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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(EB&Wpd
interatomic potentials, namely those due to Foiles and (W [J. Mater. Res2, 5 (1987], Voter and Chen
(VC) [in Characterization of Defects in Materialsdited by R. W. Siegedt al. MRS Symposia Proceedings.

No. 82 (Materials Research Society, Pittsburgh, 19§7175 and Ludwig and Gumbscti.G) [Model. Simul.

Mater. Sci. Eng3, 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 NiyoAlgo 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 {8t ,Ni liquid alloys with x

=0.75, and point to the limitations of EAM potentials for alloys richer in 80163-182@9)02221-3

I. INTRODUCTION structure factors showed a significant prepeak and premini-
mum, respectively, the origins of which can be attributed to
Structural, thermodynamic, and atomic-transg@iscos- ~ an appreciable degree of CSRO in the liquid phase. Consis-
ity, diffusion) properties of liquid Ni-Al alloys play impor- tent with the presence of CSRO, measured enthalpies of
tant roles in the processing of commercial superalloys, andixing?™ in the liquid phase are large and negative, and
are therefore of significant practical interest. Ni-Al alloys arechemical activitie$;® atomic volumes, entropies?® and
strongly ordering in the solid state and appreciable chemicatiscosities'! are characteristic of a highly nonideal solution.
short-range ordefCSRQ is known to exist in the liquid The structural and thermodynamic properties of liquid
phase as well.Ni-Al is therefore interesting from a more Ni-Al alloys have been the topics of several theoretical
basic point of view as a model system for studying CSROstudies'?~1®Saadeddinet al!® analyzed the structure of lig-
and its consequences for physical properties in liquid-metaliid Ni,uAl g5 using a simple model based upon hard-sphere
alloys. plus square-well interatomic potentials. These authors
A relatively large amount of experimental work has beenshowed that a hard-sphere model gives an inadequate de-
devoted to the study of liquid Ni-Al. Maregt al! used iso-  scription of the liquid alloy structure, and it is necessary to
tope substitution and neutron scattering to measure each afodel the attractive interactions between Ni and Al atoms in
the three independent partial structure factors in a liquid Niorder to reproduce the CSRO features present in the mea-
20Al go alloy at T=1300 K. The Ni-Ni and Ni-Al partial sured structure factors. An additional study of the structure

0163-1829/99/5@2)/1427111)/$15.00 PRB 59 14 271 ©1999 The American Physical Society



14 272 MARK ASTA et al. PRB 59

of liquid NisAlg, was performed by Phuong, Manh, and been developed for Ni-Affor a review see Baske$ using
Pasturet* using molecular-dynamics simulations based uporflifferent functional forms for the pair potential terms, and
interatomic forces derived from a tight-binding-bond ap-fitting to different sets of elemental and alloy properties. The
proach. These calculations produced partial structure factoffects of such details upon calculated liquid-alloy properties
in nearly perfect agreement with measurements, and demo@+e explored in this work by performing calculations using a
strated the importance of Al-Ni-d electronic hybridization total of three different Ni-Al potential®—>4
in governing the interatomic interactions between Ni and Al.  The remainder of this paper is organized as follows: in the
Phuonget al. did not, however, report any results for ther- next section the details of the simulations and EAM poten-
modynamic or transport properties in Ni-Al. The most de-tials used in this study are described. A discussion of the
tailed theoretical studies of thermodynamic properties ofiquid structure is given in Sec. Ill A where results for
liquid Ni-Al alloys were undertaken by Landa and NiyAlg, alloys are compared with the neutron-scattering
co-worker$® using pseudopotential, pertubation-theory ap-measurements of Maregt all Calculated thermodynamic
proaches. Two different sets of calculations were performe@nd transport properties are compared with available experi-
using local and nonlocal pseudopotential formalisms, respednental data in Sec. Ill B and Il C, respectively. Finally, the
tively. The nonlocal pseudopotential calculations, in whichresults are summarized.
charge transfer was taken into account explicitly, produced
results displaying the best overall agreement with experi-
mental measurements. In particular, the experimentally ob- Il. METHOD
served, highly nonideal concentration dependence of the en-
thalpy, volume, entropy, and viscosity were reproduced in
these calculations, although calculated values for the enthal- Structural, thermodynamic and atomic-transport proper-
pies of mixing were found to be larger in magnitude thanties of liquid Ni-Al alloys have been computed using Monte
measurements by as much as a factor of tiitee eVV/atom. Carlo (MC) and molecular dynamic8viD) simulations(see
Despite the fact that much theoretical work has been dee.g., Ref. 55 based upon EAM energetics and interatomic
voted to the properties of liquid Ni-Al alloys, it remains of forces. In this study calculations have been performed using
interest to perform a systematic computational study of thehree different Ni-Al potentials due to Voter and Chen
structural, thermodynamiand transport properties within a (VC),%? Foiles and Daw(FD),*® and Ludwig and Gumbsch
single theoretical framework. In this paper the results of suctiLG).>* The FD potentials were fit to the following set of
a study, using computer simulations based upon thexperimental data: elastic constants, vacancy formation ener-
embedded-atom meth@dBAM),'” are presented. The goal of gies and cohesive energies for elemental Ni and Al, as well
this work is to study the relationship between liquid structureas cohesive energies and lattice constants for the alloy com-
and thermodynamic and kinetic properties, as well as to uspounds NjAl and NiAl. The VC potentials were fit to a
the extensive amount of experimental and theoretical datalightly larger set of experimental data includifig addition
available for liquid Ni-Al as a means of critically testing the to the properties used by FDthe bond-length and bond
accuracy of the EAM in its application to the study of liquid energy of the Ni-Ni and Al-Al diatomic molecules, as well as
transition-metal-Al alloys. the elastic constants, vacancy formation enefdpd and
The EAM is a semiempirical, interatomic-potential {111} antiphase boundary energies, and the superintrinsic
method which has been applied widely in the study ofstacking fault energy of NAl. A fundamental difference
crystalline metals and alloy§. The first EAM study of between the FD and VC potentials is associated with the
liquids was performed by Foilé8 who found excellent detailed forms used for the pair interaction term. Specifi-
agreement between EAM-simulated and experimentallyally, in the FD parametrizatich this term is purely repul-
measuret structure factors of elemental metals. Since thissive, while the VC potential includes a medium-range attrac-
original work, the EAM has been used extensively to studytive component? In addition, the FD parametrization
the structural, thermodynamic, and dynamic properties of elassumes that the Ni-Al pair potential is the harmonic mean
emental liquids and glasses; the most successful applications the Ni-Ni and Al-Al pair potentials, whereas the VC pa-
have been for late transition, noble, and “simple5-p)  rametrization has independent fitting terms for the unlike
metals?*~** Less work has been performed applying thepair interaction. We have performed calculations with both
EAM to the study of liquid and amorphousloys*>—>° sets of potentials in order to study the effects upon simulated
In EAM studies of liquids, it is important to consider that liquid-alloy properties associated with the detailed differ-
interatomic potentials are derived most readily by fitting toences outlined in this paragraph.
properties of crystalline phases. It is therefore a matter of Calculations also have been performed using the EAM
practical interest to critically test the accuracy of results calpotential due to Ludwig and Gumbs¢hG).>* The LG po-
culated for liquids using potentials derived solely from solid-tential makes use of functional forms very similar to VC, but
state properties. The results mentioned above seem to indirore alloy properties are included in the fitting database.
cate that for many properties efementaliquid metals such  Specifically, Ludwig and Gumbsch include information
potentials are adequate. Whether this is also the case fabout point defects in the NiAl compound, as well as first-
liquid alloysremains unclear. Ni-Al represents an ideal alloy principles-calculated energy barriers for shearing the NiAl
system for testing the accuracy of EAM potentials for twolattice®” The LG calculations were performed in order to
reasons. First, as discussed above, there exists an extenssleeck whether predicted properties for liquid alloys are im-
database of experimental measurements and calculated m@oved by the additional alloy information included in the
sults for this system. Secondly, several EAM potentials havditting of the potentials.

A. Interatomic potentials
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B. Monte Carlo simulations the Gibbs free energyG) difference between two alloys with

Structural and thermodynamic properties were compute§OMPOsitionsc; andc; can be obtained, giving
using isothermal-isobaric MC simulations. Zero-pressure and .
periodic boundary conditions were used throughout, and G(Cl,T,P,N)—G(Cz,T,P,N)=f ZA,u(c,T,P)dc. (2)
simulations were performed in both canonid&l) (fixed ¢y
number of Ni and Al atomsand transmutatiofiTM) (fixed
total number of atoms, variable number of Ni and Al atoms, ~Equation(2) can be used to obtain Gibbs free energies of
fixed chemical potentiadifference ensembles. In both types mixing provided the relationship w(c,T,P) between the
of simulations displacive degrees of freedom were sampleghemical field and composition is known for a given tem-
by attempting small atomic displacemefitsss than or equal perature and pressure. This relationship is easily obtained
to 0.1 A and changes in volumé&he maximum allowed from the TM MC simulations described above. Once average
change in volume is 1% Configurational degrees of free- values ofc have been obtained via MC for a number of
dom were sampled either by attempting a swap of two difdifferent values of the imposed chemical field, the following
ferent atoms chosen at randd@), or by attempting a switch functional form is used to fit the data:
in an atom’s typeTM).

Structure factors were computed by MC simulation as fol-
lows: after equilibrating a 2048-atom simulatigtypically
using 10 steps/atomn a C ensemb)eperiodic images of the
final atomic configuration were used to generate a startingn the above equation the last term on the right-hand side
point for larger 16 384-atom simulations. In these largercorresponds to an ideal solution, and the -coefficients
simulations the structure was equilibrated over a few time§b;(T,P)] in the polynomial expansion of the nonideal term
10* MC steps/atom, and subsequently 40 configurationgfirst term on right-hand sideare fit to MC data. It was
were stored during a simulation involving an additional found that roughly 20 data points and a third-order polyno-
20000 MC steps/atom. These 40 configurations were ananial [i.e., m=3 in Eq. (3)] were sufficient to obtain well-
lyzed in order to compute the total and partidi-Ni, Ni-Al, converged free energies of mixing in this study. Once values
and Al-Al) pair-correlation functions in real space, the Fou-of the mixing free energy have been computed, the entropy
rier transforms of which give the desired total and partialof mixing can be obtained by subtracting values of the en-
structure factors. The use of 16384-atom simulations althalpies. Additionally, activities are readily computed from
lowed us to ensure that smajlvalues for the structure fac- the free energy of mixing by differentiating the analytical
tors were not appreciably affected by the use of a finite-size@xpressions resulting from Eq&) and(3).
simulation cell.

The concentration and temperature dependences of en- C. Molecular-dynamics simulations
thalpies, entropies, and free energies of mixing, as well as ] ] ) o
activites and atomic volumes, were computed by TM MC Three'lmportant atomic transport properties of liquid al-
simulations. Specifically, at a given temperature 500-atonioyS Which can be computed readily with molecular-

TM simulations were performed as a function of the imposedlynamics simulations are: the shear viscosity, the chemical
chemical field (Au=(un—pa)/2) using 18 step/atom diffusivities and the mutual diffusion coefficient. The viscos-

simulations(longer simulation times and the use of 2048- %Y, 7, 1S given by*
atom instead of 500-atom simulations were found to have 1
very little effect upon the calculated results presented be- _ F Xze4y X2
low). Enthalpies of mixing and atomic volumes were ob- K kBTVfo (™) o*0))dt @
tained directly from ensemble averages of the energy and
volume evaluated during the simulatiorithe initial 1¢¢  Here o™ is an off diagonal element of the stress tensor and
steps/atom were not included in the averaging but were usefi€ symbok( ) denotes an average over all time origiiasi-
for equilibration. These properties also can be readily com-ditional statistics were obtained by averaging over the
puted from MD simulations. For alloys, however, MC simu- €quivalentyz andxy components of the stress tensdfhe
lations allow the chemical degrees of freedom to be sampleéiffusivities of Ni and Al are obtained from an integral over
more efficiently. the velocity-velocity correlation functions %s

Free energies, activities, and entropies of mixing were
computed from TM EAM-MC calculations by thermody-
namic integration based upon the relationship between the
imposed values oA i and the average concentrations of Ni
atoms(c) obtained from the simulations. Specifically, by in- with U; the velocity of atom type. In the above expression
tegrating the following thermodynamic relatigwhereN is  the average is now performed over all time origins and over
the total number of atoms is the pressure] is the tem-  all atoms(of typei) in the system(An alternative method
perature, andN is the difference between the number of Ni for determining the diffusivities is through the limiting be-

m

1
A,u,(c,T,P)=__EO bi(T,P)c'+ =

C

C

D—Efx*t 0:(0))dt 5
=3 O<Ui( )-U;i(0)) (5

atomsNy; and the number of Al atomi,)): havior of the mean-square displacement of the Ni or Al
atoms>2 It was found in the molecular-dynamics simulations
_[4G(Ny Ny, T,P) that both techniques gave the same result to very high accu-

(1)  racy) Finally, it is useful to examine the mutual diffusion

Au=
JAN N,T,P coefficient,Dy;a , Which is defined b3?
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. S 3.0 . ' ' '
DNiA'ZMJo (J°(1)-J°(0))dt. 6) Al-Al

HereJ® is the interdiffusion flux given by ror

PM=cni 2 Ui —ca 2 Uj(t), v 10 :
Al jeNi

le

where the summations ovérandj are over all Al and Ni
atoms, respectively. The molecular-dynamics algorithm em-
ployed in the present work has been utilized in numerous
EAM studies of liquid and solid alloyisee, e.g., Ref. 18In

all of the MD simulations starting configurations were ob-
tained from the equilibrated 2048 atom structures of the
Monte Carlo runs described above and initial atomic veloci-
ties were assigned randomly based on a Boltzmann distribu- -0
tion corresponding to the equilibrated temperature. After a

brief equilibration time(10 p9, microcanonical(constant
energy-volume-numbgMD simulations were performed for -1or
a total of 40 ps using a time step of 1 fs. Even though the
three correlation functions appearing in EGb—(6) decayed

to zero after a relatively short time<(0.5 ps) the long run -3.0 o0 20 60 80 00 120 110

. . o 0.0 )
times were necessary to achieve adequate statistics. Results (g) q(A™)
for n, Dyi, Da, @ndDyia @s a function of composition at 20
1900 K are presented in the next section. : ' ' ' '
cC
Ill. RESULTS AND DISCUSSION
[ =
In this section we present results for liquid structure, ther-
modynamic properties of mixing, viscosities, and diffusion
constants. These results are compared with available experi- ©
mental data, as well as previous theoretical studies. 0.0 - 1
A. Liquid structure NC

The structure of liquid NjAlgy was investigated experi- 0.0 W“

mentally by Maretet al! who used isotope substitution and
neutron scattering to measure each of the three independent
partial structure factors. The measured structure factors are
reproduced with open symbols in Fig. 1, where results of FD
and VC EAM-MC simulations are also showresults ob-
tained with LG potentials were found to be similar and are
not included. In Figs. Xa and Xb) results for 1.0
Faber-Zima®® (FZ) and Bhatia-Thorntdi? (BT) structure

factors are given. The FZ structure factors are defined as
follows:

2.0

0.0 2.0 4.0 6.0 8.0 16.0 120 140
j@=1+n [ PR R-1, @

FIG. 1. Calculated and measurdd) Faber-Ziman and(b)
Wheren |S the number dens|ty ang” |S the usual par“al Bhatia-Thornton pal’tlal structure factors for I|qU|d2M|80 at T
pair-correlation function corresponding to spediesdj. In =1300 K. Solid and dashed lines are calculated results obtained
terms of the FZ structure factors, the number-nun(bg) with Voter-Chen and Foiles-Daw EAM potentials, respectively.
chemical-chemical(CC), and nu;nber-chemica{NC) B'Ii Open circles are taken from the measurements of Marat. (Ref.
correlation functions are defined as follows: 1.

SNN(q):iEj cicily(a), (92 SNC(q):CACB{CA[IAA(q)_IAB(q)]_CB[IBB(Q)_IAB(qz;}C!)

Scc(g) =cace{l+caCp[lan(a)+1gs(q) — 2l ag(a) ]}, wherec, andcg are concentrations oh and B atoms, re-
(9b)  spectively.
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The measured FZ correlation functions reproduced in Fig. 49 ' ' ' '
1(a) display a significant prepeak and preminimum in the
minority-minority (Ni-Ni) and heteroatomi¢Ni-Al) partial 20 - 8
structure factors, respectively, indicative of CSRO effects in Al-Al
the liquid? In particular, as discussed further below, there is 0.0
a tendency for Ni atoms to be surrounded by Al in the first-
neighbor shell. The fact that the prepeak and preminimumin  _,,
the structure factors shown in Figial originate from CSRO
can be seen clearly from the BT correlation functions plotted
in Fig. 1(b). Scc shows a peak in the same position as the
preminimum and prepeak iia andlyini » While no peaks
in this position are seen By -

The solid and dashed lines in Figgajland Xb) corre-
spond to EAM-MC results obtained with VC and FD poten- 0.0
tials, respectively. Results obtained with FD, VC, and LG
(not shown potentials are found to be very similar, indicat- -20 ¢ 1
ing that many of the structural features of the liquid are in-
sensitive to the differences in the potentials mentioned in the
previous section. In Fig.(&) it can be seen that the calcula-
tions reproduce the main features of the measured structure
factors including the prepeak and preminimumi j; and
Inial » respectively. Furthermore, we find excellent quantita- , , ‘ ‘ , ,
tive agreement with measurements for the positions, heights, 00 20 40 60 80 100 120 140
and widths of the peaks ihys , Syy, andSyc. The most R
significant discrepancies between calculations and measure- g 2. calculated reduced partial pair-correlation functions for
ments are found foky; , where EAM-MC results underes- jiquid Ni,Al g, at T=1300 K. Solid and dashed lines are calculated
timate the depth and height of the first minimum and secondesults obtained with Voter-Chen and Foiles-Daw EAM potentials,
peak, respectively. respectively.

The origin of CSRO in liquid Ni-Al alloys can be attrib-
uted to the strong interatomic interactions between Ni angossible that this discrepancy may reflect the differences be-
Al, as discussed in detail by Saadeddéteal™® and Phuong  tween the EAM-calculated and measured Ni-Ni structure
etal!* More specifically, the CSRO is affected by the factors shown in Fig. 1, it is interesting to consider that
strength of the Ni-Al interaction relative to pure Ni-Ni and phuonget al*also find no indication of a split first peak for
Al-Al interactions. The level of agreement between measureG,; in their tight-binding-based MD calculations, even
ments and calculated structure factors shown in Fig. 1, sughough their calculated structure factors are in nearly perfect
gests that the EAM describes reasonably well the relativgreement with measurements. In particular, Phuengl.
Strengths of the Ni-Ni, Ni-Al, and Al-Al interactions. The find a Sing|e first peak fOGNiNi centered around 2.55 A in
level of agreement shown in Fig(d) is, however, not as good agreement with the present results. We note that the
good as that obtained by Phuoegal, who made use of experimental data foty;,; plotted by Maretet al. displays
tight-binding theory to calculate interatomic interactions for significantly more scatter than that fiag,, andl x5 and it is
Ni-Al. The tight-binding approach therefore appears to givepgssible that this noise in the minority-minority partial struc-
rise to improved accuracy over EAM. ture factor could affect the shape of the peaks in the inverse-

The local atomic structure of hijAlgy was discussed by  Fourier-transformed y; -

Maretet al. based upon an analysis of partial pair-correlation | Taple I, we list EAM-calculated and measutqubsi-
functions, G;;(R), in real space. Maregt al. defineG;;(R)  tions, R;;, for each of the first peaks iGyini, Gaal, and
as the Fourier transform aff I;;(q) —1] and the same con- G, . The values oR; give an indication of the average
vention is followed here. Defined in this manner, g are  first-neighbori-j bond lengths in the liquid alloy. From the

4.0

2.0

simply related to they;; given in Eq.(8) by results in Table I, it can be seen that both EAM potentials
predict that Ni-Al bonds are significantly shorter than the
Gij(R)=47Rn[g;;(R)—1]. (100 average Ryjni+Raa)/2) of the Ni-Ni and Al-Al bond

lengths. This result was also found in the calculations of
In Fig. 2 we plot EAM results forGypni, Gniar, and  Phuonget al, as well as in the analysis of Maret al., and it
Ganl» Obtained with VC and FD potentials for liquid is a further indication of the strong preference for heteroat-
NiyoAlgg at T=1300 K. As was the case for the calculated omic nearest-neighbor bonds in Ni-Al alloys. With the ex-
structure factors shown in Fig. 1, the two different sets ofception of Gy, as discussed above, the peak positions
EAM results are found to be in excellent agreement. A sigdisted in Table | are found to be within 3% and 1% of the
nificant difference between our results and those obtained byalues obtained by Maredt al. and Phuonget al.,, respec-
Maret et al. (see Fig. 7 of Ref. Lis found for Gy\i- In  tively.
particular, Mareet al. find that the first peak i y;\; is split As discussed in detail by Marett al, from the partial
into two components centered at 2.36 and82X9, while we  pair-correlation functions it is possible to compute values for
find only one peak centered at roughf6 A . While it is  the partial coordination numbers in the different coordination
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TABLE |. Calculated nearest-neighbor distanc&,(coordination numberszf, and CSRO parameters
() for liquid NiypAlgy at T=1300 K. ExperimentalExpt) numbers are taken from Maret al. (Ref. 1).

R (VC) R (FD) R (Expt) z (VC) z (FD) z (Expt) « (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 1091 -0.057 -0.064 —0.09
Al-Ni 2.54 2.52 2.54 2.57 2.53 271 -0.021 -0.033
Al-Al 2.74 2.75 2.82 10.01 9.73 9.61

shells around Ni and Al atoms. In Table I, VC and FD EAM tentials overestimatéunderestimatethe measured atomic
results are listed for the first-neighbor partial coordinationvolumes(densitie$ at all compositions. VC potentials give
numbersz;; in NiyAlgy at T=1300 K, determined by inte- rise to improved agreement with experiment, although the
grating the partial pair-correlation functions out to a distanceleviation from Vegard's law for near-equiatomic alloys is
corresponding to the first minimum in theotal pair- underestimated. Overall, the best results are obtained with
correlation function. We defing; as the average number of the LG potentials. The LG-EAM results provide a reasonable
specieg surrounding specieswithin the first coordination description of the atomic volume for alloys at all composi-
shell of the liquid. Also included in Table | are the values of tions, deviating by a few percent or less from experimental
z;; taken from Maretet all We find that both EAM poten- measurements. The results obtained in the present calcula-
tials underestimate slightly the total coordination numbertions are found to be qualitatively different from those ob-
around each type of atom. tained by Landaet al’® using both local and nonlocal

In terms of thez; it is possible to define CSRO param- pseudopotential-based thermodynamic pertubation theory. In
eters as follows: the nonlocal calculations Landat al. found nearly perfect
agreement with experiment for pure-element atomic vol-
umes, while results for alloys displayed an oscillating con-
centration dependence with regions of positive deviation
from Vegard’s law for Al-rich and Ni-rich compositions, and
wherec; is the concentration of specigandZ;=z; +z; is negative deviation near equiatomic concentrations. By con-
the total coordination number around spediddegative val-  trast, the local-pseudopotential calculations gave rise to a
ues of;; indicate a preference for unlike-neighbor bonds.concentration dependence for the volume which displayed
The EAM calculated values of;; are included in the last practically no deviation from Vegard's law.
column of Table |, and they are found to be negative, indi- In Fig. 4 calculated and measured enthalpies of formation
cating once again a preference for unlike-neighbor bonds. Rre plotted for liquid Ni-Al alloys. The calculated results
is interesting to note that the degree of CSRO is enhance@ere obtained all =1900 K, while experimental measure-
around Ni atoms relative to the majority Al atoms. In par- ments were performed &t=1800 K? 1823 K? and 1923
ticular, the values ofxy;y obtained with both potentials are K.° In our calculations the temperature dependence of the
found to be roughly a factor of 2 larger than those dajy; . enthalpies of formation was found to be very small. The
The magnitudes of the calculated values dgy, are found different EAM potentials are all found to give very similar
to be significantly lower than the value ef0.09 obtained results over the entire range of composition. For Ni-rich al-
from the measurements of Maret al! This result indicates l0ys the calculated results are found to be in excellent agree-
that the degree of CSRO in aJyAlg, alloy atT=1300 K is

Zij

CiZ ' 1D

aij=1—

apparently underestimated by both the VC and FD EAM 26.0
potentials. m
240 |
B. Thermodynamic properties 20y O
In Fig. 3 we show the results of EAM-MC calculations < 200 %@Q ) o
for atomic volumes(V) versus alloy composition af £ > o
=1900 K. Also included in Fig. 3 are results from experi- 3 180 PR
mental measuremefitat T=1923 K. The measurements 16.0 ‘QODED
show that for concentrated alloys the atomic volumes are o’ (ig‘jomog .
significantly smaller than would be expected from Vegard's 14.0 Cog Sgcgm%% oo
law, i.e., a linear relationship between volume and concen- 120 ‘ , ‘ ¢
tration. The negative deviation from Vegard's law is again 0.0 0.2 0.4 0.6 0.8 1.0

consistent with the presence of CSRO in the liquid. The
EAM calculated results are in qualitative agreement with ex-

Ni Concentration

. . FIG. 3. Calculated and measured atomic volumes for liquid
periment, in that VC, FD, and LG results each reproduce theyi-Al alloys. Open circle, square, and diamond symbols are calcu-

negative deviation from Vegard’s law. However, there arelated results obtained at=1900 K with Voter-Chen, Foiles-Daw,
significant quantitative discrepancies between the results oland Ludwig-Gumbsch potentials, respectively. Filled symbols rep-
tained with the different potentials. In particular, the FD po-resent experimental data of Ayushiagal. (Ref. 9 at T=1923 K.
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FIG. 4. Calculated and measured enthalpies of formation for Ni Concentration
liquid Ni-Al alloys. Open circle, square, and diamond symbols are ) o
calculated results obtained &t=1900 K with Voter-Chen, Foiles- FIG. 5. Calculated and measured entropies of mixing. Open

Daw, and Ludwig-Gumbsch potentials, respectively. Filled circle,circle, square, and diamond symbols are calculated results obtained
square, and diamond symbols represent experimental dafa at atT=1900 K with Voter-Chen, Foiles-Daw, and Ludwig-Gumbsch
=1800 K [Sudovtsevaet al. (Ref. 3], T=1823 K [Grigorovitch ~ Potentials, respectively. Filled diamond symbols correspond to

and Krylov (Ref. 2] and 1900 K[Sandakoet al. (Ref. 5], respec- measurepl values dt=1923 K from Batalinet al. (Ref. 10. The
tively. dashed line represents the ideal entropy of mixing.

ment with experimental measurements. However, as the CoRsfically, an important contribution to the entropy of mixing
centration of Al is increased beyonq roughly 25_ at. % they, 4 liquid alloy is the so-called hard-sphere entroSyd)
magnitudes of the calculated enthalpies of formation are Con(see for example, Ref. 61—5B,s is expressed in terms of
sistently underestimated compared to measurements. T e packing fraction and its contribution to the entropy of

. ; > 0
Ia.rgest discrepancy is found near the composition of 40 at. tixing reflects the concentration dependence of the “excess
Ni where calculated and measured enthalpies of formation

differ by roughly 0.15 eV/atom. The fact that the calculatedVO|ume' hf. we assume a simple modeln where the_ h_ard-
enthalpies of mixing are smaller in magnitude than the meag,phere radii for each c_onstltuent element_ln th? alloy is inde-
sured values for Al-rich alloys is consistent with the finding Pendent of concentratlomS,Hs can be written in terms of
that the EAM potentials also underestimate the degree df'€ deviation from Vegard's law. We have “Slid the hard-
CSRO, as discussed above. The overall level of agreemefPhere radii for Ni-Al derived by Saadeddiagal.™ and the
between the experimental and EAM-calculated results showatomic volume results plotted in Fig. 3 to compt&,s for
in Fig. 4 is significantly better than that obtained by Ni-Al as predicted by the three different EAM potentials. It
Landaet al'® who found discrepancies as large as 0.5 ands found thatAS,s is large and negative and that the differ-
1.5 eV/atom in the local and nonlocal pseudopotential calcuences in the calculated values &6 shown in Fig. 5 corre-
lations, respectively. spond well with the differences iAS,g predicted by the
Calculated T=1900 K) and measured T&1923 K)  three EAM potentials. In particular, for an equiatomic NiAl
(Ref. 10 entropies of mixing are plotted in Fig. 5 as excessliquid alloy, the differences between the FD, VC, and LG
guantities §*°=AS—AS,, is the difference between the values for AS,g are AS,g(FD)—AS,g(VC)=-0.35 and
total entropy of mixind AS] and the ideal entropy of mixing ASpg(FD)—AS,g(LG)=0.16 at T=1900 K. The differ-
[ASeal)- All calculated and measured valuesS¥f shown  ences in these three numbers correspond very well with the
in Fig. 5 are negative. However, there are large differencesalues of AS(FD)—AS(VC) and AS(FD)—AS(LG) ob-
found in the magnitudes of the calculated and measured vatained from Fig. 5.
ues. The best overall agreement between calculated and ex- In Fig. 6 calculated and measured values of the Ni and Al
perimental values 08*° is obtained with the LG EAM po- activities in liquid Ni-Al alloys are plotted. Measurements
tentials for alloys with greater than 80% Ni. The discrepancywere performed al=1873 K (Ref. 6 and 2000 K(Ref. 7)
between LG results and experiment for the more Al-richand calculated results are plottedTat 1900 K. Both experi-
compositions might be due to the underestimation of the dement and calculations predict activities which deviate
gree of CSRO by the EAM for these alloys, as well as thestrongly from the ideal value§.e., activities equal to con-
neglect of electronic contributions in our calculations of ther-centration. The large negative deviations from ideal values
modynamic properties of mixing. The level of agreementdisplayed by the activities are again consistent with a
between LG-EAM calculations and experiment is compa-strongly ordering mixture. It is interesting to note that the
rable to that obtained in the calculations by Laretaall® level of agreement between calculations and measurements
using the nonlocal pseudopotential formalifiocal pseudo- obtained for activities is better overall than that obtained for
potential results produced only very small values for the exeither the enthalpied=ig. 4) or entropieqFig. 5 of mixing.
cess entropy The very good agreement between experiment and calcula-
The differences between the FD, VC, and LG calculatedions displayed in Fig. 6 therefore largely reflects a cancel-
entropies of mixing shown in Fig. 5 can be understood basetation of the errors associated with the enthalpy and entropy
upon the results for atomic volumes plotted in Fig. 3. Spe-contributions to the free energy of mixing.
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FIG. 6. Calculated and measured activities for liquid Ni-Al al- ~ FIG. 8. Computed diffusion coefficients for Ni-Al liquid alloys

loys. Dashed, solid, and dash-dotted lines give Voter-Chen, Foilegat 1900 K. The circles represent results from the Voter-Chen poten-
Daw, and Ludwig-Gumbsch calculated resultsTat 1900 K, re-  tial and the squares refer to Foiles-Daw results. The open symbols
spectively. Filled circles correspond to measured values for Al fromdenoteDy;, the gray symbols arB 4, and the filled symbols refer
Vachetet al. (Ref. 6 at T=1873 K. Filled diamonds represent to the mutual diffusivityD y;p, .

measured values for Ni from Johnson and PalifRef. 7) at T . . . . .
=2000 K. maxima which are not associated with any features in the

density curves, most likely arise due to an increased ordering
tendency at these concentrations.

It is of interest to compare the MD viscosity results with

The ViSCOSity as determined from the MD simulations atthe experimenta| measuremélﬁt%r’ p|otted as filled Symbo|s
1900 K'is shown in Fig. 7 as a function of Ni concentration. in Fig. 7. For Ni-rich compositions the LG and VC simula-
The FD potentials yield a viscosity which is consistently tions agree quite well with experiment, the FD computations
lower than the VC potential and the LG potential exhibits ag|ightly underestimate the measured values. However, at the
trend with composition similar to the other two potentials butequiatomic Composition there is a very Sharp peak in the
is displaced upward from the VC values by approximatelymeasured viscositiapproximately 9 cPwhich is not repro-
0.8 cP. The behavior of the viscosity with the choice ofduced by any of the EAM potentials for Ni-Al. Lanes al*®
potential can perhaps be rationalized with reference to thghestigated the viscosity of Ni-Al liquids within the frame-
equilibrium volume plot of Fig. 4. The FD result yields the work of the Enskog model using both local and nonlocal
lowest density and also predicts the lowest viscosity whereagseudopotential formalisms, where in the latter approach a
the LG potential predicts the highest density and viscosityresonant contribution was incorporated in order to take into
The well known Enskog theo?§ of transport properties account explicitly charge transfer. The local pseudopotential
in fluids is consistent with the density-viscosity bEhaViortheory gave a viscosity similar to the calculated results
shown in Figs. 4 and 7. There appear to be, however, otheghown in Fig. 7, i.e., it was also unable to reproduce the large
factors which are important in the viscosity of NiAl alloys. experimental peak at the NiAl concentration. On the other
All three potentials exhibit an increasing viscosity with in- hand, the nonlocal resonant pseudopotential result did show
creasing Ni content but with small maxima superimposed ity maximum near the 50% composition but the viscosity was
the vicinity of the compositions NAI and NiAl. The  overestimated by roughly a factor of 2. Further theoretical

work is required to understand more completely the origins

C. Atomic-transport properties

10.0 : ‘ : - of the discrepancies between the different calculated and ex-
. perimental results presented in Fig. 7 and Ref. 13.
8.0 ] Figure 8 shows the three diffusion coefficierids;, Dy,
andDy, » as a function of concentration for the VC and FD

5 60 ] potentials. The diffusivities predicted by FD are consistently
z greater than the VC calculations. The qualitative trend in Fig.
8 40 8 is very similar to the equilibrium volume plot of Fig. 4,
> again illustrating the importance of density on the transport

20 properties. It should also be noted that the calculated values

' of Dy; are very nearly equal to those fér,, except at the
A Al-rich concentrations.
%0 0.2 0.4 06 08 1.0 For each potential the mutual diffusion coefficient is

Ni Concentration found to lie below the values dd,; andD 4, over the entire
FIG. 7. Calculated and measured viscosities for liquid Ni-Al composition range. This rgsult can be explained with refer-
alloys at 1900 K. Open circles, squares, and diamonds corresporﬁ:ﬂce to th%7work of Jacucci anq McDon?fIdr!d Han;en and
to the Voter-Chen, Foiles-Daw and Ludwig-Gumbsch potentials,MCDonald' These alithorsapomt out that if velocity cross
respectively. Filled diamonds are the measured viscosities for alloygorrelations given byu;(t)-u;(0)) i#| are negligible then
taken from Petrushevskdt al. (Ref. 11 and filled triangles repre- the mutual diffusion coefficient is just the weighted average
sent results for elements &t=1900 K taken from(Ref. 69. of the two individual diffusivities, i.e., Dyja =CaDni
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1.0 : ‘ : potentials considered in this study is perhaps not surprising
since the main features of the liquid alloy structure appear to
be controlled by two factors which are reasonably well de-

§ o5l scribed by each potential: the relative sizes of Ni and Al, and

g the strong preference for the formation of unlike-at@xi-

= Al) bonds.

§ At T=1900 K atomic denisties and thermodynamic prop-

£ oo e erties of mixing calculated by all three EAM potentials fea-

© 7 tured composition dependences in qualitative agreement with
experimental measurements. In particular, each potential pre-
dicts atomic volumes which display a large negative devia-

=03 00 0.05 0.10 045 0.20 tion from Vegard's law, large and negative enthalpies of

Time (ps) mixing, and strong deviation from ideal-solution behavior
for entropies of mixing and activities. The levels of quanti-
FIG. 9. |nterdiﬁusi0n ﬂUX Correlation fUnCtion for a N| concen- tatlve agreement between experlment and theory obtalned
tration of 0.771 at 1900 K. The solid line refers to the correlationyith the three EAM potentials were significantly different. In
function defined in Eqs(6) and (7) whereas the dashed lined is 5qicylar, the FD potentials overestimate the atomic volume
formed .from the' Weighted. sum of the individual velocity-velocity at all concentrations, while both VC and LG potentials give
correlation functions for Ni and Al fise to atomic densities in good agreement with experimental
) . ] measurements. The differences in the atomic volumes pre-
+cniDar- Such a relationship holds for the case of mixturesgicted by the three EAM potentials are found to be reflected
of Lennard-Jones liquid¥, but does not hold for diffusion in i the values of the viscosities and entropies of mixing com-
strongly ordering systems such as the mpltc_an salts s.tud.ied tbhted by MD and MC, respectively. The largest discrepan-
Hansen and McDonafél where the interionic potential in- cies beteween calculated and measured thermodynamic and
cluded a Coulombic contribution as well as an inverse-poweptomic-transport properties were found for Al-rich alloys
repulsion. The Ni-Al system studied here is another examplgyhere the magnitudes of the enthalpies and entropies of mix-
of an ordering system and thus one would expect similajng and viscosities are significantly underestimated. Overall,
salt investigation. Figure 9 shows two velocity correlationyas obtained with the LG potentials, demonstrating that the
functions at 1900 K and for a Ni concentration of 0.771.yC-form for the pair potentials and the extra alloy informa-
Both functions have been normalized by their values at tjon included in the fitting of the potentials by Ludwig and
=0. The bottom curve refers to the correlation function gen-gumbsch lead to an improved description of the properties
erated by the interdiffusion flux defined in Ed§) and (7) of liquid Ni-Al alloys.
whereas the top curve corresponds to the weighted sum of The EAM potentials, and the VC and LG potentials, in
the two individual Velocity'velocity correlation functions for particu'ar, are found to provide a Very rea”stic description Of
Ni and Al. The results of Fig. 9 are in fact very similar to the 3 wide variety of structural, thermodynamic, and atomic-
Hansen and McDonald resutheir Fig. 4 and illustrate that  transport properties for Ni-rich liquid alloys, even though no
ordering type potentials will yield a lower mutual diffusivity |iquid data was included in the fitting of the potentials. Sig-
than that predicted by the simple weighted average argihificant discrepancies between experimental measurements
ment. Physically, the lowering of the mutual diffusion coef- and calculations for alloys with near-equiatomic and Al-rich
ficient stems from the fact that motion of a pair of strongly compositions are found with all three potentials, suggesting
bonded Ni-Al atoms contributes to the self diffusion but doesthat these shortcomings may reflect inaccuracies associated

not contribute to the mutual diffusicti. with the EAM description of cohesion for transition-
metal-Al alloys. Therefore, further calculations of liquid al-
IV. SUMMARY loy properties based upon interatomic potentials derived

. _ from tight-binding theory or pseudopotentidi® would be
Structural, thermodynamic, and atomic-transport properyf interest.

ties of liquid Ni-Al alloys have been studied using a combi-

nation of classical MC and MD sumulapons based upon three ACKNOWLEDGMENTS

different EAM potentials. Calculated liquid structure factors

and pair-correlation functions obtained with each potential This work was supported by the Office of Basic Energy
are found to be very similar and for a JyAlg, alloy at T Science, Division of Materials Science, of the U. S. Depart-
=1300 K the main features of the measured partial structurenent of Energy under Contract NO. DE-AC04-94AL85000.
factors are well reproduced. The relative insensitivity of We thank M. |. Baskes for a critical reading of the manu-
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