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Electronic structure, phase stability, and cohesive properties of TXAI (X=Nb, V, Zr)
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The self-consistent tight-binding linear muffin-tin orbital method was employed to calculate the electronic
structure and the total energy of,XiAl (X=Nb, V, Zr) in B2, D0;, andO (orthorhombi¢ phases and the
results were used to study the phase stability and cohesive properties of these intermetallic compounds. Our
theoretical calculation shows that tB2 phase is the most stable phase ofNGAI as observed by experi-
mentalists. However, the three phases are close in energy indicating the possibility of the presence of all these
phases in equilibrium over a range of temperatures, which is in accordance with experimental observations.
Our calculations predict that WAl is more stable in thé82 phase whereas JrAl is more stable in th®0,4
phase. We also report the calculated equilibrium lattice parameters, cohesive energies, heats of formation, and
bulk modulii of these systems, and a possible comparison of the calculated quantities with the available
experimental data is made. From our studies we are made to conclude that the concept of pseudogaps which
has been very much emphasized for binary intermetallics does not carry so much significance with respect to
ternary systemdq.S0163-182609)05047-X]

[. INTRODUCTION shown to possess@mcn(oC16) symmetry with an ortho-
rhombic structure that can be viewed as a slightly distorted
Intermetallic alloys based on Al (a2 phasg have been form of thea2 phasgFig. 1(c)]. TheO phase has so far been
studied extensively over the past two decades as potentiidentified in only one other ternary Ti-AX system and it is
high-temperature structural materials. The interestillis  Ti-Al-V. The O phase behaves very similar to th@ phase
further encouraged by the recent demand for the Ti-Al baseéh terms of the transformation characteristics. Important ex-
alloys because of their superior specific strength and oxidaseptions are the massive decomposition of B phase in
tion resistance. Limited ductility and toughness at low tem-the temperature range 500 °C—-900 °CQar «2 which re-
perature are serious disadvantages in intermetallics. One sfilts in dramatically different phase distributions. In the Nb-
the processes to improve ductility and toughness is thenriched TjNbAI composition, the sequence of transforma-
crystal-structure conversion from a complex structure to dion is complicated, as the alloy passes through #fe
more simple close-packed structure by the addition of sub+B2, «2+B2+ 0O, and O+B2 phase fields on cooling.
stitutional elements, as demanded by von Mises criterion foKumfert and Leyen’sreport, after aging at 960 °C for 0.5 h,
uniform deformatiort. a three-phase mixturpa2+ 8o+ 0O]. The work of Black-
The development of engineering alloys based oyTis burn and Smith clearly demonstrates that plasticity at room
centered on the addition of Nb at levels up to about 25% tdemperature could be obtained by the addition of enough Nb

replace titanium in compositions based on(Zi—25 Al. (>10%) to stabilize the high-temperature phase of titanium
Three phases are found to be important in the determinatiom the a2 structure.
of phase equilibrium in these alloys. The first one is &2 TisAl deforms primarily by ana slip on the prismatic

phase based on the stoichiometrigAliwhich has aD0,4  planes with the Nb addition increasing the propensity for a
(hP8) structure withP65;/mmcsymmetry. This structure is basala slip. Twinning is excluded by the ordered structure.
characterized by an atomic arrangement on the closedFhus only four independent slip systems exist in polycrystal-
packed (0001 planes which ensures that Al atoms share
bonds only with Ti atoms in the nearest-neighbor positions,
and which can be described in terms of four interpenetrating
sublattices of which three contain Ti atoms and one contains
Al atoms. It has been shown that Nb and other alloying ad-
ditions such as Zr, Hf, and Mo all substitute the Ti sites in
this crystal structure® [Fig. 1(a)]. The existence of an or-
deredB2 (cP2) phase is well known to be centered around
the TiLNbAI composition. It has been shown that Ti and Al
atoms occupy the two separate primitive sublattices consti-
tuting the structure while Nb occupies, in the main, the Al
sublatticé [Fig. 1(b)]. Alloying additions such as Mo and V FIG. 1. Crystal structures in a JMAl system;(a) D0, structure
substitute in the Al sublattice while Zr and Hf substitute in wherea=b+#c and a=8=90°, y=120°, (b) B2 supercell, and
the Ti sublattice’ The third important phase is th@ (ortho- () orthorhombic (O) structure wherea#b#c and a=g=1y
rhombig phase, identified first by Banerje al.®> which is ~ =90°.
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line material. The Nb addition increases the tendency for gaper is presented in five sections. In Sec. Il details with
basal slip and perhaps a homogeneous prismatic slip but doesgard to the practical aspects of the linear muffin-tin orbital
not increase the propensity forcacomponent slip. In con- method along with the crystal-structural aspects are dis-
trast to thea2 behavior, a profuse component slip of both cussed. In Sec. Ill the structural properties and phase stabil-
[102] and (114) is observed in the® phase. TheB2 distri- ity are disscussed in terms of total energy, heat of formation,
butions that avoide2/a2 grain boundary contact are more and cohesive energy. Section IV deals with the electronic
effective in imparting ductility. The ability of th&2 phase Pand structure and density of stat@¥DS) obtained from our
at low volume fractions to impart ductility is directly related Calculations. The summary and conclusions are presented in
to its effect in increasing strain values at which the localSec- V.
critical stress for cleavage ai2 is realized. At higher vol-
ume fractions, th&2 phase acts as a barrier to crack exten-
sion from a2, and therefore the ductility rises Steeply. Nev- 1I. CRYSTAL STRUCTURE AND COMPUTATIONAL
ertheless, the single phaB is itself brittle at large grain DETAILS
size because of slip inhomogenity and it fractures by shear
decohesion in intense slip bands. SinceBl2ephase also has ~ The crystal structures of IXAl in the B2, D0, andO
a higher yield strength, it plays the dual role of ductilizing Phases are shown in Fig. 1. In the case of BZestructure,
and strengthening the2 phase€. The class of orthorhombic an eight-atom supercell was constructed in which the cubic
titanium aluminide alloys currently appears to offer the bestcell was extended four times in tlzedirection. The resulting
matrix material in titanium matrix composité¥MC’s) de- cell has a simple tetragonal structure with a basis of eight
signed for elevated temperature aircraft engineatoms. TheD0,9 phase is a hexagonal lattice with a basis of
app|icationsl_0 eight atoms and th® phase is an orthorhombic lattice with
Quantum-mechanical calculations from first principles,the same eight-atom basis. We have used the first-principles
which are based on the local-density functiofiaDF) ap-  Self-consistent tight-binding linear muffin-tin orbit&lrB-
proximations, can now predict the relative energies of differ-LMTO) method within the local-density approximation with
ent simple structure types. For example, from the heats dhe use of the exchange-correlation potential of von Barth—
formation of the titanium aluminides, calculated by van Hedin to calculate the electronic structure and total energy of
Schilfgaardeet al,!! the LDF approximation predicts cor- TipXAl systems. Combined correction terms are also in-
rectly the hexagondD 0, structure of TiAl and the tetrag- cluded, which account for the nonspherical shape of the

onal D0, structure of TiAk. More importantly, it is capable atomic cells and the truncation of higher partial waves inside
of predicting the proximity in energy of Competing meta- the sphere so as to minimize the errors in the LMTO method.

stable phase¥. The details of the method are well described in the

We believe that so far there is no theoretical study orliteraturer>* In all our calculations reported here, the
Ti,XAl (X=Nb, V, Zr) compounds in th&2, D05, andO  Wigner-Seitz(WS) sphere radii that were used lead to an
phases and the number of experimental studies are also lirRverlap of about 8%. The average Wigner-Seitz radius was
ited. Reliable information, such as cohesive energy, heat c¥caled so that the total volume of all the spheres is equal to
formation, and bulk modulii are also lacking. It is realized the equilibrium volume of the unit cell. We have included
that strength, toughness, and ductility increase with Nb subP, d andf partial waves in the calculations, and treat the core
stitution. There is very little understanding on the mecha-€lectrons fully relativistically and the valence electrons semi-
nisms that lead to the ductility improvement by ternary andrelativistically (i.e., neglecting spin-orbit couplingThe tet-
quaternary additions. The first-principle total-energy calcularahedran method of the Brillouin-zortiee., k spacg integra-
tions on the three phases of these intermetallic compound#ns has been used with its latest version, which avoids
will improve the understanding of the relative phase stabilitymisweighing and corrects errors due to the linear approxima-
among the competing phases, cohesive properties, and borféen of the bands inside each tetrahedron. The self-consistent
ing properties. Rigorously, density-functional theory yieldsiterations were continued until an an accuracy of 1By
total energy and charge density only in the ground state ( Was achieved in the eigenvalues. The eigenvalues were cal-
=0 K). Also, lattice vibrations are not taken into account in culated at 512, 768, and 768 points in the irreducible
our study. Therefore, our calculations are valid for high tem-wedge of the tetragonaB@), hexagonalD0,g), and ortho-
peratures only as long as the entropy effects are sufficientijhombic(O) Brillouin zones(BZ), respectively. The calcula-
small. In principle, configurational entropies could be calcu-tions were done at different cell volumes for each phase and
lated on the basis of density-functional total enertfiemit ~ the corresponding total energies were evaluated.
such a computationally demanding task has not been initi-
ated so far. It is worth recalling that the effective cluster
interactions obtained from' the tqtal-e'nergy' band-structure EQUILIBRIUM AND COHESIVE PROPERTIES
studies have been used in conjunction with the cluster-
variation method to construct the composition-temperature The cohesive energy is a measure of the strength of the
phase diagram of binary alloy$.So, the total-energy study forces which bind atoms together in the solid state. In order
of these systems in different structures becomes considerably understand the intergranular fracture mechanism of struc-
important to construct the phase diagram theoretically. In théural intermetallics, the estimation of the energy absorbed by
present study we discuss the electronic structure, chemichlond stretching and breaking off along grain boundaries is
bonding, and the relative stability of XAl (X necessary. In this connection, the cohesive energies of
=Nb, V, Zr) in B2, D0,4, and orthorhombic structures. This Ti,XAl (X=Nb,V,Zr) in B2, D0,9, and orthorhombic
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TABLE I. Structural and cohesive properties of the three phases,bibAil.

B2 DO04q O (A,BC)
Ti,NbAl Calc. Expt? Calc. Expt? Calc. Expt?
Lattice parameter&.u) a=6.050 6.198 a=10.774 10.960 a=11.337 11.414
c=8.731 8.881 b=18.057 18.179
c=8.767 8.825

c/a=0.818 0.810 a/b=0.627  0.640
c/b=0.485 0.489

Cohesive energ¥,, (€V/atom 11.339 11.307 11.135

Heat of formationAH (eV/aton)  —0.239 —0.208 —0.036

N (Eg) (states/Ry/cell 95 102 105

Fermi energyEr (Ry) —0.063 —0.038 —0.047

Bulk modulusB (Mbar) 1.454 1.524 1.359 1.53
B’ 6.106 6.224 6.276

%Reference 7.
bReference 23.

phases are calculated. For the study of the phase equilibriurtherefore, the free energy of formation, or the heat of forma-
the cohesive energy is more descriptive than the total energyion, can be obtained from the following relation:

since the latter includes a large contribution from electronic

states that do not play a role in bonding. The cohesive energy EABC_ EABC_ oA £B c

(Econ) Of @ given phase is defined as the total energy of the Form ~ ETotal ~ [2Esolia™ Esolia® Esoiial: @
constituent atoms at infinite separation minus the total en-

ergy of that particular phase. A,BC , .
The cohesive energy of the compounds in different strchhereETotal refers to the total energy of XAl at equilib-

H H A B C
tures are calculated from the relation rium lattice constants anBls,ig, Eselig: @NdEg)ig are the
total energy of the pure elemental constituents. The system-

atic errors in the total energy due to the use of atomic sphere

A,BC_ A B c _ ZABC approximation(ASA) are canceled significantly, leading to a
Econ ~[2Eatom* Eatom™ E&toml ~ Erorar @) reasonably accurate formation energy.
The calculated values of the cohesive energies and heats
ABC of formation of all the three systems are given in Tables |, II,
2

where E;2 ' refers to the total energy of the intermetallic and IIl. The cohesive energy for the three structures does not
compound TiXAl at equilibrium lattice constants and differ very much, which obiviously indicates the presence of
EAom: E2om: @NdES,, , are the atomic energies of the pure all the three phases in equilibrium at a certain temperature
constituents. range. The magnitudes of heat of formation in B2 struc-
The formation energy is introduced in order to facilitate ature have the highest values for of,NbAl and TLVAI sys-
comparison of the stability of phases, as the cohesive anms and these two systems should be more stable iB2he
total energies contain large contributions that are irrelevanphase. The heat of formation of JNbAl in the D04g struc-
for the study of phase equilibrium. In order to determineture is smaller by 0.031 eV/atom compared to Bz phase
heats of formation, we first calculated the total energies ofind in theO phase, it is still smaller. On the other hand, the
elemental Ti, V, Zr, Nb, and Al metals corresponding to theirheat of formation for TiZrAl in the three phase€Table IlI)
respective equilibrium lattice parameters. At zero temperashows clearly the prefered stability of ti¥0,9 phase over
ture, there is no entropy contribution to the free energythe other two phases.

TABLE II. Structural and cohesive properties of the three phases dATi

Ti,VAI B2 DO 0 (A,BC)
Lattice parameter&a.u) a=5.884 a=10.482 a=10.811
Calculated c=8.579 b=17.736
c=28.609
Cohesive energ¥.,, (eV/atom 10.879 10.812 10.696
Heat of formationAH (eV/atom —0.218 —0.151 —-0.021
N (E) (states/Ry/Cell 126.84 133.18 149.23
Fermi energyEr (Ry) —0.055 -0.035 —0.044
Bulk moduluesB (Mbar) 2.129 2.035 2.015

B’ 5.596 6.582 5721
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TABLE llI. Structural and cohesive properties of the three phases @Al

Ti,ZrAl B2 DO, 0 (A,BC)
Lattice parameteréa.u) a=6.169 a=10.986 a=11.298
Calculated c=8.902 b=18.935
c=8.997
Cohesive energ¥.,p, (€V/atom 10.589 10.640 10.526
Heat of formationAH (eV/atom) —0.153 —-0.204 —0.020
N (Eg) (states/Ry/cell 177.25 87.74 162.93
Fermi energyEr (Ry) —0.116 —0.106 —0.098
Bulk modulusB (Mbar) 1.572 1.717 1.573
B’ 5.167 5.062 4.999

PRB 60

Vinet et al® have proposed a universal equation of stateand heats of formation are obtained. FosNBAI in the B2
for solids which is claimed to be superior to that of the phase(open circle in Fig. 2, the lattice constant and the bulk
Birch-Murnaghan equation of stdf&" as it is applicable for modulus were determined to be 6.050 a.u. and 1.454 Mbar,
all kinds of bonding. According to them, if one definesis  respectively. These structural properties obtained from the
(VIVo)'® and H(x)=x*P(x)/3(1-x), then the IfH(X)]  calculation are given in Table | along with those of 18,4
verses (Ex) curve should be nearly linear and obey theandO phases.
relation: For theDO0,g phase, we started the calculation with the
experimental lattice constants oi=10.960a.u. andc
©) =8.882 a.u. withc/a=0.810. We then varied th&a ratio at
this volume to get the theoreticala ratio. Using thisc/a
ratio, the total energy was again calculated as a function of
unit-cell volume which is shown as open squares in Fig. 2.
We obtained the lattice constanégsand ¢ as 10.774 and
8.731 a.u., and a bulk modulus of 1.524 Mbar. For the ortho-
rhombic structure, the atomic coordinates are taken from the
The slope of the curvér) is related to the pressure de- work of Banerjeeet al® We varied the experimentalb and
rivative of the bulk modulus&;) by ¢/b values maintaining the experimental cell volume and by
minimizing the energy we obtained/b=0.627 andc/b
(5) =0.485 through the same total-energy consideration. We
then varied the volume with thia/b andc/b values to de-
) termine equilibrium volume and lattice constants and these
We calculated the values offli(x)] and (1-x) using the  are shown as open diamonds in Fig. 2. From these we ob-
P—V data and made the least-squares fit in a manner similagined the lattice constants asa=11.337a.u., b
to what we have made earli& From this the bulk moduli =18.057 a.u.,c=8.765a.u., and a bulk modulus of 1.359
and pressure derivative of bulk moduli for the three phasegpar. The theoretical bulk modulus compares well with the
of these alloys were calculated. _ ~experimental bulk modulus of 1.23 Mbar obtained using the
The total energies calculated as a function of U”'t'Ce”reIationBzE/3(1—2y), whereE is Young’s modulus ang
volume for ThNbAI, TioVAI, and Ti,ZrAl are presented in s pojsson’s ratioR® It should be noted that foD 0,4 and
Figs. 2—4. We have plotted the total energy with respect to g (A,BC) phases, the energy minimization has been
reference energyH;) which is indicated in the figures. From achieved with respect to both the axis ratios and unit-cell
these results the equilibrium lattice constants, bulk moduliiygumes. The underestimation of the theoretically obtained

IN[H(X)]=InBy+ 7n(1—Xx).
The isothermal equation of statEOS is expressed as

P=[3Bo(1—x)/x?]exd 7(1—x)]. (4)

n=3/2B{—1].

0 T T -0.6 T T
o——o B2 . o—o B2 .
DO, Ti:NbA == DO, Ti,VAI
-0.1 | ——0
- E,=23054 Ry. _ E.~11578 Ry
] 3 0 '
Q Q
E -0.2 @
LLID l_|_|o
ul )
-03 - g
-04 L L -1.1 . .
77 817 917 661 761 861
Volume(a.u.a) Volume(a.u.s)

FIG. 2. Total energy vs cell volume in JNbAI.

FIG. 3. Total energy vs cell volume in JMAI.
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FIG. 4. Total energy vs cell volume in JArAl.

FIG. 6. Calculated band structure of,VAl in the stableB2

lattice constants by 1-2 % for ;NbAIl compared to the ex- phase.

perimental value is due to the neglect of zero-point motion
and the overestimation of bonding by the LDA, as has beeipected. The dilation of the lattice due to the replacement of
discussed in detail in our earlier work and that of MoruzziNb with Zr is also observed which may be seen in Table IIl.
et al?*2*|t can be seen from Fig. 2 that the equilibrium cell

volume for the three phases are slightly different being mini-

mum for B2 phase. The relatively large bulk modulus and IV. BAND STRUCTURE, DENSITY OF STATES,

smaller lattice parameter of tl&2 phase can be attributed to AND BONDING

its better fracture toughness. In comparison to the lattice pa-
rameters of thé 0,4 phase of T{Al, most of the parameters

are increased by 1-39%. This can be attributed to the hig Figs. 57 that the low-lying two bands, which give rise to

content of large Nb atoms in JNbAI alloy phases. ) the low-energy tail in the DOS, are nearly parabolic, and it is
~The calculated structural and cohesive properties Ofyainly due to the Ak states. The higher-lying bands in the
TiVAI and Ti;ZrAl are given in Tables Il and Ill, respec- jicinity of Fermi energy are primarily Tt and X-d derived
tively. The total-energy calculations shows thajVIAl and  states, although as is evident from the DOS there is signifi-
Ti,NbAI systems crystallize in thB2 phaseFigs. 2and 3 cant hybridization of these states with the @lerbitals. In
whereas the TZrAl system ha 0,4 structure as its ground order to see the influence of crystal structures on the density-
state(Fig. 4). These observarions are in agreement with theof-states distribution, we have presented the DOS for all the
heats of formation reported in the tables as one would northree structures §2,00,4,0) of these systems in Figs.
mally expect. The calculated lattice parameters gNBAI 8-10. From the plots of the density of states we can see that
agree well with the experimental values. As Nb and V atomghe low-lying two bands are mainly due to the é\brbitals
belong to the same group, the insertion of V atoms at the Nlas stated earlier. They are separated from the higher-lying
site shows the obvious compression of the lattice and accorgh-d bands by a small gap for tH20,9 phase whereas in the
ingly we observe that the lattice parameters corresponding toase ofB2 and O phases the separation is not seen as it
Ti,VAI are smaller than that of JNbAI systems as ex- displays a weak hybridization with the higher bands. This
feature is exhibited by all the three systems and this shows

The calculated energy bands corresponding to the stable
hases of TiXAIl are shown in Figs. 5-7. It may be seen

Energy (Ry.)

Energy (Ry.)

FIG. 5. Calculated band structure of,MbAl in stable B2
phase. The Fermi energy is denoted by the horizontal lin& at FIG. 7. Calculated band structure of,ZfAl in the stableD0,q
=0 in all the three band-structure plots. phase.
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FIG. 8. Density of states of INbAl in B2, DO;g, and O
phases. FIG. 10. Density of states of ZZrAl in B2, DO;9, and O

phases.

that it is inessential whether the Albands hybridize with _
atom-projected DOS overlap over large energy range. It can

other bands or not in respect of the structural stability. Web o S 9
: . e seen that thel-d hybridization andp-d hybridization
can also see, in the DOS plots of,NbAl and TiLVAI, that among Ti(Nb,V) and Al appears in all the three phases:

;rlrsciusrteru;rt]ttjirbeoggitnzll stg?ezogrdem;?aftti{zﬁﬁls oirfuglileeg,g?g in however, these interactions exhibit different features for the

structure the bonding and antibonding separation is not sgree phase.s..Forthe cthQ and hexagondd0,, structure,

pronounced, and that in all the three structures most of th e DOS ex_lblts a prominent feature, a well se_parated bond-
Ing and antibonding region and these two regions are sepa-
rated by a deep valley. In tH20,4 Structure, the Fermi level

300 is located in the antibonding region. TH2 structure, in
250 1 ey c 0 ! which the Fermi level is located in the bonding region of
200 F (2058 ] DOS, is more stable compared 0,5 and orthorhombic
150 1 structures® The pseudogap feature has disappeared in the
100 PR orthorhombic structure with a hallow in the DOS at Fermi
50 N energy which is shallow. This might be due to the relatively
90' weak d-d and p-d interplanar interactions possible in this
= 300 structure as compared to the other two phases. The correla-
8 250 tion of the Fermi level falling at the pseudogap to structural
Z 200 stability is not always obeyed if the materials have metasta-
2 150 bility or martensitic transformatioff:2
g 100 _ The density of states at Fermi enefdy(Eg)] are listed
g 50 in Tables Il and Il for theB2, D0,¢, and O phases. The
[a]

v lowest value ofN(Eg) shows the higher stability of thB2
-0.63 -0.13 0.37 phase in these two compounds compared to the other two
800 ‘ ‘ phase$® However, the values ofi(Eg) do not differ very

250 |0 much in the three phases, indicating the possibility of the
200 three phases to be in equilibrium over a temperature range.
150 Thus, the calculated results are in favor of the experimental
100 observation that within a narrow temperature range, between
50 950°C and 1000°C, all the three phases might be in
%63 equilibrium. Recent results on equilibrium phases in ortho-

rhombic alloys with a constant 22 at. % Al indicates the ex-
istence of such a three-phase fiéld.
FIG. 9. Density of states of JVAl in B2, D0,g, andO phases. It can be seen from the DOS plots of,ZTAl (Fig. 10

Energy(Ry.)
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TABLE IV. Atomic distance(a.u) and the coordination in JNbAI. Only neighbors of appreciable
overlap are shown. NN stands for nearest neighbor.

B2 DO04g O(A,BC)
Ref. atom Distance NN Distance NN Distance NN
Ti 5.23959  4Nbr4Al 5.36008 2AH-2Nb+2Ti 5.31599 2Ti
5.38731 2NB-2Ti+2Al 5.33032 2AHKH-2Nb
5.43242 2AK-2Nb
Nb 5.23959  8Ti 5.36028 2A12Nb+2Ti 5.31599 2Nb
6.05016  4NB-2Al 5.38710 4Ti-2Al 5.33032 4Ti
5.43242 4T
Al 5.23959  8Ti 5.36028 4Ti2Nb 5.31804 2Al
6.05016 4AK-2Nb 5.38731 4T+2Nb 5.33185 A4Ti
5.43192 A4Ti
that both inB2 andDO0,4 structures, the Fermi level lies in V. SUMMARY AND CONCLUSION

the bonding region. However, theN(Eg)] in the DO4q
phase is low compared to tlB2 phase and the pseudogap is

very prominent in theD0;9 phase. Further, the Fermi level _(X=Nb,V, _Zr) n BZ_' D09, andO phases have bgen stud-
falls very close to the pseudogap in tBe,, phase and this ied theoretically, using the results of the electronic structure

feature strongly favors the ordering of this alloy B0;q and total-energy calculations. The results were further used
phase. to evaluate the equilibrium lattice parameters, cohesive en-
The interatomic distances and the coordination number§dy, heat of formation, and bulk modulii of these alloys.
for the TLNDAI system are given in Table IV. This alloy that The total-energy curves corresponding to B D0,4, and
has been found to stabilize in tiB2 phase satisfies the so- O phases of these alloys are close in energy and it demon-
called space filling principle and the symmetry principle with strates the possibility of the presence of all the three phases
respect to the stability of the intermetallic systems. InBiZe ~ at some particular range of thermodynamic conditions. Our
phase, the nearest-neighbor distance has the shortest valuecafculations predict thd82 phase as the stable phase of
5.239 a.u. and the highest coordination number of 8. FurtheFi,NbAl and TLVAI at equilibrium conditions, whereas the
among the structures considered it has the highest symmetr.0,4 phase is found to be stable for the,ZiiAl. Further,
The shortest interatomic distances imply strong bonding. IrFig. 10 shows a possible structural transition from Eng,q
the case of TAl, TiAl, TiAl 5, the covalenpdo bonding is  to B2 phase under strong compression igZFAl. The theo-
primarily due to the Ti-8 interaction with Al-2 electrons. retically calculated equilibrium lattice parameters of
Whereas in the case of ;NbAl, the d-d bonding between Ti  Ti,NbAl are found to be in good agreement with the experi-
and Nb enhances metallicity in the system at the expense afiental values whereas the experimental lattice parameters of
pdo bonding, leading to greater ductility and fracture tough-Ti,VAI and Ti,ZrAl are not available and hence we could
ness. However, it should be emphasized that according toot make a comparison.
Villars® the stability of the crystal structures of the interme-  The density-of-states histogram of these three systems ex-
tallics depend on several other factors. As far ag @l is hibit similar features in the respective structures. The con-
concerned, the other factors seem to dominate and make éept of pseudogaps, i.e., the sharp drop in the density of
stable in theD0,4 phase. For the sake of comparison, thestates at or in the vicinity of the Fermi level that has been
ground-state properties of s, TiAl, TiAl 5 collected from  prominently displayed by the binary Ti-Al systems arising
the literature are given in Table V along with the calculatedout of the strong TiBd) and Al(2p) mixing and the stability
values of Ty XAl alloys. considerations as well as other correlations that have been

The structural stability and cohesive properties giXAl

TABLE V. Cohesive properties of Ti-Al based alloys.

Properties TiAIR TiAIP TiAl £ Ti,NbAI Ti,VAI Ti ,ZrAl
Rys(a.u) 2.98 2.91 2.92 2.97 2.89 3.12
N (Eg) (states/Ry/f.u. 26.52 23.54 24.40 47.58 63.42 43.87
Heat of formation(eV/atom 0.25 0.46 0.42 0.24 0.22 0.20
Bulk modulus(Mbar) 1.3 1.28 1.20 1.45 2.13 1.72

8Reference 31.
bReference 32.
‘Reference 28.
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discussed at lengtf,is not strongly demonstrated in these work yields useful information on the trends of the structural
ternary systems. Even though the pseudogap is present, tbebility and cohesive properties of the Ti-Al-based ternary

values ofN(Eg) are not as small as those obtained in binarysystems, and this work will form the basis for future study on

systems and this is due to the enhanded interaction aris-
ing out of the T{3d) and X(3d/4d) electrons that enhance
metallicity at the expense gbdo bonding present in the

binary systems. The better ductility realized in multiphase

Ti,NbAl can be attributed to the relatively elevatd¢{Er) in

quaternary systems.
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