heusler-type phase with a cubic L2, struc- 
ture or a Laves phase with a hexagonal 
C14 structure, occur which may be used 
for improving the strength of Fe,Al 
(Dimiduk et al., 1988; Ranganath et al., 
1991; Maziasz and McKamey, 1992). The 
respective Fe-Al-Ni alloys are closely re- 
lated to the NiAl-based Ni-Fe-A1 alloys 
which have been addressed in Sec. 4.3.6 
(under the heading Structural Alloys) and 
which have given rise to corresponding 
materials developments. 

ArcelorMittal Ex. 2038 
Page 99 of 190



86 lnterrnetallics 

In view of structural applications, Fe,AI 
has been studied with respect to creep 
(Lawley et al., 1960; Davies, 1963a; 
Prakash et al., 1991 b), fatigue (Fuchs and 
Stoloff, 1988; Prakash et al., 1991 b; Cas- 
tagna and Stoloff, 1992; Stoloff et al., 
1993), fracture (Sainfort et al., 1963; Hor- 
ton et al., 1984; Mendiratta et al., 1987a; 
Shan and Lin, 3992), and oxidation resis- 
tance, including Fe,Al-based alloys and 
composites (Cathcart, 1985; DeVan, 1989; 
Tortorelli and DeVan, 1992; Nourbakhsh 
et al., 1993). The ductility of Fe,Al is a 
very sensitive function of the environment, 
i.e. Fe,Al is subject to environmental em- 
brittlement which is due to the presence of 
moisture in the surrounding atmosphere 
(McKamey and Liu, 1990; Kasul and 
Heldt, 1991; McKamey et al., 1991; San- 
ders et al., 1991; Liu, 1992; Hippsley and 
Strangwood, 1992; Shan and Lin, 1992; 
Vyas et al., 1992; Lin et al., 1992; Castagna 
et al., 1993; Stoloff and Duquette, 1993). 
Even very low partial pressures of water 
vapor are sufficient for embrittlement 
(McKamey and Lee, 1993). These embrit- 
tling effects are absent only for such low A1 
contents that DO, long-range ordering no 
longer occurs (Sikka et al., 1993 b). In spite 
of the mentioned shortcomings of Fe,Al, 
this iron aluminide is of great industrial 
interest, and various alloy developments 
have been initiated which rely on composi- 
tion optimization and thermomechanical 
treatments for improving the mechanical 
behavior (Liu et al., 1990; Esslinger and 
Smarsly, 1991; Baker and George, 1992; 
Liu and Kumar, 1993; Viswanathan et al., 
1993; Sikka et al., 1993a). Recently an 
Fe,AI matrix composite with reinforcing 
Al,O, dispersoids has been produced with 
good strength and oxidation resistance, 
and with sufficient ductility (Suganuma, 
1993). 

As to processing, both powder metallur- 
gy and ingot metallurgy - including arc 
melting, vaccum-arc remelting, induction 
melting in air and vacuum, and electroslag 
remelting - have been studied (Sanders 
et al., 1991; Sikka et al., 1991, 1993a; Sik- 
ka, 1991; Gieseke et al., 1993). These de- 
velopments aim at applications as automo- 
tive exhaust systems and resistance heating 
elements, which are close to commercial- 
ization. Other potential applications are 
steam turbine discs and superheater tubes 
in power plants, hot gas filters in coal gasi- 
fication plants, and chemical processing 
equipment. Recently combustion synthesis 
of Fe,Al, which has been used to join Sic 
composites, has been proposed for coating 
structural steels in view of the corrosion 
and wear resistance of Fe,AI (Wright 
et al., 1993). 

5.2 Fe,AIC, and Related Phases 

The dissolution of carbon in Fe,AI pro- 
duces the so-called K phase which is usual- 
ly given as Fe,AIC, with x x 0.66 for 
simplicity (Huetter and Stadelmaier, 1958; 
Goldschmidt, 1967 a, 1969; Nowotny, 
1972b) though it shows an extended 
range of homogeneity corresponding to 
Fe,-,AI,+,C, with - 0.2 < y < + 0.2 and 
0.42 < x < 0.71 (Andryushchenko et al., 
1985; Palm, 1990). Its crystal structure 
L'l, is related to the L1, structure of 
Ni,Al since the Fe and A1 atoms occupy 
the sites of an L1 , sublattice in this phase, 
whereas the C atoms occupy the centers of 
the L1, unit cells (see Fig. 1). Thus it may 
be regarded as an intermetallic L1, phase 
which is stabilized by the interstitial C. On 
the other hand, it is an interstitial com- 
pound and is usually regarded as a com- 
plex carbide with a crystal structure corre- 
sponding to the perovskite-type structure 
E2, (with x= 1). Fe,AlC, is hard and brit- 
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tle, it has an appreciable range of homoge- 
neity, tranformations are not known, and 
-in contrast to Morral(1934), and Huetter 
and Stadelmaier (1958) - it is not ferro- 
magnetic (Lohberg and Schmidt, 1938; 
Parker et al., 1988). 

The Fe-rich corner of the Fe-Al-C 
phase diagram has been studied recently in 
order to clarify the phase equilibria of 
Fe,AIC, with the Fe solid solution on the 
one hand and with the graphite on the oth- 
er (Palm, 1990). It was found that Fe,AIC, 
melts at about 1400°C depending on its 
composition, and its field of existence in 
the ternary phase diagram is shifted to 
higher C contents with decreasing temper- 
ature which makes the preparation of 
monophase Fe,AIC, difficult. 

Other recent work has been directed at 
the mechanical behavior of Fe,AIC, (Jung 
and Sauthoff, 1989 b; Wunnike-Sanders, 
1993). It  can be shown that the deforma- 
tion behavior of Fe,AIC, corresponds to 
that of Ni,AI with dissolved C, which is 
expected because of the structural similari- 
ty. The variation of the C content of 
Fe,AIC, leads to the precipitation of either 
a-Fe or graphite, which both affect the de- 
formation behavior, i.e. flow stress, caus- 
ing the creep resistance and the brittle-to- 
ductile transition temperature to increase 
in the sequence Fe,AIC, + a-Fe, Fe,AIC,, 
Fe,AIC,+ graphite. Thus there are some 
prospects for alloy development by opti- 
mizing composition and phase distribu- 
ion. The fracture toughness increases with 
ncreasing deformation rate, which indi- 
:ates the presence of environmental em- 
irittlement (Vehoff, 1993). 

Finally, it is noted that such perovskite- 
type phases are also formed in other alloy 
systems by alloying with carbon as well as 
with oxygen, and that such phases are 
considered for strengthening intermetallic 
alloys (Goldschmidt, 1967 a; Nowotny, 

1972b; Kassem and Koch, 1991; Ellner 
et al., 1992; Nemoto et al., 1992). Recently 
multiphase Co-Co,AlC alloys have been 
prepared with good combinations of 
strength and ductility (Hosoda et al., 
1993). 

5.3 FeAl 

FeAl is closely related to NiAl (Sec. 4.3) 
since both phases show the B2 structure 
and complete mutual miscibility (Bradley 
and Taylor, 1938; Bradley, 1951; Baker 
and Munroe, 1990). However, FeAl melts 
incongruently in contrast to NiAI, and its 
melting temperature is lower, which indi- 
cates lower stability and atomic bonding 
strength. The binary Fe-AI phase diagram 
and the phase equilibrium with Fe,AI have 
already been addressed in Sec. 5.1. It has 
to be noted that a subdivision of the field 
of existence for the B2 phase in the binary 
Fe-AI phase diagram was proposed ac- 
cording to observed changes in the physi- 
cal properties (Koster and Godecke, 1980; 
Godecke and Koster, 1985,1986). Howev- 
er, these changes are not related to changes 
in crystal symmetry or atomic order, and 
thus the understanding of this subdivision 
of the B2 phase field is still unclear. 

FeAl has been studied in detail with re- 
spect to density (Baker and George, 1992), 
elastic behavior - both experimentally and 
theoretically by quantum-mechanical, ab 
initio calculations (Marcinkowski, 1974 a; 
Harmouche and Wolfenden, 1985, 1986; 
Godecke and Koster, 1986; Fu and Yoo, 
1991, 1992a; Yo0 and Fu, 1991), point de- 
fects (Paris et al., 1975; Ho and Dodd, 
1978; Koch and Koenig, 1986) and diffu- 
sion (Hagel, 1967; Cheng and Dayananda, 
1979; Akuezue and Whittle, 1983; Bakker, 
1984; Vogl and Sepiol, 1994). Most work 
on FeAl has been directed at the mechani- 
cal behavior and in particular, at the 
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strength and ductility (Sainfort et al., 
1963; Morgand et a]., 1968; Marcinkow- 
ski, 1974a; Crimp et al., 1987; Baker and 
Munroe, 1990; Baker et al., 1991; Lefort 
etal., 1991; Nagpal and Baker, 1991; 
Prakash et al., 1991 b; Tassa et al., 1991; 
Baker and Nagpal, 1993), and special at- 
tention has been paid to the analysis of 
dislocation behavior (Strutt and Dodd, 
1970; Marcinkowski, 1974a; Umakoshi 
and Yamaguchi, 1980; Mendiratta et al., 
1984; Rudy and Sauthoff, 1986; Mendirat- 
ta and Law, 1987; Feng and Sadananda, 
1990; Munroe and Baker, 1991; Takahashi 
and Umakoshi, 1991). In particular, (100) 
slip, which is characteristic for NiAl, has 
been reported only at high temperatures, 
whereas (111) slip has been observed at 
lower temperatures with a transition tem- 
perature that increases with decreasing Al 
content (Yamagata and Yoshida, 1973; 
Umakoshi and Yamaguchi, 1980, 1981; 
Mendiratta et al., 1984). The (100) dislo- 
cations are perfect single dislocations, 
whereas the (1 11) dislocations are super- 
lattice dislocations consisting of two par- 
tial dislocations with an antiphase bound- 
ary (APB) in between. The APB energy, 
which contributes to the superlattice dislo- 
cation energy, decreases with decreasing 
Al content according to quantum-mechan- 
ical, ab initio calculations (Freeman et al., 
1991). The transition from (111) slip to 
(100) is correlated with a yield strength 
peak and a ductility drop at about 450°C 
for off-stoichiometric FeAl (Xiao and 
Baker, 1993; Guo et al., 1993; Yoshimi and 
Hanada, 1993). 

It is noted that strength and hardness at 
low temperatures do not reach a minimum 
at the stoichiometric composition, which is 
in contrast to the behavior of the iso- 
morphous phases NiAl and CoAl (see 
Sec. 4.3.3), and which is not yet under- 
stood (Westbrook, 1956; Crimp and Vedu- 

la, 1991). Recently it has been found that 
the room temperature hardness increases 
with increasing vacancy concentration, 
and the latter increases with increasing A1 
content through the stoichiometric com- 
position (Chang et al., 1993). The vacancy 
formation energy is low with a strong ten- 
dency for vacancy clustering according to 
theoretical ab initio calculations (Fu et al., 
1993 a). 

Single-crystalline FeAl shows some duc- 
tility in compression at low temperatures 
whereas the tensile ductility is not known 
(Yamagata and Yoshida, 1973; Baker and 
Munroe, 1990). The tensile ductility at low 
temperatures, as well as the compressive 
ductility, of polycrystalline FeAl is practi- 
cally nil at the stoichiometric composition 
- which again is in contrast to NiAl - and 
it increases with decreasing A1 content, i.e. 
increasing deviation from stoichiometry 
(Baker and Gaydosh, 1987; Mendiratta 
et al., 1987b; Schmidt et al., 1989). It has 
to be emphasized that the reported ductili- 
ties of off-stoichiometric FeAl are ob- 
tained only with well-annealed specimens, 
i.e. if the low-temperature deformation is 
preceded by anneals with very low cooling 
rates (Schmidt et al., 1989; Nagpal and 
Baker, 1990a). This behavior is supposed 
to be due to retained excess vacancies 
which increase the hardness and yield 
strength and decrease the ductility, and 
which are not equilibrated after high-tem- 
perature anneals with normal cooling rates 
(Schmidt et al., 1989; Nagpal and Baker, 
1990 a; Crimp and Vedula, 1991 ; Kong and 
Munroe, 1993; Baker and Nagpal, 1993). 
Vacancy equilibration seems to be a very 
slow process and thus anneals of several 
hundred hours at about 400 "C are recom- 
mended for producing ductility in off-stoi- 
chiometric FeAl (Nagpal and Baker, 
1990a). 

ArcelorMittal Ex. 2038 
Page 102 of 190



5 Iron Aluminides and Related Phases 89 

In view of the similarities and differ- 
ences between FeAl and NiAI, the ques- 
tion again arises in what way the strength 
and character of atomic bonding changes 
with composition, and in what way such 
changes are correlated with the observed 
changes in the mechanical behavior. How- 
ever, in spite of the much improved knowl- 
edge and understanding of the electronic 
distribution in these B2 aluminides simple 
correlations between strength and charac- 
ter of bonding and mechanical behavior 
are not visible (Schultz and Davenport, 
1992), which means that there may be no 
such simple correlations. 

FeAl has been alloyed with various ele- 
ments to improve the mechanical behavior 
(see e.g., Munroe and Baker, 1990; Lefort 
et a]., 1991; Prakash et a]., 1991 a, b; D. Li 
et al., 1993). Alloying with Ni has initiated 
promising alloy developments which have 
been discussed in Sec. 4.3.6. It is noted 
that the above-mentioned transition from 
(111) slip to (100) slip at elevated tem- 
peratures is also effected by alloying with 
Ni (Patrick et al., 1991). Microalloying 
with B increases the strength and tough- 
ness of FeAl significantly, whereas the 
brittle-to-ductile transition temperature is 
reduced only slightly (Crimp and Vedula, 
1986; Webb et al., 1993 b; Schneibel et al., 
1993 b; Baker, 1993). 

FeAl is subject to environmental embrit- 
tlement, i.e. its ductility depends sensitive- 
ly on the test environment (Liu and 
George, 1991; Liu et a]., 1991; Lynch et al., 
1991; Shea et a]., 1991; Klein and Baker, 
1992; Schneibel and Jenkins, 1993; Nagpal 
and Baker, 1991; Klein et al., 1993). This 
embrittling effect is due to the dissolution 
of hydrogen in FeAl at the crack tip and is 
reduced by increasing the deformation rate 
sufficiently (Nagpal and Baker, 1991; Liu 
and George, 1991; Liu et al., 1991; Lynch 
et al., 1991; Shea et al., 1991; Klein and 

Baker, 1992; Schneibel and Jenkins, 1993; 
Schneibel et al., 1993 b). Dispersoids have 
been used successfully for strengthening 
FeAl and respective developments of par- 
ticulate composites have been initiated 
(see, e.g. Mendiratta et al., 1987b; Moser 
et a]., 1990; Decamps et al., 1991; Kumar, 
1991; Prakash et al., 1991 b; Baker and 
George, 1992; Schneibel et al., 1992 b; Xu 
et al., 1993). 

Apart from strength and ductility, FeAl 
has been studied with respect to creep, 
which has been discussed together with 
NiAl in Sec. 4.3.4, fracture - both experi- 
mentally and theoretically by quantum- 
mechanical, ab  initio calculations - (Baker 
and Gaydosh, 1987; Baker et a]., 1991; K. 
M. Chang et al., 1992; Prakash et al., 1992; 
Yo0 and Fu, 1992; Schneibel and Jenkins, 
1993), fatigue (Prakash et a]., 1991 b; 
Stoloff, 1992), and corrosion which is oxi- 
dation in most cases (Cathcart, 1985; 
Schmidt et a]., 1989; Smialek et al., 1989, 
1990a; Nesbitt and Lowell, 1993). In view 
of the reported advantageous properties 
and the comparatively low density, FeAl is 
regarded as potential structural material 
for high temperature applications and re- 
spective processing developments are mak- 
ing use of both ingot metallurgy and pow- 
der metallurgy (Stephens, 1985; Vedula 
eta]., 1985; Vedula and Stephens, 1987a, 
b; Vedula, 1989, 1991; Liu and Kumar, 
1993). The published results are quite 
promising and FeAl alloy compositions 
have been identified, e.g. for good weld- 
ability (Maziasz et al., 1992) and for high 
corrosion and wear resistance in aggressive 
gasification environments (Magnee et al., 
1991). 
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6 Cu-Base Phases 6.1 CuZn 

Various intermetallic Cu-base phases 
have been and are major constituents of 
many Cu-base alloys - in particular 
bronzes, i.e. Cu-Sn alloys, and brasses, i.e. 
Cu-Zn alloys - which have been in use 
since the beginning of metallurgy (Gmelin- 
Institut, 1955; Westbrook, 1977; Flinn, 
1986), and examples are given in Table 1. 
Various Cu-Sn and Cu-Zn phases have 
been reviewed with respect to their basic 
properties (Schubert, 1967; Dwight, 1967; 
Guillet and Le Roux, 1967; Hagel, 1967). 
Alloying with a third element results in a 
still larger multitude of phases. An out- 
standing example is given by the Heusler- 
type phases Cu,MnAl and Cu,MnSn with 
an L2, structure (see Fig. l), which are 
ferromagnetic though the constituent met- 
als are not ferromagnetic (Dwight, 1967; 
Kouvel, 1967). It is noted that Cu,MnAl- 
base alloys were used for applications as 
fruit knives at the beginning of this century 
(Heusler, 1989) - see Table 1. Another 
similar Cu phase is Ni,CuSn with an L2, 
or a DO, structure which is considered for 
structural applications (Kratochvil, 1990; 
Kratochvil et al., 1992). 

Some of these binary and ternary phases 
have been studied to a larger extent because 
of special physical and/or mechanical prop- 
erties. Of particular interest are the Cu 

and (Cu,Ni),Al, on which the Cu-Zn-A1 
and Cu-Al-Ni shape memory alloys are 
based and which are the subject of the fol- 
lowing sections. In addition, the Cu-Au 
phases Cu,Au and CuAu and the Cu-Sn 
phases Cu,Sn and Cu,Sn, will be ad- 
dressed, which are important constituents 
of Cu-Au alloys and amalgams for dental 
restorative applications. 

phases CuZn, CU, 1 + 1.3xZn% 1 - 2 . 3 ~ ~ ~ ~ 9  

The major or exclusive constituent of 
yellow brass is p brass which is the inter- 
metallic CuZn phase. It exhibits an A2 
structure at high temperatures and a B2 
structure at low temperatures, i.e. there is 
an order-disorder transition at about 
460°C (Flinn, 1986; Massalski et al., 1990). 
Its range of homogeneity - between about 
40 and 50 at.% Zn at higher temperatures 
- depends sensitively on temperature and 
does not include the stoichiometric 50 
at.% composition at intermediate temper- 
atures. This order-disorder transition has 
been used to study the effect of ordering, 
e.g. on elastic behavior (Westbrook, 
1960a; Guillet and Le Roux, 1967), diffu- 
sion (Girifalco, 1964; Hagel, 1967; Wever 
et al., 1989; Wever, 1992), recrystallization 
(Cahn, 1991), and hardness (Westbrook, 
1960 a). 

The deformation behavior of B2 CuZn 
has been analyzed in detail with respect to 
the operating slip mechanism (Rachinger 
and Cottrell, 1956; Fleischer, 1988; Baker 
and Munroe, 1990), and the dislocation 
energies and the antiphase boundary ener- 
gies which control the slip characteristics 
have been determined (Marcinkowski, 
1974a; Beauchamp et al., 1992; Beau- 
champ and Dirras, 1993). A special feature 
of the deformation behavior is the anoma- 
lous positive temperature dependence of 
the yield stress which is also known for 
other intermetallics. It has to be noted that 
the case of CuZn was the first to be ob- 
served and analyzed which led to the un- 
derstanding of the variation of yield stress 
with degree of long-range order (Brown, 
1959; Saka et al., 1985; Dirras et al., 1992; 
Matsumoto and Saka, 1993). With in- 
creasing temperature the degree of order 
decreases continuously until the critical 
temperature of disordering is reached and 
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the second-order transition from B2 order 
to A2 disorder occurs. Correspondingly, 
the yield stress reaches a maximum below 
the critical temperature of disordering. 
Apart from yielding, creep has been stud- 
ied in detail (Westbrook, 1960a; Stoloff 
and Davies, 1966; Strutt and Dodd, 1970; 
Delobelle and Oytana, 1983; Hong and 
Weertman, 1986), as well as hot defor- 
mation processing (Padmavardhani and 
Prasad, 1991), and cyclic deformation 
(Kawazoe et al., 1989). 

Besides the order-disorder transition, 
CuZn in the B2 state can transform 
martensitically after sufficiently rapid 
cooling (Ahlers, 1986). Various types of 
martensite, which differ by the stacking se- 
quence of the close-packed lattice planes, 
can be formed depending on composition, 
i.e. electron concentration. It is noted that 
this martensitic transformation is related 
to an exceptionally low value of the elastic 
shear constant which additionally shows 
an anomalous, positive temperature de- 
pendence (Verlinden and Delaey, 1988 a). 
The martensitic transformation of B2 or- 
dered CuZn can be induced by external 
elastic stress which gives rise to a shape 
memory effect for not too small grain sizes 
(Schroeder et al., 1976). The characteris- 
tics of such shape memory alloys have 
been discussed in detail with respect to 
crystallography, microstructure, thermo- 
dynamics, kinetics and macroscopic me- 
chanical behavior, and applications have 
been described (Delaey et al., 1974; Krish- 
nan et al., 1974; Warlimont et al., 1974; 
Ahlers, 1986; Van Humbeek and Delaey, 
1989; Hornbogen, 1991). 

6.2 Cu-Zn-Al Shape Memory Alloys 

The Cu-Zn-Al shape memory alloys are 
derived from the B2 CuZn phase by alloy- 
ing with Al, and the composition of the 

resulting ternary phases is approximately 
described by Cu, + 1.3xZnl -2.3xA1x (Van 
Humbeek and Delaey, 1989; Hodgson, 
1990). The complete ternary Cu-Zn-Al 
phase diagram was given in Guertler et al. 
(1969). The crystal structure of this Cu-Zn- 
Al phase is the disordered A2 structure at 
high temperatures which transforms to the 
B2 structure by nearest neighbors ordering 
on cooling and to the L2, structure by 
next-nearst neighbors ordering on further 
cooling (Ahlers, 1986; Wu and Wayman, 
1991). It has to be emphasized that these 
structures are stable only at elevated tem- 
peratures whereas at room temperature 
they are only metastable, i.e. these alloys 
decompose if annealed at  too low tempera- 
tures. 

The L2, phase can be transformed 
martensitically to form various types of 
martensite which differ by the stacking se- 
quence of the close-packed crystallograph- 
ic planes (Ahlers, 1986). The crystallogra- 
phy and thermodynamic stability of the 
martensite variants have been analyzed in 
detail (Bidaux and Ahlers, 1992; Ahlers 
and Pelegrina, 1992; Pelegrina and Ahlers, 
1992a, b; Saule et al., 1992). The marten- 
site stability is correlated with elastic 
anomalies, as in the case of CuZn (Verlin- 
den and Delaey, 1988 b). It can be shown 
that different types of martensite can coex- 
ist at certain compositions (Segui et al., 
1991). In any case, the martensite forma- 
tion temperature is a very sensitive func- 
tion of the composition (Van Humbeek 
and Delaey, 1989; Hodgson, 1990), and 
can be varied by prior thermal cycling 
(Tadaki et al., 1987). In particular, alloy- 
ing with Mn is used to depress the marten- 
site formation temperature. 

As already mentioned for CuZn, the 
characteristics of such shape memory al- 
loys have been discussed in detail with re- 
spect to crystallography, microstructure, 
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thermodynamics, kinetics, and macro- 
scopic mechanical behavior (Delaey et al., 
1974; Krishnan et al., 1974; Warlimont 
et al., 1974; Ahlers, 1986; Van Humbeek 
and Delaey, 1989; Hornbogen, 1991). A 
special feature of the Cu-Zn-Al alloys is 
the so-called two-way memory effect 
which produces a reversible shape change 
on cooling and heating (Stalmans et al., 
1992a, b, c). This effect results from 
martensite transformation and retransfor- 
mation after specific thennomechanical 
treatments which are designated as "train- 
ing". 

The processing of Cu-Zn-A1 alloys poses 
few problems (Hodgson, 1990). The alloys 
are usually produced by induction melting. 
Various dopants are in use for grain refine- 
ment to improve formability (Lee and 
Wayman, 1986). Apart from this, powder 
metallurgy is used for obtaining fine- 
grained materials. The alloys are readily 
hot worked in air and the cold workability 
decreases with increasing Al content. Ap- 
plications have been described (e.g. by 
Hodgson, 1990; Hornbogen, 1991). 

6.3 Cu-Al-Ni Shape Memory Alloys 

The Cu-Al-Ni shape memory alloys are 
based on the intermetallic phase Cu,AI 
with a disordered A2 structure, which is 
usually known as the p phase, and which is 
stable only at high temperatures between 
567 and 1049°C with compositions be- 
tween 71 and 82 at.% Cu (Murray, 1985). 
At 567 "C this phase decomposes by a eu- 
tectoid reaction at such a sluggish rate that 
it can be retained with the then metastable 
A2 structure by cooling below this temper- 
ature. At about 500°C the p phase under- 
goes an ordering reaction to form the 
metastable phase with a DO, structure. 
Both phases can be transformed martensit- 
ically by quenching to form various types 

of martensite depending on the A1 content 
and the quench rate (Murray, 1985). 

Cu,AI can be alloyed with Ni without 
changing the transformation characteris- 
tics of this phase (see Guertler et al., 1969 
for the ternary Cu-Al-Ni phase dia- 

gram). Both binary Cu,AI and ternary 
(Cu,Ni),Al show the shape memory effect 
due to thermoelastic martensite formation 
(Otsuka and Shimizu, 1970; Nagasawa 
and Kawachi, 1971; Delaey et al., 1974). 
This ternary phase has given rise to the 
development of the Cu-Al-Ni shape mem- 
ory alloys with about 11-15 wt.% Al and 
3-5 wt.% Ni (Van Humbeek and Delaey, 
1989; Hodgson, 1990). The crystallogra- 
phy of martensite formation has been dis- 
cussed recently in detail for Cu-Al-Ni al- 
loys (Shimizu and Tadaki, 1992), and like- 
wise the thermodynamics and kinetics 
have been studied (Warlimont et al., 1974; 
Zhou and Hsu, 1991; Ortin et al., 1992). 
The deformation modes of the martensites 
include various twinning modes and stress- 
induced transformations (Ichinose et al., 
1991). The shape memory effect is a two- 
way effect, i.e. it is completely reversible 
(Sakamoto et al., 1991). The martensite 
start temperature has an upper limit of 
about 180 "C and can be lowered to a large 
degree by increasing the Al content, and to 
a smaller degree by increasing the Ni con- 
tent (Van Humbeek and Delaey, 1989; 
Hodgson, 1990). 

The Cu-Al-Ni alloys are advantageous 
because of their higher stability at higher 
temperatures compared with the Cu-Zn-A1 
alloys. However, second-phase precipita- 
tion cannot be suppressed and embrittles 
the Cu-Al-Ni alloys and precludes cold 
working, i.e. such alloys can only be hot 
finished (Van Humbeek and Delaey, 1989; 
Hodgson, 1990). Thermomechanical treat- 
ments and microalloying additions - in 
particular Mn, Ti, and Zr - are used for 
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improving the mechanical behavior. An 
important effect is grain refinement, which 
increases both the fracture strength and 
the fracture strain according to a Hall- 
Petch relationship (Roh et al., 1991). In- 
deed precipitated particles have been 
found to reduce the as-cast grain size and 
hinder later grain growth during annealing 
(Ratchev et al., 1993). The alloying addi- 
tions affect the transformation and decom- 
position behavior which is to be consid- 
ered for establishing the optimum condi- 
tions for the induction of the two-way ef- 
fect (Eucken et al., 1991; Hornbogen and 
Kobus, 1992). Recently the ductilizing ef- 
fect of small boron additions has been 
found, which has been studied in detail 
with respect to transformation behavior 
and microstructure (M. A. Morris, 1991 b, 
1992). Finally it is noted that there are 
other similar Cu-base alloys which also 
show the shape memory effect (Delaey 
et al., 1974). A well-studied example is giv- 
en by the Cu-Al-Mn shape memory alloys 
which order by a two-step reaction on 
rapid cooling, i.e. the initial, disordered A2 
structure is transformed first to the inter- 
mediate B2 structure and then to the final 
L2, structure (Guilemany and Peregrin, 
1992; Prado et al., 1993). 

6.4 Cu-Au Phases 

The Cu-Au system is the classic text- 
book example for discussing ordering re- 
actions in solid solutions and the effects 
of atomic order on properties (see, e.g., 
Schulze, 1967; Honeycombe, 1968). At 
higher temperatures above 410 "C the Cu- 
Au alloys form the disordered A1 structure 
with complete mutual solid-solubility of 
Cu and Au, whereas at lower temperatures 
ordering reactions occur which produce 
various intermetallic phases, depending on 
temperature and composition, with broad 

ranges of homogeneity (Okamoto et al., 
1987). On the Cu-rich side there is the well- 
known phase Cu,Al with an L1 structure, 
which is the prototype phase for this crys- 
tal structure and which is designated 
Cu,Au I. The phase Cu,Au 11 forms at 
intermediate temperatures with off-stoi- 
chiometric compositions and is described 
as either tetragonal or orthorhombic. In 
any case, the Cu,Au I1 structure results 
from the L1 structure by the introduction 
of equally spaced antiphase boundaries 
(APBs). Such a structure is usually known 
as a long-period superlattice (LPS). At the 
equiatomic composition the tetragonal 
L1, phase CuAu I forms, and again an 
orthorhombic LPS is observed at interme- 
diate temperatures, which is known as 
CuAu 11. The Au-rich phase Au,Cu shows 
the L1 structure as Cu,Au. All phases are 
separated from each other by two-phase 
equilibria. 

The elastic behavior is known (Guillet 
and Le Roux, 1967) as well as the diffusion 
behavior (Wever et al., 1989; Wever, 1992) 
and vacancy formation (Schaefer et al., 
1992). The deformation behavior of Cu,Au 
was studied in detail to clarify the effects of 
atomic order, and it was found in particu- 
lar that order decreases the yield stress and 
increases the work hardening rate, with 
still high ductility (Sachs and Weerts, 1931; 
Vidoz et al., 1963; Stoloff and Davies, 
1966). Inversely, strong cold deformation 
destroys the order, as was observed for 
various phases with ordering reactions 
(Dahl, 1936). The ordering reaction pro- 
duces antiphase domains which give rise to 
an additional strengthening effect in this 
and similar phases, with strength increas- 
ing with decreasing domain size (Marcin- 
kowski, 1974a). The domain size can be 
varied by prior processing, and it increases 
during ageing in analogy to Ostwald ripen- 
ing (Sauthoff, 1973a, b). 
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The Portevin-Le Chatelier effect with 
serrated yielding was observed for both the 
ordered and disordered state (Mohamed 
et al., 1974). Recovery and recrystalliza- 
tion have been analyzed in detail (Vidoz 
et al., 1963; Cahn, 1990, 1991). Experi- 
mental and theoretical studies have been 
directed at dislocations and antiphase do- 
main boundaries (see, e.g. Tichelaar and 
Schapink, 1991; D. G. Morris, 1992; 
Veyssikre, 1992), grain boundaries (Yan 
et al., 1992), and the electronic structure 
(Bose et al., 1991). It is noted that disor- 
dered layers are formed in ordered Cu,Au 
on antiphase boundaries and twin 
boundaries just below the order-disorder 
transition temperature (Tichelaar et al., 
1992). This may be expected in other 
phases, too, and may improve the ductility 
of less ductile phases, as is discussed for 
Ni,AI (see Sec. 4.1.2). 

Au-Cu-Ag alloys based on the inter- 
metallic phases CuAu and Cu,Au have 
found applications in dentistry because of 
their extremely high corrosion resistance, 
their advantageous mechanical properties 
such as high strength and ductility, and 
their decorative gold color (Yasuda, 1991). 
These alloys age-harden as a result of com- 
plex ordering and decomposition reactions 
by which the phases Cu,Au I, CuAu I, 
CuAu 11, and an Ag-rich u2 phase are 
formed, depending on the composition. 

6.5 Cu Amalgams 

Dental amalgams have been in use for 
more than a thousand years (Waterstrat, 
1990). Amalgams are still a very important 
class of material for dental restoration, in 
spite of corrosion problems with mercury 
release because the amalgams offer an 
advantageous combination of properties 
with respect to processing and use (Watts, 
1992; Waterstrat and Okabe, 1994). These 

amalgams are formed by alloying Ag-Sn- 
Cu alloys based on the phases Ag,Sn and 
Cu,Sn, with mercury. The amalgamation 
reaction results in the formation of a com- 
plex multiphase alloy structure which con- 
tains the phases Ag,Hg,, Sn,Hg, Ag,Sn, 
and Cu,Sn,, depending on the composi- 
tion. 

The processing with mixing and com- 
paction of powders is comparatively sim- 
ple and is analogous to mechanical alloy- 
ing. The amalgams must show sufficient 
compressive strength and creep resistance 
since the oral temperature is only about 
10 % below the melting temperature. The 
dental amalgams are very brittle, which 
leads to failure with tensile or bending 
stresses in unsupported regions. The frac- 
ture processes are correlated with corro- 
sion processes which primarily attack the 
phases Sn,Hg and Cu,Sn, and lead to the 
release of mercury and SnO, respectively. 
Attempts to substitute for mercury in these 
amalgams have not yet been successful. 

7 A15 Phases 

7.1 Basic Properties 

The A15 crystal structure is a complex, 
cubic structure derived from the b.c.c. lat- 
tice (A2) with 8 atoms per unit cell (Pear- 
son, 1958). It is a typical example of the 
topologically close-packed (tcp) structures 
which result from the stacking of polyhe- 
dra of various shapes to accommodate 
atoms of different sizes (Sinha, 1973; Wat- 
son and Bennet, 1984; Gladyshevskii and 
Bodak, 1994). These tcp structures allow a 
closer packing of atoms of different sizes 
than the geometrically close-packed f.c.c. 
(Al) and h.c.p. (A3) structures. The A15 
structure may be regarded as the basis of 
the family of tcp structures since the other 
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The Portevin-Le Chatelier effect with 
serrated yielding was observed for both the 
ordered and disordered state (Mohamed 
et al., 1974). Recovery and recrystalliza- 
tion have been analyzed in detail (Vidoz 
et al., 1963; Cahn, 1990, 1991). Experi- 
mental and theoretical studies have been 
directed at dislocations and antiphase do- 
main boundaries (see, e.g. Tichelaar and 
Schapink, 1991; D. G. Morris, 1992; 
Veyssikre, 1992), grain boundaries (Yan 
et al., 1992), and the electronic structure 
(Bose et al., 1991). It is noted that disor- 
dered layers are formed in ordered Cu,Au 
on antiphase boundaries and twin 
boundaries just below the order-disorder 
transition temperature (Tichelaar et al., 
1992). This may be expected in other 
phases, too, and may improve the ductility 
of less ductile phases, as is discussed for 
Ni,AI (see Sec. 4.1.2). 

Au-Cu-Ag alloys based on the inter- 
metallic phases CuAu and Cu,Au have 
found applications in dentistry because of 
their extremely high corrosion resistance, 
their advantageous mechanical properties 
such as high strength and ductility, and 
their decorative gold color (Yasuda, 1991). 
These alloys age-harden as a result of com- 
plex ordering and decomposition reactions 
by which the phases Cu,Au I, CuAu I, 
CuAu 11, and an Ag-rich u2 phase are 
formed, depending on the composition. 

6.5 Cu Amalgams 

Dental amalgams have been in use for 
more than a thousand years (Waterstrat, 
1990). Amalgams are still a very important 
class of material for dental restoration, in 
spite of corrosion problems with mercury 
release because the amalgams offer an 
advantageous combination of properties 
with respect to processing and use (Watts, 
1992; Waterstrat and Okabe, 1994). These 

amalgams are formed by alloying Ag-Sn- 
Cu alloys based on the phases Ag,Sn and 
Cu,Sn, with mercury. The amalgamation 
reaction results in the formation of a com- 
plex multiphase alloy structure which con- 
tains the phases Ag,Hg,, Sn,Hg, Ag,Sn, 
and Cu,Sn,, depending on the composi- 
tion. 

The processing with mixing and com- 
paction of powders is comparatively sim- 
ple and is analogous to mechanical alloy- 
ing. The amalgams must show sufficient 
compressive strength and creep resistance 
since the oral temperature is only about 
10 % below the melting temperature. The 
dental amalgams are very brittle, which 
leads to failure with tensile or bending 
stresses in unsupported regions. The frac- 
ture processes are correlated with corro- 
sion processes which primarily attack the 
phases Sn,Hg and Cu,Sn, and lead to the 
release of mercury and SnO, respectively. 
Attempts to substitute for mercury in these 
amalgams have not yet been successful. 

7 A15 Phases 

7.1 Basic Properties 

The A15 crystal structure is a complex, 
cubic structure derived from the b.c.c. lat- 
tice (A2) with 8 atoms per unit cell (Pear- 
son, 1958). It is a typical example of the 
topologically close-packed (tcp) structures 
which result from the stacking of polyhe- 
dra of various shapes to accommodate 
atoms of different sizes (Sinha, 1973; Wat- 
son and Bennet, 1984; Gladyshevskii and 
Bodak, 1994). These tcp structures allow a 
closer packing of atoms of different sizes 
than the geometrically close-packed f.c.c. 
(Al) and h.c.p. (A3) structures. The A15 
structure may be regarded as the basis of 
the family of tcp structures since the other 
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known tcp structures - in particular the 
Laves phase structures C14, C15, and C36 
(see Sec. 8)  - can be derived from the A15 
structure by various crystallographic oper- 
ations (Ye et al., 1985). The intermetallic 
phases with tcp structures are known as 
Frank-Kaspar phases. 

The phases with A15 structures form a 
large and comparatively homogeneous 
group of intermetallic phases (Nevitt, 
1967) which have been the subject of fun- 
damental studies, e.g. with respect to elec- 
tronic structure and phase stability (Turchi 
and Finel, 1991) or the micromechanisms 
of diffusion (Bakker and Westerveld, 1988; 
Bakker et al., 1985, 1992; Wever et al., 
1989; Koiwa, 1992; Wever, 1992), twinning 
(Khantha et al., 1989), and plastic defor- 
mation (chapter by Umakoshi in Volume 6 
of MST). The A1 5 phases are of enormous 
practical importance since many of them 
are superconductors (B. W. Roberts, 1967; 
Geballe and Hulm, 1975; Furuto, 1984; 
Dew-Hughes, 1986; Muller, 1986; Stekly 
and Gregory, 1994). Some of them, i.e. 
V,Ga, V,Si, Nb,AI, Nb,Ga, Nb,Ge, and 
Nb,Sn, exhibit critical temperatures be- 
tween 15 K and 23 K which are only sur- 
passed by those of the ceramic supercon- 
ductors based on the perovskite-type ox- 
ides (Bednorz and Miiller, 1988; Dew- 
Hughes, 1988; Sharp, 1991); see also the 
chapter by Clarke and Daumling in Vol- 
ume 11 of this Series. However, the latter 
are inferior with respect to critical current 
density, i.e. the best combination of critical 
temperatures, critical current density and 
critical magnetic field strength is found in 
the A1 5 superconductors compared with 
all other superconducting materials. 

Recently A15 phases - in particular 
Nb,AI and Cr,Si - have also been consid- 
ered for applications as structural materi- 
als at high temperatures (Shah et al., 1990; 
Shah and Anton, 1992a; Kamata et al., 

1992a, 1993; Suyama et al., 1993). The ap- 
plication of A15 phases as structural or 
functional materials is handicapped by the 
brittleness of the A15 phases, which makes 
processing difficult. In the following, a 
brief overview is given of those A1 5 phases 
which have already been applied, or have 
been considered for application, and which 
have been studied in some detail. 

7.2 V,Si 

V,Si was the first A15 phase discovered 
to be superconducting, with a critical tem- 
perature of 17K (Smathers, 1990). Stoichio- 
metric V,Si melts congruently at 1925 "C 
and is stable at high and low temperatures 
(Massalski et al., 1990). A deviation from 
stoichiometry is possible on the Si-poor 
side which, however, reduces the critical 
temperature due to the resulting constitu- 
tional disorder. The critical temperature 
is also reduced by dissolved hydrogen 
(Stepanov and Skripov, 1982). Likewise 
the critical current density and the critical 
field strength are reduced by elastic tensile 
or compressive straining (Smathers, 1990). 
Slightly above the critical temperature 
V,Si transforms martensitically to a weak- 
ly tetragonal, still superconducting phase 
with twin-related thin lamellae, which is 
due to lattice softening with vanishing 
shear modulus (Batterman and Barrett, 
1964,1966; Kondratyev and Pushin, 1985; 
Mendelson, 1986; Onozuka et al., 1988). 
Prior plastic deformation with large strains 
at high temperatures stabilizes the tetrago- 
nal martensite even at temperatures above 
the martensite formation temperature 
(Ullrich et al., 1978). The martensitic 
transformation gives rise to superelasticity 
and a shape memory effect (Zakrevskiy 
et al., 1986). 

V,Si is hard and brittle, as are all the 
A1 5 phases, which makes processing very 
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difficult (Fleischer, 1989; Fleischer and 
Zabala, 1990~). The reason for this is the 
electronic structure of V,Si which leads to 
strong covalent bonding between the 
nearest neighbor V atoms (Medvedev 
et al., 1984; Muller, 1986). V,Si has a high 
Young’s modulus of 213 GPa (Fleischer 
et al., 1989b) and an apparent brittle-to- 
ductile transition temperature (BDTT) of 
the order of 1200°C (Mahajan et al., 1978; 
Nghiep et al., 1980). The plastic deforma- 
tion behavior above the BDTT has been 
studied in detail and the dislocation slip 
systems have been analyzed (Levinstein 
et al., 1966; Bertram and Paufler, 1983; 
Kramer, 1983; Wright and Bok, 1988; 
Smith et al., 1993). The creep behavior is 
characterized by subgrain formation, dis- 
location climb controlling the creep rate 
and a comparatively high activation ener- 
gy in the range of 2-11 eV/atom depend- 
ing on the stress and the composition 
(Nghiep et al., 1980). Creep can be en- 
hanced by superimposed electric currents, 
i.e. there is the so-called electroplastic ef- 
fect, and thermal gradients, which is pro- 
posed to be due to the favorable effect of 
the electrotransport and thermotransport 
of point defects on the dislocation mobility 
(San Martin et al., 1980, 1983). 

The transition from superconduction to 
normal conduction in A1 5 superconduc- 
tors occurs by the penetration of small 
fluxoids, i.e. quantized magnetic flux vor- 
tices, which is characteristic for the type 11, 
high-field superconductors (Geballe and 
Hulm, 1986). These fluxoids can be pinned 
by microstructural inhomogeneities - in 
particular grain boundaries and precipitat- 
ed particles - which is beneficial with re- 
spect to critical current density and field 
strength (Muller, 1986; Smathers, 1990). 
Consequently, microstructural changes by 
prior plastic straining with or without re- 
crystallization affect the superconducting 

properties, depending on the deformation 
conditions and the composition (Quyen 
et al., 1979). The thin lamellae, which are 
produced by the already-mentioned mar- 
tensitic transformation, are less effective 
with respect to flux pinning than grain 
boundaries, i.e. their effect on the super- 
conducting properties becomes relevant 
only in single crystals (Brand and Webb, 
1969). 

V,Si is of interest for applications be- 
cause of its favorable superconducting 
properties and its high stability (Smathers, 
1990). Apart from hot extrusion, V,Si can 
be deformed plastically at room tempera- 
ture in spite of its brittleness by superim- 
posing a high hydrostatic pressure which 
makes the production of multifilament, su- 
perconducting wires feasible for applica- 
tions in solenoid magnets (Wright, 1977). 
Laminar V,Si can be prepared by solid- 
state, thin film reactions between V and 
SiO, on Si substrates (Hayashi et al., 
1991). However, Nb,Sn has been found to 
be more favorable with respect to super- 
conducting properties, mechanical behav- 
ior, and processing, which has precluded 
the use of V,Si as a magnet material 
(Smathers, 1990). 

Recently V,Si has become of interest 
with respect to structural, high-tempera- 
ture applications (Shah and Anton, 1992a). 
Combination with a ductile phase, e.g. V- 
rich solid-solution, offers the possibility 
of overcoming the brittleness problem, 
and indeed a directionally-solidified, eu- 
tectic V,Si-V alloy has been successfully 
prepared (Goldman, 1993). The fracture 
toughness of V,Si-V composites with dis- 
continuous V,Si has been found to in- 
crease monotonically with increasing frac- 
tion of V and decreasing impurity content 
(Strum and Henshall, 1993). 
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1.4 Nb,Sn 

V,Ga with an A15 structure is stable 
only up to 1300°C where it transforms 
congruently to a V-Ga disordered, b.c.c. 
solid-solution (Massalski et al., 1990). 
There are indications of a martensitic 
transformation at very low temperatures, 
in close analogy to V,Si, though the condi- 
tions for martensite formation are not yet 
clear for V,Ga (Nembach et al., 1970; 
Snead, Jr. and Bussiere, 1985). It has a 
broad range of homogeneity centered on 
the stoichiometric composition, i.e. it is 
very stable with respect to deviations from 
stoichiometry. Because of this stability, 
which is advantageous for fabrication, and 
the still high, critical temperature of about 
16 K, V,Ga is of interest for applications 
(Smathers, 1990). 

The superconducting properties and the 
deformation behavior of V,Ga are similar 
to those of V,Si. The superconducting 
transition can be affected by prior plastic 
deformation (Wright and Ho, 1986). V,Ga 
is ductile in compression above 1000°C 
and the creep behavior has been studied in 
detail (Soscia and Wright, 1986; Shah and 
Anton, 1992a). As in the case of V,Si, 
V,Ga can be deformed plastically by hot 
extrusion and at room temperature by su- 
perimposing a high hydrostatic pressure, 
which makes the production of multifila- 
ment, superconducting wires feasible for 
applications in solenoid magnets (Wright, 
1977). Hybrid high-field magnets with 
V,Ga tape coils have been produced suc- 
cessfully (Noto et al., 1986). However, 
Nb,Sn has been found to be more favor- 
able with respect to superconducting prop- 
erties, mechanical behavior, and process- 
ing which has precluded the commercial- 
ization of V,Ga up to now (Smathers, 
1990). 

Nb,Sn with an A15 structure forms per- 
itectically at 2130°C from the liquid solu- 
tion and solid Nb, and is stable only above 
775 "C where it decomposes eutectically 
(Massalski et al., 1990). The decomposi- 
tion reaction can be suppressed by not too 
slow cooling, i.e. Nb,Sn with an A15 
structure is maintained at lower tempera- 
tures in a metastable condition. Nb,Sn 
transforms to a twinned, tetragonal mar- 
tensite at 43 K (Mailfert et al., 1969; 
Mendelson, 1986), and the transition to 
superconductivity occurs at about 18 K 
(Muller, 1986; Smathers, 1990). This criti- 
cal temperature is reduced by deviations 
from stoichiometry, which affect the atom- 
ic order, and by elastic strains. Small in- 
creases in the critical temperature are pos- 
sible using ternary alloying additions. The 
transition temperature does not depend 
sensitively on prior plastic deformation 
(Wright and Ho, 1986). 

As for the other A1 5 phases, Nb,Sn can 
be deformed readily at high temperatures, 
e.g. by hot extrusion, whereas deformation 
at low temperatures is possible only by su- 
perimposing a high hydrostatic pressure 
(Wright, 1977; Eisenstatt and Wright, 
1980; Clark and Wright, 1983). The high 
temperature deformation and creep behav- 
ior have been studied in detail and a bene- 
ficial effect of grain size reduction on the 
brittle-to-ductile transition temperature 
(BDTT) has been found (Clark et al., 1983; 
Shah and Anton, 1992a). 

Nb,Sn superconductors with multifila- 
mentary geometry, which is needed for 
electromagnet applications, are easily fab- 
ricated by the so-called bronze process, 
which has led to the wide-spread commer- 
cial application of Nb,Sn (Smathers, 
1990). In the bronze process Nb rods are 
inserted in a bronze rod or tube which is 
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then processed to obtain a multifilament 
wire. At the end of the wire processing, 
Nb,Sn shells are formed around the Nb 
cores by reaction heat treatments. The 
final multifilament, composite supercon- 
ductor consists of Nb,Sn fibers with Nb 
cores which are embedded in a bronze ma- 
trix; the latter is surrounded by a coating 
of Nb, which serves as a diffusion barrier, 
and an outer Cu tube, which serves as a 
stabilizer and carries the current in case of 
transition to normal conduction. Various 
specific processing routes, including pow- 
der metallurgy routes, have been devel- 
oped for optimized superconductor pro- 
duction and hybrid superconductor coils 
are commercially available (Hillman et al., 
1980; McDonald, 1984; Gregory, 1984; 
Noto et al., 1986; Hecker et al., 1988; 
Smathers, 1990). 

The superconducting properties of the 
composite superconductor, as well as the 
mechanical properties, depend on the par- 
ticular microstructure which is a function 
of the various prior processing steps. 
Much work has been directed towards the 
details of the various processes, e.g. the 
effects of alloying additions (Zwicker 
et al., 1979), the Sn diffusion during 
Nb,Sn formation (Glowacki and Evetts, 
1988; Cheng and Verhoeven, 1988), the 
grain size dependence of the flux pinning 
force and the tensile strength and fracture 
at room temperature (Ochiai et al., 1986a, 
b, 1988; Watari et al., 1986), or the effects 
of the hardnesses of the constituent phases 
on the composite workability (Dew-Hugh- 
es et al., 1987). Recent new developments 
rely on the beneficial effects of additions of 
Ti, Hf, Ta, and/or Ge on the superconduct- 
ing properties (Kohno et al., 1992; Kamata 
et al., 1992 b; Tachikawa et a]., 1992; Mu- 
rase et al., 1992; Noto et al., 1992). 

7.5 Nb,AI 

Nb,AI with an A15 structure forms per- 
itectically at 2060°C and is stable below 
this temperature in the whole temperature 
range only with Al-deficient, off-stoichio- 
metric compositions (Jorda et al., 1980; 
Massalski et al., 1990). The stoichiometric 
composition corresponds to the maximum 
solubility of Al in Nb,AI, and is reached 
only at 1940°C in eutectic equilibrium with 
the liquid Nb-AI and the CT phase Nb,Al. 
The phase stability is a function of the elec- 
tronic band structure which has been 
studied as a function of temperature 
(Kuzmichev et al., 1983). The formation 
enthalpy of Nb,Al is significantly smaller 
than that of the Al-rich phase AI,Nb, 
which has been discussed in Sec. 3.3 
(Meschel and Kleppa, 1993). The transi- 
tion to superconduction occurs at 19 K 
and there is no martensitic transformation 
(Smathers, 1990). The transition tempera- 
ture of Nb,Al is affected by deviations 
from stoichiometry and perfect order, as 
are those of the other A1 5 phases, but in a 
less sensitive way. It is noted that the A15 
phase with the highest transition tempera- 
ture is Nb,Ge, which can be alloyed with 
Nb,AI to form the ternary A15 phase 
Nb,(A1,.,Ge0~,) with the highest critical 
field strength (Muller, 1986). 

Nb,A1 has long been considered for 
electromagnet applications because of its 
advantageous superconducting properties 
(Smathers, 1990). However, the processing 
of Nb,A1 is very difficult because of the 
brittleness of Nb,AI. Powder metallurgy 

preparing Nb,AI by reaction synthesis and 
producing, e.g. an Nb,Al-Ag composite 
superconductor (Bowden, 1989; Tsuchida 
et al., 1989; Schulze et al., 1990). Nb,Al 
tapes have been prepared by rapid solidifi- 
cation (Togano et al., 1992). A novel pro- 

I 

methods have been used successfully for I 
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cess with thin Nb-A1 sandwiches as the 
starting material has allowed the fabrica- 
tion of Nb,AI superconducting wires with 
good workability (Saito et al., 1990, 1993; 
Ikeda et al., 1992). Furthermore, various 
other processes have been used successful- 
ly for producing Nb,Al wires (Noto et al., 
1992). 

Presently Nb,AI is also being considered 
for structural applications at high temper- 
atures in spite of its low-temperature brit- 
tleness because of its high stability and 
strength at high temperatures, and various 
developments have been initiated (Dimi- 
duk et al., 1991; Anton and Shah, 1991a; 
Yamaguchi, 1992; Bunk, 1992; Kamata 
et al., 1993; Suyama et al., 1993). The me- 
chanical properties at low and high tem- 
pera tures have been determined and the 
brittle-to-ductile transition has been ob- 
served at about 1000°C (Barth et al., 1992; 
Shah and Anton, 1992a). At lower temper- 
atures Nb,Al is inherently brittle accord- 
ing to theoretical ab initio calculations 
(Kim et al., 1993). The dislocation config- 
urations and slip systems have been ana- 
lyzed (Aindow et al., 1991; Murayama 
et al., 1993a-c). The yield stress can be 
varied by varying the A1 content and by 
alloying with a third element (Fujiwara 
et al., 1991; Kamata et al., 1992a). The 
solubilities of third metals in Nb,Al differ 
enormously depending on the particular 
metal, which offers manifold possibilities 
of alloying (Shah and Anton, 1992a). The 
diffusion behavior has been studied (Sla- 
ma and Vignes, 1972), and the oxidation 
resistance is only poor because of nonpro- 
tective scale formation (Shah and Anton 
1992a; Tomizuka, 1992; Fujiwara et al., 
1993). 

A reduction in the Al content below the 
solubility limit leads to two-phase Nb,Al- 
Nb alloys which offer the possibility of 
relieving the brittleness of Nb,Al (Anton 

and Shah, 1990; Marieb et al., 1991; Ku- 
magai et al., 1991; Davidson and Anton, 
1993). The brittle-to-ductile transition 
temperature (BDTT) decreases with in- 
creasing volume fraction of the Nb-rich 
phase, and a brittle-to-ductile transition at 
room temperature has been obtained for 
an Nb-16 at.% Al alloy (Suyama and 
Hashimoto, 1992). The N b  phase toughens 
the alloy by crack bridging, plastic stretch- 
ing, and interfacial bonding (Murugesh 
et al., 1992). However, the fracture tough- 
ness controlling, microstructural details 
are not yet clear (Davidson and Anton, 
1993). It is noted that the Nb-rich phase, 
which usually crystallizes with the b.c.c. 
A2 structure, may be ordered with a B2 
structure due to the presence of interstitial 
impurities (Marieb et al., 1991). The trans- 
formation and precipitation reactions have 
been studied in detail (Yang and Vasude- 
van, 1993). 

Powder metallurgy methods and infil- 
tration techniques with reaction synthesis 
result in such two-phase alloys with even 
higher A1 contents because of incomplete 
reactions (Kumagai et al., 1991; Muraya- 
ma et al., 1991). Nb-A1 alloys with still 
higher A1 contents in the range 25-33 at.% 
contain the CT phase Nb,Al, which is also 
regarded as attractive for high-tempera- 
ture applications (Bhattacharya et al., 
1992). Apart from the above Nb,Al-Nb 
alloys, which may be regarded as discon- 
tinuously reinforced, in situ composites, 
Nb,Al has been considered for use in in- 
termetallic matrix composites which are 
reinforced by continuous ceramic fibers 
(Anton, 1988; Shah et al., 1990). Laminat- 
ed composites have been prepared in situ 
by high rate sputtering (Rowe and Skelly, 
1992). Alloying of Nb,Al with Ti leads to 
a ternary phase with a B2 structure (Shyue 
et al., 1993) which is related to the Ti,Al- 
base, super-a, alloys of Sec. 3.1.2. 
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7.6 Nb,Si Dimiduk et al., 1991). The elastic moduli 

Nb,Si is a high-temperature line com- 
pound which forms with a tetragonal crys- 
tal structure by a peritectic reaction at 
1980°C and is stable only above 1770°C 
(Massalski et al., 1990). Rapid solidifica- 
tion of the liquid produces amorphous 
Nb,Si (Bertero et al., 1991a). The A15 
structure is unstable and is obtained only 
by special rapid solidification techniques 
and by crystallization of amorphous 
Nb,Si. Nb,Si with an A15 structure is of 
interest because a high transition tempera- 
ture for superconduction is expected, and 
indeed a transition temperature of 19 K 
was reported for near-stoichiometric Nb,Si 
with an A15 structure, which was prepared 
by crystallization of amorphous Nb,Si un- 
der high pressure (Wang et al., 1988). Oth- 
er crystal structures are obtained for Nb,Si 
doped with impurities, i.e. the L1, struc- 
ture with oxygen and a hexagonal struc- 
ture with carbon (Kassem and Koch, 
1991). The present interest is directed at 
Nb-Si in situ composite alloys which con- 
tain the Nb,Si phase and are considered 
for high-temperature applications (Bertero 
et al., 1991 a, b; Cockeram et al., 1991, 
1992a, b; Bewlay et al., 1992; Goldman, 
1993). 

7.7 Cr,Si 

Cr,Si crystallizes congruently with an 
A15 structure from the melt and is stable 
down to very low temperatures with a 
range of homogeneity which includes 
the stoichiometric composition (Massalski 
et al., 1990). Cr,Si does not exhibit super- 
conduction (Smathers, 1990). However, 
Cr,Si has been regarded for a long time as 
promising for high-temperature applica- 
tions because of its high creep strength and 
oxidation resistance (Arbiter, 1953 a, b; 
Silverman, 1956; Anton and Shah, 1991 b; 

have been determined as well as the 
temperature dependence of the hardness 
(Fleischer et al., 1989 b, 1991; Fleischer 
and Zabala, 1990~).  Compressive ductility 
has been observed only above 1200 "C and 
its extent is expected to be limited because 
of an insufficient number of slip systems 
(Chang and Pope, 1991). Creep data are 
available (Shah and Anton, 1991). At low- 
er temperatures Cr,Si is brittle with a low 
fracture toughness (Fleischer, 1990; Fleis- 
cher et al., 1991). Sufficient oxidation re- 
sistance has been observed only below 
1 200°C, i.e. below the apparent brittle-to- 
ductile transition temperature (McKee 
and Fleischer, 1991). An improved tough- 
ness may be obtained with two-phase 
Cr,Si-Cr alloys, i.e. by combining the 
brittle Cr,Si phase with the Cr-rich solid 
solution (Mazdiyasni and Miracle, 1990; 
Newkirk and Sago, 1990; Bewlay et al., 
1992). An improved mechanical behavior 
is also expected for Cr,Si-based, inter- 
metallic matrix composites, e.g. Cr,Si- 
Tic, Cr,Si-TiB,, or Cr,Si-Y,O,, for 
which good bonding and chemical com- 
patibility of matrix and reinforcements 
have been found (Yang et al., 1990). 

8 Laves Phases 

8.1 Basic Properties 

The Laves phases - sometimes designat- 
ed as Friauf-Laves phases - with an AB, 
composition in the binary case form a very 
large group of intermetallics which crystal- 
lize with the hexagonal C14 structure, the 
cubic C15 structure, or the dihexagonal 
C36 structure (Laves, 1967; Wernick, 1967; 
Livingston, 1992). These structures are to- 
pologically close-packed (tcp) structures 
(Wernick, 1967; Schulze et al., 1973; Wat- 
son and Bennet, 1984), i.e. the Laves 
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The Portevin-Le Chatelier effect with 
serrated yielding was observed for both the 
ordered and disordered state (Mohamed 
et al., 1974). Recovery and recrystalliza- 
tion have been analyzed in detail (Vidoz 
et al., 1963; Cahn, 1990, 1991). Experi- 
mental and theoretical studies have been 
directed at dislocations and antiphase do- 
main boundaries (see, e.g. Tichelaar and 
Schapink, 1991; D. G. Morris, 1992; 
Veyssikre, 1992), grain boundaries (Yan 
et al., 1992), and the electronic structure 
(Bose et al., 1991). It is noted that disor- 
dered layers are formed in ordered Cu,Au 
on antiphase boundaries and twin 
boundaries just below the order-disorder 
transition temperature (Tichelaar et al., 
1992). This may be expected in other 
phases, too, and may improve the ductility 
of less ductile phases, as is discussed for 
Ni,AI (see Sec. 4.1.2). 

Au-Cu-Ag alloys based on the inter- 
metallic phases CuAu and Cu,Au have 
found applications in dentistry because of 
their extremely high corrosion resistance, 
their advantageous mechanical properties 
such as high strength and ductility, and 
their decorative gold color (Yasuda, 1991). 
These alloys age-harden as a result of com- 
plex ordering and decomposition reactions 
by which the phases Cu,Au I, CuAu I, 
CuAu 11, and an Ag-rich u2 phase are 
formed, depending on the composition. 

6.5 Cu Amalgams 

Dental amalgams have been in use for 
more than a thousand years (Waterstrat, 
1990). Amalgams are still a very important 
class of material for dental restoration, in 
spite of corrosion problems with mercury 
release because the amalgams offer an 
advantageous combination of properties 
with respect to processing and use (Watts, 
1992; Waterstrat and Okabe, 1994). These 

amalgams are formed by alloying Ag-Sn- 
Cu alloys based on the phases Ag,Sn and 
Cu,Sn, with mercury. The amalgamation 
reaction results in the formation of a com- 
plex multiphase alloy structure which con- 
tains the phases Ag,Hg,, Sn,Hg, Ag,Sn, 
and Cu,Sn,, depending on the composi- 
tion. 

The processing with mixing and com- 
paction of powders is comparatively sim- 
ple and is analogous to mechanical alloy- 
ing. The amalgams must show sufficient 
compressive strength and creep resistance 
since the oral temperature is only about 
10 % below the melting temperature. The 
dental amalgams are very brittle, which 
leads to failure with tensile or bending 
stresses in unsupported regions. The frac- 
ture processes are correlated with corro- 
sion processes which primarily attack the 
phases Sn,Hg and Cu,Sn, and lead to the 
release of mercury and SnO, respectively. 
Attempts to substitute for mercury in these 
amalgams have not yet been successful. 

7 A15 Phases 

7.1 Basic Properties 

The A15 crystal structure is a complex, 
cubic structure derived from the b.c.c. lat- 
tice (A2) with 8 atoms per unit cell (Pear- 
son, 1958). It is a typical example of the 
topologically close-packed (tcp) structures 
which result from the stacking of polyhe- 
dra of various shapes to accommodate 
atoms of different sizes (Sinha, 1973; Wat- 
son and Bennet, 1984; Gladyshevskii and 
Bodak, 1994). These tcp structures allow a 
closer packing of atoms of different sizes 
than the geometrically close-packed f.c.c. 
(Al) and h.c.p. (A3) structures. The A15 
structure may be regarded as the basis of 
the family of tcp structures since the other 

Intermetallies 
Gerhard Sauthoff 

copyright 0 VCH Verlagsgesellschaft rnbH.1995 

ArcelorMittal Ex. 2038 
Page 116 of 190



7 A15 Phases 95 

known tcp structures - in particular the 
Laves phase structures C14, C15, and C36 
(see Sec. 8)  - can be derived from the A15 
structure by various crystallographic oper- 
ations (Ye et al., 1985). The intermetallic 
phases with tcp structures are known as 
Frank-Kaspar phases. 

The phases with A15 structures form a 
large and comparatively homogeneous 
group of intermetallic phases (Nevitt, 
1967) which have been the subject of fun- 
damental studies, e.g. with respect to elec- 
tronic structure and phase stability (Turchi 
and Finel, 1991) or the micromechanisms 
of diffusion (Bakker and Westerveld, 1988; 
Bakker et al., 1985, 1992; Wever et al., 
1989; Koiwa, 1992; Wever, 1992), twinning 
(Khantha et al., 1989), and plastic defor- 
mation (chapter by Umakoshi in Volume 6 
of MST). The A1 5 phases are of enormous 
practical importance since many of them 
are superconductors (B. W. Roberts, 1967; 
Geballe and Hulm, 1975; Furuto, 1984; 
Dew-Hughes, 1986; Muller, 1986; Stekly 
and Gregory, 1994). Some of them, i.e. 
V,Ga, V,Si, Nb,AI, Nb,Ga, Nb,Ge, and 
Nb,Sn, exhibit critical temperatures be- 
tween 15 K and 23 K which are only sur- 
passed by those of the ceramic supercon- 
ductors based on the perovskite-type ox- 
ides (Bednorz and Miiller, 1988; Dew- 
Hughes, 1988; Sharp, 1991); see also the 
chapter by Clarke and Daumling in Vol- 
ume 11 of this Series. However, the latter 
are inferior with respect to critical current 
density, i.e. the best combination of critical 
temperatures, critical current density and 
critical magnetic field strength is found in 
the A1 5 superconductors compared with 
all other superconducting materials. 

Recently A15 phases - in particular 
Nb,AI and Cr,Si - have also been consid- 
ered for applications as structural materi- 
als at high temperatures (Shah et al., 1990; 
Shah and Anton, 1992a; Kamata et al., 

1992a, 1993; Suyama et al., 1993). The ap- 
plication of A15 phases as structural or 
functional materials is handicapped by the 
brittleness of the A15 phases, which makes 
processing difficult. In the following, a 
brief overview is given of those A1 5 phases 
which have already been applied, or have 
been considered for application, and which 
have been studied in some detail. 

7.2 V,Si 

V,Si was the first A15 phase discovered 
to be superconducting, with a critical tem- 
perature of 17K (Smathers, 1990). Stoichio- 
metric V,Si melts congruently at 1925 "C 
and is stable at high and low temperatures 
(Massalski et al., 1990). A deviation from 
stoichiometry is possible on the Si-poor 
side which, however, reduces the critical 
temperature due to the resulting constitu- 
tional disorder. The critical temperature 
is also reduced by dissolved hydrogen 
(Stepanov and Skripov, 1982). Likewise 
the critical current density and the critical 
field strength are reduced by elastic tensile 
or compressive straining (Smathers, 1990). 
Slightly above the critical temperature 
V,Si transforms martensitically to a weak- 
ly tetragonal, still superconducting phase 
with twin-related thin lamellae, which is 
due to lattice softening with vanishing 
shear modulus (Batterman and Barrett, 
1964,1966; Kondratyev and Pushin, 1985; 
Mendelson, 1986; Onozuka et al., 1988). 
Prior plastic deformation with large strains 
at high temperatures stabilizes the tetrago- 
nal martensite even at temperatures above 
the martensite formation temperature 
(Ullrich et al., 1978). The martensitic 
transformation gives rise to superelasticity 
and a shape memory effect (Zakrevskiy 
et al., 1986). 

V,Si is hard and brittle, as are all the 
A1 5 phases, which makes processing very 
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difficult (Fleischer, 1989; Fleischer and 
Zabala, 1990~). The reason for this is the 
electronic structure of V,Si which leads to 
strong covalent bonding between the 
nearest neighbor V atoms (Medvedev 
et al., 1984; Muller, 1986). V,Si has a high 
Young’s modulus of 213 GPa (Fleischer 
et al., 1989b) and an apparent brittle-to- 
ductile transition temperature (BDTT) of 
the order of 1200°C (Mahajan et al., 1978; 
Nghiep et al., 1980). The plastic deforma- 
tion behavior above the BDTT has been 
studied in detail and the dislocation slip 
systems have been analyzed (Levinstein 
et al., 1966; Bertram and Paufler, 1983; 
Kramer, 1983; Wright and Bok, 1988; 
Smith et al., 1993). The creep behavior is 
characterized by subgrain formation, dis- 
location climb controlling the creep rate 
and a comparatively high activation ener- 
gy in the range of 2-11 eV/atom depend- 
ing on the stress and the composition 
(Nghiep et al., 1980). Creep can be en- 
hanced by superimposed electric currents, 
i.e. there is the so-called electroplastic ef- 
fect, and thermal gradients, which is pro- 
posed to be due to the favorable effect of 
the electrotransport and thermotransport 
of point defects on the dislocation mobility 
(San Martin et al., 1980, 1983). 

The transition from superconduction to 
normal conduction in A1 5 superconduc- 
tors occurs by the penetration of small 
fluxoids, i.e. quantized magnetic flux vor- 
tices, which is characteristic for the type 11, 
high-field superconductors (Geballe and 
Hulm, 1986). These fluxoids can be pinned 
by microstructural inhomogeneities - in 
particular grain boundaries and precipitat- 
ed particles - which is beneficial with re- 
spect to critical current density and field 
strength (Muller, 1986; Smathers, 1990). 
Consequently, microstructural changes by 
prior plastic straining with or without re- 
crystallization affect the superconducting 

properties, depending on the deformation 
conditions and the composition (Quyen 
et al., 1979). The thin lamellae, which are 
produced by the already-mentioned mar- 
tensitic transformation, are less effective 
with respect to flux pinning than grain 
boundaries, i.e. their effect on the super- 
conducting properties becomes relevant 
only in single crystals (Brand and Webb, 
1969). 

V,Si is of interest for applications be- 
cause of its favorable superconducting 
properties and its high stability (Smathers, 
1990). Apart from hot extrusion, V,Si can 
be deformed plastically at room tempera- 
ture in spite of its brittleness by superim- 
posing a high hydrostatic pressure which 
makes the production of multifilament, su- 
perconducting wires feasible for applica- 
tions in solenoid magnets (Wright, 1977). 
Laminar V,Si can be prepared by solid- 
state, thin film reactions between V and 
SiO, on Si substrates (Hayashi et al., 
1991). However, Nb,Sn has been found to 
be more favorable with respect to super- 
conducting properties, mechanical behav- 
ior, and processing, which has precluded 
the use of V,Si as a magnet material 
(Smathers, 1990). 

Recently V,Si has become of interest 
with respect to structural, high-tempera- 
ture applications (Shah and Anton, 1992a). 
Combination with a ductile phase, e.g. V- 
rich solid-solution, offers the possibility 
of overcoming the brittleness problem, 
and indeed a directionally-solidified, eu- 
tectic V,Si-V alloy has been successfully 
prepared (Goldman, 1993). The fracture 
toughness of V,Si-V composites with dis- 
continuous V,Si has been found to in- 
crease monotonically with increasing frac- 
tion of V and decreasing impurity content 
(Strum and Henshall, 1993). 
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1.4 Nb,Sn 

V,Ga with an A15 structure is stable 
only up to 1300°C where it transforms 
congruently to a V-Ga disordered, b.c.c. 
solid-solution (Massalski et al., 1990). 
There are indications of a martensitic 
transformation at very low temperatures, 
in close analogy to V,Si, though the condi- 
tions for martensite formation are not yet 
clear for V,Ga (Nembach et al., 1970; 
Snead, Jr. and Bussiere, 1985). It has a 
broad range of homogeneity centered on 
the stoichiometric composition, i.e. it is 
very stable with respect to deviations from 
stoichiometry. Because of this stability, 
which is advantageous for fabrication, and 
the still high, critical temperature of about 
16 K, V,Ga is of interest for applications 
(Smathers, 1990). 

The superconducting properties and the 
deformation behavior of V,Ga are similar 
to those of V,Si. The superconducting 
transition can be affected by prior plastic 
deformation (Wright and Ho, 1986). V,Ga 
is ductile in compression above 1000°C 
and the creep behavior has been studied in 
detail (Soscia and Wright, 1986; Shah and 
Anton, 1992a). As in the case of V,Si, 
V,Ga can be deformed plastically by hot 
extrusion and at room temperature by su- 
perimposing a high hydrostatic pressure, 
which makes the production of multifila- 
ment, superconducting wires feasible for 
applications in solenoid magnets (Wright, 
1977). Hybrid high-field magnets with 
V,Ga tape coils have been produced suc- 
cessfully (Noto et al., 1986). However, 
Nb,Sn has been found to be more favor- 
able with respect to superconducting prop- 
erties, mechanical behavior, and process- 
ing which has precluded the commercial- 
ization of V,Ga up to now (Smathers, 
1990). 

Nb,Sn with an A15 structure forms per- 
itectically at 2130°C from the liquid solu- 
tion and solid Nb, and is stable only above 
775 "C where it decomposes eutectically 
(Massalski et al., 1990). The decomposi- 
tion reaction can be suppressed by not too 
slow cooling, i.e. Nb,Sn with an A15 
structure is maintained at lower tempera- 
tures in a metastable condition. Nb,Sn 
transforms to a twinned, tetragonal mar- 
tensite at 43 K (Mailfert et al., 1969; 
Mendelson, 1986), and the transition to 
superconductivity occurs at about 18 K 
(Muller, 1986; Smathers, 1990). This criti- 
cal temperature is reduced by deviations 
from stoichiometry, which affect the atom- 
ic order, and by elastic strains. Small in- 
creases in the critical temperature are pos- 
sible using ternary alloying additions. The 
transition temperature does not depend 
sensitively on prior plastic deformation 
(Wright and Ho, 1986). 

As for the other A1 5 phases, Nb,Sn can 
be deformed readily at high temperatures, 
e.g. by hot extrusion, whereas deformation 
at low temperatures is possible only by su- 
perimposing a high hydrostatic pressure 
(Wright, 1977; Eisenstatt and Wright, 
1980; Clark and Wright, 1983). The high 
temperature deformation and creep behav- 
ior have been studied in detail and a bene- 
ficial effect of grain size reduction on the 
brittle-to-ductile transition temperature 
(BDTT) has been found (Clark et al., 1983; 
Shah and Anton, 1992a). 

Nb,Sn superconductors with multifila- 
mentary geometry, which is needed for 
electromagnet applications, are easily fab- 
ricated by the so-called bronze process, 
which has led to the wide-spread commer- 
cial application of Nb,Sn (Smathers, 
1990). In the bronze process Nb rods are 
inserted in a bronze rod or tube which is 
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then processed to obtain a multifilament 
wire. At the end of the wire processing, 
Nb,Sn shells are formed around the Nb 
cores by reaction heat treatments. The 
final multifilament, composite supercon- 
ductor consists of Nb,Sn fibers with Nb 
cores which are embedded in a bronze ma- 
trix; the latter is surrounded by a coating 
of Nb, which serves as a diffusion barrier, 
and an outer Cu tube, which serves as a 
stabilizer and carries the current in case of 
transition to normal conduction. Various 
specific processing routes, including pow- 
der metallurgy routes, have been devel- 
oped for optimized superconductor pro- 
duction and hybrid superconductor coils 
are commercially available (Hillman et al., 
1980; McDonald, 1984; Gregory, 1984; 
Noto et al., 1986; Hecker et al., 1988; 
Smathers, 1990). 

The superconducting properties of the 
composite superconductor, as well as the 
mechanical properties, depend on the par- 
ticular microstructure which is a function 
of the various prior processing steps. 
Much work has been directed towards the 
details of the various processes, e.g. the 
effects of alloying additions (Zwicker 
et al., 1979), the Sn diffusion during 
Nb,Sn formation (Glowacki and Evetts, 
1988; Cheng and Verhoeven, 1988), the 
grain size dependence of the flux pinning 
force and the tensile strength and fracture 
at room temperature (Ochiai et al., 1986a, 
b, 1988; Watari et al., 1986), or the effects 
of the hardnesses of the constituent phases 
on the composite workability (Dew-Hugh- 
es et al., 1987). Recent new developments 
rely on the beneficial effects of additions of 
Ti, Hf, Ta, and/or Ge on the superconduct- 
ing properties (Kohno et al., 1992; Kamata 
et al., 1992 b; Tachikawa et a]., 1992; Mu- 
rase et al., 1992; Noto et al., 1992). 

7.5 Nb,AI 

Nb,AI with an A15 structure forms per- 
itectically at 2060°C and is stable below 
this temperature in the whole temperature 
range only with Al-deficient, off-stoichio- 
metric compositions (Jorda et al., 1980; 
Massalski et al., 1990). The stoichiometric 
composition corresponds to the maximum 
solubility of Al in Nb,AI, and is reached 
only at 1940°C in eutectic equilibrium with 
the liquid Nb-AI and the CT phase Nb,Al. 
The phase stability is a function of the elec- 
tronic band structure which has been 
studied as a function of temperature 
(Kuzmichev et al., 1983). The formation 
enthalpy of Nb,Al is significantly smaller 
than that of the Al-rich phase AI,Nb, 
which has been discussed in Sec. 3.3 
(Meschel and Kleppa, 1993). The transi- 
tion to superconduction occurs at 19 K 
and there is no martensitic transformation 
(Smathers, 1990). The transition tempera- 
ture of Nb,Al is affected by deviations 
from stoichiometry and perfect order, as 
are those of the other A1 5 phases, but in a 
less sensitive way. It is noted that the A15 
phase with the highest transition tempera- 
ture is Nb,Ge, which can be alloyed with 
Nb,AI to form the ternary A15 phase 
Nb,(A1,.,Ge0~,) with the highest critical 
field strength (Muller, 1986). 

Nb,A1 has long been considered for 
electromagnet applications because of its 
advantageous superconducting properties 
(Smathers, 1990). However, the processing 
of Nb,A1 is very difficult because of the 
brittleness of Nb,AI. Powder metallurgy 

preparing Nb,AI by reaction synthesis and 
producing, e.g. an Nb,Al-Ag composite 
superconductor (Bowden, 1989; Tsuchida 
et al., 1989; Schulze et al., 1990). Nb,Al 
tapes have been prepared by rapid solidifi- 
cation (Togano et al., 1992). A novel pro- 

I 

methods have been used successfully for I 
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cess with thin Nb-A1 sandwiches as the 
starting material has allowed the fabrica- 
tion of Nb,AI superconducting wires with 
good workability (Saito et al., 1990, 1993; 
Ikeda et al., 1992). Furthermore, various 
other processes have been used successful- 
ly for producing Nb,Al wires (Noto et al., 
1992). 

Presently Nb,AI is also being considered 
for structural applications at high temper- 
atures in spite of its low-temperature brit- 
tleness because of its high stability and 
strength at high temperatures, and various 
developments have been initiated (Dimi- 
duk et al., 1991; Anton and Shah, 1991a; 
Yamaguchi, 1992; Bunk, 1992; Kamata 
et al., 1993; Suyama et al., 1993). The me- 
chanical properties at low and high tem- 
pera tures have been determined and the 
brittle-to-ductile transition has been ob- 
served at about 1000°C (Barth et al., 1992; 
Shah and Anton, 1992a). At lower temper- 
atures Nb,Al is inherently brittle accord- 
ing to theoretical ab initio calculations 
(Kim et al., 1993). The dislocation config- 
urations and slip systems have been ana- 
lyzed (Aindow et al., 1991; Murayama 
et al., 1993a-c). The yield stress can be 
varied by varying the A1 content and by 
alloying with a third element (Fujiwara 
et al., 1991; Kamata et al., 1992a). The 
solubilities of third metals in Nb,Al differ 
enormously depending on the particular 
metal, which offers manifold possibilities 
of alloying (Shah and Anton, 1992a). The 
diffusion behavior has been studied (Sla- 
ma and Vignes, 1972), and the oxidation 
resistance is only poor because of nonpro- 
tective scale formation (Shah and Anton 
1992a; Tomizuka, 1992; Fujiwara et al., 
1993). 

A reduction in the Al content below the 
solubility limit leads to two-phase Nb,Al- 
Nb alloys which offer the possibility of 
relieving the brittleness of Nb,Al (Anton 

and Shah, 1990; Marieb et al., 1991; Ku- 
magai et al., 1991; Davidson and Anton, 
1993). The brittle-to-ductile transition 
temperature (BDTT) decreases with in- 
creasing volume fraction of the Nb-rich 
phase, and a brittle-to-ductile transition at 
room temperature has been obtained for 
an Nb-16 at.% Al alloy (Suyama and 
Hashimoto, 1992). The N b  phase toughens 
the alloy by crack bridging, plastic stretch- 
ing, and interfacial bonding (Murugesh 
et al., 1992). However, the fracture tough- 
ness controlling, microstructural details 
are not yet clear (Davidson and Anton, 
1993). It is noted that the Nb-rich phase, 
which usually crystallizes with the b.c.c. 
A2 structure, may be ordered with a B2 
structure due to the presence of interstitial 
impurities (Marieb et al., 1991). The trans- 
formation and precipitation reactions have 
been studied in detail (Yang and Vasude- 
van, 1993). 

Powder metallurgy methods and infil- 
tration techniques with reaction synthesis 
result in such two-phase alloys with even 
higher A1 contents because of incomplete 
reactions (Kumagai et al., 1991; Muraya- 
ma et al., 1991). Nb-A1 alloys with still 
higher A1 contents in the range 25-33 at.% 
contain the CT phase Nb,Al, which is also 
regarded as attractive for high-tempera- 
ture applications (Bhattacharya et al., 
1992). Apart from the above Nb,Al-Nb 
alloys, which may be regarded as discon- 
tinuously reinforced, in situ composites, 
Nb,Al has been considered for use in in- 
termetallic matrix composites which are 
reinforced by continuous ceramic fibers 
(Anton, 1988; Shah et al., 1990). Laminat- 
ed composites have been prepared in situ 
by high rate sputtering (Rowe and Skelly, 
1992). Alloying of Nb,Al with Ti leads to 
a ternary phase with a B2 structure (Shyue 
et al., 1993) which is related to the Ti,Al- 
base, super-a, alloys of Sec. 3.1.2. 
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7.6 Nb,Si Dimiduk et al., 1991). The elastic moduli 

Nb,Si is a high-temperature line com- 
pound which forms with a tetragonal crys- 
tal structure by a peritectic reaction at 
1980°C and is stable only above 1770°C 
(Massalski et al., 1990). Rapid solidifica- 
tion of the liquid produces amorphous 
Nb,Si (Bertero et al., 1991a). The A15 
structure is unstable and is obtained only 
by special rapid solidification techniques 
and by crystallization of amorphous 
Nb,Si. Nb,Si with an A15 structure is of 
interest because a high transition tempera- 
ture for superconduction is expected, and 
indeed a transition temperature of 19 K 
was reported for near-stoichiometric Nb,Si 
with an A15 structure, which was prepared 
by crystallization of amorphous Nb,Si un- 
der high pressure (Wang et al., 1988). Oth- 
er crystal structures are obtained for Nb,Si 
doped with impurities, i.e. the L1, struc- 
ture with oxygen and a hexagonal struc- 
ture with carbon (Kassem and Koch, 
1991). The present interest is directed at 
Nb-Si in situ composite alloys which con- 
tain the Nb,Si phase and are considered 
for high-temperature applications (Bertero 
et al., 1991 a, b; Cockeram et al., 1991, 
1992a, b; Bewlay et al., 1992; Goldman, 
1993). 

7.7 Cr,Si 

Cr,Si crystallizes congruently with an 
A15 structure from the melt and is stable 
down to very low temperatures with a 
range of homogeneity which includes 
the stoichiometric composition (Massalski 
et al., 1990). Cr,Si does not exhibit super- 
conduction (Smathers, 1990). However, 
Cr,Si has been regarded for a long time as 
promising for high-temperature applica- 
tions because of its high creep strength and 
oxidation resistance (Arbiter, 1953 a, b; 
Silverman, 1956; Anton and Shah, 1991 b; 

have been determined as well as the 
temperature dependence of the hardness 
(Fleischer et al., 1989 b, 1991; Fleischer 
and Zabala, 1990~).  Compressive ductility 
has been observed only above 1200 "C and 
its extent is expected to be limited because 
of an insufficient number of slip systems 
(Chang and Pope, 1991). Creep data are 
available (Shah and Anton, 1991). At low- 
er temperatures Cr,Si is brittle with a low 
fracture toughness (Fleischer, 1990; Fleis- 
cher et al., 1991). Sufficient oxidation re- 
sistance has been observed only below 
1 200°C, i.e. below the apparent brittle-to- 
ductile transition temperature (McKee 
and Fleischer, 1991). An improved tough- 
ness may be obtained with two-phase 
Cr,Si-Cr alloys, i.e. by combining the 
brittle Cr,Si phase with the Cr-rich solid 
solution (Mazdiyasni and Miracle, 1990; 
Newkirk and Sago, 1990; Bewlay et al., 
1992). An improved mechanical behavior 
is also expected for Cr,Si-based, inter- 
metallic matrix composites, e.g. Cr,Si- 
Tic, Cr,Si-TiB,, or Cr,Si-Y,O,, for 
which good bonding and chemical com- 
patibility of matrix and reinforcements 
have been found (Yang et al., 1990). 

8 Laves Phases 

8.1 Basic Properties 

The Laves phases - sometimes designat- 
ed as Friauf-Laves phases - with an AB, 
composition in the binary case form a very 
large group of intermetallics which crystal- 
lize with the hexagonal C14 structure, the 
cubic C15 structure, or the dihexagonal 
C36 structure (Laves, 1967; Wernick, 1967; 
Livingston, 1992). These structures are to- 
pologically close-packed (tcp) structures 
(Wernick, 1967; Schulze et al., 1973; Wat- 
son and Bennet, 1984), i.e. the Laves 

Intermetallies 
Gerhard Sauthoff 
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phases belong to the family of the Frank- 
Kaspar phases, which has already been 
discussed in Sec. 7 in the context of the 
A15 phases. 

The stability of the three crystal struc- 
tures C14, C15, and C36 is controlled by 
both the atomic size ratio of the A atoms 
and B atoms and by the valence electron 
concentration of the Laves phase (Wer- 
nick, 1967; Leitner, 1971 a, b; Leitner and 
Schulze, 1971; Ohta and Pettifor, 1990). 
Deviations from stoichiometry are accom- 
modated primarily by placing the excess 
atoms on sites of the other sublattice, i.e. 
the A and B atoms substitute for each oth- 
er (Bruckner, 1969; Schulze, 1972). Such 
composition changes affect the valence 
electron concentration which may induce a 
change in the crystal structure, as has been 
observed in the case of TiCo, which shows 
the C15 structure for the stoichiometric 
composition and the C36 structure for the 
Co-rich, off-stoichiometric composition 
(Aoki et al., 1966; Schulze, 1972). It is not- 
ed that the respective phase equilibria are 
still in discussion (Massalski et al., 1990). 
A similar situation has been reported for 
Taco, with the additional C14 structure 
for the Co-poor, off-stoichiometric com- 
position and for NbCo, (Massalski et al., 
1990). Different crystal structures have al- 
so been observed at different temperatures 
for some Laves phases, e.g. NbCo, and the 
chromides MCr, with M = Ti, Zr, Nb, or 
Ta, which indicates only small energy dif- 
ferences between the three crystal struc- 
tures (Massalski et al., 1990). Indeed the 
crystal structures C14, C15, and C36 differ 
only by the particular stacking of the same 
two-layered structural units which allows 
structure transformations between these 
structures and twinning by synchroshear 
(Allen et al., 1972; Allen and Liao, 1982; 
Allen, 1985; Hazzledine et al., 1993; Haz- 
zledine and Pirouz, 1993; Liu et al., 1993; 

Pope and Chu, 1993). Correspondingly, 
stacking sequence faults may be formed 
easily in topologically close-packed phases, 
which have been studied in detail (Khan- 
tha et al., 1990). A structure transforma- 
tion may be induced by a mechanical 
stress, a has been observed for ZrFe, with 
a C36/C15 transition (Liu et al., 1993). 

The basic properties have only been de- 
termined for a few selected Laves phases, 
e.g. elastic moduli (Shannette and Smith, 
1969; Schulze and Paufler, 1972; Schiltz 
and Smith, 1974; Balankin, 1984; Halstead 
and Rawlings, 1985; Fleischer et al. 1988; 
Fleischer and Zabala, 1990b, c; Fleischer, 
1992 b) (see also Fig. 6), thermal expansion 
(Giegengack et al., 1966), and diffusion 
properties (van der Straten et al., 1976; 
Wein et al., 1978; Wever, 1992; Sprengel 
et al., 1994). The elastic anisotropy is only 
small which indicates the absence of strong 
directional bonding (Schulze and Paufler, 
1972). HfV, exhibits an anomalous tem- 
perature dependence of the elastic moduli 
which is related to a martensitic transfor- 
mation at low temperatures (Livingston 
and Hall, 1990). The plastic deformation 
behavior at high and low temperatures, i.e. 
dislocation slip systems and mobilities, has 
been studied primarily for the classic Laves 
phases MgZn, with a C14 structure and 
MgCu, with a C15 structure (Moran, 
1965; Paufler and Schulze, 1967; Kramer 
and Schulze, 1968; Paufler, 1972; Hall and 
Livingston, 1989; Livingston et al. 1989; 
Ohba and Sakuma, 1989). Recent studies 
have been directed at HfV, with a C15 
structure (Hall and Livingston, 1989; Liv- 
ingston and Hall, 1990; Pope and Chu, 
1993), TiCr, with a C15 structure (K. C. 
Chen et al., 1993), MgNi, with a C36 
structure (Livingston and Hall, 1991), and 
the ternaries Mg(Cu,Zn), with a C36 
structure (Livingston and Hall, 1991) and 
Nb(Ni,Al), with a C14 structure (Saut- 
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hoff, 1990b, 1991a; Machon, 1992). The 
Laves phases are strong and brittle with an 
apparent brittle-to-ductile transition tem- 
perature of about two thirds of the melting 
temperature (Wetzig and Wittig, 1972; 
Schulze and Paufler, 1972; Livingston, 
1992). This brittleness is also shown by 
single crystals, i.e. it is not due to the pres- 
ence of weak grain boundaries and an in- 
sufficient number of slip systems. It is an 
inherent brittleness which results from the 
complexity of the dislocation glide pro- 
cesses with high Peierls stresses and corre- 
spondingly low dislocation densities and 
mobilities. 

The already high strengths of Laves 
phases can be further increased by solid- 
solution strengthening as a result of alloy- 
ing with third elements (Sauthoff, 1989; 
Livingston, 1992; Fleischer, 1992b, 1993 d). 
The alloying elements can substitute for 
both the A atom or the B atom in the 
binary AB, phase, as is indicated by the 
extension of the AB, field in the isother- 
mal sections of the respective ternary 
phase diagrams (Anton and Shah, 1991 b). 
Alloying with Al and Si is of particular 
interest in view of the beneficial effect on 
the oxidation resistance (Meier and Pettit, 
1992). Alloying with both elements, which 
substitute for the B element in AB,, may 
change the valence electron concentration 
to such an extent that a change in crystal 
structure is induced, i.e. each of the three 
alternative crystal structures C14, C15 and 
C36 can be stabilized by the appropriate 
control of the A1 and Si contents (Bardos 
et al., 1963; Wernick, 1967; Wallace and 
Craig, 1967). A similar situation has been 
found for the ternary Nb(Cr,Fe), which 
forms with the C14, C15 or C36 structure 
depending on temperature and Fe content 
(Grujicic et al., 1993). 

The effect of both composition and 
temperature on structure stability is exem- 

plified by the ternary phase Nb(Co, -xA1x)2 
which exhibits the C14 structure at high 
temperatures and the C15 structure at low 
temperatures, with a transition temperature 
which decreases with increasing A1 content 
from about 1300°C for x=O to room tem- 
perature for about x = 0.12 (Von Keitz and 
Sauthoff, 1992). A similar behavior has 
been observed for Nb(Co, -$i), . How- 
ever, Ta(Fe, -x,A1x)2, W F e ,  -x,Al,)2, 
Nb(Fe, -x,Six)2, Ti(Fe, -,.,A1J2, and 
Ti(Fel-x,Six)2 only show the C14 struc- 
ture (Raghavan, 1987). It has to be em- 
phasized that some other similar ter- 
nary Laves phases, e.g. Ta(Ni, -x,Alx)2, 
Nb(Ni, -x,Alx)2, and Mo(Co, -x,Six)2 all 
with C14 structures do not exist as binary 
phases, i.e. the cases x = 0 are not includ- 
ed and correspondingly these ternary 
Laves phases are frequently given as, e.g. 
TaNiAl, NbNiAl, and MoCoSi (Bardos 
et al., 1961; Benjamin et al., 1966; Skoloz- 
dra et al., 1966b; Villars and Calvert, 
1991). Finally, it is noted that the already- 
mentioned binary TiCr, dissolves Fe to 
form the ternary Ti(Fel-x,Crx)2 with a 
C14 structure for 0 I x I 0.9, whereas the 
structure of this ternary phase is either 
C14, C15, or C36 for 0.95 I x I 1 de- 
pending on the composition and the tem- 
perature (Raghavan, 1987). 

8.2 Applications 

Various Laves phases have been regard- 
ed as promising for both functional and 
structural applications (Livingston, 1992), 
and examples are given in the following 
sections. 

8.2.1 Superconducting Materials 

A transition to superconductivity at low 
temperatures has been observed for a large 
number of Laves phases with the C14 
structure or the C15 structure (B. W. 

ArcelorMittal Ex. 2038 
Page 124 of 190



8 Laves Phases 103 

Roberts, 1967). (Hf,Zr)V, with a C15 
structure is of particular interest because 
of its advantageous superconducting prop- 
erties since it combines a fairly high critical 
temperature with a high critical current 
density and magnetic field strength (Noto 
et al., 1986; Olzi et al., 1988). Processing is 
difficult because of its poor deformability. 
Further alloying - in particular with Nb - 
improves the mechanical behavior to such 
an extent that multifilamentary supercon- 
ductors can be produced which are being 
considered for application in fusion reac- 
tor magnets since the superconducting 
properties are comparatively insensitive to 
neutron irradiation and mechanical strain 
(Noto et al., 1986). Room temperature de- 
formation of HN,-base alloys occurs pri- 
marily by twinning (Hall and Livingstone, 
1989; Livingston and Hall, 1990; Pope and 
Chu, 1993). The Hf-V-Nb phase diagram 
has been studied recently (Chu and Pope, 
1992, 1993). 

8.2.2 Magnetic Materials 

Various transition-metal Laves phases, 
e.g. TFe, with T = Ti, Zr, Hf, Nb, or Mo as 
well as NbCo, and the closely related rare- 
earth Laves phases, show interesting mag- 
netic properties as a result of their par- 
ticular electronic structures (see, e.g. 
Briickner, 1969; Buschow, 1980; Armitage 
et al., 1986; Yamada and Shimizu, 1986; 
Smirnova and Meshkov, 1986; Asano and 
Ishida, 1988). The rare-earth phases TbFe, 
and SmFe,, both with the C15 structure, 
exhibit huge magnetostrictions at room 
temperature (Clark, 1980). In addition 
there is a magnetoelastic interaction, i.e. 
unusual changes in the elastic moduli are 
observed under a magnetic field. The 
ternary C15 phase (Tb, -xDy,)Fe, has a 
high potential for application as a high- 
power transducer, since it combines a large 

magnetostriction with a vanishing magnet- 
ic anisotropy (with x % 0.7) (Clark, 1980). 
This material is brittle like other Laves 
phases, whith an apparent brittle-to-duc- 
tile transition temperature of about 875 "C 
(Saka et al., 1991). Recently CeAl, and 
TbAI,, both with C15 structures, have 
been studied with respect to the effect of 
microstructural defects on the magnetic 
behavior (Bi and Abell, 1993). 

Various rare earth (R) Laves phases, in 
particular RFe,, can absorb large amounts 
of hydrogen (see next section) which may 
affect their structures, i.e. they can under- 
go structure transformations on hydro- 
genation, including amorphization, which 
may be accompanied by decomposition re- 
actions (Aoki and Masumoto, 1988; Pon- 
tonnier et al., 1991; Suzuki and Lin, 1993; 
Christodoulou and Takeshita, 1993 b; Kim 
and Lee, 1993 a, b; Aoki and Masumoto, 
1993). Such hydrogenation and dehydro- 
genation reactions have been used for pro- 
ducing fine-grained powders for the pow- 
der metallurgical production of so-called 
giant magnetostrictive RFe, alloys (Jones 
et al., 1991). 

8.2.3 Hydrogen Storage Materials 

Various Laves phases can absorb large 
amounts of hydrogen and are considered 
for applications as hydrogen storage mate- 
rials (Somenkov and Shilstein, 1979; Reil- 
ly, 1979; Ivey and Northwood, 1986b). 
Such AB, phases contain a strong hydride 
former as the A element and crystallize 
with the C14 structure or the C15 struc- 
ture. The Laves phases with the highest 
sorption capacities are C15 ZrV, with a 
hydrogen-to-metal ratio H/M = 1.8, C14 
or C15 ZrCr, with H/M = 1.3, and C14 
ZrMn, as well as C14 or C15 TiCr, with 
H/M = 1.2. LaNi,, which was known 
as a C15 phase (Wernick, 1967), with 
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H/M = 1.5 (Ivey and Northwood, 1986b) 
is a tetragonal, pseudo-Laves phase which 
is stabilized only by the presence of im- 
purities according to recent findings 
(Gschneidner, 1993). 

The formed hydrides in these binary 
Laves phases are too stable for easy hydro- 
gen desorption, which is a prerequisite for 
hydrogen storage (Ivey and Northwood, 
1986b). The hydride stability can be re- 
duced and adjusted to practical hydrogen 
storage conditions by deviations from stoi- 
chiometry, substitution of the B element 
primarily by Fey Co, Ni, Cu, Mn, or Cry or 
substitution of the A element primarily by 
Ti, or any combination of these alloying 
possibilities. 

An example of the stoichiometry effect 
is given by ZrMn,, which exhibits an in- 
creasing hydrogen vapor pressure with in- 
creasing Mn content, and which is stable 
with a C14 structure up to ZrMn,., (Ivey 
and Northwood, 1986b). Another exam- 
ple is C14 TiMn,, which reaches its maxi- 
mum H solubility at the off-stoichiometric 
composition corresponding to TiMn,.,, 
whereas it does not absorb H at the 
stoichiometric composition (Sicking et al., 
1981). The effects of substitution on elec- 
tronic structure, alloy stability, hydride 
stability, and H storage capacity have been 
studied with respect to various systems, 
e.g. (Zr,Ti, -x)Mn, (Moriwaki et al., 
1991 a), Zr(Mn, -xFe,)2+, (Triantafillidis 
et al., 1991), and Zr(V, -xCo,)2 where 
both V and Co have been substituted for 
by other transition metals (Peretz et al., 
1979), and Zr(Crl-xVx)2 (Ivey and North- 
wood, 1986a). Zr(Cr, -xVx)2 exhibits 
polytypism, i.e. crystal structure variants 
of either the hexagonal C14 structure or 
the cubic C15 structure are formed which 
only differ by the stacking of the crystal 
structure units (Meng and Northwood, 
1986; Burany and Northwood, 1991). Var- 

ious rare earth (R) Laves phases undergo 
amorphization on hydrogenation (Aoki 
and Masumoto, 1988, 1993; Pontonnier 
eta]., 1991; Suzuki and Lin, 1993; 
Christodoulou and Takeshita, 1993 b; Kim 
and Lee, 1993 a, b). RNi, with a C15 struc- 
ture is easily transformed into amorphous 
RNi, which is very stable and is being con- 
sidered for use as long-life electrodes in 
electrochemical nickel-hydrogen batteries 
(Miyamura et al., 1991). 

The thermodynamics of hydrogenation 
have been studied and hydride formation 
enthalpies have been determined (see, e.g. 
Lynch et al., 1979; Sicking et al., 1981; 
Ivey and Nothwood, 1986 b; Uchida et al., 
1986; Perevesenzew et al., 1988; Drasner 
and Balzina, 1991; Zeng et al., 1993; Luck 
and Wang, 1993; Park et al., 1993). The 
optimization of properties has led to multi- 
nary Laves phases, e.g., Zr-Mn-Co-V al- 
loys (Yonezu et al., 1991), Zr-Mn-Ni-V 
alloys (Wakao et al., 1991), Zr-Mn-Ni- 
V-Cr alloys (Moriwaki et al., 1991 b), or 
Zr-Ti-Mn-Fe and Zr-Ti-V-Fe alloys 
(Park and Lee, 1992), which have been 
studied in detail in view of applications as 
hydrogen storage materials and electrodes 
in electrochemical nickel-hydrogen bat- 
teries. 

8.2.4 Structural Alloys 

The ternary Laves phase MoCoSi, i.e. 
Mo(Co,Si), with a hexagonal C14 struc- 
ture, has given rise to the development of 
wear resistant Co - Mo - Cr - Si alloys 
which contain large volume fractions of 
the Laves phase in a coarse distribution 
together with a Co-rich phase, and which 
are known as Tribaloys (Schmidt and Fer- 
ris, 1975; Halstead and Rawlings, 1984, 
1985). Apart from their high strength and 
hardness they have an adequate fracture 
toughness of the order of 20 MN/m3/,. 
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These advantageous mechanical proper- 
ties result in an excellent wear resistance 
which - in combination with an excellent 
corrosion resistance in various environ- 
ments - makes the Tribaloys very appeal- 
ing for applications in a broad range of 
temperatures and environments. 

The strong binary Laves phases TaFe, 
and NbFe, have been considered for the 
development of Laves phase strengthened, 
ferritic Fe-base alloys for applications at 
elevated temperatures (Bhandarkar et al., 
1976; Wert et al., 1979). Monolithic transi- 
tion metal Laves phases - in particular 
TiCr, - have long been regarded as 
promising for high-temperature applica- 
tions because of their high strengths at 
high temperatures and sufficient oxidation 
resistances (Arbiter, 1953 a, b; Silverman, 
1956; Grinthal, 1956, 1958). However, the 
pronounced brittleness of such Laves 
phases makes processing very difficult and 
has precluded any application of mono- 
lithic Laves phases as structural materials. 

As in other alloy systems, the combina- 
tion of such Laves phases with ductile 
phases can reduce the brittleness to a toler- 
able level, and indeed two-phase Ti-TiCr, 
alloys, as well as Ti-Nb-(Ti,Nb)Cr, al- 
loys, have shown good prospects for ob- 
taining high strengths with acceptable 
room-temperature toughness (Fleischer 
and Zabala, 1990b; K. C. Chen et al., 
1993). The Laves phase is present in these 
alloys as strengthening particles which are 
cracked during deformation with the 
cracks being stopped at the phase 
boundaries. Similar alloy systems with 
Laves phases have been screened exten- 
sively with respect to strength, brittle-to- 
ductile transition temperature and oxida- 
tion (Anton and Shah, 1992a, 1993; Shah 
and Anton, 1992 b). The Nb-Cr system is 
regarded as a candidate for high-tempera- 
ture applications because the NbCr, Laves 

phase has a high congruent melting point 
of 177O"C, high strength and creep resis- 
tance, comparatively low density, poten- 
tial oxidation resistance, and a wide solu- 
bility range which offers manifold possibil- 
ities for alloying (Svedberg, 1976; Thoma 
and Perepezko, 1990; Anton and Shah, 
1991 b; Vignoul et al., 1991; Takeyama and 
Liu, 1991). Toughness is improved not on- 
ly by embedding NbCr, as particles in a Cr 
matrix, but also by Cr or Nb particles in an 
NbCr, matrix (Anton and Shah, 1990; 
Takeyama and Liu, 1991). Similar tough- 
ening effects have been observed for 
Cr-ZrCr, and Cr-HfCr, (Mazdiyasni 
and Miracle, 1990). Apart from these two- 
phase metallic/intermetallic alloys, which 
may be regarded as in situ composites, 
such Laves phases are also considered as 
matrices in intermetallic matrix com- 
posites with strengthening dispersoids and 
fibers (Shah et al., 1990; Yang et al., 1990). 

Cr-containing Laves phases may be less 
advantageous at very high temperatures 
above 1000°C with respect to oxidation 
resistance because of the volatility of the 
Cr oxides (Hindam and Whittle, 1982). 
For applications at such high temperatures 
Al-containing phases are preferred, as al- 
ready remarked upon in Sec. 2.3. Thus 
the ternary AI-containing Laves phases - 
in particular Nb(Ni,Al), or NbNiAl, 
Ta(Ni,Al), or TaNiAl, and Ta(Fe,Al), - 
which have been mentioned in Sec. 8.1, 
have been considered for high-temperature 
applications because of their high melt- 
ing temperature, high strength and poten- 
tial oxidation resistance (Sauthoff, 1989, 
1991 a, 1992; Machon, 1992; Zeumer and 
Sauthoff, 1992; Von Keitz and Sauthoff, 
1992). Again the monolithic Laves phases 
are too brittle for structural applications. 
However, these phases form stable, two- 
phase equilibria with the B2 aluminides 
NiAl and FeAI, respectively, which offers 
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the possibility of preparing intermetal- 
lic two-phase alloys with reduced brittle- 
ness. NiAl-NbNiAl, NiAl-TaNiAl, NiAl- 
(Nb,Ta)NiAl, and FeAl-TaFeAl alloys have 
been prepared by ingot metallurgy methods 
and studied with respect to strength, ductil- 
ity, toughness, brittle-to-ductile transition 
temperature, creep resistance, and oxida- 
tion resistance as has been discussed in 
Sec. 4.3.6 under the heading Structural 
Alloys. 

9 Beryllides 

The transition-metal beryllides - in par- 
ticular the Be-rich phases with Ti, Zr, Hf, 
Nb, Ta, or Mo - have long been regarded 
as very attractive for applications as struc- 
tural, high-temperature materials because 
of their low densities between 2 and 
5 g/cm3, high melting temperatures, high 
stiffnesses and strengths, and high oxida- 
tion resistances (Stonehouse et al., 1960; 
Ryba, 1967; Hove and Riley, 1967; 
Marder and Stonehouse, 1988; Tien et al., 
1992; Kumar and Liu, 1993). Characteris- 
tic compositions of these Be-rich phases 
are MBe,, for, e,g. M = Zr, or Hf, MBe,, 
for, e.g. M = Ti, Nb, Ta, or Mo, and 
M,Be,, for, e.g. M = Ti, Zr, Hf, Nb, or 
Ta. Such phases and other Be-rich phases 
with similar compositions are formed with 
most other metals. The multitude of inter- 
metallic Be phases is similar to that of the 
intermetallic rare earth phases, which are 
addressed in the next section. No beryl- 
lides have been observed in the Al-Be and 
Al-Si systems (Massalski et al., 1990). 
These Be-rich phases have complex cubic, 
tetragonal, or hexagonal crystal structures, 
and it has to be noted that the crystallo- 
graphic data in standard compilations are 
controversial in some cases (Massalski 
et al., 1990; Villars and Calvert, 1991). 

Beryllides with less Be have simpler struc- 
tures, e.g. the Laves phases MBe2 with 
M = Cr, Mo, or Fe with a C14 structure 
and M = Ti, Nb, or Ta with a C15 struc- 
ture (see Sec. 8.1), the B2 phases NiBe and 
TiBe (see Sec. 4.4), or the A15 phase 
Mo,Be (see Sec. 7.1). Basic data can be 
found in early compilations (Shaffer, 1964; 
Samsonov and Vinitskii, 1980). 

The Be-rich phases with Nb, Zr, or sim- 
ilar transition metals have been prepared 
by powder metallurgy methods (Marder 
and Stonehouse, 1988; Henager et al., 
1992 b), though ingot metallurgy methods 
have also been used (Nieh et al., 1990). 
Processing must be done with care because 
of the volatility and toxicity of Be (Stone- 
house and Marder, 1990). The oxidation 
resistance is generally excellent due to 
the formation of protective Be0 scales 
(Marder and Stonehouse, 1988; Grensing, 
1989), though pest-like oxidation with 
specimen disintegration is observed in an 
intermediate temperature range aroung 
800°C for Nb and Zr beryllides (West- 
brook and Wood, 1964; Ryba, 1967; 
Aitken, 1967; Chou et al., 1992). It is noted 
that beryllides have been proposed for ap- 
plications as protective coatings, e.g. for 
Ta (Lawthers and Sama, 1993). 

The mechanical behavior of these Be- 
rich phases and its variation with tempera- 
ture has been studied by means of hardness 
tests, bending stress-rupture tests, tension 
tests and compression tests (Ryba, 1967; 
Marder and Stonehouse, 1988; Fleischer 
and Zabala, 1990c; Nieh and Wadsworth, 
1990; Bruemmer et al., 1993). The ob- 
served brittle-to-ductile transition temper- 
atures are of the order of 1000°C. The 
low-temperature fracture toughness K,, 
has been found to be between 2 and 
4 MN/m3” with practically no macroscop- 
ic ductility (Bruemmer et al., 1993), though 
there are indications of local plasticity at 
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the possibility of preparing intermetal- 
lic two-phase alloys with reduced brittle- 
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(Nb,Ta)NiAl, and FeAl-TaFeAl alloys have 
been prepared by ingot metallurgy methods 
and studied with respect to strength, ductil- 
ity, toughness, brittle-to-ductile transition 
temperature, creep resistance, and oxida- 
tion resistance as has been discussed in 
Sec. 4.3.6 under the heading Structural 
Alloys. 

9 Beryllides 

The transition-metal beryllides - in par- 
ticular the Be-rich phases with Ti, Zr, Hf, 
Nb, Ta, or Mo - have long been regarded 
as very attractive for applications as struc- 
tural, high-temperature materials because 
of their low densities between 2 and 
5 g/cm3, high melting temperatures, high 
stiffnesses and strengths, and high oxida- 
tion resistances (Stonehouse et al., 1960; 
Ryba, 1967; Hove and Riley, 1967; 
Marder and Stonehouse, 1988; Tien et al., 
1992; Kumar and Liu, 1993). Characteris- 
tic compositions of these Be-rich phases 
are MBe,, for, e,g. M = Zr, or Hf, MBe,, 
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Ta. Such phases and other Be-rich phases 
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most other metals. The multitude of inter- 
metallic Be phases is similar to that of the 
intermetallic rare earth phases, which are 
addressed in the next section. No beryl- 
lides have been observed in the Al-Be and 
Al-Si systems (Massalski et al., 1990). 
These Be-rich phases have complex cubic, 
tetragonal, or hexagonal crystal structures, 
and it has to be noted that the crystallo- 
graphic data in standard compilations are 
controversial in some cases (Massalski 
et al., 1990; Villars and Calvert, 1991). 

Beryllides with less Be have simpler struc- 
tures, e.g. the Laves phases MBe2 with 
M = Cr, Mo, or Fe with a C14 structure 
and M = Ti, Nb, or Ta with a C15 struc- 
ture (see Sec. 8.1), the B2 phases NiBe and 
TiBe (see Sec. 4.4), or the A15 phase 
Mo,Be (see Sec. 7.1). Basic data can be 
found in early compilations (Shaffer, 1964; 
Samsonov and Vinitskii, 1980). 

The Be-rich phases with Nb, Zr, or sim- 
ilar transition metals have been prepared 
by powder metallurgy methods (Marder 
and Stonehouse, 1988; Henager et al., 
1992 b), though ingot metallurgy methods 
have also been used (Nieh et al., 1990). 
Processing must be done with care because 
of the volatility and toxicity of Be (Stone- 
house and Marder, 1990). The oxidation 
resistance is generally excellent due to 
the formation of protective Be0 scales 
(Marder and Stonehouse, 1988; Grensing, 
1989), though pest-like oxidation with 
specimen disintegration is observed in an 
intermediate temperature range aroung 
800°C for Nb and Zr beryllides (West- 
brook and Wood, 1964; Ryba, 1967; 
Aitken, 1967; Chou et al., 1992). It is noted 
that beryllides have been proposed for ap- 
plications as protective coatings, e.g. for 
Ta (Lawthers and Sama, 1993). 

The mechanical behavior of these Be- 
rich phases and its variation with tempera- 
ture has been studied by means of hardness 
tests, bending stress-rupture tests, tension 
tests and compression tests (Ryba, 1967; 
Marder and Stonehouse, 1988; Fleischer 
and Zabala, 1990c; Nieh and Wadsworth, 
1990; Bruemmer et al., 1993). The ob- 
served brittle-to-ductile transition temper- 
atures are of the order of 1000°C. The 
low-temperature fracture toughness K,, 
has been found to be between 2 and 
4 MN/m3” with practically no macroscop- 
ic ductility (Bruemmer et al., 1993), though 
there are indications of local plasticity at 
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indentations (Ryba, 1967). The bending 
rupture strengths show a maximum above 
1000°C (Marder and Stonehouse, 1988; 
Henager et al., 1992b; Bruemmer et al., 
1993) which may be due to pest-like oxida- 
tion and premature brittle fracture below 
1000 "C. The elastic constants have been 
determined (Fleischer et al., 1989 b) as 
well as the thermal expansion coefficients, 
thermal conductivities and specific heats 
(Marder and Stonehouse, 1988). 

Recent work has been concentrated on 
NbBe,, with the tetragonal D2, structure, 
and the deformation behavior has been 
studied in detail (Henager et al., 1992 b). 
The dislocation reactions at high tempera- 
tures have been analyzed and the slip sys- 
tems have been identified (Bruemmer 
et al., 1992b), the dislocation core struc- 
tures have been studied by atomistic mod- 
eling (Shondi et al., 1992), and the twin- 
ning behavior has been analyzed (Charlot 
et al., 1991; Sondhi et al., 1993). The me- 
chanical behavior of NbBe,, may be im- 
proved by combining NbBe with other 
metallic or intermetallic phases, e.g. Be, 
Nb,Be,,, or NbBe, in the binary Nb-Be 
system (Bruemmer et al., 1990, 1992a). 
Likewise NbBe,,, as well as TiBe,,, 
ZrBe13, Nb,Be,,, or Ta2BeI7, have been 
proposed as the reinforcing phase in inter- 
metallic matrix composites based on the 
B2 phase FeAl (Tien et al., 1992). In these 
and other composite systems chemical 
compatibility may be a problem since 
chemical reactions between the constituent 
phases affect the composite stability, as 
has been shown by combining NbBe,, 
with other materials (Brimhall and 
Bruemmer, 1992) or TiBe,, with NiAl 
(Carbone et al., 1988). 

Besides these Be-rich phases, NiBe with 
the B2 structure is advantageous in view of 
its mechanical properties and its excellent 
oxidation resistance up to 1100°C (Lee 

and Nieh, 1989; Nieh et al., 1990; Pharr 
et al., 1991). In particular it does not show 
pest-like oxidation at intermediate temper- 
atures (Chou et al., 1992). It has an extend- 
ed range of homogeneity (Massalski et al., 
1990) which offers various possibilities for 
alloying. The simple B2 structure nourish- 
es the expectation that the plastic deforma- 
tion of NiBe is easier than that of the 
Be-rich phases. The room-temperature 
strength of NiBe shows a minimum at  the 
stoichiometric composition, which is due 
not only to the strengthening effect of con- 
stitutional point defects for the off-stoi- 
chiometric compositions, as in the case of 
NiAl (see Sec. 4.3.3), but also to the 
strengthening effect of interstitially dis- 
solved oxygen with a minimum solubility 
of 0 in NiBe at the stoichiometric compo- 
sition (Nieh and Wadsworth, 1989; Nieh 
et al., 1989, 1990). Encapsulated NiBe can 
be hot forged and extruded at 1100°C 
(Nieh et al., 1990). In view of the attractive 
properties of NiBe and the Be-rich phases, 
much more work is necessary for the opti- 
mization of the mechanical behavior, i.e. 
for improving the low-temperature tough- 
ness and for overcoming the related pro- 
cessing problems. 

10 Rare-Earth Compounds 

There is a multitude of intermetallic rare 
earth phases, since the rare earth metals 
have much larger sizes and lower elec- 
tronegativities than most other metals, 
which gives many possibilities for space 
filling (Buschow, 1980). The complex crys- 
tal structures of these phases derive from a 
few basic structures, e.g. the cubic D2, 
structure or  the hexagonal D2, structure, 
by stacking the structural units in differ- 
ent ways from which the various stoi- 
chiometries result (Herget and Domazer, 
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and the deformation behavior has been 
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The dislocation reactions at high tempera- 
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ZrBe13, Nb,Be,,, or Ta2BeI7, have been 
proposed as the reinforcing phase in inter- 
metallic matrix composites based on the 
B2 phase FeAl (Tien et al., 1992). In these 
and other composite systems chemical 
compatibility may be a problem since 
chemical reactions between the constituent 
phases affect the composite stability, as 
has been shown by combining NbBe,, 
with other materials (Brimhall and 
Bruemmer, 1992) or TiBe,, with NiAl 
(Carbone et al., 1988). 

Besides these Be-rich phases, NiBe with 
the B2 structure is advantageous in view of 
its mechanical properties and its excellent 
oxidation resistance up to 1100°C (Lee 

and Nieh, 1989; Nieh et al., 1990; Pharr 
et al., 1991). In particular it does not show 
pest-like oxidation at intermediate temper- 
atures (Chou et al., 1992). It has an extend- 
ed range of homogeneity (Massalski et al., 
1990) which offers various possibilities for 
alloying. The simple B2 structure nourish- 
es the expectation that the plastic deforma- 
tion of NiBe is easier than that of the 
Be-rich phases. The room-temperature 
strength of NiBe shows a minimum at  the 
stoichiometric composition, which is due 
not only to the strengthening effect of con- 
stitutional point defects for the off-stoi- 
chiometric compositions, as in the case of 
NiAl (see Sec. 4.3.3), but also to the 
strengthening effect of interstitially dis- 
solved oxygen with a minimum solubility 
of 0 in NiBe at the stoichiometric compo- 
sition (Nieh and Wadsworth, 1989; Nieh 
et al., 1989, 1990). Encapsulated NiBe can 
be hot forged and extruded at 1100°C 
(Nieh et al., 1990). In view of the attractive 
properties of NiBe and the Be-rich phases, 
much more work is necessary for the opti- 
mization of the mechanical behavior, i.e. 
for improving the low-temperature tough- 
ness and for overcoming the related pro- 
cessing problems. 

10 Rare-Earth Compounds 

There is a multitude of intermetallic rare 
earth phases, since the rare earth metals 
have much larger sizes and lower elec- 
tronegativities than most other metals, 
which gives many possibilities for space 
filling (Buschow, 1980). The complex crys- 
tal structures of these phases derive from a 
few basic structures, e.g. the cubic D2, 
structure or  the hexagonal D2, structure, 
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1975; Buschow, 1980). The crystallograph- 
ic data of most binary, ternary, and qua- 
ternary rare earth phases have been com- 
piled (Gladyshevskii and Bodak, 1982). 
The rare earth intermetallics are mostly 
line compounds and have only very nar- 
row composition ranges. Preparation of 
the phases is difficult because of the high 
affinity of the rare earths for oxygen, 
which leads to reactions with common 
crucible materials, and various processes 
have been developed for the preparation of 
the intermetallic rare earth phases (Herget 
and Domazer, 1975). 

10.1 Magnet Materials 

The rare earth intermetallics are of 
great practical importance because of their 
outstanding magnetic properties, depend- 
ing on the composition and crystal struc- 
ture (Buschow, 1980, 1991). SmCo, and 
Sm,Co,, have given rise to the develop- 
ment of the rare earth permanent magnets 
(REPMs), which excel by their high energy 
product [B * HI,,, (B is the magnetic in- 
duction and H the magnetic field strength) 
and their high coercivity (Livingston, 
1990; Buschow, 1991; Stadelmaier et al., 
1991). Optimized property spectra have 
been achieved by alloying, i.e. substituting 
other rare earth metals for Sm and Fe and 
other transition metals as well as Cu for 
Co, and proper processing (Strnat, 1990). 
The resulting multinary materials have 
complex multiphase structures and the 
effects of the various structural features 
on the magnetic properties are not yet 
completely understood (Stadelmaier et al., 
1988). 

Alloying with the interstitials B, C, and 
N has led to ternary rare earth phases with 
very attractive magnetic properties, and 
outstanding examples are Sm2Fel,C,, 
Sm,Fe,,N,, Nd,Fe,,B, and Nd,Fe,,C 

(Buschow, 1986,1991). Nd,Fe,,B has be- 
come the basis for the development of the 
Nd-Fe-B permanent magnets which have 
an even higher energy product [B . HI,,, at 
room temperature than the SmCo,-type 
and Sm,Co,,-type materials at lower 
costs, whereas their behavior at elevated 
temperatures is less satisfactory (Strnat, 
1990; Buschow, 1991). The various REPM 
materials, SmCo,-type, Sm,Co,, type, 
and Nd,Fe,,B-type, are produced pri- 
marily by powder metallurgy techniques 
though ingot metallurgy and rapid solidifi- 
cation have also been used (Herget and 
Domazer, 1975; Ormerod, 1988; Croker, 
1990; Strnat, 1990; Buschow, 1991; Stein- 
horst, 1992). The materials are brittle, 
which makes machining difficult, and their 
corrosion resistance is lower, which neces- 
sitates protective coatings in corrosive en- 
vironments. SmCo, suffers an environ- 
mental degradation of coercivity which is 
due to hydrogen absorption (Willems and 
Buschow, 1987). Hydrogenation of the 
Nd-Fe-B alloys leads to structure trans- 
formation and decomposition reactions, 
and is used for producing fine-grained 
Nd-Fe-B powders (Harris and McGui- 
ness, 1991). Because of their most advanta- 
geous combination of properties, the rare 
earth magnets have found a huge market 
with a broad field of applications (Strnat, 
1990; Buschow, 1991). 

10.2 Hydrogen Storage Materials 

Apart from applications as magnet ma- 
terials, various rare earth phases can ab- 
sorb large amounts of hydrogen and are 
of high interest for applications as hydro- 
gen storage materials, as is exemplified 
by RCo, and RFe, (Christodoulou and 
Takeshita, 1993 a), or the rare earth Laves 
phases, which have been addressed in 
Sec. 8.2.3. The most outstanding exam- 

ArcelorMittal Ex. 2038 
Page 132 of 190



11 Silicides 109 

ple is given by the RNi, phases - in partic- 
ular LaNi, which may be regarded as a 
prototype hydrogen storage material, and 
which is considered for applications as 
rechargeable electrodes in electrochemical 
nickel-hydrogen batteries (Reilly, 1979; 
Willems and Buschow, 1987). The crystal 
structure of the ternary hydride LaNi,H, 
and the similar RCo,H, is complex and 
various models have been proposed for the 
distribution of the H atoms which are still 
in discussion (Somenkov and Shilstein, 
1979; Willems and Buschow, 1987). The 
stability of LaNi, is affected by absorp- 
tion-desorption cycling which is due to 
surface degradation processes (see e.g. 
Uchida et al., 1991; Josephy eta]., 1991). 
The property spectrum has been optimized 
by alloying with further elements as 
is exemplified by the development of 
La,,,Nd,,,Ni,,,Co,~,Sio,l (Willems and 
Buschow, 1987) or MmNi,,,Co,,,Al,,, 
where Mm stands for mischmetall, which 
is a mixture of rare earth metals (Sakai 
et a]., 1991). The permanent-magnet phase 
SmCo, can also absorb large quantities of 
hydrogen which, however, reduces its coer- 
cive force (Buschow, 1991). It is noted that 
CaNi,, which is isostructural with LaNi,, 
shows an analogous behavior and is con- 
sidered as a low-cost candidate phase for 
hydrogen storage (Yagisawa and Yoshi- 
kawa, 1979). 

11 Silicides 

The transition metal silicides show close 
similarities to the intermetallics and thus 
they are frequently classed with the inter- 
metallics though silicon is no longer a met- 
al, but a semiconductor. Silicides are gen- 
erally hard and brittle with a metallic lus- 
ter, high electrical and thermal conductivi- 
ties, a positive temperature coefficient of 

resistivity, and paramagnetism (Westbrook, 
1960 b; Nowotny, 1963; Wehrmann, 1967; 
Goldschmidt, 1967 b). In detail the type of 
bonding and the electrical conductance de- 
pend on the metal-to-silicon ratio and on 
the particular metal M. The highest metal- 
licity is manifested by the metal-rich sili- 
cides M,Si and M,Si, in which the Si 
atoms are isolated. The lower the M/Si ra- 
tio, the lower the metallicity, and the more 
readily continuous Si chains or networks 
are formed in the crystal lattice (Gold- 
Schmidt, 1967 b). However, it has to be em- 
phasized that the situation is rather com- 
plex, e.g. the disilicide CrSi, with the hex- 
agonal C40 structure is indeed a semicon- 
ductor, whereas NbSi, with the same crys- 
tal structure and MoSi, with the C40 
structure at very high temperatures and 
the closely related tetragonal C11 struc- 
ture at lower temperatures (Massalski 
et al., 1990) are metallic (Nowotny, 1963, 
1972a; Goldschmidt, 1967 b). Likewise 
FeSi and CoSi - both with the cubic B20 
structure - form a continuous series of 
solid solutions with a transition from 
semiconduction for the Fe-rich phases to 
metallic conduction for the Co-rich phases 
(Romasheva et al., 1980), which affects the 
magnetic properties and the elastic behav- 
ior (Zinov’eva et al., 1984). 

Silicides were considered for high-tem- 
perature applications 40 years ago because 
of their high strength and oxidation resis- 
tance at high temperatures (Lowrie, 1952; 
Fitzer, 1952; Schwarzkopf and Kieffer, 
1953; Arbiter, 1953 b; Wehrmann, 1956). 
This interest initiated extended research 
activities with a screening of the physical 
and mechanical properties, and the results 
have been the subject of detailed reviews 
and data compilations (Westbrook, 1960 b; 
Shaffer, 1964; Hove and Riley, 1967; 
Wehrmann, 1967; Goldschmidt, 1967 b; 
Samsonov and Vinitskii, 1980). The phase 
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ple is given by the RNi, phases - in partic- 
ular LaNi, which may be regarded as a 
prototype hydrogen storage material, and 
which is considered for applications as 
rechargeable electrodes in electrochemical 
nickel-hydrogen batteries (Reilly, 1979; 
Willems and Buschow, 1987). The crystal 
structure of the ternary hydride LaNi,H, 
and the similar RCo,H, is complex and 
various models have been proposed for the 
distribution of the H atoms which are still 
in discussion (Somenkov and Shilstein, 
1979; Willems and Buschow, 1987). The 
stability of LaNi, is affected by absorp- 
tion-desorption cycling which is due to 
surface degradation processes (see e.g. 
Uchida et al., 1991; Josephy eta]., 1991). 
The property spectrum has been optimized 
by alloying with further elements as 
is exemplified by the development of 
La,,,Nd,,,Ni,,,Co,~,Sio,l (Willems and 
Buschow, 1987) or MmNi,,,Co,,,Al,,, 
where Mm stands for mischmetall, which 
is a mixture of rare earth metals (Sakai 
et a]., 1991). The permanent-magnet phase 
SmCo, can also absorb large quantities of 
hydrogen which, however, reduces its coer- 
cive force (Buschow, 1991). It is noted that 
CaNi,, which is isostructural with LaNi,, 
shows an analogous behavior and is con- 
sidered as a low-cost candidate phase for 
hydrogen storage (Yagisawa and Yoshi- 
kawa, 1979). 

11 Silicides 

The transition metal silicides show close 
similarities to the intermetallics and thus 
they are frequently classed with the inter- 
metallics though silicon is no longer a met- 
al, but a semiconductor. Silicides are gen- 
erally hard and brittle with a metallic lus- 
ter, high electrical and thermal conductivi- 
ties, a positive temperature coefficient of 

resistivity, and paramagnetism (Westbrook, 
1960 b; Nowotny, 1963; Wehrmann, 1967; 
Goldschmidt, 1967 b). In detail the type of 
bonding and the electrical conductance de- 
pend on the metal-to-silicon ratio and on 
the particular metal M. The highest metal- 
licity is manifested by the metal-rich sili- 
cides M,Si and M,Si, in which the Si 
atoms are isolated. The lower the M/Si ra- 
tio, the lower the metallicity, and the more 
readily continuous Si chains or networks 
are formed in the crystal lattice (Gold- 
Schmidt, 1967 b). However, it has to be em- 
phasized that the situation is rather com- 
plex, e.g. the disilicide CrSi, with the hex- 
agonal C40 structure is indeed a semicon- 
ductor, whereas NbSi, with the same crys- 
tal structure and MoSi, with the C40 
structure at very high temperatures and 
the closely related tetragonal C11 struc- 
ture at lower temperatures (Massalski 
et al., 1990) are metallic (Nowotny, 1963, 
1972a; Goldschmidt, 1967 b). Likewise 
FeSi and CoSi - both with the cubic B20 
structure - form a continuous series of 
solid solutions with a transition from 
semiconduction for the Fe-rich phases to 
metallic conduction for the Co-rich phases 
(Romasheva et al., 1980), which affects the 
magnetic properties and the elastic behav- 
ior (Zinov’eva et al., 1984). 

Silicides were considered for high-tem- 
perature applications 40 years ago because 
of their high strength and oxidation resis- 
tance at high temperatures (Lowrie, 1952; 
Fitzer, 1952; Schwarzkopf and Kieffer, 
1953; Arbiter, 1953 b; Wehrmann, 1956). 
This interest initiated extended research 
activities with a screening of the physical 
and mechanical properties, and the results 
have been the subject of detailed reviews 
and data compilations (Westbrook, 1960 b; 
Shaffer, 1964; Hove and Riley, 1967; 
Wehrmann, 1967; Goldschmidt, 1967 b; 
Samsonov and Vinitskii, 1980). The phase 
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diagrams of ternary systems of interest 
have been analyzed (e.g. Kudielka and 
Nowotny, 1956; Brukl et al., 1961; Schob 
et al., 1962; Bardos et al., 1966; Glady- 
shevskii and Borusevich, 1966; Skolozdra 
et a]., 1966a, b), as well as the crystal struc- 
tures and the crystal chemistry of the vari- 
ous silicides (Nevitt, 1963, 1967; Nowotny, 
1963, 1972a; Nowotny and Benesovsky, 
1967; Jeitschko et al., 1969; Jeitschko, 
1977). 

Only one successful development 
emerged from these early efforts, and it led 
to the application of MoSi, as heating ele- 
ments in high-temperature furnaces (Fitzer 
and Rubisch, 1958; Tamura, 1961; Schre- 
welius and Magnusson, 1966; Schlichting, 
1986). Later, protective coatings on metal- 
lic alloys made use of the advantageous 
oxidation resistances of various silicides 
(e.g. Hildebrandt et al., 1978; Fitzer et al., 
1978; Caillet et al., 1978; Fitzer and 
Schlichting, 1983; Meier, 1987; Packer, 
1989). The advantageous electrical proper- 
ties of various silicides have led to impor- 
tant applications as thin films in micro- 
electronic devices (Nicolet and Lau, 1983; 
Murarka, 1983a, 1984). In view of such 
applications, the electrical resistivities, 
thermodynamical properties, thin-film for- 
mation kinetics and diffusivities of the 
transition-metal silicides were reviewed 
(Murarka, 1983 b). Presently, the need for 
new structural materials for the highest 
temperatures. has revived the interest in 
silicides for structural applications, and 
respective developments are under way 
(Kumar and Liu, 1993). In the following 
sections a brief overview is given on the 
important features of those silicides which 
have already been applied or are being 
considered for applications. 

11.1 M,Si Phases 

Cr,Si, which is a Candidate phase for 
high-temperature applications, and V,Si, 
which is superconducting at low tempera- 
tures with a comparatively high transition 
temperature, both crystallize with the to- 
pologically close-packed cubic, A1 5 struc- 
ture and have been discussed in Secs. 7.7 
and 7.2, respectively. 

A metal-rich silicide with a very simple 
crystal structure is Ni,Si with the ordered 
f.c.c. L1, structure. It has a very high po- 
tential for structural applications because 
of its advantageous mechanical properties 
and its outstanding corrosion resistance. 
Its deformation behavior is similar to that 
of other L1, phases, in particular Ni,AI, 
and thus Ni,Si has been discussed in 
Sec. 4.2.2 together with other L1 , phases. 

The ordered b.c.c. DO, structure is 
adopted by Fe,Si which shows close simi- 
larities to Fe,AI (see Sec. 5.1). According 
to the generally accepted phase diagram 
(Schlatte and Pitsch, 1976; Kubaschewski, 
1982), the DO, structure of Fe,Si is stable 
up to about 800°C (for the stoichiometric 
composition) where it transforms to the B2 
structure, and at about 1000°C Fe,Si dis- 
orders to form the b.c.c. solid solution. 
The existence of the B2 structure has been 
questioned on the basis of neutron scatter- 
ing results (Hilfrich et al., 1990) which, 
however, are not unambiguous (Inden, 
1993). The deformation behavior of Fe,Si 
has been analyzed in detail to study the 
effects of atomic order on the mechanical 
properties (Saburi et al., 1968; Lakso and 
Marcinkowski, 1974; Marcinkowski, 
1974a; Ehlers and Mendiratta, 1984; 
Oertel et al., 1986). Elastic moduli and dis- 
location line energies have been deter- 
mined (Kotter et al., 1989) as well as va- 
cancy formation energies (Schaefer et al., 
1992), and diffusion mechanisms (Sepiol 
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and Vogl, 1993). The electron distribution 
in Fe,Si has been studied with respect to 
the effects of ordering on the magnetic be- 
havior (Himsel et al., 1980; Blau et al., 
1980). The ternary Fe,(Si,Al) exhibits a 
high magnetic permeability and has found 
widespread application as a magnetic 
recording-head material known as Sendust 
alloy (Yamamoto, 1980; Brock, 1986). The 
magnetic properties can be optimized by 
proper alloying (Yamamoto and Ut- 
sushikawa, 1977; Miyazaki et al., 1992), 
and the processing problems due to brittle- 
ness have been overcome (Watanabe et al. 
1984; Shao etal., 1991). Fe,Si has also 
been applied as a structural material be- 
cause of its excellent corrosion resistance 
(Liu et al., 1990; Lou et al., 1991; Kumar 
and Liu, 1993). 

11.2 M,Si Phases 

M,Si phases may be present in protec- 
tive coatings (Hildebrandt et al., 1978; 
Meier, 1987). High-temperature structural 
applications are expected for the light- 
weight phase Mg,Si which is regarded as 
highly promising for use as pistons in car 
engines (Schmid et al., 1990; von Olden- 
burg et al., 1990). Mg,Si crystallizes with 
the f.c.c. C1 structure with 12 atoms per 
unit cell, and its density is only 1.88 g/cm2. 
The mechanisms of slip, twinning, and 
cleavage have been discussed (Paufler and 
Schulze, 1978). Mg,Si has a comparatively 
high strength and a low thermal expansion 
coefficient. However, its brittleness with a 
brittle-to-ductile transition temperature of 
450 "C precludes the use of single-phase 
Mg,Si. The methods of induction melting 
have been studied in detail for various 
Mg,Si alloys (G. H. Li et al., 1993). The 
ternary system Mg-Si-A1 (Ludecke, 
1986) offers various possibilities for alloy- 
ing in order to combine Mg,Si with a sec- 

ond ductile phase which may relieve the 
brittleness. Indeed alloying with A1 pro- 
duces Al-Mg,Si alloys with brittle Mg,Si 
particles in a ductile A1 matrix, which has 
given rise to a successful on-going alloy 
development (Schmid et al., 1990; von 
Oldenburg et al., 1990). The effect of the 
distribution of particles on the deforma- 
tion behavior has been studied for model 
Al-Mg,Si alloys (Liu, 1989). 

Mg,Si is a semiconductor with a high 
thermoelectric power and a low thermal 
conductivity which is advantageous for 
thermoelectric power generation (Noda 
et al., 1992a, b). The thermal conductivity 
can be minimized by alloying with Ge to 
form the ternary Mg,(Si,Ge) phase. Dop- 
ing with Ag and Sb produces p-type and 
n-type semiconducting Mg,(Si,Ge), re- 
spectively, and the combination of both 
results in a thermocouple with a high effi- 
ciency for thermoelectric energy conver- 
sion. The interactions between doping, 
point defects and microstructure have 
been studied in detail (Andreyeva et al., 
1988). 

Metal-like M,Si phases, as well as other 
transition metal silicides, are of great 
importance for applications as thin-film 
materials in electronic devices, i.e. as 
low-resistivity interconnects and gates, 
ohmic contacts, and Schottky barriers in 
very-large-scale-integrated circuits (VLSI) 
(Nicolet and Lau, 1983; Murarka, 1983a, 
1984). The most eminent example is Pd,Si 
which is used for shallow contacts with 
very small, controlled thickness and exten- 
sion (Chapman et al., 1979; Kritzinger and 
Tu, 1981). The kinetics of thin-film forma- 
tion and growth are controlled by diffu- 
sion and can be optimized by alloying 
with further elements (Mayer et al., 1979; 
Olowolafe et al., 1979; Tu et al., 1980; 
Eizenberg et al., 1981; Eizenberg and Tu, 
1982). The film formation process affects 
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the distribution of dopants in the Si sub- 
strate (Wittmer and Seidel, 1978; Kikuchi, 
1983; Wittmer et al., 1983). The rate con- 
trolling mechanisms of the film formation 
process with nucleation and growth have 
been analyzed in detail (d'Heurle and Gas, 
1986; d'Heurle, 1993a, b). Other M,Si 
phases have also been studied with re- 
spect to thin-film formation, e.g. Ni,Si 
(d'Heurle et al., 1984; Aly and Stark, 
1984), Co,Si (Hattori et al., 1988; Chen 
and Chang, 1993), or Mg,Si (Lim and 
Stark, 1984). Diffusion in thin films has 
been analyzed and compared with bulk 
diffusion (Tu et al., 1983). Thin oxide lay- 
ers may form on the silicide films by air 
exposure at room temperature which can 
be a problem for ohmic contacts or a ne- 
cessity for a tunneling device (Cros, 1983). 

The partial substitution of the transition 
element M in M,Si by a second transi- 
tion metal M' leads to ternary silicides of 
approximate composition MM'Si corre- 
sponding to (M,M'),Si. Such ternaries are 
primarily the Si-containing E phases and V 
phases (Jeitschko et al., 1969; Jeitschko, 
1970) and the ternary Si-containing Laves 
phases (Bardos et al., 1961), which were 
discussed in Sec. 8, as well as many other 
phases, which all differ by composition 
and crystal structure (Nowotny, 1972a). 
This is exemplified by the Fe-Nb-Si sys- 
tem with the ternary silicides E, V, T ~ ,  T,, '5, 

and the Laves phase Nb(Fe,Si), with up 
to 25 at.% Si (Raghavan, 1987), or the 
Co-Nb-Si system with the ternary sili- 
cides E, T, v, q, IJJ, and the ternary Laves 
phase Nb(Co,Si), with Si contents between 
about 10 and 20 at.% (Argent, 1984). Fi- 
nally, it is noted that other phases - in 
particular CT phases and A13 Mn-base 
phases - dissolve large amounts of Si by 
which these phases are stabilized (Gupta 
et al., 1960; Bardos et al., 1966). 

11.3 M,Si, Phases 

The M,Si, phases adopt a variety of 
complex crystal structures (Franceschi and 
Ricaldone, 1984). The transition-metal 
M,Si, phases crystallize primarily with the 
tetragonal D8, structure, e.g. for M = V, 
Cr, Mo, or W, or the hexagonal D8, struc- 
ture, e.g. for M = Mn, or Ti (Franceschi 
and Ricaldone, 1984; Massalski et al., 
1990). Most of these phases are very stable, 
congruently melting line compounds with 
melting temperatures above 2000 "C. 
However, Fe,Si, with a D8, structure is 
stable only between 825 and 1060"C, and 
Cr,Si, with a D8, structure undergoes a 
polymorphic transformation above 1500 "C 
(Massalski et al., 1990). Nb,Si, and Ta,Si, 
exhibit the D8, structure at low tempera- 
tures and the likewise tetragonal D8, 
structure at high temperatures (Parthe 
et al., 1955; Massalski et al., 1990). Vari- 
ous tetragonal M,Si, phases, e.g. for 
M = V, Nb, Ta, Cr, Mo, or W, as well as 
Hf,Si,, crystallize with the D8, structure if 
they contain small amounts of interstitial 
impurities, in particular carbon (ParthC 
et al., 1955; Goldschmidt, 1967 b; Fran- 
ceschi and Ricaldone, 1984). Such a stabi- 
lization effect of interstitial impurities has 
also been observed for other intermetallics 
(Gschneidner, 1993). 

The most attractive M,Si, phase for 
structural high-temperature applications is 
Ti,%, with the hexagonal D8, structure 
because of its high stability with a melting 
temperature of 2130 "C, its high strength 
and hardness, and its low density (Liu 
etal., 1988; Beaven etal., 1989; Rosen- 
kranz et al., 1992; Kumar and Liu, 1993). 
Density data between 4.0 and 4.5 g/cm3 
have been reported (Shaffer, 1964; Beaven 
et al., 1989; Fleischer and Zabala, 1990a; 
Frommeyer et al., 1990) as well as a 
Young's modulus of about 150 GPa (Beav- 
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en et al., 1989; Frommeyer et al., 1990) 
and an anisotropic thermal expansion co- 
efficient of about 6 x 1OP6/K (Frommeyer 
et al., 1990; Nakashima and Umakoshi, 
1992). The outstanding strength of Ti&, 
is correlated with a very low fracture 
toughness and a brittle-to-ductile transi- 
tion temperature above 1000°C (Liu et al., 
1988; Frommeyer et al., 1990; Vehoff, 
1992; Vehoff et al., 1993). The oxidation 
resistance of Ti$, is not as high as that of 
NiAI, but higher than that of TiAl (Liu 
et al., 1988; Murata et al., 1991; Thom 
et al., 1993). 

As with other intermetallics, it is expect- 
ed that the brittleness of Ti&, can be re- 
lieved by combining it with other less brit- 
tle phases. The crack tendency in Ti$, 
can indeed be reduced by reducing the Si 
content and alloying with Cr and Zr to 
produce three-phase, Ti ,Si ,-base alloys 
(Liu et al., 1988). Eutectic, unidirectionally 
solidified Ti-Ti$, alloys show advanta- 
geous combinations of strength, creep re- 
sistance, and fracture toughness (Cross- 
man and Yue, 1971; Frommeyer et al., 
1990). A promising materials development 
is based on the combination of Ti,Al and 
Ti$, (Wu et al., 1989). Such Ti,AI- 
Ti$, alloys, which are further alloyed 
with Nb, and similar alloys have been 
studied with respect to phase equilibria (J. 
S. Wu et al., 1991), microstructure-prop- 
erty relationships (Wagner et al., 1991), 
creep (Es-Souni et al., 1992a, d) and frac- 
ture toughness (Vehoff, 1992, 1993). Be- 
sides ingot metallurgy, powder metallurgy 
methods with gas-atomization (Es-Souni 
et al., 1992 b, c) have been used as well as 
mechanical alloying (Calka et al., 1991), 
and combustion synthesis has also been 
considered (Bhaduri, 1992). Ti+, has 
been proposed as a constituent phase in 
composites (Kumar, 1991; Shah and An- 
ton, 1992b), i.e. as the matrix phase with 

ceramic reinforcements (Meschter and 
Schwartz, 1989; Bhattacharya, 1991) or as 
the reinforcing phase in an MoSi, matrix 
(Wiedemeier and Singh, 1992; Schwartz 
et al., 1993). 

Another candidate phase for high-tem- 
perature applications is Nb,Si, with a 
melting temperature of 2484 "C (Massalski 
et al., 1990), which is still more stable than 
Ti$, and which shows the above-men- 
tioned polymorphism. Again its brittleness 
precludes the application of single-phase 
Nb,Si,. However, the reduction in the Si 
content leads to two-phase Nb,Si,-Nb 
alloys with ductile Nb-rich particles in the 
brittle Nb,Si, matrix (Lewandowski et al., 
1988). These alloys show improved tough- 
ness because of crack-bridging (Rigney 
et al., 1991; Mendiratta et al., 1991; Men- 
diratta and Dimiduk, 1993). The phase re- 
lationships in these alloys and the effects 
of rapid solidification have been studied 
(Cockeram et al., 1991; Bertero et al., 
1991 b). Nb,Si, is subject to pest-like oxi- 
dation (Westbrook and Wood, 1964), and 
Nb,Si,-Nb alloys are embrittled by oxy- 
gen and hydrogen exposure (Rigney et al., 
1992). 

Other M,Si, phases are less attractive 
for applications, and thus they have been 
studied less. M,Si, phases can be syn- 
thesized by mechanical alloying, which 
leads to amorphization in the case of 
Ta,Si, (Kumar and Mannan, 1989). Y,Si, 
and the ternary Y,(Si,Ge), are of inter- 
est for use as hydrogen storage materials 
(McColm and Ward, 1992). 

11.4 MSi Phases 

The transition metal silicides CrSi, MnSi, 
FeSi, and CoSi crystallize with the cubic 
B20 structure whereas Nisi and the 
noble metal silicides PtSi, IrSi, and PdSi 
crystallize with the orthorhombic B31 
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structure (Massalski et al., 1990). MSi 
phases - in particular PtSi and also Nisi - 
are important thin-film materials for ap- 
plications in electronic devices (see, e.g. 
Eizenberg et al., 1981; Cohen et al., 1982; 
Murarka, 1984; Tu et al., 1983; Appel- 
baum et al., 1984). These phases have been 
studied in close contact with the work on 
Pd,Si, which was addressed in Sec. 11.2, 
and the respective cited publications are 
usually directed at the ensemble of thin- 
film silicides of interest. Besides electronic 
applications, Nisi is of interest as a con- 
stituent phase in oxidation resistant coat- 
ings (Meier, 1987) and as a heat storage 
material with high thermal conductivity 
(Wilson and Cavin, 1992). IrSi forms in 
MoSi,/Ir layers which are considered for 
the coating of carbon-carbon composites 
(Chou, 1990; Chou and Nieh, 1990). MnSi 
and CoSi exhibit large thermoelectric pow- 
ers (Samsonov and Vinitskii, 1980) and 
thus are promising for thermoelectric pow- 
er generation (Sakata and Nishida, 1976). 
In particular, a CoSi-CrSi, thermogener- 
ator has been proposed (Sakata and 
Tokushima, 1963). 

11.5 Disilicides 

The transition metal MSi, phases with 
M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, or W 
crystallize with the tetragonal Cl l ,  struc- 
ture, the hexagonal C40 structure or the 
orthorhombic C49 and C54 structures and 
show extended mutual solid-solubilities 
(Kudielka and Nowotny, 1956). These 
crystal structures are closely related since 
they only differ in the different stacking of 
the same structural elements (Nowotny, 
1963). 

MoSi, with a C11 structure has found 
widespread use as heating elements in 
high-temperature furnaces for tempera- 
tures up to 1700 "C because of its advanta- 

geous electrical properties and its excellent 
oxidation resistance (Fitzer and Rubisch, 
1958; Tamura, 1961; Schrewelius and Mag- 
nusson, 1966; Schlichting, 1986). This high 
oxidation resistance, which is not shown 
by the other Mo-rich silicides, is due to the 
formation of a protective, vitreous, highly 
adherent SiO, film with prior evaporation 
of the volatile Mo oxide (Fitzer, 1955; 
Kieffer and Benesovsky, 1956; Lee et al., 
1991; Meier and Pettit, 1992). However, 
MoSi, is subject to oxidative disintegra- 
tion by pest-like oxidation at intermediate 
temperatures between about 300 "C and 
600°C (Fitzer, 1955; Westbrook and 
Wood, 1964; Chou and Nieh, 1993a), 
which occurs at grain boundaries and mi- 
crostructural defects and can thus be mini- 
mized by avoiding grain boundaries and 
microstructural defects (Chou and Nieh, 
1993 b) or by alloying with small amounts 
of Fe and Re (Ban and Ogilvie, 1966). This 
high oxidation resistance makes MoSi, at- 
tractive for use as a protective coating 
(Fitzer, 1952; Motojima et al., 1982; Pack- 
er, 1989; Chou, 1990; Petrovic, 1993). 
Apart from these high-temperature appli- 
cations, MoSi, is advantageous for appli- 
cations in electronic devices - either as the 
substrate for Si films (Campisi et a]., 1981) 
or as thin-film interconnectors in VLSI cir- 
cuits (see e.g. Chow et al., 1980; Murarka, 
1984; Urwank eta]., 1985; and compare 
with Sec. 11.2). The kinetics of silicide 
formation in thin films have been analyzed 
in detail (d'Heurle, 1993 b). 

Presently MoSi, is being considered for 
structural, high-temperature applications 
and various materials developments are in 
progress (Lugscheider et a]., 1991; Kumar 
and Liu, 1993; Petrovic, 1993; Hardwick 
et al., 1993). The elastic constants are 
known (Nakamura et al., 1990; Nakamu- 
ra, 1991; Srinivasan and Schwarz, 1992), 
and the plastic deformation behavior 
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has been analyzed with respect to dislo- 
cation configurations and slip systems 
(Umakoshi et al., 1990a, b; Maloy et al., 
1992; Evans et al., 1993; Rao et al., 1993), 
twinning (Mitchell et al., 1992), and creep 
(Tamura, 1961; Kimura et al., 1990; 
Sadananda and Feng, 1993). The brittle- 
to-ductile transition occurs at about 
1000 "C or higher temperatures depending 
on the microstructure and the impurity 
content (Umakoshi et al., 1991; Aikin, 
1992; Srinivasan et al., 1993; Petrovic, 
1993). The ductility and toughness of 
MoSi, can be improved by special process- 
ing routes (e.g. Tiwari et al., 1991; Castro 
et al., 1992; Patankar and Lewandowski, 
1993), microalloying with C to avoid SiO, 
layers on the grain boundaries (Maloy 
et al., 1991; Jayashankar and Kaufman, 
1992), the application of soft, dislocation 
emitting surface films (Czarnik et al., 
1993), or the insertion of a ductile second 
phase which is usually a Nb-rich phase (Lu 
et al., 1991; Xiao and Abbaschian, 1992; 
Venkkateswara Rao et al., 1992; Alman 
and Stoloff, 1992). Toughness can also 
be increased by embedding hard second 
phases, in particular ceramics, in an MoSi, 
matrix in order to hinder crack growth (see 
e.g. Bhattacharya and Petrovic, 1991; H. 
Chang et al., 1992). 

In view of the beneficial effects of sec- 
ond phases, combinations of MoSi, with 
other phases are being studied with the aim 
of developing new MoSi,-based com- 
posites (Meschter and Schwartz, 1989; 
Shah et al., 1990; Yang et al., 1990; Boet- 
tinger et al., 1992; Petrovic and Vasu- 
devan, 1992; Wiedemeier and Singh, 1992; 
Petrovic, 1993; Sadananda and Feng, 
1993). Most work has been concentrated 
on the MoSi,-Sic system (Bhattacharya 
and Petrovic, 1991; Henager et al., 1992a; 
Jayashankar and Kaufman, 1992; Suzuki 
et a]., 1992; Alman and Stoloff, 1993; Feng 

and Michel, 1993; Jeng et al., 1993; Ting, 
1993). Other systems of particular interest 
are MoSi,-Tic (Yang and Jeng, 1990; 
Chang and Gibala, 1993) and MoSi,- 
A1,0, (Alman et al., 1991; Y S. Kim et al., 
1991; Meschter, 1991), as well as the 
eutectics MoSi,-Mo,Si, (Mason and 
Van Aken, 1993) and MoSi,-Er,Mo,Si, 
(Patrick and Van Aken, 1993) and the 
ductile-phase toughened MoSi,-Nb/Ta 
(Carter and Martin, 1990; Lu et al., 1991; 
Alman and Stoloff, 1992; Venkkateswara 
Rao et al., 1992), and MoSi,-Mo systems 
(Deve et al., 1992). Furthermore, MoSi, 
has been considered as a reinforcing phase 
in other composite systems, e.g. in an S ic  
matrix (Lim et al., 1989) or in a beryllide 
matrix (Bruemmer et al., 1993). 

WSi, with a tetragonal C11, structure is 
another disilicide with a high oxidation re- 
sistance which relies on the formation of a 
vitreous, dense, adherent SiO, scale at 
high temperatures, as in the case of MoSi, 
(Kieffer and Benesovsky, 1956). At inter- 
mediate temperatures pest-like oxidation 
occurs (Westbrook and Wood, 1964). The 
elastic constants of WSi, (Nakamura, 
1991) and the plastic deformation at high 
temperatures (Kimura et al., 1990) have 
been studied. Apart from possible high- 
temperature applications (Kumar and Liu, 
1993), WSi, is of interest for thin-film ap- 
plications in electronic devices (see, e.g. 
Olowolafe et al., 1979; Murarka. 1984). 

TiSi, with an orthorhombic C54 struc- 
ture is protected against oxidation by a 
vitreous, adherent Ti0,-SiO, scale (Kief- 
fer and Benesovsky, 1956; Rahmel and 
Spencer, 1991). In view of its high oxida- 
tion resistance and its low density, TiSi, 
has been considered for structural applica- 
tions at high temperatures (Lugscheider 
et al., 1991; Rosenkranz et al., 1992; Ku- 
mar and Liu, 1993). It can be synthe- 
sized by mechanical alloying (Calka et al., 
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1991; Matteazzi et al., 1992), single crys- 
tals have been prepared (Thomas et al., 
1987; Peshev et al., 1989), and the mi- 
crostructure has been analyzed (Jia et al., 
1989). Data for thermal expansion, elastic 
moduli, hardness, yield strength, creep re- 
sistance, and toughness have been ob- 
tained (Lugscheider et al., 1991; Rosen- 
kranz and Frommeyer, 1992; Vehoff, 1993). 
Apart from eventual high-temperature ap- 
plications (Kumar and Liu, 1993), TiSi, is 
of interest for thin-film applications in elec- 
tronic devices (see, e.g. Murarka, 1984). 

ZrSi, with the orthorhombic C49 struc- 
ture shows attractive physical and me- 
chanical properties with respect to struc- 
tural high-temperature applications (Ro- 
senkranz and Frommeyer, 1992). Like 
other disilicides, it has a low fracture 
toughness with a brittle-to-ductile transi- 
tion temperature of about 900°C (Vehoff, 
1993). A ZrSi, coating on Zr provides 
good oxidation resistance (Caillet et al., 
1978) though bulk ZrSi, does not form 
dense, adherent scales on oxidation (Kief- 
fer and Benesovsky, 1956). 

The disilicides VSi,, NbSi,, and TaSi, 
crystallize with the hexagonal C40 struc- 
ture (Kudielka and Nowotny, 1956). The 
elastic constants of VSi, have been deter- 
mined (Fleischer et al., 1989 b; Nakamura, 
1991), as well as its hardness and apparent 
brittle-to-ductile transition temperature 
(Fleischer et al., 1990). VSi, is of interest 
for applications in electronic devices and 
its thin-film formation reactions have been 
studied (Lim and Stark, 1984). TaSi, has 
been successfully used in producing mi- 
croprocessors and other electronic devices 
(Murarka, 1984). The mechanisms of thin- 
film formation of TaSi, have been studied 
in detail (see, e.g. Maa et al., 1985; Natan, 
1985; Nava et al., 1985). 

CrSi, with a hexagonal C40 structure is 
being considered for high-temperature ap- 

plications (Kumar and Liu, 1993) though 
it does not form dense, adherent, protec- 
tive oxide scales at 1200°C (Kieffer and 
Benesovsky, 1956; Grabke and Brumm, 
1989). Single crystals have been prepared 
(Peshev et al., 1989), and the elastic prop- 
erties (Nakamura, 1991), and the plastic 
deformation behavior have been studied 
(Umakoshi et al., 1991). CrSi, is of interest 
for applications as thin-film interconnec- 
tors in electronic devices (Tu et al., 1980; 
Appelbaum et al., 1984). It exhibits a large 
thermoelectric power (Samsonov and Vi- 
nitskii, 1980; Nishida and Sakata, 1978), 
and it has been proposed for application 
as thermoelectric material, e.g. in a CrSi,- 
CoSi thermogenerator for thermoelectric 
power generation (Sakata and Tokushima, 
1963; Ohkoshi et al., 1988). 

FeSi, is another disilicide with a high 
thermoelectric power and has been pro- 
posed for use in a thermoelectric power 
generator (Hesse, 1969b). It has an or- 
thorhombic crystal structure and is stable 
only at lower temperatures, whereas at 
higher temperatures it decomposes to form 
a two-phase FeSi-Fe,Si, alloy (Nishida, 
1973; Kojima et al., 1990). Furthermore, it 
is subject to pest-like oxidation (West- 
brook and Wood, 1964). Doping with Al 
produces p-type conducting FeSi,, doping 
with Co produces n-type FeSi,, and the 
combination of both materials gives a ther- 
mocouple which can be used as a ther- 
moelectric power generator (Hesse, 1969 a). 

CoSi, , which crystallizes with the com- 
paratively simple cubic C1 structure, is ap- 
plied in electronic, large scale integration 
devices and the conditions for thin-film 
formation have been studied (see, e.g. Pre- 
torius et al., 1985; Catana et al., 1992; 
Mantl, 1993; Kumar, 1994). In view of its 
simple crystal structure, CoSi, is expected 
to show plastic deformability and is con- 
sidered for structural applications (Ya- 
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maguchi et al., 1993). The Co-Si phase di- 
agram has been analyzed (Ishida et al., 
1991 b; Choi, 1992), the electron distribu- 
tion has been studied by ab initio calcula- 
tions (Sen Gupta and Chatterjee, 1986), 
the formation enthalpy of vacancies has 
been determined by positron annihilation 
(It0 et al., 1993), an excellent oxidation re- 
sistance has been found (Anton and Shah, 
1989), and the plastic deformation behav- 
ior has been analyzed in detail with respect 
to dislocation configurations and slip sys- 
tems (Takeuchi et al., 1991, 1992; Ito et al., 
1992; Suzuki and Takeuchi, 1993; Yama- 
guchi et al., 1993; Anongba and Steine- 
mann, 1993). 

Nisi, is of primary interest for applica- 
tions in electronic thin-film devices (Ku- 
mar, 1994). In view of these applications, 
the conditions for thin-film formation 
have been studied in detail for Nisi, (see, 
e.g. Tu et al., 1983; d’Heurle et al., 1984; 
Singh and Khokle, 1987) and likewise the 
formation of thin oxide layers on Nisi, 
(Cros, 1983). Apart from these applica- 
tions, the termal expansion behavior of 
Nisi, has been studied with respect to use 
as a heat storage material (Wilson and 
Cavin, 1992). Finally, it is noted that the 
alloying of Nisi, with Ni and Al produces 
phases with distinct color - pale blue, yel- 
low, white, and variations of these - which 
may be of interest for applications in jew- 
ellery (Cortie et al., 1991). 

12 Prospects 

As already stated in the introduction to 
this chapter, only a restricted selection of 
intermetallics could be assessed here. An 
enormous multitude of intermetallic phases 
is known (Villars and Calvert, 1991), and 
there are many phases which were not 
mentioned in the preceding sections and 

which are of interest, e.g. as strengthening 
or embrittling phases in commercial metal- 
lic alloys. This is illustrated by the topolog- 
ically close-packed p, CT, x ,  and related 
phases (Nevitt, 1963; Bardos et al., 1966; 
Benjamin et al., 1966; Hall and Algie, 
1966; Sinha, 1973) which pose problems in 
many metallic alloy systems because of 
their embrittling effects, but which may 
also be used as strengthening phases if 
adequately distributed (Pickering, 1976; 
Bhandarkar et al., 1976; Gaspard et al., 
1977; Sauthoff and Speller, 1982; Schu- 
macher and Sauthoff, 1987; Sha et al., 
1993). Most of the less known phases have 
not been studied sufficiently to establish a 
database which allows estimates of their 
potential for applications. Thus there is a 
great need for the determination of the ba- 
sic properties - in particular constitution, 
phase diagrams, densities, electrical and 
thermal conductivities, elastic constants, 
and diffusion coefficients - of the less 
known intermetallics. 

As to the better known phases, which 
have been selected for materials develop- 
ments or are regarded as candidate phases 
for new developments, the physical under- 
standing of their properties and their be- 
havior during processing and service is still 
insufficient, which impedes the progress of 
the present developments. Structural alloy 
developments usually result in complex 
multiphase intermetallic alloys which are 
optimized with respect to phase composi- 
tion and phase distribution in order to  ob- 
tain high strengths and corrosion resis- 
tances with sufficient formability. How- 
ever, the effects of alloying elements on the 
basic properties of the respective phases 
are not yet understood sufficiently for these 
intermetallic alloys. One needs to know in 
what way a composition change in a par- 
ticular phase changes, e.g., the elastic mod- 
uli. It is hoped that more experimental 
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there are many phases which were not 
mentioned in the preceding sections and 

which are of interest, e.g. as strengthening 
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lic alloys. This is illustrated by the topolog- 
ically close-packed p, CT, x ,  and related 
phases (Nevitt, 1963; Bardos et al., 1966; 
Benjamin et al., 1966; Hall and Algie, 
1966; Sinha, 1973) which pose problems in 
many metallic alloy systems because of 
their embrittling effects, but which may 
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adequately distributed (Pickering, 1976; 
Bhandarkar et al., 1976; Gaspard et al., 
1977; Sauthoff and Speller, 1982; Schu- 
macher and Sauthoff, 1987; Sha et al., 
1993). Most of the less known phases have 
not been studied sufficiently to establish a 
database which allows estimates of their 
potential for applications. Thus there is a 
great need for the determination of the ba- 
sic properties - in particular constitution, 
phase diagrams, densities, electrical and 
thermal conductivities, elastic constants, 
and diffusion coefficients - of the less 
known intermetallics. 

As to the better known phases, which 
have been selected for materials develop- 
ments or are regarded as candidate phases 
for new developments, the physical under- 
standing of their properties and their be- 
havior during processing and service is still 
insufficient, which impedes the progress of 
the present developments. Structural alloy 
developments usually result in complex 
multiphase intermetallic alloys which are 
optimized with respect to phase composi- 
tion and phase distribution in order to  ob- 
tain high strengths and corrosion resis- 
tances with sufficient formability. How- 
ever, the effects of alloying elements on the 
basic properties of the respective phases 
are not yet understood sufficiently for these 
intermetallic alloys. One needs to know in 
what way a composition change in a par- 
ticular phase changes, e.g., the elastic mod- 
uli. It is hoped that more experimental 
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work will be done with respect to the alloy 
systems of interest to obtain the missing 
data, and that more theoretical work - in- 
cluding quantum-mechanical, ab initio cal- 
culations -will be done to understand why 
the properties change with specific alloying 
additions in specific ways. This lacking un- 
derstanding is not a characteristic of inter- 
metallics alone. However, the problems of 
understanding are more pronounced for 
the intermetallics since the properties of 
the intermetallics vary with changing com- 
position - as does the bonding character - 
to a larger degree than is known for the 
familiar metallic alloy systems. 

As to applications, various functional 
intermetallic alloys are well established 
and are successfully used, e.g. magnetic 
FeCo alloys or superconducting A15 ma- 
terials. The limited or lacking deformabili- 
ty poses problems for the processing of 
these materials, which is the subject of con- 
tinuous research and development. A lot 
of progress has been achieved by applying 
advanced technologies which have been 
developed for other groups of materials. In 
particular, experiences in the processing of 
brittle structural intermetallics being de- 
veloped now, and of the still more brittle 
advanced ceramics, may be useful here. 

New structural intermetallic alloys for 
high-temperature applications are at the 
center of the present interest in intermetal- 
lics, which is still growing. A few develop- 
ments, which are based on the classic 
phases Ni,AI, Ti,Al and TiA1, and which 
are known as the nickel aluminides and the 
titanium aluminides, are on the brink of 
commercialization, but even these devel- 
opments are still at an early stage com- 
pared with other developments of ad- 
vanced materials, e.g. the modern engi- 
neering ceramics. Much more experimen- 
tal and theoretical work is necessary to 
solve the processing problems and to ad- 

just the property spectra to the specific ap- 
plications. 

The much advanced nickel aluminides 
and titanium aluminides can be used only 
up to about 1000°C because of their limit- 
ed strength or oxidation resistance or both 
at higher temperatures, as has been stated 
before (Sauthoff, 1994). For applications 
significantly above 1000 "C other less-corn-. 
mon phases with higher melting tempera- 
tures have to be used. Such phases are 
available, and examples are shown in 
Fig. 34 (Sauthoff, 1992). In comparison to 
the nickel aluminides and titanium alu- 
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Figure 34. Specific yield strength (0.2% proof stress 
in compression per unit weight density at 10-4s-1 
strain rate) as a function of temperature for the DO,, 
phase AI,Nb (Reip, 1991; Reip and Sauthoff, 1993), 
the Heusler-type phase Co,TiAl (Sauthoff, 1990 b), 
the Laves phases TiCrl.sSi,,5 and TaFeAl (Saut- 
hoff, 1990b; Machon, 1992), the two-phase alloy 
NbNiAlLNiAl with 15 vol.% NiAl in the Laves phase 
NbNiAl (Sauthoff, 1990b; Machon, 1992), and the 
hexagonal D8, phase Ti,Si, (Frommeyer et al., 1990) 
compared with the superalloy MA 6000 (in tension) 
(Inco, 1982) and hot-pressed silicon nitride HPSN 
(upper limit of flexural strength) (Porz and Grath- 
wohl, 1984). 
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minides, the less-common phases are 
stronger and more brittle, their crystal 
structures are complex, their handling is 
difficult, and thus they are regarded as ex- 
otic. However, these exotic phases may fill 
the gap between metallic high-temperature 
alloys and ceramics, as is clear from 
Fig. 34. The brittleness of the less-com- 
mon phases can be alleviated by combining 
them with softer phases to form multi- 
phase alloys with adequate microstruc- 
tures. Even strengthening hard phases may 
improve the toughness by impeding crack 
growth. The mechanical behavior can be 
optimized by optimizing the microstruc- 
ture, which requires careful control of the 
processing. 

However, it has to be emphasized that 
one cannot expect to obtain new inter- 
metallic materials with properties simi- 
lar to existing conventional metallic al- 
loys. The “ductilizations” that have been 
achieved in a few cases ~ in particular 
Ni,AI and (Fe,Co,Ni),V - rely on rather 
specific mechanisms and cannot be expect- 
ed for other intermetallic phases. Thus in- 
termetallic materials have to be regarded 
as a materials class of their own with prop- 
erty spectra which differ significantly from 
those of other materials and which can be 
varied within broad limits corresponding 
to metals on one side and nonmetals on the 
other side. This offers enormous possibili- 
ties for manifold developments which are 
exciting with respect to both practical ap- 
plications and materials science. 

Finally, it is noted that much interest is 
concentrated on the development of inter- 
metallic alloys for use as blades in flying 
gas turbines. This application is most de- 
manding and it is not clear whether all the 
problems with strength, ductility, tough- 
ness, and corrosion resistance can be 
solved at economic costs. Less-high-tech- 
nology applications may be more reward- 

ing at present for the introduction of new 
intermetallic materials. An example may 
be the car engine, where strong, light com- 
ponents with sufficient corrosion resis- 
tance are needed. Here brittleness is not 
the problem since designers have learnt to 
use ceramic materials, e.g. for valves. 
However, new materials must be compati- 
ble with the metallic engine with respect to 
the physical properties, in particular ther- 
mal expansion and thermal conductivity. 
This requirement corresponds to the char- 
acteristics of intermetallic materials which 
are hard and brittle with mainly metallic 
atomic bonding, i.e. metallic, physical 
properties. Thus new intermetallic materi- 
als are expected to play an important role 
in the manufacture of car engines and sim- 
ilar applications. 
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Cu-Au phases 93 f 
Cu-base phases 90ff 
Cu,Sb, “Regulus of Venus” 2 
Cu,SnMn, Heusler-type phases 83 
CuZn 90f 
Cu-Zn-A1 shape memory alloys 91 f 

DO,? phases, basic properties, titanium alu- 

deformability, NiAl 12 
deformation behavior 
- multiphase A1,Nb-NiAl allyos 35 
- NbBe,, 107 
- silicon 65 
- titanium trialuminide A1,Ti 31 

density, NiAl 52 
- titanium aluminides 14 
dental restoratives, amalgam 4, 94 
diffusion see individual phases 
diffusion behavior, Cu-Au phases 93 
diffusion bonding, Ti,A1 21 
diffusion coatings, MCrAlY 68 
diffusion coeffcient 11 
- aluminides 61 
diffusion processes, Ni,Al 40 
disilicides 114 ff 
dislocation creep 58 ff 
- Domequation 58 
- niobium trialuminide A1,Nb 34 
dislocation mobility 13 
dislocations, TiAl 24 
dopants distribution, M,Si phases 112 
Dom equation 
- dislocation creep 58 
- niobium trialuminide A1,Nb 34 
ductility 
- applications, disilicides 115 
- Hall-Petch-type dependence, FeCo 82 
- TiAl 25f 
- titanium trialuminide A1,Ti 32 

ductilization, Ni,Al 43 
dynamic recrystallization, TiAl 25 

elastic behavior 
- Cu-Au phases 93 
- CuZn 90 
- NiAl 52 

see also individual phases 
elastic constants, Ni,A1 39 
elastic deformation, NiTi 79 
elastic moduli 
- AI,,Ti,,M, 37 

mnides 30 

see also individual phases 

see also individual phases 

ArcelorMittal Ex. 2038 
Page 185 of 190



Index 161 

- B2 phases 81 
- B2(Ni,Fe)AI 62 
- basic properties 8 
- disilicides 116 
- Laves phases 101 
electrical resistivity, Ni,AI 39 
electrochemical properties 2 ff 
electronegativity, rare-earth compounds 107 
electroslag remelting 
- Fe,Al 86 
- Ni,AI 46 
em brittlement 
- environmental, FeAl 89 
- TiAl 28 

see also individual phases 
enthalpy, basic properties 9 
environmental effects 
- aluminides 66 
- Ni,AI 44 
- titanium aluminides 19f, 27f 
equilibria, phases 2 

see also individual phases 

fatigue, Ni,AI 40 
fatigue behavior, TiAl 26 
Fe-A1 
- phase diagram 87 
- 8 2  phases 77 
- phases 84 
Fe,AI 84 
Fe,AIC,, related phases 87 
Fe,Ga 47 
Fe,Ge 47 
Fe-Nb-Si system, ternary silicides 
Fe-Ni-A1 Alloys 67 
- B2 phases 77 
FeCo, Permendur alloys 81 
(Fe,Co,Ni),V, L1, phases 50 
FeSi, transition metal silicides, B20 structure 
FeSi, 116 
Fe,Si 110 
FeTi, B2 structure 80 

film formation process, M,Si phases 112 
flexural elongation, L1 , trialuminides 38 
flow stress, microstructure, polycrystalline NiAl 

55 
flow stress temperature dependence, nickel 

aluminides 41 
formation enthalpy, Ni-AI system 9 
fracture, Ni,A1 41 
fracture strength 12 
fracture toughness 
- NiAl 56 
- NiAl-NbNiAl alloys 74 
- titanium aluminides 14, 26 
Frank-Kaspar phases 6, 101 
- A15 structure 95 
Friauf-Laves phases l O O f  
friction welding, linear, Ti,A1 21 

11 2 

113 

see also: iron 

Gibbs energy, phase stability 8 
grain boundary weakness 
- NiAl 57 
- Ni,Al 43 

hafnium, alloying element 
- TiAl 27 
- microalloying 66 
Hall-Petch-type dependent ductility 82 
hardening, boron addition, NiAl 57 
hardness 2ff 
- Alnico alloys 67 
- CuZn 90 
- disilicides 116 
Heusler-type phases 83 
- Cu,MnAI/Cu,MnSn 90 
- HfCr, 105 
- HfFe, 103 

- (Hf, Zr)V, 103 
- Ni,AlNb/Ni,AlTa 75 
- Ni,AITi 71 
- Ni,TiAl 63 
high tin bronze, applications 3 
high-temperature applications 
- aluminides 13 
- disilicides 114 
- M,Si, phases 112 

high-temperature materials, beryllides 106 
high-temperature structural service, niobium 

historical remarks 2 ff 
hot extrusion, Nb,Sn, A1 5 structure 97 
hot pressing permanent magnetic alloys, 

nickel aluminides 46 
Hume-Rothery phases 6 
hydrogen environment, titanium aluminides 

hydrogen solubility, in TiAl 29 
hydrogen storage materials 
- FeTi 80 
- Laves phases 103 
- rare-earth compounds 108 
hydrogen-to-metal ratio, C15 ZrV, 103 
hydrogenation 
- Nd-Fe-B alloys 108 
- thermodynamics 104 

impurities 13 
impurity content, disilicides 11 5 
induction melting, Fe,AI 86 
infiltration techniques, Nb,AI-Nb alloys 99 
ingot metallurgy 
- Fe,AI 86 
- rare-earth compounds 108 
internal crystal energy, basic properties 9 
interstitial impurities, titanium aluminde TiAl 

ionic bonding 6 

- HN, 103 

see also individual phases 

trialuminide 33 

20 

28 
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iron 
- alloying element, Ni,V 36 
- - NiAl 54 
iron aluminides, related phases 84ff 
IrSi 114 

K phase, Fe,AIC, 86 
Kanthal Super, electric heating elements 3 
Kear-Wilsdorf mechanism, Ni,AI 42 
Kirkendall effect, aluminides 66 
Kurnakov phases 7 

L1 , phases, Ni,X, X=Ga,Si,Ge 47 
L1 , structure, trialuminides 36f 
L2, structure 83 
LaNi, 103 
LaNi, 109 
lanthanum, microalloying element 66 
lattice structure 8 
Laves phases 6, lOOff 
- basic properties 100 ff 
- two-phase Fe,AI 85 
- multiphase NiAl-base alloys 64 
- two-phase NiAl 74 
linear friction welding, Ti,AI 21 

M,Si phases 1 1 1  f 
M,Si, phases 112 
magnet materials, rare-earth compounds 108 
magnetic alloys, Fe-Ni-A1 systems 67 
magnetic field strength, Laves phases 103 
magnetic head materials 
- applications 2, 1 1  1 
- Sendust 3, 85, 111 
magnetic materials, transition-metal Laves phases 

magnetic permeability, Fe,AI 85 
manganese 
- alloying element, FeCo 82 
- - TiAl 23, 27 
martensitic transformation 
- CuZn 91 
- NiAl 53, 68 
- V,Si, A15 structure 95 
matrix composites, 
- NiAl 76 
- TiAl 30 
- Ti,AI 21 
mechanical behavior 
- AI,,Ti,,M, 37 
- Alnico-type alloys 67 
- beryllides 106 
- Cu-Al-Ni shape memory alloys 92 
- disilicides 116 
- Fe,AlC, 87 
- FeCo 81 
- NiAl 51 
- NiBe 107 
- Ni,Al 40,45 
- polycrystalline NiAl 55 
- silicides 109 

103 

- TiAl 23 
- Ti,AI 16 
- titanium aluminides, related phases 
- titanium trialuminides A1,Ti 31 

14f 

see also: physical properties 
see also individual phases 

medical applications, NiTi 79 
melting, Fe,AI 86 
melting point, NiAl 69 
melting temperature 
- basic properties 8 
- Laves phases 102 

metal-to-silicon ratio, silicides 109 
metallic bonding 6 
Mg,Si 111 
Mg-Si-Al, ternary system 1 1  1 
microalloying, oxygen active elements 66 
microstructure 
- AI,,Ti,,M, 37 
- disilicides 115 
- Ni,AI 40 
- polycrystalline NiAl 55 
- Ti,AI 16 
- titanium trialuminide AI,Ti 31 

mirrors, ancient egypt 2 
MnSi, transition metal silicides, B20 structure 113 
MoCoSi, ternary Laves phases 104 
Mo(Co, Si), 104 
MoFe, 103 
molybdenum, alloying element 
- FeCo 82 
- NiAl 71 
- titanium aluminides 19, 23 
monolithic Laves phases 105 
MoSi, applications, disilicides 1 10, 1 1  5 
Mosilit, electric heating elements 3, 114 
MSi phases 113 
multinary materials, rare-earth compounds 108 
multiphase AI,Nb-NiAI alloys 35 
multiphase NiAl-base alloys, creep resistance 64 

see also individual phases 

see also individual phases 

Nabarro-Herring creep, (Ni,Fe)Al 60 
NbBe,, 107 
Nb,Be,, 107 
Nb,Al, A15 structure 98 
Nb,Al-Ag composite superconductor 98 
NbFe,, binary Laves phases 105 
Nb,Si, A15 structure 100 
Nb,Si, 1 1 3  
Nb,Sn, A15 structure 97 
NiAl 51f 
Ni,AI 38f 
Ni-Al-Co system 54 
NiAl-Cr alloys 71 
NiAl-Fe alloys 69 
Ni-Al-Mn phase diagram 54 
NiAl-Nb alloys 72 
NiAl-Ta alloys 72 
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NiAl-Ti alloys 71 
Ni-base superalloys 12 
NiBe 107 
Ni-Fe-Al phase diagram 54 
Ni,Fe, L1, phases 48 
Ni,Ga 47 
Ni,Ge 47 
Ni,Mn 47 
Ni,Si, L1, phases 49 
Ni,V, DO,, phases 35 
nickel, alloying element, Fe,AI 85 
nickel aluminides, related phases 38 ff 
nickel-hydrogen batteries, rare-earth compounds 

nickel-molybdenum phases 83 f 
niobium 
- alloying element, FeCo 82 
- - titanium aluminides 18, 23 
- microalloying element 67 
niobium trialuminide AI,Nb 33 
NiSi, 117 
NiTi 79 
Nitinol 3 
nitrogen, alloying, rare-earth compounds 108 
non-metals 4 

applications 109 

ODS NiAl alloys 76 
ordered alloys 1 
Orowan stress, multiphase NiAl-base alloys 64 
outstanding high-temperature properties 1 f 
overlay coatings, MCrAlY 68 
oxidation behavior 
- Ni,AI 44 
- titanium aluminides 19 
oxidation resistance 
- applications, disilicides 1 15 
- beryllides 106 
- multiphase A1,Nb-NiAI allyos 35 
- NiAl 69 
- silicides 109 
- TiAl 27f 
oxide-dispersion strengthened superalloys 12 
oxide-dispersion strengthened NiAl alloys/ 

oxidizing environments, Fe,AI 85 
oxygen, impurities 13 
oxygen embrittlement, TiAl 28 

pack aluminide coating, applications 
paramagnetism, silicides 109 
Peierls stress, TiAl 24 
Permalloy, applications 3 
permanent magnetic materials, Alnico 3, 67 
Permendur, applications 3. 81 
Permendur alloys, FeCo 81 
perovskite-type structure, Fe,AIC, 86 
phase diagrams 
- NiAl 53 
- nickel aluminides, related phases 
- Ti,AI 14f 

composites 76 

3, 68 

38 

- TiAl 22 
- titanium trialuminides, A1,Ti 30 
- trialuminides, L1, structure 36 
phase equilibria 2 
phase selection, structural applications 11 f 
phase stability 2, 5 
physical properties 2 ff, 8 ff 
- disilicides 116 
- FeAl 87 
- NiAl 51 
- Ni,AI 39 
- nickel aluminides, related phases 38 f 
- niobium trialuminide AI,Nb 33 
- silicides 109 
- TiAl 22f 
- Ti,AI 14f 
- titanium aluminides, related phases 
- titanium trialuminide A1,Ti 30f 
- trialuminides, L1, structure 36 

see also: mechanical properties 
plastic deformation 
- disilicides 114 

14ff 

- microstructure, polycrystalline NiAl 55 
- NiTi 79 
- TiAl 24 

Poisson’s ratio, titanium aluminides 15, 22 
polycrystalline Ni,AI, ductilization 43 
polysynthetically twinned crystals, TiAl 26 
Portevin-Le Chatelier effect, CuAu 94 
powder metallurgy methods 
- beryllides 106 
- Fe,A1 86 
- Nb,AI-Nb alloys 99 
- Ti,AI 21 
processing, Cu-Zn-Al alloys 92 

rapid solidification 
- Nb,Si, A15 structure 100 
- rare-earth compounds 108 
- titanium alloys 19 
rare-earth compounds 107 ff 
rare-earth(R) Laves phases 103, 108 
reactive processing, Ti,AI 21 
rechargeables electrodes, rare-earth compounds 

recrystallization behavior 
- CuZn 90 
- Ni,AI 41 
- NiAl 56 
“Regulus of Venus”, violet Cu,Sb 

Schottky barriers, silicides 11 1 
secondary creep, (Ni,Fe)Al 59 
secondary creep rate, TiAl 26 
Seebeck effect, Ni,AI 39 
segregation, boron, Ni,AI 44 
semi-metals 4 
semiconductors 4 
- Mg,Si 111 

see also individual phases 

applications 108 

2 
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Sendust, applications 3, 85, 11 1 
shape memory alloys 
- Cu-Al-Ni 92 
- Cu-Zn-Al 3 
- NiAl 68 
- NiTi 79 
shear modulus 11 
- B2(Ni,Fe)Al 62 
- titanium aluminides 15, 22 
silicides 109 ff 
silicon, deformation behavior 65 
single-phase B2 alloys, creep resistance 58 
SmCo, 108 
Sm,Co,, 108 
SmFe, 103 
sorption capacity, hydrogen, Laves phases 103 
stabilities, phases 2 
steam turbines, nickel aluminides applications 46 
strength 

- Laves phases 102 

stress-induced martensitic transformation, NiAl 54 
structural alloys 
- NiAl 69 
- ternary Laves phases 104f 

see also individual phases 
structural applications 4 
- Fe,AI 86 
structural materials, beryllides 106 
structure, titanium aluminides 14 
structure stability, Laves phases 102 
sulfidation resistance, NiAl 67 
sulfidizing environments, Fe,Al 85 
superalloys, nickel aluminides 4 
superconducting materials, Laves phases 102 f 
superconducting properties, V,Ga, A1 5 structure 

superconductivity 2 f 
superconductors 
- A15 compounds, applications 3, 94ff 
- A15 structure 95 
superdislocations, TiAl 24 
surface coating, applications 3 

TaFe,, binary Laves phases 105 
TaSi, 116 
tantalum 
- alloying element, FeCo 82 
- - titanium aluminides 19, 23 
tantalum trialuminide A1,Ta 35 
TbFe, 103 
temperature dependence, flow stress, nickel 

aluminide 41 
temperature effects, Laves phases 102 
tensile elongation 
- L1, trialuminides 38 
- TiAl 26 
tensile strength, NiAl-Cr alloys 71 
tensile strength, titanium aluminides 14 

- Al3Nb 34 

see also individual phases 

97 

ternary B2 phases, aluminides 61 
ternary Fe-Co-Al phase diagram 81 
ternary L1 ,phases 36 
ternary Laves phases 104 
- Ni-Al-base alloys 65 
- transition-metal elements 75 
ternary Ni-Fe-A1 phase diagram 69 
ternary phase diagrams, TiAl 23 
ternary silicides, Fe-Nb-Si system 112 
ternary systems 
- Mg-Si-A1 111 
- phase diagrams, silicides 109 
thermal conductivity 
- Ni,A1 39 
- NiAl 69 
thermal expansion 
- disilicides 116 
- Ni,AI 39 
thermodynamic properties, CoAl 78 
thermodynamics, hydrogenation, Laves phases 

thermoelectric power generation, application 3 
thermomechanical processing, titanium aluminides 

18,25 
TiAl grains 25 
TiAl 22f 
Ti,Al 14f 
TiBe,, 107 
TiCr, 102, 105 
TiFe, 103 
Ti-Nb-(Ti,Nb)Cr, alloys 105 
Ti-TiCr, alloys 105 
TiSi, 115f 
Ti,Si, 112 
titanium, alloying element 
- FeCo 82 
- Nb,Al, A15 structure 99 
- microalloying, NiAl 67 
titanium aluminides 
- deformation studies 4 
- related phases 14ff, 22ff 
- AI,Ti, DO,, phases 30f 
toughness 
- disilicides 115f 
- TiAl 26 

transient primary creep, multiphase NiAl-base 

transition metal aluminides, basic properties 

transition metal beryllides 106 f 
transition metal silicides 109 
- B20 structure 113 
trialuminides, L1 , structure 36 f 
Tribaloys, Co-Mo-Cr-Si alloys 104 
tungsten 
- alloying element, FeCo 82 
- - TiAl 23 
turbocharger rotor, Ni,AI 46 
twinning, TiAl 24 

104 

see also individual phases 

alloys 65 

11 
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V,Ga. A15 structure 97 
V,Si, A15 structure 95 
vacancy formation 
- Cu-Au phases 93 
- Fe,AI 84 
- NiAl 51 
vacuum-arc melting, Fe,AI 86 
vacuum-arc remelting, Ni,A1 46 
vacuum-induction melting, Ni,AI 46 
vanadium, alloying element 
- FeCo 81 

vanadium trialuminide AI,V 32 
very-large-scale-integrated circuits, silicides 1 1  1 
von Mises criterion 13 
- Ti,AI 17 
VSi, 116 

wear resistance 2ff 
- Co-Mo-Cr-Si alloys 104 
Widmanstatten platelets, titanium aluminides 

WSi, 115 

yellow brass 
- applications 3 
~ CuZn 90 

- TiAl 23, 27 

18 

yield strength 
- disilicides 116 
- NiAl-NbNiAl alloys 74 
- titanium aluminides 14 
yield stress 
- NiAl 12 
- niobium trialuminide AI,Nb 33 
Young’s modulus 
- Al,,Ti,,M, 37 
- B2(Ni,Fe)AI 62 
- M,Si, phases 112 
- Ni-A1 system 10 
- polycrystalline NiAl 52 
- titanium aluminides 14, 22 
yttrium, microalloying element 66 

Zintl phase 6 
zirconium, alloying element 
- FeCo 82 
- TiAl 23 
- microalloying, NiAl 66 
Zr,Al, L1, phases 50 
ZrBe,, 107 
ZrCr, 103, 105 
ZrMn, 104 
ZrSi, 116 
ZrV, 103f 
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