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An embedded-atom potential has been constructed for the intermetallic comB@uhdAl by fitting to
both experimental properties arab initio data. Theab initio data have been generated in the form of
energy-volume relations for a number of alternative structures of NiAl agdiNas well as for Ni and Al. The
potential accurately reproduces the basic lattice properti@2eRNiAl, planar faults, and point-defect charac-
teristics. It also reproduces the energetics and stability of all other structures included in the fit. The potential
is applied to calculate equilibrium point-defect concentration823NiAl as functions of temperature and
composition near the stoichiometry. In contrast to previous calculations, the defect formation entropies arising
from atomic vibrations are included in our calculation within the quasiharmonic approximation. Such entropies
tend to increase the concentrations of thermal point defedB2iiNiAl at high temperatures, but the atomic
disorder mechanism remains triple-defect type up to the melting point.

DOI: 10.1103/PhysRevB.65.224114 PACS nunider61.50.Ah, 61.72.Bb, 61.72.Ji

I. INTRODUCTION database that includes both experimental properties of
B2-NiAl and a large set of structural energies generated by
The importance of intermetallic compounds of the Ni-Al ab initio calculations. Additionahb initio data, not included
system for high-temperature structural applicatidmss mo-  in the fitting database, are used to test the potential. The
tivated the strong interest in their fundamental propertiesfitting database samples a large area of configuration space in
Such properties include interatomic bonding, long-range orerder to enhance the transferability of the obtained potential.
der and disorder, crystalline defects, and the role of defect§he potential proposed in this work can be used effectively
in the mechanical behavior, diffusion, and other processesn atomistic simulations of plastic deformation, fracture, and
Some of these properties have recently been studied by firséspecially atomic disorder and diffusion. It is designed to be
principles (ab initio) calculations~??> Becauseab initio  particularly reliable in high-temperature simulations of
methods are computationally expensive, the calculation82-NiAl using molecular dynamics and Monte Carlo meth-
have been limited to relatively small supercells with aroundods.
50 atoms and implemented a simple atomic relaxation by Previous EAM-type potentials for the Ni-Al system have
minimizing the total energy of the supercétholecular stat- been reviewed by Bask&$Two more recent potentials have
ics). Although ab initio calculations provide significant in- been proposed in Refs. 3EAM potentia) and 28(FS po-
sights into atomic bonding and some basic properties of lattentia). All potentials reproduce the lattice parameter, cohe-
tice defects in nickel aluminides, many other properties angive energy, and elastic constants B2-NiAl fairly well.
phenomena of interest can only be modeled correctly by usthere are two properties, however, that most potentials fail
ing much larger simulation blocks and more sophisticatedo reproduce satisfactorily. First, the antiphase boundary
computer simulation methods such as molecular dynamicg§APB) energy on thé¢110) plane must be 0.5 J/for higher
harmonic lattice dynamics, Monte Carlo, and others. Largeaccording to experimental observatid¥is. Ab initio
simulation blocks are accessed by parameter-based sentialculation$® are in agreement with this estimate. Most po-
empirical methods, such as the many-body potentials of theentials, however, give lower APB energies: for example,
embedded-atom meth&t(EAM) and Finnis-Sinclaf* (FS)  0.32 J/nf (Ref. 48 or 0.29 J/M (Ref. 49. The potential of
potentials. For th&2-ordered compound NiAICSCI proto-  Ludwig and Gumbsch gives the highest APB energ.82
type), which is the main subject of this paper, EAM and FSJ/n?), followed by the values of 0.45 J/iRef. 28 and 0.43
potentials have recently been applied to the simulations od/n? (Ref. 50, which can also be viewed as acceptable. The
dislocations>~%’ grain boundarie$>~*° fracture cracks:®?  APB energy determines the preferred slip system in the com-
and point defect$®>~ There is a demand for increasingly pound and is important in simulations of plastic deformation
more accurate and transferable potentials that could furthexnd fracture.
enhance the reliability of atomistic simulations. SecondB2-NiAl is considered to be a triple-defect com-
It is the purpose of this paper to present an EAM potentiabound, at least at low pressurés® Namely, derivations
for B2-NiAl that is fit to accurately reproduce the lattice from the exact stoichiometry toward Al-rich compositions
properties and defects in this compound, with emphasis oare predominantly accommodated by vacancies on the Ni
point defects and atomic disorder. We generate the potentiaublattice, whereas Ni-rich compositions are dominated by
using the methodology applied in the previousantistructural Ni atomgNi antisiteg on the Al sublattic?
work 2833:3%9-45Namely, the potential parametrizes a fitting This mechanism of atomic disorder was verified experimen-
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tally by room-temperature measurements of the lattice paAl layers parallel to(100), (111), and (210 planes, respec-
rameter as a function of compositidh>* More recent high- tively. Energy-volume relations for thel,, D0,,, andD 05
temperature x-ray measurements indicate significantly lowestructure®® with the stoichiometry of NjAl are also included
concentrations of Ni vacancies and higher concentrations g, the database, along with those for fcc Ni and Al. Further-
Al antisites in comparison with predictions of the triple- more, in order to represent the APB on tf0) plane in
defect modef® This was interpreted as evidence against thego_NiAl, three “artificial” structures have been designed,
eXiStance Of Structural Va.Ca.nCi%SSE,7 but the |attel’ CO”CIU' Wh|Ch represent tth structure Containing an array Of par-
sion was criticized based on experimental problems and/ogjle| APB's separated by four, six, and eigtitl0) planes,
an incorrect interpretation of the experimental ddt@ver-  respectively. The corresponding structures are referred to as
all, the existance of structural vacancies in Al-rich NiAl can APB4, APB6, and APBS, respectively. They are included in
be viewed as an established experimental fact. the fitting database instead of trying to match a specific value

In terms of point-defect energies, the predominance of Nipf the APB energy. The energies of all structures mentioned
structural vacancies in Al-rich compositions is due to theirghgve have been calculated for a set of 10-20 volumes
energy being lower in comparison with Al antisites on the Niground the equilibrium volume. Because the reference ener-
sublattice. The relevant energy difference, called theyies involved inab initio and EAM calculations are different,
interbranch-Al energ}, must be positive and sufficiently only energy differences between structures can be compared.
high to secure the predominance of structural vacancies. Thg, facilitate the comparison, adib initio energies relating to
interbranch-Al energy at zero temperature has been evalyhe same stoichiometry are shifted by the same amount so
ated byab initio calculations to give 0.3%Ref. 7, 0.88(Ref.  that to match the EAM-calculated equilibrium energy of the
18), 1.28(Ref. 19, and 1.07(Ref. 21 eV. Despite the sig- respective ground-state structu@2-NiAl or L1,-NizAl).
nificant scatter of these values, they all confirm the triple-This shift does not introduce any new approximations and
defect mechanism, in agreement with the mentioned expergoes not have any effect on the fitting procedure. It only
mental data. In contrast, semiempirical potentials givey|iows us to conveniently plaab initio and EAM energies
negative values of the interbranch-Al energy with only threeyggether.
exceptions. The EAM potential of Ref. 34 predicts 0.49 eV The ap initio structural energies have been calculated us-
for this energy, which is a very reasonable number, but thghg the general-potential linearized augmented plane-wave
potential underestimates the APB ene(§y33 J/nf) and dis- (LAPW) method®®®’ The electronic exchange and correla-
agrees significantly withab initio energies of alternative tjon are specified by the Perdew-Wang parametriz&tion
structures of NiAl. The EAM potential of Ludwig and the |ocal density approximatiofLDA) within the Kohn-
Gumbsch® and the FS potential of Yaet al®® both give  sham formulation of the density functional thefyBril-
about 0.07 eV for the interbranch-Al energy. Both potentialsoyin zone integrations are performed using the “special”
demonstrate very good agreement with other properties qf-point set of Monkhorst and Paékmodified™ to correctly
B2-NiAl, but this low value of the interbranch-Al energy sample the Brillouin zone of lower-symmetry lattices. To
essentially makes the disorder mechanism transient betwe@peed convergence, we follow Gill#nand smear out the
the triple-defect and antisite types. electronic eigenvalues with a Fermi distribution at

The proposed EAM potential addresses these two prob= mRy. We have checked the convergence of both the ba-
lems by giving 0.55 J/fhfor the APB energy and 0.48 eV for sjg set anck-point meshes. Our choice for the plane-wave
the interbranch-Al energy, while keeping the agreement withytoff of the basis set i na=10.5Rmy, >4 where Ry is
all other properties oB2-NiAl at the same high level as the the radius of the muffin tinéL.95 bohr in these calculations
potentials of Ludwig and Gumbsthand Yanetal® We  For cubic structures, we construct a regukapoint mesh
will be using the potential of Ludwig and Gumbsch for com- ith N,=16 divisiond® between thd” point and the zone
parison with our potential throughout the paper. It will be yoyndary ax (H in the bee lattice For near-equilibrium foc

referred to as the LG potential. Ni, these choices lead to secular equations with approxi-
mately 200 basis functions and 4@8points in the irreduc-
Il. POTENTIAL GENERATION ible part of the Brillouin zone. By comparing with smaller

values ofR, K nax @ndN, we estimate that our total energies
are converged to better than 0.5 mRy/atom. The calculations
ForB2-NiAl, the experimental part of the fitting database for Al, NiAl, and NizAl are carried out in a spin-restricted
includes the equilibrium lattice parametag (Ref. 59, the  mode, allowing no magnetic moment. Calculations for pure
cohesive energ¥, (Ref. 60, the elastic constants; (Ref.  Ni are carried out using the spin-polarized LDA by artifi-
61), and linear thermal expansion factors at several temperaially inducing a magnetic moment on the Ni ions in the
tures (Ref. 62. For thelL1,-ordered compound NAl and  starting charge density and iterating to self-consistency. LDA
pure Ni and Al, only the lattice parameters and cohesivecalculations are known to slightly underestimate lattice peri-
energies are includet:?%-6364 ods of crystals. To partly compensate for this effect, all LDA
Theab initio part of the database includes energy-volumedata used for generating the EAM potential are modified by
relations for the following structures of NiAB2, B1 (NaCl  multiplying all interatomic distances by the ratio of the ex-
prototype, L1, (CuAu prototypg, L1; (CuPt prototypg  perimental and LDA-predicted lattice periods BR-NiAl.
B32 (NaTl prototype, and “40” (NbP prototype® The The LAPW method is also used for calculating the energy
L1y, L1,, and “40” structures represent alternating Ni and along the tetragonal and trigonal deformation paths in

A. Fitting database
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B2-NiAl. These energies are not included in the fitting da-so-called effective pair form&tby choosingga=—FA(pa)
tabase but are used for testing the potential. andgg=— Fé(ﬁg), Whereﬁﬁ andﬁg are equilibrium elec-

Finally, in order to secure the triple-defect mechanism oftron densities on atoms in the compound. In this format, the
disorder, the interbranch-Al energyin B2-NiAl is required  embedding function§ A(p) andFg(p) attain extremausu-
to lie within the range of values 0:80.4 eV, which approxi- ally, minima) (Ref. 78 at?A) and zg, respectively, which
mately represents theab initio data available in the simplifies analytical expressions for lattice constants, dy-
literature! 18192151 namical matrix, and other properties. The effective pair for-

mat is often used as a base for comparing different potentials
B. Parametrization and fitting procedures for the same system.

There can be two different strategies for generating a po-
tential for a binary system. One is to employ good-quality
pureA and pureB potentials constructed separately and only

1 fit the cross potentiald® g(r).”” For example, the LG
Etot:§E D (1) + > Fo,(pi)- (1)  potentiaf® was generated by this scheme using the Ni and Al
1l : : potentials constructed earlier by Voter and Cheiwhile
Here®, _, (r;;) is a pair interaction potential as a function Very convenient for handling potential databases, this
of distancer;; between atomsandj that have chemical sorts Echemed offfer?_ qnly a I”:]"ted numt_)er offp_arametz_rs that can
a; anda; (=A or B), andF,, is the embedding energy of an e used for fitting to the properties of intermediate com-

. . pounds. The other strategy is to optimize all seven potential
atom of chemical sort; as a function of the host electron functions simultaneously by fitting them to the whole set of

densityp; induced at sité by all other atoms in the system. 43 available for the systeff This strategy provides more

In the EAM modeF® the total energy of a binary system
A-B is represented as

The latter is given by flexibility for selecting one compound and fitting its proper-
ties most accurately in comparison with other phases of the
E=E Paj(fij), 2) system. The weak side is that the quality of pérexnd

J#i pureB potentials produced by this fit may not be as good as
when they are constructed separately. Also, this scheme leads
to a multiplicity of potential functions for the same phase,
depending on whether such functions were fit specifically for
this phase or obtained as support functions for other phases.
Both strategies were tried in this work. Attempts were
made to optimize only the cross potentidly;.(r) for
B2-NiAl by using, as input, either the Voter-Chen potentials
for Ni and Al or more recent potentials constructed waii
initio input**8None of these attempts resulted in a satisfac-
tory fit to all target properties d82-NiAl. For example, the
potential could be fit to the LAPW structural energies and
could give a reasonable value of t{ilEl0) APB energy, but

wherepaj(r) is the electron density function assigned to an

atom of chemical sor&; . This model involves seven poten-
tial functions that can be conveniently divided into three
groups: (i) ®a.a(r), pa(r), andFA(p) describe atomic in-
teractions in a puré system, (i) ®g.g(r), pg(r), and
Fg(p) describe atomic interactions in a puBesystem, and
(iii) ®a.g(r) describes pair interactions between unlike at-
omsA andB.

An important property of Eq(l) is the invariance of the
total energy under the transformatiéh§’

PA(N) = Sapa(r), ®  fhe interbranch-l energy could never be raised above 0.1
. eV. This inability to fit all desired properties probably origi-
Pe(1)—Seps(r). @ nates from the simplified nature of the EAM, in particular the
FA(p)—FA(DISA), (5) presence of the directional bonding between atoms which is
not included in the model. We therefore had to choose the
Fa(p)—Fg(plss), (6) second strategy, which gave us more fitting parameters and
allowed us to meet the target valuesBiZ-NiAl properties.
FA(p)—Fa(D)+0ap, (7) Because the focus has been tightened on this compound, the
properties of other phases of the Ni-Al system are repro-
Fa(p)—Fa(p)+9sp, (8) duced less accurately, although are still reasonable. This po-
tential is, therefore, intended for atomistic simulations of
D p (1) =D a (1) —2gapa(r), (9) B2-NiAl and may not work accurately for other phases.
The following parametrization has been found to work
Dpp(r)—Ppa(r)—2gepa(r), (10) best for the potential functions. The pair interaction functions

are parametrized as
Dpg(r)—Pap(r)—gaps(r) —depalr), (11)

wheres,, Sg, ga, andgg are arbitrary constants. Although r—re

these transformations do not affect the total energy, they do @ (r)=[DM(r,rg,a,q)+ 4] ¢( h ) (12
change the shape of the potential functions, which makes

them an efficient tool in fitting the potential. For any com-

pound of anA-B system, the potential can be reduced to thewhere
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M(r.ro,a,q)=exd —qa(r—ro)]—qexg —a(r—ro)]

13

is a generalized Morse function, amgx) is a cutoff func-
tion defined asy(x)=0 if x=0 andy(x) =x*/(1+x*) if x
< 0. Expressior{12) contains seven fitting parametésr ;,

a, g, 8, re, andh. The electron density functions are param-

etrized as

r—re
p(r)=S[r2exp(—Br)+s]w( H )

(14

with five fitting parameters, B, &, r., andh. Finally, the

embedding energies are represented by cubic polynomials

F(p)=aip+ayp’+agp®,

(19

with three fitting coefficient®;, a,, anda;. Note that the
cutoff function 4(x) guarantees that the functiodg(r) and

p(r) and their derivatives up to the second one turn smoothly
to zero at the cutoff distanag, . In the present work, a con-

straint is imposed that the cutoff parametefsand h be the

same for all function$12) and(14). The transformation fac-

tor sy; is fixed by the normalizing conditioﬁﬁsl (unit

TABLE |. Optimized values of fitting parameters of potential

functions forB2-NiAl. See Eqs(12)—(15) in the text for notation.

Note thatsy; is fixed, so that there are a total of 30 adjustable

parameters.
Parameter Value Parameter Value
Ni-Ni Ni-Al
D (eV) 2.796 75 D (eV) 7.63181
ro (A) 2.07675 ro (A) 1.909 09
a (1/A) 1.696 48 a (1/A) 1.150 94
q 1.830 66 q 2.59281
5(eV) —0.2753%10° ! 5(eV) —0.46036<10°*
s 0.94577
B (1/A) 1.819 40 Cutoff
€ —0.66523< 1073 R, (V) 5.954 14
a, (eV) 0.321 9% 107 h (eV) 0.500 20
a, (eV) 3.714 22
as (eVv) —2.037 96 Transformations
ani (eV) —0.528 61X 107
Al-Al ga (eV) —0.189 0% 10°
D (eV) 2.22312
ro (R) 3.21924
a (1A) 3.61338
q 1.008 81
5(eV) 0.426 35¢10°*
s 0.3984839
B 1.452 22
€ 0.94920x 10 2
a, (eV) 0.861 05 107
a, (eV) 6.276 07
as —2.098 15
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FIG. 1. Potential functions foB2-NiAl in the effective pair
format: (a) pair interaction functions(b) electron density func-
tions, and(c) embedding functions. The arrows indicate coordina-
tion radii (a), (b) or electron densities on Ni and Al ator(® in the
equilibrium B2-NiAl structure.

electron density on Ni atoms iB2-NiAl), while the trans-
formation factorss,, gni, andgy [see Eqs(3)—(11)] are
used as adjustable parameters. Overall, this parametrization
includes 30 fitting parameters.

The potential functions are optimized by minimizing the
weighted mean-squared deviation of the properties discussed
in Sec. Il A from their target values. The weights assigned to
different properties serve to represent their relative impor-
tance for our purposes.
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TABLE II. Experimental lattice properties d&2-NiAl fitted by 0 »
the present EAM potential and LG potenti@&ef. 33 in compari- e
son with experimental data.

-1 F
Experiment EAM LG .
£
ag (R) 2.88 2.86 2.86 % oL
E, (eV/atom —4.50 —-4.47 —4.44 %
cy1 (10' Pa) 1.99 2.00 1.95 =
1o (101 Pa) 1.37 1.40 1.41 2 3
Caq (10" Pa) 1.18 1.20 1.16 S
aReference 59. 4 | LAPW
’Reference60. &R L EAM al
‘Reference 61. ose etal.
-5 1 1 1 1 1 1

C. Fitting results 1.5 2.0 2.5 3.0 3.5 4.00 4.5 5.0

. " . . . Fi igh i A
The obtained fitting parameters are listed in Table I. Fig- irst neighbor distance (A)

ure 1 presents the optimized potential functions plotted in the F|G. 2. Comparison of LAPWO) and EAM-calculatedsolid

effective pair format. They are available to the reader, inine) equations of state d&2-NiAl. All LAPW energies are shifted

tabulated form, via the World Wide W& The cutoff radius by the same amount to match the EAM-calculated cohesive energy.

of the pair-interaction and electron-density functions is 5.954The empirical equation of state by Rasteal. (Ref. 84 (dotted ling

A. The atomic interaction range formally includes six coor-is shown for comparison.

dination shells oB2-NiAl, but the contribution of the sixth

shell is almost negligible. The equilibrium electronic densi- The binding curve calculated with the present potential

ties on atoms argaiz 1 andﬁglz 1.0124. (Fig. 2) is in good agreement with both LAPW energies and
the empirical equation of state by Raseal.,®* except under
very large expansions. The potential also compares favorably

lll. TESTS AND APPLICATIONS OF THE POTENTIAL with the experimental high-pressure equation of &tafeig.
3), whereas the LG potential tends to overestimate pressures
o already above 5 GPA. The high-pressure behavior was not
Table Il demonstrates that the potential is fit accurately tQncluded in the fitting database.

the experimental values of the lattice parameter, cohesive Thermal expansion d82-NiAl has been evaluated in two

energy, and elastic constants B2-NiAl. Zone boundary —ways: (i) by minimizing the free energy of the lattice with

phonon frequencies predicted by the potential are in a faifespect to volume expansions in the quasiharmonic

agreement with experimental détand with the LG poten-  approximatiof® using the general quantum-mechanical ex-

tial (Table I1l). Both potentials tend to overestimate optical pressjon for the vibrational free energy afiid by Metropo-

frequencies. Note that phonon frequencies were not fitted byjs Monte Carlo(MC) simulations implemented under zero-

A. Lattice properties

the potentials. pressure condition&ig. 4). In both cases, a%6x6 block
TABLE lll. Phonon frequenciesin THz) in B2-NiAl calculated 1.00 T T T
with the present EAM potential and LG potenti&ef. 33 in com- o EéM
parison with experimental data. Phonon frequencies were not in- 0.98 | ——— Experiment
cluded in the potential fits.
. : 0.96 | .
Point Branch Experimefit EAM LG
I'=[000] LO 8.60 10.67  10.45 2 oo4f :
X=13[001] LA 6.05 6.08 5.75
TA 4.78 5.43 5.93 0.92 |- .
LO 10.10 12.23 11.48
TO 7.72 8.61 8.62 0.90 - ]
M =3[011] LA 4.00 3.30 2.94 X
TA 5.60 6.10 5.91 088 s 10 py 20 .
LO 10.50 13.11 12.15 Pressure (GPa)
TO 7.82 8.30 8.65
R=3[111] LA 4.96 5.82 6.16 FIG. 3. Pressure-volume relation for NiAl &t=0 calculated
LO 9.80 12.25 10.49 with the present EAM potentialdashed ling and LG potential
(Ref. 33 (dotted ling in comparison with experimental datRef.
%Reference 83. 85). The volumeV is normalized by the equilibrium volumé,.
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FIG. 4. Linear thermal expansion &2-NiAl calculated in the 50 L L L L L
guasiharmonic approximatioiQHA) and by the Monte Carlo 5 10 15 2(0) 25 30
method using the present EAM potential. Experimental dRef. Atomic volume (A3)

62) are shown for comparison.

FIG. 5. Comparison of LAPWsymbolg and EAM-calculated
with 432 atoms has been used. The Monte Carlo method igurves equations of state of different structures of NiAl. Note that
more accurate at high temperatures because it includes théPW energies of the “40"(V) and L1, (A) structures almost
unharmonicity of atomic vibrations. The MC-calculated ther-coincide to produce starlike symbols. All LAPW energies are
mal expansion factors lie on the higher side of the eXperi_'s,hifted by the same amount to match the EAM-calculated cohesive
mental dat§? but the agreement with experiment is reason-€nergy of the2 structure.
able. The quasiharmonic data are more accurate at low ) ]
temperatures where the quantum effects are important. TH&CtY predicted to be the lowest-energy structures of NiAl
quasiharmonic thermal expansion calculated with our poten@nd NiAl, respectively. To put these results into perspective,
tial is in excellent agreement with the experiméfitg. 4.  Fig. 7 shows the EAM-calculated cohesive energies of dif-
Calculations with the LG potential give similar results, al- ferent structures, relative 82 andL 1,, plotted against the
though the quasiharmonic thermal expansion overestimatéglevant LAPW values. This plot demonstrates again that the
the experimental values at high temperatures. The relevafi¢lative stability of the structures is accurately and correctly
plot is not shown here, but instead Table IV compares théepresented by the potential. The long-wavelength mechani-
thermal expansion factors calculated at 500 and 1000 K. cal stability of the structures has been tested by calculating
the elastic constants. The 1,-NiAl, B32-NiAl, and
D03-NizAl compounds are found to be unstable against te-
tragonal distortions ;;<<c;,), while B1-NiAl is unstable

Figure 5 compares the energy-volume relatiGeguations  against trigonal distortionsc,<0). Figure 8 shows that the

of statg of different structures of NiAl obtained by LAPW equations of state of Ni and Al are also in reasonable agree-
calculations and with the present potential. Very good agreement with LAPW energies and experimental data. Table V
ment is observed between both calculation methods over summarizes the cohesive energies and lattice parameters of
relatively wide range of volumes. The potential slightly several phases of the Ni-Al system calculated with this po-
overbinds the least stable structiB#. Very good agreement tential in comparison with experimental dagahen avail-

is also observed for the threedil structures included in the able. For some of the phases, several alternative structures
fitting databaséFig. 6). TheB2 andL1, structures are cor- are included in order to demonstrate that the potential cor-

B. Structural stability and deformation paths

TABLE IV. Linear thermal expansiofin %) of B2-NiAl at 500 and 1000 K calculated with the present
EAM potential and LG potentia{Ref. 33 in comparison with experimental data. QHA: quasiharmonic
approximation. MC: Monte Carlo simulations.

T (K) Experiment EAM LG
QHA MC QHA MC
500 0.54 0.52 0.80 0.54 0.75
1000 1.30 1.28 1.67 1.49 1.60

%Reference 62.
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FIG. 6. Comparison of LAPWsymbolg and EAM-calculated

(curves equations of state of three different structures gfAlli All
LAPW energies are shifted by the same amount to match the EAMing to the same metal are shifted by the same amount to match the

calculated cohesive energy of thd, structure.

rectly predicts their energies to be higher than the groun
state. For NiAl, theB20 structure(FeSi prototypgturns out

[+]
Atomic volume (A3)

FIG. 8. Comparison of LAPWsymbolg and EAM-calculated
(curves equations of state of Ni and Al. All LAPW energies relat-

respective experimental cohesive energy.

ent test of the transferability of the potential, the energy
long two uniform deformation paths has been calculated
and the results are compared with LAPW calculations in

to be the closest in energy to the ground state, in agreemepigs 9 and 10. The first path is the volume conserving Bain

with previousab initio calculations:!

patif’ in which the initial B2 lattice is stretched along the

It should be noted that all LAPW energies appearing in[100] direction and simultaneously compressed in [B&0]
Figs. 5-8, as well as the experimental cohesive energies arghd [001] directions. When the/a ratio of this tetragonal

lattice parameters fdB2-NiAl, L1,-NizAl, fcc-Ni, and fcc-

lattice becomes/a=v2, we arrive at an idedl1, structure.

Al, have been used for fitting the potential. As an indepen-The fact that the energy does not show any local minimum at

c/a=v2 (Fig. 9 is consistent with the elastic instability of

0.7 . . . . . . the L1, structure mentioned above. The other path is ob-
e B2 tained by a trigonal deformation of tl&2 lattice by stretch-
06l = E11 i ing it in the [111] direction under a constant volume. The
o |_1$ degree of deformation can be measured by the addie-
_ o B32 tween the lattice translation vectors, which is initialty
E 051 . ﬁ?z i =90°. At §=60° the structure becomeB1l and at ¢
g x DO, =33.56° it become& 1,. Again, the fact that the energy of
3 04 + Do Lo 1 the B1 structure is a maximum at=60° (Fig. 10 is con-
= sistent with elastic instability of this structure with,<0.
Elg 03 | . For both deformation paths, the agreement with LAPW en-
o ergies is generally good, as it is also for the LG potential.
= 02 b . i Paidaret all” have recently tested the FS potential of Yan
w Py et al?® for the same tetragonal and trigonal deformation
paths. The agreement between ttadirinitio energies and the
01 1 potential predictions is at about the same level as in Figs. 9
+ and 10. Paidaet al. conclude from this comparison that the
0.0 &= : : : : : : approximation of central-force many-body potentials is very

00 0.1 02 03 04 05
LAPW energy (eV/atom)

0.6

0.7

satisfactory for NiAl. Our calculations lead to the same con-
clusion.

FIG. 7. Comparison of LAPW and EAM-calculated cohesive
energies of different structures of NiAl and 4 relative to the
respective ground-state structuf@® andL1,). The line of perfect
agreementdotted ling is shown as a guide to the eye.

C. Planar defects

For surface energies d@2-NiAl, no experimental data
are available, while results ab initio calculations vary over
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Energy (eV/atom)

0.10
0.05
0.00
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FIG. 9. Energy as a function of tte#a ratio along the Bain path
calculated by the LAPW metho@D), with the present EAM poten-
tial (solid line), and with the LG potentia{Ref. 33 (dotted line.

TABLE V. Equilibrium lattice parametersag) and cohesive energieg§) of selected phases of the Ni-Al
system calculated with the present EAM potential. For noncubic structures, two or three lattice parameters are
listed separated by commas. Experimental data are included where available. See Ref. 65 for a detailed

PHYSICAL REVIEW B5 224114

description of the structures. The asterisk indicates structures which were not included in the potential fit.

Phase Structure Experiment EAM
a (A) Eo (eV) ao (A) Eo (eV)
Ni Al 3.52 —4.49 3.453 —4.501
NizAl L1, 357 —457 3.525 —4.600
DO0,, 3.523 —4.501
D03 2.812 —4.541
D07, 4.486, 6.082, 7.144 —-4.170
NiAl B2 2.88 —4.5¢ 2.859 —4.465
B1 3.501 —3.988
L1, 3.662 —4.293
L1, 3.727 —4.082
B32 2.939 —4.095
“40” 3.661 —4.268
B20* 4.600 —4.335
NizAl, Ni;Ga, type* 11.408 11.375 —4.283
Ni,Al4 D5%, 4.03, 4.88 -4.38 4,016, 4.924 -4.189
NiAl 3 DO}, 4.80, 6.60, 7.35 —4.02 4.950, 6.415, 7.484 —-3.914
L1} 3.829 —3.805
D03 3.047 —-3.707
DO%, 3.838 -3.798
Al Al 4.05° -3.3¢ 4.052 —3.362
8Reference 59.
bReference 64.
‘Reference 63.
dreference 60.
‘Reference 96.
Reference 97.
' 14
12
5§ 10}
i g
E 08 r
1 5 06
[h}
- D 04
LAPW
EAM 0.2}
\ LG
! "8 g L 0.0 : . L L -
0.8 1.0 1.2 1.6 1.8 50 60 70 80 90
c/a 0%

100

110

FIG. 10. Energy as a function of the rhombohedral amgéong
the trigonal deformation path calculated by the LAPW mettiog
with the present EAM potentigsolid ling), and with the LG po-

Calculations are performed at a constant volume corresponding tential (Ref. 33 (dotted ling. Calculations are performed at a con-
the equilibriumB2-NiAl structure, and all energies are plotted rela- stant volume corresponding to the equilibrilB2-NiAl structure,

tive to that structure.

and all energies are plotted relative to that structure.
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TABLE VI. Surface and antiphase bounddAPB) energiegin TABLE VII. Atomic relaxation of the(110) surface ofB2-NiAl
JInf) in B2-NiAl calculated with the present EAM potential and calculated with the present EAM potential and LG potentiRef.
LG potential(Ref. 33 in comparison with experimental data amol ~ 33) in comparison with experimental data aaldl initio calculations.
initio calculations. The asterisk indicates the energy calculated iThe values represent percent changesy («=Ni or Al), in inter-

the generalized gradient approximation. layer spacing between laydarandj of Ni or Al atoms relative to the

ideal spacing in the perfect lattice. The asterisk indicates that sec-
Experiment Ab initio EAM LG ond layer was fixed.

Surface Ni (g Al (g Ni (g Al (o

(100 2.8532.79 167  1.76 Adi2 ) Adi: 00 Ade 06 Ad: 00

(110 2.05° 1.87 1.25 1.37 Experiment

1.799 1.37% LEED? —4.6 5.2 1.0 2.0

(111 1.63 1.69 MEISP —7.0=£2.0 5.0:2.0 1.0-:2.0 —-1.0+2.0

APB Ab initio

(110 ~0.50¢ 0.88/ 0.819 0.55 0.82 FLAPW® —-8.0+0.5 1.5-05 0.06 0.0*

(211) >0.75 0.891 0.9 0.72 106  MBPP -6.9 6.6 0.0 0.0*
PWPPF -7.0 45 0.0 0.0*

dReference 13. *Reference 47. Potentials

bReference 4. fReference 3. LG ~12.6 8.6 6.4 —51

‘Reference 10. 9Reference 6. EAM ~115 43 51 -39

dReference 20.

4% ow-energy electron diffractioRef. 88.

bMedium-energy ion scatterin@Ref. 89.

“Full-potential linearized augmented plane-wave mettioef. 2.
a wide ranggTable VI). For the(110 surface that has been 9Mixed-basis pseudopotential methtRef. 2.
studied most extensively, the most receab initio  ®Plane-wave pseudopotential meth@ef. 10.
calculationd’ give 1.79 J/Min the LDA approximation and
1.37 J/nf in the generalized gradient approximation. The lat-

ter number is considered to be an underestirffafeor the . ) :
(100) and(111) surfaces which can have two different termi- on the(_llp) ar_1d (.210) planes in the111] directions. The ,
local minima indicated by arrows represent stable APB'’s

nations, the average of the Ni and Al terminations is given in ", . .
Table VI. It is this average that is involved in cleavage en—\’,‘”th partially relaxed energies of 0',64 and 0.78 J/raspec-
ergy calculations. Table VI shows that both potentials tend td!Vely: The fully relaxed APB energies are smaller: 0.55 and
underestimate surface energies, which is a well-known trend- 72 Jin, respectively(Table VI). Although lower than the
of EAM-type potentials. Note that surface energies were nof\PB energies calculated with the LG potential, they are high
included in the potential fits.

Both the LG and our potentials reproduce the effect of
rippled relaxation of thg110 surface that has been estab- T T T T
lished both experimentaff§®® and by ab initio 12
calculationd' (Table VII). The stoichiometric near-surface '
layers split into sublayers in a manner where Al atoms of the
topmost layer relax outwards while Ni atoms relax inwards. <.~ 10 (211) APB ’
The second layer is expected to show an opposite effect, i.e.
Al atoms relax inwards and Ni atoms outwards, etc. Both
potentials are in agreement with this picture, but tend to
overestimate the amount of relaxations. With the present po
tential, the amount of overestimation is slightly smaller.

Generalized stacking faults have been studied using the
y-surface techniqu&°*A y surface represents a plot of the
partially relaxed fault energy as a function on the shift vector
on a chosen crystallographic plane. The partial relaxation 02 7
only includes atomic displacements normal to the fault plane,
while displacements parallel to the fault plane are prohibited. 0.0 L L L L
v surfaces are useful for predicting preferred dislocation slip 0 1 2 3 4 5
systems as they contain information about dislocation Bur- Displacement in [111] (OA)
gers vectors, possible dislocation dissociations, and planar
faults resulting from such dissociations. Local minima on a FIG. 11. Calculated sections of the gamma surfaceBNiAl
surface correspond to stable faults, while local maxima repon the (110 and (211) planes in the111] direction. The arrows
resent barriers that need to be overcome for creating stablgdicate displacements corresponding to equilibrium antiphase
faults and/or nucleating dislocations. boundarieAPB).

Figure 11 illustrates the calculated sectionsydfurfaces

08 4
0.6 T 1

04 .

Fault energy (J/m
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enough to make the dissociation width $f111] partials TABLE VIII. “Raw” formation energies (ep), entropies §p),
below the resolution of electron microscopy in agreemengnd volumes Qp) of individual point defects irB2-NiAl calcu-

with experiment$! It is the high APB energies that makes lated with the present EAM potential. Equilibrium point-defect con-
the [111] slip in B2-NiAl unfavorable in comparison with centrations can be calculated from these data using the cohesive
the [001] slip observed experimentaff§.it should be men-  €nerayEo=-4.465 eV/atom, entropg,=6.31kg/atom, and vol-
tioned that atomic relaxations associated with APB's are very!Me2o=11.681 A/atom of the perfect latice.

significant. Because the potential is fit accurately to LAPW

energies of APB-like supercells, the unrelaxgd0) APB Defect ep (V) se/ke e/
energy is close to the respective LAPW valuel.1 J/n?), Vi 5.681 —6.935 —0.156
but atomic relaxations in a large simulation block reduce this /| 5.646 —2721 —0.239
energy by almost 50%. Aly 2.915 0.066 0.799

The unstable fault energies/ () corresponding t¢001] Nip —0.151 4.837 —0.031

slip on the(110) and (100 planes have also been calculated
to give 0.83 and 1.24 J/mrespectively. Both values are

close to those obtained with the LG potential, but fzrfgsllgnm_energy of the block is minimized with respect to both local

cantly lower than the respectivab initio values. tomic displacements and volume relaxation. The defect en-
should be remembered, however, that the mechanical beha’?rb is asgociated with atomic vibrations and is included in
ior of a material depends more on the rajioy,s, wherey is Py IS a . ; ) 7 o

the classic quasiharmonic approximatf§i* The “raw” en-
the relevant surface energy, rather than ep and vy

ergy (entropy, volume of a defect equals the enerdgn-

individually.®® According to Rice’® for a bcc material to be - .
: X : tropy, volume of the relaxed block containing a single defect
ductile the ratioy/ y,s must be larger than 5. Using the above - 2
minus the energyentropy, volumg of the initial perfect-

values ofy,sand the surface energies listed in Table VI, theIattice block. Thus the “raw” quantities do not include any

potential givesy/y,=1.35 and 1.51 for thg001](110) and corrections for the change i e
) ; ge in the block composition due to
[001](100 slip systems, respectively. Both values are We"the introduction of the defect.

below Rice’s threshold value, which is consistent with the Although the “raw” quantities relating to an individual

experimentally observed intrinsic brittleness BA-NiAl. °2 defect are not sufficient for a full evaluation of its properties,
Thus, even_thou_gh _the absolute valu_es/g;fandy_are below_ the whole set of “raw” quantities for all four types of point
the re_spe_ctwab initio values, the basu; mechanical behaV'Ordefects, together with the relevant perfect-lattice characteris-
B2-NiAl is represented by the potential correctly. tics, forms a complete data set for calculating the equilibrium
defect concentrations. Such calculations are based on a
D. Point defects model describing “chemical” equilibrium in a four-
_ _ _ component lattice gas of noninteracting point defégs:*°
Thermodynamic and physical properties of strongly or-the qata listed in Table VIII are fed into the model in the
dered compounds near the stoichiometry are strongly influggim of “raw” free energiesgp of individual defects, calcu-
enced by point defects. In soni2-ordered intermetallics, |5teq by?6:%°

particularlyB2-NiAl, the role of point defects is even more

significant and intriguing in view of the different mecha-

nisms of atomic disorder on either side of the stoichiometry. gp=¢ep—Ts. +pQp, (16)
Experimental lattice parameter measurenténtsand recent F

ab initio calculation$!819215 poth suggest that the off-

stoichiometry of Al-rich compositions d82-NiAl is main-  p being the external pressure afdthe temperature. The
tained by structural vacancies on the Ni sublattitigple-  input set also includes the cohesive enerdgp=
defect mechanism: see Seg. On the other hand, more —4.465 eV/atom, entropyw,=6.31kg/atom, and volume
recent x-ray measurements reveal some deviations from thi@,=11.681 A%/atom of the defect-free lattic¥.

mechanism at high temperatures, including lower concentra- Figure 12 presents the equilibrium point-defect concentra-
tions of Ni vacancies\y;) and higher concentrations of 4l  tions calculated from the model at=21000 K andp=0 in
antisites(Al atom on the Ni sublatticg than is predicted by two ways. In Fig. 12a), the calculation properly includes the
the triple-defect modef Even though these results have defect entropies, through Eq(16), while in Fig. 12b) such
been question@8and do not allow us to refute the existance entropies are intentionally discarded. In the latter case, the
of structural vacancies at low temperatures, this controversiemperature enters the model only through the configura-
indicates that the domain of validity of the triple-defect tional entropy of the defect subsystem. It should be empha-
model forB2-NiAl is not quite certaif®°’and further inves-  sized that all previous calculations have been performed in

tigations are essential for clarifying the issue. this approximation. In both cases, Al-rich compositions are
Table VIII summarizes the so-called “raw” formation en- strongly dominated by Ni vacancies in agreement with the
ergiesep, entropiessp, and volumesQp (P=Vy;, Va, triple-defect model. The predominance of Ni vacancies also

Alyi, and Nj,) of point defects irB2-NiAl calculated with  pertains at higher temperatures. The effect of the defect en-
the present potential. The calculations have been performetopies is manifested in some increase in the concentrations
using an 88x8 (1024-atom simulation block with peri- of thermal defects, in particular vacancies in Ni-rich compo-
odic boundary conditions. Upon creating a defect, the totatitions and A|; antisites in Al-rich compositions. However,
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log, defect concentration

log, 4 defect concentration

FIG. 12. Calculated equilibrium concentratiofiger sublattice
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site) of vacancies(solid lineg and antisites(dashed lines in

B2-NiAl as functions of composition at 1000 Ka) Calculation
including point-defect entropiegb) Calculation neglecting point-

defect entropiesss=0).
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such concentrations remain much lower than those reported
in the experiments of Kogacleit al>®

Another way of assessing the disorder mechanism is by
examining free energies of composition-conserving defect
complexes, such as the double vacan@y;(-Vy), the ex-
change defect (Nj+ Aly;), and the triple defects on the Ni
sublattice  (&/\i+Niy) and the Al  sublattice
(2V o+ Al ). 12359 The defects involved in such complexes
are considered to be separated well enough so that we can
neglect their interaction. It can be shown that for Ni struc-
tural vacancies to be more favorable in Al-rich compositions
than Al antisites, the free energy of the exchange defect
should be significantly higher than the free energy of the
triple Ni defect. Likewise, for Nj; antisites to be more fa-
vorable in Ni-rich compositions than Al vacancies, the free
energy of the triple Al defect should be significantly higher
than the free energy of the exchange defect. The respective
free-energy differencegor simply energy differences at
=0) are called interbranch-Al and interbranch-Ni enertjiles
or stability factors®* For B2-NiAl to be a triple-defect com-
pound, both interbranch energies should be large enough and
positive.

Table IX presents the energies and entropies of the
composition-conserving complexes calculated with the
present and LG potentials. The second column details the
expressions for the complex energies in terms of “raw” en-
ergies of individual defect®:193¢-9Similar expressions hold
for the complex entropies. The complex energies calculated
with the potentials compare well with theb initio energies
within the large scatter of such energies. However, while the
interbranch-Al energy predicted by the present potential is
reasonably high and lies within the rangeadif initio values,
the LG potential predicts a significantly smaller value, which
is close to the thermal enerdyT at 1000 K.

TABLE IX. Energies(in eV) and entropiegnormalized tokg) of composition-conserving point-defect

complexes inB2-NiAl calculated with the present EAM potential and LG potentiaef. 33. Ab initio
energies calculated previously are included for comparison.

Complex Equation Ab initio EAM LG
Energy
Energy Entropy Energy Entropy
Exchange eniy T EAL, 3.1523.10° 2.765 4.903 2.788 4.170
3.36¢ 2.6
Divacancy ey, ey, +2Eo 3.0722.77 2.396 2.965 2.630 2.694
2.53¢2.1¢
Triple-Ni 26y tey, t2E, 2837222 2.281 3.588 2.708 4.199
2.36° 1.5¢
Triple-Al 26y, +en t2E,  6.4676.30 5.276 7.245 5.341 5.359
6.32° 5.44
Interbranch-Ni 2y, —eni, +2Eg 3.3123.20 2.511 2.341 2.553 1.190
2.69¢2.7¢
Interbranch-Al en, ~ 28v,,~2Eo 0.3220.8¢ 0.484 1.315 0.079 —0.029
1.28°1.07#

%Reference 7.

bReference 18.
‘Reference 19.
dreference 21.
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3.0 . . . . T T T T T this potential is intended for atomistic simulations of
B2-NiAl. It does not guarantee accurate results when used
25 Exchange defect y for other phases of the system. Such phases have only been

included in the potential generation procedure in order to
20 Divacancy = improve its transferability to various local atomic configura-

tions that can be encountered in atomic simulations of

Defect complex free energy (eV)

15 . B2-NiAl. If, for example, pure Ni or Al is to be simulated,
other potentials available in the literature will give more ac-
10 F 1 curate result§**®This approach is justified physically, be-
cause there is no reasons to believe that Ni-Ni or Al-Al in-
05 [ Intetbranch-Al ] teractions in a Ni-Al compound should be exactly the same
as in pure Ni or Al. At the same time, the simultaneous
0.0 — optimization of all seven potential functions was the only

0 200 400 600 800 1000 1200 1400 1600 1800

way we could achieve a satisfactory fit to the large number
Temperature (K)

of target values available fa2-NiAl. It should be empha-
FIG. 13. Calculated free energies of divacancies, exchange déized, however, that even with 30 adjustable parameters

fects, and interbrach-Al iB2-NiAl as functions of temperature. ~ available to us, the fitting database is still underdetermined.

Even though the large size of the database could warrant

In Fig. 13, some of the complex free energies are plottednore fitting parameters, we preferred to keep the potential
as functions of temperature. It is observed that thdunctions simple and avoid possible bumps, wiggles, and
interbranch-Al free energy decreases with temperature, indPther features that inevitably appear on the functions when
cating that the thermodynamic stability of Ni structural va-the number of fitting parameters becomes too large. In other
cancies relative to A} antisites tends to decline at high tem- words, we chose to trade some accuracy of the fit for the use
peratures. However, this free energy remains high andf “well-behaved” potential functions and thus more confi-
positive (0.267 eV even at the temperature of 1911 K cor- dence that the potential will not give any surprises in its
responding to the experimental melting point B2 - NiAl. applications.

The divacancy and exchange defect free energies also de- The potential provides an accurate fit to basic lattice prop-
crease with temperature, suggesting that high temperaturesties ofB2-NiAl, including also thermal expansion, which
favor the formation of additional vacancies and antisitesjs of importance for high-temperature atomistic simulations
These trends are in good agreement with direct calculationgsing molecular dynamics and Monte Carlo methods. The
of point-defect concentrations at high temperatuse, for  potential correctly reproduces planar fault characteristics, in
example, Fig. 1 particular giving 0.55 J/ffor the (1100 APB energy in

The LG potential shows qualitatively similar trends as inagreement with experimental ddtaAll other stable fault
Fig. 13 for divacancies and exchange defects, but thenergies and the ratios of unstable fault energies to surface
interbranch-Al free energy remains at the same low leveknergies are also consistent with the experimentally observed
(about 0.08 ey almost independently of the temperature. mechanical behavior dB2-NiAl. For point defects, a rea-
For Al-rich compositions, the potential still predicts more Ni sonable value of 0.48 eV is obtained for the interbranch-Al
vacancies than 4| antisites, but the difference in the respec-energy at zero temperature. This value compares well with
tive concentrations is about an order of magnitude, which igrevious ab initio calculations and, in combination with

much smaller than with our potential. other point-defect energies, correctly prediB®-NiAl to be
a triple-defect compount:**dominated by Ni structural va-
V. SUMMARY cancies in Al-rich compositions and Ni antisites in Ni-rich

compositions. Furthermore, calculations with this potential

The potential proposed in this work has been constructedhow that point-defect entropies have a noticeable effect on
using experimental data and a large seabfinitio (LAPW)  the defect concentrations at high temperatures. Such entro-
structural energies. Previous work shows thitinitio input  pies tend to increase the concentrations of thermal vacancies
improves the accuracy and global reliability of semiempiricaland antisites in comparison with calculations where point-
potentials* 44991905 ch improvements are due to the factdefect entropies are neglected. This trend may have impor-
that ab initio data increase the size of the fitting databasdant consequences for the diffusion behavior of the com-
and, perhaps more importantly, sample a larger area of coppound. Despite this trend, however, the off-stoichiometry of
figuration space than can be sampled by experimental proghe compound is accommodated predominantly by Ni anti-
erties alone. sites in Ni-rich compositions and Ni vacancies in Al-rich

In contrast to other potentials for NiAl, the present onecompositions up to the melting point. Thus, even at high
does not reuse any previously generated pure Ni or pure AEmperatures, our calculations do not confirm the significant
potentials. Instead, all seven potential functions involved indeviations from the triple-defect model suggested by Koga-
the problem have been optimized simultaneously to providehi et al. based on their high-temperature x-ray measure-
the best fit taB2-NiAl properties and give reasonable resultsments or the idea tha2-NiAl is intrinsically an antisite
for other phases of the Ni-Al system. By construction,disorder compound and not a triple-defect 6h¥'
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