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bstract

The effect of grain boundaries (GB) on decomposition of solid solution was investigated in the framework generalized lattice gas model taking
nto account both local variation of chemical potential and the diffusion mobility near GB. It was shown that nonequilibrium GB can essentially

hange the phase equilibrium of alloy and surface directed spinodal decomposition (SDSD) caused by GB determines the precipitation morphology
n nanograined materials. The increase of atomic mobility near GB can result in formation of lamellar structure propagating from GB to inside the
rains and variation in morphology from lamellar to drop-like type structure when composition change.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is well-known that grain boundaries (GB) play an impor-
ant role in phase equilibrium of alloys. GB’s are considered as
referable places for segregation of one of the components and
timulate heterogeneous nucleation of a new phase [1]. Recently
ttention was drawn to another aspect of this problem, i.e. the
ole of inner interfaces/or boundaries in transformation kinetics
nd microstructure formation [2]. It was found that the interfaces
an stimulate the appearance of concentration waves propagat-
ng inside a sample when homogeneous alloy state is unstable
ith respect to spinodal decomposition. This phenomenon has
een thoroughly studied lately (see review [3]) and was called
urface directed spinodal decomposition (SDSD). In the case of
DSD a new phase is formed the alternating domains repeat-

ng the GB’s geometry [4]. As was shown in [5], in some
ases the concentration inhomogeneities can reach macroscopic
evel.

It follows that the role of GB’s in alloys phase instability
ill grow drastically when grain size decreases to nanoscale
nd fraction of atoms in GB region become comparable with
hat of the core. In particular, the observation of unusual phase
ransformations in nanograined materials at intensive plastic
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eformation [6] confirms this point of view. Though the question
f physical mechanisms of the phase instability under inten-
ive plastic deformation is still under discussions, there is no
oubt that a thermodynamic factors [7] should be taken into
ccount for explanation of decomposition phenomena in systems
f freely miscible components or formation of new nonequilib-
ium phases [8].

As it was stressed in [7], the decrease of grain size to nanome-
er range may stimulate the decomposition even in a stable solid
olution. An essential condition for realization of size effect is
long-range chemical potential perturbation produced by GB.
his approach [7] is distinguished from conventional SDSD
odels [3] where a change of chemical potential is strictly local-

zed on GB. The important role of the surface in redistribution of
toms is shown in [5] where the long-range effect was ascribed
o elastic strains. We can also expect the long-range influence of
B on spinodal decomposition since the GB in nanograin mate-

ials after severe plastic deformation are highly nonequilibrium
nd can create significant lattice distortion [9].

In this paper we develop the model [7,8] taking into account
he microscopic mechanism of interaction between GB and
olute atoms. We generalize a lattice gas model for the inhomo-
eneous case where parameters of chemical bond are changed

ear GB. This allows us to consider in a unified scheme GB seg-
egations of one component and the change in diffusion mobility
n region adjacent to the boundary. The developed model repro-
uces main features of SDSD in detail and also predicts the new
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henomena such as, for instance, dissolution of precipitates in
mall grains.

. Model description

For description of decomposition kinetics we use ABv model
f the lattice gas (see [10] and reviews [11,12] in which A, B
orrespond to alloy components and v is a vacancy. Kinetic equa-
ion for concentrations Cα

i = 〈nα
i 〉 (nα

i is occupation numbers,
in case if atom α = A, B placed in i position and 0 in oppo-

ite case) is deduced from the master kinetic equation for ABv

odel in mean field approximation [5,10–12]. As a result we
et a discrete analog of Fick’s equation:

∂Cα
i (t)

∂t
= −

∑
j

Jα
ij(t), Jα

ij = −ωα
jiC

α
j Cv

i + ωα
ijC

α
i Cv

j (1)

escribing the evolution of the concentrations Cα
i in time, where

α
ij = ωα

0 exp

(
Eint

iα

kT

)
, ωα

0 = να
0 exp

(−Uα

kT

)
(2)

re frequencies of atom jumps into a neighboring vacant site
i → j); Uα is atomic energy in a “saddle” point and it does not
epend on configuration:

int
iα =

∑
k

[ϕαA(rik)CA
i+k + ϕαB(rik)CB

i+k] (3)

s interaction energy of atom i (in initial site before jump); ϕαβ(r)
s pair interaction energy of α, β atoms at a distance r.

Assuming that concentrations Cα(r) vary slowly on the scale
f lattice parameter a, i.e. Cα(r + a) ≈ Cα(r) + a·�Cα(r), Eq. (1)
an be presented in the form:

∂Cα(r, t)
∂t

= −∇ · Jα(r, t) (4)

here the flux is determined by the following:

α = ωαCα∇CV − ωαCV∇Cα − CαCV∇ωα (5)

here Cα and CV are concentrations of alloy components
nd vacancies which obey the relations CA + CB + CV = 1 and
A + JB + JV = 0. In this approximation the interaction energy
3) is determined by expression:

int
α (r) = (ΦαB − ΦαA)(Cβ(r) + R2

α	Cβ(r)) + Φαα (6)

here

αβ =
∑

k

ϕαβ(|r − rk|), R2
α = 1

2(ΦαB − ΦαA)

×
∑

k

r2
k (ϕαB(|r − rk|) − ϕαA(|r − rk|))
n an ideal homogeneous lattice these values Φαβ, Rα are iden-
ical in any position (Φαβ = const, Rα = const). But deforma-
ion near defects or nonequilibrium grain boundaries destroy
he equivalence of lattice sites. Therefore, we assume that

a
d
s
a

ig. 1. Equilibrium phase diagram of a regular solid solution. Solid line corre-
ponds to a solubility curve, dotted line to spinodal.

αβ = Φαβ(r) and Φαβ(r) = Φ
(o)
αβ + δΦαβ(r), where Φ

(o)
αβ corre-

ponds to the ideal lattice and dependence δΦαβ(r) is determined
y a lattice deformations.

In the present paper we suppose that fluxes of nonequilib-
ium vacancies are absent and we accept that JV → 0; JA = −JB.
lugging Eqs. (6) and (2) in (5) we get:

α = − ωαωβCV

(ωαCα + ωβCβ)

[
(1 − ΨCαCβ)∇Cα

+1

2
CαCβ(∇φα + (1 − 2Cα)∇Ψ − R2∇(Ψ	Cα))

]
(7)

here Ψ = (2ΦAB − ΦAA − ΦBB)/kT is dimensionless energy of
ixing and �φα = (Φαα − Φββ)/kT is the so-called asymmetric

otential [12].
Substituting (7) in (4) we obtain a kinetic equation of gener-

lized Cahn–Hilliard model [13] for heterogeneous systems in
hich thermodynamic parameters Ψ and φα vary in space.
The term proportional to 	Cα in (7) has the same sense as a

ontribution of boundaries of the concentration heterogeneities
n Cahn–Hilliard equation [13]. The first item describes nor-

al diffusion processes, when 1 − ΨCACB > 0 and it leads to
ecomposition if alloy parameters cross the spinodal (in this case
− ΨCACB changes sign). The other terms describe the additive

timulus of decomposition due to the system heterogeneity and
ence, it gives microscopic expression for the chemical poten-
ial variation. Besides, ωα = ωα(r) determined by expressions
2), (6) describes the variation of atomic mobility near GB. We
ssume that vacancy concentration CV is a constant while time
cale of decomposition kinetics is determined by the choice of
he CV value.

In an infinite ideal lattice at Ψ < 0 the concentrations distribu-
ion is homogeneous. At Ψ < 0 an alloy has an intrinsic thermo-
ynamic stimulus for decomposition and transformation kinetics

re determined by the position of alloy parameters on a phase
iagram (Fig. 1). For regular solid solution the solubility line and
pinodal are described by equations: ln(CA/CB) = Ψ (2CA − 1)/2
nd 1 − ΨCA(1 − CA) = 0, respectively.The study of decompo-
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ig. 2. Wave decomposition stage stimulated by segregations on GB (a–c) at δφ

nd “drop-like” decomposition mechanisms at CA0 = 0.5 and CA0 = 0.3, respect

ition kinetics in presence of GB was carried out by numerical
ntegration of Eqs. (4) and (7) for square grain (L × L) in the
ssumption that distribution of concentrations beyond the grain
s a mirror symmetric with respect to boundaries. A homoge-
eous distribution with 100 small Gauss random fluctuations
as taken as an initial state for simulations. The disturbance

ntroduced by GB in the thermodynamic parameters of the alloy
as a long-range nature [7] with a typical length scale ξ:

= Ψ0 − δΨ

1 + x2/ξ2 , φα = φα
0 − δφ

1 + x2/ξ2 (8)

here δΨ , δφ are parameters specifying the disturbance ampli-
ude, x is the distance from GB.

The influence of GB on spinodal decomposition kinetics
s performed considered when alloy parameters belong to the
egion 3 (Fig. 1). The length R, characterizes the thickness of
nterphase boundary; time τ was measured in units CV(ωA0

0 +
B0
0 )/2R2. The results shown below were obtained at L = 100R,
A
0 /νB

0 = 1, ξ = (1–10)R.

. Spinodal decomposition induced by grain boundaries

The undercooling made below spinodal curve (region 3,
ig. 1) results in alloy phase instability. In this case alloy decom-
osition can be provoked even by a negligible variation in chem-
cal potential of components near GB. Figs. 2 and 3 show typical

atterns of the wave stage of SDSD (for square region—various
rey shades correspond to different concentrations of A compo-
ent) with disturbance of thermodynamic parameters (8) near
he boundaries. As is seen, our results demonstrate more rich

t
t
f
d

ig. 3. Wave decomposition stage stimulated by GB: intermediate stages of decompos
f atomic mobility of components near boundary x = 0 (c and d). Ψ0 = 8; φ = 0; δφ = 0
A0 = 0.5 (a, b and d), 0.3 (c).
5φ0 and for no perturbation on GB (d). Fragments (a), (b–d) show “stripe-like”
Ψ0 = 8, φ0 = −2, ξ = R, τ = 5 L = 100R (a, b and d), L = 200R (c).

ecomposition kinetics than the conventional SDSD models
3–5].

Fig. 2a–c illustrate the development of SDSD when the B
omponent segregates on GB. The structure evolution during
onventional spinodal decomposition without GB is also given
or comparison in Fig. 2d. The main parameter responsible for
egregations at grain boundaries is φα(x). The occurrence of
egregations determines further transformation kinetics and as
result the “stripe-like” or the ordered “drop-wise” structure

epending on the composition (diluted or concentrated solid
olution) are realized. In Fig. 2b such process looks like an
nterference of plane concentration waves propagating from
ach boundary. This effect disappears when concentration CA0

ncreases (Fig. 2a) and plane waves become the independent
odes controlling the decomposition kinetics.
The region covered by SDSD depends on the relation between

oncentration wave propagation velocity and decomposition rate
nside grains. Hence, at small grain size the GB completely deter-

ines the morphology of precipitations (Fig. 2a–b) while for
oarse grains the ordered structure of SDSD in the boundary
egion coexist with “normal” SD in grain core (Fig. 2c).The
eviation of energy Ψ near GB region also can lead to segrega-
ions at GB if a mean value of component concentrations CA0,

B0 is not too close to 0.5, otherwise, according to Eq. (7), the
erm proportional to �Ψ goes to zero. Besides, the deviation of

0 from mean value leads to a local change of conditions of

he solid solution stability. As seen from Fig. 3a and b fluctua-
ions introduced in the initial concentrations distribution develop
aster in the central part of a sample (Fig. 3a) or near GB (Fig. 3b)
epending on the sign of additional term to mixing energy δΨ

ition with change of mixing energy near GB (a and b) and an increase (doubling)
; τ = 2.5; δΨ /Ψ0 = 0.5 (a), −0.5 (b), 0 (c and d); ξ = 5R (a and b), 2R (c and d);
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ig. 4. Downsizing (b and d) and partial phase dissolution and component m
= 2 × 103, ξ = 10R; (b) Ψ0 = 5, φ0 = 3, δφ = 0.25φ0; (c) Ψ0 = 5, φ = 0, δΨ = 0.5Ψ

ear GB. The size of heterogeneous region near GB is deter-
ined by value of ξ, which is the dimensional parameter of Ψ

erturbation near GB.
In Fig. 3c and d the typical patterns of wave stages of SDSD

re presented for the following conditions: �Ψ = 0, �φα = 0 and
requencies ωα near GB (located at x = 0) is much higher than
n the grain volume. As a result, the wave stage of the spin-
dal decomposition first is achieved in a narrow region near GB
nd periodical concentrations distribution is formed along GB.
his structure determines further transformation behavior and
s a result, stripe-like (saturated solution) or ordered drop-like
diluted) structure is formed in the boundary adjacent region. It
hould be noted that the layer having a specific morphology of
egregations near the boundary region is much broader than the
ayer in which atomic mobility of components differs from the
olume one.

. Downsizing and dissolution of precipitates in the
mall grains

Above we discussed the decomposition kinetics of the chemi-
al uniform (in initial state) nanocrystalline alloys after intensive
eformation. In that case the appearance of new grain bound-
ries can provoke the spinodal decomposition. Let us consider
nother case when grain size is decreased in an alloy that was
reviously decomposed into two-phase state as a result of SD.
n this case new GB can arise inside precipitates and bring the
dditional stimulus for atomic redistribution.

Fig. 4 shows the evolution of precipitates after appearance
f new GB, stimulating segregations of A component at GB. It
s assumed that the position of new GB coincides with bound-
ries of simulation box while the precipitate of A component in
he initial state located in the center (Fig. 4a). As is seen, very
ispersed structure can form during intermediate stages of the
omponents redistribution (Fig. 4b) If mixing energy Ψ at GB
egion is lower than in grain volume and �φα = 0, the initial
istribution of components evolves with time towards a hetero-
eneous structure (Fig. 4c) in which the near-boundary region
s enriched by A component (CA ≈ 0.5).
The most striking result is that in a certain interval of param-
ters the perturbation of mixing energy δΨ introduced by GB
an lead to the repetitive composition heterogeneities (Fig. 4d)
imilar to concentration waves accompanying SDSD. Segrega-
(c) when GB’s are introduced in a two-phase system. (a) Initial state; (b–d)
) Ψ0 = 8, φ = 0, δΨ = 0.4Ψ0.

ion of one component (minority) provides the conditions of the
eginning of SD, however, the heterogeneities near GB are to be
elatively stable and with its movement from a boundary inward
he grain volume, new segregations can be form near GB.

. Conclusion

To summarize, the GB have considerable effect on the mor-
hology of a segregated phase when state of an alloy is close to
nstability with respect to spinodal decomposition. In nanograin

aterials the development of the SDSD can be responsible for
ormation of an alloy microstructure. The variation of mixing
nergy can lead to a local displacement of phase equilibrium
oundaries and stimulate or retard decomposition process in a
ear-boundary layer whose width is determined by chemical
otential perturbation near GB. The increase of diffusion mobil-
ty even in a narrow layer near GB qualitatively changes the
ecomposition pattern in a broad region adjacent to GB. It was
lso shown that the formation of new GB in a two-phase state (via
evere plastic deformation) can break the alloy thermodynamic
quilibrium and result in downsizing and their dissolution.
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