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Vacancy-assisted phase separation with asymmetric atomic mobility:
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We have investigated the coarsening kinetics and the morphology of precipitates after quenching a dilute
binary alloy into its miscibility gap. Three-dimensional kinetic Monte Carlo simulations with a vacancy-
diffusion mechanism are performed. The atomic diffusion model accounts for the asymmetry of the two
terminal phases with respect to the vacancy concentration and diffusivity. It is shown that, at a fixed low
temperature of about 0.2Z5, this asymmetry has a profound effect on the mechanism responsible for precipi-
tate coarsening and on precipitate morphology. For positive asymrfietry when the vacancy is mostly
diffusing inside the precipitat@sprecipitate diffusion and coagulation are favored. Nearly pure solute precipi-
tates with atomically sharp interfaces are formed in a persistently supersaturated matrix. For negative asym-
metry (i.e., when the vacancy is mostly diffusing in the majtrihe evaporation condensation of solute atoms
becomes dominant even at early stages. The lack of interfacial mobility produces disordered, diffuse interfaces,
which then result in highly supersaturated precipitates. These last results offer an explanation to recent atomic
observations of the precipitate morphology in the Cu-Co system. A mean-field model is introduced to
rationalize how the asymmetry parameter controls the distribution of vacancies in a two-phase alloy. This
model predicts that cluster mobility increases when the asymmetry parameter is increased, resulting in an
increase of the coagulation exponent in agreement with the simulations. Furthermore, this model offers a
rationalization for persistent supersaturations of the matrix or the precipitates, and this provides some insight
into the formation of diffuse interfaces.
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I. INTRODUCTION The above calculations however do not take into account
the fact that in most crystalline alloys atom diffusion pro-
When a dilute disordered alloy is quenched into a misci-ceeds by a vacancy mechanigeng., see Ref.)7 Analytical
bility gap, precipitates form and grow in size. This appar-modeling and atomistic computer simulations have shown
ently simple transformation has received considerable atterrecently that the actual mechanism by which atoms diffuse
tion, both from an experimental and theoretical viewpdtt. has in fact a strong influence on the leading coarsening
Indeed, the density of these precipitates and their specifimechanism: when atom diffusion proceeds by direct atom-
properties, e.g., their sizes, compositions, and shapes haegchange(Kawasaki dynamigsthe evaporation condensa-
often a dramatic influence on material properties. From dion should be predominant, even at low temperatures,
more fundamental viewpoint, it is important to identify the whereas the vacancy mechanism should favor the diffusion-
various reaction stages, the operating mechanisms, and tkeagulation mechanism at low enough temperatti’eEhe
resulting kinetics. origin of this difference is well understood: it is due to the
In this paper we concentrate on the late stages of théact that at low temperatures, vacancies are not distributed
reaction during which precipitates coarsen. When coarseningomogeneously in the solid, which then results in an en-
takes place by evaporation of single solute atoms from clushanced mobility at the precipitate-matrix interfaces.
ters and condensation of these atoms onto other clusters, the This enhanced mobility at interfaces is however a very
average precipitate volum@(t)) should display a power- particular situation as we will show in this work. Indeed, the
law dependencél (t))ot* with a x=d/3 exponent ind di- kinetic Ising models used by Fratzl and Penfoaed by
mensions[the Lifshitz-Slyozov-WagnefLSW) regimd.>*  Rautiainen and SuttSpresent many symmetrical properties
At low temperatures atom transport between clusters mathat are not likely to be observed in real alloys, e.g., in the
become very slow and the coarsening of the precipitates maiyvo pure phases, vacancy presents the same formation en-
then take place by diffusion and coagulation of individualergy and the same migration energy and isolated solute atom
clusters[the Binder-StauffeBS) regime.® In that case, if mobilities are equal. In the framework of the kinetic Ising-
cluster diffusion results from solute-atom transport along indike model, a difference in homoatomic bond energies makes
terfaces, the coarsening exponent is predicted to take thiepossible to account for the asymmetry of atomic mobili-
valuesd/(3+d) andd/(2+d) at low and intermediate tem- ties. This asymmetry parameter can be definedads
peratures, respectiveh? It should be noticed that the =(eaan— €gp)/(€ant €gs—2€ag), Where €j is the energy
asymptotic regime is always expected to be the LSW oneassociated with aitj pair of atoms. In the above mentioned
since cluster-diffusion coefficients tend to zero when theworks a* was set to zero. However when this parameter is
cluster size increases. allowed to vary, this results in an asymmetry of both vacancy
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formation and migration energiéwithout affecting the equi- Kinetics The diffusion occurs via vacancy jumps to-
librium phase diagramm We show in this paper that it wards nearest-neighb&ratoms, whereX equalsA or B. The
changes many aspects of the coarsening kinetics. For marmtivation energyE3y for these jumps is derived from the
metallic alloy systems, the absolute value of this reducegroken-bond model previously described in Refs. 11, 19, and
asymmetry parameter is larger than uriftyyhich indicates 21, and corresponds to the energy required to moXetm
that asymmetry effects are likely to be important from afrom its initial stable site to th&XV saddle point. Notice that
practical point of view. in this model the contribution of the jumping atom to the
The effect of the asymmetry of homoatomic interactionssaddle point configuration energy is taken as a constant. The
on the kinetic path of alloys undergoing phase transformaactivation energy reads
tions has in fact begun to be studied a few years ago, but
mostly in the context of ordering reactiohs:*> More re- EC— Lina(1+a*)e if X=A
cently, in the case of a binary alloy undergoing phase sepa- Eg/c;: (1)
ration on a body-centered-cubic lattice, Atieset al1® have EO— Lny(l—a*)e if X=B
shown that the asymmetry parameter has a strong influence 2’8 '
on the mobility of small solute-atom clustefmonomers, whereE? is the configuration independent teraf,=u/ e is
dimers, trimers, etg. This affects the precipitation kinetics the degree of asymmetrg, andng are the number of and
both during the nucleation sta§e”’ and during the coarsen- B nearest neighbors of the atoXito be exchanged with the
ing stage’® The results obtained for these small clusters in-vacancyV. In order to simplify comparison&? is kept con-
dicate that, at a given annealing temperature, a positivetant whena* is varied. Atom-vacancy exchange frequen-
asymmetry parameter favors the diffusion-coagulatiorcies are calculated using rate theory.
mechanism, while a negative asymmetry parameter favors Microscopic parameterdn this work, we focus on alloys
the evaporation-condensation mechanism. In this presemitat present a tendency to bulk phase separation. The effec-
work we will confirm directly this rationalization by analyz- tive pair interactiore is set to—55.3 meV in order to repro-
ing the evolution of the whole cluster distribution. In addi- duce a moderate positive heat of mixing, typical of the
tion we will show how the precipitate composition and mor- Cu-Co system, with a critical temperature of the miscibility
phology are also controlled by the asymmetry parameter. gap,T,~0.816Z¢/4k~ 1572 K??whereZ is the number of
The paper is organized as follows. The atomistic diffusionfirst neighbor atomg12 in the fcc structure The values of
model and the kinetic Monte Carlo algorithm are presentedhe kinetic parameters afe’=585 meV and an attempt fre-
in Sec. Il. In Sec. Il we successively study the effect of thequencyr=10"14s? (these terms only affect the time scale
asymmetry parameter on the vacancy segregaf®ec. by a constant factor
lIIA), on the precipitation kineticéSec. Il B), and on the Concerning the atomic mobility in the two pure phases,
precipitate composition and morpholog8ec. 11 Q. As an  we want to stress that the asymmetry paramatecontrols
application of the results presented in the paper we will conpoth the difference in vacancy-formation energies’ and
sider (Sec. 1V) the recent experimental observations on thethe difference in vacancy-migration energieE™. Indeed, it
morphology of Co precipitates in a Cu matrix obtained usingjs easy to show that within the present moddt™=2AEf
a three-dimensional atom probeln Sec. V, a summary of — _73*¢ For fcc metals, these quantitia€’ andAE™ are
results is given. also related since they both roughly scale with the difference
in melting temperatures. A compilation of the available ex-
perimental data shows that, on average, the present model
overestimate\E™ by a factor of 4 for a givem\E".?® We
Since the basis of the kinetic model has been described ialso notice that some systems display significant deviations
several article$>'®only a brief summary will be given here. with respect to this average behavior. ToXiE™ for a spe-
Energetics We consider anA-B binary alloy with a cific alloy system, a second asymmetry term can be added in
highly diluted vacancy concentration on a rigid lattice with the activation energi€$.In this work, however, our objec-
a face-centered-cubiécc) structure. To describe the chemi- tive is to study generic effects and the present model, despite
cal ordering processes, the energetics is based on an Isinigs limitations, is therefore appropriate. Finally, let us men-
like model that depends on two termé) e=epn+€egg  tion thata* also affects impurity diffusion: thé impurity
—2epg, Which is an effective pair interaction between at- diffusion coefficient, normalized by the vacancy concentra-
oms. For fcc structures, it is small beyond first neighBbrs tion, is larger than th& impurity diffusion coefficient when
and we restrict ourselves to first nearest-neighbor interaca* >0.1®
tions here.e is directly related to the bulk phase diagram of Monte Carlo simulationsin conjunction with this kinetic
the system considered. Its sign gives the tendency towardstomistic model, Monte Carlo simulations of the kinetic pro-
ordering (€>0) or towards phase separatioa<(0). (ii)) u cess are performed by using the residence-time
= ean— €gg, Which accounts for the difference in vacancy algorithm!®*2This algorithm is equivalent to thefold way
formation energies in the two elements. The system beinglgorithm!#242> The simulation box contains L{X Ly,
highly diluted with respect to vacanciasdoes not affect the XL,) sites in the fcc structure with periodic boundary con-
equilibrium phase diagram. Its sign gives the tendency of thelitions with L,,=32,64,128. The initial condition consists of
vacancy to occupyA-rich regions (1>0) or B-rich regions  a disordered alloy wittN, A majority atomsNg B minority
(u<0). atoms and one vacandy, corresponding to a vacancy con-

Il. ATOMISTIC KINETIC MODEL
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centration of 3.0%10 °-4.77<10 . To compare results - @
obtained with different box sizes, simulation time is rescaled Le
to give kinetics with an apparent vacancy concentration of
47710 7. The system presents an initial homogeneous
concentratiorc=5% of B atoms and is quenched at a low
temperaturel =0.2587 ..

Average precipitate sizd o study the precipitation kinet-
ics in the simulations, the average cluster di£é) is moni-
tored. As possible definitions af(t) we use

FIG. 1. Schematic representation of a block. The left skédth

() represents a pu precipitate of siz€l) atoms embedded in a pure
L (t)_lg I, (t) |§| n(t) 2 A matrix containing/l)(1—c)/c atoms. The right sketctb) shows
c C P A i
the four distinct regions where the local vacancy concentratihns
® % may differ.
L&M®=2> 1Pty / > Iny(b). 3 _ . -
I=lc I=lc having onlyB first neighborgprecipitate corg (2) the shell

of B atoms having bothA and B first neighbors(internal
interface, (3) the shell ofA atoms having boti® andB first
neighbors(external interfack and(4) the shells ofA atoms
having onlyA first neighborgdmatrix). For a given chemical
configuration, the local vacancy concentration at equilibrium
is in general different in these four regions. We thus define
c, andc, as the vacancy concentrations at the immediate
o vicinity of the interface, in the internal and external interface
nfi< > ni(t) (4) s_heIIs_, respectivgly, am;ﬁ andc® as the vacancy concentra-
c I=lc tions in the matrix and in the core of the precipitate, respec-
tively [Fig. 1(b)]. The average number of vacancies per
block is Nc,/n={l)c,/c and can be written as a sum of
vacancy numbers over the four considered regions in the
block,

n;(t) denotes the number of clusters that contahatoms,
and where any two first-neighb& atoms are said to belong
to the same cluster. Following the criterion given in Ref. 26
the cutoffl in Eq. (2) is chosen such that the thermal equi-
librium cluster numbers;® at the miscibility gap satisfy the
condition

M s

for the times of interest. In this sense, we have used5
atoms forT~0.25T.. In this work, we have computed both
volumes[Egs. (2) and (3)] but we only report the. ()(t)
behavior(unless specified otherwigesince both quantities
are very similar.
CU 1-c + A + +
()= (=== =) [eh+ 11T =(D)]e;
I1l. RESULTS AND ANALYSIS
A. Equilibrium-vacancy concentration +[()=(17) e, +(17)cg, 5

for a precipitate/matrix system . . B )
precip Y where the dimensionless volum@s) and(l~) are defined

Our goal in this section is to determine quantitatively thejy syuch a way thatl *)—(I) and(l)—(I~) are the numbers
interdependence betweeii and the local vacancy distribu- of sjtes in the external and internal interface shells, respec-
tion in an alloy containing coherent precipitates. For thistive|y.
purpose we derive a simple mean-field model and we apply |y addition to the conservation equati¢B), one can de-
it to typical configurations produced by our low-temperaturetermine relations between local vacancy concentrations by
Monte Carlo simulations, i.e., & matrix containing nearly assuming that the vacancy distributions are at local equilib-
pure precipitates containing 10 to 1000 atoms. _ rium in the block. This assumes that vacancies reach equi-

Consider arA-B solid solution consisting oN fcc sites  |iprium with a characteristic time scale much smaller than
occupied byN(1—c) majority A atoms,Nc minority B at-  that for the evolution of the average precipitate size. The

oms and a highly diluted number of vacanckés, (c,<c).  simplest approximation is to express vacancy concentrations
When coarsening takes place after quenching at very lows depending only on a segregationlike energy per inequiva-
temperature, the average number of clustgrss Nc/(l),  |ent site, that is, the energy needed to exchange an atom in a

where(l) is the average number & atoms per precipitate, gjven site with a vacancy from th& block side?” Segrega-

i.e.,(I) is the dimensionless average volume of the precipition equilibrium equations for dilute vacancy concentrations
tates. For simplicity, we neglect cluster-size dispersion angead

separate the system intg identical blocks, each of them

consisting of a spherical pui precipitate of sizél) atoms

embedded in a nearly purd matrix containing {I)(1 ¢/ ~ch exp[ -
—c)/c atoms[Fig. 1(a)]. Taking advantage of the spherical

symmetry of the configuration, let us decompose the volume . . .
into atomic concentric shells, centered on the precipitate and o ~ch expl’ [z7(1-a%)+2za ]6} @
distinguish four different regiongl) the shells ofB atoms v 2kT ’

Z (1+a*
g] ®

2kT
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B A Za*e 102 T ]

~ _ "

CU Cv ex kT |’ (8) 101 ;//L_’/’/_;

where Z~ and Z* are the numbers oB and A neighbor 10° F ck 1

atoms, respectively, of a site located in the external and in-

(3 —

ternal interface shells, respectively. Co 107t ]

The partial coordination numbe# andZ* are a func- 1072 ¢ C’,j:///‘—
tion of the precipitate size. To calculate this dependency, we i / (a) 1
use a cubo-octahedron geometry that is known to be one of 10 C;}_”’//—«—'i
the more stable cluster shapes in the fcc structure and for 10-4 — N
which all the parameters in E¢5) can be definedsee Ap- 10 100 1000
pendix A).?® (1) (atoms)

In addition to Egs(5)—(8), one more equation is required 102 —r ‘
to fully determine the five vacancy concentrations that we cy
have introduced. In the kinetic simulations presented in the 101 F .
following sections as well as in nearly all atomistic kinetic c+ //

simulations published so far on second-phase precipitation, it Y ]
has been assumed that the total vacancy concentration is Cv 10° / E
fixed (i.e., treating vacancies as conservative spectbsis ]
providing the required fifth equation. This approximation is 107! ¢ cA CE (®) 3
valid if one assumes that the excess of vacancies right after ]
guenching is eliminated well before any significant modifi-

1072 — B

cation of the composition field, and that the equilibrium va- 10 100 1000
cancy concentration is independent or only weakly depen- (1) (atoms)
dent on the microstructure of the alloy. Since here we do not 10! . .
concentrate on the early stages of precipitation, it is reason- I Cy
able to assume that the above assumptions are valid. 10° = CA i

From Egs.(6)—(8) we can now study the influence of the 10-1 N ]
asymmetry parametea* on the vacancy distribution. For ) [ c- \‘
different values ofa*, we plot the local vacancy concentra- Gy 107 F Y ]
tions as a function ofl) (Fig. 2 and the total number of 108 L E

. . .. | - — —\ ~B 3 ]

vacancies in the precipitat®l, =[(l)—(l")]c, +{I7)c; i B © |
[Fig. 3(@]. For two typical{l) values(20 and 200, we also 107 £ Cy 5
plot [in Fig. 3(b)] the probabilities to find the vacancy in 105 , ]
each regionPﬁ, Pj, P, ., and PUB, obtained from Eq(5). 10 100 1000
The temperatur@ and the concentration correspond to the (1) (atoms)
ones taken in the following sections for the Monte Carlo o o
simulations, i.e.T=0.2587, andc=0.05. FIG. 2. Equilibrium local vacancy concentratiof§ in a block

i ndar —0). WhenA and B pure ph as a function of average size precipitgte for: (a) a*=0.5, (b)
() Standard caseaf =0) c and B pure phases *=0, and(c) a*=—0.5 at T=0.2587. and with c=0.05. CL

resent the same vacancy formation energies, the matrix arft ) . .

Fhe - -ancy g . concentrations are scaled to the nominal concentratipn(C,
precipitate contain the same vacancy concentratipn, _ e,

)

~c{f. Vacancies tend to segregate at the interface to mini- G
mize the number of heteroatomic bonds and when the pre- .
cipitate size decreases, vacancies are preferentially located i0-220 c- AS expected, we observe that yacancies are
the internal interface shell since the numberAd bonds is ~ 'arely fgund in the precipitate and thaf, ,c,>c, .c,.
greater there. In Fig.(8), we indeed observe thaf >c;  Whena®<-1, vacancy depIEtmnAocc_urs both in the pre-
>cB c”. Furthermore, we note thaf, varies very slowly ~CiPitate and at the interfac, <c,, since breakingAB
bonds becomes energetically less favorable than breaking

for (I)<<1000 atoms. As a consequence, we obtain numeri:

cally in Fig. 3 that the total number of vacancies in the pre-AA bonds. Regarding the cluster size effect &< —0.5,

S T . L the vacancy depletion in the precipitate is less pronounced
cipitate, N, , is proportional to the number of sites in the for small precipitate and controls t€) dependence of the

internal interface shell and can be written as L .
total number of vacancy per precipitate. By keeping only the
significantc’ term in Eq.(5) and combining with Eq(7), we

c, .
NL%?[<|>_<|_>]- (9  find
(ii) For negative values a* the vacancy-formation en- 1 G v - [Z7(1-a*)+2Za* e
ergy is smaller in theA phase than in th& one and thus v 1—c[< )—(17)]ex 2kT '
c’>cP. In Fig. 2c) the casea*=—0.5 is shown atT (10)
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10-1 . ———— : T 1000
1072 _
103 S 100
N} s
104
1075 1010
time [f,x(s)]
108 R ‘
10 100 1000 FIG. 4. Monte Carlo time evolution of the average cluster vol-
umeL(t) (O) at T=0.258T with ¢=0.05,¢c,=4.77<x10 7, and
1 . for various a* values @*=-1.5-1,-0.5,0,0.5). Simulation
boxes contain 128fcc sites except foa* = —1.5—1 (64 fcc sites
08+ (b i only). For the sake of clarity, the Monte Carlo time is scaled by a
factor fa: f_;s=4Xx10% f_,=8%X10%, f_y.=10, f,=8, and
0.6 L | fos=1. Solid lines represent predictions of the coagulation model
P ' (see text
04t ' .
' by varyinga*. The composition has been chosen so as to
02 | fa P? _ start with a very large supersaturati@the solubility limitc,,
at this temperature is 72610 °) in order to focus on the
0 ‘ . J N ‘ ‘ growth and coarsening regimes and also to increase the sta-
2 15 -1 05 0 05 1 15 2 tistics on precipitate properties. In Fig. 4, we report on a
a* log-log plot the time evolution of the mean cluster sizg)

as defined in Sec. Il for different values of the asymmetry

. ) o . arameter a*. Estimation of the exponents x
against average-size precipitaie (solid lineg for a* =+0.5, 0, Fi . . .
—0.5 atT=0.258"; and withc=0.05. Approximations formulated = d{In[LO]}/d[In(t)] are summarized in Table . In this work

in Egs.(9)—(11) are also reported®). (b) Probabilities to find the we do not .attempt to measuye apquratgly the coarsening ex-
vacancy in each regioR. P* . P- . and PE for (1)=20 atoms _PONents(this task can be quite difficdR®9. The variations

(solid lineg and 200 atomgdotted lines. of x with a* are, however, large enough so that our simple
estimation is sufficient for our purpose.

Figure 3 shows that foa* = —0.5 the exponential term in ~ Let us first consider the standard caseé € 0). Figure 4

Eq. (10) becomes dominant at the temperature considere¢hows that the mean volunmig(t) increases with time ac-

leading even to a decreaseNdf with (1) for (1)<100 atoms. ~cording to alL(t)xt* law with an exponenk~0.52 for a
(iii) For positive values of* [Fig. 2a)] vacancies are large range oL (t) [10<L(t)<1000. When we introduce

now trapped into the cluster and, whah=1, mostly in the = SOMe asymmetry we measure different exponent valLas

core precipitate shell&\! exhibits a different precipitate size Short times[L(t)<100 atoms for negativea™ values, a

dependence, proportional () (see Fig. 3 which from Eq.  SmMaller exponent is measuredx~0.33 fora* = —0.5 and
(5) can be written as x~0.34 fora*=—1,—1.5. At long times[for 100<L(t)

<1000 atom§ the exponenk depends on the value af*
considered: fom* = — 0.5, x increases continuously up to a

FIG. 3. (a) Mean number of vacancieNL into one precipitate

N~ (1) (11)
v C "
TABLE |. Coarsening exponents of the average precipitate
We have shown in this section that the local equilibriumVvolume[L(t)=t], obtained from the kinetic Monte Carlo simula-
vacancy concentration for a precipitate/matrix system detions and from our coagulation modéh Fig. 4), for the variousa*
pends strongly on the asymmetry teah. We will now see values considered. Lette(s) for cluster coagulation-diffusion and

that this results in major changes in the precipitation kinetics(® for solute evaporation-condensation indicate which coarsening
mechanisms are present.

B. Growth and coarsening of the precipitates Short times Long times ~ Coagulation
1. Kinetic Monte Carlo results a*  [L(t)<100] [L(t)<1000] model
By performing Monte Carlo simulations with the kinetic +0.5 0.80(c) 0.62(c) 0.60(c)
atomistic model described in Sec. II, we study the kinetics of 0 0.52(c) 0.52(c) 0.52(c)
phase separation of Ag¢Bs random alloy after a deep —-0.5 0.33(ct+e) > 0.50(e) 0.33(c)
guench from an infinite temperature to a temperature well —1.0 0.34(c+e 0.63(e) 0.27(c)
into the miscibility gap a =0.258T . This low temperature —15 0.34(c+e) NA 0.23(c)

has been chosen so as to enhance the differences produced
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100

cluster size (atoms)
cluster size (atoms)

FIG. 5. lllustration at late
stages of thestairlike (a),(b) and
the fountainlike (c),(d) evolutions
obtained by plotting Monte Carlo
time variations of all cluster sizes
(@) at T=0.258"; with ¢=0.05
and for variousa* values:(a) a*
=0.5, (b) a*=0, (c) a*=—-0.5,
(d) a*=-—1. Simulation boxes
contain 64 fcc sites and scaling
factorsf,« are taken from Fig. 4.

1000

100

cluster size (atoms)
cluster size (atoms)

0 0.5 1 15 2 2.5 3
time [10* £,x ()] time [10 £,x (s)]

value greater than 0.5; fa@* = — 1, x exhibits a value close Precipitates to larger ong®stwald ripening One can in-

to 0.63; while fora* = — 1.5 the kinetics becomes very slow deed clearly observe two types of precipitates,_the smaller

and limitations in computing times prevent us from explor-°ON€s, which decrea_se rapidly in size and are dissolved and

ing L(t) values greater than 110 atoms. Finally fat  the larger ones, which grow continuously.

—0.5, a much larger exponent~0.80, is found for 30 At Ior)g times, we therefore recover the two well-known

<L(t)<400 atoms, which decreases to approach a valu§oarsening mechanisms. We_show here t_hat the exponents

close tox~0.62 for 406<L(t)<700. Notice that in this lat- X~0-52 andx~0.80,0.62 obtained, respectively, faf =0

ter caseL(@(t) differs slightly from L(t) by approaching a_md a* :_0.5 correspond to a cluster diffusion and coagula-

the lower exponent~0.62 fastefwhenL (t)=100]. tion regime. On the other hand, the gqunEmo.GB mea-

To determine the extension of the nucleation and growtf?“red fora* =—1lis _due to Os_twald ripening. _ _
regimes, we have calculated the evolution of the number of At short times, it is convenient to use smaller simulation
precipitates larger thah,. It starts to decrease as soon ascells in order to distinguish the o_llfferem trajectories corre-
L(t)>10 atoms for the considered values @f<0 and sponding to each cIu_ster. B_y using *38ite cells, we also
whenL(t)>15 atoms fora* =0.5. Consequently, the mea- [€COVer pure coqgulghon regime faf =0 anda* =0.5. F.or
sured exponents correspond mostly to coarsening regimes.&” = — 0.5, the situation differs from the one at long times.

To identify the mechanisms responsible for coarsening™r L~50 atoms, we now observe some coagulation events
we introduce a graphical method that is illustrated at longhat roughly concern half of the cluster population that dis-
times in Fig. 5. It consists in reporting on a same graph théPPears. Thl_s therefo_re suggests that the very small exponent
size evolution of all precipitates. For a simulation box such*~0-33 obtained during this stage is partly controlled by the
that the cluster number is lowtypically below 100, it is ~ coagulation regime. Foa* =—1 anda*=—1.5, coagula-
then possible to directly visualize the precipitate kinetics befion events are also identified at short times. However, they
havior. From Fig. 5, depending on tla¢ values, one can Pecome rapidly very rare as soonlas 50 atoms.
distinguish two very different behaviors:stairlike evolution
for a*=0,0.5 and afountainlike evolution for a* =—0.5,
—-1,-1.5. Previous theoretical models of the kinetics of phase sepa-

(i) the stairlike behaviofFigs. 5a) and §b)] is a clear ration have predicted some of the power-law exponents
signature of a coarsening regime by diffusion and coagulathat we measure in this work. According to the LSW
tion of the clusters. Indeed, it consists of a distribution oftheory®#the coarsening via evaporation and condensation of
horizontal segments, each of them corresponding to at leastngle solute atoms is predicted to exhibit 1 at late stages.
one precipitate. When one precipitate of sizedisappears The Langer—Bar-On—Miller theor};? which is valid even
(right end of one segmentanother of sizé, does too at the when the Gibbs-Thomson relation cannot be linearized, how-
same time and a new precipitate of size |, is formed(left ~ ever yieldsx~0.63 at earlier stages of coarsening. This
end of one segment value agrees very well with the one obtained in our simula-

(i) The fountainlike behaviofFigs. 5c) and §d)] dem-  tions fora*=—1.
onstrates the presence of a coarsening regime occurring by On the basis of their cluster-diffusion-coagulation model
evaporation and condensation of solute atoms from smalwithout vacancy, Binder and Staufférpredictx=0.5 and

2. Analysis
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x=0.6 for low and intermediate temperatures, respectively. Qualitatively our model reproduces the new result that the
This also compares well with our simulations performed atcoagulation exponent increases whem* increases. For
low temperaturgat T~0.25T.) for a* =0 where we mea- a*=0.5, the coagulation model gives-0.60 as observed at
sure a coagulation exponenk=~0.52. Recent two- late stages in the simulationg<0.62) but does not predict
dimensional(2D) Monte Carlo simulations with a vacancy- the large exponent~0.80 found at short times. The maxi-
mediated diffusion mechanism and fa* =0 also agree mum valuex~0.60 that the model can predict shows the
with the BS theory. In particular, Fratzl and Penfbseow limitations of the present description. In the model, all pre-
that at intermediate temperature the Brownian cluster diffucipitates are assumed to have the same size, which is not the
sivity should lead to a coagulation exponent0.6. In a case in the simulations faa* =0.5 where the cluster-size
recent exhaustive work, Rautiainen and Sutialso reported  distribution presents, at short times, a large contribution from
similar results aff =0.5T,.. the small precipitates. This explains why, as already men-
These theoretical predictions, however, do not explain altioned,L(?)(t) differs fromL(t) in this case and approaches
the power-law exponents obtained in our simulations. This igaster the predicted exponemt~0.62. (Remember that
particularly true for the low coagulation exponenk ( L®)(t) [in Eq. (3)] is dominated by large cluster size&or
~0.33) obtained for* = —0.5 and for the high coagulation a* =0, both model and simulations agree with the BS theory
exponents X~0.80,0.62) found fom* =0.5. To understand exponentx=0.5. Fora*=—0.5 both our simulations and
why X increases witta*, we propose to estimate the coagu- our coagulation model yield the same low exponent
lation exponents from our vacancy mean-field model de- ~0.33 at the early stage of the coarsening. Finally, &br

veloped in Sec. Il A. Cluster Brownian-diffusion coeffi- =—1,—1.5 the coagulation model does not apply since co-
cients are calculated from the Einstein formula. For a clusteagulation is no longer the dominant mechanism for coarsen-
of size(l) making jumps of lengthAx at time intervalsAt,  ing (see Sec. llI B L It is therefore not surprising that the

its diffusivity D is predicted exponents are smaller than the ones measured in

the simulations.

) Notice also that one of the model assumptions is to use
D :A_X (12) the same frequency for any vacancy jump in the precipitate.
7 2dAt’ At the interface vicinity this frequency is however highly

anisotropic and therefore should modify the average fre-

whered is the system dimensionali3 here and At is the quency(noted 1A1) correqunding to a typical cluster-atom
average time for one atom of the precipitate to jump. After 4P Moreover, correlated jumps take place at low tempera-

this jump the cluster center of gravity moves by a distanc%re and should also affectAlf. For instance, recent kinetic
Ax=1/1).5 onte Carlo simulations performed by Rautiainen and
. *
The main difficulty here consists in estimating the fre- Elgti)gr f(?]r a _9[ 'and .;t a very IOWI tt(iarrrI]pe:(atuIrqé’m
quency 1At that results from the complex kinetic path that ~ ~--°'¢ Nave put in evidence, a coaguiation expone

makes the vacancy move cluster atoms. To simplify the~ 0-21 well below the expecter~0.5 for this symmetric

problem, Fratzl and Penrdsproposed to write W= [the case. Prellmlnary extensions of our model, where these cor-
L | related jumps are taken into account indicate ¥hdécreases
number of vacancies in the clusteN,)] X[the vacancy

jump frequency in the clusted|[ the vacancy probability to significantly when the annealing temperature is lowéefed.

cross the interface]. At intermediate temperature, assuming

N, (I}, these authors obtaine;,e(1)~* and the resulting C. Microstructure of the precipitates

coagulation exponent=0.6 as predicted by the BS theory.
In this work, we improve this approach by explicitly tak- ) - o

ing into account the fact that vacancy distribution is not uni-  Cluster and matrix compositioriFrom the kinetic Monte

form at low temperature and is strongly influenced &y  Carlo simulations presented in the previous section we now

(see Sec. Ill A Using Eqs(9)—(12), and first neglecting the investigate the influence of the asymmetry tesh on the
possible contributions coming from jump frequencies, wecluster composition. We calculate three different concentra-

now calculate thél) dependency ob,;,. Fora*=0.5, N, tions: cg, the concentration oB atoms in theA matrix in-
«(l) (cluster volumg and thusD,, exhibits the high- cluding smallB clusters of size below, atoms;ck, the
temperatureg(l) dependence, i.ex(l)~1. For a*=0, N  concentration oA atoms in theB precipitates, including the
«(1)23 (cluster surfaceand D, decreases faster witfi), A dimers, trimers, etc., not connected to the matrix; and fi-

i.e., (1)~ 42 Finally, fora*=—0.5, N! varies very slowly nallyc& ", which includes botth atoms counted i andA
and even can decrease with) [see Fig. 3 This leads to a atoms bonded to one or two matri atoms, i.e. A atoms
very fast decrease db, with (I) (i.e., <(I)™Y wherey located at the vicinity of the interface.

1. Kinetic Monte Carlo results

>2 for (1)< 100). At the temperature considerdd=0.258T ., the solubility
Following Binder and Staufférand Fratzl and Penrode, limit ¢, is equal to 7.& 10 °. However, when clusters are in
the coagulation rate is given by(l)/dtcD j,c?¥(1)t~2¢  local equilibrium with the matrix, the presence of curved

Replacing in this formula the abo, expressions, we plot  interfaces increases the solubility Bfin the A matrix, i.e.,
in Fig. 4 the predicted time evolution féF), which we com-  cg>c,, and decreases that of A atoms in Bi@recipitates,
pare with the kinetic Monte Carlo resulsee also Table)] i.e.,ci<c,. Thuscg is a decreasing function of the cluster
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size and at low temperature obeys the following macroscopiGT relation. In the simulationscé starts from the initial

Gibbs-Thomson law: solid-solution concentration=5% and then decreases rap-
idly to reach the expected Gd’é value atL 5t~ 100 atoms.
C/BA%C exp{ _ @} (13) Considering now the KMG:E, although the statistic is less
“ RKT precise due to the very low concentration measured, we

clearly observe that the average KM@ is belowc, and
increases slowly with a value close to G¥.

For a* =—0.5[in Fig. 6(c)] the picture is very similar
and differs only in the fact that KM@g reaches GTe, for

where v is the interfacial energy per unit aref), is the
atomic volume, andr is the average precipitate radius. Con-
versely,c5=c?/cg increases smoothly with the cluster size.
Equation(13) has been tested by equilibrium Monte Carlo . .
simulations; we obtain a very good agreement wheis ~ Smaller precipitate sizd,g7~30 atoms.

taken as the interfacial energy of th&0G orientation, i.e., The cases™ =—1,— 1.5 are displayed in Figs.(@ and
y=—4eeVia?, wherea is the fcc lattice parameter. This is 6(e). The B concentratiorcy becomes also close to the GT
the value we have used to analyze our kinetic simulatiBns, €Urve whenlgr~50 atoms fora*=—1 andLgr~110 at-

is taken as the radius of a spherical precipitate of equivaler@Ms fora* =—1.5. However, regarding now th& concen-
volume. tration in the precipitates, we observe at early stages an un-

In Fig. 6 we report the evolution of the precipitate and €xPected kinetic supersaturation of the clusters. Indeed, for

matrix solubilities as a function of the average cluster sized* =—1, a large deviation ofy is found with respect to the
L(t) and for the considered* values. We now compare the GT prediction, ¢ increases rapidly and reaches latt)
kinetic Monte Carlo(KMC) results with the equilibrium ~100 a maximum value that is two orders of magnitude
Gibbs-Thomsor(GT) predictions. larger than the GT one. The decreases very slowly and it
Considering first the standard cas#* &0) in Fig. 6b), is expected that it will reach the GT curve for very large
we observe a good agreement between KMC results and tHg(t). This kinetic-cluster supersaturation is even more pro-
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TABLE Il. Average precipitate sizekgy (in atom numberat  energy is larger for the larger clusters. As seen in Sec. Il B
which the concentration d8 atoms in theA matrix, KMC cé [see this microstructure is evolving by the evaporation-
Fig. 6], reaches the Gibbs-Thomson predictidhg. (13)], at T condensation mechanism. We can thus identify the small
=0.2587, with ¢=0.05 and for the various* values considered. clusters as the ones undergoing dissolution and the large
N clusters as the growing ongsee also Fig. @)]. We there-

a -5 -1 -05 0 0.5 fore conclude that the clusters undergoing dissolution tend to
Ler 110 30 30 100 >700 have rather smooth interfaces, whereas the growing clusters
develop rough interfaces.

nounced fora* = — 1.5. Although the kinetics becomes very
slow and the maximum,Ej value is not yet reached, &f(t)
=110 atoms simulations reveal a supersaturation that is al- The kinetic Monte Carlo results obtained in this section
ready greater than two orders of magnitude. with varying a* lead us to formulate the following ques-
Finally, in Fig. §a) for a* =0.5, the inverse phenomenon tions: What is the origin of the kinetic supersaturations either
occurs. It is now the matrix that is kinetically supersaturatedn the matrix or in the precipitates? What is the origin of the
in B solute atomscg decreases very slowly and even at kinetic roughness of the growing precipitates? Concerning
L(t)=700 atoms remains roughly one order of magnitudethe first question, a partial and qualitative explanation may
larger than the GT predictions. On the other hand, clusterBe found from our equilibrium vacancy model presented in
are almost pure and their compositi«nﬁ behaves as ex- Sec. lll A. Indeed, the supersaturation phenomenon and the
pected from the GT equation. vacancy-occupation probability in thé-rich apd B-rich .
Concerning the above mentione§ deviations, it is in- phases are clearly correlated. When vacancies are mainly
teresting to notice that the characteristic size; presents a trapped into the precipitateor a*=0.5), B atoms in the
minimum for aa* value close to-0.5. The observet. gy matrix diffuse very sIowa.towerds the precipitates and there-
values are summarized in Table 1l and will be discussed ir{ore supersaturation persists in the matrix. Conversely, when
Sec. lll C 2. vacancies are essentially located in the matfiar a*
Cluster morphologyTo study the influence ai* on the S—O.S),A atoms, if trapped at the precipitate internal inte'r-
cluster morphologies, we report the configuration-dependerf?c€s during the growth process, will afterwards hardly dif-
part of the interface energy per bond in each cluster, writteriUS€ and these trapped atoms will lead to supersaturated pre-

2. Analysis

as cipitates. This simple explanation, however, does not
elucidate whyA atoms can be trapped at growing interfaces.
—e Z, This trepping is also directly relevant to the development of

Eiij Z 7 (149 rough interfaces. To answer these questions, both interface

properties and kinetic aspects must be considered.

Let us begin by studying the transient supersaturation of
the matrix and the influence @& on this supersaturation.
The supersaturation is related to the condensation rai of
atoms at the precipitate interface. This rate is proportional to
small that this contribution is negligible. In Fig. 7, we plot the probability of finding vacancies at the immediate vicinity

the instantaneous interfacial energies of the clusters at diffef2! the interface OD the matrix side, which exhibits a strong
ent stages of the kinetic Monte Carlo simulations and Wedependen.ce with™. We therefore compare this probability,
compare them with the interfacial energies of equilibriumnoteédP, in Sec. IllA and plotted in Fig. ®), to thel gy
regular fcc polyhedr&® At late stages, fot (t) =500 atoms values obtained in the simulatiotsee Table I, which in-
and for the considered* values[for a* = — 1.5 L (t) =500 d!cate the charapter|st|c clpster size above vyh|eh kinetic ma-
atoms is not available precipitate interfacial energies are Urix supersaturation has disappeared. Qualitatively, Rije
very close to cubo-octahedral and Wulff polyhedral energies¢Urve[Fig. 3(b)] explains well the origin of thé ¢+ behavior
which means that precipitates adopt compact shapes a@$ a function ofa*: the a* value for whichP, exhibits a
present essentiallf111 and{100 facets with sharp inter- maximum @*=—0.3 for L=20) is close to thea* value
faces. At earlier staged,(t)=10, 50 atoms, the cluster- giving the smallest 1 value. In addition, the asymmetry of
shape evolution is different and dependsan Whena* the Lt behavior with respect ta* is also reproduced. For
= — 0.5, the clusters present a small excess energy compar@d < —0.5, P, andLgy vary slowly witha* (P, decreases

to that of equilibrium clusters. This small excess is howeverand Lg increases while for a*>0, P, andLgy exhibit
quite independent of tha* values. In contrast, whea* < marked variations witla*. This results in a large persistent
—1, the clusters present a large excess energy, which imatrix supersaturation fa* =0.5.

creases whem* decreases. Foa* =—1.5 some clusters We now turn to the mechanism that yields to the super-
carry an interfacial energy twice that of the regular polyhedrasaturation of the precipitates, i.e., the mechanism for the
of the same volume. These large excess energies are chara@pping of A solvent atoms in growindd precipitates. The
teristic of jagged, rough interfaces, and this is confirmed bydirect visualization of the configurations allows us to have a
direct visualization of the precipitates. Another remarkablefirst phenomenological understanding of this mechanism. In
feature is clearly visible in Fig. (é): the excess interfacial Fig. 8 we report fora* = —1 a sequence of snapshots in a

wherei sums over all thé B atoms of the cluster ang, is
the number ofA first neighbors of theth B atom. This for-
mula also includes thA atoms dissolved in the precipitates,
but in all our results the total number of sudhatoms is so
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{111 plane taken from a 3D 64simulation box. This re- is associated with the presence of some interface roughness
veals a typical incorporation process of oksolvent atom: [Figs. 8a) and 8b)], which is consistent with our interfacial-
The A atom is first trapped on the internal side of the inter-energy calculationfFig. 7]. The release into the matrix of a
face and is covered by incomirigyatoms later on. This ob- trappedA atom occurs by the complete dissolution of the
servation is in agreement with the sequential increases mearecipitate that contains ftFigs. §c)—8(f)]. Qualitatively,
sured for the solubilities,?* anch [Figs. €d) and 6¢]. It  this is in agreement with the fa¢shown in Sec. Il A that
should be noticed that the number of trappgesblvent atoms for a* <—1 the vacancy rarely visits the inside of the clus-
responsible for the supersaturation measured in Fig. 6 is iters and therefore does not tatoms escape from them.
fact very small and in the range of 10 atoms for & 64l Having now a qualitative picture of the supersaturation
with c=5% atT~0.25T; anda* = —1. Thus, the presence mechanism, one can wonder why the trapping mechanism
of one trappedh atom that persists during the kinetics shownoccurs easily fora*<-—1 and does not happen fa*

in Fig. 8 is representative of the supersaturation. By follow-=—0.5. To elucidate this problem we start from our obser-
ing the kinetic behavior of these trappédatoms, we can vation that theA atoms trapped at cluster interfaces are then
draw two important conclusions. The supersaturation buildugovered and trapped inside the clusters by the arrivab of
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FIG. 8. Sequence of snapshots
in a{111} plane(taken from a 3D
64° simulation boy showing a
typical incorporation process of
one A solvent atom(see texk at
T=0.258T for a* = — 1 and with
¢=0.05, during the kinetics at
L(t)=79 (a), 81 (b), 214(c), 688
(d), 726 (e), 817 (f) atoms.B at-
oms are represented as dark
circles.

solute atoms. This suggests that for some kinetic reasons tliect can be obtained by exchanging AB pair from a per-
vacancy, whera*<—1, has a tendency to cover witB  fectinterface. Per interface site, its formation energy depends
solute atoms thé\ atoms trapped at the interfafeereafter on the interface curvature and @n For a cubo-octahedron
referred to as chemical interface defgctahile whena*  precipitate and according to the notation from Sec. Ill A, this
=—0.5 the vacancy has a tendency to anneal these chemicghergy is— (Z—Z*—Z~+1)e and increases with the clus-
interface defects. To test this assumption, we estimate thgy size. When this defect is formed, it consists ofaefect
probabilities to observe these two events for two simple CONatom (notedAy) presenting a low numbeZ( — 1) of first-
figurations. _ o neighborA atoms and on® adatom(notedB,).

Figure 9a shows schematically a typical interface In Figs. 9b) and 9c), we consider two possible mecha-
chemical defect, Which is susceptit_)le to be t_ransforrr_\ed int(?1isms by which a nevx; solutB atom covers partially the
an A atom trapped inside the precipitate. This chemical de'defect. ThisB atom may come either from the bUlkotedB,
in Fig. 9b)] or from the cluster interfacgnotedB; in Fig.
9(c)]. The coverage mechanism then requires a vacancy to be

By B B R first neighbor of botlA4 andB, (or B;). Among the various
fo\ kinetic pathways of the vacancy, we consider two of them in
Ad Fig. 9 and calculate their probabilities: the vacancy ex-
(a) (b) changes first wittB, (or B;) and then leaves the defect re-

gion with a probabilityP. (mechanism to cover the defgct

FIG. 9. Schemati® precipitate interface, wher@ a chemical ~ the vacancy exchanges first witty and then withBy, with
defectA B, is formed. The right sketches represent the two con-& pProbabilityP, (mechanism to anneal the defect

sidered mechanisms by which a new solute atBgn(b) or B; (c), Calculations of probabilitied®, and P, are detailed in
covers partially the defect with a probabili§, . The vacancy in- Appendix B. To reduce the number of possible configura-
volved ([J) may also anneal the defect with a probabilRy. tions we simplify the problem by taking a one-dimensional

184114-11



JEAN-MARC ROUSSEL AND PASCAL BELLON

103
102

10!

PHYSICAL REVIEW B3 184114

highly correlated whema* increases, i.e., the vacancy tends
to jump straight back to its initial position whea* in-
creases.

This model also provides some insight into the buildup of

PJP, 100 —0.5 interface roughness since the failure to annea_l th(_e apove
5 chemical defects correspond to a lack of interfacial diffusion
107! that could smooth out interfacial roughness. This lack of in-
102 0.5 (a) terfacial diffusion can be seen as a generalization of the posi-
tive Ehrlich-Schwoebel barriers that are known to exist for
1073 03 02 o6 s the migration ofB atoms across descending steps whé&n
T/T. =—1/33 The present situation is however more complex
because of the curvature of the interface and because of the
1o? ' ' many successive configurations that are involved in the trap-
102 ping of the A atoms. In qualitative agreement with the
present calculations, it is observed in the KMC simulations
lo! % (Fig. 7) that diffuse interfaces develop only faf<—1. A
PP, 10° _1' full treatment of the effect och* on the kinetic roughening of
/ ] growing interfaces is however clearly beyond the reach of
107 0 ] this simple model.
102 F 0.5 (®) b
107 0.2 ol 06 08 1 IV. DISCUSSION

T/T. . .
/ In the past, most KMC studies of second-phase precipita-

FIG. 10. P./P, probability ratios as a function of the reduced tion and coarsening have been performed with no interaction
temperature T/T., for various a* values @*=-15-1, asymmetry & =0). We show here that the kinetic path of
—0.5,0,0.5) and for a cluster siz&) =100 atoms. Calculations are precipitation is however strongly affected by moderate asym-
obtained frpm Appendix B for the twq cases involving: eitf@ra metries, i.e., in the range of unity. For application to real
B, atom[Fig. 5b)] or (b) 2 B; atom[Fig. 5(c)]. alloy systems, one can choose to determine the asymmetry

from the difference of the pure metal-cohesive energies, or
model (i.e., with spherical symmetjyand by distinguishing the vacancy formation energies, or the vacancy migration
only average residence time per concentric atomic shell. lenergies. For metallic alloys different asymmetry parameters
this framework, the calculated probabilities however includewill be obtained depending upon the method used, because
reverse-jump probabilities in order to take into account theof the well-known failure of pair potentials to reproduce
fact that some jumps are highly correlated. properly the energetics of these alloys. The main point is,

The P./P, calculation as a function of /T, anda* is  however, that quite large values are often obtaitfedy in-
illustrated for(l)=100 atoms in Figs. 1@) and 1@b) for the  stance, ranging frora* = — 1.8 to — 3 for Cu-Co. We there-
cases involving aB, and aB; atom, respectively. AT fore conclude that for many experimental situations the evo-
~0.25T; and fora*<-—1, both considered cases present|ytion of the system cannot be properly reproduced without
very largeP. /P, ratios, which, therefore, indicates a strong taking into account asymmetry effects.
tendency to cover the chemical interface defect as observed As a direct illustration of the above point, new three-
in the KMC simulations. Conversely, fa* =0, the anneal- dimensional atom probe measurements of the composition
ing of the interface defect is largely favored sing/P,  and interface properties of Co-rich precipitates growing at
values are very small. Finally, the intermediate valfe 723 K in a Cu-rich matrix have revealed unexpected features,
=—0.5 presents a competition between the two mechanismsuch as the formation of supersaturated precipitates contain-
depending on the type d8 atom consideredRg, or B;). ing up to 20% Cu and the formation of disordered, diffuse
Calculations reveal a small tendency to cover the chemicahterfaces extending over 1 ntfiThese unexpected and so
defect with aB, atom and a small tendency to anneal it in far unexplained features are directly reminiscent of our find-
presence of &; atom. ings for moderate or large negative asymmetry parameters.

This simple calculation oP./P, provides direct support The reduced experimental temperature is larger than that
for the qualitative explanation of the precipitate supersaturaused in the present simulations: by fitting the solubilities
tion origin. It confirms our conclusions made from the directwith a subregular solution model this reduced temperature is
visualization of the configurations in Fig. 8 and it predicts estimated to be~0.45T,.** The asymmetry parameter for
the presence of supersaturated precipitatefor —0.5 as  the Cu-Co system is however more negative than the values
observed in the Monte Carlo simulations in Fig. 6. Numeri-we used in our simulations. Our mean-field model indicates
cally, the drastic decrease d¢f./P, when a* increases that both variations T and a*) in fact compensate each
comes from the fact that in the mechanism to cover the deether, and that asymmetry effects for Cu-Co at 723 K are
fect, the exchange of the vacancy with Bgatom becomes expected to be similar to that observed in our simulations for
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In this paper we investigate the effect of asymmetric APPENDIX A: CUBO-OCTAHEDRON CLUSTER
atomic mobilities on the precipitation path in a model binary

alloy. We use an atomistic mo_del where_en_ergetlcs_ 'S SImpléypical cluster considered in Sec. Il A, we have used a
modeled by first nearest-neighbor pair interactions, andin e cubo-octahedral polyhedron in the fcc structure. In
where dn‘f_usmn p.rocegds _by atom-vacancy exch_anges. Renis appendix we detail this numerical aspect.

sults obtained using kinetic Monte Carlo simulations show  cjyster surface and volumeConsidern, the number of
that the interaction asymmetry parametea*=(ean  successive atomic shells forming a cubo-octahedrod ai-
—egp)/(eant €gg— 2€,E), has a determinant impact on the oms embedded in a matrix & atoms. The cluster surface
precipitation kinetics and on the characteristics of the prethen containdNy(n)=2(5n%+1) atoms which, by summing
cipitates that are formed during isothermal annealing. For &ach shell gives a cluster voluni,(n)= 1+ (n/3)(10n?
AgsBs alloy quenched from infinite temperature and an-+151+11) atoms. For numerical appllcatlorl in E§) we
nealed aff =0.258T; we found the following. take (I)=No(n), (I)—=(I7)=Ng(n), and {I")—(I)=Ns

. . . . . (n+ ]_)_
by (tﬁeTg\(/aa(;c())?;Stﬁ)r:?cgog]:jtehnesgtri?)(;:prlrﬁfh:n?:rﬁ:fg Edgr(r)ugated Coordination numberEach shell presents four inequiva-

. " ; . ) lent types of sites[on vertex, edges (100 and (111
while for a*=0 the coagulation mechanism remains theg, a4 Taking into account these different sites, thth
dominant coarsening mechanism for precipitate sizes atilea§he|| shares with then(+1)th one, a number of bonds
up to 1000 atoms. Furthermore, in the coagulation regimen, ., =12(3n2+3n+1). To estimateZ™ and Z* in
the volume-coarsening exponent increases from about 0.38gs. (6) and (7), we distinguish for a site in a given
for a* =—0.5 to 0.62 fora* =0.5. shell the number of its first neighbors in adjacent and

(2) For a* =0,—0.5 the compositions of the precipitates same shells. Thus, a site in the surface slie#., the
and of the matrix are in good agreement with ttecal) nth shel) has an average number of first neighbors in
equilibrium compositions predicted by the Gibbs-Thomsorthe adjacentrf+1)th shellZ; =Ny, 1/Ng(n), in the adja-
formula. In the case* <—1, however, a large supersatura- cent (1—1)th shell Z, =N,_;,/Ng(n), and in the same
. L . 0_ + - _ H
tion of the precipitates is measurédore than two orders of Nnth shellZ;=Z—-7 -7, whereZ=12 is the total fcc co-
magnitud, while in the casea*=0.5 a significant super- ordination number. In Eqs(6) and (7) Z" =2, , andZ*
saturation of the matrix persists for long times. =Z,.

(3) In the case where supersaturated precipitates are ob-
served, precipitate/matrix interfaces are shown to carry a
!arge energy excess, which originates from disordered, rough \ye detail in this appendix the calculation Bf /P, prob-
interfaces. __ability ratio discussed in Sec. Ill C 2. It requires us to define

We have shown that these results can be rationalizedyerage atom-vacancy exchange frequencies at the vicinity
when one takes into account the effect of the asymmetryf the cluster interface and for the specific configurations
parameter on the vacancy distribution and migration in artonsidered in Figs. 9.
aIon that contains precipitates. Using a simple mean-field Average frequencies and residence tin‘iﬂsing average
model we show in particular that by varyirg® one can coordination number from the above described cubo-
force the vacancy to reside mostly in the matffer large  octahedron geometry, we report for various atom-vacancy
negativea* values or to be trapped in the precipitaté®r  exchanges in Table Ill the configuration dependent part of
large positivea* values. Furthermore, the vacancy prob- the activation energies defined in H@). In Table I, indi-
ability distributions display different evolutions with the pre- cesp denote the shell where the eleméyy, B,, or V, is
cipitate size. These combined effects provide a simple qualilocated. Considering, for example, the exchange between a
tative explanation for the effect oB* on coarsening vacancy in thenth shell (v,) and anA atom in (0+1)th
mechanisms and even a quantitative modeling for the coag$hell (A, 1), this A atom is surrounded byZ(-Z,, ;) A
lation exponents. We then propose a simple mean-field kifirst-neighbor atoms, and according to Kf), the frequency
netic model to study the effect @* on the trapping ofa  for this exchange is
atoms at growing precipitate interfaces. The model, in agree-
ment with the KMC simulations, indicates that wheri
=<-—1, Aatoms are kinetically trapped at growing interfaces. E°-3(Z-2,,)(1+a*)e
This provides a simple explanation for the buildup of inter-  T{V,A,,}=vexp — T
face roughness and the precipitate supersaturations measured
in the simulations. (B1)

To quantify the various geometric parameters describing a

APPENDIX B: P./P, CALCULATION
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TABLE lll. Configuration-dependent part of the activation enerdjies. (1)] for vacancy-atom exchanges
in the vicinity of a cubo-octahedron cluster interface, wheig=(e/2)(1+a*) and Eya=(€/2)(1—a*).
Coordination numbersZ;, ,Z;, ...) aredefined in Appendix A. Indicep denote the shell where the
elementA,, By, orV, is located(see Appendix B In the lower part of the table, the specific exchanges in
the configurations illustrated in Fig. 9 are considered.

anl Vn Vn+l Vn+2
Ans2 [Z—-1]Eys —[Z—-1]Eys
Ani1 _[Z_Z;+1]EVB _[Z_Z;+1_1]EVB _[Z_Z;+1_1]EVB
Bn —[2-Z;—1]Eya —[Z-Z,—1]Eya —[Z-Z,]Eya
Bn-1 —[Z—1]Eya —[Z—1]Eya
Ad —[Z2-Z,,1—1]Eys —[Z,—2]Eys
Bg —[Z,+1—1]Eva
B, 0 —[Zn+1—1]Eya
Bi —[Z,+1—1]Eva —[Zn+1]Eva —[Zn+1]Eva

From Table Ill, the mean residence timef the vacancy in  whereI'{V,,,B,} is the frequency of the reversé, B,

this configuration can be written as exchange and?, is the mean residence time after the first
- 0 + -1 jump,
T=[Z T{ViBn_ 1} + ZU{ViBot +Z T{V A}l
(B2
Let us now consider the specific configurations illustrated 7e=[(Zn 2= DI{Vai2Ans 1t +T{Viai2B,}

in Fig. 9, i.e., a vacancy/,, that is first neighbor of both
A4 and B, (or B;) atoms. We noterj and 7, the mean
residence times of the vacangsespectively, in Figs. @)
and 9c¢)] before making any first jump/, ; is assumed not  Similarly, for the mechanism witB; ,
to be first neighbor oB4 and therefore hag,, B first

neighbors. To simplify the calculation, only the local

+(Z_Z;+2)F{Vn+2An+2}]7l- (BG)

environments of this initial vacancy site and of thg, B, L=T{V, 1B} o} [(Z2, ;= DT{Vp 1A 1)

(or B;) ones are considered. Average coordinations of the . .

other neighbor atoms are given by the cubo-octahedron +Zy A I{Var1Ani 2] e, (B7)
geometry.

Probability P, to anneal the defectAs defined in
Sec. Il C 2 and illustrated in Fig. ¥, is the probability
for a vacancy, ,, to exchange first witlAy and then with
By. P, may be written as the product of two relative prob-
abilities

WhererL is the mean residence time after the first jump

7' = [Zn+ 1F{Vn+ 1Bn}+ (Zn+1 1)F{Vn+lAn+ 1}

Po=T'{VnriAd X [{ViBo}ar  (BY VB Zoal Vo T (B9)
wherery= 73 (Or TO) and r, is the mean residence time after
the first vacancy jump. Using the above mentioned approxiwhere I'{V,, 1B} is the frequency of the reversé,, B,
mation to calculate average frequencies, the activation eneexchange, which differs fron’{V,,B;} only by the fact
gies forT'{V,;1A4} andT'{V,By} are reported in Table Ill thatB; has now Z,, ;—1) B neighborgdue to the presence
and 7, is given by of Ay) instead ofZ,, ;.
B 0 . In Figs. 1@a) and 1@b), respectively, ratio$,/P¢ and
Ta=[Zy T{ViBn-1} + Z U {V B} +(Z, = 2)T{V,Ans 1} P,/P. are plotted as functions of the temperature and for a
+T{V, A+ T{V,Bg} 4, (B4) cluster.s'i'ze<l)=100 atom_s_. Notice that in Eq$B3)—(B7)
probabilities can be modified by the fact that the vacancy
whereI'{V, A4} is the frequency of the reversg,, ;Aq ex-  may also perform other correlatédnd more complicated
change. _ jump sequences driven by tle& asymmetry term. In par-
Probability P to cover the defectPy (P;) is the prob- ticular, before doing its first jump, the vacancy may return to
ability for the vacancy,, 4 to exchange first witlB, (B;) its initial site after any two reverse jumps and without chang-
and then with anyA atoms(see Sec. IllC 2 and Fig.)9 ing the atomic configuration. It is however interesting to note
Considering the mechanism involvirg}, , we have that this contribution enhances by the same factor the prob-
abilities P,, P., and P.,'? and therefore, does not affect
Pe=T{Vn+1B 10X [1-T{Vqi2B,} 7], (B5)  their ratios reported in Fig. 10.
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