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Transition-metal aluminide formation: Ti, V, Fe, and Ni aluminides
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The heats of formation for binary and ternarg 3ransition-metal(Ti, V, Fe, and Nj aluminides are
calculated from first principles within the local density approximation. The calculated heats for Ti and Ni
aluminides are typically within~0.02 eV/atom of the experimental values, while the Fe aluminides heats
appear to be overestimated by0.15 eV/atom. This discrepancy appears to be related to the local density
underestimation of the on-site magnetic energy in elemental Fe that enters the alloy heat of formation. The
stabilities of selected ternary phases are also discussed, and it is shown that sublattice disorder may stabilize
some ternary phasesS0163-182@08)07134-3

. INTRODUCTION heat for LAl has been obtained in the same structure to aid
in estimating the extent that this phase intrudes into the re-
Transition-metal aluminides are a technologically impor-gion of finite V concentration. Similarly, TAl and V;Al
tant class of alloys. While there is a significant body of em-have been calculated for in the {Si (A15) structure in
pirical knowledge regarding the properties of these materialsyhich MosAl and Nb;Al form. The crystallographic data
a microscopic understanding of the phase diagrams of thesgdicating that \4Al also forms in this structure are not gen-
materials is still missing. To answer questions regarding therally accepted; the present calculations indicate thaiftte
stability of an alloy and the competition among different structure is indeed favored, but is likely metastable. Ternary
phases is a challenging problem that requires detailed angi,NAI aluminides frequently form in the Heusler BjF
accurate information. A quantity of fundamental interest isstructure, in which each constituent occupies its own sublat-
the heat of formationAH. Investigations of the heats of tice. The stability of these ternaries relative to the binaries
transition-metal aluminides provide insight not only into the has been discussed previou%lyhe present paper provides
bonding in these systems, but also allow comparisons witljetails of the competing binary aluminides and extends the
the bonding trends encountered in transition-metal alloys. discussion to some partially ordered ternary phases, such as
The present paper is concerned with theoretical estimateivAl ,, where the Al atoms are well ordered on one sublat-
of AH for a number of binary and ternary ordered com-tice of the CuAu-I structure and the Ti and V atoms occupy
pounds of Al with the 8 elements Ti, V, Fe, and Ni. Ti-Al the others in disordered fashion.
is an important structural material and V is of interest as a
ternary addition to that system. The inclusion of Fe and Ni
provides a scan of trends across thew, as well as a test of
the consequences of estimatidgd when one of the alloy The intent of the present calculations is to calculate
components itself is a ferromagnetic mediahly the Fe- and  for the various compounds in a number of different struc-
Ni-rich aluminides are magnejicComparisons will be made tures to a precision of 0.01 eV/atom, given the choice of
with the available experimental thermodynamic data, andomputational technique and potential construct. The compu-
with other calculated estimates for Ni-Al and Ti-Al. In the tational approach is similar to that used previousBriefly,
Ti-, Ni-, and V-based systems, the agreement between theothe calculations employ the full-potential linearized aug-
and experiment is found to be 0.02 eV/atom or better, but fomented Slater-type orbital metfodFLASTO). The wave
Fe-based systems the agreement is markedly worse, probabilynctions are expanded in a set of Slater-type orbitals in the
related to the local spin density approximation. interstitial region, augmented by explicit solutions of the ra-
One purpose of the present work is to contribute a set oflial wave equations within nonoverlapping spheres at each
first-principles estimates aiH to the thermodynamic data atomic site for orbital momenta up te=8. Aspherical elec-
base needed to model ternai@and higher componentlu-  tron density and potentiat‘full-potential” ) terms are kept
minide phase diagrams. The observed alloys are found in tiroughout space, and the core electrons are treated self-
diverse group of crystal structures, requiring that the heats afonsistently and fully relativistically. Spin-orbit effects are
these and other possible competing structures are obtainedneglected in the self-consistent treatment of the valence
a common computational precision. To discuss the stabilitystates, but are included in a final iteration in most cases.
of ternary alloys, estimates oAH for both stable and Sets of speciak points were used and were increased in
unstable/metastable binafgnd other ternayalloys must be  size until details such as the behavior of the energy in the
considered since these alloys may compete in the ternamjicinity of an extremum were accurately established. For ex-
regime. Because these metastable phases are usually inaccaswyle, calculations for the CuAu-I structure employed sets
sible experimentally, their heats must be obtained by theorgf 40, 126, 405, and 55R points in the irreducible wedge,
or from fits in a phase diagram construct. and the latter three sets were in agreement for the systems
As an example, FAl forms in the NigSn structure. The reported here. The basis sets ranged up to 39 orbitals per
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atom. In order to generate meaningful estimated df, the in Table I. Experimental calorimetric and electromotive
total energies of both the compound and elemental referenderce (emf) heats are included for comparison, as are a num-
systems were calculated using the same basis sets. ber of previously published calculated values. Lattice con-
The structural parameters of the crystalline lattices—stants, and other structural parameters where appropriate, are
including lattice volumesg/a andb/a ratios where appro- also given in the table. The lattice constants are quoted to
priate, and internal atomic positions when not determined byne more digit than is significant to the calculated heats; the
symmetry—have been determined by energy optimization. ltalculations employed these constants, but the values them-
is well established that local-density-approximati®ubA )- selves were not determined to this accuracy.
based calculations yield lattice volumes smaller than those The present set of heats for the Ni and Ti binary alu-
observed experimentally. These lattice contractions are ahinides, shown in Fig. 1, have the observed phases stable
numerical significance to the values of the calculatgd  with respect(i) to other possible structures having the same
and are more important for thed3elements and their com- composition and(ii) to competing two-phase mixtures at
pounds than for their d and & counterparts. At least for other compositions. From the results in Fig. 1g)il is not
full potentials, the calculated/a ratios of the hexagonal and predicted to be stable. However, i does occur, not in the
tetragonal(and theb/a ratios for the orthorhombjcstruc-  structures reported here, but in a structure having 16 atoms
tures are close to the observed values and the differences gser unit cell that is larger than the system sizes being dealt
of modest consequence to the energy accuracy aspired {gth here. The structures that are calculated are those typical
here, although changes from the ide& (e.g.,/8/3 for hcp  of the light transition-metal aluminides, but lose out badly to
or the cubicc/a=2 for the TiAl; structurg are of energetic  a two-phase mixture of NAl; and pure Al
significance. In addition, these values must be determined for The spread among the various calculated heats for any
those systems where there is no crystallographic data. For@ne of the Ti-Al systems is small, in part because most are
number of the structures considered, a continuous Bain-typleased on full-potential calculations. Given the small spread
distortion can connect bcc- and fcc-like phases. For exampleseen for experiment as well, there is the suggestion that
in the CuAu-I ¢P4) structurec/a=1/\/2 corresponds to a LDA-based calculations overestimate the heats of the com-
bcc lattice andc/a=1 to a fcc one. Similarly, the pounds of the Ti-Al system by-0.02 eV/atom. The com-
TiAl; (t18) structure is fcc-like foc/a=2 and bec-like for  putational and experimental spreads are greater for Ni-Al. In
c/a=/2, at which point it is equivalent to the BjFstruc-  the case of the calculations, this is partially due to a number
ture. of them not being full-potential calculations, and partially
It is more difficult to compare theory and experiment for due to questions of magnetism: a number of the publications
the internal atomic coordinates that are not determined bylo not make clear whether nonmagnetic or ferromagnetic Ni
symmetry considerations, except to note that their values an¥as used as the reference energy when deriving the heat of
also of energetic significance. The main difficulty is thatformation.(The present calculations used ferromagnetic ref-
much of the older crystallographic work determined theseerences for both Ni and FeAs for experiment, part of the
coordinates inaccurately, if at all. There is, however, the suggreater spread may be associated with having more data. In
gestion that modern crystallographic results and LDA predicany case, the results are not inconsistent with the observation
tions are, like thec/a ratios, in reasonable accord, and thatfor Ti-Al, i.e., LDA calculations overestimate the Ni-Al
the differences between using the calculated and observdiats by~0.02 eV/atom. As discussed later, there is the
internal coordinates have only a modest effect on the finaglistinct suggestion in the results for the Fe compounds that
calculated heats. Unfortunately, this observation is of littlethe use of the spin-polarized LDA.SDA) measurably un-
computational help since the optimization must be done bederestimates the elemental magnetic energy, and hence over-
fore an estimate of the error can be made. estimates the alloAH. Applying the Fe observations to Ni
The virtual crystal scheme will be used to estimate thesuggests that heats in Table | for the nonmagnetic Ni com-
heats of two Al-Ti-V phases where Ti and V are disorderedpounds(and for ferromagnetic NAI, which has a much
on a common sublattice. The scheme, which treats the sitegmaller Ni moment than does elemental) Miight be re-
as having the average nuclear charge of the e 22.5) is  duced in magnitude by-0.01 eV/atom to account for this
crude, but provides a measure of the energy associated witHror.
disorder. In order to estimat&H, a similarly treated refer- In order to investigate the relative stability of disordered
ence material is also necessary. Noting that V and Ti form dexagonal and face-centered phases in the Ti-Al system in
continuous substitutional bcc phase at high temperatures, the vicinity of TipsAlgs, calculations in two different or-
Tig Vo5 bece virtual crystal was chosen as the reference. Thelered hexagonal structures are reported in Table I. The WC
actual high temperature iV, s phase can be expected to be (hP2) structure has alternating close-packed planes of Ti
within =0.05 eV/atom of a two-phase mixture of pure V and Al, resulting in six like and six unlike nearest neighbors.
and Ti. Since the alloy occurs at high temperatures,the The AuCd @P4) structure can be considered a distorted hcp
sign is expected to prevail and must be accounted for in anlattice, with each site having four like and eight unlike near-

estimate ofAH for a ternary. est neighbors(With b/a= /3, the planes remain hexago-
nal) The increase in unlike neighbor count is expected to
lll. RESULTS encourage compound formation, as is the case here; the

) ) AuCd structurg(with the hcpb/a ratio) is more bound than
A. Tiand Ni the WC structure. The observed face-centered CuAu-l struc-

The calculated heats of formation for a number of binaryture, which has the same number of likeur) and unlike
and ternary Ti and Ni aluminides in various structures appeateight) nearest neighbors as does the AuCd, is only 0.05



PRB 58

TRANSITION-METAL ALUMINIDE FORMATION: Ti ...

5983

TABLE |. Heats of formatiomAH and calculated lattice constart$or compounds of Al, Ti, and Ni. An * indicates a reported structure.
Previous experimentdg.g., emf or calculatede.g., LMTO) values and techniques are also given; references are given in parentiteses.
(in eV/atom in the comments gives the change in heat relative to that for the ideal bcc ofdaatio.

Compound Structure AH (eV/atom) a (ap) Comments
TizAl NizSn* -0.28 10.608 c¢/a=0.831, §=—0.005
—0.28, —0.29, —0.30 FLAPW, FLMTO(Refs. 14,15
-0.26, —0.25 calorimetry(Refs. 8,7
-0.29 emf(Ref. 16
CuAu —0.28 7.568
-0.29, —0.27 FLMTO, FLAPW (Refs. 15,14
Cr,Si -0.22 9.525
BiF5 -0.14 12.006
TiAl CuAu-I* -041 7.505 c/a=1.020, Ah=-0.002
—-0.44 LMTO (Ref. 15
—0.39, —0.38, —0.37 calorimetry(Refs. 17,7
-0.38 emf(Ref. 16
CsCl -0.26 5.958
wcC -0.25 5.372 c/a=1.623
AuCd -0.36 5.364 c/a=1.630(hcp b/a=3)
TiAl, GaHf* —-0.44 7.423 c/la=6.127
Cw,Mg —-0.28 13.65
TiAl TiAl 3* -0.41 7.179 c/la=2.242, Ah=-0.08
—-0.43, —0.43 FLAPW, FLMTO(Refs. 18,15
—-0.39, —0.37 calorimetry(Refs. 6,16
Cu;Au -0.38 7.435
—-0.41, —0.40 FLMTO, FLAPW (Refs. 15,18
NizAl CuzAu* —0.46 6.566 uni=0.20up
-0.50 LMTO (Ref. 19
—0.40, —0.43, —0.42 calorimetry(Refs. 17,20,21L
-0.49 emf(Ref. 29
BiF5 —0.38 10.412 nonmagnetic
-0.48 LMTO (Ref. 19
NisAl5 GaPt* -0.58 6.95 c/a=1.765, b/a=2.002
NiAl CsCI* -0.70 5.354
—0.78, —0.83, —0.82 LMTO, FLAPW (Refs. 19,23
—0.65, —0.74 FLASTO, LMTO(Refs. 24,25
—0.60, —0.74, —0.69 calorimetry(Refs. 6,17,
—0.68, —0.68 calorimetry(Refs. 26,27
-0.70, —0.64 emf(Refs. 22,28
CuAu-I —0.54 6.746 locally unstablec(a=1)
-0.58 LMTO (Ref. 19
Ni Al 3 NiAl3 —0.65 7.484 c/a=1.229
—0.64 LMTO (Ref. 19
—0.61 calorimetry(Ref. 17
—0.79+0.04 emf(Ref. 29
NiAl, Cak -0.47 10.527
NiAl 5 CusAu -0.21 7.137
-0.23 LMTO (Ref. 19
TiAl 5 -0.22 7.137 c/a=2.0005
-0.24 LMTO (Ref. 19
Ni,TiAl BiF3 —0.64 10.906
-0.78, —0.76 LMTO, FLAPW (Ref. 23
—0.58 calorimetry(Ref. 29
NiTi CsCI* -0.35 5.523

—0.42, —0.47, —0.45
—-0.35

LMTO, FLAPW (Refs. 30,23
calorimetry(Refs. 8,31
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0.0 concerning vanadium solubility, JAl has been reportédo
occur in the CsSi structure. This assignment is plausible
O Observed Phases o granted that NpAl occurs in this structure, but implausible
* Experiment from size considerations: The majorityinority) atomic site
o is 14-fold (12-fold) coordinated, suggesting that the majority
> atom should be the larger, contrary to the relationship be-
tween V and Al. While such Frank-Kasper phases are fa-
vored both in transition-metal allo{sind in transition-metal
aluminides by such size differences, they sometimes do oc-
‘ cur with the “wrong” size mismatch. Among the structures
0.0 0.5 1.0 considered for YAl, Cr;Si is the most stable, and is stable
Ti concentration against two-phase mixtures of VAand pure V, and of VAI
and V. The situation is different when experimental data at
0.0 other compositiorfs’ are considered, as is seen in Fig. 2.
There are three widely scattered experimental vAiti2for
L4 VsAlg and two scattered valug$for disordered V-rich al-
loys. A line connecting probably the most religblef the
VsAlg values and elemental V yields a two-phask that
© lies below the diamond corresponding to thg®irstructure,
indicating that the ordered Ml phase is unstable to the
two-phase mixture or, in turn, to a disordered bcc V-based
phase. Granted the experimental scatter, the issue cannot be
_10 ‘ resolved easily. It would appear, however, that thgSCr
0.0 0.5 1.0 structure is the most stable among several plausible ordered
Ni concentration structures for MAI, and that its binding is sufficiently close
that it is possible that it is experimentally accessible as a

AH (eV/atom)
Lceod

Ti Al _,

AH (eV/atom)
L
N
<o

* NiAl_

_FIG. 1. Calculated and experimental heats of formation for, . iapje state, with or without benefit of impurities.
Ti,Al,_, and NiAl,_, alloys as a function of Ti or Ni concentra-

tion. Lines are drawn connecting the calculated values for the ob- Fe-Al offers a different set of problems: three significant
served phases. observed phase_s—gﬂ_ez, Al,Fe, and AjFe—have not _
been calculated in their observed structures because the first
is a defect structure, the second is triclinic with 18 atoms in
ﬁhe cell, and the last has a 51 atom unit cell. Further, the
reported occurrence of k&l in the MgCu, structure is gen-
erally not accepted, despite the fact that the critéribat the
minority atom(with the greater coordination numbes the
d larger atom is satisfied. The §Ad results in Table Il indicate
ﬁl?at the calculated H of the more plausible Mogistructure

eV/atom more bound, suggesting that negfsAl 5 the hex-
agonal structure is nearly—but not quite—degenerate wit
the fcc.

In Table | the heat for the ternary NiiAl in the BiF;
structure is also given. As discussed previodsilgis phase
is calculatedand observedto be stable relative to two- an
three-phase mixtures of the binaries. The heat for this syste ; ; ;
is substantial, significantly larger than the heats of the Ti-Al'S better bound, and is c_:alculated to be just bound with re-
or Ti-Ni alloys. Thus, even though the heat of NiAl is some- SPECt 10 a two-phase mixture of FeAl and;Ae The two

what larger than that of the ternary, the two- and three-phasgPServed structures for whichH have been calculated are
mixtures are less bound by0.11 eV/atom than the ternary. stable with respect to the other calculated phases. The situa-
In fact, the ternary is so strongly bound that the ternary anﬁ

all the binaries with aluminum concentration less than o
equal to 50% that we have considered are connected by tw
phase lines in the ternary phase diagram.Tl is the one
ternary aluminide, to our knowledge, for which an experi-
mental AH has been obtained. This value is old, and the C. Magnetism and AH
disagreement between theory and experiment is greater than
that encountered for the binary phases.

ion is even worse for experiment, where the repordd

or FeAl; and FgAl are of such a magnitude that two-phase
fixtures of them should suppress the observed phases be-
tween them.

The most serious problem associated with the calculations
for the Fe compounds is that the calculated heats of FeTi,
FeV, FeAl, and FeAl are larger than experiment by 0.15
B.Vand Fe +0.1 eV/atom(cf. Table I). These systems are calculated
The calculated and experimental valuesAdd for V and  to be nonmagneti@eTi) or to have significantly reduced Fe
Fe binary compounds are given in in Table(The moments moments. On the other hand, forA¢, where the calculated
of alloys that are calculated to be magnetic are also given iffe moments are comparable to those in elemental Fe, the
the table) At high temperatures, Al is soluble in V up to calculatedAH is apparently an underestimate. The problem
50%. The dominant ordered phase i, whose unit cell appears to be related to the local spin density approximation
of 26 atoms exceeds the scope of this paper. There are ed-SDA) used here. Bagno, Jepsen, and GunnafSsan
perimental data for only one V-Al system considered inported linear muffin-tin orbital atomic sphere approximation
Table 1l, namely, VAL, and agreement between calculation calculations for paramagnetic and spin-polarized ferromag-
and experiment is fortuitously exact. Despite the observatiometic Fe with various exchange-correlation potentials, includ-
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TABLE Il. Calculated heats of formatioAH and lattice constanis for binary compounds of Al, V, and Fe, and for ternary compounds
including also Ti and Ni. An * indicates a reported structukd. (in eV/aton) in the comments gives the change in heat relative to that for
the ideal bcc or fca/a ratio. For systems calculated to be magnetic, the site-specific moments are given in the comments.

Compound Structure AH (eV/atom) a (ag) Comments
VAl Cr,Si*(? -0.12 8.976
NisSn —0.04 10.209 c/a=0.785, 6=.006
CusAu —0.05 7.124
BiF3 —-0.08 11.285
VAI CsCl 0.05 5.710 reported disordered bcc
CuAu-I| -0.20 7.033 c/a=1.067, Ah=-0.02
VAl 3 TiAl% -0.29 7.029 c/a=2.202, Ah=-0.06
-0.29 calorimetry(Ref. 6
CusAu —0.14 7.272
FeAl BiF3 -0.23 10.586 pap=2.21, pg=1.5%up
—0.32£0.09 calorimetry(Ref. 17
CuzAu —-0.04 6.591 nonmagnetic
FeAl MoSi, —0.30 4.788 mEe=0.32
c/a=3.918, z,=0.322
Cu,Mg —0.06 12.278 reported, but unlikely
FeAl CsCI* -0.42 5.330 MEe=0.65up
—0.25, —0.26, —0.28 calorimetry(Refs. 8,17,1%
—0.42+0.07, —0.32 calorimetry(Refs. 17,27
CuAu-I -0.17 6.715 locally unstablec(a=1)
FeAl, MoSi, -0.42 5.516 c/a=2.98, z,=0.350
FeAl* -0.27 calorimetry(Ref. 8
FeAl; TiAl -0.22 7.031 c/a=2.03, Ah=-0.0005
CuAu —0.15 7.066
FeAl;* -0.29 calorimetry(Ref. 17
TiV,Al BiF 5 —0.00, 11.497 reported disordered bcc
CuAu-I -0.12 6.974 c/a=1.13, Ah=-0.03
TiVAI, CuAu-I* -0.30 7.182 c/a=1.067, Ah=-0.01
TizV5Al, NisSn -0.12 10.423 c/a=0.807, 1= — 6y~0;
alternating (V,Ti}Al planes
Fe TiAl BiF 3* —0.54 10.799 pre=0.52, ui=—0.14ug
CuAu-I -0.24 6.884 locally unstablec(a=1)
FeTiAl, CuAu-I -0.34 6.990 c/a=1.069, Ah=—-0.02
TiAl 5 —0.26 7.702 c/a=1.598,
Ah(fcc, bec)=—0.04, —0.006
Fe,VAI BiF 5* —-0.53 10.571
FeVLAI BiF 3 -0.02 11.034 pee=1.15, uy=-0.1%ug,
reported disordered bcc
Ni,VAI BiF 5* —-0.41 10.729 reported too large
FeNiAl BiF 3* -0.11 10.590 mre=1.81, upni=0.64up
FeNiAl, BiF; —-0.57 10.614 reported CsCl
VTi CsClI -0.02 5.808 reported disordered bcc
FeTi CsCI* —0.52 5.505
-0.21, —0.32 calorimetry(Refs. 8,31
FeVv CsCI* -0.22 5.499 Mee=1.06, uy=—0.20ug,
reported metastable phase
-0.06 calorimetry-assessmer(Ref. 7)
NiV CsCl 0.01 5.405 reported disordered bcc

ing the LSDA and several gradient correctd8GA) ones.  sistent, albeit somewhat smaller~(0.05 eV/atom) than
The energy difference between paramagnetic and ferromagnore recent full-potential resultd-**Even with the signifi-
netic bce Fe ranged from 0.22 eV/atom for the LSDA to 0.46cant difference in magnetization energy, the behavior of the
eV/atom for one of the gradient corrections; the magnitudecalculated moments using the LSDA and the GGA are in
of this difference between the LSDA and the GGA is con-general agreemelit with each other, suggesting that the
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duced significantly in magnitude compared to the other com-
© pounds. Even taking into account the fact that the minority
0.0 V-Al site moment is larger than the moment of bcc Fe at its cal-
culated lattice constarf2.01ug compared t®.2 1ug at the
experimental volume the errors ilAH for Fe;Al due to the
magnetism are expected to be of the same sign as the other
Fe compounds. This expectation, however, is not borne out

O fece lattice

AH (eV/atom)
1
]
[\~]

2E°° llattttice by the FgAl results reported in Table II; these values indi-
oog cate that the error is of the opposite sign if the experimental
*E,fperimem number is taken seriously.
—04 | * ] The other magnetic systems listed in Table Il are the ter-
* naries FeTiAl, FeV,Al, and FgNIAl. As expected for ele-
‘ ments from the left-hand end of the transition-metal row, the
0.0 0.5 10 small Ti and V moments in K@iAl and Fe\,Al are coupled
Vanadium Concentration antiferromagnetically to the Fe moments. §%Al is non-

FIG. 2. Calculated and experimental heats of formation of V-Al M@gnetic because the Fermi level falls in a pseudogap in the
systems as a function of composition. The different open symbol§l€nsity of states, and thus the Stoner criterion is not satis-
denote compounds on different underlying lattices. The tie linedied) The reasonably large Fe moment (1} calculated

represent competing two-phase heats using the presumably md&r FEVLAl is due in part to the increased site volume in this
reliable (Ref. 6 experimental heat for \Alg. compound compared to other systems where Fe is the minor-

ity constituent. Of the magnetic ternaries, both HAI and

LSDA may correctly predict the magnetic properties while F&NIAl have been reported to occur, but no experimental
underestimating the magnetization energies. To set the scalegats are available to compare with. The calculations are
the LSDA magnetization energy is typically less than 0.01consistent with F£TiAl existing, but FeNiAl is predicted
eV/atom for the magnetic alloys considered in Table I, ex-to be unstable to various two- and three-phase mixtures. This
cept for those with large Fe moments such as jAdv  disagreement between theory and experiment cannot be ex-
(—0.015 eV/atom), FeV (-0.034 eV/ato FeNiAl plained by errors in the magnetic contributions because the
(—0.035 eV/atorpy and FgAl (—0.13 eV/atom That these €rTors should largely cancel since calculated moments for
energies are smaller than expected from simply comparin§oth FeNiAl and the elements are similar. For this and other
the moments in the alloys and bulk Fe is due to the fact thateasons, this system is most likely metastable. Further ex-
the increase in magnetization energy comes at the expense Rgrimental and theoretical work is needed to clarify the situ-
interatomic bonding, i.e., more antibonding majority andation regarding the contribution of magnetism to the heats of
fewer bonding minority orbitals on the Fe atoms in the alloyformation and the errors associated with the spin-polarized
are occupied. LDA (and GGA.

A larger site magnetic energy for the reference energy of
ferromagnetic Fe results in a reduced calculdteH | for a
nonmagnetic compound. The results of the preceding section
would appear to indicate that the present full-potential LDA As mentioned in the Introduction, one of the reasons for
estimate of this spin-polarization energy is a substantial undeveloping a data base of binary heats is to provide the basis
derestimate(Note that a 0.1 eV error for elemental Fe trans-for considering the stabilities of ternary and higher order
lates into a 0.05 eV/atom error ikH for a 1:1 nonmagnetic alloys. The heats of fivésix, if Fe;Al is included experi-
compound. Granted the spread in the experimental heatsmentally reported,NAIl ternaries in the Bik structures are
the present results imply that the error in the LDA estimategiven in Tables | and Il. The stabilities of these, and a large
of the spin-polarization energy is even greater than suggestatimber of other such ternaries, have been discussed
by the results of Bagno, Jepsen, and GunnarSsand  previously! Here we will consider several other aspects of
others'!13j.e., the GGA results are also underestimates. ternary stability.

Since the site magnetic exchange energy is expected to The stableM ,NAI BiF; ternaries generally have thd
vary roughly as the square of the site moment, these erromtom from the right-hand side of the transition-metal row,
are expected to be an order of magnitude smaller, oand theN atom from the left. As an example, Al is
~0.01 eV/atom, for the Ni compounds. Recentcalculated to be stable and it is observed. For comparison,
comparisons between GGA and LSDA calculations for fcc AH for FeVLAl, i.e., the role of theM and N atoms re-
Ni give differences of this order. The scatter in the reportedversed, is also given in Table I, and is found to have a near
experimental Ni-Al heats is such that any consequences afero heat. Since the Fe site is magnetic, albeit with a reduced
the magnetic energy error are not detectable, but the calcumoment of 1.1y, a possible error in the magnetic contri-
lated heats of the Ni compoundmcluding ferromagnetic bution cannot explain the small value &AH. While perhaps
NisAl) given in Table | might be reduced by such an a bit surprising, a smalAH can be rationalized in several
amount. ways. First, thed electron to(transition-metal atom ratio

Fe;Al in its ground state BiF structure is ferromagnetic. puts the system in a region whekéd is expected to be small
(Spin-polarized calculations in the gAu structure find a based on the trend of the binary heats for Ti-Al and V-Al.
nonmagnetic ground stajeBecause the calculated moments Second, since the calculated heats for V-Fe and for V-rich
are similar to elemental Fe, the error per Fe should be realuminides are relatively small, the main contribution should

D. Ternaries
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come from Fe-Al bonding. By making the Fe the minority this FeNiAl, would be a disordered bcc system, in agreement
constituent, the heat is expected to be smaller. Moreovewith the reportedl CsCl phase.

when Fe is the majority atom in the Bjstructure, each Al FeTiAl, is reported to occur in the Mp;Thg structure at
has eight Fe nearest neighbors and six V next nearest neigthis composition, in which case it must be disordered and/or
bors, but for FeYAl the Al nearest neighbors are all V. have defects. At higher Al concentration, Fe-Ti-Al is re-
Because the atomic size of V is larger than(&e seen from ported in a fcc lattice. The question to address is whether an
the difference in lattice constantshe Al-Fe interactions are fcc-based ternary will extend down to lower Al concentra-
weakened even further. All these effects together suggedons. TiAl and FeAl, the main two phases competing with
that the heat should be small and that Bi€rnaries with the  the ternary, both have large heats, but have different under-

M atom from the left-hand end of the row are unlikely to be lying lattices. The differences between the. fcc and bcc
stable. phases for both TiAl and FeAl are substantial, 0.15-0.25

As discussed above, Al forms in the hexagonal NBn eV/atom. The calculated heats for the ternary show that the
structure, whereas JAl may or may not form in the GSi fcc-bqsed Iattlt_:e is more stable and, contrary to some of the
structure. The question arises as to the extent that,8Ni ternaries considered above, the _calculated heats are not sim-

i 8 ly averages of the corresponding bcc or fcc heats for the
phase, rather than a fcc or bcc phase, may extend for co

. . ) _ inaries. Thus, there is a tendency towards ordering for this
positions around TiYAl. First consider the fcc and bcc lat- system. However, the ternary in either structure loses
tices. The heats for the ordered bcc Bignd fcc CuAu-l ¢ badly to a two-phase mixture of TiAl and FeAl
structures are given in Table II. Clearly the fcc lattice is MOr€AH=—-0.42), a three-phase mixture of binaries

favored than the bcc, but both of these ordered phases ajgea|-TiAl;-FeTi, AH=—0.44), and a two-phase mixture

unstable relative to a two-phase mixture of V and TiAl. Thatqf Fe,TIAI-TiAl ; (AH=—0.48), suggesting that fcc-based
the ternary heat is small is not too surprising since Ti-Viernaries near 50% Al are unlikely in this system.
alloys have small heats of formation because they are nextto The final ternary to be considered is TiV(AIThis phase
each other in the Periodic Table. The relative stability of theis reported in the CuAu-I structure with Al on one sublat-
fcc over the bce phase is consistent with the heats gAITi  tice, and V and Ti disordered on the other. The calculation
and VLAl in the BiF; and CuAu-I structures: Al shows a  for the CuAu-I structure, but with each atomic species placed
small preference for the bcc lattice, but;Al—with its  on its own sublattice, yielddAH=—0.30 eV/atom. This or-
larger heat—strongly favors the fcc case, with the net resultlered phase is calculated to be weakly unstable to both a
that an fcc ordering is favored. A simple estimate of themixture of TiAl and VAI (both in the CuAu-I structupe and
ternary fcc heat can be obtained by averaging the fca three-phase mixture of JAI-TIAI-TIAl 5; these mixtures
(CuzAu) heats of Al and TizAl. This value, the same as are basically degenerate withH=—0.31 eV/atom. Using
the calculated one to within roundoff, suggests that V and Tthe same arguments as above, the fact that the heat of the
may well be disordered on an fcc lattice. two-phase mixture of TiAl and VAl is basically the same as

We now return to the hexagonal case. FojAlj the hex-  the calculated heat for the ternary, we expect that TiVAI
agonal and fcc phases are basically degenerate. For will form on an fcc lattice, with disordered Ti and V. The
hexagonal-based ternary with the same Al concentration, bufirtual crystal scheme is used to estimate the effect of disor-
now with equal amounts of Ti and V, we consider a variantder, yielding a heat more bound by0.06 eV/atom than the
of the NikSn structure where there are alternatingAVand  ordered system. Granting the shortcomings of the virtual
TizAl hexagonal planes. This heat, given in Table Il, is thecrystal approximation and the error bar associated with the
same as for fcc-based Tj¥l. This phase is unstable relative reference state, the fcc disordered phase would appear nev-
to two- and three-phase mixtures of binari€he heat of ertheless to be stable with respect to competing phases at this
TiAl is the controlling hea). Taken in the virtual crystal composition, in agreement with experimental observations.
approximation, with V and Ti on a disordered sublattice, the
estimatedAH becomes—0.21 eV/atom. This heat is still
slightly unstable relative to three-phase mixtures of
V-Ti5Al-TiAl, but granting the shortcomings of the approxi-  In this paper the heats of formation for a variety af 3
mation, the results suggest that disorder may stabilize aluminides in a diverse set of crystal structures have been
(TiyV1-,)3Al phase, and that a hexagonal ;8h or fcc  calculated using the full-potential LASTO method and the
phase may extend well into the transition-metal-rich ternaryjocal density approximation. An effort has been made to ob-
regime. tain values oAH to a common precision of 0.01 eV/atom

Up to now, the emphasis has been on transition-metal-ricin order to allow for meaningful comparisons among differ-
ternaries. We now shift our attention to Al concentrationsent phases both at the same and at different concentrations.
around 50%. While the transition-metal-rich,;NeAl has a  For the Ti, V, and Ni systems, the calculated heats are typi-
rather smallAH and is probably metastabtethe heat for cally overestimated by-0.02 eV/atom relative to the ex-
FeNiAl, in the BiF; structure is calculated to be rather large, perimental numbers. Direct comparisons are hampered by
—0.57 eV/atom. This increased binding is expected sincghe scatter in experiment, and by questions of if and how the
both NiAl and FeAl have significant heats. In fact, the cal-experimental nhumbers have been corrected to a common
culated heat for the competing two-phase mixture of FeAlllow) temperature since these temperature corrections often
and NiAl is —0.56 eV/atom, suggesting that there is not acan be quite substantial. The scatter in experimental values
strong tendency for ordering. Moreover, since both FeAl andappears to be particularly significant for the Fe compounds
NiAl are also in bcc structures, our results would predict thatof concern here. Although experimental efforts to determine

IV. CONCLUSIONS
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heats of formation of alloys and compounds are declining A major use of the calculated binary heats is in determin-
worldwide, the issue needs further investigation, both to uning the stability of higher-order phases. Two- and three-
derstand the physical systems and as benchmarks for theophase mixtures of the binaries will be major competing
From comparisons between the calculated and experimefphases that may suppress a ternary. The heat of a ternary was
tally derived heats for the nonmagnetic Fe-Al binary alloys,shown to depend on both crystal structure and composition.
there is the suggestion that the local spin density approximayhenAH of the ternary is close to the heat of a two-phase
tion underestimates the on-site magnetic energy. While germnixture of binaries with the same underlying lattice, configu-
eralized gradient correction exchange-correlation potentialgation entropy will favor disordered on one or more sublat-
increase this magnetic enertfy”® the situation is more tices, as seen for FeNiAlnd the Ti-V-Al system, although
complicated since the apparent errorsAill do not simply  other binaries and ternaries may suppress such phases. The
scale with the number of Fe atoms in the alloys. In additionyesyits presented in this paper add to the data base of calcu-
full-potential treatments redutethe GGA increase in the |ated heats, which are necessary ingredients needed to tackle

magnetization energy, and the values of this energy depenfle complicated problem of phase stability of multicompo-
on which GGA functional is used, with the result that mak-nent alloys from first principles.

ing any definite statements concerning the effect of GGA

corrections to the magnetic energy is nontrivial. Future com-

parisons between experimental and theoretical valuesbf

of nonmagnetic Fe compounds may help serve as important
tests of different exchange-correlation approximations. The The work at Brookhaven was supported by the Division

list of available experimental heats for such Fe compoundsf Materials Sciences, U.S. Department of Energy, under
with whatever available second alloy constituent, is short an€ontract No. DE-AC02-98CH10886 and by a grant of com-
the accuracy of these values uncertain. Nevertheless, this iputer time at the National Energy Research Scientific Com-
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