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Slow coarsening ofB2-ordered domains at low temperatures: A kinetic Monte Carlo study
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The kinetics of the ordering and coarsening ofB2-ordered domains is studied using atomistic kinetic Monte
Carlo simulations. Special emphasis is put on the effect of annealing temperature, alloy composition, and atom
dynamics on the coarsening behavior. When atomic diffusion proceeds by vacancy jumps to nearest-neighbor
sites, a transient slow coarsening regime is observed at temperatures below half the order-disorder transition
temperatureTc . It results in apparent coarsening exponents that decrease with decreasing the annealing
temperature. Values as low as 0.14 are measured at 0.25Tc . Slow transients take place in both stoichiometric
and nonstoichiometric alloys. These regimes are correlated with the transient creation of excess antisites during
domain disappearance. Since antiphase boundary mobility decreases with increasing antisite concentration, this
transient excess results in the slow coarsening observed in simulations.
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I. INTRODUCTION

The kinetics of domain growth and coarsening has bee
subject of great attention in materials science. Indeed, th
phenomena play an important role in alloys since the s
and morphology of domains are essential parameters in
termining the properties of the use of materials. In this pa
we concentrate on the ordering and coarsening of orde
domains when a high-temperature disordered phase is co
through a continuous~here second-order! ordering transition
line and isothermally annealed. We investigate in particu
the effect of annealing temperature.

During such an ordering reaction, the long-range or
parameter describing the transformation is not conserv
and the classical theory developed by Allen and Cahn1 pre-
dicts that the velocity of antiphase boundaries~APBs! is pro-
portional to their curvature and that in the late stages orde
domains coarsen following a power lawL}t1/2, whereL is
the average domain size andt the annealing time. This
asymptotic coarsening regime should be obtained regard
of the annealing temperature.

At low temperatures, however, phenomena not conside
in the Allen-Cahn theory may take place and thus modify
coarsening behavior. One example is the faceting of AP
below their roughening transition temperatures. Indeed,
facet the local APB mean curvature is zero and its veloc
according to the Allen-Cahn description should go to zero
fact, such a faceted APB will move by the nucleation a
growth of kinks. Castan and Lindgard2 have shown that in
the presence of a mixture of curved and flat interfaces, co
ening at very low temperatures may be described by a
universality class with a coarsening exponent of 1/4. On
other hand, Lai, Mazenko, and Valls3 have proposed a clas
sification of coarsening regimes based upon the nature
activation barriers that exist for coarsening. If the activat
energy to nucleate and propagate a kink at the edge of a
is independent of the length of the edge~class-2 model!, a
classical Allen-Cahn behavior is expected asymptotica
PRB 620163-1829/2000/62~5!/3142~11!/$15.00
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However, when this activation energy grows with the ed
length ~class-3 and -4 models!, logarithmic laws are ex-
pected. Shoreet al.4 have obtained simulation results o
model systems that strongly support such predictions.

Long-lived transients may also appear at low anneal
temperatures. Specific transient domain morphologies, e
the formation of minimal surfaces5 or necking,6 are expected
to slow down coarsening rates. Furthermore, for a clas
system, a slower coarsening rate is expected to take plac
times shorter than the characteristic time to overcome di
sional barriers.

In the case of nonstoichiometric alloys, the coarsen
behavior can also be affected by majority species segrega
at APBs. In the model proposed by Krzanowski and Alle7

where coupling between the concentration and degree o
der fields is neglected, the presence of segregation, in
low-APB-velocity limit, is shown to reduce the mobility o
APBs, however without affecting the coarsening expone
More recent mean-field computer simulations8 where the
coupling between composition and degree of order field
taken into account indicate that the APB mobility is inde
reduced by segregation, but also becomes time depen
reflecting the local chemistry evolution at an APB during
motion. This time-dependent mobility may result in an a
parent coarsening exponent different from 1/2, although
specific calculations have been performed in that direct
by Dobretsovet al.8 For the sake of completeness, let
mention that in the case where the APBs are fully wetted
majority species, APB motion becomes limited by the tra
port of this wetting layer, and the coarsening is then p
dicted to follow a power law with a 1/3 exponent, in goo
agreement with experiments on Fe-Al alloys.9

Many ordered alloys, including Ni3Mn, Cu3Au, Ni3Fe,
FeAl, Fe3Al, and Ni4Mo, have been studied to test the v
lidity of the Allen-Cahn coarsening regime. The main resu
in terms of the coarsening exponent have been recently s
marized by Fronteraet al.10 ~see their Table 3!. Apparently,
most of the results are consistent with the Allen-Cahn theo
For instance, in the case of Cu3Au ~Ref. 11! ~which exhibits
a first-order transition! annealed at temperatures rangi
3142 ©2000 The American Physical Society
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PRB 62 3143SLOW COARSENING OFB2-ORDERED DOMAINS AT . . .
from 0.97Tc to 0.99Tc and in the case of Fe3Al ~Ref. 12!
~which exhibits a second-order transition! annealed at tem
peratures ranging from 0.92Tc to 0.99Tc , coarsening expo-
nents very close to 1/2 have been obtained (Tc is the order-
disorder transition temperature of the alloy investigated!. We
want, however, to stress that almost all experiments h
been performed above 0.9Tc . This is because belowTc
chemical ordering suppresses atomic diffusion, leading
slow coarsening rates. Some studies performed at low t
peratures tend to indicate that the apparent coarsening e
nent decreases with decreasing temperature. For instanc
exponent close to 1/2 has been measured in Ni4Mo at tem-
peratures above 0.94Tc , but the value dropped to 0.35 a
0.85Tc and 0.76Tc .13 A similar decrease has been report
in early studies on Cu3Au.14 In addition to the faceting and
segregation phenomena discussed above, impurity seg
tion and stress effects could also contribute to such a slow
down.

In the last two decades, atomistic computer simulatio
have been used intensively to study ordering reactions
in particular, to test the Allen-Cahn coarsening regime. Fo
simple cubic lattice of 303 sites, with first-nearest-neighbo
atomic interactions, Phaniet al.15 reported a coarsening ex
ponent compatible with 1/2 during an annealing at 0.59Tc
using an atom-exchange dynamics. Vives and co-work
using a dynamics that includes both nearest-neighbor
next-nearest-neighbor vacancy-atom exchanges and w
Metropolis algorithm, observed a strong effect of the anne
ing temperature on the coarsening exponents for the sq
lattice16 and for the body-centered-cubic~bcc! lattice.10 In
both cases, the coarsening exponent is found to be clos
1/2 nearTc , but to increase towards unity as the anneal
temperature is decreased. According to the authors,
strong effect is not observed on the square lattice when
atom dynamics proceeds by direct atom exchange, for wh
the classical 1/2 exponent is found. The authors also cl
that if only nearest-neighbor vacancy exchanges are per
ted, a logarithmic coarsening is observed for the square
tice. More recently, Fronteraet al.17 have reported on the
coarsening ofL12 ordered phases on a face-centered-cu
~fcc! lattice, using either a direct atom-exchange dynamic
a nearest-neighbor vacancy-atom-exchange dynamics
both cases with a Metropolis algorithm. For both dynam
coarsening exponents close to 1/2 are obtained at 0.83Tc ,
but lower values are measured at 0.55Tc , ranging from 0.26
to 0.41. No explanation has been proposed to account
such low values. The same authors also show that isotr
scaling of the structure factor holds for the vacancy dyna
ics, whereas anisotropic scaling is required for the ato
exchange mechanism. Using a three-state Blume-Em
Griffiths ~BEG! model on a two-dimensional~2D! square
lattice, Portaet al.18 have shown that vacancy-vacancy inte
actions lead to algebraic growth with exponents smaller t
1/2, whereas asymmetry in the atom-atom interactions do
produce a deviation from the Cahn-Allen value in t
asymptotic regime.19 These last two results have been o
tained when vacancies are allowed to exchange with nea
and next-nearest neighbors. When only nearest-neighbo
changes are allowed, no quantitative analysis is availa
but very different evolutions are observed due to the trapp
of vacancies inside ordered domains.10
e
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These differences in simulation results clearly indicate
strong role played by the atom dynamics chosen. In m
ordered phases atomic diffusion proceeds by vacancy jum
each jump being thermally activated. From a metallurgi
point of view, it is therefore clear that one should use alg
rithms that generate system evolution via thermally activa
migration of vacancies. Recently, residence time algorith
have been introduced for that purpose.20 In these algorithms
evolutions of microstructures are, by construction, obtain
as a function of a physical time unit, as opposed to Mo
Carlo step units used in the standard Metropolis algorith
Furthermore, at low temperatures these algorithms are
empt from the high rejection rates observed in conventio
Metropolis simulations. Higher-order residence time alg
rithms have also been introduced to circumvent the prob
of vacancy trapping in ordered domains.21 Kinetic Monte
Carlo simulations based on a first-order residence time a
rithm have been used in this work to study the effect
annealing temperature on the coarsening kinetics o
B2-ordered phase. Preliminary results22,23 indicated that at
temperatures roughly below 0.5Tc coarsening is strongly
slowed down. This effect is studied in detail here, as well
the influence of the alloy composition and the atom dyna
ics on this slowing down.

The paper is organized as follows: In Sec. II, the mo
alloy and the simulation technique are briefly recalled.
Sec. III, microstructural evolutions during isothermal anne
ing are presented and analyzed. These results are then
cussed in Sec. IV.

II. ATOMISTIC KINETIC MODEL

We recall briefly here the atomistic kinetic model that h
been already presented in detail elsewhere.24 A rigid bcc
lattice is considered, with periodic boundary conditions;
computer efficiency, atomic positions are given in a rhomb
hedral frame with one atom per unit cell andN3 lattice sites.
The binary alloy consists ofNA A atoms,NB B atoms, and
one vacancy~unless stated otherwise! distributed over 2563

lattice sites. Atomic interactions are modeled by pair en
gies«XY between nearest-neighbor sites, whereX,YequalsA
or B. These interactions are here limited to first near
neighbors. This alloy exhibits a second-orderA2-B2 order-
disorder transition with a critical temperatureTc50.794
32« ~Ref. 25! at the A50B50 stoichiometric composition,
where the ordering energy« is defined as«5«AA1«BB
22«AB .

Atomic diffusion proceeds by nearest-neighbor exchan
with the vacancy, and the rate of these exchanges is ca
lated using rate theory. A constant preexponential term
chosen for simplicity, and the activation energy for an ato
X–vacancy exchange,DEXV

act , is calculated using a broken
bond model:

DEXV
act5Es2 (

YPnn~X!
«XY , ~1!

whereEs , the contribution of atomX to the energy of the
crystal at the saddle point position, is taken as a const
The sum in Eq.~1! runs over all the atoms that are a near
neighbor ofX. For the sake of simplicity, we will here re
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strict ourselves to the case where«AA5«BB ; our previous
results23 indicate that moderate asymmetries in atomic int
action, i.e.,u«AA2«BBu,«, do not change qualitatively th
main trend of the results described in this paper. This
consistent with recent results reported by Portaet al.19 for a
BEG model. The time evolution of the alloy is built using
first-order residence time algorithm.21,24 This algorithm al-
lows for one vacancy jump at each Monte Carlo step. T
evolution of the system is followed as a function of t
physical time, the scale of which is defined by the vacan
jump frequencies and the vacancy concentration~taken as
constant in our simulations!. For computational efficiency
the configuration-independent part in the activation energ
is factorized out. Simulation times are thus given in an ar
trary time scale, and for comparison with experiments o
would have to correct it by this factorized term and by t
actual vacancy concentration. This model, with some mi
variations, has been successfully used to study the sim
neous precipitation and ordering reactions in binary alloys
fcc ~Ref. 20! and bcc~Ref. 24! lattices. It has also been use
and directly compared with experiments on the kinetics
the precipitation of Cu in diluteFe-Cu alloys26 and on the
kinetics of the precipitation of theL12 phase in a ternary
Ni-Al-Cr alloy.27

The evolution of the system can be followed in dire
space by visualizing the positions of the atoms, the degre
order field, or the concentration field. As discussed in R
24, these fields are obtained by counting atoms on a ce
site and on the first- and second-nearest-neighbor sh
around this site. The Warren-Cowley short-range order
rameter for first nearest neighbors,a, is also calculated dur
ing the simulations.

An alternative way of following the evolution of the sys
tem is to compute the structure factorS(k), obtained as the
Fourier transform of the pair correlation function of atom
occupancies. Information relative to the order field is o
tained by calculating the structure factorS(k2ks) centered
around aB2 superlattice vectorks , then taking its spherica
average~unless specified otherwise!, and calculating its mo-
ments. The integrated intensity of the superlattice reflect
I, is obtained by integratingS(uk2ksu) in a volume centered
aroundks , such thatuk2ksu,0.1uksu. The long-range de-
gree of order,S, is given byS5AI /I B2, where I B2 is the
integrated intensity for a perfectly orderedB2 phase. The
average size of the ordered domains,L, is obtained asL
5AM0 /M2, where the momentsMn are defined by

Mn5 (
kPv

uk2ksunS~ uk2ksu!/n~ uk2ksu!, ~2!

wherev contains all vectors such that~i! their intensity is
above the background level of a random alloy and~ii ! uk
2ksu,0.5uksu; n(uk2ksu) is the multiplicity of that reflec-
tion.

III. SIMULATION RESULTS

In the following results, unless stated otherwise, a rand
configuration is isothermally annealed until very large d
main or single-domain structures are obtained. First, in S
III A the effect of the annealing temperature on ordering a
-
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coarsening is presented for stoichiometric alloys. Then
Sec. III B alloys with off-stoichiometric compositions ar
studied. Finally, in Sec. III C atom dynamics differing from
the vacancy dynamics described in Sec. II is implemen
and the simulation results are contrasted with those obta
in Sec. III A.

A. Effect of temperature

1. Microstructural evolutions

Figures 1 and 2 display the evolution of the absolute va
of the degree of order field for three annealing times and
temperatures,T50.723Tc andT50.362Tc , respectively. In
both cases, at short times small ordered regions form in
disordered matrix and then grow@Figs. 1~a! and 2~a!#, until
the disordered matrix has disappeared and thin domain w
have formed almost everywhere@Figs. 1~b! and 2~b!#. This is
the end of the ‘‘ordering’’ regime, using the terminology o

FIG. 1. Absolute value of the local degree of order field in~110!
planes. AtT50.723Tc , microstructures are shown at times~a! t
54.33106, ~b! t51.53108, and~c! t57.23108. The vertical di-
mension of each microstructure corresponds to 256 nea
neighbor distances. The square of the local order parameter is
played on a gray scale such that black and white correspond to
disordered and fully ordered states, respectively.
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Nagler et al.11 These microstructures do not correspond
the ones expected by the theory of continuous order
which should produce long-wavelength structures.28,29 Mi-
crostructures similar to ours have been reported in sim
tions of Cu3Au quenched and annealed at temperatures w
below any possible spinodal temperature.30 Notice that in
Figs. 1~b! and 2~b! some coarsening has already taken pla
as shown by the presence of a few large domains. This o
lap, between ‘‘ordering’’ and coarsening regimes, resu
from the fact that thin boundary walls are not formed eve
where at the same time. At the end of the ‘‘ordering’’ r
gime, the long-range order parameter has reached a valu
0.45 and 0.35, respectively, much smaller than the equ
rium values at these temperatures, 0.90 and 0.99, res
tively ~the equilibrium values are measured on single-dom
structures at the end of the simulations!. These low degrees
of order come not only from the high volume fraction
APBs, but also from the presence of many antisites in exc
inside the domains. This point will be discussed in de

FIG. 2. Absolute value of the local degree of order field in~110!
planes. AtT50.362Tc , microstructures are shown at times~a! t
53.33107, ~b! t53.13108, and ~c! t56.93109 ~arbitrary time
units!. The vertical dimension of each microstructure correspo
to 256 nearest-neighbor distances. The square of the local o
parameter is displayed on a gray scale such that black and w
correspond to fully disordered and fully ordered states, respectiv
g,

a-
ll

,
r-

s
-

of
-

ec-
in

ss
il

below. Despite this limitation, this regime will still be re
ferred to as the ‘‘ordering’’ regime in this paper. After th
first regime, the domains coarsen@Figs. 1~c! and 2~c!# by the
migration of APBs towards their center of curvature. At lo
temperatures@Fig. 2~c!# APBs develop facets locally, with
mostly $110% and sometimes$100% orientation.

2. Apparent coarsening exponents

For a quantitative analysis, the time evolution ofa, S, and
L is given in Figs. 3 and 4 for four annealing temperatur
0.723Tc , 0.542Tc , 0.362Tc , and 0.250Tc . In order to check
any power-law dependence ofL with time, the apparent
coarsening exponent at timet, napp(t), is calculated~Fig. 5!.
It is obtained from the local slope of log@L(t)# versus log(t)
curves by a least-squares fit including the values ofL at time
t and at two iterations before and after timet. Because of the
large simulation cell used here, with more than 163106 at-
oms, very little variation inL(t) is seen from one run to
s
er
ite
ly.

FIG. 3. Evolution of the long-range order parameterS ~open
symbols! and of the short-range order parametera ~solid symbols!
for several temperatures:T50.723Tc ~n!, T50.542Tc ~L!, T
50.362Tc ~h! and T50.250Tc ~s!. Time is given in arbitrary
units.

FIG. 4. Average evolution of the domain sizeL at several tem-
peratures. Eight runs have been used for each temperature.
error bar corresponds to one standard deviation.L is given in bcc
lattice parameter units, and time is given in arbitrary units. F
clarity, the times forT50.723Tc have been divided by 100.
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another until the late times, when finite-size effects and
riodic boundary conditions become important, often lead
to an acceleration of the coarsening. This part of the resul
not representative of a bulk behavior and will not be cons
ered here. In order to improve the statistics at intermed
times, eight runs have been cumulated for each tempera
Figures 4 and 5 display average values and variances
these eight runs.

At the highest temperature, the apparent growth expon
reaches a value of 0.59 at the end of the ordering regimt
5108); then, it stabilizes at an average value of 0.48~for
times such that 109,t,1010) before finite-size effects be
come important. A similar behavior is observed at 0.542Tc ,
except that the coarsening exponent reached at the end o
ordering regime is smaller,napp50.45 att5108; the average
value of the coarsening exponent is 0.51 for times 109,t
,1010. At 0.362Tc , the end of ordering is reached att52
3108, and the coarsening exponent is fairly constant o
two time decades, 107,t,109, with an average value o
0.27. Then the exponent starts to increase and a value c
to 0.6 is reached when boundary conditions start to affect
results. At the lowest temperature we used, 0.250Tc , the
decrease of the coarsening exponent is even more ma
Over more than two time decades, 33108,t,1011, the ex-
ponent is fairly constant, with an average value of 0.14. Th
it increases and reaches a value around 0.55.

3. Test of dynamical scaling and anisotropy
of the structure factor

In the asymptotic regime, the structure factor should ob
dynamical scaling.31 To test such scaling, the scaled structu
factor S(uk2ksu,t)/L3(t) is plotted as a function of the
scaled moduleuk2ksuL(t). As shown in Fig. 6~a!, data ob-
tained at 0.732Tc for times greater than;5.63108 collapse
onto one curve. This curve compares very well with the t
oretical curve predicted by Ohtaet al.31 This time thresh-
old for scaling corresponds precisely to the time when
coarsening exponent just reaches its plateau value at 0.4

FIG. 5. Evolution of the apparent coarsening exponentnapp(t) at
several temperatures. Eight runs have been used for each tem
ture. The error bar corresponds to one standard deviation. Tim
given in arbitrary units. For clarity, the times forT50.723Tc have
been divided by 100, and for each temperature the late data ar
shown when the standard deviation gets too large.
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shorter times, data do not collapse onto one curve. It is
surprising that dynamical scaling does not hold during t
transient. At temperature 0.542Tc , 0.362Tc , and 0.250Tc
dynamical scaling is found to hold at times greater than
3109, 1.031010, and 7.831012, respectively. In all cases
dynamical scaling is therefore observed when the coarse
exponent has reached a value close to the Cahn-Allen
exponent. During the slow coarsening regime, dynam
scaling is not obeyed, as exemplified in Fig. 6~b! for 0.250Tc
at times 5.23107<t<2.431012.

During domain coarsening, small facets are observed
low annealing temperatures. The presence of these small
ets, however, does not affect significantly the measure
L(t) obtained from a spherically average structure fact
Indeed, we have also used linear averages of the struc
factor along thê 110&* , ^100&* , and ^111&* directions to
calculate the domain size: the linear averages yield va
for L(t) that are similar to those obtained using a spheri
average, as seen in Fig. 7. The slow coarsening regime is
observed with the directional averages, with a slight incre
of the apparent coarsening exponent during that slow regi
e.g., from 0.25 with the spherical averages to 0.28 for
directional averages at 0.362Tc . The statistical fluctuations
on the linear averages are, however, quite large, as expe
since the multiplicity ofk2ks is reduced by a factor of the
order of 2562 by going from a spherical to a linear averag
for the system size we used. Simulations required to ana
in detail possible anisotropic coarsening are beyond
computing capabilities. The present results, as well as
general aspect of the microstructures, indicate, however,
if such an effect exists, it is small. More importantly,
shows that the slow coarsening regime is not an artifact
to the spherical average taken in the calculations ofL(t).

4. Injection and annealing of antisites

As discussed in Sec. III A 1~see also Fig. 2!, antisites in
excess of their equilibrium concentration are formed at l
temperatures. To quantify this evolution the number ofB

era-
is

not

FIG. 6. Normalized scaled structure factor as a function of
scaled wave vector.~a! At 0.732Tc data obtained from times greate
than;5.63108 collapse onto a single curve. The solid line corr
sponds to the universal scaling function proposed by Ohtaet al.
~Ref. 31!. ~b! At 0.254Tc for times 3.93107<t<1.931012, dy-
namical scaling is not obeyed.
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atoms having onlyB atoms as first nearest neighbors, he
after referred to asB-atom perfect antisites, are measur
during the simulations: as seen in Fig. 8~a!, their concen-
tration goes through a transient maximum for annealing te
peratures of 0.542Tc and below. This transient increase b
comes more pronounced and more long lived at low
temperatures. This is unexpected since the equilibrium a
site concentration decreases significantly with temperat
The maximum antisite concentration reached at 0.362Tc is
40 times above its equilibrium value. To better character
this phenomenon, an annealing simulation at 0.362Tc is
stopped during the low-napp(t) regime~either att5108 or t
533108); almost all perfect antisites are then artificial
annealed out by changing the chemical nature of the ant
atoms, and the simulations are resumed: as clearly is
ible in Fig. 8~b!, the antisite concentration re-increases d
spite the artificial annealing. Direct observations of the c
figuration yield the explanation for this increase:
originates from the debris left over by small domains th
have just annealed out and disappeared inside larger dom
of the opposite variant~Fig. 9!. APBs enclosing domains ar
locally nonconservative for most orientations. Indeed, fo
boundary to locally conserve the stoichiometric compositi
the ~1/2,1/2,1/2! translation vector relating one variant to a
other has to lie in the APB plane, a condition that can also
expressed by saying that the scalar product between this
tor and the vector normal to the APB is zero. For an AP
enclosing a domain, this condition is only fulfilled at fe
places of the APB, and therefore one expects that AP
carry in general some excess of eitherA or B atoms. Such an
excess will move with the boundary while the domain
shrinking, and it will remain as antisite debris after the d
appearance of the domain. Because of composition im
ance in these debris, some long-range diffusion is require
anneal them. At early stages of coarsening, many dom
disappear per unit time, resulting in a transient increase
antisites. This increase is more pronounced at low temp
tures because atomic mobility becomes slower and it ta

FIG. 7. Domain size as measured from structure factor a
directional or spherical average forT50.362Tc . Three directions
have been used separately:̂110&* , ^100&* , and ^111&* for the
directional averages. Each datum represents the average of
runs.
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more time for the vacancy to transport these antisites ins
ordered domains and let them recombine. An important c
relation has to be noticed here: as seen from Figs. 5
8~a!, the time intervals during which a low coarsening exp
nent is measured coincide with those during which the a
site concentration increases, e.g., 107,t,109 at 0.362Tc .
Furthermore, when no transient excess antisite is measu
e.g., at 0.723Tc , the coarsening exponent is very close
1/2. Visualization of configurations at low temperatures af
the artificial antisite annealing reveals another effect: a
sites in excess left by disappearing domains are remove
later times by the sweeping of other APBs moving throu
these areas~Fig. 9!. This appears to become the predomina
mechanism for the elimination of excess antisites at low te
peratures. This is not surprising since, with the current sim
lation parameters, vacancies segregate at APBs at low
peratures and since migration barriers are reduced at AP
by as much as a factor of 2. At these low temperatures
evolution of antisites therefore results from a competiti
between their creation by domain disappearance and t

r

ght

FIG. 8. Evolution of the concentration ofB-atom perfect anti-
sites~a! at various temperaturesT50.723Tc ~n!, T50.542Tc ~L!,
T50.362Tc ~h!, andT50.250Tc ~s!. The equilibrium perfect an-
tisite concentration, as measured with equilibrium Monte Ca
simulations on single-domain structure, is 9.731023 at T
50.723Tc , 3.931023 at T50.542Tc , and 2.231024 at T
50.362Tc . For T50.250Tc the concentration could not be mea
sured accurately, but a low-temperature mean-field calcula
yields a concentration of 2.131025. ~b! At T50.362Tc : artificial
annealing of these antisites att513108, curve 1~j!, or at t53
3108, curve 2~m!; the reference curve~s! is also shown~arbitrary
time units!.
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annihilation by APB sweeping. This may explain why th
domain size at which the antisite concentration is maxim
is L'15 for both 0.362Tc and 0.250Tc despite the large
difference in the annealing times,t51.53109 and t52.5
31011, respectively.

The main results of Sec. III A can be summarized as f
lows. In the late stages of coarsening, as expected from
Allen-Cahn theory, a power-law regime forL(t) with an
exponent very close to 0.5 is found in our simulations
temperatures above 0.5Tc and the structure factor obeys is
tropic dynamical scaling. Below 0.5Tc temperature, the fina
value of the slope is compatible with the theoretical val
but no well-defined plateau has been reached for the co
ening exponent. Larger system sizes and longer simula
times would be necessary to really assess this long-time
havior. The ‘‘ordering’’ stage and the beginning of the coa
ening stage are, however, strongly slowed down at these
annealing temperatures. In these time intervalsS(k) does not
obey dynamical scaling and the concentration of antis
increases well above its equilibrium value. This increase
due to the combination of two factors: the disappearanc
antiphased domains and the slow bulk atomic mobility at l
temperatures. Let us stress that the slow coarsening doe
reduce itself to a decrease of the APB mobility at low te
perature: this would shift theL(t) curves to longer times
but should not affect the apparent coarsening exponen
fact, at the lowest temperature, 0.250Tc , the average expo
nent is so small that theL(t) curve could almost be approx
mated by a logarithmic dependence. This long-lived slow
down, associated with a low apparent coarsening expon
is not predicted by any existing theory. It constitutes t
main result of this paper. Our objective in the following se
tions is to elucidate the origin of this anomalous slow kin
ics.

B. Effect of alloy composition

In this section we investigate the effect of the alloy co
position on the slowing down that has been identified at l

FIG. 9. Snapshots of the absolute value of the local degre
the order field atT50.362Tc , after an artificial annealing of anti
sties att533108 @curve 2 in Fig. 8~b!#. Time increases from left to
right and from top to bottom, the initial and final times being 6
3108 and 6.031010 ~arbitrary units!. Notice at earlier times the
formation of chemical disorder inside domains by the disappeara
of smaller domains~e.g., see the circled region! and at later times
the partial annealing of this disorder when APBs sweep thro
these areas~e.g., see the circled region or the domain indicated
the arrow!. The vertical dimension of each microstructure cor
sponds to 64 nearest-neighbor distances, the simulation cell
containing 2563 sites.
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annealing temperatures in the previous section. Two non
ichiometric compositions have been studied, with 40% a
49% ofB atoms, and compared to the stoichiometric comp
sition. Figures 10 and 11 display the evolutions ofL(t) and
napp(t) for the three alloys for an annealing temperature
0.362Tc . Remarkably enough, in the regime where the slo
ing down is observed for the stoichiometric alloy, the evo
tion of the three alloys is almost identical. It is also co
cluded by visualization of the configurations and
inspection of the small-k behavior of the structure factor tha
no noticeable segregation has yet developed for any of
alloys in this regime. This similarity in the evolution of th
three alloys is consistent with the Monte Carlo results o
tained by Porta and Casta´n32 on a binary alloy with no va-
cancy. At the end of the slowing down,t'109, the near-
stoichiometric alloy still follows the evolution of the
stoichiometric one, until finite-size effects become importa
(t.1011). The 40% alloy, however, exhibits only a mode
increase of the exponentnapp(t), which takes an averag
value of 0.32 whent.1010. In this regime, significant seg
regation is observed at APBs. Similar results are observe
0.250Tc .

It could be tempting to interpret the results obtained
nonstoichiometric alloys in the light of the models propos

of

ce

h
y
-
till

FIG. 10. Evolution of the domain sizeL at T50.362Tc for
several compositions.L is given in bcc lattice parameter units, an
time is given in arbitrary units.

FIG. 11. Evolution of the apparent coarsening exponentnapp(t),
at T50.362Tc for several compositions. Time is given in arbitra
units.
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by Krzanowski and Allen7 or Dobretsovet al.8 In both cases,
however, equilibrium segregation is required to affect
APB mobility and no effect is predicted for stoichiometr
alloys. Therefore we conclude that these approaches are
appropriate to rationalize our results at early stages for b
stoichiometric and nonstoichiometric alloys.

Finally, let us stress that wetting does not occur in o
simulations since for all compositions and temperatures s
ied here alloys at equilibrium are single-phaseB2. The fact
that the late stage coarsening exponent for the 40% allo
very close to 1/3 is, in our opinion, fortuitous. This lo
coarsening exponent could well correspond to the effe
predicted by Dobretsovet al.8 for nonstoichiometric alloys
since it takes place when segregation has built up at APB
detailed study of the late-time coarsening in nonstoichiom
ric alloys is, however, beyond the scope of this paper.

C. Effect of atom dynamics

In order to gain more insight into the origin of the slowin
down observed at low temperatures, different modificatio
are now made to the atomic kinetic model presented in S
II. The atomic dynamics considered so far has two import
characteristics: ~i! it conserves the composition of the allo
at each Monte Carlo step and~ii ! it can be affected by va
cancy segregation~or trapping! at different regions of the
microstructure~e.g., inside a perfectly ordered domain, ne
to an antisite atom, or at an APB!. In order to assess th
impact of these characteristics on the anomalous slow ki
ics at low temperatures, other dynamics have been im
mented: First, a direct atom-exchange dynamics, the
‘‘spin-flip’’ dynamics. In both cases, vacancies are no long
used, and therefore the kinetics is free from possible vaca
trapping effects. Furthermore, in the ‘‘spin-flip’’ dynamic
case, the composition is no longer locally conserved and
composition fluctuations can be annealed out without req
ing long-range atom transport.

The direct atom-exchange mechanism~also known as a
Kawasaki dynamics33! has been implemented following th
algorithm described by Salomonset al.34 Figure 12 com-
pares theL(t) curves obtained at 0.362Tc with the vacancy
dynamics and with the direct atom-exchange dynam

FIG. 12. Evolution of the domain sizeL, at T50.362Tc for the
vacancy dynamics~3! and for the direct atom-exchange dynami
~s!. L is given inpop bcc lattice parameter units. Different ar
trary time units are used in the two curves.
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both dynamics result in a ‘‘slow’’ ordering and coarsenin
with almost identical exponents in the power-law fits. Sim
lar results have already been obtained by Athe`nes22 over a
broad temperature range. Notice that the two time scales
not have to be identical because of the specifics of jump
exchange frequencies used in the models. Direct visual
tion of the configurations and antisite concentration meas
ments reveals that, similarly to the vacancy dynamics cas
large excess of antisite develops inside the ordered doma
giving rise to a transient increase of the antisite concen
tion.

Then the ordering of the alloy is modeled by using t
classical ‘‘spin-flip’’ mechanism, i.e., by replacingA or B
atoms byB or A atoms, according to a Metropolis accept
tion probability.35 This dynamics, which has been wide
used to model magnetic phase transformations, is clearly
appropriate for describing diffusion-controlled transform
tions, since it does not conserve locally the composition
the alloy. The results are, however, very instructive. Fig
13 displays the evolution ofL(t) at 0.723Tc , 0.542Tc , and
0.362Tc : it is quite clear that there is little, if any, tempera
ture effect with the spin-flip dynamics. Furthermore, at tim
greater than ten Monte Carlo steps and before the acce
tion due to finite-size effects, the average coarsening ex
nents are 0.52, 0.51, and 0.50, for high, intermediate,
low temperature, respectively. Direct visualization of t
configurations and antisite concentration measurem
shows that, for this atom dynamics, the degree of order
side the domains quickly reaches a value very close to
equilibrium one and that no transient maximum develops
the antisite concentration, even at low temperatures. Thi
another noticeable difference with the microstructures
tained with the vacancy and with the direct atom-exchan
mechanisms.

IV. DISCUSSION

At high annealing temperatures, domain coarsening in
simulations closely follows the Allen-Cahn law. At lowe
temperatures (T<0.5Tc), the long-time behavior seems als

FIG. 13. Evolution of the domain sizeL with a spin-flip dynam-
ics at several temperatures. Notice that for this dynamics, temp
ture does not alter the coarsening regime (101,time,103). Time
is given in Monte Carlo steps, i.e., in the number of spin-flip
tempts per site. In these simulations, no vacancy is present in
crystal.
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to be in agreement with the Allen-Cahn coarsening expon
but larger system sizes and longer simulation times would
required to firmly establish such a result. The main surp
ing result is that systems at low temperatures exhibit a tr
sient slow coarsening regime that follows an appar
power-law behavior. The apparent exponent of this trans
decreases with decreasing annealing temperature. The
sible origins of this slowing down, as well as its implic
tions, are now discussed. Since the slowing down starts m
or less at the beginning of the coarsening stage and s
coarsening theory is far more developed than that of ord
ing, we will discuss this anomalous behavior in the light
existing coarsening theories.

For that purpose, let us first stress that the Allen-Cahn
rests on several assumptions:~i! the principal radii of cur-
vature of APB are large compared to their thickness,~ii ! the
degree of order has reached its bulk equilibrium value ins
the domains and its local equilibrium value near or at
APB, and~iii ! the domain microstructure is invariant by sca
ing during the growth process. At low temperatures wher
slowing down is observed in the simulations, the above th
assumptions are in fact violated: As seen in Fig. 2~b!, for
instance, there are many places where the local radiu
curvature is comparable to the width of an APB; the deg
of order inside the domains has not reached its equilibr
value, as discussed in Sec. III A; finally, the APBs deve
facets, predominantly with$110% and $100% orientations,
leading to microstructures which are most likely no long
scale invariant; the faceting of APB is not surprising sin
the annealing temperatures are below the equilibrium rou
ening temperatures, which have been determined to
0.44Tc and 0.76Tc for $110% and $100% orientations,
respectively.36 We will now determine which of the abov
three points@~i!, ~ii !, or ~iii !# contributes to the slowing
down. One can safely eliminate the first point as a domin
factor: this point is also not satisfied during the early sta
of coarsening with the ‘‘spin-flip’’ dynamics, without resul
ing in any significant slowing down. In fact, we show no
that point~ii ! is sufficient to explain in a consistent way a
the simulation results we have presented so far.

As discussed in Sec. III A, the coarsening of ordered
mains can both decrease or increase locally the degre
order: the disappearance of a domain results in additio
antisites, whereas a moving APB removes excess anti
along its wake. At low temperatures atomic mobility is lo
because of the trapping that vacancies are experiencin
highly ordered regions.21 As a result, the above contribution
of APBs to the evolution of the degree of order field beco
predominant. At the beginning of the coarsening, many
dered domains disappear per unit time, while the total a
swept by their APBs is small: this leads to an increase
antisite concentration, as observed in the simulations@see
Fig. 8~a!#. At short time scales this excess of antisites
expected to lower the mobility of APBs, either by analo
with the solute-drag effect or by considering these exc
antisites as quenched impurities.37 Such a suppression o
APB mobility has also been observed in the presence
equilibrium segregation.8 At later times the antisite exces
should disappear by the recombination of antisites at AP
Accordingly, in the time interval during which the antisi
concentration increases, e.g., 107,t,109 at 0.362Tc , the
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APB mobility should continuously decrease, and theref
the coarsening kinetics should slow down. As alrea
stressed in Sec. III A, such a one-to-one correlation betw
antisite increase and slow coarsening is indeed observe
the simulations; it provides a strong indirect argument
favor of the mechanism we just proposed.

A key component of our rationalization of the slow coar
ening regime is the assumption that the APB mobility d
creases with increasing antisite concentration. We will n
establish this coupling by performing additional simulatio
where we follow the decay of a large spherical antipha
domain in a single-domain matrix. Antisites are initially in
troduced homogeneously, with a concentration set to a c
sen value, either the equilibrium concentration for the te
perature studied or a nonequilibrium concentration. T
decay of the radius of this spherical domain, as well as
B-atom antisite concentrationCa(t), are then measured b
using kinetic Monte Carlo simulations with the vacanc
jump dynamics. According to the Allen-Cahn law, the squa
of the radius of the domain,R2, should decrease linearly in
time, the coefficient being proportional to the APB mobilit
The linear decay ofR2 is indeed observed in Fig. 14 fo
annealing temperatures of 0.723Tc and 0.542Tc when the
antisite concentration is initially set to its equilibrium valu
However, an initial excess of the concentration of antisi
over its equilibrium value leads to an initially slower dec
of the spherical antiphase domain, as shown in Fig. 14
temperature of 0.542Tc . During such simulations, atomi
diffusion is still efficient enough to remove, however slowl
this excess of antisites. We have checked that this annea
process takes place homogeneously and that the domai
mains spherical during its decay. In these simulations
antisite concentration decreases with time, whereas du
the annealing of quenched configurations~Sec. III!, a tran-
sient increase of antisites is observed. Since time in itse
irrelevant to the transient mobility of the spherical APB, it
useful to eliminate the time variable between thedR2(t)/dt
andCa(t) evolutions, so as to extract an effective APB m

FIG. 14. Relative decrease of the squared radius of a sphe
antiphase domainR2(t) at several temperatures. When the initi
concentration ofB-atom perfect antisites is set close to its equili
rium value, Ca54.431023 at T50.542Tc ~1! and Ca51.0
31022 at T50.723Tc ~3!, the decay is nearly linear in time. A
T50.542Tc , with an initial antisite concentration ofCa51.9
31022 ~s! the decay is no longer linear and is initially slowe
down. R is given in bcc lattice parameter units.



i
es
ly
ra
it
nc
n

e
e

ne
x
b

or
e
v

el
a

cti
ac
si
:
o

hb
-
d
h
le
rv
th
-
ly
tin
lo
d

er

ed
on

es
tes
ses
w

ac-
on-
its
er
dy-
not
ob-

tion
an
ll
ons,
at
he

rved
the
an-
ided
era-
par-
om
ides
nts

cha-

al-
ause
n

ted
rth
rs-

-

ient
e-

tud-
h
qui-
of
d to
The
nly
e
ig-
lity
es-
an-

all
ance
the

rs-
: at
the

wi
th
e

PRB 62 3151SLOW COARSENING OFB2-ORDERED DOMAINS AT . . .
bility as a function of the antisite concentration. As seen
Fig. 15, this procedure reveals clearly the effect of exc
antisites on APB mobility, the latter being roughly inverse
proportional to the antisite concentration. At lower tempe
tures a decrease of the APB mobility with increasing antis
concentration is also clearly observed. However, vaca
trapping results in quite large fluctuations from run to ru
and even after averaging over 20 runs, we were not abl
determine quantitatively this APB mobility dependenc
Such a quantitative information would be required if o
were to model the decrease of the apparent coarsening e
nent as a function of the annealing temperature. This is
yond the scope of this paper.

We now briefly establish that point~iii !, the faceting of
APBs, cannot alone explain the slowing down we are rep
ing here. As discussed in the Introduction, the presenc
facets may result in a slower kinetics. However, we ha
found apparent coarsening exponents that take values b
1/4. This indicates that the analysis proposed by Castan
Lindgard2 probably does not apply here. Furthermore, a
vation barriers to nucleate and propagate a kink along a f
edge can be calculated for the vacancy-assisted diffu
model and for the ‘‘spin-flip’’ dynamics used in Sec. III C
for both models the barrier is independent of the length
the facet~because of the absence of second-nearest-neig
interactions!. According to the classification by Lai, Ma
zenko, and Valls,3 our model is thus a class-2 model, an
domain coarsening should follow the classical Allen-Ca
behavior. Finally, if faceting were to play an important ro
in coarsening, anisotropic coarsening should be obse
both in direct and reciprocal space, as, for instance, in
work by Portaet al.18 Directionally averaged structure fac
tors ~see Sec. III A 3! are instead consistent with a most
isotropic coarsening regime. We thus conclude that face
alone cannot explain the slow coarsening observed at
temperatures; it may, nevertheless, play some role in the
pendency of APB mobility with antisite concentrations.

Let us now show that all simulation results reported h

FIG. 15. Evolution ofuR dR/dtu at T50.542Tc as a function of
theB-atom perfect antisite concentration. As in Fig. 14,R(t) is the
radius of a decaying spherical antiphase domain.uR dR/dtu yields
an apparent APB mobility. Four runs are represented obtained
different initial antisite concentrations. Despite the dispersion in
results, the apparent APB mobility is clearly reduced by an exc
of antisites~the equilibrium value isCa53.931023 at this tem-
perature!.
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are well rationalized with the explanation we just propos
for the slow coarsening regime. This explanation is based
the conjunction of three factors: the injection of antisit
due to domain disappearance, the slow diffusivity of antisi
inside ordered domains, and an APB mobility that decrea
with increasing antisite concentration. Accordingly, the slo
regime for coarsening should present the following char
teristics: It should be only transient since the antisite c
centration inside ordered domains will eventually reach
equilibrium value, it should be more pronounced at low
temperatures, and it should be observed only with atom
namics that conserve locally the composition, but should
be specific to a vacancy mechanism. It should also be
served in nonstoichiometric alloys before any segrega
has developed, since one family of antisites will develop
excess, which would result in a lower APB mobility. A
these characteristics are indeed observed in our simulati
except for the firm proof that the true asymptotic regime
low temperatures is the classical Allen-Cahn one. T
mechanism we have proposed to account for the obse
transient slow coarsening is by no means specific to
B2-ordered structure investigated in this paper. Similar tr
sients should take place in other ordered structures, prov
that the three conditions listed above are met. The temp
tures at which such transients would appear and their ap
ent coarsening exponents would, however, clearly vary fr
one alloy to another. The mechanism proposed here prov
a simple rationalization for the low coarsening expone
obtained by Fronteraet al.17 for an L12 ordering at 0.55Tc ,
with a direct-exchange mechanism and a vacancy me
nism ~see Sec. I!.

No systematic experimental study of the effect of anne
ing temperature on coarsening has been performed, bec
of the long annealing times it would require for most know
alloys. A direct check of the slow coarsening regime repor
here is therefore not currently possible. It is, however, wo
noting that in the recent detailed study of ordering and coa
ening kinetics in Fe3Al by Park et al.,12 at temperatures be
low 0.95Tc the correlation length of short-range order~SRO!
fluctuations initially increases and goes through a trans
maximum before reaching its equilibrium value. This ph
nomenon is particularly clear at the lowest temperature s
ied, 757 K, i.e., 0.92Tc , where the SRO correlation lengt
reaches a maximum value around 20 Å, even though its e
librium value at this temperature is near 2 Å. In the light
our simulations, these observations could well correspon
a transient increase in antisites, as reported in Sec. III A.
transient increase in the simulations is clearly detected o
at temperatures below 0.6Tc , but this threshold temperatur
should vary from one alloy to another since it depends s
nificantly on the ordered phase involved and on the mobi
of antisite atoms. This transient behavior is not easily acc
sible experimentally because it is not associated with a tr
sient extremum of the SRO parameter~see Fig. 3!. The ab-
solute value of the SRO increases continuously for
annealing temperatures, since ordering and the disappear
of APBs are the predominant factors in the measure of
SRO.

From a practical point of view, the transient slow coa
ening regime reported here has important consequences
low annealing temperatures this transient regime may be
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only one accessible experimentally, and therefore one sh
not always expect the average domain size to coarsen ast1/2.
It also implies that one cannot safely extrapolate coarsen
rates obtained at high temperature to low temperatures
seen in Fig. 4, the time required to reach a given domain
can be delayed by several orders of magnitude. In orde
test these points and the simulation results presented h
there is a clear need for new coarsening experiments
formed at low temperatures.

V. CONCLUSION

Kinetic Monte Carlo simulations relying on an vacanc
atom-exchange kinetic model and a residence time algori
have been performed to study the ordering and coarsenin
B2 domains during isothermal annealing of a quenched
ordered phase. For annealing temperatures above'0.5Tc , a
coarsening exponent very close to the classical Allen-C
value of 1/2 is measured. For lower temperatures, howev
transient coarsening regime is observed with an appa
coarsening exponent that decreases with decreasing tem
ture. It is associated with in a severe slowing down of
domain coarsening kinetics. This effect is shown to
present for both stoichiometric and nonstoichiometric allo
ld
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e
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Atom dynamics not relying on vacancy-atom exchange
also used for comparison: a slow transient is also obser
for a direct atom-exchange dynamics, but not for a spin-
dynamics. Based on the results presented in this paper
following mechanism is proposed to account for this slo
transient coarsening regime. Domain annealing and dis
pearance lead to the injection of antisite atoms, which
difficult to eliminate at low temperatures. This results in
transient increase of the excess of antisite defects inside
dered domains. Since the mobility of APBs is shown to
reduced by an excess of antisites, the coarsening is slo
down, until this excess of antisites is annealed out, either
atomic diffusion or by an ‘‘APB sweeping’’ effect observe
in the simulations. The generality of these arguments p
dicts that similar slow transient coarsening regimes sho
be observed in other ordered structures.
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