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Atomic transport in ordered compounds mediated by local disorder: Diffusion in B2-Ni, Al,_,
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Although B2-NiAl has one of the simplest crystal structures of any intermetallic compound, its atomic
transport mechanisms are complex and remain poorly understood. Here, we report on a first-principles study of
diffusion in B2-NiAl that simultaneously accounts for all relevant hop mechanisms in kinetic Monte Carlo
simulations. Diffusion in B2-NiAl occurs not only through first- and second-nearest-neighbor hops, but also
through simultaneous pair-atom hops with the dominant transport mechanism being very sensitive to the bulk

alloy concentration and degree of local disorder.
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The B2-CsCl crystal structure [Fig. 1(a)] is among the
simplest ordered arrangements of two components on a bcc
lattice and is formed by many important intermetallic com-
pounds including NiAl. The simplicity of many of these
compounds ends with their crystal structure, however.
B2-NiAl, for example, is able to tolerate large deviations in
composition from the ideal (50/50)% stoichiometric compo-
sition, exhibiting vacancy concentrations on the Ni sublattice
up to 15% when Al-rich and similar concentrations of Ni-
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FIG. 1. (Color online) (a) B2 crystal structure, (b) nearest-
neighbor hop, (c) next-nearest-neighbor hop, (d) SPA hop involving
two Al atoms, (e) SPA hop involving one Ni atom and one Al atom,
(f) triple-defect sequence, (g) six-jump-cycle sequence (involving a
sequence of three simultaneous pair-atom hops), (h) ASB sequence
for Ni atoms, and (i) ASB sequence for Al atoms.
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antisite atoms (excess Ni occupying the Al sublattice) in Ni-
rich alloys.' These high concentrations of point defects
play a crucial role in mediating atomic diffusion, an impor-
tant property from technological and fundamental points of
view that has preoccupied materials scientists for over 50
years.* A variety of hop mechanisms and cyclic hop se-
quences have been proposed in B2-NiAl (Refs. 4 and 6-8);
however, no consensus has been reached as to the dominant
hop mechanisms responsible for diffusion. One impediment
to achieving a fundamental understanding of diffusion in
B2-NiAl is that no Al isotopes are readily available, prevent-
ing a direct measurement of Al tracer diffusion coefficients.
Diffusion in typical metallic alloys is mediated by a dilute
concentration of vacancies that stochastically wander
throughout the crystal.'%-!'> Analytical expressions for diffu-
sion coefficients have been derived for thermodynamically
ideal alloys.!'®!3-15 B2-NiAl, however, is an ordered com-
pound, deviating far from thermodynamic ideality and exhib-
iting an unusually high concentration of vacancies. In fact,
the high vacancy concentration on the Ni sublattice of Al-
rich B2-NiAl is reminiscent of intercalation compounds used
as electrodes in Li-ion batteries. Li diffusion in these com-
pounds occurs in the nondilute regime by exchanging with
neighboring vacant interstitial sites.'®!” Although Ni second-
nearest-neighbor hops in B2-NiAl resemble diffusion in in-
tercalation compounds as these hops keep Ni on its own
sublattice, several viable hop cycles proposed in past decades
involve exchanges between Al and Ni of the two
sublattices.**8 Furthermore, experiment indicates that the Al
mobility is also sizable in B2-NiAl (Ref. 9) in spite of the
fact that the concentration of vacancies on the Al sublattice is
very low.2? Diffusion in B2-NiAl is therefore quite distinct
from what is known to occur in metallic solid solutions and
in more complex systems such as intercalation compounds.
Here, we simultaneously incorporate the most important
hop mechanisms of B2-NiAl within a kinetic Monte Carlo
(kMC) framework and predict tracer diffusion coefficients
from first principles. The results show that the dominant hop
mechanisms in B2-NiAl are very sensitive to small changes
in alloy concentration and are enhanced by local disorder.
A complicating factor in studying diffusion in B2-NiAl is
that the concentration of its diffusion mediating point defects
is unusually high for a metallic phase and any rigorous treat-
ment of their thermodynamic and kinetic behavior must ex-
plicitly account for interactions among point defects. We re-
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cently developed a first-principles lattice model Hamiltonian
(based on the cluster expansion formalism'®) for the B2-NiAl
system that accounts for interactions among antisite point
defects and vacancies.> The cluster expansion was param-
etrized by fitting to first-principles energies, calculated with
approximations to density-functional theory (DFT) of 175
different point-defect configurations within B2-NiAl.> The
DFT calculations were performed with the VASP code!'>? in
the generalized gradient approximation (GGA) using the pro-
jector augmented wave (PAW) method.?’"?> The predicted
point-defect concentrations from grand canonical Monte
Carlo (MC) simulations applied to the cluster expansion
show,’ in agreement with experiment,' that excess Al in Al-
rich B2-NiAl is accommodated by the introduction of high
concentrations of vacancies on the Ni sublattice, while ex-
cess Ni in Ni-rich B2-NiAl is accommodated by Ni-antisite
atoms on the Al sublattice. Although vacancies on the Al
sublattice and Al-antisite atoms on the Ni sublattice are also
predicted, their concentrations are significantly lower than
the dominant defects of Ni vacancies and Ni-antisite
atoms.>* The Monte Carlo simulations also predict the exis-
tence of defect complexes such as triple defects, which con-
sist of pairs of Ni vacancies (i.e., vacancies on the Ni sub-
lattice) clustered around a Ni-antisite atom.’

Many hop mechanisms have been proposed for B2-NiAl
based on experimental and theoretical considerations.*¢-8 In
addition to nearest-neighbor (NN) hops, next-nearest-
neighbor (NNN) hops are also viable in B2-NiAl due to its
open crystal structure. An intriguing property of B2-NiAl is
that NN Al hops from the Al sublattice to the Ni sublattice
cannot occur as the end state is predicted to be mechanically
unstable.>® A mechanism with which Al is able to migrate to
the Ni sublattice is then through a simultaneous pair-atom
(SPA) hop as illustrated in Figs. 1(d) and 1(e) involving ei-
ther an AI-Ni pair or an Al-Al pair hopping into a Ni
vacancy.>®?3 With the exception of NNN hops, the NN hops
and simultaneous pair-atom hops result in local disordering
of B2, necessitating hop cycles, such as the six-jump cycle
(6JC),* to restore B2 ordering. Recent DFT calculations have
shown that the 6JC is in fact a three-jump cycle involving
only simultaneous pair-atom hops®?3 [Fig. 1(g)]. Cyclic hop
mechanisms have also been proposed for the net migration of
defect complexes such as the triple defect.” First-principles
calculations have predicted that a triple defect migrates
through a NN Ni hop, followed by a NNN Al hop and com-
pleted by a NN Ni hop>? [Fig. 1(f)].

The frequency I' with which an elementary hop occurs
can be accurately estimated with transition state theory ac-
cording to I'=v" exp(—~AEy/kgT), where the vibrational pref-
actor v* and the migration barrier AE can be calculated with
DFT.?* For consistency purposes, we have calculated the mi-
gration barriers and vibrational prefactors (within the local
harmonic approximation’) for all elementary hop mecha-
nisms (NN, NNN, and pair-atom hops involving Al-Al and
AI-Ni pairs) in different local environments characterizing
typical states of local disorder in B2-NiAl within the GGA
approximation to DFT (details can be found in the Appen-
dix).

To evaluate the relative importance of the various hop
mechanisms in mediating atomic transport in B2-NiAl, we
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FIG. 2. (Color online) (a) Calculated tracer diffusion coeffi-
cients for Ni (circles) and Al (squares) at 1300 K. (b) Comparison
of calculated (1300 K, filled circles) and experimental Ni tracer
diffusion coefficients. Squares at ~1273 K (Ref. 5) and circles at
1300 K (Ref. 7).

developed a kMC code that accounts for the energies of the
end states of atomic hops (using our cluster expansion for
B2-NiAl)? and that incorporates all possible NN and NNN
hops as well as simultaneous pair-atom hops (Al-Ni and
Al-Al pairs) into vacancies on the Ni sublattice (nearest-
neighbor Al hops were forbidden in the kMC simulations as
they result in mechanically unstable end states according to
DFT). To account for the environment dependence of the
migration barriers, we used an approach described in Ref. 16,
in which a kinetically resolved activation (KRA) barrier is
introduced for each hop, defined as an averaged barrier over
back and forth hops. The actual barrier for a particular hop
can then be reconstructed by adding the KRA barrier to the
average energy of the end states of the hop, calculated with
the cluster expansion, minus the energy of the initial state.'®
The KRA barriers are sensitive to any local disorder that may
be present. Within our kinetic Monte Carlo simulations we
tabulated KRA barriers for each elementary hop and for dif-
ferent local environments as determined by the occupancy in
sites that are within the nearest-neighbor shell of any of the
sites participating in the hop. (While this is a shorter range
than that of the cluster expansion for the end states, it is,
nevertheless, reasonable to expect that variations of the acti-
vated state energy with environment should be closely cor-
related with the initial- and final-state energies.) This ap-
proach ensures that the concentrations of point defects and
defect clusters within the kinetic Monte Carlo simulations
are representative of those in thermal equilibrium (since the
energies of the end states of the hop are calculated with the
cluster expansion) and that the effect of any variations in
composition and disorder on hop mechanisms and barriers
are accurately accounted for.

Kinetic Monte Carlo simulations?® allow us to sample
representative atomic trajectories for the evaluation of tracer
diffusion coefficients, defined as sz{Eg[Aﬁg(t)P}/ 61N,
where Aﬁff(t) is the vector linking the end points of the tra-
jectory of atom ¢ of type i (Ni or Al) after time 7. N; refers to
the number of atoms of type i while the angular brackets
correspond to an ensemble average.

Figure 2 illustrates predicted tracer diffusion coefficients
for both Ni and Al as functions of bulk alloy concentration
[defined as xy;/ (xn;+xa;), Where x; refers to the fraction of
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FIG. 3. (Color online) Decomposition of hop mechanisms and
sequences as functions of alloy composition at 1300 K.

bee sites occupied by specie i] calculated at 1300 K. As is
evident from Fig. 2(a), the predicted tracer diffusion coeffi-
cients depend strongly on composition, exhibiting a mini-
mum at stoichiometric NiAl. In Ni-rich alloys, the Ni tracer
diffusion coefficient is larger than that of Al. In Al-rich al-
loys, however, the tracer diffusion coefficients of Ni and Al
are very similar, in spite of the fact that the Ni sublattice has
a high concentration of vacancies. Although experimental Al
tracer diffusion coefficients are not available, several mea-
surements of Ni tracer diffusion coefficients have been
performed.>’ The measurements of Hancock and Mcdonnel®
and Frank er al.’” qualitatively exhibit similar trends with
alloy composition as predicted here; however, they quantita-
tively differ from each other by as much as an order of mag-
nitude in Al- and Ni-rich alloys [Fig. 2(b)]. Both measured
an increase in the Ni tracer diffusion coefficient with increas-
ing Ni concentration above stoichiometric NiAl. The Ni
tracer diffusion coefficient measured by Hancock and
Mcdonnel® exhibits a pronounced minimum at the stoichio-
metric NiAl composition, while that measured by Frank et
al.” remains constant as the alloy becomes Al rich.

A unique advantage of the kinetic Monte Carlo simula-
tions is that it allows us to track the frequency with which
the various hops occur as functions of alloy composition,
thereby providing insight about the dominant diffusion
mechanisms responsible for atomic transport in B2-NiAl
(Fig. 3). Fractions for cyclic hop mechanisms (i.e., 6JC and
triple defect) and hop sequences are based on estimates of
the sum of the total number of subhops making up the se-
quence (see the Appendix for details).

Around stoichiometry, the most frequent hop sequences
are Ni-antisite/Ni-vacancy back and forth hops due to its
relatively low migration barrier (~0.7 eV averaged over the
back and forth hop directions®). These hops, however, do not
contribute to macroscopic transport (and therefore to Dy;)
since a back and forth hop restores the Ni atom to its initial
position. The next most frequent hop mechanism at stoichi-
ometry is the triple-defect hop sequence in which a Ni anti-
site next to a pair of Ni vacancies performs a sequence of
three hops [Fig. 1(f)] that result in a net migration of the
triple defect by a cubic lattice parameter. As the Ni concen-
tration of the alloy is increased above stoichiometry, the
dominant hop mechanism changes to the anti-structure-
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bridge (ASB) mechanism,® whereby vacancies—which ener-
getically prefer the Ni sublattice—can migrate along perco-
lating networks of nearest-neighbor Ni chains connected by
Ni-antisite atoms. Since the existence of the percolating net-
works requires Ni-antisite atoms, the ASB sequence is only
viable in Ni-rich alloys where off stoichiometry is accommo-
dated by Ni-antisite atoms.® The average migration barrier
for Ni-NN hops is comparatively low (~0.7 eV) and the
migration of a vacancy along a percolating network of Ni-
antisite atoms does not result in any increased disorder,
thereby making the ASB sequence a very effective mecha-
nism to transport Ni atoms. As a result, while Al predomi-
nantly migrates by means of the triple-defect mechanism, the
Ni atoms can migrate via both the triple-defect and the ASB
mechanisms resulting in a Ni tracer diffusion coefficient ex-
ceeding that of Al above a threshold composition upon which
the percolating NN Ni pairs consisting of Ni-antisite atoms
are formed.

In Al-rich alloys (only one concentration was considered
in Al-rich B2-NiAl as very large Monte Carlo cells are re-
quired to ensure that the equilibrium concentrations for Al
antisite atoms, Ni antisite atoms, and Al vacancies are
present), the dominant diffusion mechanisms change again,
with the triple-defect mechanism becoming less important
and the ASB sequence involving Ni no longer viable. Instead
Ni and Al transport is mediated by the 6JC (which are in fact
a sequence of three simultaneous pair-atom hops) and what
we will refer to as the AlI-ASB sequence. Also very high in
Al-rich alloys are back and forth simultaneous Ni-Al pair
hops, but they do not contribute to long-range atomic trans-
port. The 6JC, while having high migration barriers for the
first hop (above 2.3 eV),>®23 becomes a dominant mecha-
nism in Al-rich alloys due to the large concentration of Ni
vacancies. Its high frequency has an entropic origin as there
are 48 symmetrically equivalent pair-atom hops that can ini-
tiate the 6JC sequence for each Ni vacancy. An important
result in Fig. 3 is that Ni NNN hops are not significant at any
composition, even in Al-rich alloys where the Ni-vacancy
concentration is very high. This is in large part due to its high
migration barrier (~2.7 eV) and the fact that only six NNN
hops are possible for a Ni vacancy.

The other dominant diffusion mechanism in Al-rich alloys
involves pair-atom hops in which an Al on the Al sublattice
and an antisite Al simultaneously hop into a Ni vacancy. This
hop mechanism, which is characterized by low migration
barriers (~1 eV),? can be compared to the Ni-ASB mecha-
nism in that Al transport by this mechanism is greatly en-
hanced once a percolating network of Ni vacancies is estab-
lished as illustrated in Fig. 1(i). While the kinetic Monte
Carlo simulations predict a high frequency for this mecha-
nism, the alloy composition is likely not Al rich enough for a
sufficiently high Ni-vacancy concentration required to form
percolating networks.?” Most of the pair-atom hops involving
two Al atoms are therefore back and forth hops and do not
contribute much to macroscopic Al transport. Hence, at the
Al-rich composition considered here, Ni and Al diffusions
rely primarily on the 6JC mechanism.

The above results clearly demonstrate a remarkable com-
plexity of atomic diffusion in metallic alloys even for com-
pounds such as B2-NiAl with its simple B2 crystal structure.
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The decomposition of atomic transport into various hop
mechanisms, as illustrated in Fig. 3, shows the tremendous
sensitivity of the dominant diffusion mechanism to small
changes in bulk alloy concentration. Contrary to expectation,
a large fraction of hops in this intermetallic compound is
mediated by simultaneous pair-atom hops. This understand-
ing is not only intriguing from a scientific point of view, but
is also of relevance from an engineering standpoint as strat-
egies to alter diffusion behavior in B2-NiAl through alloying
will depend sensitively on composition and the degree of
local disorder.

We are grateful for financial support from NSF Grants
No. DMR-0748516 and No. DMR-0605700.

APPENDIX

1. Total energies, migration barriers, and attempt frequencies

The calculations of total energies, migration barriers, and
attempt frequencies were performed with DFT as imple-
mented in the VASP plane-wave pseudopotential code within
the generalized gradient approximation (Perdew-Wang
91).1920 The core-electron interaction was treated with the
PAW method.?"?? The nudged elastic band method was used
to calculate migration barriers except for hops where the ac-
tivated state is at a high symmetry point in which case only
the energy of the activated and the end states of the hop were
calculated. All calculations of migration barriers were per-
formed in a 54-site supercell of B2-NiAl using a 3 X3 X3
k-point mesh.

2. Kinetic Monte Carlo simulation methods

The kMC algorithm is based on the n-fold way method
in which each hop is picked with probability I';/I';,, where
I'; is the hop frequency of hop & and I'y, is the sum of
all hop frequencies.”® The time is updated after each
hop by —In p/I", where p is a random number between
(0,1].%° For each Ni vacancy, there are 86 possible hops
and for each Al vacancy there are 38 possible hops. Tracer
diffusion coefficients, Df=(2§[AI_?’g(t)]2>/ 6tN;, at each com-
position were calculated within kMC simulations by averag-
ing over trajectories, Aléé(t), at different times and over
simulations that started from different initial configurations
(obtained with canonical Monte Carlo). A variety of alloy
compositions were determined with grand canonical Monte
Carlo simulations corresponding to an equilibrium vacancy
concentration.? In the Ni-rich alloys, the MC cell contained
123 B2-NiAl unit cells (3456 sites) and 1000 kMC passes
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were performed (one kKMC pass corresponds to each atom on
average having performed a hop), starting from 100 initial
configurations. In the Al-rich alloy an MC cell with 443
B2-NiAl unit cells (170 368 sites) was used and 60 kMC
passes were performed starting from eight initial configura-
tions. A significantly larger MC cell was required in the Al-
rich alloy to obtain the correct equilibrium concentrations for
antisite Al atoms, antisite Ni atoms, and Al vacancies. We
ensured that our kMC cell sizes were sufficiently large and
that the run times were long enough to guarantee that the
average point-defect concentrations in the kMC runs were
the same as predicted with grand canonical Monte Carlo
simulations.’

3. Counting frequencies of hop mechanisms and sequences

Instead of counting the frequency of a hop sequence, we
kept track of the total number of subhops for each sequence.
Also, for a particular sequence, we combine the number of
hops of different crystallographic types (e.g., we made no
distinction between [110] 6JC, straight [100] 6JC, and bent
[100] 6JC sequences when counting the number of hops in-
volved in the 6JC).

The hops involved in the ASB-Ni sequence were counted
by summing over NN Ni hops in the immediate vicinity of a
Ni antisite. The first subhop of a triple-defect sequence is a
Niy-Vyi hop in the vicinity of a Vy; and is the reverse of the
third V ,-Niy; subhop of the sequence (our results show that
the numbers of these two subhops are almost identical). The
second subhop is an Al,;-V,; NNN hop next to a Ni vacancy.
We found that the second subhop is the bottleneck of the
sequence as it occurs less frequently than the first and third
hops. The number of hops involved in the triple-defect se-
quence was therefore taken as three times the number of
Alp;-V o NNN hops next to a Ni vacancy. The number of
second subhops of the triple-defect sequence multiplied by 2
was subtracted from the first and third subhops and this dif-
ference was counted as NN Ni back and forth hops. Added to
the number of NN Ni back and forth hops was the sum of
Niy-Vy; and V-Niy; hops occurring in local environments
other than those required by ASB-Ni and triple-defect se-
quence (which were found to be almost identical).

The NNN hops were counted directly, while the ASB-Al
hops were determined by summing over all simultaneous
pair hops involving two Al atoms not next to a Ni-antisite
atom. The estimate of the 6JC mechanism was made by mul-
tiplying the second SPA hop of the sequence, involving two
Al atoms next to a Ni-antisite atom, by 3 as this hop was
found to be the bottleneck of the sequence.
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