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Phase-stability study of the Al-Nb system
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The total energies of formation of Al-Nb intermetallic phases Nb3Al (A15), Nb2Al ~s!, and NbAl3
(DO22) have been calculated using the linear-muffin-tin-orbital~LMTO! method in the full potential~FP!
approach. Relaxation and distortion effects have been included and have been shown to play an important role
in the stabilization of theDO22 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 Al-Nb system is presented, using a semiempirical treatment of the liquid phase.
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I. INTRODUCTION

The modern theory of phase diagram calculations
been made possible by great advances in band-structure
culations and theories of configurational thermodynam
and phase transformations. Total energy calculations ba
on the local density approximation~LDA ! are now suffi-
ciently accurate to explain many properties of materials
terms of the underlying electronic structure.1 An accurate
calculation of the configurational free energy of the alloy
possible within various approximations such as mean-fi
methods@cluster variation method2 ~CVM!# or by numerical
methods~Monte Carlo simulations3!. In these models, it is
assumed that the internal energy can be written as a su
multisite interactions which converge rapidly. The fact th
these interactions can be derived from first-principles ca
lations establishes the basis of a comprehensive fi
principles theory of cohesive, structural, and thermodyna
cal properties of metals and alloys. Two extreme types
approach to the calculation of these interactions have b
developed.

~i! The first one starts from the energy of the complet
disordered solid solution calculated by the coherent poten
approximation4 ~CPA!. The effective cluster interactions ar
calculated by the generalized perturbation method~GPM! of
Ducastelle and Gautier,5 the concentration waves theory o
Gyorffy and Stocks,6 and the embedded cluster method
Goniset al.7 using a perturbative treatment about the co
pletely disordered state. In this case, the ordering ener
can be written as an expression in terms of concentrat
dependentnth-order effective cluster interactions. The GP
can be developed with the first-principles multiple-scatter
560163-1829/97/56~2!/552~14!/$10.00
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formalism of the Korringa-Kohn-Rostoker coherent-potent
approximation or with the first-principles tight-binding linea
muffin-tin coherent-potential approximation. For instanc
such approaches have been used to study the thermody
ics of surface alloys.8

~ii ! In the second approach a limited set of periodic str
tures representative for a given problem is chosen and t
total energies are calculated using first-principles s
consistent calculations. It was suggested by Connolly
Williams9 that the effective cluster interactions can be o
tained from these total energies. The method was develo
further by Zunger and co-workers10 and is called the renor
malized interaction approach. Standardab initio band-
structure techniques applied to suitable chosen small su
cells can be used, and the double-counting terms
included. On the other hand, as the interaction energ
which are of order of a few mRy, are obtained as differen
of total energies, the numerical requirements are severe.
procedure has been used successfully by several authors11–18

and will be adopted in the present work.
The Al-Nb system presents both theoretical and tech

logical interest, the aluminides like TiAl or Nb3Al having
many desirable properties such as low density, high mel
temperature, and high yield strength. However, their we
known brittleness at ambient temperatures must be o
come. One strategy for circumventing this brittle behavior
to use a combination of rapid solidification processing a
ternary alloying to induce theB2 structure which results in
alloys that are significantly more ductile. Unfortunately, th
phase often transforms to a metastablev phase which may
drastically embrittle theseB2 phases of transition metal alu
minides. Therefore Nguyen-Manhet al.19 have recently stud-
552 © 1997 The American Physical Society
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56 553PHASE-STABILITY STUDY OF THE Al-Nb SYSTEM
ied the relative stability atT50 K of the v phase with re-
spect to the other close-packed hcp, fcc, and bcc pha
Indeed, of primary importance in attempting to engineer
properties of the Al-Nb alloys is an understanding of t
equilibrium and metastable phases in the system and
range of stability and metastability with respect to expe
mentally controlled parameters such as composition and t
perature. However, in spite of the extensive amount car
out so far in this system, thermodynamic research has b
limited to few investigations.20,21 An assessment of the ex
perimental work which has been performed to study
equilibrium in this system can be found in Ref. 22. Th
assessed diagram is characterized by the occurrence of
intermediate phases: Al3Nb, which melts congruently nea
1953 K and whose structure is a fcc closed-packed supe
ticeDO22;

23 AlNb2, which melts peritectically near 2213 K
and which has as structure; and AlNb3, which decomposes
peritectically near 2333 K and has anA15 Laves phase
structure.23 The Al3Nb compound has a narrow range of s
bility around the stochiometric composition, while the tw
other compounds show relatively large domains of existen
The solubility of aluminum in solid bcc niobium extends
20% at the peritectic temperature of the Nb3Al compound.
There is no major disagreement concerning this phase
gram. However, Menonet al.24 report on a slightly lower
solubility of aluminum in solid niobium.

In this paper we present preliminary results of a theor
cal study of the composition temperature phase diagram
the Al-Nb system. In such a study, the relative stability of t
three occurring Al3Nb, Nb2Al, and Nb3Al compounds has to
be understood. Their formation energies are calculated u
the full-potential ~FP! linear muffin-tin-orbital ~LMTO!
method in order to analyze the physical origin of their s
bility at T50 K. The total energies of selected superstru
tures based on fcc and bcc lattices are calculated using
same method. Theseab initio calculations not only confirm
the instability of fcc Nb at 0 K under a tetragonal Bain
distortion,25 but show that this instability extends at lea
until 0.75 Nb composition. Concerning bcc solid solution
theab initio calculations also show that theB2 structure for
NbAl is unstable with respect to tetragonal distortio
namely, for the ideal ratioc/a51, the curvature of the en
ergy versusc/a is negative, corresponding to a maximum
the energy; these results are in agreement with those
sented by Astaet al.26 Two sets of effective cluster interac
tions ~ECI’s! are then derived for bcc- and fcc-based dis
dered alloy phases using the renormalized interac
approach. These ECI’s will be used in conjunction with t
CVM to determine the necessary thermodynamic proper
as a function of composition and temperature for bcc and
solid solutions. More particularly, we focus our attention
the lattice stability of niobium, namely, the differences
Gibbs energies of fcc Nb and bcc Nb. The vibrational effe
are also included in these calculations using the Deb
Grüneisen model, but these effects appear very small c
pared with the chemical effects. A comparison with t
CALPHAD analyses is proposed. An attempt to calculate
Al-Nb phase diagram also needs a knowledge of the ther
dynamic properties of the liquid phase. We propose an e
mation of the chemical mixing energy and of the firs
neighbor pair interactions to deal with the short-range or
es.
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in this phase. The calculation of these first-neighbor pair
teractions has been based on the results obtained in bot
bcc and fcc solid solutions. Various approximations are u
for the modeling of the Gibbs energy of the liquid phase:
subregular model, a quasichemical model, and an estima
of the ordering energy from the one deduced in a fcc so
solution using a CVM treatment in the regular tetrahedr
approximation. The influence of these various liquid-pha
models on the phase diagram is discussed. The lattice st
ity of aluminum can be taken from either theab initio cal-
culations or fromCALPHAD compilations; the latter value
lead to a slight increase in the aluminum solubility in b
niobium.

The remainder of the paper is organized as follows:
Secs. II and III the details of the electronic structure calc
lations and the method of obtaining the ECI’s are presen
In Sec. IV, the thermodynamic data of the solid solutio
will be calculated and we will discuss the lattice stability
fcc Nb with respect to bcc Nb. In Sec. V, we will also pro
pose various modeling for the liquid phase. In Sec. VI
complete Al-Nb equilibrium phase diagram is calculated
ing estimations of the entropies of formation of the interm
tallic compounds and the influence of the aluminum latt
stability on the solubility of aluminum in bcc niobium wil
be presented.

II. TOTAL-ENERGY CALCULATIONS

As a first step, we have studied the relative stability of t
three intermediate phases observed in the equilibrium ph
diagram. In Structurbericht notation, these phases are ca
DO22 (Al3Nb) phase,s phase (AlNb2), and A15 phase
(AlNb3).

23 We have also calculated the total energies of
lected superstructures:A2, DO3 , L60 , B2, B32, A1, and
B11 based on a bcc andA1, L12 , DO22, L10 based on a fcc
lattice. Our purpose in performing total-energy calculatio
of Al-Nb bcc and fcc superstructures is to obtain a set
effective cluster interactions which can be used to stu
phase stability and the effect of composition and the state
order on the properties of the solid solutions in this all
system. For this reason, the number of superstructures
which these total-energy calculations must be performe
equal or greater than the number of effective cluster inter
tions which is expected to be important for describing t
energetics of this system. In particular, the stability of
DO22 relative to anL12 structure, such as is experimental
observed for the 0.75 composition in aluminum in this sy
tem, can only be modeled by a set of effective cluster int
actions which includes interaction parameters beyond
range of the first-nearest-neighbor pair of the fcc lattice. F
thermore, the effect of structural relaxation on the total e
ergy of all the fcc and bcc superstructures must be taken
account since these energies are to be used for the purpo
studying the relative stability of various alloy phases in th
system. In previous studies concerning the aluminu
titanium system,15 Astaet al.have shown that the tetragon
distortion ofDO22 must be taken into account to predict th
theDO22 structure is more stable than theL12 structure for
Al3Ti composition. We must, therefore, find the minimum
the total energy with respect to all structural degrees of fr
dom for all the ordered compounds, including those wh
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TABLE I. Calculated energies of formation referred to bcc Nb and fcc Al of some face-centered-
Nb-Al superstructures. In column 7 are reported the values obtained when relaxation effects lea
minimization of the total energy.

Composition Strukturbericht
Pearson
symbol

Space
group Prototype

D fH
~kJ/mol of atoms!

D fH
relaxed and distorted

~kJ/mol of atoms!

Al A1 cF4 Fm3m Cu 0
Al3Nb L12 cP4 Pm3m Cu3Au 225.3
Al3Nb D022 tI8 I4/mmm TiAl 3 232.1 241.5
AlNb L10 tP4 P4/mmm CuAu 226.1
AlNb3 L12 cP4 Pm3m Cu3Au 210.1
AlNb3 DO22 tI8 I4/mmm TiAl 3 23.2
Nb A1 cF4 Fm3m Cu 33.1
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are not experimentally observed. For instance, the total
ergies of NbAl in theB33 ~CrB-type!, B19 ~hcp-like!, andv
structure19 have been also calculated to compare the rela
stability of various NbAl structures and to understand w
no intermetallic compound is stable for the equiatomic co
position.

A. Computational details

To calculate the energies of the different phases quo
above, we employ the all-electron total-energy local den
formalism as carried out with the linear muffin-tin-orbit
~LMTO! method in the full potential~FP! approximation.27,28

In this approach, the linear muffin-tin orbitals are augmen
with numerical solutions of the radial Schro¨dinger equation
within nonoverlapping muffin-tin spheres. No spheric
shape approximation for the potential or charge density
made; in the interstitial region, these quantities are expres
in Hankel-function expansions as proposed by Methfess29

The LMTO basis includess, p, andd functions for each
atom. For the full-potential calculations, it is necessary
extend the basis using LMTO’s with various localization
The niobium aluminides valence states are of predomin
Nb (4d) and Al (3sp) character, and in the present calcu
tions we have used as the basis function 22 atom-cent
augmented Hankel functions per Al and 29 per Nb sites. T
corresponding decay energies in the Hankel function tails
2K2520.01~spd for Al or spdffor Nb!, 21,0 (spd), and
22.3 Ry (sp). In order to make accurate predictions w
have also included a second ‘‘semicore’’ panel to prov
bandlike treatment of both the Nb 4s and 4p states. To
evaluate integrals over the Brillouin zone, we use a unifo
mesh of sampling points which ensure that the total energ
converged to within 0.1 mRy per atom. The charge densit
calculated exactly in the muffin-tin spheres in angular m
mentum up tol54. We use the same angular momentu
cutoff in the interpolation of quantities in the interstitial r
gion, expanded in Hankel functions of energies21 and
23 Ry.30 All LDA results reported in this paper are scal
relativistic calculations using the exchange-correlation
tential of von Barth and Hedin.31

For each phase, the total energies provided by the LM
method are obtained for different values of the volume;
minimum of this curve determines the equilibrium total e
ergy and the equilibrium volume. The bulk modulus which
n-
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related to the curvature of the total energy with volume
obtained using a fit based on Murnaghan’s equation
state.32 Since the total energies of the pure metals are trea
in the same way, the formation energy is obtained by s
tracting the weighted sum of total energies of the constitu
elements from the total energy of the compound, namely

D fE5E2xAlEAl2xNbENb .

It should be noted that the ground states of Al and Nb
predicted to be fcc and bcc, respectively. The energy dif
ences between the fcc and bcc structures, defined asEi

fcc

2Ei
bcc, are28.1 and 33.1 kJ/mol for Al and Nb, respec

tively. At high temperature in the Nb-rich part, the Al-N
phase diagram can be viewed as resulting from a compet
between the bcc solid solution and two intermetallic co
pounds. In the Al-rich part, the very great stability of th
DO22, Al3Nb phase must be understood. Therefore it see
to be important to compare the stability of the three interm
tallic compounds, namely,A15,s, andDO22 structures with
superstructures occurring on the fcc and bcc lattices, in
dition to obtaining the ECI’s in the disordered bcc and f
solid solutions.

B. Phase stability of superstructures based on a fcc lattice

The fcc superstructures considered in this study are
played in Table I. The space-group symmetry given in Ta
I dictates the degrees of freedom for structural relaxati
The fccA1 andL12 have cubic symmetries, and the on
degree of freedom is the lattice parametera. DO22 is
body-centred tetragonal whileL10 is tetragonal; in these
structures, the lattice parametersa and c need to be varied
independently in the total-energy calculations. When u
form changes of volume are the only structural relaxations
periodic Al-Nb structures, the values of the energies of f
mation at equilibrium referred to fcc Al and bcc Nb are r
ported in column 6 of Table I. The values of the formatio
energies referred to fcc Al and fcc Nb are plotted versus
composition in Fig. 1.

The calculated molar volumes of the structures conside
in this study are plotted in Fig. 2 as function of Al comp
sition. A significant deviation from Vegard’s law~dashed
line! is observed. The deviation is maximum at 75 at. % A
The same behavior was observed by Astaet al.15 for the fcc
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56 555PHASE-STABILITY STUDY OF THE Al-Nb SYSTEM
Ti-Al intermetallic compounds. Figure 3 shows the depe
dence of the calculated bulk moduli on the aluminum co
position.

Changes in the total energy caused by deviations ofc/a
ratios and interatomic distances from their ideal values c
siderably affects the value of the enthalpy of formation of
DO22 superstructure for the 75% Al composition. The val
of the ratioc/a which minimizes the total energy is 2.22

FIG. 1. Energies of formation of Nb-Al fcc superstru
tures: (, unrelaxed structures:d, relaxed structures~Sec. II!; dis-
ordering energy~solid line!, first-nearest-neighbor pair interactio
~dashed line!, and second-nearest-neighbor pair interaction~Sec. V!
~dot-dashed line!.

FIG. 2. Calculated molar volumes of fcc Nb-Al intermetall
compounds vs Al composition for the five fcc superstructures c
sidered in this study. The dashed line indicates the dependen
the molar volume on composition expected from Vegard’s law.
-
-

-
e

while the experimental value reported in thePearson’s
Handbookis 2.232. The value of the enthalpy of formatio
of the relaxed and distortedDO22 phase is reported in the
last column of Table I and in Fig. 1. The effect of thec/a
relaxation in the case of theL10 structure is rather small an
has been neglected.

Recentab initio calculations25 suggest that fcc Nb is me
chanically unstable with respect to tetragonal distortio
Therefore we have performed calculations of elastic c
stants of fcc Nb, and our calculations confirm that the ela
constantC of fcc Nb is negative, which implies a dynamica
instability with respect to tetragonal distortion. Similar ca
culations show thatL12 andDO22 structures for the Nb3Al
stochiometry are also mechanically unstable: however,
the AlNb L10 compound, the coefficientC8 becomes posi-
tive, and therefore this compound is mechanically stable w
respect to tetragonal distortion.

C. Phase stability of superstructures based on a bcc lattice

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

Changes in the total energy caused by deviations ofc/a
ratios and interatomic distances from their ideal values c
siderably affect the value of the enthalpy of formation of t
L60 superstructure at 25% and 75% of aluminum, and of
A1 andB11 superstructures for equiatomic composition. T
values of the energies of formation referred to fcc Al and b
Nb are reported in Table II.

Both Astaet al.26 and Nguyen-Manhet al.19 have pointed
out that the AlNbB2 structure was unstable with respect

-
of

FIG. 3. Calculated bulk moduli of fcc Nb-Al intermetallic com
pounds vs Al composition for the five fcc superstructures cons
ered in this study.
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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 co
are reported the values obtained when relaxation effects lead to a minimization of the total energy.

Composition Strukturbericht
Pearson
symbol

Space
group Protype

D fH
~kJ/mol of atoms!

D fH
relaxed and distorted

~kJ/mol of atoms!

Al A2 cI2 Im3m W 8.1
Al3Nb DO3 cF16 Fm3m BiF3 15.3
Al3Nb L60 tP4 P4/mmm CuTi3 26.7 225.0
AlNb B2 cP2 Pm3m CsCl 20.4
AlNb B32 cF16 Fd3m NaTl 26.8
AlNb B11 tP4 P4/nmm g-TiCu 22.4 214.3
AlNb A1 oC8 Cmmm g-IrV 219.0 229.3
AlNb3 DO3 cF16 Fm3m BiF3 26.1
AlNb3 L60 tP4 P4/mmm CuTi3 29.4 216.1
Nb A2 cI2 Im3m W 0
io
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tetragonal distortion. Furthermore, Astaet al.26 have pre-
sented the evolution of the energy of formation as funct
of the c/a ratio and found that the lowest energy for th
NbAl compound withB2 order is obtained for a value o
c/a roughly equal to 1.45, which is close to the value wh
the distortedB2 is equivalent to an idealL10 structure. In
the present work, we found that thec/a relaxation in the case
of the L10 structure was rather small. The difference of t
total energies of theB2 andL10 structures calculated in thi
work is of the same order of magnitude as the one show
a graph by Astaet al.26 For theB32 phase we found a valu
of C8 near zero at the ideal ratioc/a51 in agreement with
the result proposed by Astaet al.26 These authors found
second minimum for a ratioc/a roughly equal to 1.58. How-

FIG. 4. Energies of formation of Nb-Al bcc superstru
tures: (, unrelaxed structures:d, relaxed structures~Sec. II!; dis-
ordering energy~solid line!, first-nearest-neighbor pair interactio
~dashed line!, and second-nearest-neighbor pair interaction~Sec. V!
~dot-dashed line!.
n

in

ever, the energy of formation at this second minimum
more positive than the one obtained for theB2 distorted
structure.

Asta et al.26 proposed that the so-calledB2 in quenched
Nb-rich alloys is not strictly cubic, but that the crystallo
graphic data supports the idea that it has undergone a pa
Bain transformation. However, the calculations perform
by Nguyen-Manhet al.19 show that thev phase is more
stable than eitherL10 andL12 ~see Fig. 7! and suggest an
alternative explanation, supported by evidence from Pa
et al.,33 that the structure of such quenchedB2 alloys is re-
lated to thev phase.

D. Phase stability of AlNb2„s… and AlNb3„A15… compounds

In a previous work dealing with the metastability of thev
phase in transition-metal aluminides, Nguyen-Manhet al.19

FIG. 5. Calculated molar volumes of bcc Nb-Al intermetall
compounds vs Al composition for the eight bcc superstructures c
sidered in this study. The dashed line indicates the dependenc
the molar volume on composition expected from Vegard’s law.
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calculated with the FP-LMTO method the total energies
the compounds AlNb3 ~A15 structure!, AlNb2 ~s structure!,
Al 3Nb ~DO22 structure!, AlNb2, AlNb, and Al2Nb in the
omega~v! structure, and AlNb in theB19 structure~hcp-
like! andB33 structure~NaCl prototype!. Only the main con-
clusions of this previous work are reported here. The val
of the energies of formation reported by these authors
those obtained in this work for the bcc and fcc structures
reported in Fig. 7.~Note that in the case of relaxation effec
only the values of the energies of the corresponding s
have been reported!. In agreement with the experiment
phase diagram, Al3Nb in DO22 structure, AlNb2 in s struc-
ture, and AlNb3 in A15 structure are found to be the groun
state. By comparing the stability with otherAB competing
phases, thev phase in Al-Nb was found to be the mo
metastable phase for the 0.5 composition. However,
shown in Fig. 7, the combination of nearby stoichiometr
Al3Nb and AlNb2 cause AlNb to be metastable.

The energies of formation atT50 K of AlNb3 ~A15 struc-
ture!, AlNb2 ~s structure!, and Al3Nb ~DO22 structure! com-
pounds referred to fcc Al and bcc Nb are reported in Ta
III where they are compared with experimental values of
enthalpies of formation at room temperature. Using dir

FIG. 6. Calculated bulk moduli of bcc Nb-Al intermetallic com
pounds vs Al composition for the eight bcc superstructures con
ered in this study.
f
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te
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e
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calorimetric measurements, Meschel and Kleppa20 derived
the enthalpies of formation at room temperature of two co
pounds: AlNb3 and Al3Nb. For the first compound the
value obtained by these authors is less exothermic than
calculated value, but for the Al3Nb compound the agreemen
between the experimental and calculated values is very
isfactory. Values of the enthalpies of formation of the ni
bium aluminides were also proposed by Shiloet al.21 These
authors used a Knudsen effusion method, and so the va
of the enthalpies of formation are not obtained directly. U
ing the second and third laws Shiloet al.21 derived the values
of the enthalpies of formation of the three intermetallic co
pounds at 298 K, and these values are reported in Table
The agreement between the calculated values and ex
mental one seems acceptable.

III. CLUSTER EXPANSIONS AND EFFECTIVE CLUSTER
INTERACTIONS

A. Cluster expansion

As discussed in the Introduction, the study of the evo
tion of the structural stability as a function of compositio

d- FIG. 7. Calculated energies of formation of perfectly order
NbAl intermetallic compounds. The reference state is bcc Nb
fcc Al.
TABLE III. Comparison of the calculated energies of formation of AlNb3 (A15), AlNb2 ~s!, and
Al3Nb (DO22) compounds and the experimental values obtained by Meschel and Kleppa~Ref. 20! and Shilo
et al. ~Ref. 21!.

Enthalpies of formation
~kJ/mol of atoms!

Calculated values
This work

Experimental values
Meschel and Kleppaa

Experimental values
Shilo et al.b

AlNb3 219.0 213.7 219.3
AlNb2 224.9 225.0
Al3Nb 241.5 240.5 232.6

aReference 20.
bReference 21.
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TABLE IV. Effective cluster interactions for fcc-based Nb-Al alloys. The point correlation functio
related to the molar fractions of Al and Nb by the relationj5xNb2xAl . The reference state of the energy
fcc Al and fcc Nb.

Symbol Coordinates
Multiplicity

ma
ma Ea

~kJ!

E(0,1) 1 232.9
E(1,1) ~0 0 0! 1 19.9
E(2,1) ~0 0 0!, ~1/2 0 1/2! 6 31.9
E(2,2) ~0 0 0!, ~1 0 0! 3 20.1
E(3,1) ~0 0 0!, ~1/2 1/2 0!, ~1/2 0 1/2! 8 0.7
E(3,2) ~0 0 0!, ~1/2 0 1/2!, ~1 0 0! 12 220.6
E(4,1) ~0 0 0!, ~1/2 0 1/2!, ~1/2 1/2 0!, ~0 1/2 1/2! 2 1.1
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and temperature requires the definition of the parame
used in the three-dimensional~3D! Ising model. We use the
renormalized interaction approach9,10,16assuming that the to
tal energy of aAxB12x compounds based on a same latt
can be described in terms of a rapidly convergent serie
composition-independent multisite interactions. More p
cisely, we assume that the total energy of a particular c
figurationa is expressed by

Etot
a ~r !5 (

g

gmax

NgEg~r !jg
a . ~1!

Eg(r ) is the composition-independent multisite interacti
associated with the multisite correlation functionjg

a defined
in a given structurea as

jg
a5

1

Ng
(
unj u

sn1
a sn2

a sn3
a ,

wheresn5122pn takes the value11 or21 depending on
the occupancy of siten, Ng is the total number ofg-type
clusters, and the sum runs over allg-type clusters that can b
formed by combining sites on the entire crystal. From a fin
number of total energies for ordered structures and by tr
cating the summation of Eq.~1!, a set of multisite interac-
tions is obtained from

Eg~r !5
1

Ng
(
a

@jg
a#21Etot

a ~r ! for f,g,gmax,

Eg~r !50 for gmax,g,`.

f is the empty cluster.
SinceEtot

a (r) is generally a function of volume, the inte
actionsEg(r ) depend onr too. For a givengmax, the best set
of cluster interactions has been chosen as the one w
minimizes the predictive error in the energy according to

(
a

vaFEtot
a ~r !2( NgEg~r !jg

aG25min, ~2!

with the weightsva548Nc(a)/NG(a). Here Nc(a) and
NG(a) are the number of atoms per unit cell and the num
of point group operations for the structurea, respectively.
Formula ~2! was suggested by Luet al.16 We find that dif-
ferent choices of weighting factor marginally affect the e
tracted ECI’s, and therefore we takeva51. The optimum
rs

of
-
n-

e
n-

ch

r

-

set of ECI’s is then obtained by studying the convergence
the predictive error involved in the predicting energy valu
and also the convergence of the formation energy of the
dom alloy at 50%. This later one is also a significant che
as it is obtained as a by-product in the used method.15

The volume dependence of the ECI’s is implicitly in
cluded when they are determined with the inversion sche
using the values of the functions of configuration at the v
umes for which the energy of the alloy is minimized at 0
In the particular case of the Al-Nb alloy, all the assumptio
used to derive ECI’s have only very weak consequen
since the domain of the bcc solid solution is small and
fcc solid solution does not appear in the phase diagram.

B. Effective cluster interactions in the fcc lattice

The set of structures can be chosen in such a way
determine the chemical interactions parameters for all c
ters up to the regular nearest-neighbor tetrahedron cluste
the fcc lattice. Within this approximation we need only th
values of the pure fcc metals energies and three value
ordered compounds energies including AlNb in theL10
structure, and Al3Nb and AlNb3 on theL12 structure. How-
ever, the results obtained in Sec. II show that theDO22 su-
perstructure is more stable than theL12 superstructure for
0.25 Al composition as well for the 0.75 Al composition
Then the second-nearest-neighbor pair interactions hav
be taken into account in the set of ECI’s.

Since the energy of formation is asymmetric with resp
to 0.5 composition, it is expected that interactions of clust
containing an odd number of sites have to be included
reproduce it. Then a set of seven interactions has been
sen and evidently reproduces the energies of formation of
seven structures considered in this work. This set of clus
consists of the empty and point clusters, the nearest-
next-nearest-neighbor pairs,E(2,1) andE(2,2), the two first
three-point clusters: the equilateral triangleE(3,1), con-
taining three first-nearest-neighbor pair interactions, and
isosceles triangleE(3,2), containing two first-nearest
neighbor pair interactions and one second-nearest-neig
pair interaction, and the nearest-neighbor regular tetrahed
E(4,1). The set of ECI’s included in the fit is given in Tab
IV. The value ofE(3,1) is very small because the energies
formation of theL12 superstructures for 0.25 and 0.75 al
minum composition have quite the same values~when re-
ferred to fcc Al and Nb!. The value ofE(3,2) is much larger
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56 559PHASE-STABILITY STUDY OF THE Al-Nb SYSTEM
because of the asymmetrical shape with respect to 0.5 c
position of the energies of formation of theDO22 superstruc-
tures for 0.25 and 0.75 Al composition.

In order to test the convergence of this set of seven in
actions, we have first reduced the number of interactions.
a set of six interactions, namely, without the regular tetra
dron, the total energies of ordered structures are reprodu
with a root-mean-square error of 1 mRy/atom. Then we
consider that the chosen interactions capture the major
fects to explain the structural stabilities of these structu
Another test is to compare the formation energies of co
pounds determined by the cluster expansion with the for
tion energies determined by a direct calculation for structu
which do not enter the building of this set, namely, t
MoPt2 and ‘‘40’’ structures. We have found an energy d
ference of less than 1 mRy/atom for all the three conside
structures.

C. Effective cluster interactions in the bcc lattice

In the bcc lattice the set of structures may be chosen
such a way as to determine the chemical interaction par
eters for all clusters up to the irregular tetrahedron. Wit
this approximation we need only the values of the pure
metals and the four values of ordered compound ener
including AlNb in theB2 andB32 structures, and Al3Nb and
AlNb3 in theDO3 structure. However, the results obtained
Sec. II show that theL60 , A1, andB11 superstructures ar
more stable than theDO3 , B2, andB32 superstructures a
the corresponding composition; then, third- to fifth-neighb
pair interactions have to be included to obtain a good fit
the energies of the bcc superstructures. However, as co
ered in other work,16 we did not include the fourth-neighbo
pair interaction since this one is outside the cube. Due to
importance of the third- and fifth-neighbor pair interaction
triangles containing these pairs have been considered in
set of ECI’s to obtain a good convergence of the clus
expansion~1!. More, when the first four-site cluster~the ir-
regular tetrahedron including four first-nearest-neigh
pairs and two second-next-nearest pairs! is introduced, the fit
of the compound energies is improved with rather sm

TABLE V. Effective cluster interactions for bcc-based Nb-A
alloys. The point correlation function is related to the molar fra
tions of Al and Nb by the relationj5xNb2xAl . The reference state
of the energy is bcc Al and bcc Nb.

Symbol Coordinates
Multiplicity

ma
ma Ea

~kJ!

E(0,1) 1 213.1
E(1,1) ~0 0 0! 1 25.1
E(2,1) ~0 0 0!, ~1/2 1/2 1/2! 4 2.4
E(2,2) ~0 0 0!, ~1 0 0! 3 9.6
E(2,3) ~0 0 0!, ~1 0 1! 6 10.0
E(2,5) ~0 0 0!, ~1 1 1! 12 25.6
E(3,1) ~0 0 0!, ~1/2 1/2 1/2!, ~1 0 0! 12 2.6
E(3,2) ~0 0 0!, ~1/2 1/2 1/2!, ~1 0 1! 12 23.6
E(3,3) ~0 0 0!, ~1/1 1/2 1/2!, ~1 1 1! 4 6.1
E(4,1) ~0 0 0!, ~1/2 1/2 1/2!,

~1/2 1/221/2!, ~1 0 0!
6 23.3
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changes of the formation energy of the random alloy and
the pair and triangle interactions. The set of ECI’s includ
in the fit is given in Table V.

Let us mention that the asymmetry aroundc50.5 is less
pronounced than in the fcc lattice as indicated by the value
the triplet interaction. But what may be the most importa
feature is the different behavior between fcc-based pair
teractions and bcc-based ones. The two nearest-neighbo
interactions display the same positive sign, but an orde
magnitude exists between both values. Then it is expec
that the chemical ordering effects will not be quantitative
the same on the two lattices contrary to other systems
Ni-Al and Ni-Ti systems.11,12

IV. THERMODYNAMICS OF THE fcc AND bcc SOLID
SOLUTIONS: LATTICE STABILITY OF NIOBIUM

A. Contributions to the Gibbs energy of mixing

The Gibbs energy of mixing of a phasea is defined as

DmixG
a5Ga2xAGA

a2xBGB
a ,

whereGa is the Gibbs energy of the considered phase
structurea andGi

a ~i5A or B! the Gibbs energy of purei in
the same structurea. In the Gibbs energy of mixing are
included many terms: the configurational enthalpy of m
ing, the configurational entropy of mixing, the relaxation e
ergy, the electronic free energy of mixing, and the vib
tional free energy of mixing. Note that in the following w
will not distinguish the Gibbs energy of mixing from the fre
energy of mixing~as well as the enthalpy of mixing and th
energy of mixing! because the difference equal toP DV is
negligible except at very high pressure.

1. Configurational enthalpy of mixing

For the configurational enthalpy~or energy! of mixing,
we will use the results obtained in Sec. III: The energy
mixing of the phase is expressed as a function of the clu
interactions.

2. Configurational entropy of mixing

The two solid solutions based on the bcc and fcc latti
are described as short-range-ordered solutions using the
ter variation method~CVM! in the tetrahedron approxima
tion for the bcc lattice and the tetrahedron-octahedron
proximation for the fcc lattice.

3. Relaxation energy

The origin of the relaxation energy has been explained
Sec. II in the case of perfectly ordered compounds and
corresponding energies have been calculated. This phen
enon may also occur in disordered phases; however, in
work we have not considered this effect because the
solid solution is stable in a small range of composition a
the relaxation effects should be small. As the fcc solid so
tion does not appear in the phase diagram, we have not
sidered the relaxation effect in the fcc solid solution. Ho
ever, the results obtained in the fcc solid solution can
related to theCALPHAD ~Ref. 34! treatment of the lattice
stability of niobium~see Sec. IV B!.

-
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4. Electronic free energy of mixing

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

Fel~s,T!52
p2

6
kB
2T2nF~s!,

which is commonly referred to as the Sommerfeld model~to
lowest order in temperature! for electron excitations.nF(s)
is the configurationally dependent density of state at
Fermi level atT50 K. In the present work the thermody
namic data calculations will be performed at high tempe
tures around 2000 K. However, the electronic free energy
mixing, which is obtained by a difference between the el
tronic free energy of the disordered alloy and the pure e
ments in the same structure, is found to be an order of m
nitude smaller than the configurational free ener
indicating that the electronic excitations give rise to neg
gible contributions to thermodynamic properties for Al-N
system.

5. Vibrational free energy of mixing

The vibrational free energy of a phase is treated using
Debye model as generally formulated.35 This needs the
knowledge of the Debye temperature of the alloy and of
pure elements in the same structure. The Debye tempera
can be defined in terms of a Debye sound velocity (CD) by

QD5
h2

2pkB
S 6p2N

V D 1/2CD .

Following Moruzziet al.,36 we will write CD as a function of
the equilibrium volume per atom and of the bulk modulu
data obtained from theab initio calculations performed in
Sec. II. However, it is impossible to apply this procedure
an unstable phase because at least one of their elastic
stants is negative. Applying this scheme only to the sta
and metastable phases, we have found, like for other
tems, that the vibrational states primarily affect thermod
namic properties through their contribution to the entropy
Al-Nb alloys; however, the maximum value displayed by t
vibrational free energy is found to be22 kJ/atom, which is
still to be an order of magnitude smaller than the configu
tional free energy at the same temperature, i
250 kJ/atom for the fcc-based one.

B. fcc solid solution

1. Basic treatment

In the fcc solid solution the configurational entropy h
been written in the tetrahedron-octahedron CVM approxim
tion. This treatment allows us to take into account all t
effective cluster interactions displayed in Table IV. T
grand potential is minimized with respect to all correlati
functions corresponding to clusters included in the tetra
dron and in the octahedron. The Newton-Raphson proce
is used to solve the minimization equations at fixed tempe
ture and effective chemical potential. Then the enthalpy,
tropy, and Gibbs energy of mixing can be computed as fu
tion of composition at constant temperature. The variati
of the thermodynamic data of mixing atT52000 K are dis-
g
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played in Fig. 8 as function of Al composition. These resu
could be compared with those obtained using the CVM
the tetrahedron approximation assuming that the correla
functions of the clusters$2,2% and $3,2%, respectively, the
second-next-neighbor pair and the second triangle, are g
by j2

(2)5j1
2 and j3

(2)52j2
(1)j12j1

3, where j1 is the point
correlation function. The modification of the thermodynam
data of mixing resulting of the improvement of the entro
approximation is maximum in the domain of compositio
aroundxAl50.30~the molar enthalpy of mixing is about 5 k
more negative, and the molar Gibbs energy of mixing
about 2.5 kJ more negative too!; in the Al-rich domain, the
differences are much smaller.

The Gibbs energy of the fcc solid solution with the refe
ence state bcc Nb and fcc Al is

Gfcc5DmixG
fcc1xNb~GNb

fcc2GNb
bcc!LMTO. ~3!

The values ofGfcc are presented in Fig. 9. In Eq.~3! the
difference (GNb

fcc2GNb
bcc)LMTO has been taken from the FP

LMTO calculations and is equal to 33.1 kJ/mol. The equiv
lent value for Nb used in thermodynamic databases suc
presented by Saunderset al.34 and by Fernandez-Guillerme
and Huang37 tend to be much lower and an explanation w
be attempted. Following the approach
Fernandez-Guillermet13 for W, the CALPHAD values gener-
ally derive from the extrapolation of experimental data in t
region where the phase in question is stable, but in the c
of Nb-Al, relevant solubility is far too small. It is, howeve
possible to apply the same extrapolative technique to
region of the calculated values in Fig. 9, which is far aw
from the region where the fcc phase has been shown to
mechanically unstable.

FIG. 8. Thermodynamic data of mixing in the fcc solid solutio
at T52000 K. Thick lines: Gibbs energy of mixing~solid line!,
enthalpy of mixing~dot-dashed line!, and2TDmixS, whereDmixS
is the entropy of mixing~dashed line!. Thin lines: same thermo-
dynamic data without taking into account ordering effects.
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56 561PHASE-STABILITY STUDY OF THE Al-Nb SYSTEM
2. Derivation of equivalentCALPHAD value

If we consider the values displayed in Fig. 9 as ‘‘expe
mental values’’ in the composition range where the fcc ph
is stable, let us say when 0.6,xAl,1, it is possible to extrac
the lattice stability for Nb bcc→fcc as derived in aCALPHAD
treatment~following the method proposed by Fernande
Guillermet et al.13 to treat the lattice stability of W!. The
Gibbs energy per mol of atoms of the Al-Nb fcc solid sol
tion referred to bcc Nb and fcc Al is then described by
substitutional solution model:

Gfcc5xNb~GNb
fcc2GNb

bcc!CALPHAD1RT~xAl ln xAl1xNb ln xNb!

1EGfcc, ~4!

where the sum of the last two terms corresponds
DmixG

fcc in Eq. ~3! with EGfcc being the nonideal term. In
this work we will use a subregular solution approximation
in most CALPHAD calculations to express the excess Gib
energy of mixing:

EGfcc5xNbxAl@
0L fcc21L fcc~xAl2xNb!#. ~5!

The first term on the right side of Eq.~3! will be referred to
a ‘‘lattice stability’’ in accordance with theCALPHAD con-
vention and is written as

~GNb
fcc2GNb

bcc!CALPHAD5ANb2BNbT. ~6!

The constantsANb andBNb represent the enthalpy and e
tropy differences between the nonstable and stable form
niobium. In the following, we use a constant temperatureT
52000 K. The termANb2BNb T is then constant and can b
set equal toCNb .

In a series of fits of Eq.~4! as a function of the alloy
composition,CNb has been chosen to vary systematically b
tween 10 and 35 kJ/mol. That means that the function

FIG. 9. Gibbs energy of formation of the fcc solid solutio
referred to bcc Nb and fcc Al: d, estimated stable domain:s
estimated unstable domain.
-
e

-

o

s
s

of

-

Z5
EGfcc

xNbxAl

has been fitted by a linear regression as function of (xAl
2xNb). Figure 10 shows the results of these fits for vario
values ofCNb . A good fit of Gfcc values is obtained when
CNb is about 20 kJ, which is of the same order of magnitu
as bcc→fcc Gibbs energy differences for Nb obtained
CALPHAD-type analyses.34,37,38

C. bcc solid solution

In the bcc solid solution the basic cluster is an irregu
tetrahedron which contains four pairs of first-nearest nei
bors and two pairs of second-nearest neighbors. In this
proximation the higher-order pair correlations~third- and
fifth-nearest-neighbor pair interactions! will be treated in the
mean-field approximation. To obtain the thermodynam
data of mixing at fixed temperature and composition,
Gibbs energy of mixing is minimized with respect to th
tetrahedron probabilities. The enthalpy, entropy, and Gi
energy of mixing atT52000 K are displayed in Fig. 11 a
function of Al composition. As a comparison, the curv
obtained for these functions without taking into account
ordering effects have been drawn in this figure. The diff
ences appear to be small; this observation is in agreem
with the fact that the temperature is high and that the fi
and second-neighbor pair interactions are small.

V. THERMODYNAMICS OF THE LIQUID PHASE

Liquid alloys may also display short-range order~SRO! as
has been shown for a series of metallic alloys~see Ref. 12,
for instance!, and then it is essential to consider SRO wh
determining the thermodynamic data. The starting point
derive effective pair interactions for the liquid phase is t
Carlsson’s resummation procedure,39,40which corresponds to
a high-temperature expansion of the correlation functio

FIG. 10. Results of the fit of Eq.~6!. The values ofCNb stand
between 10 and 35 kJ/mol.



xi
RO
fo
e
in
d
hi
e
b
f
e
o

f
a
0
di
es
m
0.
of

he
es
e
in
e
an

gs
-
rs

ion
e
a-

ge
he
ec-
a-
e
fcc
ter,

a-
all
of
e
h

een
id

tion

red
i-

m
lp-
n

ed

lu-

ic

f
s

562 56C. COLINET et al.
Although this model is developed with a solid-state appro
mation, it does a good job of describing the influence of S
on the thermodynamic properties of the liquids as seen
NiAl and NiTi alloys.11,12 In these two systems we used th
results obtained for the fcc solid solution, the disorder
energy and the first-next-neighbor pair interactions, to mo
the thermodynamic data of mixing of the liquid phase. T
choice is not critical in these systems as the disordering
ergy and the effective pair interactions display the same
havior in the fcc and bcc phases~see, for example, Figs. 4 o
Ref. 12!. However, in the case of the Nb-Al system, w
observe that the disordering energies of the bcc and fcc s
solutions differ considerably~see Figs. 1 and 4!. The disor-
dering energy of the bcc phase is less negative than in the
phase: moreover, the disordering energy in the fcc ph
presents a strong asymmetrical shape with respect to
composition. If we consider the Al-Nb-assessed phase
gram ~see Ref. 22!, it is clear that the liquid phase behav
similarly to the bcc phase in the niobium-rich range of co
position, but behaves more like the fcc phase around the
Al composition~if one consider the large negative value
the enthalpy of formation of the Al3Nb compound and the
relatively low melting temperature of this compound!. For
these reasons we have chosen to model the disordering
ergy of the liquid phase in Nb-Al from the mean value of t
disordering energy of mixing in the fcc and bcc phas
Similarly, the first-next-neighbor pair interactions used to d
scribe the short-range order in the liquid phase were obta
from a mean value of the effective pair interactions obtain
in the fcc and bcc phases taking into account the first-
second-next-nearest-neighbor pair interactions~their evolu-
tions as a function of the composition are displayed in Fi
1 and 4, respectively!. The modeling of the liquid is pre
sented in Fig. 12: Both the disordering energy and the fi

FIG. 11. Thermodynamic data of mixing in the bcc solid so
tion at T52000 K. Thick lines: Gibbs energy of mixing~solid
line!, enthalpy of mixing~dot-dashed line!, and2TDmixS , where
DmixS is the entropy of mixing. Thin lines: same thermodynam
data without taking into account ordering effects.
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next-nearest-neighbor pair interaction are plotted as funct
of Al composition. The thermodynamic data of mixing of th
liquid phase have been calculated using various approxim
tions: In the first one we did not consider the short-ran
order introduced by the effective pair interactions, and t
liquid phase was treated as a subregular solution. In the s
ond approximation a quasichemical model with a coordin
tion number of 12 was used. In the third approximation th
ordering energy and entropy were those obtained in a
solid solution using the regular tetrahedron as basic clus
as done in previous works.11,12The Gibbs energies of mixing
of the liquid phase obtained with these various approxim
tions are displayed in Fig. 13. The differences are very sm
for two reasons: The temperature is high and the value
the effective pair interaction is small. Unfortunately, ther
are no experimental data in the Nb-Al liquid phase whic
will allow the models to be distinguished. In the following
phase diagram calculations, the third approximation has b
adopted. The thermodynamic data of mixing of the liqu
phase atT52000 K are presented in Fig. 14.

VI. PHASE DIAGRAM CALCULATIONS

Let us sum up the strategy of our calculations.
~i! The bcc solid solution in the niobium-rich part of the

phase diagram is described as a short-range-ordered solu
using the CVM tetrahedron approximation.

~ii ! The liquid phase is described as a short-range-orde
phase for which the CVM in the regular tetrahedron approx
mation has been applied.

~iii ! The three compounds occurring in the phase diagra
are considered as stoichiometric compounds. Their entha
ies of formation referred to bcc Nb and fcc Al have bee
obtained from the FP-LMTO calculations.

However, the following data cannot as yet be obtain
from first principles and have to be estimated.

FIG. 12. Modeling of the liquid phase: disordering enthalpy o
mixing ~solid line! and first-nearest-neighbor pair interaction
~dashed line!.
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56 563PHASE-STABILITY STUDY OF THE Al-Nb SYSTEM
~i! Although the density functional theory has made s
nificant progress in the modeling of liquids, application
the determination of the melting temperature and of the m
ing enthalpy still does not appear possible. Therefore
have chosen to use assessed thermodynamic data38 which
give the Gibbs energy of fusion for Al and Nb using th
simple formulation

D fusG~ i !5D fusH~ i !S 12
T

Tfus~ i !
D .

FIG. 13. Gibbs energy of mixing of the liquid phase atT
52000 K: subregular model~dot-dashed line! quasichemical
model~dashed line!, and CVM model~see text, Sec. 5! ~solid line!.

FIG. 14. Thermodynamic data of mixing in the liquid phase
T52000 K obtained using the CVM model: Gibbs energy of m
ing ~solid line!, enthalpy of mixing ~dot-dashed line!, and
2TDmixS, whereDmixS is the entropy of mixing~dashed line!.
-

lt-
e

~ii ! The entropies of formation of the three intermetal
compounds are unknown. Since the interesting part of
phase diagram is in the temperature range 1500–2800 K,
not realistic to suppose that the entropies of formation
these compounds referred to pure bcc Nb and fcc Al
negligible. Therefore we have adjusted the entropies of
mation of the intermetallic compounds such a way that
temperatures of peritectic decomposition of AlNb3 and
AlNb2 and the melting temperature of Al3Nb are roughly
reproduced. This also follows the standardCALPHAD ap-
proach.

~iii ! The lattice stability of aluminum may be deduce
from the total energy calculations for bcc Al and fcc Al. Th
value obtained in this work isEAl

bcc2EAl
fcc58.1 kJ/mol. The

difference of the Gibbs energies, a high temperature,
been taken equal to this last value, assuming that the ent
difference can be neglected. However, we have also te
the effect of using theCALPHAD value for the Al lattice sta-
bility: GAl

bcc2GAl
fcc510 083.424.813 T J/mol.

All the thermodynamic data used in these phase diag
calculations are reported in Table VI. In order to obtain t
equilibrium phase diagram, we have minimized the gra
potentialV given byV5G2m* j1 , wherem* is the effec-
tive chemical potential andj1 the correlation function of the
point cluster (j15xNb2xAl). In the phases where the clust
variation method is used, the minimization is done using
natural iteration method developed by Kikuchi.41 The equi-
librium phase diagram between two phases I and II is co
puted using the same scheme as proposed by Kikuchi
Murray.42

Figure 15 presents the equilibrium phase diagram
tained using the lattice stability of Al obtained from the F
LMTO calculations. The eutectic temperature where the
uid phase and the two compounds AlNb2 and Al3Nb are in
equilibrium is found to be 100° lower than the experimen
value. The only difference obtained by using theCALPHAD
value of the aluminum lattice stability is an increase in t
solubility of aluminum in bcc niobium~Fig. 16!.

t

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

bcc solid solution
DmixE5213.125.1j112.4j2

119.6j2
212.6j3

123.3j4
1 ~kJ/

mol!
Liquid phase
Edis5(12j1

2)(222.6110.4j1) ~kJ/mol!
V2
(1)eff51.522.2j1 ~kJ/mol!

Intermetallic compounds
AlNb3D fG5219.00022.531023 T ~kJ/mol of atoms!
AlNb2D fG5224.90022.431023 T ~kJ/mol of atoms!
Al3NbD fG5241.50012.231023 T ~kJ/mol of atoms!
The reference state of the Gibbs energies of formation is
bcc Nb and fcc Al
Lattice stability
GAl
bcc2GAl

fcc58.067 kJ/mola

GAl
bcc2GAl

fcc510.08324.813 T ~kJ/mol!b

aThis work.
bReference 38.
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VII. CONCLUSION

It has been shown thatab initio calculations in the Al-Nb
binary alloy are in general in agreement with the availa
experimental information. The ground states are found to
AlNb3 in the A15 structure, AlNb2 in the s structure, and
Al3Nb in the DO22 structure. It was also shown that th
lattice relaxation and distortion play a crucial role in t
stabilization of the latter phase. The enthalpies of format
of these compounds have been calculated, and the agree
with the available experimental data is quite satisfactory.

Our calculations indicate that theB2 phase is unstable in
niobium-rich alloys and, therefore, cannot explain the exp
mental results obtained by Menonet al.24 and Kohmoto
et al.43 for the presence of aB2 phase in quenched alloy
containing;20 at. % Al. The observations are, howeve
consistent with the high stability calculated for thev phase
in this region. It is possible forB2 to appear as a transien
phase, as part of a transformation from bcc to metastablv.

The enthalpies of formation of additional compoun

FIG. 15. Calculated Nb-Al phase diagram: the lattice stabi
of Al is deduced from the FP-LMTO calculations (GAl

bcc

2GAl
fcc58.1 kJ/mol).
ol

ks

y

e
e

n
ent

i-

,

based on fcc and bcc lattices have been deduced from t
energy full-potential LMTO calculations to derive the effe
tive cluster interactions in bcc and fcc solid solutions. T
bcc solid solution has been treated as a short-range-ord
phase. A modeling of the liquid phase has been propo
which takes into account of the disordering energies and
effective pair interactions obtained in the bcc and fcc phas

The liquid-solid phase equilibrium has been calculated
ing three supplementary thermodynamic data: the entro
of formation of these compounds which have been adjus
from experimental phase diagram. The melting temperatu
and the enthalpies of fusion of Al and Nb have been taken
recent compilations. Finally, the influence of the lattice s
bility on the aluminum solubility in bcc Nb has been di
cussed.
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FIG. 16. Calculated Nb-Al phase diagram: the lattice stabi
of Al is deduced fromCALPHAD compilations ~Ref. 38! (GAl

bcc
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fcc510 083.424.813 T J mol21)
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