
PHYSICAL REVIEW B 1 JUNE 1999-IIVOLUME 59, NUMBER 22
Embedded-atom-method study of structural, thermodynamic, and atomic-transport properties
of liquid Ni-Al alloys

Mark Asta
Sandia National Laboratories, MS 9161, P.O. Box 969, Livermore, California 94551-0969

Dane Morgan*
University of California at Berkeley, Berkeley, Califonia 94720

J. J. Hoyt
Sandia National Laboratories, MS 9161, P.O. Box 969, Livermore, California 94551-0969

Babak Sadigh
Lawrence Livermore National Laboratories, Livermore, California 94550

J. D. Althoff and D. de Fontaine
University of California at Berkeley, Berkeley, Califonia 94720

S. M. Foiles
Sandia National Laboratories, MS 9161, P.O. Box 969, Livermore, California 94551-0969

~Received 9 December 1998!

Structural, thermodynamic, and atomic-transport properties of liquid Ni-Al alloys have been studied by
Monte Carlo and molecular-dynamics simulations based upon three different embedded-atom method~EAM!
interatomic potentials, namely those due to Foiles and Daw~FD! @J. Mater. Res.2, 5 ~1987!#, Voter and Chen
~VC! @in Characterization of Defects in Materials, edited by R. W. Siegelet al. MRS Symposia Proceedings.
No. 82~Materials Research Society, Pittsburgh, 1987!, p.175# and Ludwig and Gumbsch~LG! @Model. Simul.
Mater. Sci. Eng.3, 533~1995!#. We present detailed comparisons between calculated results and experimental
data for structure factors, atomic volumes, enthalpies of mixing, activities, and viscosities. Calculated partial
structure factors are found to be in semiquantitative agreement with published neutron scattering measurements
for Ni20Al80 alloys, indicating that short-range order in the liquid phase is qualitatively well described. Calcu-
lated thermodynamic properties of mixing are found to agree very well with experimental data for Ni compo-
sitions greater than 75 atomic %, while for alloys richer in Al the magnitudes of the enthalpies and entropies
of mixing are significantly underestimated. The VC and LG potentials give atomic densities and viscosities in
good agreement with experiment for Ni-rich compositions, while FD potentials consistently underestimate both
properties at all concentrations. The results of this study demonstrate that VC and LG potentials provide a
realistic description of the thermodynamic and atomic transport properties for NixAl12x liquid alloys with x
>0.75, and point to the limitations of EAM potentials for alloys richer in Al.@S0163-1829~99!02221-3#
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I. INTRODUCTION

Structural, thermodynamic, and atomic-transport~viscos-
ity, diffusion! properties of liquid Ni-Al alloys play impor-
tant roles in the processing of commercial superalloys,
are therefore of significant practical interest. Ni-Al alloys a
strongly ordering in the solid state and appreciable chem
short-range order~CSRO! is known to exist in the liquid
phase as well.1 Ni-Al is therefore interesting from a mor
basic point of view as a model system for studying CSR
and its consequences for physical properties in liquid-m
alloys.

A relatively large amount of experimental work has be
devoted to the study of liquid Ni-Al. Maretet al.1 used iso-
tope substitution and neutron scattering to measure eac
the three independent partial structure factors in a liquid
20Al 80 alloy at T51300 K. The Ni-Ni and Ni-Al partial
PRB 590163-1829/99/59~22!/14271~11!/$15.00
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structure factors showed a significant prepeak and prem
mum, respectively, the origins of which can be attributed
an appreciable degree of CSRO in the liquid phase. Con
tent with the presence of CSRO, measured enthalpies
mixing2–5 in the liquid phase are large and negative, a
chemical activities,6–8 atomic volumes,9 entropies,10 and
viscosities,11 are characteristic of a highly nonideal solutio

The structural and thermodynamic properties of liqu
Ni-Al alloys have been the topics of several theoretic
studies.12–16Saadeddineet al.15 analyzed the structure of liq
uid Ni 20Al 80 using a simple model based upon hard-sph
plus square-well interatomic potentials. These auth
showed that a hard-sphere model gives an inadequate
scription of the liquid alloy structure, and it is necessary
model the attractive interactions between Ni and Al atoms
order to reproduce the CSRO features present in the m
sured structure factors. An additional study of the struct
14 271 ©1999 The American Physical Society
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14 272 PRB 59MARK ASTA et al.
of liquid Ni20Al80 was performed by Phuong, Manh, an
Pasturel14 using molecular-dynamics simulations based up
interatomic forces derived from a tight-binding-bond a
proach. These calculations produced partial structure fac
in nearly perfect agreement with measurements, and dem
strated the importance of Al-Nip-d electronic hybridization
in governing the interatomic interactions between Ni and
Phuonget al. did not, however, report any results for the
modynamic or transport properties in Ni-Al. The most d
tailed theoretical studies of thermodynamic properties
liquid Ni-Al alloys were undertaken by Landa an
co-workers13 using pseudopotential, pertubation-theory a
proaches. Two different sets of calculations were perform
using local and nonlocal pseudopotential formalisms, resp
tively. The nonlocal pseudopotential calculations, in wh
charge transfer was taken into account explicitly, produ
results displaying the best overall agreement with exp
mental measurements. In particular, the experimentally
served, highly nonideal concentration dependence of the
thalpy, volume, entropy, and viscosity were reproduced
these calculations, although calculated values for the ent
pies of mixing were found to be larger in magnitude th
measurements by as much as a factor of three~1.5 eV/atom!.

Despite the fact that much theoretical work has been
voted to the properties of liquid Ni-Al alloys, it remains o
interest to perform a systematic computational study of
structural, thermodynamicand transport properties within a
single theoretical framework. In this paper the results of s
a study, using computer simulations based upon
embedded-atom method~EAM!,17 are presented. The goal o
this work is to study the relationship between liquid structu
and thermodynamic and kinetic properties, as well as to
the extensive amount of experimental and theoretical d
available for liquid Ni-Al as a means of critically testing th
accuracy of the EAM in its application to the study of liqu
transition-metal-Al alloys.

The EAM is a semiempirical, interatomic-potenti
method which has been applied widely in the study
crystalline metals and alloys.18 The first EAM study of
liquids was performed by Foiles19 who found excellent
agreement between EAM-simulated and experiment
measured20 structure factors of elemental metals. Since t
original work, the EAM has been used extensively to stu
the structural, thermodynamic, and dynamic properties of
emental liquids and glasses; the most successful applica
have been for late transition, noble, and ‘‘simple’’ (s-p)
metals.21–44 Less work has been performed applying t
EAM to the study of liquid and amorphousalloys.45–50

In EAM studies of liquids, it is important to consider th
interatomic potentials are derived most readily by fitting
properties of crystalline phases. It is therefore a matter
practical interest to critically test the accuracy of results c
culated for liquids using potentials derived solely from sol
state properties. The results mentioned above seem to
cate that for many properties ofelementalliquid metals such
potentials are adequate. Whether this is also the case
liquid alloys remains unclear. Ni-Al represents an ideal all
system for testing the accuracy of EAM potentials for tw
reasons. First, as discussed above, there exists an exte
database of experimental measurements and calculate
sults for this system. Secondly, several EAM potentials h
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been developed for Ni-Al~for a review see Baskes51! using
different functional forms for the pair potential terms, an
fitting to different sets of elemental and alloy properties. T
effects of such details upon calculated liquid-alloy propert
are explored in this work by performing calculations using
total of three different Ni-Al potentials.52–54

The remainder of this paper is organized as follows: in
next section the details of the simulations and EAM pote
tials used in this study are described. A discussion of
liquid structure is given in Sec. III A where results fo
Ni20Al80 alloys are compared with the neutron-scatteri
measurements of Maretet al.1 Calculated thermodynamic
and transport properties are compared with available exp
mental data in Sec. III B and III C, respectively. Finally, th
results are summarized.

II. METHOD

A. Interatomic potentials

Structural, thermodynamic and atomic-transport prop
ties of liquid Ni-Al alloys have been computed using Mon
Carlo ~MC! and molecular dynamics~MD! simulations~see
e.g., Ref. 55! based upon EAM energetics and interatom
forces. In this study calculations have been performed us
three different Ni-Al potentials due to Voter and Che
~VC!,52 Foiles and Daw~FD!,53 and Ludwig and Gumbsch
~LG!.54 The FD potentials were fit to the following set o
experimental data: elastic constants, vacancy formation e
gies and cohesive energies for elemental Ni and Al, as w
as cohesive energies and lattice constants for the alloy c
pounds Ni3Al and NiAl. The VC potentials were fit to a
slightly larger set of experimental data including~in addition
to the properties used by FD!: the bond-length and bond
energy of the Ni-Ni and Al-Al diatomic molecules, as well a
the elastic constants, vacancy formation energy,$100% and
$111% antiphase boundary energies, and the superintrin
stacking fault energy of Ni3Al. A fundamental difference
between the FD and VC potentials is associated with
detailed forms used for the pair interaction term. Spec
cally, in the FD parametrization56 this term is purely repul-
sive, while the VC potential includes a medium-range attr
tive component.52 In addition, the FD parametrization
assumes that the Ni-Al pair potential is the harmonic me
of the Ni-Ni and Al-Al pair potentials, whereas the VC pa
rametrization has independent fitting terms for the unl
pair interaction. We have performed calculations with bo
sets of potentials in order to study the effects upon simula
liquid-alloy properties associated with the detailed diffe
ences outlined in this paragraph.

Calculations also have been performed using the EA
potential due to Ludwig and Gumbsch~LG!.54 The LG po-
tential makes use of functional forms very similar to VC, b
more alloy properties are included in the fitting databa
Specifically, Ludwig and Gumbsch include informatio
about point defects in the NiAl compound, as well as fir
principles-calculated energy barriers for shearing the N
lattice.57 The LG calculations were performed in order
check whether predicted properties for liquid alloys are i
proved by the additional alloy information included in th
fitting of the potentials.
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B. Monte Carlo simulations

Structural and thermodynamic properties were compu
using isothermal-isobaric MC simulations. Zero-pressure
periodic boundary conditions were used throughout, a
simulations were performed in both canonical~C! ~fixed
number of Ni and Al atoms! and transmutation~TM! ~fixed
total number of atoms, variable number of Ni and Al atom
fixed chemical potentialdifference! ensembles. In both type
of simulations displacive degrees of freedom were samp
by attempting small atomic displacements~less than or equa
to 0.1 Å! and changes in volume~the maximum allowed
change in volume is 1%!. Configurational degrees of free
dom were sampled either by attempting a swap of two
ferent atoms chosen at random~C!, or by attempting a switch
in an atom’s type~TM!.

Structure factors were computed by MC simulation as f
lows: after equilibrating a 2048-atom simulation~typically
using 105 steps/atom in a C ensemble! periodic images of the
final atomic configuration were used to generate a star
point for larger 16 384-atom simulations. In these larg
simulations the structure was equilibrated over a few tim
104 MC steps/atom, and subsequently 40 configurati
were stored during a simulation involving an addition
20 000 MC steps/atom. These 40 configurations were a
lyzed in order to compute the total and partial~Ni-Ni, Ni-Al,
and Al-Al! pair-correlation functions in real space, the Fo
rier transforms of which give the desired total and par
structure factors. The use of 16 384-atom simulations
lowed us to ensure that small-q values for the structure fac
tors were not appreciably affected by the use of a finite-si
simulation cell.

The concentration and temperature dependences of
thalpies, entropies, and free energies of mixing, as wel
activites and atomic volumes, were computed by TM M
simulations. Specifically, at a given temperature 500-at
TM simulations were performed as a function of the impos
chemical field „Dm5(mNi2mAl)/2… using 105 step/atom
simulations~longer simulation times and the use of 204
atom instead of 500-atom simulations were found to h
very little effect upon the calculated results presented
low!. Enthalpies of mixing and atomic volumes were o
tained directly from ensemble averages of the energy
volume evaluated during the simulations~the initial 104

steps/atom were not included in the averaging but were u
for equilibration!. These properties also can be readily co
puted from MD simulations. For alloys, however, MC sim
lations allow the chemical degrees of freedom to be samp
more efficiently.

Free energies, activities, and entropies of mixing w
computed from TM EAM-MC calculations by thermody
namic integration based upon the relationship between
imposed values ofDm and the average concentrations of
atoms~c! obtained from the simulations. Specifically, by i
tegrating the following thermodynamic relation~whereN is
the total number of atoms,P is the pressure,T is the tem-
perature, andDN is the difference between the number of
atomsNNi and the number of Al atomsNAl):

Dm5S ]G~NAl ,NNi ,T,P!

]DN D
N,T,P

~1!
d
d
d
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the Gibbs free energy~G! difference between two alloys with
compositionsc1 andc2 can be obtained, giving

G~c1 ,T,P,N!2G~c2 ,T,P,N!5E
c1

c2
Dm~c,T,P!dc. ~2!

Equation~2! can be used to obtain Gibbs free energies
mixing provided the relationshipDm(c,T,P) between the
chemical field and composition is known for a given tem
perature and pressure. This relationship is easily obtai
from the TM MC simulations described above. Once avera
values of c have been obtained via MC for a number
different values of the imposed chemical field, the followin
functional form is used to fit the data:

Dm~c,T,P!5(
i 50

m

bi~T,P!ci1
1

2
kBT ln

c

12c
. ~3!

In the above equation the last term on the right-hand s
corresponds to an ideal solution, and the coefficie
@bi(T,P)# in the polynomial expansion of the nonideal ter
~first term on right-hand side! are fit to MC data. It was
found that roughly 20 data points and a third-order polyn
mial @i.e., m53 in Eq. ~3!# were sufficient to obtain well-
converged free energies of mixing in this study. Once val
of the mixing free energy have been computed, the entr
of mixing can be obtained by subtracting values of the
thalpies. Additionally, activities are readily computed fro
the free energy of mixing by differentiating the analytic
expressions resulting from Eqs.~2! and ~3!.

C. Molecular-dynamics simulations

Three important atomic transport properties of liquid
loys which can be computed readily with molecula
dynamics simulations are: the shear viscosity, the chem
diffusivities and the mutual diffusion coefficient. The visco
ity, h, is given by58

h5
1

kBTVE0

`

^sxz~ t !sxz~0!&dt. ~4!

Heresxz is an off diagonal element of the stress tensor a
the symbol̂ & denotes an average over all time origins~ad-
ditional statistics were obtained by averaging over
equivalentyz andxy components of the stress tensor!. The
diffusivities of Ni and Al are obtained from an integral ove
the velocity-velocity correlation functions as58

Di5
1

3E0

`

^uW i~ t !•uW i~0!&dt ~5!

with uW i the velocity of atom typei. In the above expression
the average is now performed over all time origins and o
all atoms~of type i ) in the system.~An alternative method
for determining the diffusivities is through the limiting be
havior of the mean-square displacement of the Ni or
atoms.58 It was found in the molecular-dynamics simulatio
that both techniques gave the same result to very high a
racy.! Finally, it is useful to examine the mutual diffusio
coefficient,DNiAl , which is defined by58
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DNiAl 5
1

3NcNicAl
E

0

`

^JWD~ t !•JWD~0!&dt. ~6!

HereJWD is the interdiffusion flux given by

JWD~ t !5cNi (
i PAl

uW i~ t !2cAl (
j PNi

uW j~ t !, ~7!

where the summations overi and j are over all Al and Ni
atoms, respectively. The molecular-dynamics algorithm e
ployed in the present work has been utilized in numer
EAM studies of liquid and solid alloys@see, e.g., Ref. 18#. In
all of the MD simulations starting configurations were o
tained from the equilibrated 2048 atom structures of
Monte Carlo runs described above and initial atomic velo
ties were assigned randomly based on a Boltzmann distr
tion corresponding to the equilibrated temperature. Afte
brief equilibration time~10 ps!, microcanonical~constant
energy-volume-number! MD simulations were performed fo
a total of 40 ps using a time step of 1 fs. Even though
three correlation functions appearing in Eqs.~4!–~6! decayed
to zero after a relatively short time (<0.5 ps) the long run
times were necessary to achieve adequate statistics. Re
for h, DNi , DAl , andDNiAl as a function of composition a
1900 K are presented in the next section.

III. RESULTS AND DISCUSSION

In this section we present results for liquid structure, th
modynamic properties of mixing, viscosities, and diffusi
constants. These results are compared with available ex
mental data, as well as previous theoretical studies.

A. Liquid structure

The structure of liquid Ni20Al80 was investigated experi
mentally by Maretet al.1 who used isotope substitution an
neutron scattering to measure each of the three indepen
partial structure factors. The measured structure factors
reproduced with open symbols in Fig. 1, where results of
and VC EAM-MC simulations are also shown~results ob-
tained with LG potentials were found to be similar and a
not included!. In Figs. 1~a! and 1~b! results for
Faber-Ziman59 ~FZ! and Bhatia-Thornton60 ~BT! structure
factors are given. The FZ structure factors are defined
follows:

I i j ~q!511nE d3ReiqR@gi j ~R!21#, ~8!

where n is the number density andgi j is the usual partial
pair-correlation function corresponding to speciesi and j. In
terms of the FZ structure factors, the number-number~NN!,
chemical-chemical~CC!, and number-chemical~NC! BT
correlation functions are defined as follows:

SNN~q!5(
i j

cicj I i j ~q!, ~9a!

SCC~q!5cAcB$11cAcB@ I AA~q!1I BB~q!22I AB~q!#%,
~9b!
-
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SNC~q!5cAcB$cA@ I AA~q!2I AB~q!#2cB@ I BB~q!2I AB~q!#%,

~9c!

wherecA and cB are concentrations ofA and B atoms, re-
spectively.

FIG. 1. Calculated and measured~a! Faber-Ziman and~b!
Bhatia-Thornton partial structure factors for liquid Ni20Al80 at T
51300 K. Solid and dashed lines are calculated results obta
with Voter-Chen and Foiles-Daw EAM potentials, respective
Open circles are taken from the measurements of Maretet al. ~Ref.
1!.
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The measured FZ correlation functions reproduced in F
1~a! display a significant prepeak and preminimum in t
minority-minority ~Ni-Ni ! and heteroatomic~Ni-Al ! partial
structure factors, respectively, indicative of CSRO effects
the liquid.1 In particular, as discussed further below, there
a tendency for Ni atoms to be surrounded by Al in the fir
neighbor shell. The fact that the prepeak and preminimum
the structure factors shown in Fig. 1~a! originate from CSRO
can be seen clearly from the BT correlation functions plot
in Fig. 1~b!. SCC shows a peak in the same position as
preminimum and prepeak inI NiAl and I NiNi , while no peaks
in this position are seen inSNN .

The solid and dashed lines in Figs. 1~a! and 1~b! corre-
spond to EAM-MC results obtained with VC and FD pote
tials, respectively. Results obtained with FD, VC, and L
~not shown! potentials are found to be very similar, indica
ing that many of the structural features of the liquid are
sensitive to the differences in the potentials mentioned in
previous section. In Fig. 1~a! it can be seen that the calcula
tions reproduce the main features of the measured struc
factors including the prepeak and preminimum inI NiNi and
I NiAl , respectively. Furthermore, we find excellent quanti
tive agreement with measurements for the positions, heig
and widths of the peaks inI AlAl , SNN , andSNC. The most
significant discrepancies between calculations and meas
ments are found forI NiNi , where EAM-MC results underes
timate the depth and height of the first minimum and sec
peak, respectively.

The origin of CSRO in liquid Ni-Al alloys can be attrib
uted to the strong interatomic interactions between Ni a
Al, as discussed in detail by Saadeddineet al.15 and Phuong
et al.14 More specifically, the CSRO is affected by th
strength of the Ni-Al interaction relative to pure Ni-Ni an
Al-Al interactions. The level of agreement between measu
ments and calculated structure factors shown in Fig. 1, s
gests that the EAM describes reasonably well the rela
strengths of the Ni-Ni, Ni-Al, and Al-Al interactions. Th
level of agreement shown in Fig. 1~b! is, however, not as
good as that obtained by Phuonget al., who made use of
tight-binding theory to calculate interatomic interactions
Ni-Al. The tight-binding approach therefore appears to g
rise to improved accuracy over EAM.

The local atomic structure of Ni20Al80 was discussed by
Maretet al.based upon an analysis of partial pair-correlat
functions,Gi j (R), in real space. Maretet al. defineGi j (R)
as the Fourier transform ofq@ I i j (q)21# and the same con
vention is followed here. Defined in this manner, theGi j are
simply related to thegi j given in Eq.~8! by

Gi j ~R!54pRn@gi j ~R!21#. ~10!

In Fig. 2 we plot EAM results forGNiNi , GNiAl , and
GAlAl , obtained with VC and FD potentials for liqui
Ni20Al80 at T51300 K. As was the case for the calculat
structure factors shown in Fig. 1, the two different sets
EAM results are found to be in excellent agreement. A s
nificant difference between our results and those obtaine
Maret et al. ~see Fig. 7 of Ref. 1! is found for GNiNi . In
particular, Maretet al.find that the first peak inGNiNi is split
into two components centered at 2.36 and 2.98 Å , while we
find only one peak centered at roughly 2.5 Å . While it is
.
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possible that this discrepancy may reflect the differences
tween the EAM-calculated and measured Ni-Ni structu
factors shown in Fig. 1, it is interesting to consider th
Phuonget al.14 also find no indication of a split first peak fo
GNiNi in their tight-binding-based MD calculations, eve
though their calculated structure factors are in nearly per
agreement with measurements. In particular, Phuonget al.
find a single first peak forGNiNi centered around 2.55 Å in
good agreement with the present results. We note that
experimental data forI NiNi plotted by Maretet al. displays
significantly more scatter than that forI NiAl andI AlAl and it is
possible that this noise in the minority-minority partial stru
ture factor could affect the shape of the peaks in the inve
Fourier-transformedGNiNi .

In Table I, we list EAM-calculated and measured1 posi-
tions, Ri j , for each of the first peaks inGNiNi , GAlAl , and
GNiAl . The values ofRi j give an indication of the averag
first-neighbori-j bond lengths in the liquid alloy. From th
results in Table I, it can be seen that both EAM potenti
predict that Ni-Al bonds are significantly shorter than t
average (RNiNi1RAlAl )/2) of the Ni-Ni and Al-Al bond
lengths. This result was also found in the calculations
Phuonget al., as well as in the analysis of Maretet al., and it
is a further indication of the strong preference for hetero
omic nearest-neighbor bonds in Ni-Al alloys. With the e
ception of GNiNi , as discussed above, the peak positio
listed in Table I are found to be within 3% and 1% of th
values obtained by Maretet al. and Phuonget al., respec-
tively.

As discussed in detail by Maretet al., from the partial
pair-correlation functions it is possible to compute values
the partial coordination numbers in the different coordinat

FIG. 2. Calculated reduced partial pair-correlation functions
liquid Ni20Al80 at T51300 K. Solid and dashed lines are calculat
results obtained with Voter-Chen and Foiles-Daw EAM potentia
respectively.
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TABLE I. Calculated nearest-neighbor distances (R), coordination numbers (z), and CSRO parameter
(a) for liquid Ni20Al80 at T51300 K. Experimental~Expt.! numbers are taken from Maretet al. ~Ref. 1!.

R ~VC! R ~FD! R ~Expt.! z ~VC! z ~FD! z ~Expt.! a ~VC! a ~FD! a ~Expt.!

Ni-Ni 2.52 2.50 2.36 1.87 1.78 1.65
2.98

Ni-Al 2.54 2.52 2.54 10.27 10.12 10.91 20.057 20.064 20.09
Al-Ni 2.54 2.52 2.54 2.57 2.53 2.71 20.021 20.033
Al-Al 2.74 2.75 2.82 10.01 9.73 9.61
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shells around Ni and Al atoms. In Table I, VC and FD EA
results are listed for the first-neighbor partial coordinat
numberszi j in Ni20Al80 at T51300 K, determined by inte
grating the partial pair-correlation functions out to a distan
corresponding to the first minimum in thetotal pair-
correlation function. We definezi j as the average number o
speciesj surrounding speciesi within the first coordination
shell of the liquid. Also included in Table I are the values
zi j taken from Maretet al.1 We find that both EAM poten-
tials underestimate slightly the total coordination numb
around each type of atom.

In terms of thezi j it is possible to define CSRO param
eters as follows:

a i j 512
zi j

cjZi
, ~11!

wherecj is the concentration of speciesj andZi5zii 1zi j is
the total coordination number around speciesi. Negative val-
ues ofa i j indicate a preference for unlike-neighbor bond
The EAM calculated values ofa i j are included in the las
column of Table I, and they are found to be negative, in
cating once again a preference for unlike-neighbor bond
is interesting to note that the degree of CSRO is enhan
around Ni atoms relative to the majority Al atoms. In pa
ticular, the values ofaNiAl obtained with both potentials ar
found to be roughly a factor of 2 larger than those foraAlNi .
The magnitudes of the calculated values foraNiAl are found
to be significantly lower than the value of20.09 obtained
from the measurements of Maretet al.1 This result indicates
that the degree of CSRO in a Ni20Al80 alloy atT51300 K is
apparently underestimated by both the VC and FD EA
potentials.

B. Thermodynamic properties

In Fig. 3 we show the results of EAM-MC calculation
for atomic volumes~V! versus alloy composition atT
51900 K. Also included in Fig. 3 are results from expe
mental measurements9 at T51923 K. The measurement
show that for concentrated alloys the atomic volumes
significantly smaller than would be expected from Vegar
law, i.e., a linear relationship between volume and conc
tration. The negative deviation from Vegard’s law is aga
consistent with the presence of CSRO in the liquid. T
EAM calculated results are in qualitative agreement with
periment, in that VC, FD, and LG results each reproduce
negative deviation from Vegard’s law. However, there a
significant quantitative discrepancies between the results
tained with the different potentials. In particular, the FD p
e
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e
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e

e
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tentials overestimate~underestimate! the measured atomic
volumes~densities! at all compositions. VC potentials giv
rise to improved agreement with experiment, although
deviation from Vegard’s law for near-equiatomic alloys
underestimated. Overall, the best results are obtained
the LG potentials. The LG-EAM results provide a reasona
description of the atomic volume for alloys at all compo
tions, deviating by a few percent or less from experimen
measurements. The results obtained in the present calc
tions are found to be qualitatively different from those o
tained by Landaet al.13 using both local and nonloca
pseudopotential-based thermodynamic pertubation theory
the nonlocal calculations Landaet al. found nearly perfect
agreement with experiment for pure-element atomic v
umes, while results for alloys displayed an oscillating co
centration dependence with regions of positive deviat
from Vegard’s law for Al-rich and Ni-rich compositions, an
negative deviation near equiatomic concentrations. By c
trast, the local-pseudopotential calculations gave rise t
concentration dependence for the volume which displa
practically no deviation from Vegard’s law.

In Fig. 4 calculated and measured enthalpies of format
are plotted for liquid Ni-Al alloys. The calculated resul
were obtained atT51900 K, while experimental measure
ments were performed atT51800 K,3 1823 K,2 and 1923
K.5 In our calculations the temperature dependence of
enthalpies of formation was found to be very small. T
different EAM potentials are all found to give very simila
results over the entire range of composition. For Ni-rich
loys the calculated results are found to be in excellent ag

FIG. 3. Calculated and measured atomic volumes for liq
Ni-Al alloys. Open circle, square, and diamond symbols are ca
lated results obtained atT51900 K with Voter-Chen, Foiles-Daw
and Ludwig-Gumbsch potentials, respectively. Filled symbols r
resent experimental data of Ayushinaet al. ~Ref. 9! at T51923 K.
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ment with experimental measurements. However, as the
centration of Al is increased beyond roughly 25 at. % t
magnitudes of the calculated enthalpies of formation are c
sistently underestimated compared to measurements.
largest discrepancy is found near the composition of 40 a
Ni where calculated and measured enthalpies of forma
differ by roughly 0.15 eV/atom. The fact that the calculat
enthalpies of mixing are smaller in magnitude than the m
sured values for Al-rich alloys is consistent with the findi
that the EAM potentials also underestimate the degree
CSRO, as discussed above. The overall level of agreem
between the experimental and EAM-calculated results sh
in Fig. 4 is significantly better than that obtained b
Landaet al.13 who found discrepancies as large as 0.5 a
1.5 eV/atom in the local and nonlocal pseudopotential ca
lations, respectively.

Calculated (T51900 K) and measured (T51923 K)
~Ref. 10! entropies of mixing are plotted in Fig. 5 as exce
quantities (Sxs5DS2DSideal is the difference between th
total entropy of mixing@DS# and the ideal entropy of mixing
@DSideal#). All calculated and measured values ofSxs shown
in Fig. 5 are negative. However, there are large differen
found in the magnitudes of the calculated and measured
ues. The best overall agreement between calculated and
perimental values ofSxs is obtained with the LG EAM po-
tentials for alloys with greater than 80% Ni. The discrepan
between LG results and experiment for the more Al-r
compositions might be due to the underestimation of the
gree of CSRO by the EAM for these alloys, as well as
neglect of electronic contributions in our calculations of th
modynamic properties of mixing. The level of agreeme
between LG-EAM calculations and experiment is comp
rable to that obtained in the calculations by Landaet al.13

using the nonlocal pseudopotential formalism~local pseudo-
potential results produced only very small values for the
cess entropy!.

The differences between the FD, VC, and LG calcula
entropies of mixing shown in Fig. 5 can be understood ba
upon the results for atomic volumes plotted in Fig. 3. S

FIG. 4. Calculated and measured enthalpies of formation
liquid Ni-Al alloys. Open circle, square, and diamond symbols
calculated results obtained atT51900 K with Voter-Chen, Foiles-
Daw, and Ludwig-Gumbsch potentials, respectively. Filled circ
square, and diamond symbols represent experimental dataT
51800 K @Sudovtsevaet al. ~Ref. 3!#, T51823 K @Grigorovitch
and Krylov ~Ref. 2!# and 1900 K@Sandakovet al. ~Ref. 5!#, respec-
tively.
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cifically, an important contribution to the entropy of mixin
in a liquid alloy is the so-called hard-sphere entropy (SHS)
~see, for example, Ref. 61–63!. SHS is expressed in terms o
the packing fraction and its contribution to the entropy
mixing reflects the concentration dependence of the ‘‘exc
volume.’’ If we assume a simple model where the ha
sphere radii for each constituent element in the alloy is in
pendent of concentration,DSHS can be written in terms of
the deviation from Vegard’s law. We have used the ha
sphere radii for Ni-Al derived by Saadeddineet al.15 and the
atomic volume results plotted in Fig. 3 to computeDSHS for
Ni-Al as predicted by the three different EAM potentials.
is found thatDSHS is large and negative and that the diffe
ences in the calculated values ofDS shown in Fig. 5 corre-
spond well with the differences inDSHS predicted by the
three EAM potentials. In particular, for an equiatomic NiA
liquid alloy, the differences between the FD, VC, and L
values for DSHS are DSHS(FD)2DSHS(VC)520.35 and
DSHS(FD)2DSHS(LG)50.16 at T51900 K. The differ-
ences in these three numbers correspond very well with
values of DS(FD)2DS(VC) and DS(FD)2DS(LG) ob-
tained from Fig. 5.

In Fig. 6 calculated and measured values of the Ni and
activities in liquid Ni-Al alloys are plotted. Measuremen
were performed atT51873 K ~Ref. 6! and 2000 K~Ref. 7!
and calculated results are plotted atT51900 K. Both experi-
ment and calculations predict activities which devia
strongly from the ideal values~i.e., activities equal to con-
centration!. The large negative deviations from ideal valu
displayed by the activities are again consistent with
strongly ordering mixture. It is interesting to note that t
level of agreement between calculations and measurem
obtained for activities is better overall than that obtained
either the enthalpies~Fig. 4! or entropies~Fig. 5! of mixing.
The very good agreement between experiment and calc
tions displayed in Fig. 6 therefore largely reflects a canc
lation of the errors associated with the enthalpy and entr
contributions to the free energy of mixing.

r
e

,

FIG. 5. Calculated and measured entropies of mixing. Op
circle, square, and diamond symbols are calculated results obta
at T51900 K with Voter-Chen, Foiles-Daw, and Ludwig-Gumbs
potentials, respectively. Filled diamond symbols correspond
measured values atT51923 K from Batalinet al. ~Ref. 10!. The
dashed line represents the ideal entropy of mixing.
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C. Atomic-transport properties

The viscosity as determined from the MD simulations
1900 K is shown in Fig. 7 as a function of Ni concentratio
The FD potentials yield a viscosity which is consisten
lower than the VC potential and the LG potential exhibits
trend with composition similar to the other two potentials b
is displaced upward from the VC values by approximat
0.8 cP. The behavior of the viscosity with the choice
potential can perhaps be rationalized with reference to
equilibrium volume plot of Fig. 4. The FD result yields th
lowest density and also predicts the lowest viscosity wher
the LG potential predicts the highest density and viscos
The well known Enskog theory64 of transport properties
in fluids is consistent with the density-viscosity behav
shown in Figs. 4 and 7. There appear to be, however, o
factors which are important in the viscosity of NiAl alloy
All three potentials exhibit an increasing viscosity with i
creasing Ni content but with small maxima superimposed
the vicinity of the compositions Ni3Al and NiAl. The

FIG. 6. Calculated and measured activities for liquid Ni-Al a
loys. Dashed, solid, and dash-dotted lines give Voter-Chen, Fo
Daw, and Ludwig-Gumbsch calculated results atT51900 K, re-
spectively. Filled circles correspond to measured values for Al fr
Vachet et al. ~Ref. 6! at T51873 K. Filled diamonds represen
measured values for Ni from Johnson and Palmer~Ref. 7! at T
52000 K.

FIG. 7. Calculated and measured viscosities for liquid Ni-
alloys at 1900 K. Open circles, squares, and diamonds corres
to the Voter-Chen, Foiles-Daw and Ludwig-Gumbsch potenti
respectively. Filled diamonds are the measured viscosities for al
taken from Petrushevskiiet al. ~Ref. 11! and filled triangles repre-
sent results for elements atT51900 K taken from~Ref. 65!.
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maxima which are not associated with any features in
density curves, most likely arise due to an increased orde
tendency at these concentrations.

It is of interest to compare the MD viscosity results wi
the experimental measurements11,65 plotted as filled symbols
in Fig. 7. For Ni-rich compositions the LG and VC simula
tions agree quite well with experiment, the FD computatio
slightly underestimate the measured values. However, at
equiatomic composition there is a very sharp peak in
measured viscosity~approximately 9 cP! which is not repro-
duced by any of the EAM potentials for Ni-Al. Landaet al.13

investigated the viscosity of Ni-Al liquids within the frame
work of the Enskog model using both local and nonloc
pseudopotential formalisms, where in the latter approac
resonant contribution was incorporated in order to take i
account explicitly charge transfer. The local pseudopoten
theory gave a viscosity similar to the calculated resu
shown in Fig. 7, i.e., it was also unable to reproduce the la
experimental peak at the NiAl concentration. On the oth
hand, the nonlocal resonant pseudopotential result did s
a maximum near the 50% composition but the viscosity w
overestimated by roughly a factor of 2. Further theoreti
work is required to understand more completely the orig
of the discrepancies between the different calculated and
perimental results presented in Fig. 7 and Ref. 13.

Figure 8 shows the three diffusion coefficients,DNi , DAl ,
andDNiAl , as a function of concentration for the VC and F
potentials. The diffusivities predicted by FD are consisten
greater than the VC calculations. The qualitative trend in F
8 is very similar to the equilibrium volume plot of Fig. 4
again illustrating the importance of density on the transp
properties. It should also be noted that the calculated va
of DNi are very nearly equal to those forDAl except at the
Al-rich concentrations.

For each potential the mutual diffusion coefficient
found to lie below the values ofDNi andDAl over the entire
composition range. This result can be explained with ref
ence to the work of Jacucci and McDonald66 and Hansen and
McDonald.67 These authors point out that if velocity cros
correlations given bŷuW i(t)•uW j (0)& iÞ j are negligible then
the mutual diffusion coefficient is just the weighted avera
of the two individual diffusivities, i.e., DNiAl 5cAlDNi

s-

l
nd
,

ys

FIG. 8. Computed diffusion coefficients for Ni-Al liquid alloy
at 1900 K. The circles represent results from the Voter-Chen po
tial and the squares refer to Foiles-Daw results. The open sym
denoteDNi , the gray symbols areDAl , and the filled symbols refer
to the mutual diffusivityDNiAl .
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1cNiDAl . Such a relationship holds for the case of mixtur
of Lennard-Jones liquids,66 but does not hold for diffusion in
strongly ordering systems such as the molten salts studie
Hansen and McDonald67 where the interionic potential in
cluded a Coulombic contribution as well as an inverse-po
repulsion. The Ni-Al system studied here is another exam
of an ordering system and thus one would expect sim
qualitative results as obtained in the aforementioned mo
salt investigation. Figure 9 shows two velocity correlati
functions at 1900 K and for a Ni concentration of 0.77
Both functions have been normalized by their values at
50. The bottom curve refers to the correlation function ge
erated by the interdiffusion flux defined in Eqs.~6! and ~7!
whereas the top curve corresponds to the weighted sum
the two individual velocity-velocity correlation functions fo
Ni and Al. The results of Fig. 9 are in fact very similar to th
Hansen and McDonald result~their Fig. 4! and illustrate that
ordering type potentials will yield a lower mutual diffusivit
than that predicted by the simple weighted average a
ment. Physically, the lowering of the mutual diffusion coe
ficient stems from the fact that motion of a pair of strong
bonded Ni-Al atoms contributes to the self diffusion but do
not contribute to the mutual diffusion.58

IV. SUMMARY

Structural, thermodynamic, and atomic-transport prop
ties of liquid Ni-Al alloys have been studied using a com
nation of classical MC and MD simulations based upon th
different EAM potentials. Calculated liquid structure facto
and pair-correlation functions obtained with each poten
are found to be very similar and for a Ni20Al80 alloy at T
51300 K the main features of the measured partial struc
factors1 are well reproduced. The relative insensitivity
simulated liquid structures to the differences in the EA

FIG. 9. Interdiffusion flux correlation function for a Ni concen
tration of 0.771 at 1900 K. The solid line refers to the correlat
function defined in Eqs.~6! and ~7! whereas the dashed lined
formed from the weighted sum of the individual velocity-veloci
correlation functions for Ni and Al.
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potentials considered in this study is perhaps not surpris
since the main features of the liquid alloy structure appea
be controlled by two factors which are reasonably well d
scribed by each potential: the relative sizes of Ni and Al, a
the strong preference for the formation of unlike-atom~Ni-
Al ! bonds.

At T51900 K atomic denisties and thermodynamic pro
erties of mixing calculated by all three EAM potentials fe
tured composition dependences in qualitative agreement
experimental measurements. In particular, each potential
dicts atomic volumes which display a large negative dev
tion from Vegard’s law, large and negative enthalpies
mixing, and strong deviation from ideal-solution behavi
for entropies of mixing and activities. The levels of quan
tative agreement between experiment and theory obta
with the three EAM potentials were significantly different.
particular, the FD potentials overestimate the atomic volu
at all concentrations, while both VC and LG potentials gi
rise to atomic densities in good agreement with experime
measurements. The differences in the atomic volumes
dicted by the three EAM potentials are found to be reflec
in the values of the viscosities and entropies of mixing co
puted by MD and MC, respectively. The largest discrep
cies beteween calculated and measured thermodynamic
atomic-transport properties were found for Al-rich allo
where the magnitudes of the enthalpies and entropies of m
ing and viscosities are significantly underestimated. Over
the best level of agreement between experiment and th
was obtained with the LG potentials, demonstrating that
VC-form for the pair potentials and the extra alloy inform
tion included in the fitting of the potentials by Ludwig an
Gumbsch lead to an improved description of the proper
of liquid Ni-Al alloys.

The EAM potentials, and the VC and LG potentials,
particular, are found to provide a very realistic description
a wide variety of structural, thermodynamic, and atom
transport properties for Ni-rich liquid alloys, even though
liquid data was included in the fitting of the potentials. Si
nificant discrepancies between experimental measurem
and calculations for alloys with near-equiatomic and Al-ri
compositions are found with all three potentials, suggest
that these shortcomings may reflect inaccuracies assoc
with the EAM description of cohesion for transition
metal-Al alloys. Therefore, further calculations of liquid a
loy properties based upon interatomic potentials deriv
from tight-binding theory14 or pseudopotentials68 would be
of interest.
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