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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 coarsening3&-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
temperatureT. . It results in apparent coarsening exponents that decrease with decreasing the annealing
temperature. Values as low as 0.14 are measured af 0.Zdow 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.

I. INTRODUCTION However, when this activation energy grows with the edge
length (class-3 and -4 modelslogarithmic laws are ex-

The kinetics of domain growth and Coarsening has been gected. Shoreet al* have obtained simulation results on
subject of great attention in materials science. Indeed, thedB0del systems that strongly support such predictions.

phenomena play an important role in alloys since the size LOng-lived transients may also appear at low annealing
and morphology of domains are essential parameters in d%emperatures. Specific transient domain morphologies, e.g.,

: e 0B
termining the properties of the use of materials. In this pape he formation of minimal surfacger necking; are expected

we concentrate on the ordering and coarsening of ordere, slow down coarsening rates. Furthermore, for a class-2
: : g an g of stem, a slower coarsening rate is expected to take place for
domains when a high-temperature disordered phase is cool

h h . d-ordeprderi S imes shorter than the characteristic time to overcome diffu-
through a continuoughere second-ordeprdering transition sional barriers.

line and isothermally annealed. We investigate in particular |, the case of nonstoichiometric alloys, the coarsening
the effect of annealing temperature. behavior can also be affected by majority species segregation
During such an ordering reaction, the long-range ordeit APBs. In the model proposed by Krzanowski and Allen
parameter describing the transformation is not conservedyhere coupling between the concentration and degree of or-
and the classical theory developed by Allen and Caive-  der fields is neglected, the presence of segregation, in the
dicts that the velocity of antiphase boundarid®Bs) is pro-  low-APB-velocity limit, is shown to reduce the mobility of
portional to their curvature and that in the late stages ordereAPBs, however without affecting the coarsening exponent.
domains coarsen following a power law<t2 whereL is  More recent mean-field computer simulatidnghere the
the average domain size artdthe annealing time. This coupling between composition and degree of order fields is
asymptotic coarsening regime should be obtained regardleggken into account indicate that the APB mobility is indeed
of the annealing temperature. reduced by segregation, but also becomes time dependent,
At low temperatures, however, phenomena not consideretgflecting the local chemistry evolution at an APB during its
in the Allen-Cahn theory may take place and thus modify themotion. This time-dependent mobility may result in an ap-
coarsening behavior. One example is the faceting of APB&arent coarsening exponent different from 1/2, although no
below their roughening transition temperatures. Indeed, at §Pecific Ca'CU'at'OFgS have been performed in that direction
facet the local APB mean curvature is zero and its velocity?y Dobretsovet al” For the sake of completeness, let us
according to the Allen-Cahn description should go to zero. I{n€Ntion that in the case where the APBs are fully wetted by
fact, such a faceted APB will move by the nucleation andmajor';fy ﬁpemes,_ APIB motlondber(]:omes limited by t?\e trans-
growth of kinks. Castan and Lindg&rtiave shown that in port of this wetting layer, and the coarsening Is then pre-

) X dicted to follow a power law with a 1/3 exponent, in good
the presence of a mixture of curved and flat interfaces, Coar%{greement with experiments on Fe-Al alldys

ening at very low temperatures may be described by a new Many ordered alloys, including M¥In, CuAu, NisFe
universality class with a coarsening exponent of 1/4. On thg-4 | FeAl, and Ni;Mo ,have been stuéied to t,est the,va-
other hand, Lai, Mazenko, and Vallsave proposed a clas- lidity of the Allen-Cahn coarsening regime. The main results
sification of coarsening regimes based upon the nature Gf terms of the coarsening exponent have been recently sum-
activation barriers that exist for coarsening. If the activationmarized by Fronterat al® (see their Table 3 Apparently,
energy to nucleate and propagate a kink at the edge of a facgiost of the results are consistent with the Allen-Cahn theory.
is independent of the length of the ed@eass-2 model a  For instance, in the case of @Au (Ref. 11 (which exhibits
classical Allen-Cahn behavior is expected asymptoticallya first-order transition annealed at temperatures ranging
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from 0.97T. to 0.99T, and in the case of Ral (Ref. 12 These differences in simulation results clearly indicate the

(which exhibits a second-order transitjioannealed at tem- Strong role played by the atom dynamics chosen. In most
peratures ranging from 0.9 to 0.99T, coarsening expo- ordergd phase_s atomic dlffu5|or_1 proceeds by vacancy jumps,
nents very close to 1/2 have been obtain&d i6 the order- eaf:h jump be!ng thermally activated. From a metallurgical
disorder transition temperature of the alloy investigatéde ~ POINt of view, it is therefore clear that one should use algo-
want, however, to stress that almost ali experiments havgt_hms_that generate_ system evolutlon_wather_mally actlyated
been performed above (0.9. This is because below, migration of vacancies. Recently, residence time algorithms
chemical ordering suppresses atomic diffusion, leading t&'@ve been introduced for that purpdSén these algorithms
slow coarsening rates. Some studies performed at low tengVolutions of microstructures are, by construction, obtained
peratures tend to indicate that the apparent coarsening exp8S & function of a physical time unit, as opposed to Monte

nent decreases with decreasing temperature. For instance, A0 Step units used in the standard Metropolis algorithm.
exponent close to 1/2 has been measured jMbiat tem- Furthermore, at low temperatures these algorithms are ex-

peratures above 0.94, but the value dropped to 0.35 at empt from the high rejection rates observed in conventional

0.85T. and 0.76. 13 A similar decrease has been reported'\’letmpons simulations. Higher-order residence time algo-

in earcly studies cc)n GiAu. In addition to the faceting and rithms have also been introduced to circumvent the problem
; ; g%{— vacancy trapping in ordered domafisKinetic Monte

tion and stress effects could also contribute to such a slowing@'10 Simulations based on a first-order residence time algo-

ithm have been used in this work to study the effect of

down. . ) L
annealing temperature on the coarsening kinetics of a

In the last two decades, atomistic computer simulation e 2% indi
have been used intensively to study ordering reactions anfp2-ordered phase. Preliminary restits” indicated that at

in particular, to test the Allen-Cahn coarsening regime. For 4&&mperatures roughly below @.5 coarsening is strongly
simple cubic lattice of 3sites, with first-nearest-neighbor slowed down. This effect is studied in detail here, as well as

atomic interactions, Phait al2® reported a coarsening ex- the influence of the alloy composition and the atom dynam-

ponent compatible with 1/2 during an annealing at 059 ics on this slo_wmg dO_W”-

using an atom-exchange dynamics. Vives and co-workers, The paper is _organ!zed as fO.HOWS: In S_ec. Il, the model
using a dynamics that includes both nearest-neighbor an lloy and .the simulation techmque are brlefly recalled. In
next-nearest-neighbor vacancy-atom exchanges and with 2€¢- [1l, microstructural evolutions during isothermal anneal—'
Metropolis algorithm, observed a strong effect of the annealin9 &€ presented and analyzed. These results are then dis-
ing temperature on the coarsening exponents for the squaf¥Ssed in Sec. IV.

lattice*® and for the body-centered-cubibco) lattice® In

both cases, the coarsening exponent is found to be close to Il. ATOMISTIC KINETIC MODEL

1/2 nearT., but to increase towards unity as the annealing . T
temperature is decreased. According to the authors, this W& recall briefly here the atomistic kinetic model that has
strong effect is not observed on the square lattice when thgeen already presented in detail elsewliéra. rigid bee
atom dynamics proceeds by direct atom exchange, for whicfgttice is con_s[dered, W|th.per|0(_:i!c bounda_ry cqndmons; for
the classical 1/2 exponent is found. The authors also claiff®MPuter efficiency, atomic positions are given in a rhombo-
that if only nearest-neighbor vacancy exchanges are permi _edrall frame with one.atom per unit cell aNd lattice sites.
ted, a logarithmic coarsening is observed for the square latlN€ Pinary alloy consists dfi, A atoms,Ng B atoms, and
tice. More recently, Fronterat all” have reported on the ON€ vacancyunless stated otherwiselistributed over 258
coarsening oL 1, ordered phases on a face-centered-cubié@tt'ce sites. Atomic mteractl.ons are_modeled by pair ener-
(fco) lattice, using either a direct atom-exchange dynamics ofi€S€xy between nearest-neighbor sites, wherg equalsA

a nearest-neighbor vacancy-atom-exchange dynamics, _B. These |_nteract|ons_ are here limited to first nearest
both cases with a Metropolis algorithm. For both dynamicg"€ighbors. This alloy exhibits a second-orde-B2 order-
coarsening exponents close to 1/2 are obtained afr,g3 disorder transition with a critical temperatuig,=0.794

but lower values are measured at 055ranging from 0.26 <2¢ (Ref. 29 at the As)Bsy stoichiometric composition,

to 0.41. No explanation has been proposed to account fo¥here the ordering energy is defined ase=eantegg
such low values. The same authors also show that isotropic 2'SAB-_ o )

scaling of the structure factor holds for the vacancy dynam- Atomic diffusion proceeds by nearest-neighbor exchange
ics, whereas anisotropic scaling is required for the atomWith the vacancy, and the rate of these exchanges is calcu-
exchange mechanism. Using a three-state BIume-Emer;}@ted using _rate_theory. A const_ant_ preexponential term is
Griffiths (BEG) model on a two-dimensionalD) square chosen for simplicity, and tthe_ activation energy for an atom-
lattice, Portaet al'® have shown that vacancy-vacancy inter- X-vacancy exchange\ Sy, is calculated using a broken-
actions lead to algebraic growth with exponents smaller thaRond model:

1/2, whereas asymmetry in the atom-atom interactions do not

produce a deviation from the Cahn-Allen value in the AER_E_ S 1
asymptotic regimé? These last two results have been ob- xv=EBsm 2 exvs @
tained when vacancies are allowed to exchange with nearest

and next-nearest neighbors. When only nearest-neighbor exthereEg, the contribution of atonX to the energy of the
changes are allowed, no quantitative analysis is availablesrystal at the saddle point position, is taken as a constant.
but very different evolutions are observed due to the trappinghe sum in Eq(1) runs over all the atoms that are a nearest
of vacancies inside ordered domaffis. neighbor ofX. For the sake of simplicity, we will here re-
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strict ourselves to the case whetg,a=egg; OUr previous
result$® indicate that moderate asymmetries in atomic inter-
action, i.e.,|eaa—egg|<e, do not change qualitatively the
main trend of the results described in this paper. This is
consistent with recent results reported by Pettal*® for a
BEG model. The time evolution of the alloy is built using a
first-order residence time algorithth?* This algorithm al-
lows for one vacancy jump at each Monte Carlo step. The
evolution of the system is followed as a function of the
physical time, the scale of which is defined by the vacancy
jump frequencies and the vacancy concentrafi@ken as
constant in our simulationsFor computational efficiency,
the configuration-independent part in the activation energies
is factorized out. Simulation times are thus given in an arbi-
trary time scale, and for comparison with experiments one
would have to correct it by this factorized term and by the
actual vacancy concentration. This model, with some minor
variations, has been successfully used to study the simulta-
neous precipitation and ordering reactions in binary alloys on
fcc (Ref. 20 and bcc(Ref. 24 lattices. It has also been used
and directly compared with experiments on the kinetics of
the precipitation of Cu in dilutée-Cu alloy$® and on the
kinetics of the precipitation of thé1, phase in a ternary
Ni-Al-Cr alloy.?’

The evolution of the system can be followed in direct
space by visualizing the positions of the atoms, the degree of
order field, or the concentration field. As discussed in Ref.
24, these fields are obtained by counting atoms on a central
site and on the first- and second-nearest-neighbor shells
around this site. The Warren-Cowley short-range order pa-
rameter for first nearest neighbots, is also calculated dur-
ing the simulations.

An alternative way of following the evolution of the sys-
tem is to compute the structure factsfk), obtained as the
Fourier transform of the pair correlation function of atomic
occupancies. Information relative to the order field is ob-
tained by calculating the structure factsfk —k;) centered

around aB2 SUperIatF'_Ce vectdks, then taking 't_s Sp_her'cal mension of each microstructure corresponds to 256 nearest-
average(unlgss speC|f|Qd othgerseand caIcuIatlpg its MO-  neighbor distances. The square of the local order parameter is dis-
ments. The integrated intensity of the superlattice reflectiony|ayed on a gray scale such that black and white correspond to fully
I, is obtained by integratin§(|k —k[) in a volume centered gjsordered and fully ordered states, respectively.

aroundkg, such thatlk—kg<0.1kg. The long-range de-
gree of order,S is given byS=l/lg,, wherelg, is the
integrated intensity for a perfectly order&® phase. The
average size of the ordered domaihs,is obtained ad
=M¢y/M,, where the momentdl,, are defined by

FIG. 1. Absolute value of the local degree of order fieldlit0)
planes. AtT=0.723T,, microstructures are shown at timés t
=4.3x 10, (b) t=1.5x10%, and(c) t=7.2x 1C%. The vertical di-

coarsening is presented for stoichiometric alloys. Then in
Sec. llIB alloys with off-stoichiometric compositions are
studied. Finally, in Sec. Il C atom dynamics differing from
the vacancy dynamics described in Sec. Il is implemented,
and the simulation results are contrasted with those obtained
M= 2 [k=k"S(Ik—k)/n(lk—kd), (@ inSec.IlIA

where w contains all vectors such th&b their intensity is
above the background level of a random alloy &gl |k
—kg<0.9kg|; n(|[k—kg|) is the multiplicity of that reflec- 1. Microstructural evolutions
tion.

A. Effect of temperature

Figures 1 and 2 display the evolution of the absolute value
of the degree of order field for three annealing times and two
lll. SIMULATION RESULTS temperatures] =0.723T, and T=0.362T ., respectively. In
both cases, at short times small ordered regions form in the
In the following results, unless stated otherwise, a randondisordered matrix and then groWigs. 1@ and 2a)], until
configuration is isothermally annealed until very large do-the disordered matrix has disappeared and thin domain walls
main or single-domain structures are obtained. First, in Secave formed almost everywhdr€igs. 1b) and Zb)]. This is
[l A the effect of the annealing temperature on ordering ancthe end of the “ordering” regime, using the terminology of
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FIG. 3. Evolution of the long-range order parame&(fopen
symbolsg and of the short-range order parametefsolid symbol$
for several temperaturesT=0.723T; (A), T=0.542T. (¢), T
=0.362T. (0) and T=0.2507. (O). Time is given in arbitrary
units.

below. Despite this limitation, this regime will still be re-
ferred to as the “ordering” regime in this paper. After this
first regime, the domains coarsgfigs. 1c) and Zc)] by the
migration of APBs towards their center of curvature. At low
temperaturegFig. 2(c)] APBs develop facets locally, with
mostly {110} and sometime$100 orientation.

2. Apparent coarsening exponents

For a quantitative analysis, the time evolutionaofS, and
L is given in Figs. 3 and 4 for four annealing temperatures:
0.723r., 0.547r., 0.362T., and 0.250 . In order to check
any power-law dependence &f with time, the apparent
coarsening exponent at tinien,,{t), is calculatedFig. 5).
It is obtained from the local slope of Ipgt)] versus logt)
_ _ curves by a least-squares fit including the valuek af time
planes. AT=0.362Tc, microstructures are shown at time t  { 4nq at two iterations before and after tim@ecause of the

— 7 - = i i . . .
=3.3x10, (b) t=3.1x 108’. and () t 6.9x 10 (arbitrary time large simulation cell used here, with more tharx1&F at-
units). The vertical dimension of each microstructure corresponds

to 256 nearest-neighbor distances. The square of the local ordgrms' very lile variation inL(t) is seen from one run to
parameter is displayed on a gray scale such that black and white

correspond to fully disordered and fully ordered states, respectively.

FIG. 2. Absolute value of the local degree of order fieldlih0)

1000 ey ey e

T=0.250 T,
Nagler et al!* These microstructures do not correspond to 1=0.362 T, 12
the ones expected by the theory of continuous ordering, T=0.542 T ﬁ
which should produce long-wavelength structfes. Mi- 100 - T=0.723 T, : #
crostructures similar to ours have been reported in simula- : f
tions of CyAu quenched and annealed at temperatures well , [ é@é
below any possible spinodal temperattftéNotice that in
Figs. 1b) and 2b) some coarsening has already taken place, ¢ |
as shown by the presence of a few large domains. This over : ﬁ
lap, between “ordering” and coarsening regimes, results r ﬁ
from the fact that thin boundary walls are not formed every- [
where at the same time. At the end of the “ordering” re-
gime, the long-range order parameter has reached a value ¢ T sl vt 5 et PR
0.45 and 0.35, respectively, much smaller than the equilib- 1000 10° 107 10 10 10
rium values at these temperatures, 0.90 and 0.99, respec- time
tively (the equilibrium values are measured on single-domain  F|G. 4. Average evolution of the domain sikeat several tem-

o 0O O

o

structures at the end of the simulatipnghese low degrees peratures. Eight runs have been used for each temperature. The

of order come not only from the high volume fraction of error bar corresponds to one standard deviatiois given in bcc
APBs, but also from the presence of many antisites in excedattice parameter units, and time is given in arbitrary units. For
inside the domains. This point will be discussed in detailclarity, the times fofT=0.723T, have been divided by 100.
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FIG. 6. Normalized scaled structure factor as a function of the
FIG. 5. Evolution of the apparent coarsening expomgp{t) at  scaled wave vectota) At 0.732T, data obtained from times greater
several temperatures. Eight runs have been used for each tempetaan ~5.6x 10° collapse onto a single curve. The solid line corre-
ture. The error bar corresponds to one standard deviation. Time isponds to the universal scaling function proposed by Gital.

given in arbitrary units. For clarity, the times for=0.723T; have  (Ref. 31). (b) At 0.254T, for times 3.< 10'<t<1.9x 10", dy-
been divided by 100, and for each temperature the late data are naamical scaling is not obeyed.
shown when the standard deviation gets too large.

another until the late times, when finite-size effects and pe§hort9r. times, data do. not coll_apse onto one curve. .lt 1S npt
riodic boundary conditions become important, often leadin urprising that dynamical scaling does not hold during this
to an acceleration of the coarsening. This part of the results i an3|ept. IAt t?mpgrafttured0.5‘:112,|d0.36.2rc, and 0'25#[0 18
not representative of a bulk behavior and will not be consid- y{‘ggm';:% nglgng 'Sd o7ug< 1tgl2 old at tlr_neT grleate”r than 1.
ered here. In order to improve the statistics at intermediaté’ 1V 1.0x10°, and 7. , respectively. In all cases
times, eight runs have been cumulated for each temperaturgY”am'Cal scaling is therefore observed when the coarsening
Figures 4 and 5 display average values and variances ovExponent has _reached a value clost_a to the_ Cahn-AIIen. 12
these eight runs. expc_)nent. During the slow coarsening regime, dynamical
At the highest temperature, the apparent growth exponeric@/ing is not o?iye<d, as ex(;alrznpllfled in Figojfor 0.250T .
reaches a value of 0.59 at the end of the ordering regtme (&t iMes 5. 10°'<t<2.4x10".
—10P): then, it stabilizes at an average value of O During qlomaln coarsening, small facets are observed at
times such that £<t< 109 before finite-size effects be- low annealing temperatures. The_pre_z;ence of these small fac-
come important. A similar behavior is observed at 0542 ets, however, does not affect significantly the measure of
except that the coarsening exponent reached at the end of t r{é(;)ee%btalger?a\f/rgrgls% Su?;%”ﬁﬁgéra;\%?gee:tr(;:‘c':ﬁ;es];?&t:?&r o
ordering regime is sm'allenappz 0.45 .att:log; the' average factor élon the(110*, (100* and(llJ;i directions to
value of the coarsening exponent is 0.51 for time§<10 9 A 0 )
<10 At 0.362T,, the end of ordering is reached tat 2 calculate the domaln_ size: the Ilnear_ averages yield va_lues
x 108, and the coarsening exponent is fairly constant oveJOr L(t) that are smﬂ_ar to those obtained using a ;phgrlca!
two tfme decades, 16:t<1(°, with an average value of average, as seen in Fig. 7. The slow coarsening regime is still
0.27. Then the exp’)onent star'Es to increase and a value clo@ served with the directional averages, with a slight increase
to 0.6 is reached when boundary conditions start to affect th@ the apparent coarsening exppnent during that slow regime,
results. At the lowest temperature we used, 0T250the €.9., f_rom 0.25 with the spherical averages to 0.28 for the
decrease of the coarsening exponent is even more marke(ijf.recuor.]"JII averages at 0.3b The stat|_st|cal fluctuations
Over more than two time decades<aP<t< 10" the ex. O the linear averages are, however, quite large, as expected
ponent is fairly constant, with an average value of 0.14. Ther'Nc€ the multiplicity ofk—ks is reduced by a factor of the

it increases and reaches a value around 0.55. order of 256 by going from a sphenqal toa '”?ear average
for the system size we used. Simulations required to analyze
3. Test of dynamical scaling and anisotropy in deta_|l p055|ble_ _anisotropic coarsening are beyond our
of the structure factor computing capabilities. The present results, as well as the

) ) general aspect of the microstructures, indicate, however, that
In the asymptotic regime, the structure factor should obeyf gych an effect exists, it is small. More importantly, it

dynamical scaling? To test such scaling, the scaled structureégpows that the slow coarsening regime is not an artifact due

factor S(Jk—k|,t)/L3(t) is plotted as a function of the i the spherical average taken in the calculations (@j.
scaled modulék —kg|L(t). As shown in Fig. 63), data ob-

tained at 0.732, for times greater thar-5.6x 1¢° collapse L _ .

onto one curve. This curve compares very well with the the- 4. Injection and annealing of antisites

oretical curve predicted by Ohet al3* This time thresh- As discussed in Sec. Il A {see also Fig. R antisites in
old for scaling corresponds precisely to the time when theexcess of their equilibrium concentration are formed at low
coarsening exponent just reaches its plateau value at 0.48. fdmperatures. To quantify this evolution the numberBof
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FIG. 7. Domain size as measured from structure factor after & ] 1) @ o
directional or spherical average for=0.362T.. Three directions S 61031 i 4 °
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directional averages. Each datum represents the average of eigld 4103 [ b r'}r_,.---.k °.
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atoms having onl\B atoms as first nearest neighbors, here- < I (b) v, ;“ o
after referred to a$3-atom perfect antisites, are measured O Lt ot & v i ]
during the simulations: as seen in FigaB their concen- 10° 107 10®  10° 10" 10'" 10'2
tration goes through a transient maximum for annealing tem- —

peratures of 0.54%. and below. This transient increase be-

comes more pronounced and more long lived at lower FiG. 8. Evolution of the concentration @&-atom perfect anti-
temperatures. This is unexpected since the equilibrium antisites(a) at various temperaturés=0.723T (A), T=0.542, (<),

site concentration decreases significantly with temperaturer=0.362r, (0), andT=0.250T, (O). The equilibrium perfect an-
The maximum antisite concentration reached at OI3G2 tisite concentration, as measured with equilibrium Monte Carlo
40 times above its equilibrium value. To better characterizesimulations on single-domain structure, is 9703 at T

this phenomenon, an annealing simulation at 0136%  =0.723;, 3.9x10°% at T=0.54Z;, and 2.%410° % at T
stopped during the lowr,,{t) regime (either att=10° ort =0.362T,. For T=0.2507, the concentration could_not be mea-
=3x10°); almost all perfect antisites are then artificially sured accurately, but a low-temperature mean-field calculation
annealed out by changing the chemical nature of the antisité€lds a concentration of 2:410°°. (b) At T=0.362T,:  artificial

atoms, and the simulations are resumed: as clearly is vig@nnealing of these antisites &t 1< 10°, curve 1(M), or att=3
ible in Fig. &b), the antisite concentration re-increases de-* 10°, curve 2(A); the reference curveD) is also showrtarbitrary

spite the artificial annealing. Direct observations of the conime units.

figuration vyield the explanation for this increase: it

originates from the debris left over by small domains thatmore time for the vacancy to transport these antisites inside
have just annealed out and disappeared inside larger domainsdered domains and let them recombine. An important cor-
of the opposite variantFig. 9). APBs enclosing domains are relation has to be noticed here: as seen from Figs. 5 and
locally nonconservative for most orientations. Indeed, for a8(a), the time intervals during which a low coarsening expo-
boundary to locally conserve the stoichiometric compositionnent is measured coincide with those during which the anti-
the (1/2,1/2,1/2 translation vector relating one variant to an- site concentration increases, e.g./4®<10° at 0.367 .

other has to lie in the APB plane, a condition that can also bé&urthermore, when no transient excess antisite is measured,
expressed by saying that the scalar product between this vee:g., at 0.728., the coarsening exponent is very close to
tor and the vector normal to the APB is zero. For an APB1/2. Visualization of configurations at low temperatures after
enclosing a domain, this condition is only fulfilled at few the artificial antisite annealing reveals another effect: anti-
places of the APB, and therefore one expects that APBsites in excess left by disappearing domains are removed at
carry in general some excess of eiteor B atoms. Such an later times by the sweeping of other APBs moving through
excess will move with the boundary while the domain isthese area@~ig. 9). This appears to become the predominant
shrinking, and it will remain as antisite debris after the dis-mechanism for the elimination of excess antisites at low tem-
appearance of the domain. Because of composition imbaperatures. This is not surprising since, with the current simu-
ance in these debris, some long-range diffusion is required ttation parameters, vacancies segregate at APBs at low tem-
anneal them. At early stages of coarsening, many domaingeratures and since migration barriers are reduced at APBSs,
disappear per unit time, resulting in a transient increase aby as much as a factor of 2. At these low temperatures the
antisites. This increase is more pronounced at low temperavolution of antisites therefore results from a competition
tures because atomic mobility becomes slower and it takelsetween their creation by domain disappearance and their
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FIG. 9. Snapshots of the absolute value of the local degree of 106 107 10®  10° 10'° 10'" 10'2
the order field af=0.362T, after an artificial annealing of anti- .
sties att=3x 10° [curve 2 in Fig. &b)]. Time increases from left to time

right and from top to bottom, the initial and final times being 6.1 £, 10, Evolution of the domain size at T=0.362T, for

0 . . . LT
X 10° and 6.0< 101_ (arbitrary unity. Notice at earlier times the oo oq) compositiond. is given in bec lattice parameter units, and
formation of chemical disorder inside domains by the disappearancg, . is given in arbitrary units

of smaller domainge.g., see the circled regipand at later times
the partial annealing of this disorder when APBs sweep through

these areaée.g., see the circled region or the domain indicated byf'inneallng temperatures in the previous section. Two nonsto-

the arrow. The vertical dimension of each microstructure corre- |Ch(:ometrlc compositions have been studpd, W'th.40% and
sponds to 64 nearest-neighbor distances, the simulation cell stiﬂ,gﬁ OfE,’ atoms, and Compa}red to the Sto'Ch,'omet”C compo-
containing 258 sites. sition. Figures 10 and 11 display the evo_lutlonsLth) and
Napdt) for the three alloys for an annealing temperature of
annihilation by APB sweeping. This may explain why the 0.362T,. Remarkably enough, in the regime where the slow-
domain size at which the antisite concentration is maximuning down is observed for the stoichiometric alloy, the evolu-
is L~15 for both 0.36Z; and 0.250. despite the large tion of the three alloys is almost identical. It is also con-
difference in the annealing times=1.5x10° andt=2.5 cluded by visualization of the configurations and by
X 10, respectively. _ inspection of the smak-behavior of the structure factor that
The main results of Sec. Ill A can be summarized as fol-ng noticeable segregation has yet developed for any of the
lows. In the late stages of coarsening, as expected from thgoys in this regime. This similarity in the evolution of the
Allen-Cahn theory, a power-law regime far(t) with an 60 ajloys is consistent with the Monte Carlo results ob-

exponent very close to 0.5 is found in our simulations fortained by Porta and Casf% on a binary alloy with no va-
temperatures above 0.5and the structure factor obeys iso- cancy. At the end of the slowing dowt~10°, the near-

tropic dynamical scallng. Belqw 0I5ltemperature, Fhe final stoichiometric alloy still follows the evolution of the
value of the slope is compatible with the theoretical value, .~ . . e .
toichiometric one, until finite-size effects become important

but no well-defined plateau has been reached for the coara— 1 o
ening exponent. Larger system sizes and longer simulatio >10"). The 40% alloy, however, exhibits only a modest

times would be necessary to really assess this long-time bdcrease of the exponergtapp(t),. which takes an average
havior. The “ordering” stage and the beginning of the coars-value of 0.32 whert>10". In this regime, significant seg-
ening stage are, however, strongly slowed down at these lofggation is observed at APBs. Similar results are observed at
annealing temperatures. In these time inter@gls) does not  0.250T,.

obey dynamical scaling and the concentration of antisites It could be tempting to interpret the results obtained for
increases well above its equilibrium value. This increase igionstoichiometric alloys in the light of the models proposed
due to the combination of two factors: the disappearance of

antiphased domains and the slow bulk atomic mobility at low 1 — ‘ ey -
temperatures. Let us stress that the slow coarsening does ni - =5 éo

reduce itself to a decrease of the APB mobility at low tem- o.8L. BT st
perature: this would shift the(t) curves to longer times, | v Gg=049 .
but should not affect the apparent coarsening exponent. Ir~ o6b.l ° Cg = 0.40 gfx +
fact, at the lowest temperature, 0.230 the average expo- & I Xﬁ*‘ Tt
nent is so small that thie(t) curve could almost be approxi- & g4l xi<++ ]
mated by a logarithmic dependence. This long-lived slowing L . S soonoo000™™
down, associated with a low apparent coarsening exponent ozl U* T SEOPRAR R0

is not predicted by any existing theory. It constitutes the [ %0020

main result of this paper. Our objective in the following sec- ol Y Y T e
it::osns is to elucidate the origin of this anomalous slow kinet- 105 107 10®  10° 10" qo'' {0™

time

B. Effect of alloy composition FIG. 11. Evolution of the apparent coarsening expomgp{t),
In this section we investigate the effect of the alloy com-at T=0.362T, for several compositions. Time is given in arbitrary

position on the slowing down that has been identified at lowunits.
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FIG. 12. Evo_lution of the domai_n sie atT=0.362 for the _ FIG. 13. Evolution of the domain sizewith a spin-flip dynam-
vacancy dynamicéx) and for the direct atom-exchange dynamics jcq 4t several temperatures. Notice that for this dynamics, tempera-
(O). L is given inpop bc_c lattice parameter units. Different arbi- y e does not alter the coarsening regime!dome<1G%). Time
trary time units are used in the two curves. is given in Monte Carlo steps, i.e., in the number of spin-flip at-

tempts per site. In these simulations, no vacancy is present in the
by Krzanowski and Allehor Dobretsowt al® In both cases, crystal.
however, equilibrium segregation is required to affect the
APB mobility and no effect is predicted for stoichiometric both dynamics result in a “slow” ordering and coarsening,
alloys. Therefore we conclude that these approaches are naith almost identical exponents in the power-law fits. Simi-
appropriate to rationalize our results at early stages for bottar results have already been obtained by ‘A## over a
stoichiometric and nonstoichiometric alloys. broad temperature range. Notice that the two time scales do

Finally, let us stress that wetting does not occur in oumot have to be identical because of the specifics of jump and
simulations since for all compositions and temperatures stucexchange frequencies used in the models. Direct visualiza-
ied here alloys at equilibrium are single-phd&2. The fact tion of the configurations and antisite concentration measure-
that the late stage coarsening exponent for the 40% alloy iments reveals that, similarly to the vacancy dynamics case, a
very close to 1/3 is, in our opinion, fortuitous. This low large excess of antisite develops inside the ordered domains,
coarsening exponent could well correspond to the effectgiving rise to a transient increase of the antisite concentra-
predicted by Dobretsoet al® for nonstoichiometric alloys tion.
since it takes place when segregation has built up at APBs. A Then the ordering of the alloy is modeled by using the
detailed study of the late-time coarsening in nonstoichiometelassical “spin-flip” mechanism, i.e., by replacing or B
ric alloys is, however, beyond the scope of this paper. atoms byB or A atoms, according to a Metropolis accepta-
tion probability®® This dynamics, which has been widely
used to model magnetic phase transformations, is clearly not
appropriate for describing diffusion-controlled transforma-

In order to gain more insight into the origin of the slowing tions, since it does not conserve locally the composition of
down observed at low temperatures, different modificationshe alloy. The results are, however, very instructive. Figure
are now made to the atomic kinetic model presented in Sea.3 displays the evolution df(t) at 0.723 ., 0.542, and
Il. The atomic dynamics considered so far has two importand .362r..: it is quite clear that there is little, if any, tempera-
characteristics: (i) it conserves the composition of the alloy tyre effect with the spin-flip dynamics. Furthermore, at times
at each Monte Carlo step ari) it can be affected by va- greater than ten Monte Carlo steps and before the accelera-
cancy segregatiorfor trapping at different regions of the tion due to finite-size effects, the average coarsening expo-
microstructure(e.g., inside a perfectly ordered domain, nextnents are 0.52, 0.51, and 0.50, for high, intermediate, and
to an antisite atom, or at an ARBIn order to assess the |ow temperature, respectively. Direct visualization of the
impact of these characteristics on the anomalous slow kinetonfigurations and antisite concentration measurements
ics at low temperatures, other dynamics have been impleshows that, for this atom dynamics, the degree of order in-
mented: First, a direct atom-exchange dynamics, then gide the domains quickly reaches a value very close to the
“spin-flip” dynamics. In both cases, vacancies are no longefequilibrium one and that no transient maximum develops for
used, and therefore the kinetics is free from possible vacance antisite concentration, even at low temperatures. This is
trapping effects. Furthermore, in the “spin-flip” dynamics another noticeable difference with the microstructures ob-

case, the composition is no longer locally conserved and thugined with the vacancy and with the direct atom-exchange
composition fluctuations can be annealed out without requirmechanisms.

ing long-range atom transport.

The direct atom-exchange mechanisatlso known as a
Kawasaki dynamic8) has been implemented following the
algorithm described by Salomoret al®* Figure 12 com- At high annealing temperatures, domain coarsening in our
pares thel (t) curves obtained at 0.362 with the vacancy simulations closely follows the Allen-Cahn law. At lower
dynamics and with the direct atom-exchange dynamicstemperaturesT<0.5T.), the long-time behavior seems also

C. Effect of atom dynamics

IV. DISCUSSION
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to be in agreement with the Allen-Cahn coarsening exponent
but larger system sizes and longer simulation times would be
required to firmly establish such a result. The main surpris-
ing result is that systems at low temperatures exhibit a tran-
sient slow coarsening regime that follows an apparente
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power-law behavior. The apparent exponent of this transienfi
decreases with decreasing annealing temperature. The po:foL 100 o LTS
sible origins of this slowing down, as well as its implica- &~ C XX o
tions, are now discussed. Since the slowing down starts mort 1oL x °
or less at the beginning of the coarsening stage and sinc Ex o
coarsening theory is far more developed than that of order-
ing, we will discuss this anomalous behavior in the light of
existing coarsening theories.

For that purpose, let us first stress that the Allen-Cahn law
rests on several assumptiondi) the principal radii of cur-
vature of APB are large compared to their thicknés$ the

1 s e |
10° 10°

10'° 10"

time

FIG. 14. Relative decrease of the squared radius of a spherical

degree of order has reached its bulk equilibrium value insid gntiphase domaiiR’(t) at several temperatures. When the initial
9 q %oncentration oB-atom perfect antisites is set close to its equilib-

the domains and its local equilibrium value near or at ary, value, C,=4.4x102 at T=0.542, (+) and C,=1.0
APB, a_nd(ln) the domain microstructure is invariant by scal- y 15-2 5 T=0.723T, (x), the decay is nearly linear in time. At
ing during the growth process. At low temperatures where & _g 5421 with an initial antisite concentration 0€,=1.9
slowing down is observed in the simulations, the above threg 10-2 (0) the decay is no longer linear and is initially slowed
assumptions are in fact violated: As seen in Fi)2for  gown.
instance, there are many places where the local radius of
curvature is comparable to the width of an APB; the degreéAPB mobility should continuously decrease, and therefore
of order inside the domains has not reached its equilibriunthe coarsening kinetics should slow down. As already
value, as discussed in Sec. Il A; finally, the APBs developstressed in Sec. Il A, such a one-to-one correlation between
facets, predominantly witi110; and {100} orientations, antisite increase and slow coarsening is indeed observed in
leading to microstructures which are most likely no longerthe simulations; it provides a strong indirect argument in
scale invariant; the faceting of APB is not surprising sincefavor of the mechanism we just proposed.
the annealing temperatures are below the equilibrium rough- A key component of our rationalization of the slow coars-
ening temperatures, which have been determined to bening regime is the assumption that the APB mobility de-
0.44T. and 0.7, for {1100 and {100 orientations, creases with increasing antisite concentration. We will now
respectively’® We will now determine which of the above establish this coupling by performing additional simulations
three points[(i), (ii), or (iii)] contributes to the slowing where we follow the decay of a large spherical antiphase
down. One can safely eliminate the first point as a dominanttomain in a single-domain matrix. Antisites are initially in-
factor: this point is also not satisfied during the early stageg¢roduced homogeneously, with a concentration set to a cho-
of coarsening with the “spin-flip” dynamics, without result- sen value, either the equilibrium concentration for the tem-
ing in any significant slowing down. In fact, we show now perature studied or a nonequilibrium concentration. The
that point(ii) is sufficient to explain in a consistent way all decay of the radius of this spherical domain, as well as the
the simulation results we have presented so far. B-atom antisite concentratio@,(t), are then measured by
As discussed in Sec. Il A, the coarsening of ordered dousing kinetic Monte Carlo simulations with the vacancy-
mains can both decrease or increase locally the degree pfmp dynamics. According to the Allen-Cahn law, the square
order: the disappearance of a domain results in additionaif the radius of the domairkR?, should decrease linearly in
antisites, whereas a moving APB removes excess antisitdgne, the coefficient being proportional to the APB mobility.
along its wake. At low temperatures atomic mobility is low The linear decay oR? is indeed observed in Fig. 14 for
because of the trapping that vacancies are experiencing ennealing temperatures of 0.723and 0.54Z. when the
highly ordered region&: As a result, the above contributions antisite concentration is initially set to its equilibrium value.
of APBs to the evolution of the degree of order field becomeHowever, an initial excess of the concentration of antisites
predominant. At the beginning of the coarsening, many orover its equilibrium value leads to an initially slower decay
dered domains disappear per unit time, while the total areaf the spherical antiphase domain, as shown in Fig. 14 at a
swept by their APBs is small: this leads to an increase otemperature of 0.542.. During such simulations, atomic
antisite concentration, as observed in the simulatimee diffusion is still efficient enough to remove, however slowly,
Fig. 8@]. At short time scales this excess of antisites isthis excess of antisites. We have checked that this annealing
expected to lower the mobility of APBs, either by analogy process takes place homogeneously and that the domain re-
with the solute-drag effect or by considering these excesmains spherical during its decay. In these simulations the
antisites as quenched impuritifsSuch a suppression of antisite concentration decreases with time, whereas during
APB mobility has also been observed in the presence athe annealing of quenched configuratiqi®ec. Ill), a tran-
equilibrium segregatiofi. At later times the antisite excess sient increase of antisites is observed. Since time in itself is
should disappear by the recombination of antisites at APBsrrelevant to the transient mobility of the spherical APB, it is
Accordingly, in the time interval during which the antisite useful to eliminate the time variable between tHe?(t)/dt
concentration increases, e.g.,’3#a<10° at 0.364, the  andC,(t) evolutions, so as to extract an effective APB mo-

R is given in bcc lattice parameter units.
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107, — g are well rationalized with the explanation we just proposed
i ] for the slow coarsening regime. This explanation is based on
the conjunction of three factors: the injection of antisites
due to domain disappearance, the slow diffusivity of antisites
inside ordered domains, and an APB mobility that decreases
o with increasing antisite concentration. Accordingly, the slow
0% X ] regime for coarsening should present the following charac-
teristics: It should be only transient since the antisite con-
centration inside ordered domains will eventually reach its
equilibrium value, it should be more pronounced at lower
temperatures, and it should be observed only with atom dy-
namics that conserve locally the composition, but should not
be specific to a vacancy mechanism. It should also be ob-
Antisite concentration served in nonstoichiometric alloys before any segregation
FIG. 15. Evolution of R dR/dt| at T=0.542T as a function of  has developed, since one family of antisites will develop an
the B-atom perfect antisite concentration. As in Fig. Bf) isthe  excess, which would result in a lower APB mobility. All
radius of a decaying spherical antiphase domaji dRdt| yields  these characteristics are indeed observed in our simulations,
an apparent APB mobility. Four runs are represented obtained witkxcept for the firm proof that the true asymptotic regime at
different initial antisite concentrations. Despite the dispersion in thgow temperatures is the classical Allen-Cahn one. The
results, the apparent APB mobility is clearly reduced by an excesgnechanism we have proposed to account for the observed
of antisites(the equilibrium value isC,=3.9x 102 at this tem- transient slow coarsening is by no means specific to the
peraturg. B2-ordered structure investigated in this paper. Similar tran-
sients should take place in other ordered structures, provided
bility as a function of the antisite concentration. As seen inthat the three conditions listed above are met. The tempera-
Fig. 15, this procedure reveals clearly the effect of excessures at which such transients would appear and their appar-
antisites on APB mobility, the latter being roughly inversely ent coarsening exponents would, however, clearly vary from
proportional to the antisite concentration. At lower tempera-one alloy to another. The mechanism proposed here provides
tures a decrease of the APB mobility with increasing antisitea simple rationalization for the low coarsening exponents
concentration is also clearly observed. However, vacancgbtained by Fronterat all for anL1, ordering at 0.5%,,
trapping results in quite large fluctuations from run to run,with a direct-exchange mechanism and a vacancy mecha-
and even after averaging over 20 runs, we were not able toism (see Sec.)I
determine quantitatively this APB mobility dependence. No systematic experimental study of the effect of anneal-
Such a quantitative information would be required if oneing temperature on coarsening has been performed, because
were to model the decrease of the apparent coarsening expafthe long annealing times it would require for most known
nent as a function of the annealing temperature. This is bealloys. A direct check of the slow coarsening regime reported
yond the scope of this paper. here is therefore not currently possible. It is, however, worth
We now briefly establish that poirttii ), the faceting of noting that in the recent detailed study of ordering and coars-
APBs, cannot alone explain the slowing down we are reportening kinetics in FgAl by Park et al,'? at temperatures be-
ing here. As discussed in the Introduction, the presence dbw 0.95T the correlation length of short-range ord8RO
facets may result in a slower kinetics. However, we havédluctuations initially increases and goes through a transient
found apparent coarsening exponents that take values belowaximum before reaching its equilibrium value. This phe-
1/4. This indicates that the analysis proposed by Castan amtbmenon is particularly clear at the lowest temperature stud-
Lindgard® probably does not apply here. Furthermore, acti-ied, 757 K, i.e., 0.9Z., where the SRO correlation length
vation barriers to nucleate and propagate a kink along a faceeaches a maximum value around 20 A, even though its equi-
edge can be calculated for the vacancy-assisted diffusiolibrium value at this temperature is near 2 A. In the light of
model and for the “spin-flip” dynamics used in Sec. Il C: our simulations, these observations could well correspond to
for both models the barrier is independent of the length ofa transient increase in antisites, as reported in Sec. Il A. The
the facet(because of the absence of second-nearest-neighbtansient increase in the simulations is clearly detected only
interactiong. According to the classification by Lai, Ma- at temperatures below O, but this threshold temperature
zenko, and Vallg, our model is thus a class-2 model, and should vary from one alloy to another since it depends sig-
domain coarsening should follow the classical Allen-Cahnnificantly on the ordered phase involved and on the mobility
behavior. Finally, if faceting were to play an important role of antisite atoms. This transient behavior is not easily acces-
in coarsening, anisotropic coarsening should be observesible experimentally because it is not associated with a tran-
both in direct and reciprocal space, as, for instance, in theient extremum of the SRO parameteee Fig. 3. The ab-
work by Portaet al® Directionally averaged structure fac- solute value of the SRO increases continuously for all
tors (see Sec. IIlA3 are instead consistent with a mostly annealing temperatures, since ordering and the disappearance
isotropic coarsening regime. We thus conclude that facetingf APBs are the predominant factors in the measure of the
alone cannot explain the slow coarsening observed at I0@RO.
temperatures; it may, nevertheless, play some role in the de- From a practical point of view, the transient slow coars-
pendency of APB mobility with antisite concentrations. ening regime reported here has important consequences: at
Let us now show that all simulation results reported herdow annealing temperatures this transient regime may be the
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only one accessible experimentally, and therefore one shoulditom dynamics not relying on vacancy-atom exchange are
not always expect the average domain size to coarseffas also used for comparison: a slow transient is also observed
It also implies that one cannot safely extrapolate coarseninfpr a direct atom-exchange dynamics, but not for a spin-flip
rates obtained at high temperature to low temperatures. Adynamics. Based on the results presented in this paper, the
seen in Fig. 4, the time required to reach a given domain sizéllowing mechanism is proposed to account for this slow
can be delayed by several orders of magnitude. In order transient coarsening regime. Domain annealing and disap-
test these points and the simulation results presented henggarance lead to the injection of antisite atoms, which are
there is a clear need for new coarsening experiments pedifficult to eliminate at low temperatures. This results in a

formed at low temperatures. transient increase of the excess of antisite defects inside or-
dered domains. Since the mobility of APBs is shown to be
V. CONCLUSION reduced by an excess of antisites, the coarsening is slowed

o _ _ _ down, until this excess of antisites is annealed out, either by
Kinetic Monte Carlo simulations relying on an vacancy- gtomic diffusion or by an “APB sweeping” effect observed
atom-exchange kinetic model and a residence time algorithny the simulations. The generality of these arguments pre-

have been performed to study the ordering and coarsening @ficts that similar slow transient coarsening regimes should
B2 domains during isothermal annealing of a quenched dishe gbserved in other ordered structures.

ordered phase. For annealing temperatures abd¥éT ., a
coarsening exponent very close to the classical Allen-Cahn
value of 1/2 is measured. For lower temperatures, however, a
transient coarsening regime is observed with an apparent This work has been supported by the U.S. Department of
coarsening exponent that decreases with decreasing tempeEergy, Basic Energy Sciences, Grant No. DEFGO02-
ture. It is associated with in a severe slowing down of the967ER45439 through the University of Illinois Materials Re-
domain coarsening kinetics. This effect is shown to besearch Laboratory. The present simulation work has greatly
present for both stoichiometric and nonstoichiometric alloysbenefited from the MRL Center for Computation.

ACKNOWLEDGMENTS

*Present address: DSM/SRSIM, CEA-Saclay, Gif-sur-Yvette,'®M. Porta, C. Frontera, E. Vives, and T. Castan, Phys. Rex6,B

91191, France. 5261(1997).
TCorresponding author. FAX217) 333-2736. 19M. Porta, E. Vives, and T. Castan, Phys. Rev6@® 3920(1999.
Email: bellon@uiuc.edu 20T, A. Abinandanan, F. Haider, and G. Martin, Acta Mat&6,
LS. M. Allen and J. W. Cahn, Acta Metal27, 1085(1979. 5, 4243(1998. N
2T. Castan and P.-A. Lindgard, Phys. Rev4@ 5069(1989; 41, l\/(l.lggl%enes, P. Bellon, and G. Martin, Philos. Mag. 75, 565
3246\/\?9&?23]: Mazenko, and O, T. Valls, Phys. Reva 0481 ZM Athenes, Ph.D. thesis, University of Pgris VI, 1997.
s G e T ' C ! ) D. Lefloc’h, M. Athenes, and P. Bellon, iRhase Transforma-
. (1988. tions and Systems Driven Far From Equilibriumdited by E.
J. D. Shore, M. Holzer, and J. P. Sethna, Phys. Re46,B.1 376 Ma et al, MRS Symposia Proceedings No. 4@aterials Re-
(1992. search Society, Pittsburgh, 1999. 219.
5B. Fultz, Philos. Mag. A70, 607 (1994). 24\. Athenes, P. Bellon, G. Martin, and F. Haider, Acta Maté4,
5M. Papoular, D. Camel, and F. Bley, Philos. Mag. Lé8, 247 4739(1996.
(19949. 25H. Ackermann, G. Inden, and R. Kikuchi, Acta Metal7, 1
7J. E. Krzanowski and S. M. Allen, Acta MetaB4, 1035(1986; (1989.
34, 1045(1986. 26F . Soisson, A. Barbu, and G. Martin, Acta Matet4, 3789
8V. Yu Dobretsov, G. Martin, F. Soisson, and V. G. Vaks, Euro-  (1996.
phys. Lett.31, 417 (1995. 27C. Pareige, F. Soisson, G. Martin, and D. Blavette, Acta Mater.
9J. E. Krzanowski and S. M. Allen, Acta MetaB1, 213(1983. 47, 1889(1999.
10C. Frontera, E. Vives, and A. Planes, Z. Phys. B: Condens. Matte?®S. M. Allen and J. W. Cahn, Acta Metalt4, 425 (1976.
96, 79 (1994. 2A. G. Khachaturyan, T. F. Lindsey, and J. W. Morris, Jr., Metall.
115 E. Nagler, R. F. Shannon, Jr., C. R. Harkless, M. A. Singh, and  Trans. A19, 249 (1989.
R. M. Nicklow, Phys. Rev. Lett61, 718 (1988. 30B. Chakraborty and Z. Xi, Phys. Rev. B3, 5063(1996.
12g, park, G. B. Stephenson, S. M. Allen, and K. F. Ludwig, Jr.,3'T. Ohta, D. Jasnow, and K. Kawasaki, Phys. Rev. 149t.1223
Phys. Rev. Lett68, 1742(1992. (1982.
13y, K. Vasudevan, H. P. Kao, C. R. Brooks, and E. E. Stanshury3?M. Porta and T. Casta Phys. Rev. B54, 166 (1996.
Metall. Trans. A19, 941(1988. 33K, Kawasaki, inPhase Transitions and Critical Phenomerea-
1G. E. Poquette and D. E. Mikkola, Trans. Metall. Soc. All45, ited by C. Domb and M. S. Gregcademic, London, 1972
743 (1969. Vol. 2, p. 443.
15M. K. Phani, J. L. Lebowitz, M. H. Kalos, and O. Penrose, Phys.3*E. Salomons, P. Bellon, F. Soisson, and G. Martin, Phys. Rev. B
Rev. Lett.45, 366 (1980. 45, 4582(1992.
18, vives and A. Planes, Phys. Rev. Lef8, 812 (1992; C.  3°N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H.
Frontera, E. Vives, and A. Planes, Phys. Revi839321(1993. Teller, and E. Teller, J. Chem. Phy&l, 1087(1953.

17C. Frontera, E. Vives, T. Castan, and A. Planes, Phys. R& B  3°D. Le Floc'h et al. (unpublished
212(1997. 87p. J. Shah and O. G. Mouritsen, Phys. ReviB 7003(1990).



