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The total energies of formation of Al-Nb intermetallic phasessAb(A15), NbAI (o), and NbAL
(DO,,) have been calculated using the linear-muffin-tin-orb{ta¥'TO) method in the full potentialFP)
approach. Relaxation and distortion effects have been included and have been shown to play an important role
in the stabilization of thé O,, intermetallic phase. In order to get the interaction parameters to describe the
energetics of the bcc and fcc solid solutions, FP-LMTO calculations have been performed for various super-
structures based on the bcc and fcc lattices. To discuss thermodynamic properties and the phase diagram of the
Al-Nb system, the cluster variation method configurational entropy has been introduced using the tetrahedron-
octahedron approximation in the fcc solid solution and the tetrahedron approximation in the bcc solid solution.
The thermodynamic data obtained in this work agree fairly well with the available experimental data. Con-
nections with Calphad approaches are also discussed. An attempt to calculate composition-temperature phase
diagram of the AI-Nb system is presented, using a semiempirical treatment of the liquid phase.
[S0163-18297)04826-1

[. INTRODUCTION formalism of the Korringa-Kohn-Rostoker coherent-potential
approximation or with the first-principles tight-binding linear
The modern theory of phase diagram calculations hasuffin-tin coherent-potential approximation. For instance,
been made possible by great advances in band-structure calich approaches have been used to study the thermodynam-
culations and theories of configurational thermodynamicscs of surface alloy§.
and phase transformations. Total energy calculations based (ii) In the second approach a limited set of periodic struc-
on the local density approximatiofLDA) are now suffi- tures representative for a given problem is chosen and their
ciently accurate to explain many properties of materials irtotal energies are calculated using first-principles self-
terms of the underlying electronic structdréAn accurate consistent calculations. It was suggested by Connolly and
calculation of the configurational free energy of the alloy isWilliams® that the effective cluster interactions can be ob-
possible within various approximations such as mean-fieldained from these total energies. The method was developed
methodg cluster variation methddCVM)] or by numerical ~ further by Zunger and co-workéfsand is called the renor-
methods(Monte Carlo simulatior$. In these models, it is malized interaction approach. Standaadh initio band-
assumed that the internal energy can be written as a sum efructure techniques applied to suitable chosen small super-
multisite interactions which converge rapidly. The fact thatcells can be used, and the double-counting terms are
these interactions can be derived from first-principles calcuincluded. On the other hand, as the interaction energies,
lations establishes the basis of a comprehensive firstwhich are of order of a few mRy, are obtained as differences
principles theory of cohesive, structural, and thermodynamiof total energies, the numerical requirements are severe. This
cal properties of metals and alloys. Two extreme types oprocedure has been used successfully by several atitnrs
approach to the calculation of these interactions have beeand will be adopted in the present work.
developed. The Al-Nb system presents both theoretical and techno-
(i) The first one starts from the energy of the completelylogical interest, the aluminides like TiAl or NAI having
disordered solid solution calculated by the coherent potentiahany desirable properties such as low density, high melting
approximatiofi (CPA). The effective cluster interactions are temperature, and high yield strength. However, their well-
calculated by the generalized perturbation metf@®@BM) of  known brittleness at ambient temperatures must be over-
Ducastelle and Gautiérthe concentration waves theory of come. One strategy for circumventing this brittle behavior is
Gyorffy and Stock$, and the embedded cluster method ofto use a combination of rapid solidification processing and
Goniset al.” using a perturbative treatment about the com-ternary alloying to induce thB2 structure which results in
pletely disordered state. In this case, the ordering energiesloys that are significantly more ductile. Unfortunately, this
can be written as an expression in terms of concentratiorphase often transforms to a metastabl@hase which may
dependennth-order effective cluster interactions. The GPM drastically embrittle thesB2 phases of transition metal alu-
can be developed with the first-principles multiple-scatteringminides. Therefore Nguyen-Maret al1° have recently stud-
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ied the relative stability alT=0 K of the w phase with re- in this phase. The calculation of these first-neighbor pair in-
spect to the other close-packed hcp, fcc, and bce phaseigractions has been based on the results obtained in both the
Indeed, of primary importance in attempting to engineer thdbcc and fcc splid solution's. Various approximat!ons are used
properties of the Al-Nb alloys is an understanding of thefor the modeling of the Gibbs energy of the liquid phase: a
equilibrium and metastable phases in the system and thefibregular model, a quasichemical model, and an estimation
range of stability and metastability with respect to experi-Of the ordering energy from the one deduced in a fcc solid
mentally controlled parameters such as composition and teng0lution using a CVM treatment in the regular tetrahedron
perature. However, in spite of the extensive amount carrie@PProximation. The influence of these various liquid-phase
out so far in this system, thermodynamic research has beéﬁodels on.the phase diagram is dlscgssed. The _I:?\ttlce stabil-
limited to few investigationd®2?! An assessment of the ex- ity of aluminum can be taken from either tha initio cal-
perimental work which has been performed to study theculations or fromCALPHAD_ comp|lat|or_15; the Iatte_zr_ vz_ilues
equilibrium in this system can be found in Ref. 22. This Igad_to a slight increase in the aluminum solubility in bcc
assessed diagram is characterized by the occurrence of thra@bium. . _
intermediate phases: #Mb, which melts congruently near The remainder of the paper is organized as follows: In
1953 K and whose structure is a fcc closed-packed Super|a§e_cs. Il and 11l the details of the_ electronic structure calcu-
tice DO,,; 2 AINb,, which melts peritectically near 2213 K lations and the method of obta_unlng the ECI's are prese_nted.
and which has a structure; and AINg which decomposes In_ Sec. |V, the thermodyna_mp data of the §0I|d so]L_Jt|ons
peritectically near 2333 K and has a5 Laves phase will be ca}lculated and we will discuss the Iatt|ce_ stability of
structure? The Al;Nb compound has a narrow range of sta-c¢ Nb with respect to bce Nb. In Sec. V, we will also pro-
bility around the stochiometric composition, while the two POS€ various modeling for the liquid phase. In Sec. Vi, a
other compounds show relatively large domains of existenc&®Mplete Al-Nb equilibrium phase diagram is calculated us-
The solubility of aluminum in solid bcc niobium extends to N9 estimations of the entropies of formation of the interme-
20% at the peritectic temperature of the #dbcompound. talllc. _compounds and_ .the mfluen.ce of.the alur_mnym Iatpce
There is no major disagreement concerning this phase di stability on the solubility of aluminum in bcc niobium will
gram. However, Menoret al2* report on a slightly lower P& presented.
solubility of aluminum in solid niobium.

In this paper we present preliminary results of a_theoreti_— Il. TOTAL-ENERGY CALCULATIONS
cal study of the composition temperature phase diagram in
the Al-Nb system. In such a study, the relative stability of the As a first step, we have studied the relative stability of the
three occurring AlNb, Nb,Al, and NiAl compounds has to  three intermediate phases observed in the equilibrium phase
be understood. Their formation energies are calculated usingjagram. In Structurbericht notation, these phases are called
the full-potential (FP) linear muffin-tin-orbital (LMTO) DOy, (Al3Nb) phase,o phase (AINB), and A15 phase
method in order to analyze the physical origin of their sta-(AINb3).?*> We have also calculated the total energies of se-
bility at T=0 K. The total energies of selected superstruc-lected superstructuresA2, DO5, L6y, B2, B32, Al, and
tures based on fcc and bcc lattices are calculated using tH&11 based on a bcc adl, L1,, DO,,, L1y based on a fcc
same method. Thesab initio calculations not only confirm lattice. Our purpose in performing total-energy calculations
the instability of fcc Nb 80 K under a tetragonal Bain of Al-Nb bcc and fcc superstructures is to obtain a set of
distortion?® but show that this instability extends at least effective cluster interactions which can be used to study
until 0.75 Nb composition. Concerning bcc solid solutions,phase stability and the effect of composition and the state of
the ab initio calculations also show that tiB2 structure for order on the properties of the solid solutions in this alloy
NbAl is unstable with respect to tetragonal distortion;system. For this reason, the number of superstructures for
namely, for the ideal ratie/a=1, the curvature of the en- which these total-energy calculations must be performed is
ergy versus/a is negative, corresponding to a maximum of equal or greater than the number of effective cluster interac-
the energy; these results are in agreement with those préions which is expected to be important for describing the
sented by Astat al?® Two sets of effective cluster interac- energetics of this system. In particular, the stability of a
tions (ECI's) are then derived for bcec- and fcc-based disor-DO,, relative to anL 1, structure, such as is experimentally
dered alloy phases using the renormalized interactiombserved for the 0.75 composition in aluminum in this sys-
approach. These ECI's will be used in conjunction with thetem, can only be modeled by a set of effective cluster inter-
CVM to determine the necessary thermodynamic propertiegctions which includes interaction parameters beyond the
as a function of composition and temperature for bcc and fctange of the first-nearest-neighbor pair of the fcc lattice. Fur-
solid solutions. More particularly, we focus our attention onthermore, the effect of structural relaxation on the total en-
the lattice stability of niobium, namely, the differences of ergy of all the fcc and bcc superstructures must be taken into
Gibbs energies of fcc Nb and bce Nb. The vibrational effectsaccount since these energies are to be used for the purpose of
are also included in these calculations using the Debyestudying the relative stability of various alloy phases in this
Grineisen model, but these effects appear very small consystem. In previous studies concerning the aluminum-
pared with the chemical effects. A comparison with thetitanium systent? Astaet al. have shown that the tetragonal
CALPHAD analyses is proposed. An attempt to calculate thalistortion ofDO,, must be taken into account to predict that
Al-Nb phase diagram also needs a knowledge of the thermahe D O,, structure is more stable than thé, structure for
dynamic properties of the liquid phase. We propose an estiAl;Ti composition. We must, therefore, find the minimum of
mation of the chemical mixing energy and of the first- the total energy with respect to all structural degrees of free-
neighbor pair interactions to deal with the short-range ordedom for all the ordered compounds, including those which
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TABLE I. Calculated energies of formation referred to bcc Nb and fcc Al of some face-centered-cubic
Nb-Al superstructures. In column 7 are reported the values obtained when relaxation effects lead to a
minimization of the total energy.

AH
Pearson Space A¢H relaxed and distorted
Composition  Strukturbericht symbol  group  Prototype (kJ/mol of atomg  (kJ/mol of atom$

Al Al cF4 Fm3m Cu 0

Al;Nb L1, cP4 Pm3m CuAu —-25.3

Al;Nb D0y, tl8 I4mmm  TiAl, -321 —415
AINb L1, tP4  P4mmm  CuAu —-26.1

AINb, L1, cP4 Pm3m CuAu -101

AINb, DOy, tl8 l14mmm  TiAl, -3.2

Nb Al cF4 Fm3m Cu 33.1

are not experimentally observed. For instance, the total errelated to the curvature of the total energy with volume is

ergies of NbAl in theB33 (CrB-type, B19 (hcp-like), andw  obtained using a fit based on Murnaghan’'s equation of
structuré® have been also calculated to compare the relativetate®? Since the total energies of the pure metals are treated
stability of various NbAI structures and to understand whyin the same way, the formation energy is obtained by sub-
no intermetallic compound is stable for the equiatomic com+racting the weighted sum of total energies of the constituent
position. elements from the total energy of the compound, namely,

A. Computational details A{E=E—XaEn—XnoEnp-

To calculate the energies of the different phases quotett should be noted that the ground states of Al and Nb are
above, we employ the all-electron total-energy local densitypredicted to be fcc and bcc, respectively. The energy differ-
formalism as carried out with the linear muffin-tin-orbital ences between the fcc and bcc structures, definell{%s
(LMTO) method in the full potentialFP) approximatiorf.”?®  _gbee  are —8.1 and 33.1 kd/mol for Al and Nb, respec-
In this approach, the linear muffin-tin orbjtals are augmenteqive|y_ At high temperature in the Nb-rich part, the Al-Nb
with numerical solutions of the radial Scldioger equation  phase diagram can be viewed as resulting from a competition
within nonoverlapping muffin-tin spheres. No spherical hetween the bcc solid solution and two intermetallic com-
shape approximation for the potential or charge density igounds. In the Al-rich part, the very great stability of the
made; in the interstitial region, these quantities are expressqgozz, AlsNb phase must be understood. Therefore it seems
in Hankel-function expansions as proposed by MethfeSsel. 1o be important to compare the stability of the three interme-

The LMTO basis includes, p, andd functions for each  tajlic compounds, namely\15, o, andD O, structures with
atom. For the full-potential calculations, it is necessary tosyperstructures occurring on the fcc and bec lattices, in ad-

extend the basis using LMTO’s with various localizations. gition to obtaining the ECI's in the disordered bcc and fcc
The niobium aluminides valence states are of predominardglid solutions.

Nb (4d) and Al (3sp) character, and in the present calcula-
tions we have used as the basis function 22 atom-centered
augmented Hankel functions per Al and 29 per Nb sites. The
corresponding decay energies in the Hankel function tails are The fcc superstructures considered in this study are dis-
—K?=-0.01(spdfor Al or spdffor Nb), —1,0 (spd), and  played in Table I. The space-group symmetry given in Table
—2.3 Ry (sp). In order to make accurate predictions we | dictates the degrees of freedom for structural relaxation.
have also included a second “semicore” panel to provideThe fcc Al andL1, have cubic symmetries, and the only
bandlike treatment of both the Nbsdand 4p states. To degree of freedom is the lattice parameter DO, is
evaluate integrals over the Brillouin zone, we use a uniformbody-centred tetragonal whilel, is tetragonal; in these
mesh of sampling points which ensure that the total energy istructures, the lattice parametersand ¢ need to be varied
converged to within 0.1 mRy per atom. The charge density isndependently in the total-energy calculations. When uni-
calculated exactly in the muffin-tin spheres in angular moform changes of volume are the only structural relaxations of
mentum up tol=4. We use the same angular momentumperiodic Al-Nb structures, the values of the energies of for-
cutoff in the interpolation of quantities in the interstitial re- mation at equilibrium referred to fcc Al and bcc Nb are re-
gion, expanded in Hankel functions of energiesl and ported in column 6 of Table I. The values of the formation
—3 Ry.% All LDA results reported in this paper are scalar energies referred to fcc Al and fcc Nb are plotted versus Al
relativistic calculations using the exchange-correlation po€omposition in Fig. 1.
tential of von Barth and Hedift The calculated molar volumes of the structures considered
For each phase, the total energies provided by the LMTOn this study are plotted in Fig. 2 as function of Al compo-
method are obtained for different values of the volume; thesition. A significant deviation from Vegard’'s ladashed
minimum of this curve determines the equilibrium total en-line) is observed. The deviation is maximum at 75 at. % Al.
ergy and the equilibrium volume. The bulk modulus which isThe same behavior was observed by Aetal!® for the fcc

B. Phase stability of superstructures based on a fcc lattice
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FIG. 1. Energies of formation of Nb-Al fcc superstruc- ) ] )
tures: O, unrelaxed structure®, relaxed structure€Sec. I); dis- FIG. 3. Calculated bulk moduli of fcc Nb-Al intermetallic com-
ordering energy(solid line), first-nearest-neighbor pair interaction POUNds vs Al composition for the five fcc superstructures consid-
(dashed ling and second-nearest-neighbor pair interact®ec. \j ~ red in this study.

(dot-dashed ling

while the experimental value reported in thearson’s
Handbookis 2.232. The value of the enthalpy of formation

Ti-Al intermetallic compounds. Figqre 3 shows t_he depen-gf the relaxed and distorteB O,, phase is reported in the
dence of the calculated bulk moduli on the aluminum com-4¢t column of Table | and in Fig. 1. The effect of théa

position.

Changes in the total energy caused by deviations/af
ratios and interatomic distances from their ideal values con-

relaxation in the case of thel, structure is rather small and
has been neglected.
Recentab initio calculation$® suggest that fcc Nb is me-

siderably affects the value of the enthalpy of formation of thepanically unstable with respect to tetragonal distortions.

D O, superstructure for the 75%

Al composition. The valueThgrefore we have performed calculations of elastic con-

of the ratioc/a which minimizes the total energy is 2.227, giants of fcc Nb, and our calculations confirm that the elastic
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constantC of fcc Nb is negative, which implies a dynamical
instability with respect to tetragonal distortion. Similar cal-
culations show that 1, and DO,, structures for the N{AI
stochiometry are also mechanically unstable: however, for
the AINb L1, compound, the coefficier@’ becomes posi-
tive, and therefore this compound is mechanically stable with
respect to tetragonal distortion.

C. Phase stability of superstructures based on a bcc lattice

The bcc superstructures considered in this study are dis-
played in Table Il. When uniform changes of volume are the
only structural relaxations of periodic Al-Nb structures, the
values of the energies of formation referred to bcc Al and
bce Nb are displayed in Fig. 4 as function of Al composition.
The calculated volumes and bulk moduli are displayed, re-
spectively, in Figs. 5 and 6, which show similar features to
the fcc superstructures.

Changes in the total energy caused by deviations/af
ratios and interatomic distances from their ideal values con-
siderably affect the value of the enthalpy of formation of the
L6, superstructure at 25% and 75% of aluminum, and of the
Al andB11 superstructures for equiatomic composition. The

FIG. 2. Calculated molar volumes of fcc Nb-Al intermetallic Values of the energies of formation referred to fcc Al and bcc

compounds vs Al composition for the five fcc superstructures conNb are reported in Table II.
sidered in this study. The dashed line indicates the dependence of Both Astaet al?® and Nguyen-Mantet al® have pointed

the molar volume on composition expected from Vegard's law.

out that the AINbB2 structure was unstable with respect to
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TABLE II. Calculated energies of formation referred to bcc Nb and fcc Al of some centered-cubic Nb-Al superstructures. In column 7
are reported the values obtained when relaxation effects lead to a minimization of the total energy.

A{H

Pearson Space A{H relaxed and distorted
Composition Strukturbericht symbol group Protype (kJ/mol of atomg (kJ/mol of atom$
Al A2 cl2 Im3m W 8.1
Al;Nb DO, cF16 Fm3m BiF, 15.3
Al;Nb L6, tP4 P4/mmm CuTis -6.7 -25.0
AINb B2 cP2 Pm3m CsCl -04
AINb B32 cF16 Fd3m NaTl —6.8
AINb B11 tP4 P4/nmm v-TiCu —24 —14.3
AINb Al oC8 Cmmm y-1rvV —-19.0 —-29.3
AINb, DO, cF16 Fm3m BiF, -6.1
AlNb, L6, tP4 P4/mmm CuTi, -9.4 —16.1
Nb A2 cl2 Im3m W 0

tetragonal distortion. Furthermore, Aset al?® have pre- ever, the energy of formation at this second minimum is
sented the evolution of the energy of formation as functionmore positive than the one obtained for tB2 distorted

of the c/a ratio and found that the lowest energy for the Structure. » _

NbAI compound withB2 order is obtained for a value of  Astaetal™ proposed that the so-calld in quenched

c/a roughly equal to 1.45, which is close to the value whenNb-rich alloys is not strictly cubic, but that the crystallo-
the distortedB2 is equivalent to an idedll, structure. In grqphlc data supports the idea that it has unQergone a partial
the present work, we found that théa relaxation in the case Bain transformation. However, the calculations performed

_ 19 ;
of the L1, structure was rather small. The difference of theby Nguyen Manhet al.™ show that t_hew phase is more

. . .. stable than eithet1, andL1, (see Fig. 7 and suggest an
total energies of th&2 andL 1, strug:tures calculated in this .alternative explanation, supported by evidence from Passa
work is of the same order of magnitude as the one shown iR, . 33 4 o+ the structur,e of such quench®d alloys is re-
a graph by Asteet al* For theB32 phase we found a value |3iad to thew phase.
of C’ near zero at the ideal rat@a=1 in agreement with
the result proposed by Astet al?® These authors found a
second minimum for a ratio/a roughly equal to 1.58. How-

D. Phase stability of AINb,(o) and AINb;(A15) compounds

In a previous work dealing with the metastability of the
phase in transition-metal aluminides, Nguyen-Magital1°
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FIG. 4. Energies of formation of Nb-Al bcc superstruc-

tures: O, unrelaxed structure®, relaxed structure&Sec. I); dis-

(dashed ling and second-nearest-neighbor pair interacti®ec. \j

(dot-dashed ling

FIG. 5. Calculated molar volumes of bcc Nb-Al intermetallic
ordering energy(solid line), first-nearest-neighbor pair interaction compounds vs Al composition for the eight bcc superstructures con-
sidered in this study. The dashed line indicates the dependence of

the molar volume on composition expected from Vegard's law.
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FIG. 6. Calculated bulk moduli of bcc Nb-Al intermetallic com-

pounds vs Al composition for the eight bce superstructures consid-  F/G- 7. Calculated energies of formation of perfectly ordered
ered in this study. NbAI intermetallic compounds. The reference state is bcc Nb and

fcc Al

calculated with the FP-LMTO method the total energies Ofcalorimetric measurements, Meschel and KI&Bmerived
the compounds AINpP(A15 structurg AINb, (o structure, . o

; the enthalpies of formation at room temperature of two com-
AlsND (DO, structurg, AINb,, AIND, and ALND in the ounds: AINR and ALNb. For the first compound the
omega(w) structure, and AINb in thé319 structure(hcp- P : ' P

like) andB33 structureNaCl prototype. Only the main con- value obtained by these authors is less exothermic than the
: ; . calculated value, but for the Mlb compound the agreement
clusions of this previous work are reported here. The value

of the energies of formation reported by these authors an etween the experimental and calculated values is very sat-

. o isfactory. Values of the enthalpies of formation of the nio-
those obtained in this work for the bcc and fcc structures are . e T
N . . ium aluminides were also proposed by Sheloal“* These
reported in Fig. 7(Note that in the case of relaxation effects

. : authors used a Knudsen effusion method, and so the values
only the values of the energies of the corresponding state

have been reportgdIn agreement with the experimental of the enthalpies of formation are not obtained directly. Us-
. P nag eXp ing the second and third laws Shi al 2! derived the values
phase diagram, ANb in DO,, structure, AINB in o struc-

ture, and AN in A15 structure are found to be the ground of the enthalpies of formation of the three intermetallic com-

state. By comparing the stability with othé competing pounds at 298 K, and these values are reported in Table lIl.
phasés ytheu phase in Al-Nb vzas found to be the most The agreement between the calculated values and experi-

" mental on m table.
metastable phase for the 0.5 composition. However, ase al one seems acceptable

shown in Fig. 7, the combination of nearby stoichiometries

Al;Nb and AINB, cause AINb to be metastable. ll. CLUSTER EXPANSIONS AND EFFECTIVE CLUSTER
The energies of formation dt=0 K of AINb3 (A15 struc- INTERACTIONS

ture), AINb, (o structurg, and AgNb (D O,, structuré com-

pounds referred to fcc Al and bcc Nb are reported in Table

[l where they are compared with experimental values of the As discussed in the Introduction, the study of the evolu-

enthalpies of formation at room temperature. Using direction of the structural stability as a function of composition

A. Cluster expansion

TABLE l1ll. Comparison of the calculated energies of formation of AIN®A15), AINb, (o), and
Al;Nb (DO,,) compounds and the experimental values obtained by Meschel and KRpp&0 and Shilo

et al. (Ref. 21).

Enthalpies of formation Calculated values Experimental values Experimental values
(kJ/mol of atom$ This work Meschel and Klepda Shilo et al®
AINb; —19.0 —13.7 —19.3

AINb, —24.9 —25.0

Al3Nb —41.5 —40.5 —-32.6

8Reference 20.
bReference 21.
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TABLE IV. Effective cluster interactions for fcc-based Nb-Al alloys. The point correlation function is
related to the molar fractions of Al and Nb by the relaté&nxy,— X4 . The reference state of the energy is
fcc Al and fcc Nb.

Multiplicity ma Ea
Symbol Coordinates ma (kJ)
E(0,1) 1 -32.9
E(1,1) 000 1 19.9
E(2,1) (000, (1/20 1/2 6 31.9
E(2,2) (000,100 3 -0.1
E(3,1) (000,(1/21/20,(1/201/2 8 0.7
E(3,2) (000,(1/201/2,(100 12 —20.6
E(4,1) (000, (1/201/2,(1/21/20, (01/2 1/2 2 1.1

and temperature requires the definition of the parameterset of ECI's is then obtained by studying the convergence of
used in the three-dimension@D) Ising model. We use the the predictive error involved in the predicting energy values
renormalized interaction approacf*®assuming that the to- and also the convergence of the formation energy of the ran-
tal energy of aA,B;_, compounds based on a same latticedom alloy at 50%. This later one is also a significant check
can be described in terms of a rapidly convergent series dfs it is obtained as a by-product in the used metfiod.
composition-independent multisite interactions. More pre- The volume dependence of the ECI's is implicitly in-
cisely, we assume that the total energy of a particular coneluded when they are determined with the inversion scheme
figuration « is expressed by using the values of the functions of configuration at the vol-
umes for which the energy of the alloy is minimized at 0 K.
o o In the particular case of the Al-Nb alloy, all the assumptions
Eiol(1)= Ey NLEL(N)E. (1) used to derive ECI's have only very weak consequences
since the domain of the bcc solid solution is small and the
Ey(r) is the Composition-independent multisite interactionfcc solid solution does not appear in the phase diagram_
associated with the multisite correlation functiéﬁ defined
in a given structurex as

Ymax

B. Effective cluster interactions in the fcc lattice

o 1 o« o a The set of structures can be chosen in such a way to
gV_N_7 % TnyTny%ng determine the chemical interactions parameters for all clus-
) ters up to the regular nearest-neighbor tetrahedron cluster in
whereo,=1-2p, takes the valuet 1 or —1 depending on e fec attice. Within this approximation we need only the
the occupancy of sité, N, is the total number ofi-type  yajues of the pure fcc metals energies and three values of
clusters, and the sum runs over gitype clusters that can be rgered compounds energies including AINb in thé,
formed by combining sites on the entire crystal. From a ﬁ”itestructure, and ANb and AINb; on theL 1, structure. How-
number of total energies for ordered structures and by trunayer, the results obtained in Sec. Il show that B®,, SU-

cating the summation of Ed1), a set of multisite interac- herstrycture is more stable than the, superstructure for

tions is obtained from 0.25 Al composition as well for the 0.75 Al composition.
1 Then the second-nearest-neighbor pair interactions have to
= a1-1lpe be taken into account in the set of ECI's
E,(N=x" 2 [E17ER(r) for ¢<y<Yma : et of ECls.
y @ Since the energy of formation is asymmetric with respect

to 0.5 composition, it is expected that interactions of clusters
Er)=0 for yma<y<e. containing an odd number of sites have to be included to
reproduce it. Then a set of seven interactions has been cho-
sen and evidently reproduces the energies of formation of the
actionsE.(r) depend ot 00. FOr a givenyyg,, the best set seven structures considered in this work. This set of clusters

of cluster interactions has been chosen as the one whicfPnSISts of the_err?bpty and goint CISStleSZ' thﬁ neartfa_st— and
minimizes the predictive error in the energy according to next-nea_rest-nelg or paits( ’.1) ande( - ), the two first
three-point clusters: the equilateral triandt€3,1), con-

2 taining three first-nearest-neighbor pair interactions, and the

2 @ E(n) =2 NJE(r)&%] =min, (2)  isosceles triangleE(3,2), containing two first-nearest-

“ neighbor pair interactions and one second-nearest-neighbor
with the weightsw,=48N.(a)/Ng(a). Here N.(a) and pair interaction, and the nearest-neighbor regular tetrahedron
Ng(«a) are the number of atoms per unit cell and the numbeE(4,1). The set of ECI's included in the fit is given in Table
of point group operations for the structure respectively. IV. The value ofE(3,1) is very small because the energies of
Formula(2) was suggested by Lat al® We find that dif- formation of theL 1, superstructures for 0.25 and 0.75 alu-
ferent choices of weighting factor marginally affect the ex-minum composition have quite the same valgeten re-
tracted ECI's, and therefore we take,=1. The optimum ferred to fcc Al and N The value ofE(3,2) is much larger

¢ is the empty cluster.
SinceEg(r) is generally a function of volume, the inter-
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TABLE V. Effective cluster interactions for bcc-based Nb-Al changes of the formation energy of the random alloy and of
alloys. The point correlation function is related to the molar frac-the pair and triangle interactions. The set of ECI's included
tions of Al and Nb by the relatio§=xy,—Xa - The reference state jn the fit is given in Table V.
of the energy is bcc Al and bee Nb. Let us mention that the asymmetry arourrd 0.5 is less

— pronounced than in the fcc lattice as indicated by the value of
Multiplicity = ma Ea he triplet interaction. But what may be the most important

Symbol Coordinates ma (kJ) feature is the different behavior between fcc-based pair in-
E(0,1) 1 ~13.1 teractions and bcc-based ones. The two nearest-neighbor pair
E(11) (000 1 51 interactions dl_splay the same positive sign, bu_t an order of
E(21) (000, (1/21/21/2 4 24 magnitude eX|.sts betwgen both valqes. Then it is gxpected
E(22) (000,(100 3 96 that the chemical ordermg effects will not be quant|tat|ve!y
E(23) (000, (101 6 10.0 th_e same on the two Iat;ug:zes contrary to other systems like
E25 (000, (111 12 “cg  Ni-Aland Ni-Ti systems."
E(3,1) (©000,(1/21/21/2,(100 12 2.6
E(3,2) (000, (1/21/21/3,(101 12 -36 IV. THERMODYNAMICS OF THE fcc AND bcc SOLID
E(3,3) (000, (1/11/21/3, (11D 4 6.1 SOLUTIONS: LATTICE STABILITY OF NIOBIUM
E(41) (000, (1/21/21/3, 6 —-33 A. Contributions to the Gibbs energy of mixing

(1/2 1/2-1/2,(1 00 . . . .

The Gibbs energy of mixing of a phasgeis defined as

because of the asymmetrical shape with respect to 0.5 com- AmixG*=G*—XaGa—XpGp,,

position of the energies of formation of tlED,, superstruc- where G is the Gibbs energy of the considered phase of

tures for 0.25 and 0.75 Al composition. @ . .
In order to test the convergence of this set of seven inter§tructurea andG; (1=A or B) the Gibbs energy of purein

actions, we have first reduced the number of interactions. FotF1e same structurer. In the Gibbs energy of mixing are

a set of six interactions, namely, without the regular tetrahe!—ncmde‘j many terms: - the configurational enthalpy of mix-

dron, the total energies of ordered structures are reproducé'ag' the configurational entropy of mixing, the relaxation en-

with a root-mean-square error of 1 mRy/atom. Then we cag 9Y» the electronic fre'e' energy of mi>§ing, and thg vibra-
consider that the chosen interactions capture the major ep_c_)l?al Ircej_e tgner_g}/] f[)r]: m(';.(l'ong' Note thaft In t_he ;ollovxélr?g fwe
fects to explain the structural stabilities of these structure il not distinguish the ©510Dbs energy of mixing from the iree

Another test is to compare the formation energies of comENeray of mixing(as well as the enthalpy of mixing and the

pounds determined by the cluster expansion with the formaSneray of mixing because the difference equalRoAV is

tion energies determined by a direct calculation for structure5Iegllglble except at very high pressure.
which do not enter the building of this set, namely, the
MoPt, and “40” structures. We have found an energy dif-
ference of less than 1 mRy/atom for all the three considered For the configurational enthalpfor energy of mixing,

1. Configurational enthalpy of mixing

structures. we will use the results obtained in Sec. lll:  The energy of
mixing of the phase is expressed as a function of the cluster
C. Effective cluster interactions in the bcc lattice Interactions.
In the bcc lattice the set of structures may be chosen in 2. Configurational entropy of mixing

such a way as to determine the chemical interaction param-

eters for all clusters up to the irregular tetrahedron. Within : : .
this approximation we need only the values of the pure bc@re described as short-range-ordered solutions using the clus-

metals and the four values of ordered compound energiet§r variation methoc[CVM) in the tetrahedron approxima-
including AINb in theB2 andB32 structures, and ANb and tion for 'ghe bcc lattice anq the tetrahedron-octahedron ap-
AINb; in the DO5 structure. However, the results obtained in proximation for the fcc lattice.

Sec. Il show that thé.6,, Al, andB11 superstructures are
more stable than thB O3, B2, andB32 superstructures at
the corresponding composition; then, third- to fifth-neighbor  The origin of the relaxation energy has been explained in
pair interactions have to be included to obtain a good fit ofSec. Il in the case of perfectly ordered compounds and the
the energies of the bcc superstructures. However, as considerresponding energies have been calculated. This phenom-
ered in other work® we did not include the fourth-neighbor enon may also occur in disordered phases; however, in this
pair interaction since this one is outside the cube. Due to thevork we have not considered this effect because the bcc
importance of the third- and fifth-neighbor pair interactions,solid solution is stable in a small range of composition and
triangles containing these pairs have been considered in ttibe relaxation effects should be small. As the fcc solid solu-
set of ECI's to obtain a good convergence of the clustetion does not appear in the phase diagram, we have not con-
expansion(1). More, when the first four-site clustéthe ir-  sidered the relaxation effect in the fcc solid solution. How-
regular tetrahedron including four first-nearest-neighborever, the results obtained in the fcc solid solution can be
pairs and two second-next-nearest passntroduced, the fit related to thecaLPHAD (Ref. 34 treatment of the lattice

of the compound energies is improved with rather smallstability of niobium(see Sec. IV B

The two solid solutions based on the bcc and fcc lattices

3. Relaxation energy



560 C. COLINET et al. 56

4. Electronic free energy of mixing

It is possible to derive the electronic free energy by using
the relation

40 NN T T e
,772 J
Fe(o,T) ==& K3T?ng(o),

Y
S
!

which is commonly referred to as the Sommerfeld mdtel
lowest order in temperaturéor electron excitationsng (o)

is the configurationally dependent density of state at the
Fermi level atT=0 K. In the present work the thermody-
namic data calculations will be performed at high tempera-
tures around 2000 K. However, the electronic free energy o
mixing, which is obtained by a difference between the elec-
tronic free energy of the disordered alloy and the pure ele
ments in the same structure, is found to be an order of mag ]
nitude smaller than the configurational free energy, 0+ s
indicating that the electronic excitations give rise to negli- 0.0 0.2 0.4 0.6 0.8 1.0
gible contributions to thermodynamic properties for Al-Nb Xa|

system.

&
S
!

AmixH: T AqixS, ApixG (k)

5. Vibrational free energy of mixing FIG. 8. Thermodynamic data of mixing in the fcc solid solution

The vibrational free energy of a phase is treated using that T=2000 K. Thick lines: Gibbs energy of mixingolid line),
Debye model as generally formulat®tThis needs the enthalpy of mixing(dot-dashed ling and —TA;,S, whereA S
knowledge of the Debye temperature of the alloy and of thdS the entropy of mixingdashed ling Thin lines: same thermo-
pure elements in the same structure. The Debye temperatufgnamic data without taking into account ordering effects.
can be defined in terms of a Debye sound veloci®y ) by

played in Fig. 8 as function of Al composition. These results
h? [6mw?N\? could be compared with those obtained using the CVM in
D:m vV b the tetrahedron approximation assuming that the correlation
functions of the cluster§2,2 and {3,2}, respectively, the
Following Moruzziet al,*” we will write Cp, as a function of  second-next-neighbor pair and the second triangle, are given
the equilibrium volume per atom and of the bulk modulus,py 5(22):& and §(32)=2§(21)§1—§§, where & is the point
data obtained from theb initio calculations performed in  correlation function. The modification of the thermodynamic
Sec. Il. However, it is impossible to apply this procedure forgata of mixing resulting of the improvement of the entropy
an unstable phase because at least one of their elastic cogpproximation is maximum in the domain of composition
stants is negative. Applying this scheme only to the stablgyroundx, = 0.30(the molar enthalpy of mixing is about 5 kJ
and metastable phases, we have found, like for other sygnore negative, and the molar Gibbs energy of mixing is
tems, that the vibrational states primarily affect thermody-gpout 2.5 kJ more negative toan the Al-rich domain, the
namic properties through their contribution to the entropy ofgifferences are much smaller.
Al-Nb alloys; however, the maximum value displayed by the  The Gibbs energy of the fcc solid solution with the refer-
vibrational free energy is found to be2 kJ/atom, which iS  gnce state bec Nb and fec Al is
still to be an order of magnitude smaller than the configura-
tional free energy at the same temperature, i.e., fec fec foc beoLMTO
—50 kJ/atom for the fcc-based one. G™*=AmixG ™+ Xnp(Gnp— G : 3

|36

B. fcc solid solution The values ofG™ are presented in Fig. 9. In E3) the
difference GIS—GPYMTO has been taken from the FP-
LMTO calculations and is equal to 33.1 kJ/mol. The equiva-

In the fcc solid solution the configurational entropy haslent value for Nb used in thermodynamic databases such as
been written in the tetrahedron-octahedron CVM approximapresented by Saundees al3* and by Fernandez-Guillermet
tion. This treatment allows us to take into account all theand Huang’ tend to be much lower and an explanation will
effective cluster interactions displayed in Table IV. Thebe attempted. Following the approach of
grand potential is minimized with respect to all correlation Fernandez-Guillerm&t for W, the CALPHAD values gener-
functions corresponding to clusters included in the tetraheally derive from the extrapolation of experimental data in the
dron and in the octahedron. The Newton-Raphson proceduregion where the phase in question is stable, but in the case
is used to solve the minimization equations at fixed temperaef Nb-Al, relevant solubility is far too small. It is, however,
ture and effective chemical potential. Then the enthalpy, enpossible to apply the same extrapolative technique to that
tropy, and Gibbs energy of mixing can be computed as funcregion of the calculated values in Fig. 9, which is far away
tion of composition at constant temperature. The variationgrom the region where the fcc phase has been shown to be
of the thermodynamic data of mixing &t=2000 K are dis- mechanically unstable.

1. Basic treatment
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) ) . . FIG. 10. Results of the fit of E¢6). The values ofCy, stand
FIG. 9. Gibbs energy of formation of the fcc solid solution between 10 and 35 kJ/mol.

referred to bcc Nb and fcc Al: @, estimated stable domair®
estimated unstable domain. Egfec

2. Derivation of equivalentcALPHAD value XnpXAl

If we consider the values displayed in Fig. 9 as “experi-has been fitted by a linear regression as function gf (
mental values” in the composition range where the fcc phase-x,,). Figure 10 shows the results of these fits for various
is stable, let us say when G&, <1, it is possible to extract values ofCy,. A good fit of G values is obtained when
the lattice stability for Nb bcesfcc as derived in @ALPHAD  C,, is about 20 kJ, which is of the same order of magnitude
treatment(following the method proposed by Fernandez-as bce-fcc Gibbs energy differences for Nb obtained in
Guillermet et al*® to treat the lattice stability of W The  caLpHaD-type analysed*3'38
Gibbs energy per mol of atoms of the Al-Nb fcc solid solu-
tion referred to bcc Nb and fcc Al is then described by a
substitutional solution model:

C. bcce solid solution

In the bcc solid solution the basic cluster is an irregular
G = Xy GIEE— GREO CAPHA L RT(X) IN X+ Xnp 1N Xpyp) tetrahedron which contains four pairs of first-nearest neigh-
bors and two pairs of second-nearest neighbors. In this ap-
proximation the higher-order pair correlatiofthird- and
where the sum of the last two terms corresponds tdﬂf’[h-ne<_e1rest-ne|ght?or pair mteractl(jn_slll be treated in the _
fec L EfCe s . mean-field approximation. To obtain the thermodynamic
AixG°¢ in Eqg. (3) with =G'®° being the nonideal term. In s : .
data of mixing at fixed temperature and composition, the

this work we will use a subregular solution approximation as

in most CALPHAD calculations to express the excess GibbsGlbbs energy of mixing is minimized with respect to the

4 EGfCC, (4)

enerav of mixing: tetrahedron probabilities. The enthalpy, entropy, and Gibbs
oy 9 energy of mixing afT=2000 K are displayed in Fig. 11 as
EGo0= x [ OL 12— 1L x 5 — X 1. (5) function of Al composition. As a comparison, the curves

obtained for these functions without taking into account the
The first term on the right side of E() will be referred to  ordering effects have been drawn in this figure. The differ-
a “lattice stability” in accordance with the€ALPHAD con-  ences appear to be small; this observation is in agreement
vention and is written as with the fact that the temperature is high and that the first-
and second-neighbor pair interactions are small.
(GRE—GR) “*°=Anp— BT ®)

V. THERMODYNAMICS OF THE LIQUID PHASE
The constant®\,, and By, represent the enthalpy and en- Q

tropy differences between the nonstable and stable forms of Liquid alloys may also display short-range ord8RO as
niobium. In the following, we use a constant temperaflire has been shown for a series of metallic allggse Ref. 12,
=2000 K. The termAy,—Bpp, T is then constant and can be for instancg, and then it is essential to consider SRO when
set equal tdCyy,- determining the thermodynamic data. The starting point to
In a series of fits of Eq(4) as a function of the alloy derive effective pair interactions for the liquid phase is the
compositionCy;, has been chosen to vary systematically be-Carlsson’s resummation proceddré®which corresponds to
tween 10 and 35 kJ/mol. That means that the function a high-temperature expansion of the correlation functions.
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FIG. 11. Thermodynamic data of mixing in the bcc solid solu-  FIG. 12. Modeling of the liquid phase: disordering enthalpy of
tion at T=2000 K. Thick lines: Gibbs energy of mixingsolid mixing (solid line and first-nearest-neighbor pair interactions
line), enthalpy of mixing(dot-dashed ling and — TA ;S , where  (dashed ling
AnixS is the entropy of mixing. Thin lines: same thermodynamic
data without taking into account ordering effects. next-nearest-neighbor pair interaction are plotted as function

of Al composition. The thermodynamic data of mixing of the
Although this model is developed with a solid-state approxi-liquid phase have been calculated using various approxima-
mation, it does a good job of describing the influence of SRAions: In the first one we did not consider the short-range
on the thermodynamic properties of the liquids as seen foprder introduced by the effective pair interactions, and the
NiAl and NiTi alloys!'*?In these two systems we used the liquid phase was treated as a subregular solution. In the sec-
results obtained for the fcc solid solution, the disorderingond approximation a quasichemical model with a coordina-
energy and the first-next-neighbor pair interactions, to modelion number of 12 was used. In the third approximation the
the thermodynamic data of mixing of the liquid phase. Thisordering energy and entropy were those obtained in a fcc
choice is not critical in these systems as the disordering ersolid solution using the regular tetrahedron as basic cluster,
ergy and the effective pair interactions display the same beas done in previous works:** The Gibbs energies of mixing
havior in the fcc and bce phasésee, for example, Figs. 4 of 0f the liquid phase obtained with these various approxima-
Ref. 12. However, in the case of the Nb-Al system, we tions are displayed in Fig. 13. The differences are very small
observe that the disordering energies of the bcc and fcc soli®r two reasons:  The temperature is high and the value of
solutions differ considerablysee Figs. 1 and)4The disor- the effective pair interaction is small. Unfortunately, there
dering energy of the bcc phase is less negative than in the f@ye no experimental data in the Nb-Al liquid phase which
phase: moreover, the disordering energy in the fcc phaswill allow the models to be distinguished. In the following
presents a strong asymmetrical shape with respect to 0Bhase diagram calculations, the third approximation has been
composition. If we consider the Al-Nb-assessed phase digadopted. The thermodynamic data of mixing of the liquid
gram (see Ref. 22 it is clear that the liquid phase behaves phase ail =2000 K are presented in Fig. 14.
similarly to the bcc phase in the niobium-rich range of com-
position, but behaves more like the fcc phase around the 0.75
Al composition(if one consider the large negative value of
the enthalpy of formation of the ANb compound and the Let us sum up the strategy of our calculations.
relatively low melting temperature of this compounéor (i) The bcc solid solution in the niobium-rich part of the
these reasons we have chosen to model the disordering ephase diagram is described as a short-range-ordered solution
ergy of the liquid phase in Nb-Al from the mean value of theusing the CVM tetrahedron approximation.
disordering energy of mixing in the fcc and bcc phases. (ii) The liquid phase is described as a short-range-ordered
Similarly, the first-next-neighbor pair interactions used to dephase for which the CVM in the regular tetrahedron approxi-
scribe the short-range order in the liquid phase were obtaineghation has been applied.
from a mean value of the effective pair interactions obtained (iii) The three compounds occurring in the phase diagram
in the fcc and bcc phases taking into account the first- andre considered as stoichiometric compounds. Their enthalp-
second-next-nearest-neighbor pair interactitthgir evolu- ies of formation referred to bcc Nb and fcc Al have been
tions as a function of the composition are displayed in Figsobtained from the FP-LMTO calculations.
1 and 4, respectively The modeling of the liquid is pre- However, the following data cannot as yet be obtained
sented in Fig. 12: Both the disordering energy and the firstfrom first principles and have to be estimated.

VI. PHASE DIAGRAM CALCULATIONS
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FIG. 13. Gibbs energy of mixing of the liquid phase &t
subregular model(dot-dashed line quasichemical
model(dashed ling and CVM modelsee text, Sec.)5solid line).

=2000 K:

(i) Although the density functional theory has made sig
nificant progress in the modeling of liquids, application to
the determination of the melting temperature and of the mel

TABLE VI. Summary of the thermodynamic data used in the
phase diagram calculations.

bcc solid solution

AmyE=—13.1-5.1£, + 2.463+ 9.665+ 2.6¢65— 3.365 (KJ/
mol)
Liquid phase

Egis= (1— £5)(—22.6+10.4¢;) (kJ/mol)
vibef=1.5-2.2¢, (kd/mo)

Intermetallic compounds
AINb3A(G=—19.000-2.5x 10 3 T (kJ/mol of atom}
AINb,A(G=—24.900-2.4x 102 T (kJ/mol of atom$
AlNDA(G=—41.500+2.2x10"3 T (kJ/mol of atom$
The reference state of the Gibbs energies of formation is
bce Nb and fec Al

Lattice stability

G~ Gc=8.067 kd/mat

G- G'*=10.083-4.813 T (kJ/mo)°

&This work.
bReference 38.

(i) The entropies of formation of the three intermetallic
compounds are unknown. Since the interesting part of the

_phase diagram is in the temperature range 1500-2800 K, it is

not realistic to suppose that the entropies of formation of

ithese compounds referred to pure bcc Nb and fcc Al are

ing enthalpy still does not appear possible. Therefore wdegligible. Therefore we have adjusted the entropies of for-

have chosen to use assessed thermodynamic®datich

mation of the intermetallic compounds such a way that the

give the Gibbs energy of fusion for Al and Nb using the temperatures of peritectic decomposition of AiNland

simple formulation

. . T
AfusG(|)_AfusH(|)( 1- Tfus(i)) :
0 | | 1
NN
a0 \ ............ i
2 N\, T
Q .
N /
",’é -20 N / L
T
x )
< 30 4 =
f L
-40 L N E T
0.0 02 0.4 06 08 1.0

AINb, and the melting temperature of Alb are roughly
reproduced. This also follows the standazdLPHAD ap-
proach.

(i) The lattice stability of aluminum may be deduced
from the total energy calculations for bcc Al and fcc Al. The
value obtained in this work i€5°— E°=8.1 kJ/mol. The
difference of the Gibbs energies, a high temperature, has
been taken equal to this last value, assuming that the entropy
difference can be neglected. However, we have also tested
the effect of using the€aLPHAD value for the Al lattice sta-
bility: G2~ G/c=10 083.4-4.813 T J/mol.

All the thermodynamic data used in these phase diagram
calculations are reported in Table VI. In order to obtain the
equilibrium phase diagram, we have minimized the grand
potentialQ) given byQ=G— u* &;, whereu* is the effec-
tive chemical potential and, the correlation function of the
point cluster €;=Xnp—Xa1)- In the phases where the cluster
variation method is used, the minimization is done using the
natural iteration method developed by KikuéhiThe equi-
librium phase diagram between two phases | and Il is com-
puted using the same scheme as proposed by Kikuchi and
Murray #?

Figure 15 presents the equilibrium phase diagram ob-
tained using the lattice stability of Al obtained from the FP-
LMTO calculations. The eutectic temperature where the lig-
uid phase and the two compounds AINdnd AkLNDb are in

FIG. 14. Thermodynamic data of mixing in the liquid phase atequilibrium is found to be 100° lower than the experimental
T=2000 K obtained using the CVM model:  Gibbs energy of mix- value. The only difference obtained by using theLPHAD

ing (solid line, enthalpy of mixing (dot-dashed ling and

—TA LS, whereA ;S is the entropy of mixingdashed ling

value of the aluminum lattice stability is an increase in the
solubility of aluminum in bcc niobiuniFig. 16).
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FIG. 16. Calculated Nb-Al phase diagram: the lattice stability

of Al is deduced fromcaLPHAD compilations (Ref. 3§ (G2©

—G/°=10083.4-4.813 T I molY)

FIG. 15. Calculated Nb-Al phase diagram: the lattice stability
of Al is deduced from the FP-LMTO calculationsGE®
—G°=8.1 kd/mol).

based on fcc and bcc lattices have been deduced from total-
VIl. CONCLUSION energy full-potential LMTO calculations to derive the effec-
tive cluster interactions in bcc and fcc solid solutions. The

It has been shown thab initio calculations in the Al-Nb bce solid solution has been treated as a short-range-ordered
binary alloy are in general in agreement with the available . T 9
hase. A modeling of the liquid phase has been proposed

experimental information. The ground states are found to hENE X . . .
AlNbs in the A15 structure, AINg in the o structure, and Which takes into account of the disordering energies and the

AlNb in the DO,, structure. It was also shown that the effective pair interactions obtained in the bcc and fcc phases.

lattice relaxation and distortion play a crucial role in the. The liquid-solid phase equilibrium has been calculated us-

e ; .~ ing three supplementary thermodynamic data: the entropies
stabilization of the latter phase. The enthalpies of formatlonmc formation of these compounds which have been adjusted
of these compounds have been calculated, and the agreem(?nt

: . . ) : : rom experimental phase diagram. The melting temperatures
with the available experimental data is quite satisfactory. . . .
. e . . and the enthalpies of fusion of Al and Nb have been taken in
Our calculations indicate that tH&2 phase is unstable in

niobium-rich alloys and, therefore, cannot explain the experi-recent compilations. Finally, the influence of the lattice sta-

mental results obtained by Menoet al2* and Kohmoto bility (()jn the aluminum solubility in bcc Nb has been dis-

et al*® for the presence of 82 phase in quenched alloys cussed.

containing ~20 at. % Al. The observations are, however,

consistent with the high stability calculated for thephase

in this region. It is possible foB2 to appear as a transient  This work was supported by a computer grant of the “In-

phase, as part of a transformation from bcc to metastable stitut du Developpement et des ressources en Informatique
The enthalpies of formation of additional compoundsScientifique” (IDRIS).
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