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Relative stability of bcc structures in ternary alloys with TisgAl,sM0,5 composition
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In reviewing the literature that concerns the CsCl-type intermetallic compoy#dMo (B2), the question
arises if this compound is preferably formed with respect to the high-temperature bcc completely disordered
structure(A2). Our present work takes ab initio approach to this subject. The first-principles linear-muffin-
tin-orbital method was used to calculate the total energy of a series of bcc structures in the ternary system
Ti-Al-Mo. Second, a cluster expansion in the tetrahedron approximation was calculated for each formation
energy. Finally, a Connolly-Williams-like inversion scheme was used to obtain the formation energy of both
the A2 phase and the partially ordered structure B2. From the calculations, the B2 formation energy came out
to be aprox 10 mRy/atom lower than the A2 energy, suggesting a relative greater stability. The relative stability
of other possible structures with the same global compositiggAllisMo,s is discussed.

[. INTRODUCTION method(CVM) and experimental studies, the B2/A2 phase
boundary, the ordering temperature, and the probabilities of
To improve the performances of aircraft engines and okites around the compositionsgAl,sNb,s (at. %9 in the Ti-
some nuclear devices, it is necessary to increase the servigd-Nb system.
temperature of hot components working in high-temperature In the ternary Ti-Al-Mo, a B2 phase was first reported by
environments, typically from 1100 to 1900 K. In this con- Bohm and Ldberd although site occupancy was not men-
text, research and development activities are underway ontioned. This phase was associated with an order-disorder
wide range of intermetallics-based alloys systems. HoweveB2— A2 second-order phase transition. Later, Hamajima,
ordered intermetallics in monolithic form have limited the Luejtering, and WeissmaRAmshowed that for a TjAl Mo,
prospects of providing the required balance of mechanicalat. % alloy a structure with B2 particles, having a diameter
properties because they suffer from inadequate ductility andf approximately 160 A, surrounded by an A2 matrix was
extremely low fracture toughness at low temperature. Nuproduced upon quenching from 1273 K. However, Banerjee,
merous attempts have therefore been made to overcomé&ishnan, and Vastiworking on alloys around the compo-
these limitations both through grain-size refinement or grainsition Ti,gAl ,,M05 and annealing treatments up to tempera-
boundary suppression and by micro or macroalloying. ture of 1573 K followed by quenching in water, did not find
Following a different approach inspired by the outstand-the B2 phase although x-ray and electron diffraction charac-
ing mechanical performance of nickel-base superalloyserization were employed. A review of these publications has
which results from an excellent phase compatibility betweerbeen presented by Budberg and Schmid-Fézémgre the
their constituenty and y’ phases, Naka and Khamave presence of a miscibility gap was suggested between the B2
attempted to creategy’ type microstructure in a refractory and A2 phases, giving rise to a two-phase field-A22
metal-base alloy. Since refractory metals have a (#2) below 1273 K. Concerning the crystallography of this B2
lattice, a suitable second phase might be of the ordereccompound, Sikora, Hug, and Flarilarrived at the conclu-
cubic-centered B2 type. However, among about 300 binargion through extended x-ray-absorption fine structure
B2 compounds listed in the literature, no binary B2 com-(EXAFS) studies that Ti atoms fill one sublattice in the bcc
pound can be formed with refractory metals. Therefore, theyell while Al and Mo atoms occupy randomly the other.
extended the proposal to ternary and quaternary systems. Rigure 1 shows the A2 and B2 structures.
survey of the literature indicates that there are some ternary The aim of this paper is to calculate the ternary cluster
B2 compounds of the JAIX type, whereX is molybdenum, expansion of the formation energy of A2 and B2 phases as a
iron, chromium, or niobium. Their lattice parameters are noffirst step in the calculation of the Ti-Al-Mo phase diagram
well known but seem to be of an order that might lead to &by the CVM. We use a first-principles method to calculate
high compatibility with the A2 matrix. the total energy for the ordered structures and a structure
The field of existence of these Bl X type compounds in inversion method (SIM) based on an idea of
terms of both concentration and temperature is not welConnolly-Williams™ for the disordered ones. A comparison
known, still demanding research efforts. For example, Rubirbetween the formation energy of both phases in the same
and Fine? M. Asta et al,* and also Chaumagt al,>® re-  TispAl,5sM0,5 composition is shown as an application of the
cently have investigated, through the cluster variationcluster expansion.
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machine time. Relaxation curves of energy vs lattice param-

@ ® © eter were obtained varying the volume while keeping con-
®;® C stant the cell shape. The curves were successfully fitted to
@/@ ¢. cubic polynomialgFig. 2). The equilibrium energy for each
compound was taken as the minimum in these cutVeble
).

The formation energy is defined as the total energy of the
structure at its equilibrium volume minus the concentration-
weighted average of the pure elements total energies at their

FIG. 1. (@) High-temperature A2 phase, completely disordered€quilibrium volumes?*
bce, (b) B2 phase(CsCl type, and (c) completely ordered L2
structure.
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It should be observed that even though some of the com-

pounds show a positive formation energy, this fact does not
A. Ordered compounds imply instability by itself. The ordering or phase separation

Total energy calculations were performed for all Iouretendency should be evaluated taking into account the forma-

constituents in the bcc structure, binary structures B2, g3ztion energy of the compound together with the formation

—= energies of all possible phases which could be present at that
and DG, a_md ternary structures I_iian(_j F8m of f[he_terna_ry composition. In Ref. 4, Asteet al. have presented the
system Ti-Al-Mo. The tight-binding linear-muffin-tin-orbital ¢, |n4_state phase diagram for Ti-Al-Nb resulting from such
first-principles method was used in the atomic-sphere ap,

L ; , .~ = “Fconsiderations. In particular, the Ti-Al ground-state binary
prOX|m{atlonS(TB—LMTO-ASA), |nclud|n_g scalar relativistic g1 ctures resulting from our computatiof bcc, Al bec,
corrections® In order to choose &-point mesh we calcu-

. TisAIDO3, and TiAl B2) are consistent with the phase dia-
lated total energy for §10°,12%,14°, and 16 k points, set- '3 3 I ) ! W P !

_ 4
ting the convergence in total energy to within 0.06 mRy/gram atT=0 K shown by Astzet al.
atom in all cases. The precision of the total energy with
respect tok-point sampling was within 0.03 mRy/atom for
the 8 k-point mesh(152 irreduciblek points in the Brillouin In order to compute the formation energy of the disor-
zone. It being acceptable, we preferred this size to gain indered states for the JAIMo compound, we have to consider

II. TOTAL AND FORMATION ENERGY CALCULATIONS

B. Calculation of cluster interactions
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TABLE I. TB-LMTO-ASA results for bec ordered structures  structure with the same lattice type can be calculated writing

total energies. the proper functiong; for it and considering the same cal-
culatedv;. This is the SIM based on the idea of Connolly
Structure a Er AEE and Williams.
(Bohr radius ~ (mRy/atom)  (mRy/atom) For the computation of thg, functions we followed the
Al bee 12 -484297.638 0 formalism described by Inden and PitschThe first step is
Ti bee 121 -1704760.32 0 to dgfing a s?te operatary, Which_takes the values 1, 0 or
Mo bcc 12 -8091097.76 0 .—1 if site n is ogcupled by a Ti, AI, or Mo atom, respec-
TiAl B2 11.85 -1094559.84 -30.87 tively. The domain of the point varlablﬁn ha}s three values.
Ti Therefore, to fully specify a function ef,, it is necessary to
iMo B2 11.9 -4897938.46 -9.42 h th int f fi ducts of which f th
AlMo B2 118 -4287699.94 295 choose three-point functions, products of which form the

corresponding cluster functions. A set of three-point func-

1:308252 1111'385 jggizjll';j 1122?:1 tions (from which an orthonormal basis is construgtésithe

' ‘ ' first three polynomials ofo,,:{1,0,0%}. Cluster functions
A,lMO B32 1172 ~42817720.49 -22.19 formed from products of the sél,o,?}, are proposed as a
T'3A|, DOy 11.99 -1399663.08 -18.43 possible basis of functions for describing the ternary alloy
A_|3T' DO 11.9 -789418.938 -5.63 problem!® The averages of these products over all equiva-
TizMo DOs 11.93 -6494526.48  -13.08  |ent clusters in the crystal are called the correlation functions.
MosTi DO; 12 -3301353.18 8.5 Taking the tetrahedron as the largest cluster, for a ternary
A|3MO D03 11.7 -2385995.21 2.46 bCC a"oy they take the form
MosAl DOg 11.86 -6189402.95 -5.22
Ti,AlMo L2, 11.9 -2996260.09  -31.09 x= (ol tgl2 tgla ity 2
TiAl ,Mo L2, 11.77 -2691134.65 -21.31 P
TiAIMo ,L.2, 11.83 -4592820.98 -7.61 wheren, m, o, andp denote the site of the tetrahedron and
Ti,AlMo F43m 11.9 -2996245.32 -16.31 i1,i0,ig,is=1, 2, or 3. The distinction among the four types
TiAl ,Mo F43m 11.81 -2691134.54  -21.21 of sites is necessary to the description of the occupancy in
TiAIMo ,F43m 11.87 -4592831.99 -18.62 the superstructures B2, B32, RO L2, and F8m.
Ti,AlMo A2 . . 15.25 The right-hand side of Eq2) can be computed from the
Ti,AlMo B2 . . 26.4 probabilities of finding atomsk,, k,, ks, andk, on sites

n, m, o, andp as

it as a cluster expansion. In this method, the formation en<ginl‘1gir§‘lgg3‘lgip4‘l
ergy is written as

AEFZE ViXi ’ (1) Ky

M e
M e

3 3
) ) , ) kqkokaky
1 kszl k42:1 M'lklM'zkzM'sksM'4k4pn mop '

3
wherew; are cluster interaction parameters depending on the .
lattice type(i.e., fcc, bee, etd.for an alloy system ang, are ~ Whereky kp ks, k,=1, 2 or 3 for atoms Ti, Al, or Mo, re-
cluster-occupation-dependent correlation functions. The surfPectively. The matrbM in this equation contains informa-
is extended over all possible clusters, although in practice {#on from the site occupation operator and has the form
is usually limited to a certain approximation. In this work,

we considered all clusters within the tetrahedron approxima- 11 1
tion (Fig. 3). M = -1
Since the energieAEr for a set of ordered structures can
be obtained, for example, through a first-principles method, 101
andx; can be calculated for each of them, we can have a set ) ]
of linear equations on the parameters Therefore, thev, The complete set of correlation functions adds up to 80

can be obtained by inversion. Now, the energy for anothefK' —1, with K=3, the number of elements in the alloy and
r =4 the largest clusterThis would lead to an expansion of

the energy in 80 terms. Although as the interaction param-
etersy; exhibit cluster symmeties of atomic sites and cluster

) » decoration symmetries by the point functions, only 21 of
@z - them remain distinct. In consequence correlation functions
4 can be grouped leading to an expansion in 21 tefses the
,,,,,,,, i e Appendiy.
"""" b"" To apply the inversion method, we calculated the values

of the correlation functions for the 21 ordered structures

FIG. 3. The(irregulaj tetrahedron cluster in the bce cell. Four mentioned above and obtained by inversion the values for
different sites(labeledn, m, o, andp) are considered to describe the interaction parameters of Eq. (1). These are shown in
the cell with twice the lattice constant. Tables Il and Il
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TABLE II. Values of the correlation functions for the 21 structure set.

Compound Xo X1 Xz Xz Xz X5 Xg X7 Xg Xo X0 X1 X2 X3 Xig X5 Xy X170 X1z X9 X2o

Al 1 0 0 O O O o o o o0 O 0 0 O 0 0 O 0O 0 O 0
Ti 1 4 4 2 4 4 8 2 4 4 8 4 4 8 4 1 4 2 4 4 1
Mo 1 -4 4 2 4 -4 -8 2 4 -4 8 4 -4 -8 4 1 -4 2 4 -4 1
TiAl B2 1 2 2 1 0 2 0 1 O 0O O 0 0O O 0 0 0 0 0 0 0
TiMo B2 1 0 4 2 4 0 0O 2 4 o0 -8 4 0 O 4 1 0 2 -4 0 1
AlMo B2 i1 -2 2 1 0 -2 0 1 0 o0 O 0 0 O 0 0 © 0O 0 O 0
TiAl B32 12 2 0 1 0 2 0 1 o0 O 0 0 O 0 0 O o 0 oO 0
TiMo B32 1 o 4 -2 0 0 0 2 4 0O o0 -4 0 O 4 1 0 -2 0 0 1
AlMo B32 i1 -2 2 o0 1 0 -2 0 1 o0 O 0 0 O 0 0 O o o0 oO 0
TisAl DO4 1 3 3 1 2 2 4 1 2 1 2 1 1 2 1 0 0 0 0 0 0
Al;Ti DO, 1 1 1 o o0 O O o0 o 0O O 0 0O O 0 0 0 0 0 0 0
TiMo3DO; 1 -2 4 0 0 -2 -4 2 4 2 0 o -2 -4 4 -1 2 0 0o -2 1
TisMo DO, 1 2 4 0 0 2 4 2 4 -2 O 0 4 4 -1 -2 0 0 2 1
AlzMo DO, 11 1 0 0 0O O o o0 o0 O 0 0 O 0 0 O 0O 0 O 0
AlMo3DO; i1 3 3 1 2 -2 4 1 2 -1 2 1 -1 -2 1 0 O 0O 0 O 0
Ti,AlMo L1, 1 1 3 1 2 1 o0 1 2 -1 -2 1 -1 2 1 0 0 0 0 0 0
TiAl ;Mo L1, 1 0 2 -1 0 O O 1 0 o0 O 0 0 O 0 0O o 0O 0 o 0
TiAIMo, L1, 1 -1 3 1 2 -2 0 1 2 1 -2 1 1 -2 1 0 0 0 0 0 0
Ti,AMoF43m 1 1 3 -1 0 0 2 1 2 -1 0 -1 1 -1 1 0 0 0 0 0 O
TiAl,MoF43m 1 0 2 0 -1 0 0 0 1 0 0 0 O 0 0 O o 0 oO 0
TiAlMo,F43m 1 -1 3 -1 0 0 -2 1 2 1 0 -1 -1 0 1 0O o o 0 oO 0
ToAMoA2 1 103 3} 3 303 3 A 303 & §OE &k A % & B &

Ti,AlMo B2 i1 13 2 2 3% o % 2 %2 3 L+ 1 1 3 : 0 %+ 1 o 3

C. Disordered structures we restrict the expansion to a certain size and choose a set of

The formation energy of the A2 and B2 structures can p&rdered structures to perform the inversion. The particular
obtained through Eq(1) writing suitable correlation func- choice of this set may be regarded as a source of imprecision.
tions. It is thus worthwhile to evaluate the accuracy of the inver-

For the A2 phase we made use of the fact that all sites aréion computation. With this aim, we considered one structure
equivalent and computed the correlation functions for large Ti;sMo) not used in the inversion set. Its total energy was
clusters as products of the point ones, being the point corresalculated through the LMTO methoéE(y1o) and through
lation functions in this case (¢)=cri—cy, and (¢?)  the inversion methodH,). The energy difference turned out
=Cr1i*+Cmo - to be SE=E,—E_u10=0.04 mRy/atom. This quantity is

Following the experimental results of Sikoeaal* con-  lower than 0.1 mRy/atom, our chosen convergence limit,
cerning the site occupation in the B2 compound, we considthus proving the reliability of the procedure.
ered equivalent sites in the sublattice occupied by Al and We have been comparing until now the formation energy
Mo, while the other sublattice was considered to be fullyof A2 and B2 structures, being, respectively, completely and
occupied by Ti. Correlations functions were calculated usingpartially disordered. It arises the question if a completely
Eq. (3), taking the probabilitiesp?2ti=p231=p3211  ordered phase could take place. Taking into account EXAFS

nmop_ Pnmop~ Pnmop

:Pﬁn?.ol,}:% and the rest equal to zero. results from Sikora, Hug, and Flani¢kshowing that the

The resulting values for the formation energies and for thel i2AIMo phase should be named,[Al,Mo), that is, a B2-
correlation functions of both phases are included in Table [ike structure with Ti atoms filling one sublattice, we have

and Table II, respectively. evaluated the various possible distributions of Al and Mo
atoms in the other sublattice forming a superstructure. The
Il DISCUSSION total energy of each of the resulting structures was calculated

through the TB-LMTO-ASA method with the same proce-
As we have already mentioned, the computation of thedure that was explained before. The crystallographic descrip-
formation energy via the inversion method is based on dion of the evaluated structures and their formation energies
cluster expansion within the irregular tetrahedron. That isare given in Table 1V, where we follow the nomenclature of

TABLE lll. Interaction parameters calculated via the inversion scheme.

Vo U1 U2 Uz Uy Us Ug v7 Ug Vg U0 Vi1 V12 Uiz Vig VUis Vi V17 UVig Vig V20

0 -405 -158 2.39 188 -3.09 6.70 -15.76 -16.17 2.23 0.39 -0.70 -8.24 -4.52 34.80 1.13 -2.80 0.91 -1.48 11.61 -46.31
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TABLE IV. Evaluated superstructures for the,Al, Mo) B2 compound.(For Wickoff positions see Ref. 17

Pearsonsymbol tP4 tP32 aP16 cP16 tP4 cF16
Spatial group P4/mmm Rimm PL P2/m3 P4/mmm Em3m
Spacial group No. 123 99 1 200 123 225
Axial relationship c=2a=2b c=2a=2b a=c=2b a=b=.2c

Angles between axis a=B=60°, y=90°

Ti positions hz=1/4 4d x=1/4z=1/8 lax=1/2y=1/2z=1/4 8 x=0.25 sl 8c
(Wickoff positiong 4d x=1/4z=3/8 lax=3/4y=0z=1/4

4d x=1/4z=5/8 lax=1/4y=0z=1/4
4d x=1/4z=7/8 lax=3/4y=02z=3/4
lax=1/2y=1/2z=3/4
lax=0y=1/2z=3/4
lax=1/4y=0z=3/4
lax=0y=1/2z=1/4

Al positions b laz=0 lax=0y=0z=0 1b la 4a
(Wickoff positiong laz=1/2 lax=1/2y=0z=0 3c
1bz=1/4 lax=3/4y=1/2z=0
1b z=3/4 la x=3/4y=1/2z=1/2
2cz=1/4
2cz=3/4
Mo positions B laz=1/4 lax=1/4y=1/2z=0 la 1lc 4b
(Wickoff positions laz=3/4 lax=0y=0z=1/2 3d
1b z=0 lax=1/2y=0z=1/2
1bz=1/2 lax=1/4y=1/2z=1/2
2cz=0
2cz=1/2
AEr (mRy/atom) —28.52 —29.19 —28.33 —28.57 —29.09 —31.09

Ref. 17. As can be seen from the referred values, the mommately 11.2 mRy/atom thus indicating that this compound
stable structure among them, and in consequence, the appruld be formed at high temperatures. The ld2dering en-
piate superstructure, should be the;Lj2hase(Fig. 1). We  ergy, on the other hand, exhibits the intermediate value of
can indeed observe that the formation energy of the L2 4.7 mRy/atom, meaning that this completely ordered com-

phase is also lower than that of theJ phase, as it can be pound could be formed at relative lower temperatures.
seen in Table I.

From our formation energy results it is found that both
L2, and B2 phases are more stable than the A2 phase. The
comparison between B2 and L2esults in a difference of In this study, a ternary cluster expansion of the formation
about 4.7 mRy/atom, indicating a possible ordering in @ L2 energy in a body-centered-cubic structure was obtained for
phase at low temperatures. If this phase happens to exist tte Ti-Al-Mo system. We considered the ternary basis func-
low temperatures, the ordering in azJAl,eMo,s alloy  tions {1,0,0} from which the correlation functions in the
would follow the transitions A2:B2—L2,. It is worth  tetrahedron approximation were explicitily written. Having
mentioning that such transformations have already been sugomputed the 21 ternary interaction parameters through the
gested in an analogous system. Astaal* and Chaumat, SIM, we are able now to obtain the formation energy of any
Colinet and Moret have investigated the Ti-Al-Nb system given composition alloy in this system. The SIM has proved
through the CVM, finding an ordering in the same sequenceifs reliability by reproducing the energy value for a com-
although experimental work from some of these authorspound not used in the inversion set.
gives no evidence for the formation of an {2ompound. As an application of these results, the formation energy of

A final comment on the ordering energy could be placedA2 and B2 phases in the samesdfil,sMo,5 composition
here. The difference between the energy of the completelyas evaluated showing, &t=0 K, a higher stability of the
random state and that of the ordered compound at the sanf8?2 compound when compared with the A2 disordered phase.
concentration is referred to as the ordering energy. This i#'s also possible that an ordering in a L21 compound could
typically*® of 0.1-0.01 eV(7.4-0.74 mRY. As has been take place.
pointed out by Wolvertoret al,'° a large value of this en- In order to generate a two-phagey’ type microstructure
ergy implies that the compound will be strongly ordered andn the Ti-Al-Mo system, as proposed by Naka and KRan,
hence will only disorder at high temperatures. In our caseevidence of a miscibility gap between the B2 and A2 phases
the B2 ordering energy consists in a large valaproxi-  giving rise to a two-phase field A2B2 has to be given. The

IV. CONCLUSIONS
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ternary phase diagram calculation at a given temperature us-
ing input from our 21 ternary interaction parameters can
theoretically reveal this evidence. We are now undertaking  xq=(0,0n0) +(0n0mop) +{(0z060p) +{Tmooop),
these calculations together with experimental work.

2 2 2 2 2 2 2 2
X8:<Un00> + <Um0-p>+ <a-n0-p> + <0-m0-0

X10= <0'r210'm0'0> + <‘Tﬁ0'm0'p> + <0'n0'§0'p> + <0'm0'go'p>
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X12=( 05000 0) +(Taomop) + (om0 e0p) + (omosoh),

X13= <0'n0'2m0'g> + <0'n0'm‘7 >+ <0'n0'00' >+ <0'm0'o(7p>

APPENDIX H{(OpomOo) F{(Ohomo o) T {Tho a0 ) T {0hoo00),

Correlation functions in the tetrahedron approximation:
PP X14=(020%02) +(020202) + (020202) + (02 0202),

Xo=empty cluster,
>(15:<0'n0'm0'00'p>’
X1=(on) +{om) +{(oo) +(0p),

Xo=(on) +(om)+(og)+(op),

X16= <0'ﬁ0'm0'00'p> + <0'n0'r2n0'00'p> + <0'n0'm0'<2)0'p>
+ <0'n0'm0'00"2)>,

o= (o + (o). K= (T 00) (700003,

Xa=(Tn00) T(Tm0p) +{0n0p) (T mTa), X15= (02000602 + (0200200 + (000602

X5:<Uﬁ0'm>+<0'(2)0'p>+<0'n0'r2n>+<0'00';2)>’ +(Una'r2na'ga'p>,

2 2 2

Xg= <0‘ﬁ0’0> + (a’%op> +¢ oﬁ(rp) +¢ a'ﬁqao> + <0’n0'(2)> > + (O'nO'mO'OO'p

+<0'm0';2)>+<0'n0'§>+<0'm0'g>1

X19=( 02020 0'p>+<(r o2o,0
+<0n0'm0'00'p>.

2 2 2 2

X7= <0'§‘Tﬁ1> + <0't2)0'§ X20~ <0'n0-m0-00'p .
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