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First-principles study of stability and local order in substitutional Ta-W alloys
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A parameter-free electronic structure approach is applied to the study of stability and chemical order in
substitutional bcc-based Ta-W alloys. The method is based on a Green’s function description of the electronic
structure of the random alloys. Configurational order is treated within the generalized perturbation method, and
temperature effects are examined with a generalized mean-field approach. In contrast to the results summarized
in the assessed phase diagram, an unambiguous tendency toward order with aB2 superstructure in a broad
range of alloy composition is predicted. The details of the thermodynamics analysis, phase diagram, and
short-range order are given for Ta-W alloys as a function of temperature and concentration.
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I. INTRODUCTION

Much attention has been paid to alloys made of refract
metals of columns VB and VIB of the Periodic Table, and
particular, Nb, Mo, Ta, and W that display high meltin
points. These alloys show excellent strength at elevated t
perature and therefore have been found useful for h
temperature space and nuclear applications. As part
more extended and systematic study of this class of alloy
the present paper we focus on Ta-W alloys.

According to the assessed phase diagram, Ta-W subs
tional alloys should display complete solubility in the so
phase with a body-centered cubic~bcc, or a) crystalline
structure up to the solidus-liquidus line.1 Although no inter-
mediate phases have been reported in the literature, ther
indications that chemical order may exist in this alloy sy
tem. Indeed it has been shown experimentally that the va
tion of the lattice parameter with composition displays
negative departure from Vegard’s law,2 and also that the ac
tivities of both elements determined at 1200 K indicate ne
tive deviation from Raoult’s law and therefore ideality.3 Fur-
thermore, the measured negative excess free energie
mixing are attributed to mostly negative enthalpies of mixi
and also small negative excess entropies of solution.2,3 These
sparse experimental facts have led us to reexamine this a
system with a first-principles approach to stability a
chemical order. Our focus will be primarily on the sho
range order~SRO! taking place at high temperature in thea
solid solution. The configurational order will be examin
within the generalized perturbation method~GPM!.4,5 The
electronic structure properties of the reference medium
which the GPM relies are described in the framework of
self-consistent tight-binding linear muffin-tin orbital~TB-
LMTO! multiple-scattering formulation of the coherent p
tential approximation~CPA!.5,6 Finally, temperature effects
on local order and stability will be examined by means o
standard generalized mean-field approach, namely,
cluster-variation method~CVM!.7

From our thermodynamic analysis, Ta-W alloys shou
exhibit a definite tendency toward order with aB2 super-
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y

m-
h-

a
in

tu-

are
-
a-

-

of

oy

n
e

he

structure of CsCl type. Our analysis also reveals a low-ly
phase diagram that supports the experimental findings
cussed above. These results will be simply explained
terms of the average number of valence electrons and
difference in the number of valence electrons of the al
constituents.

The paper is organized as follows. In Sec. II, we discu
the electronic structure properties of Ta-W alloys based
the first-principles TB-LMTO-CPA results. In Sec. III, ten
dencies toward order or phase separation are examined i
context of the GPM. It will be shown that the nature and t
strength of local order in this alloy can be well explained
terms of simple electronic parameters. In Sec. IV, the infl
ence of temperature on stability and local order is stud
with a standard generalized mean-field approach. The co
ent phase diagram for bcc-based Ta-W is predicted, and
SRO results are discussed before the results are summa
in Sec. V.

II. ELECTRONIC STRUCTURE PROPERTIES

As far as we know, electronic structure studies of Ta
alloys based on a proper treatment of the disordered al
have not been reported till date. The motivation for the use
a quantum-mechanical-based methodology is the desir
perform an unbiased study of Ta-W alloys, in which the
sulting thermodynamic behavior is determined on the ba
of ab initio obtained interaction parameters that are free
imposed constraints, parametrization schemes, or fitting
cedures. The single-site CPA, expressed with the Gre
function formalism and implemented within the TB-LMTO
CPA, provides an appropriate basis for such a study.8

This methodology allows the determination of an effe
tive medium whose scattering properties on the average
flect those of a chemically random alloy. Calculations bas
on this method yield such relevant physical properties
equilibrium lattice constants, energies of mixing, and bu
moduli for substitutionally disordered alloys. The effects
statistical fluctuations away from this average medium c
be studied through GPM~Refs. 4 and 5! which leads to
©2001 The American Physical Society12-1



st
i-
f-
bl
tio

ni
th

B-
on

e
er

ll
e
h
ns
l-
du

2
m
s
li

5
PA
ibe

ha
ce

ep
an
re
th
ig
th
un
he
al

r a

se

pe

t
c-
th
ac
ie

th
5%
One
nce

s as

lid

TURCHI, GONIS, DRCHAL, AND KUDRNOVSKÝ PHYSICAL REVIEW B 64 085112
uniquely defined, concentration-dependent effective clu
interactions~ECI!. When used in conjunction with a statist
cal model, such as CVM,7 these concentration-dependent e
fective interactions lead to the prediction of the most sta
ordered structures at zero temperature, and of concentra
temperature alloy phase diagrams.9

For bcc-based chemically random Ta-W alloys, electro
structure calculations were carried out on the basis of
charge self-consistent fully relativistic version of the T
LMTO-CPA method within the atomic sphere approximati
~ASA! and the local-density approximation~LDA ! of
density-functional theory. The LDA calculations were bas
on the exchange-correlation energy of Ceperley and Ald10

as parametrized by Perdew and Zunger.11 To eliminate the
charge-transfer effects, at each lattice parameter and a
composition, the atomic sphere radii of the two species w
adjusted in such a way that atoms were charge neutral w
preserving the total volume of the alloy. In our calculatio
we used 168k points in the irreducible wedge of the Bri
louin zone to perform the integrations that are necessary
ing the self-consistent calculations, and 2320k points in the
full Brillouin zone for the calculation of the ECI. We use 1
energy points on a semicircle in the upper half-plane of co
plex energy to perform the energy integration using Gau
method. The densities of states were evaluated on a
0.005 Ry above the real axis~with an energy step of about
mRy! and then deconvoluted on the real axis. The C
equations were solved iteratively using the method descr
in Ref. 8.

In Fig. 1 we display the density of states~DOS! of chemi-
cally random Ta-W alloys at various compositions. Note t
when going from pure W for which the number of valen
electronsNv55 to pure Ta withNv54, the Fermi energy
spans a deep minimum of density of states that clearly s
rates the bonding and antibonding states in the alloy b
structure. This minimum in the DOS is, to some extent,
lated to a negative energy of formation, more so for
tungsten-rich alloys. Since the two alloy species are ne
bors in the periodic table, the scattering properties of
electrons and therefore the DOS’s remain practically
changed with alloy composition. Thus the variation of t
electronic structure properties with alloy composition is
most entirely reflected in the variation ofNv , and therefore
the location of the Fermi energy as would be the case fo
alloy treated within the virtual crystal approximation.

In Fig. 2~a!, we show the variation of the equilibrium
lattice parameter,aeq of the chemically random Ta-W alloy
with composition together with the experimentally asses
lattice parameter-composition relation represented bya
53.16410.1054 cTa10.03226 cTa

2 in Å.2 As usual, there is
about a 1% discrepancy between the theoretical and ex
mental values of lattice constant, but as seen in Fig. 2~b!, the
departure from Vegard’s law, given bydaeq5aalloy

eq 2cTaaTa
eq

2(12cTa)aW
eq ~whereai

eq is the equilibrium lattice constan
of the pure elementi! is accurately reproduced by this ele
tronic structure method. This result strongly suggests
alloy formation is favored and leads to a more comp
structure than a simple combination of both alloy spec
would.
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Figure 3 displays the variation of the bulk modulus wi
composition. For the pure elements, there is a typical 1
discrepancy between predicted and measured values.
should note that, as observed experimentally, a one-vale

FIG. 1. Density of states of bcc-based Ta-W disordered alloy
a function of energy~the Fermi energyEF is indicated by a vertical
line! and of Ta concentrationcTa50,1/4,1/2,3/4,1~from top to bot-
tom!, as obtained from TB-LMTO-CPA. In the alloy case, the so
line indicates the total density of states, whereas the dotted~dashed!
line refers to the partial densities of states of Ta~W!.
2-2
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FIRST-PRINCIPLES STUDY OF STABILITY AND . . . PHYSICAL REVIEW B64 085112
electron variation leads to a decrease by almost a factor
the bulk modulus when going from W to Ta.

For comparison purposes, we report in Table I the eq
librium lattice constant and bulk modulus for the pure sp
cies, obtained by threeab initio approaches. Method 1 refer
to the standard scalar relativistic LMTO-ASA~Ref. 12! with
inclusion of so-called combined corrections that account

FIG. 2. Variation of~a! the bcc lattice constantaeq ~in Å) of the
chemically random alloy Ta-W and~b! of the departure from Veg-
ard’s law,daeq ~in Å) with Ta concentration. The solid line corre
sponds to the theoretical results and the dotted line to the ex
mental data from Ref. 2.

FIG. 3. Variation of the bulk modulus~in GPa! of the bcc-based
chemically random Ta-W alloy with Ta concentration. The so
circles indicate the experimental value of the endpoints.
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overlap of atomic spheres and for higher partial waves ins
the atomic spheres, and with exchange and correlation po
tial proposed by von Barth and Hedin.13 Method 2 corre-
sponds to the full-potential LMTO~FP-LMTO! ~Refs. 14
and 15! that includes nonspherical terms within the muffi
tin spheres and provides a fully relativistic~semirelativistic!
treatment of the core~valence! electrons, with spin-orbit cou-
pling taken into account for the valence electrons. The
change and correlation potential has the form proposed
Ceperley and Adler10 and parametrized by Perdew an
Zunger.11 Finally, method 3 corresponds to the fully relativ
istic TB-LMTO-ASA-CPA, that has been selected in th
work for its applicability to off-stoichiometric alloys~includ-
ing the pure elements!, whereas the other two are only ap
plicable to stoichiometric alloys~and pure elements! describ-
able by supercells. Note that all three methods give val
for the lattice constant and the bulk modulus, which a
within the error expected from any LDA calculation.

Finally in Fig. 4 we show the variation of the formatio
~or mixing! energy of the chemically random alloy wit
composition. This energy is given by

DEmix5Ealloy
CPA2cTaETa

eq2~12cTa!EW
eq, ~2.1!

whereEalloy
CPA is the total energy of the alloy described with

the CPA at its equilibrium lattice parameter, andEi
eq is the

total energy of pure speciesi at its corresponding equilibrium
lattice parameter. This mixing energy is negative in the c
of Ta-W with a maximum value of29.36 mRy/atom at a
tantalum concentration of about 0.375. Hence, the energe
favors the formation of the disordered alloy configuration
the whole range of alloy composition. This result confirms
previous conclusion drawn from a semiempirical tigh
binding estimation of the energy of formation of the rando
Ta-W alloy as a function of composition.16 However in this
study, the tight-binding energies are underestimated by ab
40%, and the general evolution of the formation energy w
alloy composition does not reveal any asymmetry as
should since the DOS at the Fermi energy that controls
strength of the bonding in this alloy varies significantly wi
the number of valence electrons.

III. GROUND-STATE PROPERTIES

In recent years a number of methods have be
developed9 to map the quantum-mechanical description
the energetics of an alloy in the form of an Ising model th
is most appropriate for a subsequent statistical mecha
treatment of order-disorder phenomena in alloys as functi
of temperature and concentration. This mapping has b
originally achieved within the so-called GPM~Refs. 4 and 5!
which is the method that will be used here. Within the GP
only the configuration-dependent contribution to the total
ergy is expressed by an expansion in terms of effective
and multisite interactions, and since the reference medium
concentration dependent, so are these interactions.
should emphasize that this method is in contrast with the
based on the knowledge of the electronic structure prope
of ordered configurations of the alloy, such as the so-ca
Connolly-Williams method,17 which leads to an expansion o

ri-
2-3
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TABLE I. Equilibrium properties, i.e., lattice constant~in Å), bulk modulus~in GPa!, and when appli-
cable the formation energy of the orderedB2 phase~in mRy/atom!, of bcc-based pure Ta and W, and of th
B2 ordered phase of TaW. Methods 1 to 3 correspond to LMTO-ASA, FP-LMTO,15 and TB-LMTO-ASA in
the case of the pure species or TB-LMTO-CPA-GPM in the case of the orderedB2 phase of TaW, respec
tively.

Property Method Pure Ta Pure W OrderedB2 TaW

Lattice constant Experiment 3.3031 3.1652 N/A
~in Å) Method 1 3.3098 3.1934 3.2421

Method 2 3.2518 3.1438 3.1890
Method 3 3.2766 3.1802 3.2203

Bulk modulus Experiment 196.1 310.4 N/A
~in GPa! Method 1 206.4 314.0 255.8

Method 2 208.8 333.1 269.2
Method 3 215.3 337.3 276.8

DEform
B2 Method 1 N/A N/A 28.0

~in mRy/atom! Method 2 N/A N/A 28.5
Method 3 N/A N/A 213.0
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the total energy itself in terms of cluster interactions that
concentration independent, except via volume effe
Within the GPM, the ordering contribution to the total e
ergy of anA-B alloy is given by

DEord~$pn%!5 (
k51

`
1

k ( 8
n1 , . . . ,nk

Vn1 . . . nk

(k) dcn1
•••dcnk

,

~3.1!

wheredcni
refers to the fluctuation of concentration on s

ni , dcni
5pni

2c, wherec is the concentration inB species,

and pni
is an occupation number associated with siteni ,

equal to 1 or 0 depending on whether or not siteni is occu-
pied by aB species. TheVn1 . . . nk

(k) corresponds to akth-order

ECI involving a cluster ofk sites. The prime in the summa
tion over the$ni% indicates that consecutive site indices mu
be different. Note that, as in any perturbation theory t

FIG. 4. Variation of the mixing energyDEmix ~in mRy/atom! of
the bcc-based chemically random Ta-W alloy with Ta concen
tion.
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relies on the CPA medium, the small parameter in the G
only depends on the scattering properties of the electro
which means that the expansion for the ordering energ
valid even for large fluctuations of local concentration.
practice, the second-order contribution to the ECI,Vnm

(2) is,
within the GPM, essentially numerically indistinguishab
from the full summation of all scattering processes tak
place between the two sitesn andm. Hence, to second orde
in perturbation and for alloys based on simple lattices
scribed by one type of site per cell, such as bcc, Eq.~3.1! is
rewritten as

DEord~$pn%!.(
s

V0s
(2)dc0dcs ~3.2!

or equivalently, at zero temperature

DEord~$qs%!.(
s

qsVs ~3.3!

with qs5
c

2
(ns

BB2cns), wherens
BB andns refer to the num-

ber of BB pairs and the total number of pairs per site, r
spectively, associated with thesth-neighbor shell, andc is
the concentration inB species. In this last equation,Vs rep-
resents asth-neigbor effective pair interaction~EPI! given by
Vs5Vs

AA1Vs
BB22Vs

AB , and by definition corresponds to th
second-order interaction between a site at the origin an
site belonging to thesth-neighbor shellV0s

(2) entering Eq.
~3.2!. Hence, the sign convention that has been adopte
such that whenVs.0 (,0), AB (AA or BB) pairs associ-
ated with a species at the origin and the other in
sth-neighbor shell are favored.

As seen from Eq.~3.3!, any alloy configuration is speci
fied by a unique set of parameters$qs% that only depends on
site occupancies. For example, at zero temperature and
s51 –5, these parameters take the values21, 3/4, 3/2,23,
-

2-4
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1 for B2 order~of CsCl type! at equiatomic composition an
21/4, 23/16, 9/8, 23/4, 21/4 for D03 order ~of Fe3Al
type! at c51/4,3/4. In the case of the Ta-W alloy system, t
EPI’s were computed from the knowledge of the electro
structure of the chemically random alloy at each composit
and lattice parameter.5,8,9 In Fig. 5 the EPI’s up to the fifth
neighbor shell are plotted as functions of alloy composit
at the equilibrium lattice parameter and Fermi energy of
corresponding chemically random alloy. As expected,
first two EPI’s are an order of magnitude larger than
more distant interactions, with a ratioV1 /V2>0 for cTa
<0.76. In Fig. 6, we show that the EPI’s, here given for t
stoichiometric Ta50W50 alloy converge rapidly with distance
a property that is valid in the whole range of compositio
Also, we found that the EPI’s vary very little as a function
lattice parameter~not shown!, and therefore with pressure,
any alloy composition.

From the results of the ground-state analysis of the Is
model, the most probable ground states at zero tempera
can be predicted. The most extensive study of the Is
Hamiltonian applied to the bcc lattice includes up to the fi
neighbor pair interaction~with the exclusion ofV4) in the
analysis.5,18–20With the EPI’s displayed in Fig. 5, and if on
only considersV1 andV2 in the expansion given by Eq.~3.3!
and in the analysis,21 it is concluded that, at zero temper
ture, there exist two ground states: theD03 ordered phase fo

FIG. 5. Effective pair interactionsVs
(2) ~where s is the shell

index!, in mRy/atom, as functions of Ta concentration for bc
based Ta-W alloys, as obtained from TB-LMTO-CPA-GPM:~a! for
s51,2 and~b! for s53 –5.
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TaW3, and to a less extent Ta3W, and theB2 ordered phase
for TaW, with the corresponding ordering energies equa
about 21.55, 2.82, and 24.07 mRy/atom, respectively
Since the EPI’s beyond second-nearest neighbors are s
see Fig. 6, the results of the analysis remain the same,
minor modification in the magnitude of the ordering energ
quoted above. Overall, the ordering tendencies are stro
for the W-rich Ta-W alloys, and this trend is consistent w
what is expected for transition metal alloys.5,9 Indeed, the
variation of the dominant EPI’s with the number ofd elec-
trons displays in general two zeros that are located aro
three and sevend electrons, with a positive sign of the EPI’
in the central region. Although the location of the zeros v
ies with the scattering properties of the electrons and a
composition, heteroatomic pairs are increasingly favo
when the number ofd electrons increases from Ta~about
3.3! to W ~about 4.4! in the Ta-W case, which is what Fig.
shows in a more quantitative way.

To confirm the GPM predictions, calculations were pe
formed with methods 1 and 2 described in Sec. II, and co
pared with those of method 3, i.e., TB-LMTO-CPA-GP
within the ASA, to study the equilibrium properties and th
energetics of the orderedB2 phase of Ta50W50. In the case
of method 3, the energy of formation of the ordered config
rationB2 is given byDEform

B2 5DEmix1DEord
B2 , see Eqs.~2.1!

and ~3.3!. The equilibrium lattice constant of theB2 phase
was obtained by minimizing the energyDEform

B2 with respect
to volume since, from the CPA and the GPM calculatio
the variation with volume ofDEmix and of the EPI’s that
built up the ordering energyDEord

B2 are known. The results o
all three methods, reported in Table I, are consistent in
sense that the formation energy of the orderedB2 phase, of
the order of210 mRy/atom, is negative and therefore f
vors phase formation. The variation in the results, within
error expected from any LDA calculation, reflects the va
ous levels of approximation that characterize each meth
ASA versus no-shape approximation, form of exchan
correlation potential, and scalar relativistic versus fully re

FIG. 6. Effective pair interactionsVs
(2) , or EPI’s~in mRy/atom!

as functions of the reduced distanced/aeq for Ta50W50, whereaeq

corresponds to equilibrium lattice parameter of the alloy, as
tained from TB-LMTO-CPA-GPM.
2-5
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tivistic treatment. However, one can note that the depar
of the lattice constant from Vegard’s law given by all thr
methods is about20.008 Å, once again consistent with
tendency towards alloy formation and order.

IV. STABILITY AT FINITE TEMPERATURE

By making use of the energetics presented in Secs. II
III the Ising model has been solved within a generaliz
mean-field approximation with the CVM. At each temper
ture and alloy composition, the configurational part of t
free energy has been minimized with a Newton-Raph
technique with respect to the correlation functions defined
the following thermodynamical average product

ja5^s1•••sa&, ~4.1!

wheresn correspond to the so-called spin variable related
the occupation numberpn by sn52pn21, and the maxi-
mum value ofa correspond to the number of sites in th
maximum cluster that characterizes the level of approxim
tion of the CVM. In the present case, the maximum clus
corresponds to the irregular tetrahedron made of four
and two second-nearest-neighbor pairs.22 This cluster allows
a proper statistical treatment with the EPI’sV1 and V2 in-
cluded in the pair expansion of the Ising model, an appro
mation that is justified here since the more distant EPI’s h
negligible amplitude, see Figs. 5 and 6. The predicted ph
diagram is presented in Fig. 7. Considering the high melt
point of the alloy species, theB2 andD03 ordered phases o
Ta-W alloys are stable at low temperature, not exceedin
1000 K. Note that around the stoichiometry Ta3W, we ig-
nored the region of stability of theD03 ordered structure
that, according to its energetics, should exist at temperat
below 100 K. The asymmetry of the phase diagram is
direct consequence of the energetics of Ta-W alloys, i.e.
extremum of energy of mixing, see Fig. 4, and stronger
dering trends, see Fig. 5, for W-rich alloys. Since bel
cTa<0.76 the ratioV2 /V1,2/3, the phase diagram exhibi
typical features.5,22 In particular, the transition from the dis
ordered to theD03 state is first order, whereas the one b
tween theB2 and theD03 ordered states is almost ever

FIG. 7. Predicted bcc-based Ta-W phase diagram, as obta
from the tetrahedron approximation of the CVM.
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where second order in accordance with the results of
Landau theory of phase transitions.

Since the elastic properties of Ta and W are quite diff
ent, the vibrational free energy was estimated to study
impact on the alloy free energy and thus on the phase
gram. To this end, we followed the procedure proposed
Ref. 23. The vibrational contribution to the free energy
expressed within the well-known Debye approximation. T
Debye temperature for the alloy is written as

QD.^K&~r WSBm /^M &!1/2, ~4.2!

where^X& refers to a concentration weighted average of
quantity X associated with the pure species,r WS is the
Wigner-Seitz radius which, in the case of a bcc lattice,
related to the lattice constanta by r WS5(3/8p)1/3a, Bm is
the bulk modulus evaluated atr WS, M is the atomic mass
andK is a constant of proportionality. From the relation b
tween Debye temperature and bulk modulus for the pure s
cies, and withQD

Ta.240 K and QD
W.400 K, then KTa

.39.844 andKW.54.289. Despite the noticeable differen
in the elastic properties of Ta and W, the vibrational fr
energy is more than an order of magnitude smaller than
CVM free energy. For example, atT51200 K, at equi-
atomic composition, the vibrational free energy is abou
20.27 mRy/atom, compared with the configurational fr
energy of the order of214.19 mRy/atom. Hence the vibra
tional free energy has little effect on the predicted pha
diagram displayed in Fig. 7.

To compare the experimental thermodynamic assessm
of Ta-W alloys3 to our predicted data, the individual activ
ties ai ( i 5Ta, W! have been determined as a function
tantalum concentration atT51200 K. These quantities ar
related to the excess grand potentialdV as follows24

aTa5exp@~dV1m!/kBT#,

aW5exp@~dV2m!/kBT#, ~4.3!

wherekB is the Boltzmann’s constant, andm is the chemical
potential differencem5(mTa2mW)/2. As usual, the grand
potential is given bydV5dF2m(2cTa21), with dF being
the configurational free energy. The results of the comp
son are displayed in Fig. 8. Although the negative depart
from linearity is confirmed by the calculations, the discre
ancies between prediction and experimental assessment
be attributed to the low temperature of 1200 K at which t
experiments were carried out where equilibrium is diffic
to reach, a remark that is certainly applicable to this refr
tory alloy system. However, from both our study and t
experimental results,3 the negative departure of the elemen
activities from Raoult’s law, i.e., from ideality, clearly indi
cates a tendency towards not only formation of the Ta
solid solution but also chemical SRO.

Although a low-lying phase diagram is predicted in t
solid phase, one can expect the SRO to remain quite str
at high temperature, well above the critical order-disord
line since theB2 to disorder transition is second order
nature. To show that property, we calculated a quantity p
portional to the intensity of diffuse scattering,I SRO(k), de-

ed
2-6
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scribed ink space and given within the Krivoglaz-Clapp
Moss ~KCM! approach25,26 by

I SRO~k!.
1

11c~12c!bV~k!
, ~4.4!

where b51/kBT and V(k) is the Fourier transform of the
EPI’s. As expected, a minimum inV(k) for some specialk
point leads to a maximum of intensity of diffuse scatterin
with a divergence of the intensity at the critical orde
disorder temperatureTc according to the results of the single
site mean-field theory on which the KCM approach is bas
In Fig. 9~a! the SRO diffuse-scattering intensity is display
in the ~001! plane in the reciprocal space for Ta-W at eq
atomic composition atT52000 K. The maxima of intensity
show up at the 2p/a(100) ~wherea is the lattice constant!
and equivalent positions, which correspond to the supe
tice reflections of theB2 ordered phase. Note that even w
above the critical order-disorder line the intensity rema
strong as was anticipated, and that the SRO persists far a
from the equiatomic composition as shown in Fig. 9~b! for a
Ta90W10 alloy at T51500 K.

V. CONCLUSION

We have carried out detailed calculations on electro
structure and related thermodynamic properties of Ta-W
loys using the TB-LMTO formulation of the coherent pote
tial approximation. We have also compared some of our
sults with those obtained through different methodologi
The CPA and the GPM were used to obtain ordering tend
cies and related thermodynamic information across the c
centration range of these alloys. Temperature effects w
accounted for within the generalized mean-field approach
which the CVM is based.

FIG. 8. Activities of tantalum and tungsten in the Ta-W allo
system at 1200 K: calculated~solid line! and experimentally as
sessed~dotted line! from Ref. 3.
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Our main conclusion, and a prediction that results fro
this work, is that Ta-W alloys exhibit a strong tendency t
wards order with aB2 superstructure in a broad range
alloy composition. This should not come as a surprise si
experimentally there were indications that this alloy syst
should not follow an ideal law of mixing. This result is con
sistent with the behavior of quantities related to the order
tendencies of alloys, such as the negative departure f
Vegard’s law of the equilibrium lattice constant and t
negative departure from Raoult’s law of the activity of ea
species, as a function of alloy concentration. This depar
was found in all of our calculations, those of disordered
loys based on the CPA and those of the electronic struc
of stoichiometric compounds obtained using different me
odologies. Similar general agreement among the result
different electronic structure methods was found with resp
to other quantities of interest, such as the bulk modulus.

Although the solid-phase part of the phase diagram is p
dicted at low temperature, relatively to the location of t
solidus-liquidus line, the second-order nature of the tran
tion from B2 to the disordered state can be used adva
geously to identify the short-range order in this alloy, at te

FIG. 9. Short-range order diffuse intensity in the~001! plane for
bcc-based Ta50W50 at T52000 K ~a!, and Ta90W10 at T
51500 K ~b!.
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peratures as high as 2500 K. Anomalous dispersion x
diffuse-scattering measurements at a synchrotron source27 or
neutron-diffraction experiments should reveal unambi
ously the nature of the short-range order on samples
annealed at relatively high temperature to promote the t
mally activated ordering process. This work will be extend
to all combinations of refractory metals of columns VB a
VIB of the periodic table to understand how electronic stru
ture properties affect stability and order in this class of
loys. This is particularly relevant since the 15 possible
sessed phase diagrams made of these metals and their
show either miscibility gap or complete miscibility in th
solid phase. Series effect (3d vs 4d vs 5d: intra- or inter-
series alloy combination! and variation in the difference o
s

ie

in

,
er

d
er

e

.

08511
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-
oys

the numbers of valence electrons~0 or 1! are expected to
dictate the ordering trends in a rational way, and this will
presented in a forthcoming paper.
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