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The phase ,equmbrla of, alummlum contalmng
ternary systems are reviewed with particular
emphasis on ‘the structure, composition, and
stability of the intermetallic compounds

) present in these systems. The ternary systems-
are of the type Al-refractory metal (Ti, Zr, Hf,
V, Nb, Ta, Mo}-X (X =V, Cr, Mn, Fe, Co, Ni,
Cu, Zn), with the majority of the information :
originating from Soviet and German literature.

> Inconsistencies between the results of various
mvestngatlons are highlighted when such i

1 comparison is at all possible, although

- frequently only -a single source is available.

_Potential ternary intermetallics of interest are
discussed-based on their density, crystal
structure, melting. point, and composutlonal
range of existence. A trend is noted in the
crystal structure of AlzX-type compounds as a
function of the location of the constituent

elements’in the perlodlc table. In the last
section of this review, current theoretical
approachés for predicting crystal structure
stability and phase diagrams are outlined with
|I|ustrat|ve examples : IMR/214
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lntroduct|on

« Ordered mtermetalhcs are a class of matenals that

form long range ordered crystal structures below a

critical ordering temperature T, or melting point’

T... Hence, these maierials offer potential advan-
tages over convent10na1 disordered alloys for struc—
tural applications at elevated temperatures.!
. Among these benefits are high modulus, especially
at elevated- temperatures, high melting point, and
high strain hardening rate, as well as low self-
diffusion rate, which confets excellent creep
resistance and a high recrystallisation temperature.
In addition, intermetallics, such as some alumin-
ides, are also oxidation and cotrosion resistant as a
~ Tresult of the protective aluminium ox1de film that
forms on their surfaces.. =~ -

Despite these advantages, the development of
ordered intermetallics for structural applications
has heretofore met with limited success, primarily

because. of their low. ductility and tendency for

brittle failure.2 The reasons for the low ductility can
be quite varled depending on the alloy system. For
example, in the case of polycrystalline N13A1

results from poor grain boundary cohesion;? smgle
crystal NisAl is highly ductile. Other factors that

{

' (NMAB)

contnbute to poor ductlhty in. ordered mtermetal—; '
| lics include an insufficient number of slip systeins. -

(pnmanly in. non-cubic alloys, .e.g. tetragonal
TiAl), limited cross slip, and 1mpur1ty locking of
dislocations. Remedies for these problems include
both nucroalloymg2 and macroalloymg, 4 removal

of impurities® and second phase particles, alloymg '

to transform a non-cubic to a cubic structure, 6 gram
refinement,’ thermomechamcal processmg, and
rapid solidification. %10 :

Currently, there is a tremendous 1nterest in new.

structural materials with high specific strength for

elevated temperature applications and an evergrow-

ing demand for such materials in the aerospace.

arena. ‘Hence, there is a significant amount of
research interest in ordered intermetallics: Current.

_approaches to the- design and development of new’

alloys are, of necessity, largely empirical in nature,
with 501ent1ﬁc principles applied mostly for inter-
pretation rather - than prediction. Interactions
among the materials scientist, chemist, and solid -
state. physicist, however, have started to reverse this’
trend. Further, recent rapid -advances in computing
capabilities, as well. as in instrumentation for
structural and chemical characterisation, have
allowed . more rigorous application of "scientific
principles to - the characterisation, design, and
development of new alloys. For . example, the
growing capability for performing _quantum
mechanical calculations on equilibrium propertles
of ordered alloys is beginning to have -an enormous,
impact on the development .of additional alloys.:
Such calculations would provide predictive capabili-

‘ties to complement the usual methods of alloy

development. .

In 1984, the Natlonal Materlals Advisory Board
reviewed the potential
intermetallics for structural applications, identified
the need for further scientific investigations in’
several areas, and concluded that results from such
investigations would form.the basis for the devel-
opment of ordered alloys of practical interest in the
future. - Areas .that required further .research’
included additional phase diagrams, the deforma-
tion behaviour of ternary and higher order systems,
the effect of point defects on processmg and

.'properties, and the behaviour of gram boundaries

under thermal and mechanical stresses."

Of the different types of ordered mtermetalhcs
investigated, the cubic L1, type (CuszAu) has by far
received the most attention.'~*> These investi-
gations show that several of the L1, intermetallics
exhibit two desirable features: (a) some show an .
increase in yield strength with increasing tem-
perature that makes them suitable for elevated
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‘temperature appl."atlons and (b) a few of them ~

* show ‘ambient ductility. The drawback, however; is

- .the high density of the nickel, cobalt, or platinum
-based binary L1 intermetallics. Ordered intermetal- .

lics'at the aluminium rich end could help alleviate

" the density probléem, but binary aluminides rich in

aluminium do not generally occur in the L1, cubic
- structire. Of the few rare earth elements that form
“equilibrium le trialuminides, ScAls, with a density
of 3-02 g cm > arid a melting point of 1320°C, is the
only one with a density <4-5 g cm™ However the

exorbitant cost of scandium precludes extensive

experimentation as well as widespread applications.
Further, these rar€ earth trialuminides invariably
are line compounds that are in equilibrium with
~aluminium (m.p.-= 660°C), and.therefore do not’
offer much processing flexibility. So, to find low

. density L1, compounds, one must examine ternary -
- and hxgher order systems. An example of such a

~ situation is seen in the Al-Ti system, where a line’

compound, Al;Ti (density 3-3 g cm 3) with a D0y

structure. exists in equilibrium’ with aluminium at
the Al-rich end of the binary phase d1agram The
addition of Cu to Al Ti yields an L12 compound of
the formula AlsCuTi,, which is not in. equilibrium
with ‘aluminium, exists’ over a range-of stoichio- -
metry, and has a density of 4-0.g cm™> _
ThlS review centres around a detailed l1terature
'survey, primarily of German and Soviet origin, of
_ the “phase “equilibria of ternary AI-X-Y systems
where Y = Ti, Zr, Hf, V, Nb, Ta, and Mo and
X = Cr, Mn, Fe, Co Ni, Cu, and Zn, and reveals
(a) the presence of several unique ternary phases«
-and (b) solubility limits of ternary elements in
binary. intermetallics. One of the rna]or problems’
that was realised from this survey is the significant
inconsistencies between investigations; frequently,
however;, only ‘a smgle source was identified — for
example, in the case of the Al-Ti~Co, Al—Zr—Cu,k_
- Al-Mo-Co, Al-Mo-Cu, and Al-Hf-Cu systems, to
name a few, only ‘one isotherm was available,
'makmg comparison 1mp0551ble The task of review-.
ing ‘the investigationis is made doubly difficult as
most investigations are reported in Russian or
German. In addition, the Soviet investigations, in
_particular, were reported -in journals that are not
readily accessible. Inseveral of these investigations,
the -goal’ was -not to - construct accurate .phase:
diagrams; rather, the intention was to identify the .

phases formed and if possible, identify the solidifi-- -
cation sequences. Where, for a particular ternary

. system, more. than one reference source was avail-
able, the isotherms were at different temperatures-
making it difficult to explain contradictions present
between two studies. For example, observed dif--
ferences between two isotherms “for "a partlcular

system at different temperatures can arise from -

temperature differences influencing the stability of
-a phase, as well as its solubility for the constituents,
“from experimental inadequacy, from impurity
effects, or from a combination: of these. factors. In
spite of all these drawbacks, one must start some-

" where to try to bring together this knowledge base

scattered 'in literature and that is the intent of this
~ report. Information on these ternary intermetallics
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would permit verification, extension, and generali-
sation of fundamental principles that have to. date

_ been formulated based on binary structures. The -

last section of the review includes a concise over- -

" view of the various theoretical approaches that have

been used over the past two decades to interpret
and, even at times, predict crystal structure stability
and binary phase diag‘rams. : :

Phase eqmllbrla in Al-Y (Y =Ti, Zr, Hf,
V, Nb, Ta and Mo)-X(X =V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) systems .

Geometrically close packed {GCP) structures

" The bulk of the crystal structures appearing in alloy

phase diagrams can be conveniently- grouped into
three broad classifications according to differences -
in chemical bonding, and mechanical and physical
properties. First, there are the geometrically close
packed (GCP) structures, such as the fcc, the hep,
the L1,, L1y, D0y, DOzé, D0y3; D0,4, and their
variations. Second, there are the bcc structures and
their derivatives such.as the ‘B2, L2;, D05, and ‘the

" B32 structures. Typically, the A1, A2, and A3

structures ‘exhibit ambient ductlhty, whereas the

" ordered compounds belonging. to these' classifi-

cations are generally brittle at room temperature.

- However, isolated examples can be found where

some amblent ductility is realised in a few of: these -
intermetallics. Third, there are the topologlcally
close packed (TCP) structures, such as the A15,

C15, C14, and C36 structures, which tend to be

- quite bnttle _These TCP phases are all charac-

terised by exclusively tetrahedral - interstices and
coordination numbers of 12, 14, 15, and 16, Several
have high melting points. .

'Of the. various GCP phases, the Al and L1,
structure are cubic, D0, and DO,3 are tetragonal”
and A3, DOy, and D0y, are hexagonal The
relationship between.some of these phases is shown
schematically in terms of defect energies in Fig. 1.
Of relevance to this review are the L1, DO0,;, and
D053 crystal structures, Wthh are shown as hard -
sphere models in Fig. 2 The symbols ‘T’ and ‘R’ in
Fig. 1 indicate triangular and rectangular ordering
of the atomic layers on the close packed planes, as

-seen in the L1, and DOy, structures, respectively,
-and the symbols ‘c’ and ‘W denote cubic and

hexagorial stacking sequences. The D0,; resembles
the L1, or CusAu structure in that both consist of -
half ~A (atom) half -B (atom) square lattice layers .
normal to the tetragonal axis, alternating with all
-B layers. In the CusAu structure, all of the mixed

" layers are in register, while in the D0, structure,

successive mixed layers are dlsplaced by (12,14,0).
The DO0,3 or AlsZr structure is a combmatlon of the
CuzAu and the ALTi structures. . .
The stacking fault (SF) and antiphase boundary‘
(APB) .energies on {111} planes are impoitant
factors in determining the slip mode and strength of
an ‘L1, compound,
stability of the compound. with respect to the
ordered hcp phase (DOjg),and the disordered fcc

phase (Al). The value of the APB energy of {100}

since they affect the phase
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1' Role of deféét _energie's in influencing stab'ility'of L1, crystal structure with respect to other GCP phases'

planes is, impoftant for 'thermally activ;ited cross slip . -

in L1, compounds and is closely related to the
phase stability of the L1, phase with.respect to the

.- D04;- ' D0y3, .01 long period superlattice .phases
(Fig. 1). These phases may therefore be viewed as:

consisting -of unit. cells of the L1, structure with
" regularly spaced APBs on {100} planes at definite

‘multiples-of the unit cell iéngth. Thus, the mechani--

cal properties of the Ll, intermetallic. can be
viewed-as being influenced by the phase stability. of
‘the L1, structure relative to other GCP phases.
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.2 Cu_b‘icv‘l.1vz and related tetragonal DOz, and _D'0'23 .

" unit cells for binary A;B compound

" ‘cations. - Recently, Yamaguchi et al.

Al-Group IVA-X systems

i ~'AI—-Ti—X syétemé

In' the binary Al-Ti systems, at least three
intermetallics are known to exist, with compositions
TisAl, TiAl, and ALTi. In addition, long period
-superstructures of the type ALTi, TisAly;, and
TigAl have all been reported, but their existence
is still in question. The AlTi compound with a
'D0,, structure is brittle; however, its relatively high

© melting point, good oxidation resistance, and low

density make it attractive for. aerospace appli-
» 16 examined
single and polycrystalline Al;Ti in compression and
identified twinning as the major deformation mode
at ambient. temperatures. In another  investi-
gation,'” they evaluated the effect of alloying
_additions on the ambient compressive ductility of
Al;Ti, without changing the D0, erystal structure.
A 1373 K isotherm for the AL-Ti-V  system'
showed that Al Ti and ALV exhibited unlimited
mutual solid solubility at this temperature, while
"TiAl and .TizAl dissolved significant amounts of
vanadium. No uniguely ternary compounds were
identified. Umakoshi e al.'® studied the deforma-
tion characteristics of ALV and (Vo.osTig.05)Als and
found improvements in' ductility in the ternary
compound over the binary Al3V, which they
attributed to a substantial increase in twinning
activity in the ternary composition. B
Recently, there has been a great deal of interest
in" the AlTi-Cu, AITi-Ni, and Al-Ti-Fe

. systems®>?” because of the presence of a low -

density L1, compound at the Al-rich end of each of
‘these ternary systems. Markiv ef al.?® exammed

" these ternary:systems in detail and generated the

isotherms for the respective systems at 1073 K. In

- the Al-Ti-Fe system (Fig. 3a), they identified three

ternary phases that they refer to as A, X, and T.
- The A phase was identified -as L1, with a com-
position corresponding to 25Ti-9Fe—66At (at.-%),
jand a lattice parameter of 0-3981 nm. The X phase
had a composition of 6Ti-25Fe-69Al (at.-%), while

International Materials Reéviews—1990 Vol. 35 No. 6
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U500 4D 30 ) I [T Al
Fe(at.%) -

'3 Isotherms in'Al-Ti-Fe system a at 1073 K (Ref. 28)

and b-at 1073 K (Ref. 29); ¢ extent of Al-rich L1, -

. phase field -at 1473 K (solid. lines) .and- 1073 K -
(broken lines), (Ref. 26) S R
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. the T phase existed over a range of compositions

from 24 at.-% Fe, 40 at.-% Al to 24 at.-% Fe, 50

~‘at.-% Al The binary. phase TiFe; showed a

significant . solubility for -aluminium (~35 at.-%), ™

- while the equiatomic TiFe phase dissolved up to

~15 at.-% Al. Lattice parameter variation for
TiFe, as a function of aluminium content was

" measured.

Subsequently, Seibold®® examined the Al-Ti-Fe . -
system in detail, generating an isotherm at 1073 K
(Fig. 3b), the liquidus projection, and the eéntire
reaction summary in the respective binary systems,
as well as in the ternary system. She identified three
ternary compounds with - stoichiometries corre-
sponding to TiFe;Al (T;), TiFeAl, (T2),  and.
TigAl,Fes (Ts) and claimed they formed from the

- liquid rather than by a solid state decomposition. -

The Ts phase was found. to be L1,, in agreement
with the earlier work of Markiv ef al., 2% although
the lattice parameter from Seibold’s study?® was - .
0-393 nm. The melting point of this compound was

+" 1603 K, which is in agreement with-the later work:

of Kumar and Pickens.* The crystal structure of

the T, phase, which is the equivalent of the T phase .

in the investigation of Markiv ef al.,”8 was fcc

’ "(MggCu;6Si7), with a lattice parﬂarﬁeter. of 1-182 nm.

However, the compositional range of existence of-
this T, phase was very different from that shown by
Markiv et al.?® even though the isotherms generated
in the two investigations were at the same tem-
perature (Fig. 3a and.b).. fo L
Recently, Mazdiyasni et al.?% re-examined the
Al-rich portion. of the Al-Ti-Fe, AI-Ti-Ni, and
‘Al-Ti~Cu systems to identify the exact location and
size of the single phase field corresponding to the
L1, compound in each system. After examining the

' phase field for the Al-Ti-Fe system at 1473 and
- 1073 K, they found that the shrinkage of the single

phase field at 1073 K was not _concentric with.
respect to 1473 K, but skewed (Fig. 3c). They -
claimed that the centre of this single phase field had -

- a composition of 64A1-28Ti-8Fe (at.-%). They also: -

identified the binary TiAl, compound in equilib-
Tium with the L1, phase, an observation which
conflicts with.the work of Seibold® but agrees with -
the isotherm presented by Markiv et al.2® In. this

* context, Seibold,” indicated that she knowingly

omitted the TisAlj; and TigAly; 'phase;s in her.
analysis. Markiv ef al.*® claimed that the L1, phase

~. was in equilibrium with ‘a binary TigAlys phase.
. However, a comparison of their isotherm with that
due to Siebold (Fig. 3a and b) shows a major
~ difference in the composition of ‘the third ternary

compound. - While ‘Markiv et al.?® claimed the .

 existence of a Ti-poor X' phase, Seibold® pointed

to a Ty phase which was cubic and had the formula,

"TiFe;Al; such a compound is absent from the
.-isotherm'. due- to Markiv er al.?® In addition,

Seibold® cast a composition corresponding to the X
phase (Ti;Al,sFeg) and found it to be a two phase
mixture of primary Fe,Als in a eutectic mixture of ,
Fe;Als and Ts. Similarly, the X phase observed by
Markiv et al.?® to be in equilibrium with'the L1,
phase was not observed by Mazdiyasni er al.26

~ Thus, while the existence of an L1, compound in’



this - system is" certain, the exact solidification .

. sequence, -and, consequently, the resulting micro-
‘structures, in the rest of-the ternary system requires
further consideration.. T

“Such differerices in"phase equilibria-as illustratéd

" above typically. arise because of  insufficient . accu-

-racy in experimentation and inadequate: purity of -
starting -materials.  Frequently, compositions: of
alloys, are assumed to be starting norinal compos- .

itions and losses during processing (for example, Al

loss during ‘melting) and interstitial pick up are not’

-accounted for. Further, experimental techniques

" used in quantifying microstructures vary in accuracy

" depending on the technique used-and this in turn
influences -the shape and.extent of a phase- field.
. Mazdiyasni et al.?® in their study used 50-100 g
"’ingots obtained by vacuum arc melting elemental
constituents. ' Subsequently, the resulting product
" was chemically analysed to obtain exact compos-
itions. Their heat treatments were done in argon
and they used a variety of techniques to charac-
terise the microstructure including- metallography,
electron microprobe analysis, and X-ray diffraction.
JIn addition; they controlled-the level of interstitials
_to low values. Seibold’s samples®® were typically
10 g in size and, obtained from elemental consti-

‘tuents. by .electron beam melting in an argon
atmosphere. The resulting compositions, however, - .

were not measuréd but assumed to be the same
as the intended composition. Primary techniques to
characterise -the microstructure - involved -optical
. metallography, and X-ray diffraction. However,
*.since Seibold’s study?® is in good agreement with
_the later work of Mazdiyasni et al.,*-it tan be
~ assumed that her observations,are reasonably accu-
rate. The exact experimental procedure -adopted by
Markiv et al.?® is not clear, although X:ray diffrac-

tion and optical metallography were primarily used

" to characterise the microstructure.

~ Raman and Schubert®® provided an isotherm for
the Al-Ti-Ni system (Fig. 4a) at 1073 K- 'which can”
be directly -compared. with the isotherm due to’

Markiv et al.?® (Fig. 4b). Kaufman and Nesor®!
calculated several isotherms in this ternary system,
but they disregarded the existence of the L1, phase
‘in their study. The L1, phase field was investigated
by Mazdiyasni et al.?® at 1473 K; this section of the

isotherm is shownin Fig. 4c. From Fig. 4c, it is "

- apparent that-the L1, phase is stable at least up.to
1473 K, which contradicts the observations of Nash
et al.3? that this phase is stable only below 1273 K

and forms via a solid state reaction. The compos- -

ition of the geometric centre of the L1, single phase
field in. Fig. 4c corresponds to 66AI-27Ti-7Ni
- (at.-%), which is.in fairly good agreemert with the
results’ of Raman and "Schubert® (Fig. 4a) and
- Huang et al.*® The size of the single. phase field,
- however, is much larger at 1473 than at 1073 K (cf
Fig. 4a and c). The 1073 K isotherm due to. Markiv

ef al.®® is in ‘§ood agreement with that of Raman
2 1€ ;

~ and Schubert™ (Fig. 4a and b) with respect to the

~ location and size of the Altich L1, compound
AlgNigTios, as- well ‘as the- number of ternary
compounds present in this ternary system. :
"-In:addition to the ‘L1, compound, ',Mar’ki.v et al

28 -
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" 4 Isotherms in Al-Ti-Ni system a at 1073 K (Ref. 30)
- “and b at 1073 K (Ref. 28); c extent of ‘Al-rich L1,
phase field at 1473 K (Ref. 26) . o

claimed that three other ternary cofnpounds existed -
in the AI-Ti-Ni system: TiNiAl, with a cubic

structure of the "type MgeCu;eSi; and a lattice
parameter of 1-190 nm (similar to the T, phasé? or

International Materials Reviews "1990 -Vol. 35 No. 6

‘

~ the T phase,?® TiFeAl, in the Al-Ti-Fe system); a .



.- TiNiAl

. eta
Ti and 41-51 at.-% Al with A, whereas Raman and
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iHeusler s phase (L21) of ‘the type T1N12Al with a

" lattice parameter 0-586 nm (labelled H in Fig. 4b);
and a C14 (MgZn,) phase, TiNiAl, with lattice

parameters a = 0-4999 nm and ¢ = 0-8049 nm.?
" While Markiv et-al.?® indicated the presence of a
_ternary compound X, which corresponds “ to- the
(C14).  composition of Raman- and
Schubert®® (Fig. 4a and b), the range of compos- -
itions over ‘which this compound was supposed to
exist was very different in the two studies. Markiv
1.2 associated a composition range of 33-3 at.-%

- Schubert®  indicated- a very small composition
range centred on 33-3Ti-33-3A1-33-3Ni. (at.-%).

Finally, the binary compounds NisAl (L1y) and -

NiAl (B2) both showed a significant solubility for Ti
(greater than 10 at.-%) according to Raman and

. Schiubert,*® whereas Markiv et al.?® claimed this to
be true only for NizAl. A comparison of the phase -

-equilibria in. the Al-Ti-Ni system based on the
isotherm due to Raman and Schubert® with that
due to Markiv et al.?® reveals several differences.

For example, a three phase region of AINiTi +

.Alg7NigTips + TiAl is found in the isotherm due to
Markiv et al.?® (Fig. 4b), whereas a three phase
. field of ‘AINITi + AlgNigTips + TizAl is shown by
Raman and Schubert® (Fig. 4a). Such differences
imply different = solidification sequences and
therefore other differences in phase . equilibria.

Both these studies used similar characterisation .

techniques, namely optical metallography and
X-ray diffractlon ‘to develop the isotherms for the .
same. temperature “Raman and - Schubert,C
- however; used only-a limited-number of samples,

. whereas  Markiv et al.®® used a large number of
alloys; Nash et al.® believe that in spite of using:
large numbers of specimens, Markiv "and co-
workers®® were limited in their accuracy of phase

* boundary determination by a combination of the -

-complexity of the ‘phase equilibria and the experi-
mental techniques used, although they prefer- the

.. 1023 K section due to Markiv et al.?8 to that due to *
* Raman and Schuber

£.30

Finaliy, a comparison of the Al-Ti-Fe and
Al-Ti-Ni systems shows that the ternary L1,
compounds exhibited similar stoichiometries in
both cases and also a similar sized single phase field

for a particular temperature. In addition, in both

_cases, the size of the phase field decreased when
temperature was decreased from 1473 to 1073 K.

Figure 5 shows isotherms for the Al-Ti-Cu -

" system at 1073 and 773 K due to Markiv er-al., 28 at
1073 K due to Raman and. Schubert,®® at 813K
“from the investigations of Virdis and Zwicker,3*

" and at 1473 K for the L1, phase field.?6 These

investigations all agree on the presence of three
~ternary compounds in this system, with compos-
itions and structures as follows: (a) a Heusler alloy,
Cu,TiAl (Ty), with an L2 structure, a lattice
parameteri - of 0:601 nm, and a meltmg point of
-1398 K (in other. studies, 35.36 Cu,TiAl is claimed to
have a. CsCl .structure with -a = 0-394 nm);- (b)
CuTiAl (Ty), with a Cl4 (MgZny) structure,
. parameters of a = 0-500 nm and ¢ = 0-810.nm, and
. a melting point of 1423 K; and (c) CuTi,Als (T3)
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between Fe and Ni,
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with an L1, structure, a = 03927 nm, and a

,meltmg point of 1623 K, in agreement w1th later

work.* These phases are _labelled H, A, and A in

* the isotherms due to Markiv et al.?8 Of the various

binary phases, only CuTi, and T1A1 have any
appreciable solubility for the ternary element. All
three ternary. compounds show a significant

- compositional range of exxstence at 813 K according

to Virdis and Zwicker** (Fig. 5d), whereas Raman
and -Schubert®® show this to be true only for the
C14 compound ‘CuTiAl. In fact, the L1, phase
field is much smaller at 1073 K (F1g 5c) than at
813 K (Fig. 5d). Markiv et al.?® show the shape of
the L1, single phase field as a line, implying an

-almost " fixed - titanium content for a range “of

aluminium and copper levels (Fig. 5a and b). At
1473 K, the ng phase field, according to Mazdi-
yasni et al.;? is fairly large in comggarlson with that
reported by Raman and Schubert™ at 1073 K, and
is more in line with the comgosrtlonal range

The isotherm -

due to- Raman and Schubert,®® however, was

~developed based on a limited number. of samples

and is therefore not a reliable indicator-of the shape
and extent of the single phase L1, compound, The -

‘phase field. described by -Mazdiyasni et al.*® is
believed to be accurate: and is preferred over, the .

other isotherms.

Virdis and Zwicker* exammed the Al-Ti-Cu’
system in detail, generating the liquidus projection
as well ds the reaction summary for the three binary

~and the ternary systems. In their study, however,
_they did not ‘consider the presence of long period

superstructures in the Al-Ti system; thus, the L1,

" phase was shown to be in equilibrium with TiAl and

Al;Ti only;, and not ALTi as observed by Maz-
diyasni et al.?® and Markiv et al.?® In fact, Markiv et
showed that the L1, compound was not in
equlhbnum with A13T1 Such differences in results
in the binary system influence the determination of

-solidification sequences and compositional stability

as a function of temperature for .alloys of interest
(in _this case, the L1, compound T12CuA15) and

- must be resolved.

‘Although "Co is located on the periodic table
the Al-Ti—Co system has
received much less attention than the Al-Ti-Fe,

AL-Ti-Ni, and Al-Ti-Cu systems. In terms; of

-electronic conﬁguratlon Co has .a structure given

by [Ar]3d"4s?, which lies between the [Ar]3d%s? -
and [Ar]3d84s of Fe and Ni. Cobalt, however, has
a hexagonal structure at room temperature, similar
to zinc, whereas Fe, Ni, and Cu are all cubic. At
temperatures above 673 K, Co goes from a hexa-
gonal to'a cubic structure. It would appear loglcal
that if an Al-rich L1, compound is present in the

Al-Ti-Fe, Al-Ti-Ni, Al-Ti-Cu, and Al-Ti-Zn
systems, it could also be expected to be present in
the AI-Ti-Co system.

Markiv?? examined the AL-Ti-Co system using’
more than 100 alloy compositions, and generated a
complete isotherm at 1073 K with the aid of X- -ray, -
microstructural, and dilatometric analysis. For this

_purpose, alloys were annealed in evacuated quartz-

ampoules confaining titanium chips at 1073 K for a

¢
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Co 20 . TiCop 40 TiCo 60

Ti(at.%) ——m

6 1073K isothermal section of Al-Ti-Co system-

(Ref. 37) o -

period of one month and then water quenched. The

- /resulting isotherm- is shown in ‘Fig. 6. The first
interesting feature is that Al;Ti is in equilibrium

with CoAlg, CogAlys, Co,Als, a ternary compound

Ti;CoAlb,, and TiAl. No ternary Al-rich - L1,

compound was identified in this system at 1073 K.
The crystal structure of ~Ti;CoAl, . was . not
. determined. Another ternary compound, TiCo,Al,
with the. L2, structure- (Heusler alloy) and a lattice
parameter of 0-5847 nm, was in equilibrium with
Ti,CoAl, Co-bas_ed solid solution, Ti~Co, TiCo,,
and CoAlL ' At this temperature, the Co: solid
solution. had" a-cubic structure. Thus, the exact
. requirements for the formation of an Al-rich L1;
- compound in the A-Ti-X systems are not clear, as
there appears to be no systematic pattern in the
alloying additions required for ‘converting - Al3Ti
- (D02) to an -Ll, structure’. The uncertainties
involved -are- compounded by ‘insufficient experi-
mental data in terins of isotherms -at - various
temperatures, especially near ambient. - For
example, it is possible that an L1,.compound exists
in the Al-Ti-Co system, but is not stable at 1073 K

~ and is therefore not seén on a 1073 K isotherm.

‘Raman and Schubert® studied the Zn;Ti-Al;Ti
section of the Al-Ti-Zn system. Binary-Al;Ti has a
D0y, structure, while Zn3Ti crystallises in the L1,
structure. A ‘ternary L1, compound of the compos-
ition TisZngAlgs, with a = 0-392 nm, was repor-
ted. In addition, a ternary DOy compound,

‘TisZnAly;, was reported, possibly in- equilibrium _
* with the L1, compound. Based on an extensive .

study, Raman and Schubert®® concluded that as the

outer electronic concentration was increased, the -

crystal structure stability increased in the order L1,
to D03 to D0y. Until recently, phase equilibria

information could not be found in the Al-rich -

portion of the Al-Ti-Cr and Al-Ti-Mn systems,

except for the existence of an equiatomic Al-Ti-Mn .

phase with the MgZn, structure, a = 0-4978 nm,
c/a = 1/64 (Ref. 39). Recently, however, Mabuchi
et al.** have found an Al-rich L1, compound in the
Al-Ti-Mn system with a composition correspond-

~

ing to AlgsMngTiys. ‘This compound was shown to
have significant compressive ductility at room tem-
perature. In addition, Zhang er al.,>> have con-
firmed the existence of an Al-rich L1, compound in
the A-Ti-Mn system and “also claim the presence
of a similar compound in the Al-Ti-Cr system, Of -
‘'significant relevance is the observation of some
ambient bend ductility in these two L1, -

" -compounds, although failure was primarily by

transgranular cléavage. This is .the first instance -
~where. plastic deformation has been observed in-a
tensile deformation mode'in these L1; compounds.

Al-Zr-X systems ' . :
The binary Al-Zr system has received less attention -
than the binary AI-Ti system, but is knewn to
contain at least nine intermetallics, with compos-. -
~itions corresponding t0 ‘Zr;Al, ZrAl, ZrsAls,
Zr;AL, ZryAls, ZrAl, Zr,Aly; ZrAly, and . ZrAls.
Of the various .compounds studied in the Al-Zr
system,” Zr3Al with an L1, stricture has received
the most' attention:**>. The trialuminide ALZr,
~ with a melting point of 1850 K, a density of 4-1 g
cm ™3, an elastic modulus of 196 GN m~2 (Ref. 43),
and a D03 crystal structure, however, has been the -
centre of interest in this binary system recently.
Although ‘Al;Zr has a’ D0,3 crystal structure, it is
interesting to note that under certain conditions, in
a supersaturated aluminium alloy matrix, it-can be -

. ‘made to precipitate from the solid state with a

.metastable L1, structure,**> which after prolonged
high “temperature ,exposure, transforms - to the
equilibrium D0y - structure. = Gayle and -
Vandersande*® ‘showed that the metastable L1,

" . Al3Zr had a significant sohibility for Li. -

Schneibel and Porter”’ studied the compression
behaviour of AlsZr at 1373 K and found significant -
cracking even at this temperature under a compres-
sive load. The possibility of.transforming the DOy

© Al3Zr to a more symmetric L1, structure via

alloying, thereby improving its ductility, is intrigu-
ing and indeed - this approach was recently
attempted - using ‘theory®® ‘and experiments.*’ It

" must be pointed out, however, that even though the

ternary ‘L1, compounds appear to have improved
 ductility over their ‘D05, binary counterparts, they
-appear to be brittle in tension at room temperature,

~ except for the observation of ambient bend ductility -

of ~0:5% in ‘the AI-Ti-Mn and JA-Ti-Cr
systems,” and even then, failure- occurred by
transgranular cleavage. George ef al.?’ have used -
selected "area electron channelling patterns to
identify the cleavage planes in an L1,, Al-Ti—Fe-V
alloy. They found two cleavage planes'in this alloy

= the {110} type and the {111} type planes. They . .

speculate that the presence of several such low
. cleavage strength planes may explain the . brittle
behaviour of ‘these compounds. It is interesting to
note that the alloy investigated in this study,?” was
directionally solidified with the (100) growth direc-
tion and bend tests were made on samples. lying
_.along the growth direction. This would make the
{100} planes lie normal to the tensile axis and yet
no {100} cleavage was obsefved, suggesting - high
cleavage strength for {100} planes. o

lntervnational Materials Reviews 1990 Vol. 35 No.6
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- 'Alng'erz'(T) ‘phase, which was in equilibrium with

" . for losses. In each case, the final alloy composition
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* Freeman and co-workers*®*® used band -energy
.~ calculations- to. identify ‘potential ‘alloying additions

for transforming D0, AlsZr to a termary Ll
“compotnd: The results of his’ calculationis pointed
to Mg and Li as potential candidates to- yield

 althongh no experimental ‘evidence is as yet -avail- - -
~.able to confirm the theoretical predictions. Drits et -

. al.% studied the Al-rich region of the Al-Mg-Zr
system and tentatively :identified a “ternary

aluminium solid solution at 673 K. 'l:hey' did not, .
however, provide any details on the composition,
- “crystal structure, or melting point of this T phase.
- Whether this phase corresponds to the L1, phase
predicted by Freeman*® remains to be verified.
Raman'® provides an isotherm for the Al-Zr-V
system at 1373 K (Fig. 7a). A ternary L1, com- ° - I ,
pound in- equilibrium with. AlsZr, ALZr, and AR T & - 8 -V
‘the A2 vanadium solid solution was identified afd ’ ‘ sk '
claimed to have a composition Zr»,VeAlgy, with C
vanadium atoms substituting in both th¢ aluminium .=~ N
 and titanium sites. The lattice parameter of this L1~ ®) "~ - icpay, /
phase was identifiéd as 0-407 nm. The C14 ZrAL " M N
phase shows extensive. solubility for vanadium (~60
at.-% V) and is in equilibrium’ with the C15 phase
ZrV,, which exhibits-about10 at.-% solubility for -
aluminium. D03 ZrAls dissolves ~5 at.-% V,
- forming a two.phase region with D0,; A3V, which' -
_ exhibits ~5 at.-% solubility for zirconium. No other - .
ternary phases were identified in this system. - -
. . Studies .on the Al-Zr-Cr System-by Zarechnyuk
. et al.5! were restricted .to the regions confined' by
"Al, CrAly, and ZrAl;. Based on this study,” they
concluded that there was no ternary phase in
"equilibriuin with alumiinium solid solution and that
the two binary compounds CrAl; and ZrAl; were in
equilibrium with each other. Subsequently, Markiv
- and Burnashova? investigated the entire. Al-Zr-Cr
system using arc melted “samples,  characterising
them in the as cast and heat treated ugonditio'n,s.
Samples weighed 10 g and spot chemical analysis
“and weight determinations establishéd that alumin-
ium or chromium loss did not exceed 0-05-0-03 g."
Thus, an excess of aluminium and chromium were .
. incorporated in the starting charge to compensate

TV (at%h) ——

was assumed to correspond tc:the calculated charge —
composition. Alloy specimeps were annealed in
evacuated quartz capsules at. 1073 and 773 K for
periods of 1000 and 2200 h, respectively, and then
cold water  quenched.. Microstructural characteri-
sation included X-ray diffraction using unfiitered Cr

"’ radiation and optical metallography. The results of
their study aré shown in the form of an isotherm at
1073 K in Fig. 7b. The first observation is that no

. ternary compounds formed in this system. ZrAl; -
exhibits significant solubility for chromium (up to
~55 at.-% Cr) and is in equilibrium with ZrCr,,
which “dissolves up to ~7-5 at.-% Al at 1073 K#-

. ZrAl; exhibits a two phase equilibrium with eachof =~ = [ zr(m.%l—; o N .
the Al-Cr binary compounds CrAly, CrAls, 7 isothermal sections- in-a Al-Z2r-V system at
V‘C_rA13, CriAly, and CrsAls. _While this might - 1373 K [Ref. 18); b Al-Zr-Cr system at-1073K
initially appéar to contradict the earlier work of {Ref. 52); ¢ 1523 K isotherm in Al-Zr-Cr system
Zaréchnyuk et al.,” where ZrAly was shown to be ° (Ref. 53) ’ T o
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in equlhbrrum with CrA17, it must be p()mted out
that CrAl, forms peritectically at ~1000 K, while
the isotherm due to Markiv and Burnashova52 (Fig.
7b) is.at 1073 K. - .

- Chart® calculated the Al—Zr—Cr phase diagram

using .thermodynamic. data’ ‘available  for the

Tespective binary systems - and minimising" the
Gibb’s' free energy of formation’ of the various
phases to generate phase boundaries. However, in -
these computations, Chart assumed-the absence of
ternary compounds, at least down to 1523 K, and
the mutual insolubility of the Cl4 Lave’s phase
ZrAl, and the cubic C15 Cr,Zr phase. A 1523 K
isotherm resulting from these calculations is shown
in Fig. 7c.- At 1523 K, ZrAl3 is in equilibrium with
AlLCr,, which is also in equrhbnum with ALZr.
Markiv and Burnashova®® do not show an Al;Cr,
phase, but rather CrsAlg in equilibrium with
ALZr and ALZr (cf Fig. 7b and c). ‘Also, Chart’s
computations allowed no aluminium solublhty in
CrZr and no chromium solubility in ALZr, even at
1523 K; in contrast, .Markiv and Burnashova -
showed experimentally significant solubilities -for °

Axthe third element in these bmary compounds at

1073 K ‘(ef Fig. 7b and (9]
. ‘Recently, Schneibel” and Porter
“presence of am AlricH L1, compound. in the
Al-Zr-Cr system with a composition correspondrng
to 25Zr-6Cr-69Al (at. %) However in their earlier
*work, Markiv and:Burnashova®*" contended that
no ternary compounds were present in the Al-Cr—
Zr system. It is conceivable that the le compound
reported by Schneibel and Porter*’
lower temperatures (<1073 K), although no further
information on its' stability was provided. Thus,
more work is- needed in this ternary system- to

' clarify - the - differences - observed in the various

‘investigations.

- No. information is avarlable on the Al—Zr—Mn -

system, except for the identification of two ternary
phases: ZrMngAls with “a ThMny, - structure
" (a = 0-867 nm and ¢ = 0-501 nm) (Ref. 54) and an
equiatomic ZrMnAl with -the hexagonal MgZn,
structure - (¢ =0-525nm . and c/a = 1-63).%-
ZrMnAl was claimed to be a solid -solution of -

~ ZrMn;, and ZrAl,, both of which are MgZny-type

phases; thus it is not a true ternary phase.

Figure 8 shows isotherms at 1173 K for. ‘the .
Al-Zr-Fe and A'-Zr-Co systems, and_at 1073 K
for the Al-Zr-Ni and Al-Zr-Cu systems,
respectrvely These four systems are very similar in
the types of ternary phases present;-gradual dif-
ferences can be seen in the progression Al-Zr-Fe

to Al-Zr-Co to Al-Zr-Ni to Al-Zr—Cu. P

In- the: Al-Zr-Fe system,>>>® four -ternary

intermetallic phases are seen at 1173 K: Zr¢FeAl,.
; hexagonal , structure (a = 0-794 nm,
¢ = 0-332 nm), ZrFe7_4Al5_8 with the ThMn;, struc-'
ture, A; with a composition " Z1Feq.25-0.5A1p.75-1.50
" and the MgZn, structure, and A, with a composition

. ZrFep3s-0.30Al.65-1'70 and thé. MgCuz structure.

“The binary.ZrFe, phase extends ~15 at.-% Al into
the ternary isothermat 1173 K, whereas ZrAl; does
not show any significant solubrhty for iron. No
ternary Al-rich L1; phase is seen at 1173 K in- ‘this
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claimed the -

was stable at .

[y

« system, unhke the Al—aTl—Fe system dlscussed'

above. However, recently Schneibel and Porter*’
claimed the' existence of a ternary L1, Al-Zr-Fe

" phase with the’ composition Al-5-5Fe-25Zt(at.-%) °

and actually claimed to have tested this. L1» phase'
in compress1on at 1373 K. Why this phase is not"

present in the 1173 K isotherm of Burnashova and

- Markiv™ is not clear. It is possible that the reported -

Al-Zr-Fe L1, phase was not stable at 1173 K and -

. that Schneibel and Porter*” were not really testing
the L12 phase at 1373 K. These differences still
remain unresolved and’ requlre further careful
attention. . . *

The Zr—ZrAlz—ZrCoz section of the A-Zr-Co .

system is remarkably similar to ‘the - Zr-ZrAl,-

ZrFe, section of the Al-Zr-Fe system (cf Fig. 8a

and b), in that both contain A; and A,, and a ternary
phase of the type ZrgCoAl, (Zr¢F€Aly), where A,
and A, in both cases exhibit similar composrtronal
‘ranges of stability. Further, liké ZrFe;, ZrCo,
exhibits  significant (~10 at.-%) solubility for
aluminium, and ZrAl, shows negligible solubility
for iron, as well as cobalt. The section of the
Al-Zr—Co isotherm: bounded by - Al-Co-ZrCos-

ZrAl, is different from the corresponding region in.
in that .three ternary
campounds ark present, with’ compositions coire--
sponding to ZrCoAly, Zr¢CosAls, and ZrCoyAl.

the Al-Fe-Zr system,

ZrCpAl, is hexagonal with ¢ = 0-726 nm. and
"¢ = 0-909. nm, while Z1¢CosAlj6 is cubic with the
TheMn,; structure- and a lattice’ parameter of
1-217 nm. ZrC02A1 is a Heusler phase (L2y) with
‘@ = 0:6081 nm.*® Once again, no Al-rich L1, phase

was-identified in the A-Zr—Co system. In both the -

Al-Zr-Fe and the Al-Zr-Co systems,”>® the
crystal structures and phase equilibria were studied
using X-ray drffractlon and’ metallography Over

100 samples were prepared in each system- by

electri¢ arc melting of the appropriate amounts of
-the pure constituent elements in an argon atmos-
phere. The resulting alloys, assumed tc have the

*calculated compositions, were annealed in evacu-

ated quartz capsules.at 1173 K for 2100 h and then
cold water'quenched and characterised.

The Al-Zr-Ni system has been investigated to a
‘greater extent than ‘the Al-Zr-Fe or Al-Zr-Co

systems: The isotherm in Fig. 8¢ was taken from

-the work of Burnashova and Marklv and a
comparison with the Al-Zr-Co system (Fig. 8b)
reveals several similarities and. differencés. At least
seven teérnary phases are present in the Al—Zr—Nr

system, and the phase ZrgNiAl, is isostructural with-
ZrsCoAl, and ZrsFeAl,.>® Further, the A, phase-
with the MgCu, structure, which is in equlhbrrum‘ -

with ZrAl, in the Al—Zr—Co and Al-Zr-Fe Systems,
is -also present in the Al-Z1-Ni system, with a
.compositional range of stability defined by
ZrNig.s 02Aly5 1.3 The Heusler phase,  ZrNi;Al (H;
a = 0-6123 nm), in the Al-ZrNi system is the
analogue of the ZrC02A1 in the Al-Zr-Co system.

In an earlier study by Heine and Zwicker,”>.the

- ZrNi;Al compound was assigned a CsCl structure, -

which contradrcts the study. of Burnashova and
Markiv,”” as well as an earlier study by Markiv et
. al.* Tn addition, there are four ternary phases with
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8 lIsotherms in a Al-Zr-Fe system at 1173 K (Ref..55); b Al-Zr-Co system at 1173 K (Ref. 56); ¢ Al-Zr—Ni
system at 1073 K (Ref. 57); d Al-Zr-Cu system at 1073-K (Ref. 52) ° o

compositions corréspénding to ZrsNigAl; the equi-

atomic ZrNiAl with the hexagonal iron phosphide

- structure (Fe,P); Zrg.gNij.2Al; with @ ='1-208 nm;
and Zr;NigAljs with a tetragonal structure, lattice .

parameters of a = 0:401 nm an/d ¢ = 1-441 nm, and
*a unit cell containing 14 atoms. Subsequently,®® the

composition of the last compound (Zr3NigAls¢) was -

~ changed to AlsNi,Zr and assigned a new structure
belonging to the symmetry class of [4/mmm with 16
atoms per unit cell. - '

In contrast, Raman and Schubert, from‘thei'r\

investigation of the ‘Al-Zr—Ni system, claimed that

the equiatomic phase, ZrNiAl, had ‘the cubic C15

- structure with a lattice parameter of @ = 0-734 nm.
In addition, they. also reported the presence of a

ternary Al-rich L1, compound, Zr,NiAls, with a
lattice parameter of 0-406 nm. Such a single phase .
- field was not found in the Soviet investigations. In ™

1.61

. fact, Markiv ef ¢/.°" specifically referred to the ‘work

of Raman "and Schubert®® and emphasised the’

- disagreement between their ' two _ investigations,

including the_absence of the L1, phase Zr,NiAls. -
These - differences in observations - need to -be
clarified. ' » B

~In this context, Raman and Schubert?*>%%2 have
provided only brief details of the experimental
procedure adopted in their phase equilibria. efforts
and the purities of the starting materials are not
provided. It appears that 'their samples were arc
melted: in an argon -atmosphere and then sub-
seqiently vacuum heat treated at 1073 or 1223 K
“for extended periods of tilne. The sample size is not
“specified. No -mention is- made of agreement
between intended and final alloy compositions or if
the compositions were even measured.. On the
other hand, Markiv et al.®! provide complete details
of their experimental procedure. They examined-99 .-
alloy compositions and prepared- the alloys by.
melting a charge of zirconium iodide (99-96% Zr),

-99-99% Ni, and 99:9% ‘Al in an electric arc furnace

using'.an .unconsumable - tungsten electrode on a
water.” cooled  copper plate. Excess aluminium

International Materials Reviews . 1990 Vol. 35 No.6
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(50-150 mg/10 g of sample) was added to compen-
sate for losses during melting. However, the alloy
“composition was never measured, but assumed to
be that intended. The cast alloys were heat treated
in evacuated quartz ampoules at 1173 K for 700 h
and then cold water quenched. The microstructure
was analysed using X-ray diffraction and metallog-
raphy. What is extremely-puzzling is the fact that
Raman. and Schubert® claimed the presence of the
L1, compound Zr,NiAls with very few samples and
yet Markiv et al.,®! who examined several samples
around the above composition did not find the L1,

phase. Unfortunately, none of the investigators-

specifies the impurity levels in their alloys and it is
well known that minor impurity levéls can signifi-
“cantly influence the stability of these L1,

phases. %% -

The presence of an Ll compound in the Al

Cu-Zr system with a composition Zr,CuAls and a
lattice parameter of 0-404 nm- was confirmed b5y
‘Raman and Schubert,>*® Markiv.and Burnashova,>
and  Zarechnyuk et al>' Figure 84 shows an
isotherm at 1073 K from the work of Markiv and
Burnashova.? In addition to the L1, compound,
Raman and Schubert reported the existence of two
other ternary compounds, ZrCuzAl with the L2,
_ structure and: ZrCuAl with a' C15 structure. They
.claimed that the L1, compound, Zr,CuAls, was in
equilibrium with the binary compounds ZrAls,
ZrAl, and CuAl,, but not with aluminium,’’
although the isotherm at 1073 K (Fig. 8d), due to
Markiv and Burnashova,>® shows the Ll;

compound (N) to be in equilibrium with ZrAls, ¢

(ZrCugAlg), Z, A, and ZrAls. Zarechnyuk ef al.>!
investigated only the Al-rich corner of this ternary
system, and it is likely that their investigation was
not complete enough to identify the other ternar
* phases reported by Markiv and Burnashova.*
The y phase was assigned the ThMn;, structure
_(tetragonal), with  a = 0-490-0-512nm and
¢ = 0-856-0-850 nm. The H phase (ZrCu,Al) was
found to be L2;, with a lattice parameter of
a = 0-6215nm, in agreement with Raman and
Schubett® but in contradiction to the earlier claim
of Heine and Zwicker> that ZrCu,Al had the CsCl
structure. The isotherm at 1073 K (Fig. 84) does
not show the equiatomic phase ZrCuAl, reported
by Raman and Schubert® to have a C15 structure,
but does -show the A, phase with a composition
range 33Zr-37-10Cu-30-57Al  (at.-%) and the
MgCus, structure. S

Once again, the reasons for these observed
differences are not .clear, but further work is
required to clarify the situation. All the other
ternary compounds in the Al-Zr—Cu system (K, U,
., and Z) exhibited a very <mall compositional
range of existence and their crystal structures have
not been identified. In addiiion, a lower tem-
perature isotherm at 773 K (figure not shown)>
_ suggests the presence of an additional ternary
compound, E, whose composiiion corresponds to
'12Zr-24Cu-64Al (at.-%). This phase is in equilib-
rium with CuAly; 1 (which has a more restricted
* compositional range of stability at 773 K than at
- 1073 K), and, ZrAls. Its crystal structure was not
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determined.” Of the various binary compounds,
Zr,Al; was the only one that exhibited appreciable
solubility (~10 at.-%) for the third element (Cu in
this case) at 1073 K.

At 1073 K, the pseudobinary system ZrZns-
ZrAl exhibited an L1, compound, ZrZnAl,*® with
a lattice parameter a = 0-403 nm, which was prob-
ably in equilibrium with ZtZn3, ZrAls, ZrAl,, and
ZrZn,. Subsequently, Drasner and Blazina® exam-

- ined the pseudobinary ZrZn,-ZrAl, section and

found that, depending on the composition and/or
thermal tréatment, they obtained alloys with the
L1, structure. ZrZn, exhibits the MgCu-type C15
structure, while ZrAl, is of the Cl14 MgZn;
type. Two new ternary phases were identified,
ZrZngsAly.s with the C15 structure type and
Z1Zn,.sAly.s with the L1, structure. The observ-
ation of an L1, structure along the ZrZn,—ZrAl, tie
line was attributed to the widely extended homo-
geneity region of the L1, phase field in the region
ZrZn,Al-Z1Zng.gAl.» on the ZrZns;—ZrAl; tie line.
Correlation of measured and calculated X-ray
intensities of the L1, phase revealed a best fit
described.by the formula Zr(Zr, Zn, Al)s, implying
that the Zr atoms occupied corner and face centred
sites. The authors argued® that this is not unusual
because in binary Zr;Al (L1;) and AlsZr, zircon-
ium atoms occupy the face centred and corner
sites, respectively.

While the focus of this review is largely ternary
additions leading to the formation of L1, phases
from binary DO0,; (or DO0p3) structures, it is inter-
esting to consider cases where the D0, structure is
stabilised with ternary additions in preference to
the binary D03, or even L1, structures. A case in
point is the- addition of Cu to AlU, which
transtorms the binary L1, compound to a ternary
D0y, structure.%® Similarly, the addition of Si to

Al:Ti extends the DO0,, composition significantly. . -

Al;Ti exhibits as much as 15 at.-% solubility for Si
at 973 K. In fact, the addition of Si to AlsZr.
(D0y3) actually promotes the formation of a ternary
DO0,, phase at 973 K (Ref. 62) which has a stoi-
chiometry corresponding to Zr,AlsSi and is ‘in
equilibrium with ZrAl; (Fig. 9). The composition

- of this phase in terms of the ratio of the three

constituents is similar to that of the ternary L1,
intermetallics AlsCuTi, or Alg;FegTizs. Other fea- -
tures that are noteworthy in- the Al-Zr-Si system
include the extensive solubility of Al in the binary
phases ZrsSi3, ZrsSiy, ZrSi; -and ZrSip, and the
presence of a ‘ternary tetragonal phase Zr3AlsSis
with ¢ = 0-371 nm and ¢ = 2-935 nm.

Al-Hf-X systems _

The binary Hf-Al phase diagram is not very well
established in terms of the liquidus temperatures.
At least seven binary intermetallics are kiown to
exist in the* system,%” including Hf;Al (C16),
Hf;AlL, Hf;Al;, HfAl, HiAl;, HfAl, (C14), and
HfAl;. HfAlL; is D0y at low temperature and D0y

- at high temperatures. It is claimed to melt con-

gruently with a melting point of ~1863 K. In the.
binary system, HfAl is believed to be the highest
melting intermetallic (~2073 K).
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* The grain reﬁ'ning effect of Hf in aluminium

alloys, together with its ability to inhibit recrystallis-_

ation, -was examined in Al-Hf alloys prepared by

rapid solidification techniques with a wideé range of -

Hf contént.*® In another investigation,® the precip-
~itation characteristics of ALHf in aluminium were

examined for AI-Hf alloys containing up to’

10 wt-% Hf. The role of small Si additions in

influencing precipitation kiretics was delineated,”®
and a new metastable intermediate H phase was -

- found to be present when -ALHF transitioned from

the L1, to the DOy phase. Subsequently,-a mech- -

anism for this. transition was proposed,”’ which
involved a "shear of 15[110](110)L1, on‘ every

second plane to produce the Pmmm H phase, and
. then a ¥5[010}(101) shear on-every second plane to .-

produce the D0,, phase. It is not clear, at present,
whether the equilibrium form of ALHf in an

aluminium matrix is D0y, or D053 = although these

investigations®*"! refer to equilibrium ALHf as
D0,,,.it"is known that the single phase compound
AlHf adopts the D0y structure at low. tem-
peratures. However, it was clearly shown that the
intermediate structure; H, is neither D05 nor D0,

While investigations on the binary Al-Hf system
are scarnt, even less is known about the ternary
AlHf-X systems (X = Cr, Mn, Fe, Co; Ni, Cu,

and Zp). Ternary isotherms or portions thereof are i
- . D0y HfAl;. Ternary phases of the type HfgNiAl, -

‘shown in Fig. 10 for the. Al-Hf-Fe, Al-Hf-Co,

Al-Hf-Ni, and Al-Hf-Cu sysiéms. Each of these -

isotherms is discussed below and compared with the
. corresponding ternary isothérms of the Al-Zr-X
‘systems where pertinent. : - o

.. Figure 10a shows the Al-Fe-HfFe, (;)-HfAl,

(A1) portion of the ternary Al-Hf-Fe isotherm at .
1073 K.” HfAlL and HfFe, both exhibit: the Cl14.

"MgZn, structure and continuous mutual solubility

along the tie line HfAl,—HfFe,. In addition, there -

are two ternary: phases,  and y. The  phase has a

homogeneity range extending along 7-7 at.-% Hf
~ and from ~37 to 61 at.-% Al. It was reported. to.
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: h’zive the.tetragonal ThMn;, structure, with a lattice

parameter ao varying from 0-850 nm (at 37 at:-% ‘
Al to 0-865 nm (at 61 at.-%. Al) and ¢ =
- 0-492 nm. The x phase has a limited. homogeneity

. 'range, with a comiposition given by 14Hf-20Fe—
- '66Al (at.-%), but ‘its crystal structure -was ‘not
.+ determined. A comparison- of ‘the Al-Fe~HfFe,—

HfAI; portion of the Al-Hf-Fe isothérm with the
corresponding section ‘of the Al-Zr-Fe system
(Fig. 8a) reveals that the v phase (ZrFe;_4Alsg in’
‘the Al-Zr-Fe system) exists ovér a similar stoi- -
chiometric range in both systems. Unlike the
Al-Zr-Fe system, where Ay dand A, are present,

HfFe; (A1) and HfAl, (A;) exhibit continuous -

unlimited mutual solid solubility. :
“The Al—Co—HfCoz—HfAlz' section of the Al-Co-
'Hf system resembles the cofresponding segment of
the Al-Zr—Co isotherm, rather than the Al-Hf-Fe
system (cf Fig. 10b with Figs. 8 and 10z). The
binary - C15  HfCo,, like 'its counterpait ZrCo,,
exhibits about 10 at.-% solubility for ‘Al at 1073 K
(Ref. 73) and is in equilibrium with a A, type phase

* ~(C14), whose compositional range of homogeneity

 lies along 33 at.-% Hf and extends.from ~20 to 50
at.-% Al (Fig. 10b). A A, type phase (C15), also
present in equilibrium- with A, and ZrAls, has a
much smaller compositional range of existence than
Ay, extending from ~57 to 60 at.-% Al and lying
‘along the 33 at.-% Hf concentration line. Also .
present are HfCo,Al with the L2, (¢ = 0-6009 nm)
structure,” Hf¢Co;Alis  with the ThMny (a =

- 1-206:im) structure, and HfCoAl, and HfsCoAl; -

with -hexagonal structures. Similar ternary phases.
were also identified in the Al-Zr-Co system. Three |
other ternary phases, L, H', and X, were identified
and reported to have the compositions 20H{-70Co—
10Al (at.-%), 30Hf-52Co-18Al (at.-%), and- 4Hf-
22Co~T74Al (at.-%), respectively. The. crystal ‘struc-
tures of the L’; H', and X phases wére not
determined.. = - ST :
Unlike the ‘Al-Hf-Co and Al-Hf-Fe systems, a

" complete ‘isotherm_at 1073 K is available for the

Al-Hf-Ni system (Fig. 10c). It is well known that
small additions of Hf to NizAl significantly increase

+ the high temperature strength of this material.2”>

Markiv and Burnashova showed’ that the solubil-
ity of Hf in Ni3Al was about-7 at.-% at 1073 K. The .

- -Al-Hf-Ni isotherm at 1073 K (Fig. 10c)- shows a

remarkable resemblance to the Al-Zr—Ni system

~ (Fig. 8¢) in terms of the types and structures of

ternary phases occurring in the two syStems. ‘As in
‘the Al-Zr-Ni system, NjAl; is in equilibrium with’

HfsNisAl, HINiAl, A,, HfsNigAl;s, HfNi,Al, and
- HigNigAl,s are present and have crystal structures
identical to their Zr-based counterparts in the
Al-Zr-Ni system. In addition to -thesé ternary
phases, three other ternary, compounds are present:
A2*  (~HiNij.9Alp.;) - with .a cubic structure
(@ = 0-6905 nm); Cl4-type A, (HfNig.sAl.,) with
a = 0-518 nm and-c/a = 1-62; and L (Hf,NijsAls),
whose ¢rystal structure was not determined. The -
A" phase was reported. to be stable above 1273 K
and had the MgCo,-type. structure (cubic). Except
“for NizAl, none of the binary compounds exhibited

International Materials Reviews" 1990 Vol. 35 No. 6.
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b 'Al-Co-HfCos—HfAl, portion of AlL-Hf-Co system ‘(’Ref. 73);

Hf,Cu-HfAl, portion of Al-Hf-Cu system (Ref. 76)

_any significant. solubility for the third component,
even at- 1073 K. According to Markiv' and
“Burnashova,” as ‘in" the- Al-Zr-Ni system,*" no
ternary Al-rich - L1, compound was present -at
1073 K. . -\’ ’. o A
In the Al-Hf-Cu system’® at 1073 K, at least
_ éight ternary phases: were identified in the section
contained.by' Al-Cu-Hf,Cu and HfAl, (Fig. 10d).
. An ‘L1, compound, . ‘Hf;CuAls, with a lattice
_ parameter of 0-4013.nm was shown to exist, analo-
gous to Zr,CuAls 'in the AFZr—Cu system
(Fig. 8d). - Other _phases  identified included a

" HfCu,Al (H), with the L2, structure, HfCuAl (1)
.~ with the MgZn, structure, HfC-p0.35All.65 (A2) with
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c Al—Hf—Ni system (Ref. 74); d Al-Cu-

* the MgCu, structure, 9 with the ThMny, structu-ré,

and the E phase (stable at 773 K) with a.chemistry

‘of 12H{-24Cu-64Al (at.-%), which is similar to the

E phase in the Zr-Cu-Al system. In addition, two

_other ternary phases, K and Y, were identified at

1073 K, with compositions of - 14Hf~71Cu~15Al
(at.-%) and 20Hf-55Cu-25A1 (at.-%), respectively,
although their . crystal -structures were not '~
determined. C ,

As shown in Fig. 10d, ‘the 'L1;  compound
Hf,CuAls exists over a very small compositional

-range and is in equilibrium with HfAl;, HfAL, A, -

and . None of the binary compounds shows any
significant solubility for the third element, and the
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only temary phases w1th any s1gmﬁcant compos- .

- itional range of existénce -are Az, occurring at 33"

©  at.-% Hf and 48-60-at.-% Al, and y, at 7-7 at.-%
Hf and 42-52 at.-% Al

. Raman ‘and Schubert™ examined the Hon3-.
‘- HfAl; pseudobinary section,

and showed the
presence of an L1, compound HfZnAl with a
lattice parameter of 0-403 nm at 973 K. As with the

Zr-Zn-Al system, Drasner and Blazina® examined .

the HfZn,~HfAlL section of the ternary Al-Hf-Zn

system after homogemsmg the alloys at 1273 K, and’

found 'a‘single phase region with the C15 structure
between  HfZn;.ps5Alg. 75 ‘and- HfZny. sAly 5. "Homo-
_ genisation at-lower temperatures (1173 K, 1073 K)
produced two phase alloys of C15 and L1, type
stiuctures, although a single phase L1, compound
was not produced .The observation of an L1,

,_compound in the Honz—HfAlz ‘structure was -
attributed to the widely extended homogeneity

range of the L1, phase field in the HfZn;-HfAl;
pseudobmary section.

- This review of ternary isotherms: of the Group
IVA-AIL-X systems, where X corresponds to the
first row transition elements from V to Zn, does not

_clearly 'show "a systematic tendency for the .

‘formation of Al-rich ternary- L1, compounds upon

traversal of the periodic table from Ti to Zr to Hf. -
While there is good agreement that L1, compounds .

are.formed with the addition of Mn, Fe, N1, Cu,
‘and Zn .to the Al-Ti system, the situation is not
entirely clear for the Al-Zr system. Vanadium
addition to Al-Zr produces an L1, compound, but
-conflicting’ evidence exists with respect to' Cr, Fe,
and Ni additions. Agreement does exist -on the

* ability of Cu -and Zn additions to produce a ternary.

L1, compound. The behaviour of the AlHf-X

systems appears.to be remarkably similar to that of -

-the . AZr-X systems. for ‘a partlcular ternary
addition.  Cobalt, being sandwiched between Fe
and Ni in the perlodlc table, appears to behave

- very dtfferently — for "example, an Al-rich L1;-

phase is present in both the Al-Ti-Fe and -

AL-Ti-Ni systems, but is absent in the Al-Ti—Co

system.

While Fe, Ni, and Cu additions to the Al—T1
system produce only three or four ternary. phases;,
similar additions to the Al-Zr and Al-Hf systems
precipitate as many as eight or nine ternary phases,
resulting in extremely complex systems.
often, only a single investigation was performed on
some of these systems, makmg verification impos-

sible. Clearly, more work is needed in these areas if -

- “these systems are to be used.

I-G'roup VA—X systems. S o

Al V=X systems

Quite

Although the binary Al-V system contains several .

compounds, most of them are products of low
temperature peritectic reactions at the. Al-rich end.
" Therefore,
involving the binary Al-V system are relatively less
crowded compared with. the systems considered in
the - previous section.. In fact, only two binary

- compounds are stable above” 1100 K, ALV with a -

high temperature = ternary isotherms °

Ty C .
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D022 structure and Alng w1th a cubxc D82
structure.
“Kopp and Wachtel77 mvestlgated the phase

equilibria of the Al-V-Mn system, prlmarlly inthe -
range 25-60 at.-% Al; and developed portions of .-

the Al-V-Mn 1sotherms at 1273, 1173, and 873 K,
- the liquidus projection, and a reaction summary for
the three binary systems and their influence on the
solidification  sequence of . ternary . alloys.  In.:
addition,they also provided an isopleth from 873 to -

" 2073 K for'the 60 at,-% Al level from 40 at.-% V at
one end to 40 at.-% Mn at the other. The y<Al-Mn -

phase and the y-Al-V phase (VsAlg) were reportcd

" to’exhibit complete mutual solubility. to ‘at least "
873 K, while the high temperature e-Al-Mn phase '

dissolved up to ~5 at.-% V-at 1273 K. No terpary'.
_phases were identified in the portion of the system
investigated. = - '

‘Raman and Schubert30 evaluated the Al—V—Cu g

and Al-V-Ni systems and produced isotherms at
1173 and 1073 K, respectively (Fig. 11a and b). At~

71073 K, no ternary phases are present -in the -
© Al-V-Ni system. The binary B2 NiAl phase’exhib-

its a s1gn1ﬁcant solublhty for vanadium, extendmg

NIALJ {Fe3C)

NMI (82)

L N:Ial;l(le) : mzms

|sothermal sections in @ Al-V-Cu system at
1173 K and b A-V=Ni system at 1073 K (Ref. 30) -
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up to- ~35 at.-% V into the. ternary isotherm:
Maximum solublllty was observed for NiAl contain--

‘ing 50 at.-% Ni. At this temperature, NirAls is - in

“ternary isotherm and the solubility range of the.
ternary solid solutlon A2 phase extends from about -

’equxhbrlum ‘with. VAl, VsAlg, and the solid
solution A2 phase. The vanadium. solid solution

phase field extends up to ~17 at.-% Ni into the

43 at.-% Al in the binary system up t6 ~57-at.-%
Al at this nickel ‘level. The ' three . binary
compounds NiAls, VAls, and VsAlg, do not show
any significant solubility (<5 at.-%) for- the third
element. Myasnikova er al.’® studied the phase

equilibria of the alloys contained in the N1Al3—VAl3 e
and’ Ni;Al;-VsAlg sections. In both cases in the. !

solid state, a two phase structure consisting of the
starting compounds was, present.- across the entire
pseudobinary section. . At temperatures above

1073 K, - the. NlAl3—VAl3 isopleth  showed the

presence of a hqmd phase; which was associated
with three - primary crystalhsatlon fields,
L + Ni;Al;, L + VAL;, and L + VsAlg. NiAls
melted incongruently over the entire concentration

range. In the NiAlz-VsAlg section, ‘a eutectic

reaction was observed with- the simultaneous
crystalllsatlon of the two phases, Ni;Al; and VsAlg.

The Al-V~Cu isotherm of Raman and Schubert®®

at 1173 K is similar to the Al-V-Ni section at
1073 K (Fig. 11a and b), in that no ternary phases.

are present and the A2 vanadium solid solution

. phase field exhibits significant solubility for copper,

although to a lesser extent than for nickel. At

. 1173 K, the compound CuAlz is unstable and the
- D0y compound VAl is in equilibrium with

CugAly, VsAlg, and liquid. CuoAls; shows -about .
15 at.-% solubility for vanadium and is in equilib-

rium. with the Cu-based Al phase and V-based A2
phase. VAl and VsAlg eXhlblt ~5 at.-%. solublhty '

. for Cu..

. In addition to the Al—V—T1 and Al-V-Zr systeins
(discussed in the previous section), Raman stud-

ied the Al-V-Nb, Al-V-Ta, and the Al-V-Mo
' systems. and generated an isotherm: for.each at

1273 K. These "are reproducéd -in Fig. 12 and
discussed below. A detailed discussion of the bmary

Al-Mo, AI-Nb, and Al-Ta systems is ‘provided ‘in
- the relevant sections that follow. For now, it will
"suffice to recognise that in the Al-Nb system, the

- .three‘intermetallics, Al;Nb, AINb,, and AINb;, are -
“all stable at 1273 K and all exhibit significant -

solubility -for vanadium. At 1273 K, the binary

" Nb-V system shows unlimited solid solublhty, with - .

the A2 phase field “extending into the ternary

" isotherm, bounded by ~5 at.-% Al on.the. AI-Nb

binary ‘and ~45 at.-% Al on the -Al-V .binary.

(Fig. 12a). ‘At the Al-rich..end 'of the ternary

system, NbAl; and VAl;: are in equilibrium with
each other, exhibiting ternary solid solubilities. of

‘12'at.-% V and 8 at.-%. Nb, respectively. It is

interesting ' that these two phases do not show

complete mutual solid-solubility since they have the

saine D0, crystal structure; rather, they bound a

- two phase region  of a mixture of the two D0

phases.. In, the heat -treated condition (7 days at
1273 K), the: D()zz Nb(V)Al phase is in equlllbnum

Nb

(o)

V@t%) —»

© TaAl(00,,)
o

a
F
~N
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_ w1th a new ternary phase (broken hnes represent '

heat treated. isotherm) whose crystal structure-was
net identified, although a similar ternary phase was

also 1dent1ﬁed in the Al-V-Ta system -(Fig. 12b)

_ after a similar_heat treatment.

- . The Al-Ta bmary system differs from the bmary
AI-Nb system in that an equivalent of the NbsAl
compound is absent and- instead, a compound

" TajAly; is. claimed present in  equilibrium. with

AlsTa and TayAl. The ternary Al-V-Ta system
(Fig. 12b) is very similar to-the ternary. Al-V-Nb
system,. in that AlsTa, Ta;pAly7, and TayAl all
- exhibit significant solubility for vanadium. Like-
wise, A13V shows apprec1able solubility for tanta-
lum. The A2 phase field is bound by Ta, 90 at.-%
Ta-10 at.-% ‘Al 55 at.-% V-45 at--% Al and V,
. There is a two. phase reglon composed of D0y,
" AlTa-and D0, AlsV, which is in equlhbnum with
aluminium; however, this equilibrium is unlikely at

lower temperatures since a large number of Al-rich
binary intermetallics prec1p1tate in the Al-V system
which are hkely to be in equilibrium with the D05, -
region. As in the' Al-V-Nb system, heat treatment _
(1273 K for:7 days). produces a ternary phase

{whose crystal structure was not determined) that is
“in equrhbnum with Ta;pAly7, TazAl, A2, and AlsTa
(the heat treatment effect on the isotherm’is shown
- by broken lines). A recent study” has verified the
existence of two additional compounds, AlTa and
" AL, Ta, which would significantly: influence ternary

phase equilibria, but were, however, not considered

in the ternary. studies dlscussed above as their

presence . was unknown at the time "the ternary -
isotherms were established. Both - these phases,

Al,Ta and AlTa, are claimed to be products of
‘peritectic transformations occurring. at 1867 and

2043 K. The crystal structure of AlTa was reported

to be related to the Fm3m space group. The phase

referred to’ as TajpAly; in earlier studies was shown :
not to exist. Thus, based on the latest study of the

Al-Ta binary system, four compounds ar¢ shown to

.exist. These are AlsTa, Al,Ta, AlTa, and AlTa;.
Based on this new information, phase equilibria in
ternary Al—Ta—X systems need to - be sultably
modified.

The Al—Mo bmary system is"similar to the ALV -

_ ,'bmary system in that it too forms a large number of
-intermetallics, - several of which are Al-rich .and

form ‘as a consequence of a peritectic decompos-,

ition below 1273 K. In fact, AI-Mo compounds

stable above 1273 K include Mo3Al.(A415), MosAlg’

{monoclinic), and MoAl,; (monoclinic). MoAls was
reported to form at 1050 K,*® although Raman'®

_included - it in. his 1273 K Al-V-Mo isotherm -

(Fig. 12¢), implyirg stability at this temperature.

The " V-rich. solid solution’ with the A2 crystal .

structure - in* the binary Al-V system. showed a
decreasing solubility for aluminium as increasing
amounts of molybdenum were substituted in it. The
D0,y Al3V intermetallic showed -a significant sol-
ubility for molybdenum, extending to ~20 at.-%
Mo. A new ternary phase with the approximate
formula Mo(V,Al); was identified, but its crystal

‘ structure was not determined. A subsequent inves-. °

_“tigation,! however, concluded that this was not a

C ity -
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ternary - phase, - ‘but srmply an extens1on of the
solid-solution range of MosAlg. Umakoshi-et al.?
~ showed .that the substitution of--Ti
improved - ambient . ductility - in compressron by -
- allowing an extra deformation - mode,

ordered twinning, to occur, Slmllarly, it is conceiv-

able that the large amount of molybdenum solubil- - '
its - deformation

in- VAl; could. influence:

behaviour. - Such ' alloying -approaches - must be

explored in greater detail to enhance the properties "

of these mtermetalhcs

" Al-Nb-X systems , n
:In the field of high temperature matenals and o

specifically,” ordered intermetallics, “the: AI-Nb-

system is beginning to draw. considerable -attention .

from the research community. In fact, the possible .
" beneficial role of Nb additions to y-TlAl and, more "’
. generally, the ternary phase equilibria in the Al= -
1nvest1-j _

Ti-Nb
gation.®

ssystem - are currently under

Three mtermetalhc compounds were reported' e
. present in the Al-Nb system: Al;Nb, a congruently . - -
melting (~1880 K) D0y, line compound with-a ..~
; the sigma phase (), NbsAl, 2 -~
D8, structure that melted incongruently with.a

density <5-0 g cm™3

solidus extending from 1823 K at.58-7 at.-% Nb to

. '2143 K at ~67 at.-% Nb; and NbsAl: a CrsSi A15 -
structure, which also melted incongruently with-a = .

solidus extending from 2143 K at: 68 at.-% Nb:to
2233 K at *75 at.-% . Nb. The 'A15 compound,
NbsAl, was. reported to have -a-high solidus and a

large’ stoichiometric range of existence. These fea-
tures have drawn recent interest to. this compound,. .

leading to a study of the variation of elastic

~ modulus and elongatlon with temperature.® The
brittle to ductile transition occurred around 1200 K '

for this compound.
Hansen and Raman®

Nb>Al phase field. Nb,AlL formed continuous. series

in VAL ..

namely, -

studled the - effect of
ternary alloying additions on the o phase; NhAl,
and the extent-of solubility of these additiofis on the .

‘of solid solutions with Ta;Al and NbsRhy and

phase extended towards T2Al for T = Mo; Ti, Zr,

© or V, it was towards Nb3X, or Nb,X when X = Rh,
- Cr, Co, Cu, or Ni. In the case of Fe, the extensron

appeared to be towards both ‘Fe,Al’ and: ‘szFe

" dissolved about 14 at.-% Zr. It exhibited -a signifi-
cant solubility for Mo, Ti, Cr, or V. While the o

The .current popular notion that the Al-I'lCh le -

compounds _in the - Al-Ti-X

interest - in attemptlng to: ‘transform

-a-recent 1nvest1gat10n, Subramanian et al.%

did not identify any. potential alloying addition for
deriving the L1, structure based ternary compound.
Their results on the effect of Fe, Co; Ni; Cu, Cr,
Mn, Ag, Mo, and Zr additions. to A13Nb suggest
that Cr and Mn substitute preferentially for Al at
“constant Nb content, while W, Fe, Cu, Mo, and Zr

International Materials Reviews 1990 Vol. 35 No.6

“systems - (where -
X' = Fe, Ni, Cu, or Zn). are-actually derivatives of .- =
. the DOzz A13T1 intermetallic has created much.-.." =+
‘the “low
" density, higher melting D05, AlsNb-to-a. temary L1y’
- compound.-To data, this attempt has been futrle In -
-evalu-toy
ated the\ effect of various térnary . ‘elements on. thc" o
stability of the D0,, structure-of A;Nb. Their study -
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substitute for' Nb at constant Al content. Zr and Mo
showed significant solubility in AlzNb, -while Co,
Ni, and Ag dissolved only to a small extent.

© Perkins .and co-workers®’ studied the oxidation -

‘behaviour of ‘ALNb in air- at 1573-1623 K-and

concluded that a protective continuous' Al,O3 scale
was not formed in Al;Nb, but rather a scale with
- ‘alternating layers of alumina and niobium alumin-

ate. This behaviour was - attributed ‘to the line

.compound nature of Al;Nb, which promotes the

formation of Nb,Al just below the initial alumina-
layer. o . C

"Hunt and Raman®® examined the effect of Fe,

"Co, Ni, Cu, Cr, and Mo-additions on the phase:
equilibria of the Al-Nb system and, in the process,

generated isotherms for the various systems. In the

"Al-Nb-Cr  system, . the : isotherm = at = 1273’ K

(Fig. 13a) reveals, significant Cr solubility in Nb3;Al

-(~15 at.-% Cr) as well as NbAl (~23 at.-%. Cr),

with Cr claimed to substitute for Al in both cases.

However, AI3Nb dissolves only up to 5 at.-% Cr;, .
with the Cr once again taking up the aluminium

- _sites. The Al-rich portion of the ternary system was

1

()

Fe - 20 NbFeyd0 K 60 -

Nb (at.%) —

- 80

C o d)

“Nb .

not investigated. ‘A ternary MgZn,-type C14 phase;

in equilibrium with NbCr,, NbAl;, Cr(Al,Nb) solid

solution, and the sigma phase, is present over a -
large compositional range — from 25-37 at.-% Nb
and 347 at.-% Al The chromium solid solution,
which has a large solubility for Al (>40 at.-% Al)
in the binary system, shows about.3-4 at.-% sol-

-ubility for Nb at this temperature. :

Two isotherms for the AI-Nb—Fe system, the first
at 1273 K based on Raman’s investigation'® and the
second ‘at 1073 K from Burnashova'.ef al.,%° are

- presented in Fig. 13b and'c, respectively. In both . -
cases, it is apparent that the two binary Fe-Nb

compounds, NbFe, and ‘u’ *(NbjgFes according to .

- Raman'®) dissolve considerable amounts of alumin-

ium. The C14- NbFe; phase is in equilibrium with
the A2 phase (Al-Fe), the D0;; NbAl; (with ~5
at.-% solubility for iron at 1273 K (Ref. 18), but
significantly lower at 1073 K (Ref. 86), the ¢ phase

" (NbyAl), and -the u. phase. None of the Al-Fe

binary compounds shows any appreciable solubility
for niobium. Although the isotherms from the two

_ independent investigations differ by only 200 K, the

N

(b)

V] X
< 40 \' 60 NbFe, 80
Nbyq Fexg (1)

Fe (at.%) —

Fe

p + CopAlg+
+NbAl

o , ‘ Nb(at.%) —-
13 Isothermal sections ina AI—-,Nb‘—Cr system at 1273 K (Ref. 88); b Al-Nb-Fe_system at 1273 K (Ref. 18);
"~ €¢Al-Nb-Fe system at 1073 K (Ref. 89); d Al-Nb-Co system at 1073 K (Ref. 89) o
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reported- solublllty' of .iron in the bmziry ,niobium’ -

aluminides differs 81gn1ﬁcantly in"the two’ studies.

For example, according to Raman,8 the phase

exhibits ~10 at.-% solubility for Fe, whereas
Burnashova -et’ al 8. showed ~2-3 at. % solublhty

of Fe in this phase at 1073 K Also s1gmﬁcant is the

presence Of a ternary u' phase in the 1073 K
.isotherm along lines of 50—52 at.-% Nb content and
from ~3 to 26 at.-% ‘Al. This ternary u’ phase is
shown in equilibriuin- with u, Nb, and Nb,Al. Its
crystal structure was not determmed At the higher
' temperature (1273 K) a p' phase is claimed with a
" narrow: composmon range. centred, around
Nb,FeAl.: Why .the u’ phase should have such a
© large composmonal range of ex1stence in. one
investigation. and .not in the other is not clear.
Further, the location of the y’ phase in thé two

1sotherms is very different, which raises the ques-.

tion of whether they are the same or two different
phases. In-any event, fairly rigorous experiments
are required to explain these observed differences.

As a part of a larger study to-understand the

‘solubility of transition elements in the binary u and
ternary u' phases of the Nb-Al-X (X = Cu, Nij,
Co, Fe, Cr, Mo) systems, Hunt and Raman®
examined - selected portions - of  the - Al-Nb-Co
system at 1273 K and showed the presence of a
" ternary ' phase in equilibrium with Nb,Al (o) and
i, occurring in a narrow region ‘between: the two.
The p phase showed a large solubility for Al Based

on 'their experiments, they inferred a‘similar behav-
iour for the Ct4 Nb3sCogs phase. The Nb,Al o

phase dissolved about 10 at.-% Co. A complete
isotherm at 1073 K of the AI-Nb-Co system due to

. Burnashova et al.? is provided in Fig. 13d. Unlike -

the work on the: AI-Nb-Fe system, these - two.
1nvest1gatlons agree well on the size and location of
the ' phase field, as well as on the solubility limits
of Al in the p phase While - Nb,Al had about
10 at.-% solublhty for Co.at 1273 K according to
Hunt and Raman,?

and was in equilibrium with several of the binary

cobalt aluminides, as well as-a ternary MgZn, type

(A1) phase. This ternary A1 phase existed along a

constant Nb composition of 36-5 at.-%; extending.

- from 55 at.-% Al to almest 5 at.-%. Al (The phase

- _equilibria’ m the Al-poor region of the Al-Co-Nb~ :
" NbysNijzAlg, (which is very close to ‘NbNiAls) -

system are not well defined -in: Fig."13d.) In
addition; a ternary compound H (Co,AINb) with a
* very small composmonal range was present and was

_identified®® ‘as’ having the L2, structure (Heusler

~alloy). - The ‘presence. of "a ternary A; phase in
equilibrium with a binary A, (Co-Nb) phas¢ and the
u phase contradicts the work of Hunt and Raman;8

although these researchers specified that - thelr‘

- results in that portion of the phase diagram were
based - on. -inference - rather - than - expenmental
observations. Thus, there is not enotgh experimen-
tal evidence in the literature to verify the validity of
the tesrnary AI—-Nb—Co 1sotherm due to Bumashova
et al.®

Of the various Al-Nb-X systems mvestlgated to

. date -(X = Cr, Mn, Fej- Co, Ni,

- phases present, and extensions of the solubilities
® Burnashova et ‘al.,%* showed -
negligible solublhty at 1073 K. NbAl3 did not.
dissolve any appreciable amount of Co at 1073 K .

, Zn), the’
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Al-Nb-Ni ‘system has perhaps received the most
attention, primarily because Nb has been a popular
alloying addition to Ni-based superalloys, as well as
to the L1, intermetallic-NizAl. The Ni-rich region -
- of the Al-Nb-Ni -system hds been the focus of
several .investigations,”® although isotherms at
different temperatures have been determined for
the entire ternary system. The ternary AI-Nb-Ni
system is extremely complex and involves several -
ternary intermetallics, The contradictions presént in
- this system. serve to’illustrate and emphasise the
current need for standardised; “focused; accurate
experiments ‘to. resolve the differences. that are

" often observed in such complex systems. A chrono-

 logical approach for reviewing the AI-Nb-Ni phase
equlllbna has been-adopted.in order to prov1de an
appreciation of the'evolution of presenj: knowledg .
of this system. - L

In 1964, Schubert et al,% included four Al-Nb-Ni

" compounds in a long list of ternary compounds of s
"~ the Group IVA and VA transition metals. These.

four compounds were NbNi,Al with a =-0-591 hm

" and an L2; structure; a'-Cld-type NDNiAl with. . -

a = 0487 nm, ¢ = 0-792 nm if the Nb substituted
‘in the Ni sites and @ = 0 496 nm, ¢ = 0-815 nm if it -
- substituted in thé Al sites;’ NbNiAl, with a cubic
| structure and a = 1-143-1:150 nm; and an Al-rich
L1, compound, Nb;NiAls with.  a = 0-403 nm.

© Markiv et al.* independently confirmed the exist- ‘

ence of the Heusler-compound - (L2;); NbN12A1

with a: lattice parameter of 0-5974 am, ‘which is - -

higher than that reported by Schubert et al.** In

. addition, the equiatomic NbNiAl. compound with - -

. the C14 structure was 1dent1ﬁed w1th a:= 0 500 nmf '

and ¢.= 0-909 nm.> , :
About the same time, Raman and Sch

investigated Group IVA—, VA-; and VI

(X = Cu, Ni) systems with the intent of ident

crystal structutes -and- compositions of tern_

binary phases into the respective. ternary: system:
* One of the systems they evaluated was the. AI-Nb=
Ni system. Their study essentially confirmed ‘the
.existence of the L2, compound, -NbNi,Al, and the-
Cl14 phase NbNiAl. They indicated a wide homo-" -
geneity range for the C14 phasé field; further; their - -
_study could not confirm the existence of the Al-rich - .-
‘L1, compeund, Nb,NiAls, claimed earlier by = '

Schubert ef - al®® 'An alloy of composition: -

" decomposed after heat treatment into a three phase™ .
structure of D0y, C14, and B-NiAl (B2). However, -
Raman and Schubert? reported the existerice of o
the ternary Ti,Ni-type phase with‘a =115 nm. -~
In 1966, results of two independent stud1e595 %
on the' AI-Nb-Ni system were reported-in the form
of complete isotherms at 1413 K,*® 1173 K% and
the Al-rich portion at 1073 K.* These isotherms
are presented in Fig. 14a—c and the’salient féatures
of the two studies are compared with each dther.
and with previous studies. Benjamin ef'al.% showed
that there was no compound-in the binary Nb-Ni
system analogous to Ta,Ni, in’ %ood agreement with
Duerden and Hume—Rothery,A who generated the

~ ‘entire binary Ni-Nb"phase’ dlagram about’ the same

Internatnonal Materials Revlews 1990 Vol 35 No 6
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M, A1 g0

N (at.%) —» :

time. The ‘work of Benjamin et al.%® and Markiv ef
- . al.®8 ~agrees;well’ in. the ~compositional. range of
- existence for: the binary i (NbNi) phase; although -
the results’on the solubility‘of Al in the u phase are

" a major: contradiction :(cf Fig. 14a .with b). While '
- Markiv:et al.% show" negligible solubility of Al in
-.Nb enjamin et al.®® show the u phase.

to'b -and in excess of 30 at.-% Al in

 the'gi'phiase dissolving a large amount of aluminium.

-.system. ' Subsequently; Hunt. and
1ined-. a portion’ of .the AI-Ni-Nb -
.~-and showed the ‘u phase to be .
h.as.35 at.-% Al (Fig. 14d), in.
with Benjamin et al.> (in fact, the.
s-a-little higher than that indicated °
.co-workers at. the higher tem--
). However, Hunt and Raman®®.
. int‘out that they used as few .samples as -
possible to’ define: the phase equilibria. Neverthe-.

s.puzzling that Markiv et ak% did not see. .

tudies showed:that they.examined a-
Reviews.

~‘Hunt!
~ weight). in évacuaied capsules for 168 h at 1273 K-
- and.th
_' 1413 K for 20 h and. then 'water ‘quenched ther
990 Nol.35< No.6 G

-{b)-

large number of alloy compositibns. in that section
of the isotherm. .- R ' S
If the results' of all of these investigations are:

© correct,392% the only explanation for the large
- difference reported in the solubility of Al in the u

‘phase is a temperature effect, suggesting that: the:
terminal solid solubility . for Al in this ‘phase
decreases sharply. between 1413 and 1173 K. While-
,this is. possible, it appears unlikely particularly
because of the extended solubility reported by Hunt
and Raman® at. 1273 K;- thus implying:that: th
large change in solubility must occur betwee
and 1173 K. In. this - context, :the experimental . -
procedures adopted in these three investigations -
become relevant. Markiv et al.”¢-annealed their cast:
-alloys:at-1173 K for 700 h and-then quenched them.
and Raman® annealed their castings (2 g in

then air cooled them,. while Benjamin er al.. -,
“vacuum- annealed their - castings -in -capsules at

SN
¢



Thus, the data due to Hunt and Raman® may not
be - representative . of 1273 K, -as - air cooling may
_ have allowed .some phase transformation to occur
during cooling to ambient. Further; extended heat
treatments of Al-containing compounds ‘at elevated
. temperatures in“vacuum can result in aluminium
loss, and when these castings are enly 2 g in weight,

such losses are significant. Chemical composition ,

was not measured after casting of these buttons nor
after they were heat treated. Hunt and Raman®
claim there- was negligible material loss during
melting. Such losses were assumed to result from
aluminium loss and “accordingly excess:aluminium

was.added to compensate for these losses, particu-
larly in those compositions rich in niobium. Where
‘the Al-rich L1, compound Nb,NiAls,* which also

;the loss was more than the compensated weight,
compositions were recalculated assuming only alu-
-minium loss.- Such approximations will significantly
influence the results. Markiv et al.% specify that

they used appropriate amounts of pure Nb, Ni, and -
‘Al as: starting material- and that melting was
accomplished under helium. They examined 150 .

alloy : .compositions, making an allowance . for

-alumjnium loss by oxidation. They, however,
assumed final alloy compositions to be those of the

starting mixture. In all these studies it :is . possible
that- aluminium loss occurred during the casting
process and/or during.. the subsequent heat
Areatment, - particularly at high temperatures ‘for
extended periods in vacuum. If this had happened
and the final composition was not.measured, then
the end product would contain less aluminium than

* assumed: Subsequently, if X-ray diffraction indi-

cated a single. phase (NiNb) for a ‘particular
composition, then it is possible that a large alumin-
ium solubility was attributed to it based on assumed
composition of the-alloy, whereas the real €ompos-
ition.:would indicate a more restricted solubility.

Based on. this argument, .it gg)pearsthat, the results:

reported by Markiv- er al.”®
-accurate. ' L -

Benjamin et al.” found three ternary phases, H,
L, and M, at 1413 K, whereas Markiv et al.%
identified the H phase (NbNi,Al) and the L phase
(C14, Nb(Ni,Al),), but not-the M phase (Fig. 14a
‘and b). The lattice parameters of the H phases from
the various studies’®* %" agreed. Also, good
agreement was observed in the compositional range
of existence of the L phase reported by Benjamin et
al.>* and Markiv et al.® The L phase was assigned a
formula of the type Nb (Ni;.3Al,),, where x varied

would be the more

from 0:19: to 0-83, ‘and the M phase ‘was assigned-
the - composition Nbg.oNi;_,Al, with:' z = 0-05—
0-43.% Subsequently, the M phase of composition
NbygNizoAl 3. was examined and assigned an ortho- -

_ - thombic structure, with the space group - Pnma

(D3 and lattice: parameters of. a = 0-9303 nm,
= 16266 nm and ¢ = 0-4933 nm.°® ‘Hunt ‘and

Raman® confirmed the presence-of the M phase at
1273 K, in agreement with Benjamin et al.,%

although they show a very much reduced: phase

field size (cf Fig. 13a and d). Thus, it is conceivable
-~ that this- M phase was a high temperature phase
stable above 1173 K. This would explain why it was
not observed by Markiv et al.? and had a relatively
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small phase. field size at 1273 K - (Ref. 88) which
became larger at 1413 K.% ‘An alternative possibil-
ity is that Markiv er al.%® did not see the M phase or
observe Al solubility in the p phase for similar
reasoms. .. - - ~ Lo L
NisAl shows significant solubility for'Nb, with Nb
substituting for as much as 5%. of the Al, whereas
NbsAl and o show low solubility for Ni. The ternary
NbNiAl; .compound tested.by. Schubert er.al.% and
reported to have a cubic structure witha = 1-143 nm
was not'seen by Markiv er al.* or Benjamin ef al.% In.
- fact, Markiv et al.% examined an alloy composition
‘corresponding - to the composition NbNiAl, ‘and
found that this alloy existed.as a two phase material of
B-NiAl and the C14 Nb(Ni,Al); at 1173 K. Similarly,

was not seen,”>% corresponded to ‘a three phase
structure of NiAl, NbAlz, and Nb(Ni,Al),.%® Benja-
min et al.*.did not encounter the Ti,Ni-type phase
that Raman and Schubert® reported in the Al-Nb-
Ni system, and attributed its presence in the latter
study -to. impurities that stabilised this structure. In
addition to the ternary gghases “discussed for this
system, Hunt and Raman® also identified a u’ phase -
‘similar to the one found in the Al-Nb-Fe system. .
This u’ phase was-evidenced neither by Benjamin et
al.% nor Markiv et al.” Hunt and Raman®® showed
that this. phase was not in equilibrium with the M
. phase (Fig. 13d), but that each of these two phases
was in equilibrium with the u and C14 phases.
- Several investigators have examined the Ni-Niz—
Al-Ni;Nb portion of this ternary. system. Pertinent
studies include that -of Cisse and Davies,”* who
-determined the 1473, 1273, and 1073 K isotherms and
concluded that the addition of Nb widens the NizAl
phase field; Duvall and Donachie,” who examined .
the-solubility of Nb and Al in the Ni terminal solid
solution at 1023 and 1423.K and were in fair
agreement with the results of Markiv ef al.% but not
those of Duerden and Hume-Rothery;*” and Nash e .
 al.,* who suggésted a peritectoid reaction of the type
NiAl + NizNb = NizAl + AINi,Nb based on a
comparison of their own effort at 1473 K and that of
Markiv et al.*® at 1073 K. Finally, Giessen and Ray®® -
examined a splat quenched Ni-rich- Al-Nb-Ni alloy of

" the composition Alg.125Nbyg.125Nig.7s and identified a

metastable phase of the type AINbNig that was iso-
structural with its stable counterpart AlTaNiq in the

" Al-Ta-Ni system.1® - 3

In 1964, Nowotny and. Oesterreicher'®! reported
the occurrence of MgZny-type C14 Laves phases in
the AL-Nb-Cu and Al-Ta-Cu systems with stoi-

- chiometries of the type Nb(Cu,Al), and Ta(Cu,Al),

and a large compositional range of existence. In
addition, .in the Al-Ta~Cu system, a u phase of the .
type Tag(Cu,Al); was also reported. In the following

-year, Oesterreicher et al.,'® presented the resultsofa -

more extensive study on the phase equilibria of
Group VA-AI~Cu systems and claimed the existence °

" ‘of an additional-ternary compound in Al-Nb-Cu and

‘Al-Ta-Cu samples sintered at 1573 K. Also, a u
phase with a hexagonal structure -and -similar to

* Tas(Cu,Al); was identified in the AI-Nb-Cu system,

and lattice parameters for the particular composition
53 Nb-27Cu-20Al (at.-%) were reported. For the
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Laves phase Nb(CuxAll x)2, an alternating cubic
"and hexagonal structure was assumed, and lattice
! parameters were measured for x varying from 0-18 to”
- 0-66, implying that this phase was stable at least over
the specrﬁed composition range, if not a larger one.
This contradicts the results of Raman and Schubert,*
.. who analysed an alloy ‘composition Nb,sCuspAls
. held  for-six days at 1173 K .and identified a C14

- compound to which they assigned the formula

- NbCuAl. This formula implies that the boundary of
> the €14 ‘phase lay-at the equlatomrc coniposition,
‘" whereas;. in the previous study, it' was shown to
extend up to 44 at.-% Cu and 23 at.-% Al Thus; a
" 'minor discrepancy exists in the size of the Cl4 phase
“fields: reported. The lattice parameters  of
~'g=0:497 nm and- cla = 1-62" were. in good
agreement ‘with . the correspondlng values = of
-=-0-503'nm and ¢/a = 1-621 reported by Oester-.
eicher et al.’%% for Nb(CuyAly ), with x = 0- 48,
A‘more elaborate study of the AI-Nb—Cu system
Hunt and Raman®® resulted in a 1273 K isotherm,
- shown'in Fig. 15. They conﬁrmed the presence of the
p phase reported earlier,' though they did not find it
-“in’thie as cast condition in the Nb-rich alloys but after
.-annealing. The y phase was assigned a composition
'».'Nb46Cu27A127 and was claimed to have a very narrow
- and small single phase field. The o phiase, Nb,Al, was
‘. “found to dissolve as much as 10 at.-% Cu at 1273 K,
- whereas NbsAl and NbAl; dissolved only up to
5 at.-% Cu. Based on extensions of ‘the Nb3Al
“'Nb,Al, and AlzNb phase fields, Hunt and Raman®®
‘suggested that Cu substituted preferentlally for Nb
rather than Al in the structure. This would be signifi-

" cant since, in the AI-Ti-Cu or A-Z1r-Cu'systems, the

L1, compounds AlsCuTi, and AlsCuZr; -are con-
“sidered to derive from D05 A13T1 and AlsZr through

. a.Cu for Al'substitution. It is also clear that'in the
-Al-Nb—Cu system, -no such L1, derivative of D05,
- AIsNb exists, possibly because the Cu atoins substi-
tute preferentially for Nb rather than Al.

Drasner and Blazina'® exammed the effect of -

‘ ZOCUSA}} A?Q Gultl 60 CuAl, -f_g‘o o
974
AI (at. %) —_—
15‘ Isothermal ‘séction of Al—Nb—Cu system at
1273 K (Ref. 88) .
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aluminium substitution for zinc in the Nb~Zn and

. Ta—Zn systems, thereby enabling them to study por-

tions of the ternary Nb-Zn-Al and Ta-Zn-Al
systems. Specifically, they examined the NbZnx-
‘NbAL’, the NbZn;—NbAlz; and the TaZn,—TaAly’

tie lines. In the Nb-Zn system;’ NbZn; was cubic .
(L1), while in the Nb-Al and Ta~Al systems, NbAl;

‘and-TaAl; had the DOx-type structures. Compounds

corresponding to TaAlz, NbAlz, and TaZn; did not

" exist.:

On the Nban—NbAlz tie: line, two ternary phases

~ were identified, with compositions 'of NbZnAl and

NbZn;.25Al.7s.- NbZnAl was hexagonal C14, while:
NbZnj.;sAlp.75 was cubic L1, with'a lattice parameter

-of 0:3944 nm and a ‘compositional range of existence

varylng from NbZl'l1 25Alo 7510 NbZIl1 5A10 05- Along

- the NbZns-NbAl; tie line, NbZnj3 dissolved alumin-

fum up to 25 at.-%., with alumrmum substituting for

©zinc (correspondmg to the formula NbZn,Al) and,

thus, defining the limit of the L1; phase field along

‘this tie line. The presence of the: :L1, compound along

the AB, stoichiometry tie line (i.e. NbZny-NbAl,)
was attributed to the widely extended homogeneity
range of the L1, phase field in the NbZns~-NbAl;
section. Drasner and Blazina'®® compared the
MgCus-type (C15) and MgZn,-type (C14) phases in .
Y systems (where Z:= Cu, Ni, »Zn and
Y = Zr, Hf, Nb, Ta) in terms of valence electron
concentration and relative atomic sizes. Based on the -

“observed trends, it appeared that in all the systems,

electron transfer took place from. Ni, Cu, or Zn,
and/or-Al to Zr, Hf, Nb, or Ta, increasing fromNi to
Zn and from Group IV to Group V. In such-a

.proposed scheme, Zn ‘would lose its d electrons and
‘behave like a-transition element. '

Two other ternary systems of interest especrally for
elevated temperature systems are the AI-Nb-Mo and

- the AI-Nb-Zr systems. As a part of a larger investi-

gation of alloy chemistry of o-related phases, Hunt

-and Raman®® examined the Al-Nb-Mo system. An

isotherm at 1273 K from their work is shown in
Fig. 16a. The binary compounds NbsAl and MosAl
both exhibit the f-W structure and complete mutual

- solid solubility across the ternary isotherm, as do the

puré elemenis Nb and Mo. At ~50 at.-% Nb, the

. Nb-Mo solid solution dissolves up to 12 at.-% Al and

is in equrhbnum with the Nb3Al—M03Al solid

_solution. section. AINb, -and AlzNb both dissolve
- significant amounts . of molybdenum, which was
~ claimed to'substitute for niobium. AlsNb dissolves: up

to 15 at.-% Mo and is in equilibrium with a ternary

“phase Y claimed to be similar to the Mo(V,Al)s-type
“identified . by
“Raman'® and discussed above However as before a

phase (spec1ﬁcally Mo,sVsAlyg):

subsequent. 1nvest1gat10n - showed ' that this
compound was only an extension of Mg3Alg Also,

~ recent efforts® have shown a much smaller molyb-

denum solubility in ALNb (~6 at.-%) at an even
higher temperature, 1673 K. Twointeresting possibi-

" lities should be explored in relation to the large
“ solubility of molybdenum in ALNb: the abrhty to
"~ modify. the properties - of D0y . ALNb via Mo
.additions, . and -the possibility of transforming the
“alloyed ternary ANb- (i.e. A13(Mo Nb)) from. D0y,
toa quaternary L1,



—

T T T M
. 6 - . 80 .

Mo (at%) —a

) , " Nb {at%) - .
16 Isothermal sections in a Al-Nb-Mo system at
1273 K (Ref. 88) and b Al-Nb-Zr system at-

1200 K (Ref. 8) : g

The Al-Nb—Zr system ié probably more complex
than the other AI-Nb-X systems simply because the
Al-Zr binary system by itself contains’several high

temperature intérmetallic-.compounds; in addition, .
. 'there are at least two ternary compounds that are in

equilibrium with the various binary intermetallics. A
representative isotherm for the AI-Nb—Zr system at
_ ~1200 K is reproduced from the work of Hansen and
Raman®’ in Fig. 16b. The two ternary compounds
derioted by X and p occur at ZrssNbyAlss and

~ around ZripNbAlso. The u phase has-an elliptical -

shaped, single phase field bounded by the formula

ZrsNb,Alg—ZrsNbsAl,. The crystal structure of the X -
. phase was not determined; although its powder pat- -

* tern resembled that of MnsSis, it could not be indexed
with a hexagonalunit cell. The D0, compound AlZr
. exhibits about 2 at.-% solubility for Nb, whereas

ALND, also ‘D0, dissolves about 17 at.-% Zr. It '

~ would be interesting to find out if this ternary D0,

compound containing a large amount.of dissolved Zr -
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can be transformed to a quaternary L1, via Cu

- additions, since binary DO, AlZr (but not. binary

D02 Al;Nb) can be transformed L1 using ternary
Cu -additions. Unlike AlsZr, AlLZr dissolves a sig-
nificant amount of Nb (~15 at.-%), as do AlsZry,

. Al3Zrs, and AlZr,. However, it was speculated that
" ZrAl, AbZr;, and AlZrs dissolve-oply small quan-

tities .of niobium.

AI-‘-Ta—X‘sy's;teﬁ'\s_ :

The ternary Al-Ta-X systems are very ‘-»’sim,‘ila‘riin

"many . respects: to the ternary AFNb-X systems.
Thus, rather than a discussion of the various aspects /"~

of éach of the Al-Ta—X ternary systems sequentially. |
here, their similarities and differences with respect to-; - -
the AI-Nb-X systems are emphasised. Besides, con-"

. siderably less work has been done on the Al-Ta-X; -

systems than on the AL-Nb-X systems. .

" Hunt and. Raman®® studied portions:-of: the = .
Al-Ta-X (X = Fe, Co, Ni) ternary systems and pro- . =~ =
posed partial isotherms. at -1273 K.  Their results-
showed the p' phase, observed in the AI-Nb-X sys-"

tems, in all three Al-Ta-X systems, althoughthe p/ = =

phase field in the Al-Ta-Fe system was-unusually

large. In all three systems, the ¢ and u phases had -~

similar compositional ranges of stability. In the Al-
Ta-Ni system, the C14 phase was-a uniquely ternary
phase, whereas, in the Al-Ta=Co system, it extended
from the Ta—Co binary- deep into the ternary,.very.

similar to the case in the Al-Nb-Co system. An
_equivalent C14 phase was not shown in the Al-Ta-Fe

system. An additional ternary. compound - was

_claimed to exist in the ternary Al-Ta-Ni system,

although its crystal structure was not determined.
Markiv et al.>® showed the existence of two ternary

‘compounds, TaNiAl (C14) and TaNiAl' (L2y),

analogous to NbNiAl and NbNi,Alin the Al-Nb-Ni
system. Similarly, a composition, TaCo,Al, was
claimed to exist with a Heusler alioy structure. The
equiatomic  composition TaNiAl, . identified by
Kusma and Nowotny'* as having the C14 structure

- and. subsequently confirmed by Markiv. et al. > wag

actually a part of the C14 phase field described by
Hunt and Raman.3 =~ - R

. - Giessen and Grant'® identified a tefhﬁ‘f‘y Ni-rich

intermetallic, NigTaAl,, with the D0, structure
(hexagonal Ni3Ti) in the Al-Ta-Ni system. This was

- subsequently confirmed by Mints. et al.,'% who inves-

tigated ‘the, pseudobinary NisAl-NizTa section and
found the compound NigTaAl to be a'stable phase -
that melted congruently at ~1800 K. and was very
brittle. The. addition of Ta to NizAl reduced the
aluminide’s thermal expansion coefficient. In contra-
diction'to these results, an earlier study'°*claimed the
presence of a pseudobinary eutectic between NisAl -

‘and NisTa, similar t0 that seen in the NisAI-NisNb
- section. - Subsequent” work by Nash.and We

est%
clarified the situation in favour of the results of Mints -
etal.,'% i.e. there was indeed no pseudobinary eutec-
tic reaction analogous to the Al-Ni-Nb system. In
addition, as mentioned in an earlier section of this

~ review, NigAINb-was observed. in the Al-Nb-Ni

system, but only as-a metastable phase.® The
compound NisTaAl had .a suibstantial range of sol-
ubility in the direction of a constant Ta/Alratio, buta

,’InternationalvMaterivais Reviews 1990 Vol. 35 No. 6
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more limited solubility range for. constant Ni.com-
position. Evidence was also obtained for the occur-
rence of a  peritectoid - reaction:: of . the  type

NiAl 4+ NiTa — Ni;TaAl + NiTaAl between 1273

. and 1573 K.*® No information was available on the
. ‘Al-rich corner of the Al-Ta-X systems (X = Fe,
Co, Ni). oL
Limited studies on the Al-Ta-Cu ‘system30:192
. showed that the types of ternary phases present were
very similar to those in the AI-Nb-Cu system.:

- A phase ‘analysis- along the TaZn,—TaAly tie

line'® in the Al-Ta-Zn system revealed no L1, phase
analogous to that found along the NbZn;—NbAl,’ tie

line: The only single phase composition identified was

. the equidtomic TaZnAl, with the MgZn, structure
and - lattice® parameters of a = 0:5038.nim .and
“cla = 1-643. S A R
- Two other ternary systems of- interest are the
Al-Ta-Ti (Ref. 18) and the Al-Ta-Nb (Ref. 85)
* systems, where Al;Ta and AL;Ti, as wellas Al;Ta and
ALNb, were shown to exhibit unlimited mutual solid
solubility. Since Fe, Ni, and Cu-additions are known
to ‘produce the ‘L1, structure in ‘AlsTi; but not in
Al;Ta, it remains to be seen what would happen if
these -alloying additions were incorporated into, for
example, Al3(Tig.sTag.s). Further; because of the

unlimited solubility, the’effect of large amourits of -

ternary additions on the deformation behaviour of
these D0,; structures (e.g. Nb or Ti in AlsTa; Ta in

AL;Ti and Al3Nb) can be studied. In the Al-Ta-Ti .

- system, Ta,Al (o) was shown to exhibit a large sol-
ubility for Ti, as did TiAl for'Ta, while in the Al-Ta~
Nb-system, Nb,Al and Ta>Al formed an uninterrup-
ted-series of solid solutions. Thus, across the Al=Ta~

'Nb isotherm, there ‘exists a large two phase region- .
comprising the AlsNb-AlsTa solid solution and the
AINb-AITa, solid solution régions. The possibility

of varying the composition of the two phases and their
relative volume fractions over a wide range séems$ an
intriguing_prospect for producing ‘tailored” multi-
phase materials. '~ S o
In summary, this review'of the ternary isotherms of

_ the Group VA-AI-X systems, where X = -ﬁ’rs't TOW
transition elements from V to Zn and selected refrac-
tory elements, revealéd no L1, compound at the
. Al-rich corner of any of- these systems.'In several
instances, the¢ D0y ALX (X =V, Nb, Ta)
compounds dissolved ‘a large amount of ‘the third
element. In'some cases (e.g. Al;Ta and Al;Nb; Al;Ta
and ALTi); two D0,; compounds were completely
mutually soluble, forming a series of solid solutions.
"A ternary Al-rich phase was initially identified in the

systems Al-V-Mo and AI-Nb-Mo, but, based on the -
similarity of its crystal structure to that of MozAlg, -

-was concluded to be simply a solid solution extension
of binary MosAlg. In addition, a ternary M phase with

an orthorhombic structure was identified ‘in"‘the

Al-Nb-Ni'system, in contradiction to the Soviet
- work. In most-of the ternary systems, the three most

. commonly observed ternary phases were the C14, 1, -

andp'. ]

ALGroup VIA-X systems . -
In:this section; only the Al-Mo—X systems (X = Fe;
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Co, Ni, Cu, Ti, Zr) are reviewed. The Al-Mo-X

ternary systems have received almost no attention
relative to the Al-Ti-X, A-Zr-X, and Al-Nb-X
systems. B . '

The Al-Mo-Ti system is unusual in that it is one of
the very few systems, if not the only one, that contains
an expanded Al;Ti phase field in the ternary system
(Fig. 174). Al;Ti, which is a binary D0 line
compound, dissolves about 20 at.-% Mo and extends

- to'compositions containing as little as 62 at.-% Al at’

~1200 K> Also, Ti and Mo form a solid solution
(bee) at ~1200 K with ~35-40 at.-% maximum sol-
ubility for aluminium. Thus; an alloy consisting of
25 at.-% Mo, 35 at.-% Al, and 40 at.-% Ti is a single
phase bee solid solution at ~1200 K. A ternary o
phase of composition Ti;.sMoy.sAl in equilibrium

‘with the bee solid solution is stable at ~1200 K, as
_shown by the ternary isotherm and can-sérve as a

second phase dispersion in the bee matrix. Similarly,
the L1, binary y-TiAl phase dissolves.up to 8 at.-%
Mo and is in equilibrium with the bcc solid solution

(a) . _Al(f.ecl)

‘1""3,,’;'.:'.("-)»«):» .

TN

y v V2 v
Ti 20 s o) 60 80 Mo
Mofat.%) — =
(b) ’ Al

AN
ZrMo,, 8'0 o

20 40

T
L e0
‘Mo (at.%) —m

17 Ternary isotheims at '~1200K in a ALMo-Ti
" - system and b-Al-Mo-Zr system (Ref. 85) a



"..over-a wide compositional range. Such‘ phase’
relationships may be useful in designing multiphase

alloys forhigh temperature-applications with accept-

able levels of density and ambient plasticity. Also in -

“this ternary system, MozAl dissolves up to 20 at.-%

Ti and MosAlg: dissolves about 2 at.-% Ti. It.was”

speculated that Mo substitutes in both the Ti and Al
sites in TiAl. Similar behaviour was confirmed in the

case of A13T1 where Mo was found to substltute for .

- Tiand Al.-

- “An ~1200 K isotherni’ for the Al—Mo—Zr system,
due to Hansen and Raman;**is shown in Fig. 17b. It
reveals the presence of a unique ternary D0y, phase
‘with the formula Zr.sMog.sAls, in-equilibrium with
the D03 ZrAl; and MosAlg. The D033 ZrAl; has very
low solublhty for Mo, unlike its D0y AlTi coun-

terpart in the Al-—Tl—-MO ‘system. The ternary D0y’

phase ZrMoAls is in equilibrium with Al and:exists

over a finite composmon range. Lattice parameters

for the composition ‘ZrMoAle ‘were repotted- as

a = 0-3866 nm and ¢ = 0-8673 nm.. The lattice: ‘con-

stants were slightly higher than those of NbAl;on the
‘Zr-rich side; and lower on the Mo-rich side; which
was attnbuted fo the smaller size ‘'of the Mo .atoms:.

For the same reason, when Mo substitutes for Al in -

‘Al3Ti, the ¢ parameter. drops rapidly, reducmg the
axial ratio to 2:15.and also. decreasing the-unit cell
volume. Similar behaviour.was observed for solid

solutions of NbAl; and:TiAls containing Mo, where

Mo substituted for Nb and Ti. The.ZrAl, phase field

in the Al-Mo—Zr system extends towards ZrMo; and
dissolves:about 61 at.-% Mo. None -of the other

binary phases shows any 31gn1ﬁcant solublhty for the
- third element..

+ ‘Markiv et al.1 1nvest1gated the-Al-rich portlon of

the Al-Mo-Fe system in detail. Figure 18a -and b
reproduce two of theirisotherms, at 1323:and 1073:K,
. respectively. The isotherms show.an MoAls phasein .

the binary*Al-Mo system, in cositradiction to Hunt
and- Raman,®® who. contended: that there’ was no
binary M0A13 compound. A more recent- Al-Mo
binary phase diagram?®® also did not include MoAls.
Thus, the phaserelationships shown in Fig: 184 and b
are questlonable to the extent that, for example,

- FesAljs, MoAly, and MosAlg are in equlhbnum with

MoAl;."However, the presence or absence of MoAl;
does mot' raise questions. about-ithe existence. of

__ ternarycompounds N'and'S in the 1323 Kisothermor -

the phase relationships involving them since they are
not in equilibrium with ‘MoAls’. The N phase’ was

assxgned a formula MoFeg.ogAl. 7 and has a tetrag- -

onal: structure (D0;) ~with ‘a'= - 0-376 nm - and
“¢.=:0-843 nm.. The compound however, “is - not

présént at 1073 K and is; thus, a-high temperature’
Al-rich DOy, ternary phase. The S ‘phase, whosev ;
comiposition corresponds to-5 at.-% Mo, 35at.-%

- Fe, 60-at.-% Al, was not studied in detail nor was its
crystal structure identified. It was determmed to be
stable only abeve 1273 K.
Using data derived from X-ray dlffractlon electron
microprobe - analysis, and microstructural analysis,
_ Burnashova et al.'% constructed .a 1273 K. isotherm
for the Al-Mo-Co system (Fig. 18c). This system
includes -a ‘ternary. D0y phase (N in Fig. 18¢)
" described by MoCoo 28Al,.72, with lattice parameters

{e)

18 Ternary lsothermal sectlons iy v
system at 1323 K (Ref. 107) b‘AI—Mo—-Fe system )

“at 1073 K. (Ref:: 107) c’ AI—M)
1273 K (Ref. 108)
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3

a'=0-3743 nm and ¢ = 0-8401 nm and a Narrow-

compositional range of existence. This compound,
reported to crystallise directly from the melt, is very
similar to the N phase in the Al-Mo-Fe system
(Fig. 18a), although no equivalent of the ‘S phase

seen in that systém is present. While the N phase is-
not present in the Al-Mo-Fe system at 1073 K, itis

not clear if the same is true in the Al-Mo—Co system.
From Fig. 18c; the N phase is in equilibrium with

", Mo3Alg, CosAls, CoAl, and MosAl, but none of -

these ternary phases exhibits any significant solubility
for the third element. In fact, the only compound with
any appreciable solubility for the third element is
MosCoy, which dissolves ~20 at.-% Al at 1273 K. It
is also interesting to note that the A-Mo binary axis

_of the Al-Mo—-Co ternaryisotherm does not showthe
presence of MoAl; while the Al-Mo—Fe system does, -

even though both these isotherms appear to have
~ been - generated by the same group.'?-1% It is
conceivable that the group recognised an error in
their result between the times of these two investi-
gations. - I ‘

In 1966, two separate efforts on the Al-Mo-Ni
ternary system resulted in two complete isotherms;
one at 1073 K due to Markiv et al.,’® and one at
1223 K due to Virkar and Raman.®' These are
comogared in Fig. 19a’and b. In addition, Markiv ez
 al.'® provided the Ni-NiAl-Mo.section of the iso-
therms at 1473 and 1273 K. The types of phases

present and the nature of the phase fields in these two.

partial isotherms are very similar. Fér example, they
- both show-the absence of the v phase of composition
Mo,.sNisgAlss.s, in contradiction to an earlier investi-
gation of this system by Guard and Smith,''® who
" reported the presence of this compound at 1448 K but
did not deterniine its crystal structure. Neither was
such::a compound ‘observed in the 1223 K isotherm
~ (Fig.-18b) by Virkar and Raman.?! However, when

they used- relatively low purity nickel, they found

weak - lines of a new, phase: corresponding to an
MgZnstype. (C14) Laves phase in alloys of
“composition MosgNizsAlys, Mog3Nis1,Als, and

< MooNis3Alsg. The last of these ‘compositions was -

fairly close to the composition of the earlier reported
1 phase,!'® leading Virkar and Raman to conclude
that the -y phase did not occur in the Mo-Ni-Al

systemi, but was easily stabilised by small amounts of
“impurities: They further supported this conclusion by -

- ‘noting that Guard and Smith'!? observed a 1 phase’
(50 at.-% Ni, 32 at,<% Mo, 18 at:-% Si) in the Mo—
Ni-Si system that ‘was subsequently shown to be an

~ MgZn,-type phase;,'!! aresult consistent with the C14

structure they themselves observed in‘the Al-Mo-Ni
_osystem. v e o '

' In another investigation, ¥
* reported the presence of a’ ' ‘
phasé; “Mo;NiAls; with ~ lattice ~‘paramieters  of
' @= 0-3702.nm-and ¢ = 0-8361 nm. This compos-
rresponds to the Zr,NiAls.compound in the

AF-Zr=Ni system and the Ti;CuAls'compound in the -

ALTi=Cu.system, both of which have an L1, struc-
 ture: This phase was also observed in,a later investi-

gation by: Virkar-and Raman,?" who showed that it
had,.a.-small, homogeneity range.along a constant

25 at.-% Mo line, extending from about4 to 12 at.-%

. !nte_vrnatiOna]:,"Mégérials;,ﬂev,ieWs 1990.- Vol.'35., No, 6

aman and Schubert® - appears that in the progression from Fe- to

\vternar'y_ DO;z Al-rich: -

systems (X = Cu, Ni). In addition, in the Al-Mo—Zr <"
system, a ternary DOy, -phase -of the:composition .

Ni (Fig. 19b). Markiv ez al.'® agreed with Virkarand
Raman®'regarding the existence of such an Al-rich
D0y, phase, but claimed that it had a very narrow

. compositional range of existence centred. around.

25 at.-% Mo, 3 at.-% Ni, 72 at.-% -Al, or entirely
outside the range specified by Virkar and Raman. In
addition, Markiv et al.1% reported the existence of an
X phase in equilibrium with NiAls; which had a
composition corresponding to 5 at,-% Mo, 18 at.-%
Ni,"77 at.-% Als, and a small homogeneity Tange.
Such ‘a compound was ‘not seen by Virkar ‘and

‘Raman.5! The ternary D0,, phase was found '® to be
similar to the N phase observed in the Al-Mo-Fe and .

_ Al-Mo—Co systems, and in the Al-Mo—Ni system; to
-be in equilibrium with the ternary X phase, whose

crystal structure was not determined. Both the iso-
therms (Fig. 194 and b) show that the third element is
not - significantly soluble in any of :the binary -

compounds. : L - .y
Analogous to the ternary D0 Mo,;NiAls in the

" Al-Mo-Ni system is a:ternary D0 com ound,

Mo,CuAls, reported by Raman and Schubert™ in the
Al-Mo-Ca - system, with lattice . parameters. of
a = 0-368 nm and ¢ = 0-837 nm. Subsequently, Pre- .
varskii et al.''? examined various:ternary alloys in the
Al-Mo-Cu system that were annealed at 873 K for
400 h and water quenched. Using metallography:and

_ X-ray diffraction analysis, they identified the phases .

present ‘in _the various. alloys and generated: a

“complete isotherm at 873 K (Fig: 19¢). Thisisotherm

shows that none of the binary compounds.exhibit any
appreciable solubility for the third component at -
873 K. Two Al-rich .ternary phases "are. present:

Mo,CuAls, with @ = 0-3716 nm and ¢ =.0-:8445 nm

andthe Al;Tistructure (in agreement with the earlier

" report -of Raman and Schubert®®), and MoCu,Aly,

with an - orthorhombic :structure - (a-= 0-505 nm,
b = 0-841 nm, and ¢ = 1-968:nm). The latter is: in
equilibrium withaluminium, while the former exhib- -

~its ‘a two’ phase region with' ‘MoAls%; MosAls,

MoCu,Al;, -and several of the . binary Al-Ca
intermetallics. - - The D0y
very similar to the ‘ternary Mo,NiAls .observed ini
the Al-Mo-Ni system.- -+ = * .. % o000

- . ‘Thus,in the Al-Mo-X systems (X_y'=v.fF‘ev,_f CE)-,:Ni,

Cu); various researchers have found:a ternary:D0x;

- phase with a composition close to that:of Mo, XAls.

This phase is stable only at high temperatures in the -
- Al-Mo-Fe -system: (it is not present in the: 1073.K
isotherm), may or may not be stable at lower tem- -
peratures in the. A-Mo-Co system (only a ‘1273 K- .
isotherm is available), and is present at 1073-Kinthe -
. Al-Mo-Ni systém and-at 873 K in the”

systein. Based on the lirhited information

Al-Mo ternary. systeins, the D02 ternary:c mpound -

starts off as a high témperature phase and increasesits:- -
_temperature - range - of . existénce. Another SO
‘esting feature, mentioned -abov y .
of the composition of. this D

th

phase in' the ‘ALTi-X,"

MoZrAlg is present in equilibrium: with-AlsZr and -
MosAlg. = T s e

ternary . phase::ds - -
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.. 19 Isotherms. in a Al-Mo-Ni system at 1073 K (Ref. 109); b Al-Mo-Ni system at. 1223K (Ref. 81); and =

. ¢ Al-Mo-Cu system at 873 K (Ref. 112), .-

" Assessment of experimental procedures .
Experimental inaccuracy can stem from inadequate.
care in processing, high impurity levels in starting
‘constituents, ~or:_limitations

- jmethods. Lo

n all the investigations examined in this reviéw, - . melted -an
. casting to ensure compositional integrity. Such an
" international Materials Reviews 1990 Vol.35 No.6

. impurities, particularly interstitials such as C, O, N,

.in_ characterisation -

" .and H, were never monitored for their influence on

phase stability: The.c(')mpo"siti(/)nfo_f thecastm,atenal

was ‘almost always assumed to be the same as the -

- intended composition. Frequently, samples were less

- than 10 g in size and occasionally .as, small as 2 g.

These samples wére arc melted-and weighed after

St
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“indirect proceaure does not guarantee accuracy in .

composition; for instance, volatilisation of alumin- -
ium is possible, causing a weight loss which can be

compensated paitially by oxidation of the refractory . -

~ element, thereby producing only small chariges in-
" weight, but a sxgmﬁcant deviation.from the.intended
composition. Loss in weight ~“was

for by the addition of excess aluminium to'the melt.
Rarely has any mention been made. regardmg the, -

that arc melted buttons need to be turned over and
remelted several times to ensure composmonal'
- homogeneity throughout the casting. .

Heat treatment practices: have; typically mvoIved”"

extended exposure-of the sample to a particular tem-

perature, 'u‘sually in vacuum after encapsulation of -

the sample in a quartz ampoule or alternately ifi an.
inert atmosphere, followed by cold water quenching-
and on occasion, air cooling. Such‘differences in heat

~_treatment: practicés can result in a variety of micro- .
structures, some of Wthh are not necessarlly repre- -

: sentative of the temperature of interest. The resultmg

microstructures were often. characterised using X-ray--

. diffraction and optlcal microscopy.. It is not éxactly
clear how the various.phase boundaries can be accu-

'rately determined.in a ternary systemy using only these: o
two techniques. While it is possible to determine. the,;

nature of the phases present and their respective -
volume fractions using these charactérisation meth- *
“ods, in a ternary system, where the tie lines détermine
the ‘equilibrium between two phases, it would be

indeed difficult if not altogether impossible tolocate
phase boundaries accurately. Further, none of these -

studies has used thermal analysis techniques such as

DSC/DTA to identify phase - transformation tem-

peratures, nor did -any of them use quantitative

energy/wavelength dispersive .X-ray. analysis to

. determine matrix or precipitate compositions, lead-
-ing to the conclusion-that many of the isotherms in
this review may be considered only approximate.

- Several of the studies cited in this review date back

to the mid 1960s and early. 1970s ‘when analytical -
abilities were restricted. Today, however, sophisti-

-cated analytical “electron microscopy technigues
coupled with thermal analysis have made it pos51ble
to determine ‘phase diagrams, partlcularly\ ternary
isotherms, witha high degree of precision. It must be

pointed out that while such analytical tools are avail-

able, it is still: extremely tedious to determine a
complete ‘ternary' isotherm™ accurately. However,
such ternary and higher order: phase equilibria are
critical to successful alloy design for demanding appli-
cations; one needs only to look at the history of steels
to-appreciate the significance of this: statement.

- To emphasise the relevance of experimental accu-
racy and the importance of detailed microstructurat
- characterisation to complex ternary phase diagram
" determinations, the Al- Ti-NDb system will be used as
an'example. This system was selected, partly because
of the current interest in titanium aluminides: and
also because two recent studies®'™ have indepen-
dently generated a cOmplete 1sotherm at the same
temperature of 1473 K. In one study,®® a variety of
techmques was used in characterising the microstrut-
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frequently .,
anticipated due to aluminium and was compernsated ' -

ture, whereas in the other,'%3 X-ray diffraction was
primarily used, although a couple of samples were -

exammed using mlcroprobe analysis.

- In the first study,®® samples were prepared from
¢ high purity elements (Al, Ti, Nb) by repeated -arc
melting in an argon atmosphere and annealed at
1473 K for up- to two weeks. Subsequently, the
“annealed, samples were chemically analysed and
phase equlllbrla were determined by: optical and

. scanning electron * microscopy, - X-ray diffraction,
homogeneity of the cast samples and it is well known ~°

-€lectron. mlcroprobe analysis, differential thermal
analysis, -and- transmission electron microscopy. In
addition; dlffusmn couples:were made-of select sam-
ples carefully heat treated, and examined using
various - techniques: * The complete experimental
details essential’ for developmg the 1473 K isotherm
“are provided.

In the second study, the startmg matenals were
in hlgh purity elemental form and were arc melted in
an ar¢ beam furnace with a non-consumable W elec-
“trode in a high purity argon atmosphere. Some of the
arc melted samples were:chemically analysed and
found to be very close to‘the intended composmon
The as cast, samples were: ho.nogemsed in argon at -
- 1473 K and cooled rapidly inia cold high pressure
argon stredm. Most. of the st alloys were heat
treated at*1473 K for 4 hose; ;samples that had -
relatlvely hrgh meltmg points were first heat treated
:at 1673 K for 24 h and then at 1473 K for a further
"168'h. The as. cast vand heat treated samples were
characterised using: X-ray diffraction, optical micro-
scopy, and occasionally, mxcroprobe analysis.

. ‘In ‘spite of being fairly rlgorous studies using a
variety - of = techniques, there is significant dis-
agreement between the results of these two studies.
This is a reflection of the complexrty of the system and
possrbly, differences arising from thé heat treatments
used in the two studies. The first major difference is
seen in the liquidus prOJectlons presented in these
two studies. A maximum in liquidus is shown by
Perepezko et al.®> 'in the ALTi-ALNb region,
whereas this is absent in the second study.'"> While
 the liquidus projection looks similar in’ ‘the two cases,
a close examination reveals the liquid flow pattern to
be different, suggesting’an entirely different solidifi-
cation sequencefor the alloys. Further; there s signi-
ficant dlsagreement between the two studies with
respect to the presence or absence of ternary phases.
Perepezko ¢ al.,%* show the presence of T2 and B2
ternary p‘fases whereas these are not shown in the

113

" isotherms -due to-Kaltenbach et al.1'> Since the

autho_rs of both-these studies claim .to know the
.composition of their alloys, the differences in their -
results must. arise from differences ‘in their heat
treatment practices, or madequate sampling, ‘From
their paper; it appears that Perepezko et al. 5 ‘exam-
ined in detail at least 170. samples, if not more,
ycompared with, Kaltenbach et al.,''3 who claim to
have examined only 22 blnary and 35 ternary compos-
itions. More specifically, in the 'latter study,113 very
few composmons were examined in‘the | region adja-
Cent to the'T2and B2 phases claimed by Perepezko et-

* al® Thus, one must attach more credibility to the

1473 K isotherm due‘to Perepezko et al 8 Similarly,
it is’ possrble that Kaltenbach ef’'alt mlssed the



- maximum in the liquidus of the Al3Nb-AlTi section .
because of an insufficient:number of samples: It must " -
be pointed out, however, that Kaltenbach er al.'*:
specify that the Ti-rich part of their' Al-Ti-Nb iso-
therm is still:preliminary'in nature. Finally, and prob-

ably of some relevance, is the fact that Kaltenbach et - at :
* ‘sion from Group IITA to ‘Group VIA systems. °

‘al:™*3 have also evaluated the Al-Ti binary system
and claim the presence of a high temperature phase-
lying betweeén ALTi and AlTi, with a sizeable -
compositional range at 1473 K. This phase is absent -
in the -isotherm due to Perepezko et al®
and- accordingly- influences the phase equilibria of .
the ternary system.-In this context, the recent work
of Ducastelle''* on the binary Al-Ti system shows the
presence of a’high témperature phase between AlsTi
and AL Ti analogous to that observed by Kaltenbach
et al.3 If this phase does indéed exist, then the
1473 K isotheérm due to Perepezko et al.,® also needs -
corrections. . .* . R o
Thus, in spite of rigorous experiments as. well
as ‘'sophisticated  characterisation of microstructure, .
it is still not clear whether the isotherm at 1473 K
" for the AI-Ti-Nb system -is* correct; what 'is
important, however, is that it is a stride in the right
direction. - T e . '

Summary. . o . R
Available experimental ‘data on the phase equilibria
of ternary Al-based systems have been reviewed, and
"inconsistenciés . between _various - investigations
highlighted. Particular emphasis was placed on the
compositional - range of existence of ‘ternary
- compounds, their crystal structure, and their stability
as a furiction of temperature. It is evident from this -
survgy that there are inconsistencies regarding the-
existence of some intermetallic phases even in certain
binary ‘phase diagrams. In several ternary systems,
there is very little agreement regarding the presence
“or absence of ternary phases, their structure, and the.
compositional range over which they exist as a single
phase. In several cases, 1i0 comparisons are possible
because there is only one source of information, and
* seldom is there more:than one€ isotherm available at
any particular temperature per:térnary system.
Based on this review ‘of experimental data on the
phase equilibria of ternary Al-based systems, a sys--
tematic pattern appears to emerge for the structure
and stability of ‘Al-rich compounds, specifically the
Al;X-type compounds. In the Group IIIA—-Al binary
systems — for example, Al-Sc —a binary. L1; AlsSc is
known to exist as-a stable phase. Moving to the right
in the periodic table to the Group IVA-ALl systems,
binary ‘Al;Ti, AlsZt, and ALHf with the D03 struc-
ture. (or' D033) occur, as well as ternary Ll
compounds with stoichiometries of the type AlsCuTi,-
or AlsCuHf5, which appear to be produced by the
addition of Cu, Ni, Fe, or Zn to Al;Ti, AlsZr, and
~ AlHf. While- all four: of the specified alloying
~ additions' transform D0 AlTi to L1z, only Cu
appears capable of effecting such a transformation for
AlsZr and ‘ALHf. Binary Group VA-AIl systems
contain stable D0y Al;V; Al3Nb, and AlsTa, but no’
alloying addition is known to transform these to
- ternary L1, structures. No binary ‘MoAl;” compound
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exists' in the' Group VIA-Al binary systems (e.g.
Mo-Al); however, addition of Fe, Co, Ni, or Cu
stabilises * ternary ‘- D04, ‘comipounds of the type
AlsMo,Cu, which are similar in composition to L1, -

- AlsTi;Cu. Thus; it appears that the ease of forming

an Al-based L1; compound decreases in'the progres-

/A point of interest in the Group IVA-Al binary
systems is the presence of D0y Al3Ti, D0Ox; AlsZr,
and a D04,/ D055 AlHf (depending on temperature),
which suggests that ‘the’sequence of: the alloying
elements in the group'should be Ti, Hf, and Zr rather
than Ti, Zr, and HEf. Interestingly enough, Pettifor''>
arranged the periodic table in' a-one dimensional
sequence-of the type Zr, Hf; Ti, Ta, Nb, V, W, Mo,
Cr, which is consistent with the observed gradation in

" crystal structures'of the Al;X compounds from D0z
to DOzg/DOzz to D022 :

Theoretical studies for predicting crystal
structure stability and alloy phase .
diagrams R T :
It is not the intention in" this section to provide an
exhaustive review and a critical assessment of the
progress to date in computational capabilities for
_ predicting entire phase diagrams and the stability of

- various crystal‘structures. Rather, a brief update on

the various techniques is presented to complement
the prévious sections and to provide the reader with
“an appreciation of the kinds of efforts in progress and
their success. Progress to date in the design of-alloys
has been made largely by ordering and collating an
enormous -amount: of empirical data. To avoid this
‘time consuming work, researchers would clearly find
it désirable to be able. to predict phase diagrams and
crystal structure stability. Dramatic new advances in
theory and computational capabilities have now
opened up such prospects in the design of new
complex alloys. = ~“*" - ’ ~
" Attempts to relate crystal structure stability to
intrinsic atomic properties can be traced back to the
early 20th century, when Hume-Rothery pointed out
the existence of definite correlations between ‘the
electron/atom ratio (e/a) and specific crystal struc-
tures. Many factors play a role in stabilising a given
structure and these have been ‘extensively studied.
Massalski!'® reviewed the influence of the ratio of -
valence electrons to atoms, while Pauling!’ eluci-
dated the role of the electronegativity difference
between the constituent atoms in affecting structural °
_stability. The difference in size of the constituent
atoms also determines thé stability of a particular
phase, as shown by Laves.118 '~ f0 0
* Attempts to understand thé relative phase stability
of various types of AsB-compounds'led t¢consider-
ation of.the electron concentration criterion'® and
the atomic size difference criterion.®>!2%12! Sinha1?
noted an increase in the hexagonality-of the AsB
“structure with an increase in the:e/a ratio; while van
Vucht'?! found an.increase in hiexagonality with an
increase in the atomic radius ratio’(Rg/R,) for an
A3B compound:’ These. criteria ‘prédict: that an
inerease in either factor will shift the crystal structure
not only from cubic to hexagonal stacking, but also
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from rectangular ordering (DOZZ)122 to tnangular
‘ordering on the close packed planes (L1,).

A phenomenological approach based on ex1st1ng ,

- experimental data has led to the.generation of struc-
tural stability maps. This approach groups crystal:
structures on the basis of (a) Pauling’s electronega-

- tivity ' difference and average principal quantum
numbers -of the constituent elements, 23 (b) s- and
p-orbital radii of the: constituent elements,?*"and
(c)-the difference between Zunger’s pseudopotentral
radii sums, the Martynov-Batsanov electronegativity
difference, and.the sum of the number of. valence
electrons. 25127 These three investigations are lim-"
ited in that the coordinates are classical and not

- quantum in nature. Therefore, Villar’s maps,12>127
for example, cannot account for the N1As structure,
even though it is the fifth-most.important of the 20
AB-type structures. In-addition, Villar’s maps are
three dimensional and cumbersome to use. C

-~ Pettifor''* emphasised that only quantum mechan-
ics “could predrct the structure and' propertles of a
material, because the way in which censtituent atoms -
of any material bind together is determmed by-thie
valence electrons, and these follow duantum mechan:
ics in the:form of Schrddinger’s- equation rather
than the classical-laws of Newtonian mechanics.
“Wigner and-Seitz'?*!?* applied a cellular method to
calculate the energy bands of metallic sodium using:
Schrodinger’s: equation and obtamed theoretical
values for the. cohesive- energy and atomic: volume of
metallic sodium that were within 10% of experimen-
tal. values. Soon ‘after, Slater'® extended . their

‘ method to include more than just the one s wavefunc-
tion and, thereby, actually calculated. the. excited '
energy levels previously estimated by ngner and
Seitz. . The. Wigner-Seitz and Slater approximations
were subsequentl improved significantly by von der

" Lage and Bethe!*! and Howarth and Jones.'®2 .~
" Slater and Johnson'>* described a. self-cons1st’ent
field (SCF) method (often referred to as.the Xa clus-

.ter method) of calculating electronic energy levels for
polyatomrc solids, whereby the one electron potential
is.approximated using the /muffin tin’ approximation

_‘and the resulting equation is solved usmg a.multiple
- scattering method. Morinaga- et al.’** applied this
technique to study the effect of alloylng additions on
the electromc structure of the. L1; compound NisAl. ’
Using a cluster of the type [M Nig,Alg], they substi-
tuted M for an ‘Al atom and were able to obtain the
energy. level of d—orbltals ionicity, and bond order for
various transition elements.

“Pettifor'3 proposed a chemical scale y, which
ordered all the elements along a single axis y, so that
the Mendeleev type features of .the periodic table -

~were preserved. He was thus able to retain the-quan--
tum- charactensucs of the alloymg elements tile
reducmg the two dimensional structure of
odlc table toa smgle coordmate ‘He then:as

8 as.the coordinates, for .constructing two dimen-
sional structure maps “for bmary, terpary, and qua- -
ternary compounds of variols _stoichiometries. -
Subsequently, Pettifor and Podloucky'* used a
microscopic ‘approach via a tight blndlng model, to
explain the origin of the different structural domams
of pd-bonded (transition metal—non transmon metal)
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~ -performed- total energy calculations,

AB compounds within a; fundamental - quantum
mechanical framework. The:AB; structure map'®’
can be used to explain the D0,; to L1, transformation -
of Al;Ti resulting from:the addition of Fe, Ni, Cu, or
Zn. The Pettifor maps are limited in their predictive
capabilities, but if a particular: structural transfor-
mation is known to occur, they can provide an esti- |
mate of the amount of a particular element that must

-be incorporated to change the weighted Mendeleev
_ number-and thus move fromone structural domam to .

another.. { A e
- Using. the Ismg model and assummg ﬁrst and
second neighbour interaction, Richards and Cahn'®®

.showed that for the A3B composition, the L1, struc- . -

ture is- the ground state (i.e. the lewest: conﬁgur- :
ational energy) ifValV,i 1s negative, where V;isthe ith

: nelghbour interaction parameter- and V; is always
- positive. If Vo/V; is positive; then.the D0, structure

was shown to be the lowest energy structure for the
A3B stoichiometry. Allen and Cahn'* used the clus-
ter method to provide a: rigorous mathematical proof
for these proposed ground State structures ”

. In the past decade, the prediction: of structural

stabxl1t1es of phases at 0K has become possible

- through 4£rec1se electronic band structure compu-
‘tations!40-1
_theory.1#>144_ Recently,

42 based on local density functional
first principle approaches
have even been used*>147 with reasonable success to
compute phase stability away, from 0 K, Using.an

. extremely accurate first principles approach,-based
- on the full potential, lmeansed augmented, “plane

wave method (FLAPW),* Guo et al.*8 were ablé to-

study the energetics and bondmg propertiés. of the '
binary compound LiAl, and concluded that the B32.

phase contained a mixture of -covalent and: metallic
bonding and that the B32to B2 transition occurred at’

* a pressure of 140 kbar. = = - O

Recently, results - from two mdependent stus

dies'**1% have beeri published to explain the DOy to -
L1, transmon in the Group IV trialuminides. Eber- -

hart et al.*® have presented an electronic model for
this transition, based on -cluster -caleulations, and,

attribute the phase transition to the d-character pro--
- vided in the Al sp-bonding.region by the transition -

metal substitution, which preferentially orders-the Al
second nelghbour -atoms. .Carlsson and: Meschte:r150
using - the
augmented spherical wave (ASW) method for the
Group II1,1V, and V. transition metaltnalummldes in

“the L1,, DOzz, ‘and, D0»3 structures. with-ideal and

non-ideal c¢/a ratios. Their results showed that the.
stability- of the DO0,, structure relative; to the L1,
increased rapidly as the transition metal,d—elect_ron
count increased., The calculated electronic densities
of states. (DOS) showed each - ‘structure .t0-have a
minimum in the DOS dlstrlbutron at a-characteristic
d-electron count and the- preferred crystal structure
was. one where; the Fermi level lay'in the minimum. .

It must be mentroned that: the 9presence of free
surfaces. in cluster. calculations'® prevents - total
energy . calculations meanmgful to bulk solids. -

However, these cluster calculations-provide an ade--

quate description of the bondmg and changes result-
ing from impurities since the electronic perturbations
are spatlally localised. Thus, when these cluster ‘



- . calculations!* are- coupled with ‘total energy calcu®
" lations, % the changes-in"bonding which cause the
changes in total. energy can. be often understood and
explained. 5 ...
While all these studles descrrbe various approaches
to-predict crystal structure stability, parallel research
efforts -are ongomg “with a fair degree of success to

“calculate entire alloy phase diagrams from first prin--

. ciples. Alternately, Kaufman and co-workers3!:1>1:152

‘have; over: the:past two decades, developed-an
extremely useful set of computer programs for calcu-
lating .the equilibrium and. metastable phases of
-alloys. These-programs do not start from first prin-
ciples,but-rely on information extracted from known

‘binary. systems to’ predict ‘metastable structures, as

. well as ternary phase diagramsfor ‘which very little
. experimental data: are often’available. Some of the
data that are essential to run the computer programs
can be inferred only from the behaviour of the phase

diagrams and. cannot be experimentally verified. -

Thus, the reliability.of the predictions depends on the
accuracy and validity of these parameters.

During the course of investigating various super-
alloy:phase .diagrams, Kaufman and Nesor*! found
good -agreement between calculated and -observed
ternary isotherms 'in the Al-Ti-Ni and Al-Mo-Ni
systems. Similarly, Kaufman and” Dew-Hughes!>!
computed the Al-Ti-Fe isotherm and initially found

poor agreement ‘with: experlmental :data when they’

_assumed that Aksubstituted for Ti in FeTiand Fe;Ti:
A subsequent iteration' with appropriate modifi-
' cations revealed a good fit between experimental and
calculated isotherms. The work of Chart>* on' the

Al+Cr-Zn system was discussed above. The validity

of the parameters used.in these programs will directly
influence the accuracy of the calculated-isotherms;

therefore, itis important to confirm the consistency of -

- these mput parameters using first principle calcu-
' latlons based:on quantuin mechanics.

. 'The task-of calculatmg alloy phase dlagrams from
ﬁrst principles is challenging because the necessary
calculations must combine both quantum mechanical
and statistical thermodynamical elements with a high
level of accuracy. This usually involves combining the
tight binding (TB)-electronic band.structure ‘calcu-
lations with a free energy expression from a statistical

. mechanical - method called the cluster variation |

~method (CVM). The TB method solves the Schré-
dinger equation for the motion of an electron in a
periodic potential by starting with the wavefunctions
of electrons-in individual atoms and combining them

in a suitable way to form approximations in. the

“crystal. The CVM!? requires, as input; interaction
parameters.which determine ordering: or clustering
reactions occurring in the alloy systems. These inter-
action parameters must.be defined carefully and then

. obtained by means of electronic structure calcu- -

lations. using; - for example, the Gautier—

DuCastelle'** generalised perturbation method. Pro- .

totype: phase diagrams have been calculated by
Sanchez.and de Fontaine!>® and by Turchi et al.1* for

fce based systems, by Sigli and Sanchez!561%7 for bee”

systems, and by Sluiter er al.'*® for the combined
" fce—bee Ti-Rh system. Recently, total energies of Al,
Li, and various Al-Li compounds computed by the
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FLAPW method were used. to-calculate the A-Li
phase diagram :according to the CVM."*® Remark- -
able agreement with experimental data was obser-
ved. These authors'® hope that in the near future
they can use basic information for pure A and B (and
C), such ‘as electronic structure; bulk modulus,

, melting * points, ‘and  allotropic _ transition. tem-
peratures, to construct the correspondlng A-B (or"
A-B=C) phase diagram, with no additional ‘alloy’
data = in other words, an interpolating scheme for’
predicting stable and metastable alloy phase equilib-
ria using ‘as 'input only pure element parameters. -

Summary comments

Early attemipts to correlate the crystal structure of
ABg;-type compounds with radius ratio or electron
concentration have not been altogether successful as
“neither of these two correlations could be applied to
-altAB3 phases. For example, the sequence hep — fee

" with incréasing electron/atom (e/a) ratio is in a direc-

tion opposite to that for ordered close packed AB3
structures - where the hexagonahty increases with -
increasing efa. However, seven bmary alloy -struc-
tures, isotypical with NisTi, which-is 50% hexagonal,.
occur at a higher electron concentration (e/a = 8-5)
than that for the 100% hexagonal Mng3-type struc-.
ture (e/a = 8-25)*known to be present in at'least six:
binary ABs-type alloys. Similarly, the hexagonality
of the rare earth metals and that of their trialuminides
" change in -opposite directions: along the rare earth
series -and finally, the sequence of ordered: close
packed ABs structures formed by transition elements
is‘ not- . easily explamed The presence of small
amounts of impurities such as oxygen and/or carbon
contamination significantly influences the stability of:
‘a crystal. structure ‘and if overlooked, causes. dis- -
agreementand confusion between'theoryand observ-
ations.These impurities can result either from the
source materials’ or processing -condition. * For
example, pure ErAl; has an’ L1y structure (three
layers per repeat period). Var Vucht and Buschow'2
claim that'if. ErAl; is meélted in a. ZrO; crucible

~ instead of an AlyQ; crucible; the resulting structure

of ErAls-has a 15 layer repeat period; thus; the L1,
structure is destabilised. Similarly, Phlhpsborn and
Laves® have shown that for. the CrsSi-type Al5
compounds, Ti3Au, V3Au, and V5Pt, contamination
caused by- oxygen, nitrogen, or. carbon, but not
hydrogen,; stabilises the L1, structure in favour of the

" A15 structure and, further, that such a transfor-

- mation is irreversible. Remelting the L1, compound
under a high vacuum condition did not restore-the: -
A15 structure. The amount of interstitial needed to
effect the A15 to L1; transformation completely was
dependent on the interstitial type and:the inter-
metallic compound. Finally—as a closingcommenton
the effect of radius ratio and electron concéntration
criteria on structural stability — these two parameters
are not-.independent; rather they are Iinteractive and -
‘the exact interactions are not well defined, thereby
reducing their utility for predictive purposes. ‘
‘Structural stability maps, as pointed out above, are
based on a phenomenological approach " With: the
exceptlon of Pettifor’s maps, the remalnmg earlier
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efforts rely - on: Newtonian  mechanics and the
shortcomings of not using-quantim mechanical coor-
~dinates have been discussed. While Pettifor’s maps
have been more successful in interpreting observed.
crystal structures than previous efforts, they too have
severe. limitations in their predictive capabilities.
Attempts to use the Pettifor map to explain the D0,
to L1, transformatron of Al3Ti with Cu, Ni,"and Fe
additions have been successful, although attempts to
transform D0,5 AlsNb to an L1, -compound using
Pettifor’s maps have not met with success to date.
The Xa cluster method, while adequate to describe
bondmg and the changes in bond energy caused by
impurities and therefore crystal structure stability, is
limited by the size of the cluster.- When a. cluster
larger than 19 atoms is used, the computational abili-
ties of the most advanced computers. are: quickly
~ exhausted. This 19 atom cluster, therefore, excludes

‘studies on the effect of diluté additions on structural = -

stability, Fortunately.a D0, to L1, transformation of
ARLTi, for example,. requires major alloying
(AlsCuTip) and thus, can be examined using the Xo
-techmque Another limitation is the presence; of free
surfaces in such cluster calculations which preclude
total energy calculations meaningful to bulk solids.
Total energy calculations, while being more accurate,
-are much.more rigorous and extremely time consum-
,mg in-terms- of supercomputer time.
"In-a recent article, Freeman et al. 48 d1scussed
advances in such total energy computational approa-

ches using a number of illustrative examples, includ-

ing the phase stability of NisAl, ZrAl;, and titanium
aluminides, the effect of alloying on the phase sta-
. bility, phase diagram determination, interfacial prop-
ertics (APB energy) of intermetailics such as NizAl
and NiAl, and ‘the role of - alloying -elements in
influencing these interfacial properties. They have
shown theoretically that vanadium- addition to NizAl
would cause a slight hardening effectwhich .is in
agreement with experimental work; for their predic-
tion that.Li addition.to AlsZr would stabilise the L1,
structure:in favour of the D0,; structure, experimen-
. tal verification is absent. In another area, they have
tried to predrct alloying addrtrons to lower -APB

energies in NiAlin an attempt to rmprove its ambient

ductility. Their studies recommended vanadium
addition to NiAl-to-'decrease the APB energy and
therefore to improve ductility. Experimental results

showed vanadium additions to increase flow stress

and further decrease ductrhty compared with binary
NiAl. Whether this is due to a failure in predictive
capabilities, or insufficient understanding of what

metallurgical factors contribute to the- ductility of -

intermetallics is-not clear. In addition, a:particular
alloying element will influence more than one prop-
erty when added to a system. In the above example,

vanadium addition may lower the APB. energy, but.
could simultaneously influence another parameter
and therefore a simple consideration of only the APB
energy may be inadequate to address the. ductility
issue. ‘Nevertheless, it appears that theoretical
approaches attempting to predict mechanical behav-
iour have met with little or no success to date. At
present it appears that it would be more fruitful for
-such theories and computations to focus their empha-
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sis on crystal structure stability-and phase diagram
predictions rather than the mechanical behaviour of -
materials. While the fundamental elements that play
a role in materials deformation include defects such
as grain boundaries; dislocations, and vacancies,

these are not currently incorpor‘ated in' theoretical
calculations and w1ll influence the pred1cted results
negatrvely ’

Perhaps the greatest promise.of theoretrcal compu-
tations to date has been in the area of phase diagram
prediction. However, it ‘must be pointed: out that
these studies have been typically restricted to fairly
simple binary systems such as the ‘Al-Li system.-In
this system, good: agreement is observed between
theory and experiment. Limitations on the size of the
supercell has limited such studies to experimentally
known phase diagrams where complicated structures
are absent. Thus, complex ternary systers of the type
discussed in this review are at present out of the scope
of such calculations.

In this respect, it must be mentroned that had it not :
been for the sustained and focused efforts of the

“German group at the Max Planck: Institute ‘and the -

Soviet group from the Ukraine, the vast majority of
the ternary phase-equilibria rnformauon reviewed
here ‘would' not have been available. Thus, while

~ theoretical techniques to predict phase stability- and

structure must be encouraged, there is no substitute
for expenmental phase dlagram determination in the
forseeable future and efforts in this fundamental area
of metallurgy must be intensified. .-

Although physicists today have at their- drsposal a
spectrum of precise theories' and computational
capabilities, metallurgists have yet to familiarise
themselves with these physical.theories, muct less
exploit them to the fullestextent. Slmrlarly, the: physr-
cists and chemists need to gain a better appreciation
of metallurgical experiments, applications, and rel-

.evance to fit their theorres better to industrial needs.

Very close interaction among the various: disciplines

" is essential to ensure progress. Physrcrsts and metal-

lurgrsts have both advanced significantly in their own
arenas, although it was not until very recently that
these two dis‘ciplines started recognising their mutual
need to progress in-the theory and des1gn of alloy _
phases l , .

Conclusions S
The purpose ;of this review was to brmg together*

large body of knowledge on'phase ‘equilibria of

ternary alloys containing aluminium; with emphasis
on the intermetallic compounds. This body of infor-
mation has been extracted largely from the Soviet and
German literature. 'Where ‘available, the observa-
tions and inconsistencies between various résearchers
have been compared -and contrasted. - Potential
ternary intermetallics of interest to' the. aerospace
industry, based on their crystal structure, densrty,
melting point, and compositional range of existence,
have been emphasised. The chkanges in the crystal
structure of Al-rich compounds with the location of
the constituent elements in the perrod1c table has
been noted. - - & : : S
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..:The last, sectlon of the revrew provrdes an outlme of

" - various- theoretical approaches available to date for»

: predlctmg crystal struciure stability, as well as entire
binary and higher order phase diagrams; The' merlts
of a quantum . mechanical approach yversus the

classical approach - are - discussed, . ‘and" 111ustrat1ve_f ‘
examples are-provided to hlghllght the progress in

, predlctlve capablhtres
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