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Second-nearest-neighbor modified embedded-atom potential for binary Ta-W alloys based on
first-principles calculations
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We present a methodology to construct a Ta-W cross potential for Ta-W binary alloys, in the second
nearest-neighbor modified embedded atom method formalism, based on ab initio calculations. The first attempt
has consisted in fitting the potential on a single reference structure, and has led to a poorly transferable
potential, particularly in the W-poor region. Improving our procedure of parametrization by taking into account
various structures to fix the angular screening parameters, we have been able to obtain a more transferable
potential. The formation energies of some structures not used in the adjustment of the potential and energies of
body-centered cubic solid solutions reproduce experimental tendencies. We have also tested the ability of our
improved potential to predict melting temperatures of Ta-W alloys.
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I. INTRODUCTION

Thermodynamic properties of alloys (and especially very
dilute alloys) are still beyond the reach of fully ab initio
calculations, as they may require very big simulation cells
and long simulation times, in order to equilibrate the system
to the required temperatures and pressures. In order to over-
come these limitations, one can build an effective medium
which will account for the chemical randomness of the alloy
state (see, for example, Refs. 1 and 2). Another possibility is
to perform large scale classical molecular dynamics (MD)
simulations.

We have chosen here this second approach. In this case,
the first step is to build effective interaction potentials for the
system.

More or less sophisticated types of effective potentials for
pure metals have been developed in the literature. It is more
challenging to build a cross potential, which will guarantee a
good transferablity, in other terms a good prediction of ther-
modynamic quantities, whatever the proportions of each
component in the alloy.

We will focus here on binary Ta-W substitutional alloys,
because various theoretical data exist in the literature,! and
all compounds—pure metals, definite compounds and
alloys—have the same crystallographic structure: A body
centered structure.

Our main interest in this paper is in the methodology to
build a cross potential from first-principles calculations.
However, we will present a first application to the prediction
of the melting properties of these compounds by large scale
phase-coexistence MD simulations.

The second nearest-neighbor modified embedded atom
method (2NN-MEAM) formalism is now widely used to
treat bee transition metals. Potentials in this formalism for
pure Ta and W have been previously published.* We thus
have decided to work within this formalism.

The paper is organized as follows. Section II will be dedi-
cated to the ab initio calculations whose results were used as
input data for the semiempirical potentials. In Sec. III the
methodology to construct the cross potential will be pre-
sented and the transferability of such a potential will be
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tested. In Sec. IV we will briefly detail the phase-coexistence
MD method we used here and we will report the melting
temperatures predicted for binary Ta-W alloys.

II. Ab initio CALCULATIONS

According to the assessed phase diagram of the Ta-W
system, Ta and W form a continuous series of bcc solid so-
Iutions. No existence of intermediate phases has been found.
Experimental data have been reported in the literature>® and
different theoretical studies have been done on Ta-W
alloys.'® The first-principles study of Turchi et al.' within
the tight-binding linear muffin-tin orbital (TB-LMTO) for-
mulation of the coherent potential approximation (CPA) led
to the prediction of two ordered phases: B2 (TaW) and DO;
(TaW5 and Ta;W). Jiang et al.’> performed ab initio calcula-
tions using a plane wave method with Vanderbilt ultrasoft
pseudopotentials (US-PP) and the generalized gradient ap-
proximation (GGA). They used 16-atom special quasiran-
dom structures (SQS) to represent Ta;_ W, random bcc al-
loys. The predicted equilibrium lattice parameters show a
negative deviation from Vegard’s law as experiment does.
Both the plane wave method with US pseudopotentials and
TB-LMTO CPA approach exhibit formation enthalpies with
a strong asymmetry towards the W-rich side, whereas experi-
mental measurements of Singhal and Worrell® show a strong
asymmetry towards the Ta-rich side. Both Jiang ef al. and
Turchi et al. pointed out that such discrepancies between
prediction and experiment may be attributed to the slow ki-
netics at the experimental temperature of 1200 K where ther-
modynamic equilibrium is difficult to reach. Blum et al. have
recently applied the mixed-basis cluster expansion (MBCE)
approach® to the Ta-W system. They found that the C11,
structure is more stable than the ground states B2 and DO
predicted by Turchi er al. The ground state at equiatomic
composition is closely related to the B2 structure and is la-
beled B2, (see Fig. 3 of Ref. 3). In the moderately W-rich
side the dominant ground states are superlattices C11, and
MosTa,,” whereas in the moderately Ta-rich side, much
more complex structures are found: ‘“Mo,Tay,” and
Mo,Ta;,.” Additional information about Mo-Ta type struc-
tures can be found in Refs. 7 and 8.
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TABLE 1. Equilibrium lattice parameters and formation energies
of Ta-W alloys obtained from our first-principles calculations. The
TazW, compound was constructed by substituting Ta atoms to Mo
atoms and vice versa, by then replacing Mo atoms by W atoms, in
the “Mo;Ta,” structure.

Structure Xw ay (A) E' (mRy/atom)
Ta (bec) 0.00 3.321

Ta;sW 0.06 3.310 -0.69
Ta;W (DO3) 025 3281 -3.21
TazW (SQS-16) 0.25 3.280 -3.15
Ta;,W, (“Mo,Ta;,”) 025 3275 ~4.94
TagW, (“Mo,Tay”) 0.31 3.272 -3.21
Ta,W (Cl11y) 0.33 3.259 -5.87
Ta;W, (“MosTa,”) 040 3261 ~6.45
TaW (B2) 0.50 3.245 -7.61
TaW (SQS-16) 0.50 3.245 -5.70
TaW (B32) 0.50 3.244 -5.46
Ta;W, 057  3.255 -6.51
Ta,W; (“Mo;Ta,”) 0.60 3232 -8.98
TaW, (C11,) 0.67 3.220 -8.58
TaW; (DO5) 0.75 3215 ~6.71
TaW; (SQS-16) 0.75 3.217 -5.79
TaWs (AB5) 0.83 3.208 -5.26
TaW 5 094  3.196 -2.26
W (bce) 1.00 3.190

Our first-principles calculations were performed in the
framework of the density functional theory (DFT),? by using
the projector augmented wave (PAW) method, as imple-
mented in Vienna Ab initio Simulation Package (VASP).!0
The exchange-correlation functional was GGA as param-
etrized by Perdew and Wang (PW91).!! Integration over the
Brillouin zone was done using the special k-point scheme of
Monkhorst and Pack,'? the k-point sets were generated auto-
matically. Their number vary for each structure, but we used
typically 56 k points for the B32 structure and 144 k points
for the “Mo;Ta,” one, in the irreducible Brillouin zone. The
electronic levels were populated according to the Methfessel
and Paxton scheme.'* The calculations were done at the
equilibrium volume with all atomic positions relaxed. The
energy cutoff for the plane waves expansion of the wave
functions was 600 eV. Spin-orbit coupling was not taken
into account in our first-principles calculations. Our previous
calculations on pure Ta and W, which are detailed
elsewhere'* showed that it only led to relative variations of
0.2% and 1% on respectively equilibrium volumes and bulk
moduli. The cutoff energy, the number of k points, and the
smearing for the Brillouin zone integration were determined
by performing energy convergence tests for tantalum, tung-
sten, and Ta-W alloys, in order to obtain total energies con-
verged to 1 mRy per atom.

Formation energies are defined as

By s =E 5 ~[(1-0ES+xEg], (1)

where x is the composition of B element. E°Y are the energies
at 0 K for pure metals A and B and their alloys A;_,B,. We
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FIG. 1. (Color online) Equilibrium lattice parameters of Ta-W
alloys as a function of W composition, as obtained from our work,
previous first-principles calculations (Refs. 1 and 2) and experimen-
tal data (Ref. 5).

calculated the formation energies of several structures: B2,
DO3, 16-atom SQS for compositions 0.25, 0.50, and 0.752,
two 16-atom supercells Ta;sW and TaW 5 with one atom of
different type located at position (%,%,%), Cl11,, B32 and “
Mo,_,Ta,” type.> Some were dedicated to the adjustment of
the MEAM potential, whereas others were specifically used
to test the transferability of this potential. This will be de-
tailed in Sec. III. Our ab initio results are reported in Table I.
They confirm the tendencies already found in previous
DFT calculations for these compounds. As we can see on
Fig. 1 our first-principles lattice parameters for Ta-W alloys

exhibit a negative departure from Vegard’s law, given by
oal=al}

alloy

()

In Figs. 1 and 2, the SQS structures of Jiang ef al.” are in
slightly better agreement to experiment than ours (which
overestimate it by less than 1%). Actually, Jiang et al. used
ultrasoft pseudopotentials which give better lattice constants
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FIG. 2. (Color online) Formation energies of Ta-W alloys as a

function of W composition, as obtained from our work, previous
theoretical studies (Refs. 1-3) and experiment (Ref. 6).
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FIG. 3. (Color online) B2 structure.

for the pure metals. However, we decided to keep our PAW
potentials, even if they are not perfect, as they enabled us to
perform full relaxations of the atomic positions for large
cells at a more reasonable computer cost.

On Fig. 2, we can see that experimental formation ener-
gies show some asymmetry towards the Ta-rich side,
whereas our calculated formation energies exhibit a strong
asymmetry towards the W-rich side, as all the other theoret-
ical approaches (either CPA! or ultrasoft pseudopotentials?)
do.

Let us recall here that the experimental data were ob-
tained at high temperature (1200 K), whereas first-principles
data are 0 K data.

In the next section we present the methodology we have
adopted to construct a semiempirical potential for a binary
alloy, based on these ab initio calculations.

III. CONSTRUCTION OF A MEAM POTENTIAL FOR
BINARY ALLOYS

Daw and Baskes'>~!7 initially developed EAM potentials

for metals by assuming that the cohesive energy of a metal
could be accounted for by embedding an atom in the local
electron density induced by neighboring atoms. The modified
embedded atom method (MEAM) was introduced by
Baskes'®2?! by extending the embedded atom method
(EAM), so that the directionality of bonding in the metal is
considered. In the original formalism of the MEAM, only
interactions between first nearest-neighbor atoms were con-
sidered by using a strong screening function. Then the sec-
ond nearest-neighbor MEAM, labeled 2NN-MEAM, has
been developed by Baskes and co-workers*?? in order to
solve problems encountered with INN-MEAM potentials for
bce metals. The 2NN-MEAM formalism is now routinely
applied to all bce transition metals: Fe, Cr, Mo, W, V, Nb,
and Ta.*
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Details on the INN-MEAM and 2NN-MEAM formalisms
have been published in the literature respectively in Refs.
18-21 and 23-25 and Refs. 4 and 22. Here we will only give
its applications to describe binary alloy systems.

Some parameters of the 2NN-MEAM potentials for pure
Ta and W were based on the developed 2NN-MEAM poten-
tials of Lee er al.;* the others were fitted on our ab initio
equations of state.

Let us now turn to the construction of a 2NN-MEAM
Ta-W cross potential for the Ta-W system.

We have adopted here the technique proposed by Lee and
Baskes et al.* First, one has to choose a reference structure
for which the analytic expression of the cross potential is
written. For convenience, we chose as reference structure a
perfectly ordered binary intermetallic compound where one
type of atom has only different type of atoms as first nearest-
neighbors and has only the same type of atoms as second
nearest-neighbors. The B2 (CsCl type) ordered structure is a
good example. This structure is represented on Fig. 3.

For this particular structure (TaW compound), the total
energy per atom is given by

1
ET,w(R) = 5 Fro(pra) + Fw(pw) + Z ™ @ (R)

1
+EZ;aW{STa(I)TaTa(aR)+SW(DWW(aR)} . (3)

7™ and Z3*V are respectively the number of first and sec-

ond nearest neighbors in the compound. For the B2 structure,
they are respectively equal to 8 and 6. St, and Sy represent
the angular screening of the second nearest-neighbors inter-
actions, induced by the first nearest-neighbor atoms and first
nearest-neighbor distances. Fp, and Fy, are the embedding
functions, ®p,r, and Py are the 2NN-MEAM potentials
for pure Ta and W. As mentioned above, these four terms are
already known.* pr, and pyy are the background electron den-
sities at a Ta site and a W site. In Eq. (3), a is the ratio of the
second and first nearesrt-neighbor distances. For a bcc struc-
ture, a is equal to 2/+3.

An analytical form of the interaction potential @1,y can
be obtained by inverting Eq. (3):

1
Drw(R) = ZTaW 2ET,w(R) = Fry(pra) = Fw(pw)
]

1
- EZ§aW{STa(DTaTa(aR) + SwPww(aR)} |.

(4)

TABLE II. Parameters of the 2NN-MEAM potentials for pure Ta and W. All parameters are from Ref. 4 except those which correspond
to the equation of state (EO, a, RY, Ky, d). These are obtained from our ab initio calculations. Energies are in eV, lattice parameters in A, and

bulk moduli in GPa.

EO RO KO a A IB(O) B( 1)

Y @ e .S d

Ta 8.09  2.88
\ 8.66 276

1940 496 067 449 1.0
3140 565 040 6.54 1.0

1.0 1.7 2.1 -32 280 025 093 00
1.0 -06 03 =87 280 049 089 0.0
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TABLE III. Rose equation parameters for the B2 structure.

E° (eV) R® (A) a d

8.48 2.81 5.28 0.00

As for each of the radial functions, a radial cutoff is ap-
plied to the ®r, potential, in addition to the angular screen-
ing. Ef, is the energy per atom of the compound TaW in
the B2 structure. It is assumed that it can be described by the
universal binding energy relation (UBER) of Rose?® to the
third order:

Bl () = — E(1 + a* +da* )™ (5)
with
a* = apuw(RIRYw — 1) (6)
and
9K \% 1/2
aTaW=< 00 0) . (7)
ETaW

EY.w is the cohesive energy, RY.\, is the equilibrium nearest-
neighbor distance, K is the bulk modulus, and V, is the
equilibrium atomic volume. These physical properties can be
measured experimentally or calculated by first-principles
methods. Here we have chosen to fit the semiempirical po-
tential on our ab initio results.

The interaction potential @,y is thus completely defined
if we know the equation of state of B2 structure at 0 K,
which is determined by the four parameters ET.w, raw
RY,y» and d. We report in Table II the values of the different
parameters for pure Ta and W extracted from Ref. 4, except
the four Rose coefficients, which were adjusted on the 0 K
equation of state obtained in our first-principles calculations.

A. First fitted potential

The first step of our study was to fit the potential on the
cold curve of the B2 structure of the TaW compound. The
values of the equation of state parameters are presented in
Table III. One can notice that we finally chose to use a
UBER of Rose to the first order. In fact we found that all our
potentials fitted with a third order UBER of Rose were un-
stable in MD simulations at high temperature.

For example, a potential fitted with d=0.046 was elimi-
nated because with such a potential, the B2 compound is
unstable in MD simulations, in the (NVE) thermodynamical
ensemble, for temperatures of the order of 4000 K. It is thus
inappropriate for calculating melting temperatures of the
Ta-W system.

In a first approximation®’ the screening function in Ta-W
alloys has been defined by the two following parameters:

l = | = |
CRXW | —ycl 4~ (8)
min 2 min 2 min

and
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FIG. 4. (Color online) Formation energies obtained by the 2NN-
MEAM potential fitted on B2 structure and the improved one, com-
pared with our ab initio calculations.

1l = 1 =—1?
CTa—X—W=|:_\’,CTa +_VCW :| , (9)

max 2 max 2 max
where atom X is either of Ta or W type. In this case C12*W
and C12XW are respectively equal to 0.36 and 2.80, whatever
type of atom X is.

We have calculated the formation energies of all the com-
pounds studied with DFT, with this first 2NN-MEAM poten-
tial. They are reported in Table IV and on Fig. 4. The results
are in poor agreement with our ab initio calculations except
for the structure used for the fit. This potential is thus not
transferable, and particularly for the W-poor region; that sug-
gests that our model is too simplified. We will show in the
next section how we have improved this potential.

B. Improvement of the first-fitted MEEAM potential

To improve the transferability of our potential we decided
to take into account more structures by modifying the angu-
lar screening, which in the first potential did not depend on
the type of the central atom in the interactions Ta-X-Ta,
Ta-X-W, and W-X-W, in order to better describe atomic in-
teractions in Ta-W alloys. One way to do that, is to introduce
Chax and C, screening parameters for all three-atoms inter-
actions encountered in Ta-W alloys. The way we have cho-
sen to optimize the Ci{;’i‘n,max parameters is by minimizing an
error function which represents the difference between refer-
ence ab initio data and data calculated with a given set of
parameters. We have adopted the following simple form for
the error function:

fi= 1
fef

where N is the number of reference data, ffEf is the reference
data, f; is the calculated data in the MEAM formalism, and p;
the relative weight given to the property i in the error func-
tion. In our case we have eight parameters to determine:

TaWTa TaTaW TaWW WTaW E
Cmin,max’ Cmin,max’ Cmin,max7 and Cmin,max as the remaining

F:EPi~

i=1

N
‘ ; (10)
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TABLE IV. Formation energies of Ta;_, W, intermetallic compounds obtained with the 2NN-MEAM
potentials. All atomic positions are relaxed. Formation energies are in mRy/atom; lattice parameters in A.

Ab initio 2NN-MEAM improved 2NN-MEAM
Structure Xw ag Ef Ef ag Ef
Ta;sW 0.06 3.310 -0.69 -1.66 3.312 -0.61
TazW (DO3) 0.25 3.281 -3.21 -7.68 3.283 -3.30
TazW (SQS-16) 0.25 3.280 -3.15 —4.49 3.284 -3.34
TaW (B2) 0.50 3.245 -7.61 -7.60 3.246 -7.60
TaW (SQS-16) 0.50 3.245 -5.70 —-6.82 3.249 —-6.07
TaW; (DO3) 0.75 3.215 -6.71 —-7.48 3.218 -9.56
TaW; (SQS-16) 0.75 3.217 -5.79 -5.22 3.218 -5.82
TaW,s 0.94 3.196 -2.26 -1.83 3.197 -2.27

TaTaTa WWW .
Chinmax and Cii' . are known from the adjustment of the

pure metals potentials. In order to span the entire set of
Ci:{l]i(n,max parameters, we decided to treat three 16-atoms SQS,
two DOjs, and two supercells TaW 5 and Ta;sW, as well as
the B2 structure in our ab initio reference data set. The prop-
erties entering the error function were the total energies of all
these structures. The optimization problem has been solved
by using the simple steepest descent routine of Powell with a
random exploration of the parameters constrained to lie in
the range [0,4]. This procedure uses the pseudorandom num-
ber generator proposed by Marsaglia®® which is based on the
Box-Muller algorithm.?® Among the hundreds of optimiza-
tion performed, the best error function found was of the or-
der of 1072, The corresponding obtained parameters are
given in Table V. We will see in the following section, that
the transferability of the so-obtained cross potential is greatly
improved compared to the one of our first fitted potential.

Note that we have tested another approach to improve the
transferability of our potential by introducing a dependance
on the chemical environment in the density weights 1, as
suggested by Ni et al.® It appears that this technique can
only be used to perform calculations with fixed atomic posi-
tions. When we tried to do molecular dynamics simulations,
we faced insoluble problems of instabilities.

C. Transferability of the fitted potential

In order to test the transferability of our improved cross
potential, we have calculated formation energies of Ta;_ W,
compounds which have not been included in the parametri-
zation procedure. We have also generated bcc solid solutions
at 0 K. These results are compared with experimental data>°
and ab initio calculations' when available. The correspond-
ing values are listed in Table VI for intermetallic compounds

and in Table VII for solid solutions. These results are also
reported on Figs. 5 and 6. We can see that the overall agree-
ment is much better, even if not perfect for the TaW; struc-
ture.

We find that, at 0 K, the intermetallic compounds are
more stable than both the special quasirandom structures and
the solid solutions. However, we know experimentally that,
at least at high temperatures (1200 K), Ta and W form con-
tinuous bee solid solutions.® We have tried to check if disor-
der entropy could stabilize them. In order to do that, we have
crudely assumed that, for any given composition, all contri-
butions to the entropy are the same for a definite compound
and a disordered system, but for a disorder term:

AS = _ RlxInx+ (1 —x)In(1 —x)],

mix

(1

where R is the perfect gas constant and x the concentration.
The term-TAS can be estimated to be 5.3 mRy per atom for
a temperature of 1200 K and an equiatomic concentration
(x=0.5).

Taking into account this effect on our DFT calculations
indeed stabilizes the disordered solutions with respect to in-
termetallic compounds, at a temperature of 1200 K. This is
represented on Fig. 6.

However, contrary to experiment, the asymmetry remains
on the W-rich side of the graph.

IV. MELTING PROPERTIES

We then used our potential to calculate melting tempera-
tures of Ta-W alloys. The melting temperatures 7,, were cal-
culated by a solid-liquid coexistence molecular dynamics
method.?'32 In this technique, a starting sample is prepared
at a given temperature, half solid and half liquid. The calcu-

TABLE V. Values of the angular screening parameters C;, and C,, for each interaction in Ta-W

alloys.

Ta-Ta-Ta Ta-W-Ta Ta-Ta-W Ta-W-W W-Ta-W W-W-W
Chin 0.25 0.30 0.22 0.37 0.19 0.49
Crax 2.80 2.98 2.87 2.75 2.25 2.80
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TABLE VI. Equilibrium lattice parameters and formation energies of various structures not included in
the fit of the improved 2NN-MEAM potential. The definition of the Mo;_,Ta, structures can be found in Ref.
3. Our ab initio results are also added.

Ab initio 2NN-MEAM

Structure Xw ag Ef ag Ef

Ta; Wy (“MoyTay,”) 0.25 3.275 -4.94 3.272 -3.31
TagW, (“MoyTay”) 0.31 3.272 -3.21 3.271 -4.03
Ta,W (C11,) 0.33 3.259 -5.87 3.260 -4.56
TazW, (“Mo;Ta,”) 0.40 3.261 —-6.45 3.260 -5.91
TaW (B32) 0.50 3.244 -5.46 3.249 -9.20
Ta;W, 0.57 3.255 -6.51 3.257 -5.28
Ta,W5 (“Mo;Ta,”) 0.60 3.232 -8.98 3.234 -7.62
TaW, (C11,) 0.67 3.220 -8.58 3.221 -7.68
TaWs (ABs) 0.83 3.208 -5.26 3.209 —4.45

lations were performed in NVE ensemble, including steps for
controlling temperature and pressure. The whole crystal is
thermalized at a temperature 7y which is assumed to be close
to the melting temperature. Then the integration of the equa-
tions of motion is stopped in the solid part whereas tempera-
ture is increased, so as to melt the other part. Then the mol-
ten side is brought back to the temperature 7, by rapid
quenching. The equations of motion are then integrated for
all the atoms, and the system is left free to evolve. The melt-
ing temperatures are determined by examining the evolution
of the solid-liquid interface. When it is stable during this last
simulation (at least for a few dozens of picoseconds) we
reach a point in the melting curve.’” Histograms of the
atomic positions are recorded during the simulation: They
enable us to accurately locate the solid/liquid interface ver-
sus time. We have performed molecular dynamics simula-
tions using a box twice long as large. The number of atoms
varied from 2048 (16X 8 X 8) atoms for B2 structure and
pure metals to 8788 (26X 13X 13) atoms for bec solid solu-
tions.

For the pure metals, the calculated melting temperatures
are 3200 K for Ta and 4600 K, for W whereas the experi-

TABLE VII. Equilibrium lattice parameters and formation ener-
gies of Ta-W bcce solid solutions, obtained with the improved 2NN-
MEAM potential. All atomic positions are relaxed.

Xw ay (A) E/ (mRy/atom)
0.10 3.306 -1.17
0.20 3.291 -2.50
0.25 3.283 -3.19
0.30 3.276 -3.88
0.40 3.262 =5.11
0.50 3.249 -6.01
0.60 3.236 -6.50
0.70 3.224 -6.24
0.75 3.218 -5.83
0.80 3.212 -5.19
0.90 3.201 -3.22

mental values® are 3290 K, and 3695 K, respectively. We
have estimated the corresponding heats of melting to be 22.0
and 34.0 kJ/mol for Ta and W. They clearly underestimate
the experimental values which are respectively 36.6 and
52.3 kJ/mol according to Ref. 34. These discrepancies point
out the difficulty of reproducing liquid properties with a po-
tential parametrized on solid properties. To overcome this
problem one should include physical characteristics of the
liquid state in the potential-fitting procedure. As we will see
in the following, we have tried instead to smooth the repul-
sive part of the W potential in order to reduce the predicted
melting temperature since the purpose of this work was not
to reparametrize potentials for pure Ta and W. Our results
agree with MD results of Lee et al.* which is not surprising
since we are using 2NN-MEAM potentials based on the one
they have published. As mentioned earlier, the melting tem-
perature of the W potential is strikingly bad. In order to
correct for that, we have tried to modify some of the param-
eters. One simple way to try, is to vary the d parameter in the
Rose equation, in order to smooth the potential and to allow
consequently the melting at a lower temperature. Thus, if one
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FIG. 5. (Color online) Equilibrium lattice parameters of Ta-W
structures and bce solid solutions as a function of W composition,
predicted by the improved 2NN-MEAM potential.
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FIG. 6. (Color online) Formation energies of Ta,_,W, structures
and bece solid solutions as a function of W composition, predicted
by the improved 2NN-MEAM potential. The curve at 7=1200 K
accounts for an ideal mixing entropy.

chooses a value of —0.005 instead of 0.00 for d, T,, is re-
duced by 200 K. Nevertheless this reduction is small com-
pared to the difference between predicted and experimental
melting temperatures, around 1000 K.

A second method would require deeper modifications of
the 2NN-MEAM potential. The angular screening defined by
the parameters C,;, and Cp,, should be modified. Conse-
quently, to maintain a reasonable description of physical
properties such as elastic constants, it would be necessary
also to readjust the weights 7). This procedure, whose result
is not guaranteed, is beyond the scope of this paper.

So, given our potentials, the melting temperatures of five
Ta,_,W, intermetallic compounds and three Ta-W bcc solid
solutions have been predicted. Their values are plotted on
Fig. 7 as a function of W composition. If an ideal mixing law
is assumed, the melting temperature of an A;_ B, alloy at low

concentrations can be estimated by the following
formula;3>-3
1lo; 1
T, =~ P ) (12)
b
— - In(1 -
7 ~ag, Y

where x is the composition of the impurity, k; the Boltzmann
constant, and AH,, and T,, the melting enthalpy and tempera-
ture of the pure metal A. This corresponds to the dashed lines
on Fig. 7, respectively for the Ta and W potentials.

Our calculated melting temperatures are always higher
than the ones predicted by this simple law. Due to the poor
prediction of the melting temperature for pure W, we cannot
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FIG. 7. (Color online) Melting temperatures of intermetallic
compounds and bce solid solutions of Ta-W alloys, as a function of
W composition. Our results are obtained from molecular dynamics
simulations using our improved 2NN-MEAM potential. Experimen-
tal data are from Ref. 33. Results with a 2NN-MEAM potential are
estimated from an ideal mixing law [Eq. (12)].

draw ultimate conclusions. However, we think that, even
with a better W potential, TaW systems would show a no-
ticeable departure from an ideal mixing law.

V. CONCLUSION

We have presented in this paper a methodology which
enabled us to build a fairly transferable 2NN-MEAM Ta-W
cross potential from first-principles calculations. A first and
straightforward attempt proved to be insufficient; we had to
consider a more subtle screening to obtain a good transfer-
ability of the potential, whatever the composition of the al-
loy. This potential has been applied to the calculation of the
melting temperatures of these alloys as a function of concen-
tration. We think that this methodology can be applied to
other metallic compounds. A better agreement with experi-
ment would imply to develop a new 2NN-MEAM potential
for W.
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