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Triple-defect complexes in theB2 intermetallic compound NiAl
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The present study combines a theoretical model on the basis of the Bethe-Bragg-Williams approximation
with literature data on the pair-interaction energiegIANiAl with B2 (CsCl) structure. In this intermetallic
compound, the most interesting point defect complexes are the triple defects since they have been supposed to
be mainly responsible for the concentration dependence of the Ni self-diffusion coefficient in the temperature
range between 1000 and 1300 K, which is nearly constant for Al-rich and stoichiometric alloys and shows a
pronounced increase with increasing Ni content on the Ni-rich side of the composition range. The theoretical
composition dependence of the concentration of triple-defect complexes, derived in the present work, and the
experimental Ni diffusivities from the recent literature show excellent correlation, thus pointing to an important
contribution of the triple-defect diffusion mechanismB2 NiAl.
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[. INTRODUCTION tions, all vacancy mechanisms based on Ni vacancies should
lead to high Ni diffusivities, a prediction that was not sup-
clude high melting point, low density, and good oxidation POrted by the recent diffusion study of Fraekal'* Their

and corrosion resistance, the intermetallic compoundgXPerimental results imply that it is mainly the same diffu-
B'-NiAl with B2 (CsC) structure is an attractive material for SI0N mechanism that operates on both sides of stoichiometry.
a wide range of engineering applications. It exhibits a homo-' S hypothetical mechanism was identified as the triple-
geneity range extending several atomic percent on either sidiffect mechanisitsee, for example, Stolwijet al.™), where

of the stoichiometric composition and is highly ordered up to'°2Nd:range diffusion is based on three-jump cycles that de-
the melting point8'-NiAl (from now on simply “NiAl") has pend on the occurrence of triple-defect complexes. A triple-

traditionally been considered to be a typical “triple-defect” defect complex is defined here as a juxtaposition of one Ni

B2 compound, dominated by Ni vacancies in Al-rich compo-amls’Ite defect and two Ni vacancies.

" S e ) - ) It is still an open question if triple-defect complexes do
sitions and Ni antisites in Ni-rich compositiof$.According really exist as isolated entities in a highly ordered interme-

to ab initio calculation$ and EAM (embedded-atom methpd  ¢jic phase like NiAl. Usually, such point defect complexes
potentials; Al antisite defects and vacancies on the Al sub-paye heen assumed to be totally dissociated, and interactions
lattice are highly unfavorable, and their concentrations argetween their constituents have been negle@téagner and
therefore supposed to be very low throughout the entireschottky!S Meyer and Fahnlé® Mishin et al1?).
phase field. In contrast to these results, several authofs In order to investigate the degree of dissociation of the
claimed recently that antistructure Al atoms may play a muchriple-defect complexes in highly ordered “triple-defe&2
more important role in Al-rich alloys than had been assumeghases, a new statistical-thermodynamic approach, the “de-
before. Nevertheless, in the present study we will follow thefect correlation model(DCM) is developed in the present
arguments by Mishiret al! whose results clearly point to a work. Compared with the cluster expansion technitfué,
rather negligible role of Al antistructure atoms in Al-rich the proposed model is simpler. It can be used for large defect
NiAl alloys compared to Ni vacancies, differing in concen- concentrations near the critical temperature of the order-
tration by nearly three orders of magnitude. disorder transition, but it is also applicable for highly ordered
Although NiAl has been studied extensively over the re-alloys with small defect concentrations. The model is able to
cent years, a consistent picture for the Ni self-diffusionpredict the composition and temperature dependence of the
mechanisms in this compound has not yet emerged. Accordhermodynamic properties and point defect concentrations,
ing to calculations by Mishin and Farkadsind by Mishinet  and the composition and temperature dependence of the
al.,'? based on the EAM and based on first principles, severakquilibrium concentrations of bound triple-defect complexes
atomic mechanisms of long-range diffusion can operate conidn an ideal three-dimensional crystal
currently in NiAl, i.e., cyclic nearest-neighb@gNN) jump Although it was pointed out by Meyer and Fahifi¢hat
mechanisms that depend on the occurrence of isolated Nihe vibrational term of the effective defect formation entropy
vacancies, and the next-nearest neigh®@NN) vacancy should be included in accurate calculations for a typical
mechanism in which Ni vacancies jump on their own simpletriple-defect structure, a comparison of results by Mishiin
cubic sublattice. Of course, the NNN vacancy mechanisnal.! showed clearly that neglecting the vibrational entropy
depends on the occurrence of isolated Ni vacancies, too. term still leads to very reasonable defect concentrations.
According to Mishinet al,!? these diffusion mechanisms Therefore, we will, for simplicity, neglect the influence of the
should apply to stoichiometric NiAl and Al-rich composi- vibrational entropy term in the present investigation.
tions. However, it is clear that the diffusivities should corre-  Since the DCM describes the behavior of the lattice gas of
late with the vacancy concentration, i.e., in Al-rich composi-point defects on the basis of the Bragg-Williams pair-

Due to its physical and mechanical properties, which in

1098-0121/2004/18)/0541137)/$22.50 70054113-1 ©2004 The American Physical Society



R. KRACHLER AND H. IPSER PHYSICAL REVIEW B70, 054113(2004)

interaction model it depends on the input of reasonable and  Ill. DERIVATION OF THE MODEL EQUATIONS
consistent pair-interaction energy parameters. These param-
eters are taken from the EAM calculations by Mishin and

i 11 iabili i | X
co wbquei'rsl. mihre“ab'“ty 3f thedsel four tparametterf clinbto as thea and B sublattices. Each of the two sublattices
combination wi € proposed model equations IS 1ested by, qjsts ofN lattice sites. Corresponding to the triple-defect

comparing the calculated Al activities and vacancy CONCENy - chanism. a sublattice site can be occupied either by an

trations with.well—established experimental data and withA atom or by aB atom (corresponding to an antistructure
other theoretical results, respectively. atom), whereas & sublattice site can be occupied either by

Il. SHORT-RANGE ORDERING OF POINT DEFECTS a B atom or by a vacancy. Antistructure atoms on e

sublattice, vacancies on thesublattice, and atoms in inter-

Usually, Wagner-Schottky-type modéfs;® as well as stitial positions are not allowed.e., we consider a pure
Bragg-Williams-type model322°are based on the assump- “triple-defect” structurg
tion of noninteracting defects and are therefore valid only for  We assume that not only the long-range order ofAtand
small defect concentrations, i.e., close to the stoichiometri@ atoms on the two sublattices is establist@d<T,), but
composition and far from the critical temperatufgof the 5|50 “short-range order” of point defectise., Ni vacancies
order-disorder transition. In the case of NiAl with a homo- gnd Ni antistructure atomswhereby the interacting point
geneity range between about 46 and 59 at. % Ni at 1080 K, defects occupy nearest-neighbor positions in the crystal lat-
the point defect concentrations are relatively small, andjce. The pairwise interaction energies are assumed to be
therefore Wagner-Schottky-type models or Bragg-Williams-constant and independent of the occupancy of any other
type models, respectively, have traditionally been used fopearest-neighbor positions. In order to describe the degree of
the theoretical description of this phasg;®yielding gener-  point defect short-range order, we use a simple approach by
ally good results. In both of these approaches, any poindividing the 8 sublattice into cube¥:25Each of these cubes
defect complexes can occur only in a purely random way. consists of eighfg sublattice sites with a single sublattice

On the other hand, a certain degree of short-range order @fte in the central position of the cube. The cubes form a
the point defects, resulting in higher than random concentrasimple cubic lattice with a total number df/8 lattice sites.
tions of bound triple-defect complexes, is to be expected ifFo|lowing the arguments in Ref. 25, there are altogether 512
NiAl, since attractive binding energies of defect pairs ongifferent types of cube occupying tH¢/8 lattice sites, as
nearest-neighbor sites have been reported repeatedly. Unfofefined in Table 1. A mean-field approximation is introduced
tunately, there is no consensus in the literature about thgy assuming that the state of thermodynamic equilibrium is
absolute value and even about the sign of the binding energharacterized by a set of 512 equilibrium numbers of the 512

of a nearest-neighbor pair of an Ni vacancy and an Ni antigjfferent cubes. The numbers of cubes with a given number
structure atom. Recently, Fahrdeal? obtained, byab initio  f yacancies on th@ sublattice sites afé

calculations, a value of —0.1 eV for the binding energy of a .
nearest-neighbor pair of an Ni vacancy and an Ni antistruc- na+mg=n (i=0,1,....8. (1)

ture atom. Mishin and Farkés obtained, by the EAM T total internal energy of the crystal is described by the
methgd, avalue of —0.013 eV for the same defect pair. Frank,m of pair interactions between all atoms and vacancies in
et al™* reported a value of -0.17 eV for the binding energyhe system. Each arrangement of the atoms on the lattice
of a triple-defect complex, formed by two Ni vacancies andgjtes “corresponding to a given set of 512 numbers of the 512
one Ni anti-structure atom in nearest-neighbor positions. INjitterent cubesi.e., corresponding to a given configuration
contrast, Korzhavyet al.” found a repulsive interaction of 5 555umed to be associated with the same total internal en-
0.009 eV between an Ni vacancy and an Ni antlstructur%rgy valueE, the same total number @ atomsN,, and the

atom in nearest-neighbor p°Siti°”S'23 , , same total number @& atomsN;. The grand potentidl can
It has been pointed out earfléf?23that the interaction therefore be expressed by

between atomic defects might be important in intermetallic

We consider a rigid, body-centered-culfbzc) lattice di-
vided into two interpenetrating simple cubic lattices referred

compounds, an effect which is not included in the theories Q(Ny- - - Nsgo)

based on independent, i.e., noninteracting defects. In the =E(N;- - - Nspp) —KTINW(N; - - - Napo)
present work, a Bethe-Bragg-Williams-type grand-canonical

formalism?%.242538the DCM, is used to derive expressions o Na(Ng- - - Nspo) _MBNB(Nl' -+ Ns1p)

for the thermodynamic functions and the concentrations of
bound point defect complexes in the pure triple-def82t ?)
structure (a defect structure that was defined by

Wasilewsk?%). According to this defect structure, only Ni whereW is the total number of possible arrangements of the
antistructure atoms and Ni vacancies are considered in th@oms on the lattice sitek,is Boltzmann’s constang is the
present study, neglecting—for simplicity—both the Al anti- internal energy,T is the temperaturep, and ug are the
structure atoms and the Al vacancies. However, the modathemical potentials of the two alloy componenss, is the
equations could, if necessary, be expanded to consider fowotal number ofA atoms,Ng is the total number oB atoms,
types of point defects, namely vacancies and antistructurandN, is Avogadro’s number; the numbek§ throughNs;»
atoms on both sublattices. This will be the topic of furtherare the numbers of the different cubes of types 1 through
research. 512.

N N
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TABLE |. Properties of the 512 different types @fsublattice cubes, as explained in the text.

Number of Number of Atom on the
vacancies on B atoms on centrala site Number of
Cube B sites of cube B sites of cube of cube cube types Total number
0A 0 8 A 1 Noa
0B 0 8 B 1 Nog
1A 1 7 A 8 Nia
1B 1 7 B 8 Nig
2A 2 6 A 28 Noa
2B 2 6 B 28 Nog
3A 3 5 A 56 N3
3B 3 5 B 56 N3g
4A 4 4 A 70 Naa
4B 4 4 B 70 N
5A 5 3 A 56 Nsa
5B 5 3 B 56 Nsg
6A 6 2 A 28 Noa
6B 6 2 B 28 Neg
7A 7 1 A 8 Noa
7B 7 1 B 8 Nsg
8A 8 0 A 1 Nga
8B 8 0 B 1 Nggs
Let x=N{ be the number of vacancies on tAesublattice. Q=Q(T,N, ua, Ug:Eg, €88 EVa» Evar Mo
Assuming random distribution of the vacancies ong®ib-
lattice, one can calculate the numbers of cubes with a given Nyg,N28, N3, Nag: NsB: Mo 78 Mg X) (5)
number of vacancies on thgsublattice referred to the num- wheres g, egg, cay , €y are the pair interaction energies be-
ber of those without a vacancy on tjgesublattice,(n;/ng) tweenA andB atom, twoB atoms,A atom and vacancy, and
n; (i ) ( X )i _ B atom and vacancy, respe(_:tively. o _
—= — (i=1,2 ) 3 Altogether we have ten independent equilibrium condi-
no \8/AN-x tions
The cubes are situated dw/8 lattice sites, therefore, we ( (m) _
have — =0 (i=0,1,...,8, (6)
8 (9niB
Sn=2 (4
= 8 <@> =0. (7)
The grand potential can be expressed as a function of the X
following parameters and variables: W, the total number of arrangements in EB) is given by

with
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28 56 70

5) (55) (&) (5ol
no! 8) 8/ 6/ 70/
r= X X - P e
s e N R B N
g/ \8/) 28/ \ 28/ 6) \56) 70/ \70/)°
N
56/ 8 8/ ng!
X = (8)
Nsa ), (Nss Nea | | (Mes N7a ), (Nze Nga ! Ngg!

(28)!(28>! <8>'<8>!

E, the total internal energy in E@2) is the sum of all pair energies, so that

I |
< 56 ) ' ( 56 )
E

8 =nNoa8eag + NopBegp + Ma(7eas *+ £av) + Nip(7epp + £gy) + Npa(Bepp + 28py) + Nop(6egg + 2egy) + N3a(5eag + 3eay)

+Ngg(Segp + 3epy) + Nua(denp + deay) + Nyp(degs + 4epy) + Nsa(3epp + Seav) + Nsp(3egg + Sepy) + Nea(2eps + Beay)

+Ngg(2egp + Begy) + Nya(eas + 7eay) + N7g(epg + 7egy) + Nga8eay + NgeBepy -

N,, the total number oA atoms, is given by
8

Na=N-8-> ng, (10)
i=0
andNg, the total number of B atoms, is given by
8
Ng=N-x+8-> ng (1)

i=0

With Egs. (1)—«(11), and using Sterling’s formula, the vari-
ables x,ngp ngg can be calculated. The
mole fraction of componer is defined as

N
Xp = ——. (12
Na + Ng
The total vacancy concentratiay is given by
X
Cv=—_. 13
V=N (13

The activity curve of componer can be obtained by use of
a form of the Gibbs-Duhem relation

X
dua=dun-(222] @T=0,dp=0, (10
A

)

where a, is the activity of component A, and, o is the
activity of component A at the exact stoichiometric compo-
sition.

with

a
MA = Mp 0= RT'”(_A (15

a0

9)

IV. RESULTS AND DISCUSSION

All calculations for NiAl were performed by using the
following set of pair energy parameters

EpB =~ 0.24 eV,
g = — 0.05 eV,
Eav =~ 0.125 eV,

SBV:_0.0lS eV, (17)

whereegag andegg are the pair interaction energies between
atoms(A=Al, B=Ni) at the first neighbor distance reported
by Mishin et al! andegy, is the binding energy of an asso-
ciated pair of an Ni vacancy and an Ni antistructure atom as
reported by Mishin and Farka$.The value fore,, was
estimated using the Ni-Ni pair interaction by Mishén al.,
which shows repulsive interaction energies between Ni at-
oms situated at the distance of next-nearest neighbors or
third-nearest neighbors, respectively.

With the pair interaction energy parameters listed above
[Eq. (17)], it turns out that 0.12% of the thermally generated
triple defects exist as isolated entities in stoichiometric NiAl
at 1300 K, and could therefore give rise to long-range Ni
self-diffusion via the triple-defect mechanism as suggested
by Franket al2 The total vacancy concentration in stoichio-
metric NiAl, referred to the total number of lattice sites, is
found to bea=1.5X 1073, wherea is also called the disorder
parameter. This value is in good accordance with the disorder
parameter obtained by Libowitza=1.7X107%) (Ref. 27
and by Chang and co-workefa=2.0x 10°®) (Refs. 2 and 8

From Table | one can easily see that the concentration gwho fitted their theoretical Al activity curves to the experi-

triple-defect complexes;, is obtained as

(16)

mental Al activities determined by Steiner and Komaf&k.
Figure 1 shows the activity of Al in NiAl aT=1273 K as

a function of compositiorixy;). The theoretical curve is cal-

culated with the pair energy parameters listed above in Eq.
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0 o) 1e-16
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2 1 Ina , 6 =-6.85 : NiAl 1200 K
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% § 2
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@ o) [7]
o calculated curve s r1e-17 2
= O  Steiner and Komarek B o o C8 E
] o -
: * o -6.5 1 calculated curve -
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8 &0,
%Oo & -7.0
10 - 9 : - : - - 1e-18
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035 040 045 050 055 060 065 070 075
FIG. 3. Experimental values of the Ni self-diffusion coefficient

D (in m?s™Y) in NiAl at 1200 K (O) as a function of composition
FIG. 1. Activity of Al in NiAl at 1273 K as a function of the according to Franlet al!® The full curve is the concentration of
composition xy,. The experimental data points are taken from trlple.-defect.complexes at the same tgmpgrature, calculated with the

Steiner and KomarekRef. 28. The theoretical curve is calculated P&’ interaction energy parameters given in the {&ds.(17)].

with the pair interaction energy parameters given in the (Exs. (17), is in very good accordance with the experimental data
an). by Bradley and Tayloté and by Zeleniret al3*

(17). ltis in very good agreement with the experimental data In Figs. 3 and 4, the experimentally determined concen-

i i i i dependence of the Ni self-diffusion coefficient in
by Steiner and Komarék (which had to be shifted by Uraton dej | n
1.5 at. % due to a systematic error in the original investiga-N'AI at T=1200 and 1300 K, respectively, by Fraekal.:

tion according to Ettenberet al,2° see also Ref. 30The Al are compared with the theoretical concentrations of triple-
activities determined recently .i)y Ref al, 3! usiﬁg Knudsen defect complexes. The theoretical curves are calculated with

effusion mass spectrometry, and by Régal.?? using a the parameters listed aboyEq. (17)]; they are not fitted in

solid-state galvanic cell technique, agree well with the isopi2"Y W&y to the ex.p.erimental d?ta- One can see.that the Ni
9 d 9 Pl elf-diffusion coefficient according to Frargt all® is pro-

estic vapor pressure measurements by Steiner anu” . . .
Komarek? if the composition shift in the latter results is portional to the triple-defect complex concentration over a

considered?° Note that the shape of the theoretical curveWide concentration range. This supports the suggestion by

was obtained from the model calculations only and has noﬁhe author¥’ that the main Ni diffusion mechanism operating

Al inle- 13 ax-
been fitted to the experimental resuléxcept adjusting it to in NiAl mvolves_ trlple defect complexes. Fr_ardt al> ex .
the absolute value at the exactly Stoichiometricpected a contribution of the so-called antistructure bridge

o _ hanisr# in Ni-rich alloys, which could explain the de-
composition® In ay =-6.85. mec . ’_ <
In Fig. 2, the vacancy concentration in NiAl at 1273 K is viation of the data point aty;=0.566. The deviation aty;

shown as a function of composition. Again, the theoreticafo'468 might point to contributions of mechanisms which

curve, calculated with the parameters listed above in qu.ire_ based on single Ni vacancies, €.g., the next-nearest
neighbor vacancy mechanisi.

X ni

0.12 1e-15
NiAl 1273 K o
§ 0-10 1 3 5.0 A NiAl 1300 K
E 0.08 o S
;:'; ’ O Bradley and Taylor g g
€ 0.06 - o <& Zeleninetal. 5 5.5 1 o} ‘@
9 R calculated curve ] r1e-16 £
o 5 o O C8 =
i [2) o
3 0.04 & o
8 S 6.0 ]
© calculated curve 7]
§ 0.02 - QR O  Franketal. Z
4 3/‘9 <>\ ~ PaWay <O )
0.00 oSobg—<o | 55
: T T T i . T T T T 1e-17
0.40 0.45 0.50 0.55 0.60 0.65 046 048 050 052 054 056 0.58
Xni Xy
FIG. 2. Vacancy concentratiommeferred to the total number of FIG. 4. Experimental values of the Ni self-diffusion coefficient

lattice sitegin NiAl at 1273 K as a function of the compositiogy;; D (in m?s™Y) in NiAl at 1300 K (O) as a function of composition
experimental data points from Bradley and Tayloy (Ref. 33 and  according to Franlet al13 The full curve is the concentration of
Zeleninet al. (<) (Ref. 34. The theoretical curve is calculated with triple-defect complexes at the same temperature, calculated with the
the pair interaction energy parameters given in the fEgs.(17)]. pair interaction energy parameters given in the {&ds.(17)].
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4 3 the ensemble of Al and Ni atoms for the calculations which
4.4 T excludeda priori any diffusion mechanisms that might de-
46 {  NIAI1300 K , pend on triple-defect complexes.
: 4.8 1 V. CONCLUSIONS
-5.0 “ . . L .

% 1 Interactions among point defects in intermetallic com-
s 5.2 pounds are generally small, therefore, in NiAl, Ni vacancies
© 54 | and Ni antistructure atoms are expected to move more or less

o -5 ; .
o independently of each other. However, even small equilib-
5.6 - rium concentrations of point defect complexes can be of
58 j great interest, if they are involved in the diffusion mecha-
| nisms. The present study combines a statistical model

6.0 - ' ' ' ' ' (DCM) on the basis of the Bragg-Williams approach with
046 048 050 052 054 056 0.58 literature data on the pair-interaction energies. The DCM is

X presented for the simplified case of a pure “triple-def&2”

N (CsCl) phase. Using pair interaction energies obtained from

FIG. 5. Triple-defect complex concentrations vs alloy composi-the EAM calculations by Mishiret al,'*! the equilibrium
tion at 1300 K, calculated using different values of the interactionvacancy concentrations and the concentration dependence of
energy parametersg,. The parameterseag=—0.24 eV, egg  the Al activity in NiAl can be computed with good accuracy,
=-0.05 eV, andepy=-0.125 eV are given in the texl7). Curve  as demonstrated in Figs. 1 and 2.

1: egy=0 (random distribution of point defegtsCurve 2: egy The most interesting point defect complexes in B2
=-0.013(as used in the present stydZurve 3:e5,=-0.03; Curve  phase NiAl are the triple-defect complexes, consisting of two
4: egy=-0.05 Ni vacancies and one Ni antistructure atom, since they have

been supposed to be mainly responsible for the concentration

In Fig. 5 the concentrations of bound triple-defect com-dependence of the Ni self-diffusion coefficient which is
plexes are compared for the case where correlations areearly constant for Al-rich and stoichiometric alloys, and in-
taken into accountfor different values ofsgy) or are ne- creases markedly with increasing Ni content on the Ni-rich
glected(by setting the parameteg,, equal to zerp It can be  side of the composition rangé The concentrations of these
shown that the defect interactions between Ni vacancies aritiple-defect complexes can be obtained with the DCM in a
Ni antistructure atoms have only minor effects on the Alstraightforward manner, with their reliability depending, of
activities and the absolute values of the equilibrium pointcourse, on the reliability of the parametes,, as demon-
defect concentrations, i.e., the thermodynamic properties detrated in Fig. 5.
pend solely on the three paramet&se Eqs(17)) which are It is shown that the calculated composition dependence of
kept constant in Fig. 5. As can be seen in Fig. 5, the defedhe triple-defect complex concentration, derived in the
interactions exert a strong influence on the concentration gpresent work, and the Ni diffusivities, found experimentally
first-neighbor defect pairs and of bound triple-defect com-by Franket al.'2 show a striking correlation, as can be seen
plexes. Such an effect has also been pointed out bin Figs. 3 and 4. This points to an important role of the
Korzhavyiet al’ triple-defect mechanism or of other mechanisms that involve

It is interesting to note that very recently, Soule De Bascomplexes of antistructure atoms and vacancies in nearest-
and Farka¥ performed molecular dynamics simulations of neighbor positions. On the other hand, the excellent correla-
diffusion mechanisms in stoichiometric NiAl. Their results tion in Figs. 3 and 4 can be taken as a strong indication for
pointed to a variety of cyclic mechanisms with the so-calledthe actual existence of such bound defect complexes. This
six-jump cycle, originally postulated by Elcock and would clearly indicate an attractive interaction between Ni
McCombie?” playing a major role, whereas the next-nearest-antistructure atoms and Ni vacancies that would not be com-
neighbor vacancy mechanisms turned out to be negligiblepatible with a positive interaction energy between these two
Unfortunately, only one single vacancy was introduced intodefects, as reported by Korzhawf al.’
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