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Atomic and electronic structure, and diffusion coefficients in liquid Ni-Al alloys, have been calculatdd by
initio molecular-dynamics simulations. The chemically short-range ordered structure of ligghl fylimea-
sured by neutron scattering is well reproduced in these simulations. We calculate a significant electronic
contribution AS,=—0.4 kg/atom) to the formation entropy of NiAl at 1900 K, originating from a simulta-
neous narrowing and shifting of the Niband to higher binding energies accompanying alloying with Al. This
value of AS,;, combined with an estimate for the configurational entropy based on calculated radial distribu-
tion functions and a nonadditive hard-sphere model, accounts for the large negative excess entropy of mixing
measured in liquid Ni-Al alloys.
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Transition-metal-aluminuniTM-Al) alloys form a tech- cant negativeslectronic entropyontribution toAS,.” More
nologically important class of materials that are of funda-recently, Pasturel and co-work&t&’ have emphasized the
mental interest due to the structural complexity associate@nportance of(iii) chemical SRO in modeling the thermody-
with many of their intermetallic phases. While the propertiesnamic properties of liquid Ni-Al alloys. Effects)—(iii ) have
of crystalline TM-Al alloys have been topics of numerous not yet been modeled within a consistent theoretical frame-
theoretical and experimental studies, far less attention hasork, and the relative magnitudes of these different contri-
been devoted to noncrystalline phases and liquids in particubutions to the excess thermodynamic properties therefore re-
lar. TM-AI alloys are the basis for a variety of bulk metallic mains unclear. To further clarify the microscopic origins of
glass forming systems, and efforts to optimize the propertiethe highly nonideal solution thermodynamic properties in
of these materials have led to increasing interest in undetthis system we have undertaken a study of liquid Ni-Al
standing the thermodynamic and kinetic properties of thébased uporab initio molecular-dynamic§AIMD ) simula-
liquid phases from which they form. The Ni-Al system is of tions.
particular interest in this context since properties in the liquid AIMD simulations of liquid Ni-Al alloys were performed
phase are relatively well characterized experimentally yetising theab initio total-energy and molecular-dynamics pro-
uncertainties persist in theoretical models of bonding, strucgram VASP (Vienna ab initio simulation packagedevel-
ture, and thermodynamics in these alloys. oped at the Institut fu Material-physik of the Universita

The structure of liquid NibAl go was measured by Maret ~ Wien!*'? The VASP code makes use of ultrasoft
al.! using isotope substitution neutron scattering to extracpseudopotentialss and an expansion of the electronic wave
each of the three independent structure factors Tat functions in plane waves. This approach has been applied
=1330 K. A significant degree of chemical short-range or-widely in AIMD simulations of liquid metals and alloy(see,
der(SRO was measured in these liquids, as characterized bfor example, Refs. 14—24Simulations were performed in
a pronounced peak in the chemical-chemical Bhatiathe local density approximatiéhusing a plane-wave cutoff
Thornton structure factdr Consistent with the tendency to of 242 eV. T -point sampling was used in simulations for
form chemical SRO, the solution thermodynamic propertiedNi,gAlg, liquids at 1300 K, whereas in the calculations of
of liquid Ni-Al alloys are highly nonideal. Specifically, the electronic densities of states and electronic entropy for Al,
excess entropy of mixingAS,, the difference between the Ni, and NiAl at 1900 K use was made of ax2x2 and 4
actual and ideal entropies of mixings measured to be as X 4x4 Monkhorst-Pack-point mesheg® Electronic levels
large as—1.6 kg/atom®® Within a model-pseudopotential were occupied according to Fermi-Dirac statistics with the
formalism combined with thermodynamic pertubation electronic temperature set equal to that of the ions. All of the
theory, Landa and co-workérsstudied the origin of the simulations reported here were performed at experimentally
highly nonideal thermodynamic properties in NiAl and sug-measured liquid densities. Newton’s equations of motion
gested that the large values of the excess entropy of mixingere integrated using the Verlet algorithtwith a time step
could be attributed to two effecté) a large negative devia- of 3 fs, and use was made of a Ndsermost&t to control
tion in liquid alloy atomic volumes from Vegard's law, lead- temperature.
ing to a sizeable packing entrafly“° contribution toAS,, In Fig. 1 we compare our calculated and meastistdic-
and (ii) a charge transfer effect whereby the tliband is  ture factors for a NjjAl g liquid. Figure 1a) features a com-
filled upon alloying with Al, leading to a reduction in the parison between AIMD results for the Bhatia-Thorrftaor-
electronic density of states at the Fermi level and a signifirelation functions, with results extracted from structure
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2 : . : . TABLE |. Nearest-neighbor distance®), chemical SRO pa-
| rameters &), and diffusion coefficientsly; andD 4;) for NiypAlgy
Sccla) at T=1300 K. Nearest-neighbor spacings are given in A, while

diffusion coefficients are in units of I6 cn? s 1.

R(NiNi) R(NIAl) R(AIAl) Dui Da

AIMD  2.67 241 273 0.24- 0.02 0.42= 0.04
Expt? 2.63 2.54 2.82

EAMP 252 2.54 2.74 0.75 0.83
EAM® 250 2.52 2.75 0.86 0.90
EAMY 256 2.44 2.77 0.52 0.79

TB® 2.55 2.55 2.78

dExperimental measuremer(Ref. 1).

bvoter and Cher(Ref. 29 EAM potentials.
Foiles and Daw(Ref. 30 EAM potentials.

9 udwig and GumbscliRef. 31) EAM potentials.
€Tight-binding (Ref. 3 potentials.

played in Fig. 1b) is also found to be quite reasonable. Spe-
cifically, the prepeak features measured experimentally are
well characterized. Computed positions for the first peak are
shifted to slightly higher values ofl, suggesting that the
bond lengths are underestimated on average by the AIMD
calculations relative to experiment.

Nearest-neighbor bond lengths, obtained from the posi-
tion of the first peak in each of the partial pair correlation
functions, are reported in Table I. While the AIMD calcu-
lated values show quantitative differendes large as 4%

g (Inverse Angstroms) compared to experimental results, they capture the trend that
(b) the shortest bond length is betweenlike neighbor bonds

FIG. 1. Calculatedsolid lineg and measureccircles (Ref. 1) (NI'AI)'% It I.s interesting to note th.at '.” T_a}ble | the AIMD
Bhatia-Thornton structure factofa) and total structure factor®) calculated NiAl bond I.engtl(l2.4].. A 1S significantly sma_lller
for liquid NipAlg. than Fhe vglues .oR(N|AI_) obta_lned in all of .the previous

classical simulation studi€s’? with the exception of the re-

factors measured as a function of Ni isotope concentrationsult based on the EAM potentials developed by Ludwig and
Since the extraction of partial structure factors from experi-Gumbscf' which were the only set fit to a data base includ-
mental data can be subject to uncertainties, we also compaieg first-principles calculated energetics for Ni-Al interme-
calculated and measured values fotal structure factors in  tallic compounds.
Fig. 1(b). In both figures calculated results were obtained by In Table | are listed values of the Ni and Al diffusion
Fourier transforming partial-pair correlation functions de-coefficients Dy; andD ) in liquid NiypAlgy obtained from
rived from 256 atom simulations performed at 1300 K. Ra-AIMD and classical EAM simulatiorfd at 1300 K. Values of
dial distribution functions were averaged during a simulationDy; and D, have been calculated from MD simulations in
lasting 6.9 ps which followed a 1.3 ps equilibration phasethe standard manner from the long-time slope of the mean
beginning with atomic positions extracted from embeddedsquare displacement: (|r;(to+t) —ri(to)|?)—6D;t, as
atom-method EAM) based Monte Carlo simulatioi$The  t—o.2* The AIMD diffusion coefficient for Ni is nearly a
agreement between experiment and theory displayed in Fidactor of two lower than that computed for Al, and bddh,
1(a) is seen to be good for both the number-number and@ndD,; values calculated from EAM are substantially higher
number-chemical correlation functionsytq) and {c(q).  than theab initio results.
The AIMD simulations also reproduce the pronounced peak Electronic densities of statd®OS) for liquid NiAl, and
in the chemical-chemical structure factd8), indicative  elemental liquid Al and Ni, at 1900 K are plotted in Fig. 2.
of chemical SRO in the liquid. The first peak in the calcu- These results were obtained by averaging over DOS gener-
lated $:.c(q) is slightly larger than measurements suggestingated from ten snapshots taken during the course of 3 ps MD
a higher degree of chemical SRO in the AIMD simulations.simulations for equilibrated 64-atom liquid structures. The
Overall the level of agreement is comparable to that obtainedhost pronounced feature of the results shown in Fig. 2 is the
in a previous molecular-dynamics study based upon tightharrowing of the Nid-band in the alloy and its shift to higher
binding potentials by Phuonet al® The level of agreement binding energies, relative to elemental liquid Ni. To explain
between experiment and theory for total structure factors disthis feature of the electronic DOS in liquid NiAl, we con-
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4 - : - ~ ‘ percent narrowing of the bands. Further narrowing is ex-
plained by the fact that Ni has fewer neighbors of like kind
in the alloy, thus reducing the bandwidth.

As a consequence of the narrowing and shifting of the Ni
d-band upon alloying, the DOS neé&: in liquid NiAl is
substantially reduced relative to what would be expected
from a composition-weighted average of the density of states
for the elemental constituents. These results therefore sug-
gest a large electronic contribution to the entropy of forma-
tion of liquid NiAl alloys, as proposed previousy® Spe-
cifically, from the standard expression for the electronic
entropy in the independent electron approximafibimte-
grated over the DOS generated from ten liquid structures
each for Al, Ni, and NiAl at 1900 K, we compute an elec-
6 tronic formation entropy for liquid NiAl equal tAAS,=

—0.42£0.01 kg/atom(where the quoted error estimate rep-
resents the standard deviation computed from ten snapshots

FIG. 2. Calculated electronic densities of states for liquid NiAl ith the above calculated value AfS, we can analyze in
and elemental Ni and Al at 1900 K. The thick and thin lines in thefyrther detail the origin of the large excess mixing entropy
bottom panel correspond to total and partial densities of states, r¢neasured for liquid Ni-Al alloys. In addition to the elec-
spectively. tronic contribution discussed above, we follow Pasturel
et al.” and estimate the magnitude of the configurational en-
tropy within a hard-sphere model. In the present case we

onsider a nonadditive hard-sphere model of mixtures to ac-
count for the fact that Ni-Al bondlengths are calculated to be
much less than the average of those for like-atom neighbors

. 35 " X .~ (see Table)l We make use of an analytical expression de-
mation (ASA),”™ which partitions space by circumscribing rived recently within first-order pertubation theory by Ali

spheres around each nucleus with a radfuschosen 10 o4 541 | this framework, the excess configurational entropy
match the atomic volume. The ASA is particularly usefuli written in the form:ASys=ASystAS, +AS,,, where

: : . S . _ : =ASgst AS, ar
here because it provides an easily understood common re o is the ideal gas contributiomS, is the packing en-

erence potential with which to align bands of t_he SeF"E‘ra‘.t‘i’ropy for a reference additive-hard-sphere mixture, A%,
compounds, as we now de;crlbe. In glemental Ni and Al, it 'Ss the correction to the entropy resulting from nonadditivity
evident that each sph_ere 'S ngutral, consequen.tlgtsa\itve of the hard-sphere diameters. o8, we use the equation of
choose the electrostatic potential to be zero, which fixes thgtate for additive hard sphere miF;(tures developed by Bou-
reference in those cases. In & alloy, the potential aRs i “Mansoori, Carnahan, Starling, and Lelafid*’ Further,

is the Madelung potential. ASA calculat|ons_ show a chargqrom the work of Aliet al. the nonadditivity correction takes
transfer of 0.4 electrons from the Al to the Ni spheres, which, = ¢ (for an equiatomic composition AS, =
a

results in a Madelung potential af8 meV. This shift is so — . .

small that we can neglect it. For this reference, the Fermi  Ke7Po AcOnia(onia) in terms of the densityd) of the
level of fcc Al and Ni were calculated to be0.080 eV and  lloy, the radial distribution at the point of contaatya),
—1.011 eV, respectivelyeach calculated at its own equilib- the average hard-sphere diamefer= (oaa + onini)/2],

rium volume. Thus on formation of the alloy charge shifts and the deviation from additivity of hard-sphere diameters:
from the Al to the more electronegative Ni, as we notedAo=o— o . For liquid Ni, Al, and NiAl at 1900 K val-
above. In elemental Ni thé DOS overlaps the Fermi energy ues of the geometrical quantities entering into the analytical
(Eg), with about 9.5 states occupied and 0.5 states abovkard-sphere entropy expressions described above have been
Er, while in liquid andB2 NiAl the d states are shifted determined from experimentally measured liquid densities
deeper relative tdeg, as Fig. 2 shows. This net shift is a (we emphasize that all AIMD simulations were performed at
result of two shifts occurring simultaneously. The dNcen-  experimentally measured densijfiesd calculated radial dis-
ter of gravity shifts upwards about 1.4 €dwing largely to  tribution functions. ForAS, we compute a relatively large
an increase in atomic volumewhile at the same tim&:  value of —0.42 kg/atom. The magnitude of this term re-
rises to 0.8 eMa shift of 1.8 eV relative to elemental Ni  flects the fact that the packing fraction in the NiAl alloy is
these combine for downward shift of 0.4 eV B2 NiAl in considerably higher than the average of the values for pure
the band center of gravity. Second, there is a narrowing oNi and Al. Due to the large negative deviation in Vegard’s
the NiAl d bands relative to elemental Ni. In part this can belaw for the liquid densities, the ideal-gas contribution to
ascribed to a volume effect: well known canonical bandAS,sis non-negligibleAS;,c=—0.1 kg/atom. Finally, ow-
theory®® predicts that, in the absence of mixing wigtandp  ing to the nonadditive nature of the bond lengths in Ni-Al
states the bandwidth scales@s ®° with Q) the atomic vol- melts a significant correction to the additive-hard-sphere en-
ume. In the present case canonical theory accounts for a 2Bopy is calculatedA S, ;= — 0.6Xg /atom. When these three

n

Al

DOS per Atom (V™)
o

sider the much simpler bd82 ordered alloy. The main fea-
tures of the liquid DOS are replicated there, and the simpl
interpretation accessible to tB2 alloy will carry over to the
liquid. For interpretation we employ the method of linear
muffin-tin orbitals (LMTO) in the atomic spheres approxi-
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contributions are combined, the following estimate for the This research was supported by the Office of Science,
configurational entropy resultsAS,s=—1.14 k/atom. Division of Materials Science, of the U. S. Department of

The sum ofA S, andA S, estimated above gives a value for Energy under Contract No. DE-AC04-94AL85000. Use was

i ; made of resources of the National Energy Research Scientific
the excess entropy of mixing equal ol.56 k;/atom. This Cﬁ)mputing Center, which is supported by the Office of Sci-

value is comparable to the large excess entropies measurgfl.e of the Department of Energy under Contract No. DE-

for Ni-rich aIons.‘"*E’ ACO03-76SF00098.
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