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bstract

his paper reports mesoscopic Monte Carlo simulations (in which a ‘mesoscopic particle’ corresponds to a group of atoms or molecules) of
nterfacial films in ZnO–Bi2O3 binary ceramics. We observe the formation of Bi2O3-rich interfacial phases at the surface of ZnO grains (surface
morphous films) or at the grain-boundary between ZnO grains (intergranular films). In qualitative agreement with the experimental results reported

n premelting of ceramics, the thickness of these films increases as the temperature increases up to the eutectic temperature. Moreover, the Bi2O3

oncentration in the surficial or intergranular films is found to be larger than in the bulk. These surficial films exhibit both some layering and lateral
rdering.

2010 Elsevier Ltd. All rights reserved.

eywords: Grain boundaries; Monte Carlo simulation; Surficial amorphous film (SAF); Intergranular film (IGF); Premelting
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. Introduction

Classical high voltage surge-protection devices, the so-called
varistors’, are binary ceramics which are synthesized by ball-
illing more than 90 wt%. ZnO with other oxides such as Bi2O3,
b2O3, Cr2O3, MnO and Co3O4.1,2 After adding an organic
inder, the aqueous slurry is spray-dried to produce particles
hich are then transferred to hydraulic pressing for shape form-

ng. In a second step, the resulting green ceramics is sintered
bove 1100 ◦C to obtain a dense material having a heteroge-
eous microstructure which is at the origin of their non-ohmic
lectrical behavior (the ‘varistor effect’).3,4 Upon sintering, a
i2O3-rich phase, which arises from complex reactions between

he multivalent dopants and additives, forms at the ZnO grain

oundaries. The following chemical equilibrium reaction has
een proposed to explain the formation of such an interfacial
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hase:

Zn2Bi3Sb3O14(s) + 17ZnO(s)

� 3Zn7Sb2O12(s) + 3Bi2O3(l) (1)

here (s) and (l) denote solid and liquid phases, respectively.
he nature of the intergranular rich phase varies along the grain
oundary: from a several �m thick Bi2O3 amorphous film at
he triple junction to a string of isolated bismuth ions at the
omojunction5 (Fig. 1). Such possible interfacial ‘states’, which
rise from the abnormal grain growth of ZnO, are often referred
o as ‘complexions’ in the literature.6–8 As will be discussed
ater in this introduction, the stability of the different interfacial
hases has been investigated by several groups. However, the
elative stability of the Bi2O3 layer surrounding the ZnO grains
ith respect to the phase consisting of Bi-atoms into the ZnO
atrix is not well understood because the binary phase diagram
i2O3/ZnO itself remains unclear.9,10 Moreover, in Bi2O3-

oped ZnO, Bi2O3 might be present as complex phases such
s “tetragonal �-Bi2O3” or “cubic �-Bi2O3”,11 which cannot be
asily distinguished by powder X-ray crystallography. Most of
he discrepancies between the results reported in the literature
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Fig. 1. (a) Backscatering electron image of a commercial ZnO varistor ceramic (the ceramic was courteously provided by Areva T&D). (b) ZnO/ZnO homojunction
observed at high magnification with schematic illustrations of interfacial microstructures and their corresponding breakdown voltages as depicted in Ref. [19]. (c)
S O3 fr
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chematic representation of the interfacial microstructure after recession of Bi2

an be partly explained by the differences in the experimental
ethods employed to investigate interfacial films in ceramics.
n the one hand, X-ray diffraction, which is sensitive to phases
aving large volume fractions as it measures a large area of the
ample, is unable to detect interfacial films. On the other hand,
ethods such as Transmission Electronic Microscopy (TEM)

llow investigating junctions and interfacial films. Intergranular
i-rich films at ZnO grain boundaries were observed by several
uthors such as Kingery et al.12 or Greuter and Blatter13 On the
ther hand, TEM images of the microstructure of commercial
aristors show that most of the ZnO grains are not surrounded by
secondary-phase film.5 The latter observation is in agreement
ith the work by Einzinger14 who introduced the concept of
omojunction (ZnO–ZnO junctions2). Metz et al.5 also proposed
hat most of the Bi2O3 initial phase is in fact vaporized or solu-
ilized in the ceramics. Other authors such as Gambino et al.15

r Olsson and Dunlop16 combined both views and proposed
hat the electrical properties of ZnO–Bi2O3 ceramics depend
n their thermal history. In their work, Olsson and Dunlop16

ere able to show the existence of several interfaces in sintered
olycrystalline ceramics: triple or multiple point interfaces with
o varistor effect due to the presence of pyrochlore,17 spinel
nterfaces with a moderate varistor effect (the latter finding is
onsistent with the fact that Zn7Sb2O12 is a n-type semicon-

uctor [18]), intergranular films of a thickness of 2 nm, and
omojunctions with no intergranular phase but containing seg-
egated Bi cations (corresponding to a partial coverage of ∼1/2
onolayer). We note that the formation of discrete partial mono-

t
w
t
i

om the grain boundary to the triple points during the cooling of the ceramics.

ayers has been confirmed by other groups and is considered as
n equilibrium thickness in polycrystalline ZnO ceramics.19,20

mong the interfacial phases mentioned above, the 2 nm thick
i2O3 film was found to have the best electrical properties as

ar as the varistor effect is concerned16; indeed, such films have
10% higher breakdown voltage compared to the Bi mono-

ayer or 1/2 monolayer. A schematic illustration of a ceramics
rain boundary based on the picture provided by the Olsson
nd Dunlop16 and Kobayashi et al.21 is presented in Fig. 1; two
f the interfacial phases mentioned above can be observed: (1)
i2O3-rich film having a thickness of several nm and (2) a 0.5
onolayer of atomic bismuth. From a theoretical point of view,

b initio calculations have shown that the decoration of ZnO
rain boundaries by Bi atoms might occur as it is energetically
avorable.22 Other ab initio calculations by the same group23

ave also shown the low solubility of zinc in �-Bi2O3. How-
ver, the latter result is not supported by the experiments by
umada et al.24 who reported the synthesis at room tempera-

ure of the tetagonal-ZnBi2O6 and monoclinic-Bi2O4 phases.
egarding this last issue, it should be noted that ab initio cal-
ulations in Ref. [23] are 0 K calculations so that the entropy
erm, which significantly contributes to the solubility of foreign
pecies, is neglected.

To gain insights into interfacial films in ZnO–Bi2O3 varis-

ors, several studies have been carried out on ZnO sintering
ith Bi2O3 nanoparticles at temperatures close to the eutectic

emperature of the binary system (TE ∼ 740 ◦C). These stud-
es confirmed the formation of an interfacial amorphous film
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aving a constant thickness of 1.2 ± 0.3 nm.19 Such surficial
morphous films (SAF), which correspond to a general phe-
omenon as they are also observed at the surface of oxides,25,26

ere explained by Luo and coworkers using a pressure-balance
odel.27 In this thermodynamical approach, the stability of the
AF below the eutectic temperature is predicted by estimating

he system free energy as the sum of volume and surface con-
ributions. In the case of sintered ceramics, similar nanometric
urficial films, the so-called intergranular films (IGF), are con-
ned at the grain boundaries.28 In the case of ‘varistors’, the
GF are thought to be at the origin of the varistor effect since
i is required to observe the non-linear electric regime of the
aterials.8 From a general point of view, the formation of SAF

nd IGF is described in the literature as a phenomenon in which
remelting (the formation of these films is observed close to the
utectic temperature) combines with surface prewetting.29–31

espite the significant amount of work reported in the litera-
ure, some issues regarding the stability and formation of the
i2O3-rich SAF and IGF still need to be addressed. Among the
pen questions, the nature of the driving force behind the for-
ation of such films remain to be clarified: does it originate

rom the liquid surface tension between Bi2O3/ZnO(s) and/or
rom the confinement effect between ZnO grains? In order to
ain insights into the formation of SAF and IGF in ZnO–Bi2O3
eramics, we performed classical molecular simulations. Given
he complexity of the system involved in the formation of the
i-rich phase at the surface of a ZnO grain (SAF) or between

wo ZnO grains (IGF), we choose to conduct coarse-grained
olecular simulations in which one considers mesoscopic par-

icles consisting of a group of atoms or molecules (instead of
onsidering explicitly each atom of the system as in fully atom-
stic simulations). Such mesoscopic simulations can be used to
escribe the thermodynamics and dynamics of large scale sys-
ems in a qualitative and efficient way. The main limitation of
he mesoscopic methods lies in the fact that the details of the
tomistic level are lost. As a result, it must be emphasized that
he mesoscopic simulations employed in the present work do not
ccount for all of the physical and chemical mechanisms behind
he formation of SAF and IGF. In particular, the simple and ideal
escription of the interactions in our work does not account for
he specific features (covalent bonding, ionic interaction, etc.)
f any given experimental system. However, we believe that the
resent mesoscopic Monte Carlo simulations, with such a sim-
le model, helps to shed light on the formation of interfaces
n ceramics materials as it remains very general. In particu-
ar, the use of the semigrand ensemble, in which the fugacity
f the ZnO and Bi2O3 phases as well as the pressure P and
emperature T are fixed (more details will be provided in the com-
utational section), allows estimating the Bi2O3-concentration
nd thickness of the SAF and IGF. By considering different
emperatures T, we are thus able to draw a schematic phase
iagram for the Bi-rich phase at the grain surface or bound-
ry in varistor ceramics. In this paper, we report Monte Carlo

olecular simulation in the semigrand canonical ensemble of

1) the formation of the Bi-rich interfacial phase at the surface
f ZnO grains (SAF) and (2) at the grain boundary between ZnO
rains (IGF).
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. Monte Carlo simulations in the semigrand canonical
nsemble (NPTξB)

The Monte Carlo simulation technique in the semigrand
anonical ensemble is a stochastic method based on Statisti-
al Mechanics that simulates a binary system (AB) having a
onstant number of particles N = NA + NB in equilibrium with
n infinite reservoir of particles A and B imposing its fugac-
ty fraction ξB (with ξA + ξB = 1) as well as its pressure P and
emperature T.32,33 The use of the semigrand canonical Monte
arlo simulation method was motivated by the fact that it is well
dapted to estimate phase diagrams of binary systems.34,35 The
omposition xA is given by the ensemble average of the number
A of particles A in the system over N. Monte Carlo trial moves

n the semigrand canonical ensemble are particle displacements,
olume changes, and particle exchanges, and obey the following
cceptance probability:

acc = min

{
1, exp

[
−β(UN − UO) − βP(VN − VO)

+N ln
VN

VO

+ λAB ln
ξA

1 − ξB

]}
(2)

here UN and UO, and VN and VO are the energies and volumes
f the configuration after and before the move. β = 1/kBT where
is the temperature and kB Boltzmann’s constant. λAB equals
if the particle exchange attempt is from A to B and −1 if the

article exchange attempt is from B to A. Full details of the
onte Carlo technique in the semigrand ensemble can be found

lsewhere.32,34,35

As stated above, the choice of the semigrand canonical
nsemble was motivated by the fact that it allows estimating
he composition of a mixture AB (ZnO and Bi2O3 in the present
ork) for a given fugacity fraction ξ≡ (which is related to the

ctivity coefficients of the phases), pressure P, and temperature
. In other words, Monte Carlo simulations in this ensemble
an be employed to determine the composition of the system
A as a function of pressure and temperature at a given fugac-
ty fraction. We note that other common ensembles such as the
anonical ensemble (in which NA, NB, V, and T are constant)
nd the isobar-isotherm ensemble (in which NA, NB, P, and T
re constant) do not allow determining the change in the compo-
ition of the system when varying the temperature or pressure as
A and NB are maintained constant. On the other hand, we could
ave considered Monte Carlo simulations in the grand canonical
nsemble (in which the chemical potentials μA and μB and V
nd T are constant) as NA and NB vary. We selected the semi-
rand ensemble as it allows considering molecular simulations
or different temperatures T at a fixed pressure P (correspond-
ng to the most common experimental situation in which the
emperature and concentration are changed at a given pressure).

Due to the complexity of the system involved in the forma-
ion of the Bi-rich phase at the surface of a ZnO grain (SAF)

r between two ZnO grains (IGF), fully atomistic simulation
pproaches are difficult to carry out. In contrast, mesoscopic
imulations in which a ‘particle’ consists of a group of atoms or
olecules allow describing the thermodynamics and dynamics
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Fig. 2. Initial molecular configuration of a bulk binary system and of the SAF
and IGF systems. The bulk sample is a cubic box of N = 4000 particles forming
a FCC crystal of a length of L ∼ 18σ. A free interface (SAF) is then prepared
by removing particles from the bulk sample. In a similar fashion, particles were
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f large scale systems in a qualitative and efficient way (but,
gain, the details of the atomistic level are lost). In our work,
oth the ZnO (A) and Bi2O3 (B) phases are described as an
ssembly of ‘particles’ consisting of several atoms. The interac-
ion energy between Bi2O3 (A) and ZnO (B) phases is modeled
sing Lennard–Jones potentials:

ij(r) = 4εij

{(σij

r

)12 −
(σij

r

)6
}

(3)

here r is the distance between two particles i and j (i, j = A or B).
he first term corresponds to the short range repulsive interaction
hen two particles overlap while the second term corresponds

o the attractive van der Waals interaction that decays with the
istance as r−6. The interactions of Bi2O3/Bi2O3 and ZnO/ZnO
ere calculated using the following parameters in reduced units:
AA = 1.0, εAA = 1.0 and σBB = 1.1765, εBB = 1.6. The cross-
pecies A/B parameters, σAB = 1.0882 and εAB = 1.2649, were
alculated using the Lorentz–Berthelot combining rules. In what
ollows, all lengths and distances will be given in reduced units
ith respect to σAA while energies and temperatures will be
iven in reduced units with respect to εAA. These parameters
ere selected based on the fact that they lead to a simple eutec-

ic binary solid (with a reduced eutectic temperature TE = 0.5734)
hat is qualitatively similar to what is observed for ZnO/Bi2O3
eramics. It is worth mentioning that the present model does not
apture all of the features of grain boundaries and interfaces in
eramics as the details of the atomistic level are lost. Of particular
mportance, the specific interactions involved in ceramics such
s the long-range ionic interaction and covalent bonding are not
aken into account in our simulations. Due to such a limitation,
e are aware that our model is not sophisticated enough to relate
ur results to a particular experimental example. Nevertheless,
s will be shown later in this paper, this model can be applied to
ualitatively predict the formation of SAF or IGF. We note that
ully atomistic molecular simulations have been employed in the
ast to investigate impurity segregation in oxides36 and IGF in
eramics.37 Of particular interest for the present work, Yoshiya
t al. investigated by means of energy minimization techniques
no temperature is considered in the calculations) the structure
t the atomistic scale of an intergranular glassy film between
wo grains of silicon oxynitride.37 In this pioneering work, the
uthors also considered the effect of the interface composition on
ts energy. In contrast to such seminal works on IGF, the present
ork does not allow determining the structure at the atomistic

cale of SAF or IGF. On the other hand, the mesoscopic simula-
ions considered in our work allows determining how the phase
omposition varies upon changing the pressure or temperature.

Three systems were considered in this work in order to
nvestigate the formation of SAF and IGF in bulk binary
olids (Fig. 2). A bulk sample consisting of a cubic box of
= NA + NB = 4000 particles was first considered. The initial

onfiguration was constructed as a FCC crystal of a length

∼ 18σ. Particles were removed from the bulk sample in order

o prepare a semi-infinite solid with a free interface (SAF initial
onfiguration). In a similar fashion, particles were removed from
he bulk sample in order to prepare two semi-infinite solids with

fl
fi
t
t

emoved from the bulk sample in order to prepare two semi-infinite solids with
ree interfaces separated by a spacing of 2σ (IGF).

ree interfaces (IGF initial configuration). In the latter case, the
pacing between the two semi-infinite solids is 2σAA, Given the
esoscopic description considered in our model, we believe that
e are not able to distinguish SAF and IGF at two grain junc-

ions from those at triple of more junctions (being aware that
he chemical features of the grain boundary phase depend on
he type of junctions). As a result, in what follows, we restrict
urselves to the situations depicted in Fig. 2 in which a two-
rain boundary or a free interface are considered. We also note
hat our model of IGF, which consists of two slabs separated
y a short distance 2σAA, does not capture the physical contact
etween grains in real samples. However, the present model can
e used to mimic the confinement of atoms at the grain boundary.
oreover, in the course of the simulations, the atom positions

re allowed to relax (see below) so that the final positions are
eparated by short distances which are comparable with those
xpected in grain boundaries.

A cubic box was used to simulate the three systems shown in
ig. 2 since it is compatible with the FCC crystal stable phase
f the Lennard–Jones mixtures AB.37 Nevertheless, no numer-
cal bias was used in the course of the simulations to impose
his crystalline structure to remain stable; the initial FCC crystal
tructure was found to be stable as no melting was observed.
egular cubic boundary conditions were applied in the course
f the simulation runs. Each simulation consisted of a first run to
quilibrate the system using particle move and identity exchange
ttempts as well as volume change attempts. Once full equilibra-
ion is achieved, the system density ρ and composition xA (which
uctuate around their equilibrium value) as well as density pro-

les ρ(z) and pair correlation functions g(r) were averaged in

he course of a second simulation run. ρ(z) is defined for each
ype of particles i (=A or B) from the average number of parti-
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les < Ni(z) > with z between z and z + dz:

i(z) = 〈Ni(z)〉
L2 dz

(4)

The pair correlation function g(r), which allows to determine
hether the layer exhibits long-range (solid-like) or short-range

liquid-like) positional order, was calculated as:

(r) = 〈Np(r)〉
ρπr2 dr

(5)

here 〈Np(r)〉 is the average number of pairs of particles located
t a distance between r and r + dr from each other. The normal-
zation factor in Eq. (4) corresponds to the number of molecules
f an ideal gas having the density ρ in a system that would be
omprised in the volume between r and r + dr. In order to inves-
igate the structure of the particles located at the free interface
n the SAF and IGF, we calculated separately the g(r) function
or the particles in the bulk region of the material and that for
he particles at the interface.

. Results and discussion

Grain boundary melting has been investigated using either
hase field theory38,39 or molecular modeling such as Monte
arlo40,41 or Molecular Dynamics42–45 simulations. In contrast,

he thermodynamical stability and structural properties of SAF
r IGF in binary ceramics has received less attention. Fig. 3
resents our simulation results for the SAF and IGF as a func-
ion of the temperature. The subeutectic temperature was varied
rom T = 0.40 up to 0.56 (the eutectic temperature is T = 0.57).
or each temperature, the fugacity fraction for ZnO was kept
onstant at �B = 0.2. Such a fugacity fraction and temperature
ange were selected for the following reasons. For these temper-
tures and fugacity, the bulk solid phase-separates into two solid
egions A and B34 as is observed for experimental Bi2O3–ZnO
amples. Moreover, although changing the fugacity fraction and
emperature range would lead to other quantitative values, the
ame qualitative behavior would be observed. This is the major

imitation of any mesoscopic approach: while it allows consider-
ng large systems for a reasonable computing time and capturing
he basic physics of the mechanisms, it is not quantitatively
ccurate as the details of the atomistic level are lost.

r
l
s
t

ig. 4. Typical configuration for SAF (left) and IFG (right) at a temperature T = 0.56
articles, respectively. (For interpretation of the references to color in this figure lege
2 3

ions as a function of temperature: (squares) SAF and (circles) IGF. The black
hick line indicates the bulk composition xBi2O3 ∼0 while the dashed vertical
ine indicates the eutectic temperature, TE = 0.57.

Fig. 4 shows typical SAF and IGF configurations obtained
t the subeutectic temperature T = 0.56. In both cases, there is a
lm located at the free interfaces which is richer in Bi2O3 than

he bulk region of the material. This result is in agreement with
he work by Luo et al. who observed the formation of amor-
hous surficial films at the surface or at the grain boundaries in
eramic materials.27 Fig. 3 shows the ZnO/Bi2O3 composition
n the SAF and IGF configurations as a function of temperature.
he composition was estimated by averaging the fraction of
i2O3 particles over the whole thickness of the samples (con-

equently, the estimated value is necessarily lower than if the
alculations were restricted to the outer layer of atoms in the
AF or IGF). For a given temperature, both xBi2O3 for the SAF
nd IGF are larger than that observed for the bulk (xBi2O3∼0).
Bi2O3 varies from 1% up to 7% for the SAF as the temperature
ncreases from T = 0.40 up to 0.56. These results are consistent
ith the experimental data reported by Luo et al. who found that

he Bi2O3 concentration is 18% in a SAF versus 0.023% in the
ulk solid phase.27 In contrast to the data for the SAF, xBi2O3

or the IGF varies from 0% up to 2% for the same temperature

ange. Interestingly, at a given temperature, the IGF composition
ies in between those for the SAF and the bulk solid. This result
uggests that the IGF is an intermediate situation between these
wo systems; atoms at the interface in the IGF can be seen as

for a fugacity fraction ξB = 0.2. Yellow and red spheres are the ZnO and Bi2O3

nd, the reader is referred to the web version of the article.)
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Table 1
Average thickness of the surficial film in ZnO/Bi2O3 binary systems as a function
of temperature for the SAF and IGF. The eutectic temperature is TE = 0.57. ns

is the surface density in reduced units (particles/σAA
2) while e is the thickness

estimated from the simulation data using Eq. (9) (see text).

SAF IGF

ns e ns

0.40 3.0 0.7 1.0
0.44 5.9 0.7 2.5
0.48 8.9 0.7 5.1
0
0

B

A

w
c
p
t
function of temperature (e is expressed in reduced unit σAA). e
varies from 0.7 at low temperature up to 1.1 at high temperature
(close to the subeutectic temperature, TE = 0.57). Assuming that
σAA is of the order of magnitude of the nanometer (i.e., a particle
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Fig. 6. Pair correlation functions g(r) at two temperatures for ZnO/Bi2O3 binary
systems in the SAF configuration: (top) T = 0.40 and (bottom) T = 0.56. The black
as been divided by 10 for the sake of clarity.

orming a SAF but interacting with atoms or molecules belong-
ng to the other semi-infinite solid. In order to get more insights
nto the formation and structure of SAF and IGF, we show in
ig. 5 the density profiles for these two systems at the subeutec-

ic temperature T = 0.56. Both the contributions for Bi2O3 and
nO are presented. Well-defined density peaks are observed due

o the solid nature of the material at this subeutectic temperature.
In agreement with the molecular snapshots shown in Fig. 5,

i2O3 particles are found to be located within about two lay-
rs at the interface. As in real experiments, defining the exact
hickness of the SAF or IGF is a non-trivial task that necessarily
ies on an arbitrary choice (about the location of the interface
etween the film and the bulk material for instance). As a first
tep, we have determined the thickness of the IGF or SAF film
xpressed as the number ns of Bi2O3 molecules per unit of sur-
ace area (in reduced unit σAA

2). Table 1 reports the thickness ns
f the SAF and IGF as a function of the temperature T. For both
lms, ns increases as the subeutectic temperature increases from
= 0.40 up to 0.56. Such a temperature-dependence of the film

hickness is consistent with the experimental results reported for
AF.19,20 Moreover, in agreement with our results above on the
i2O3 concentration, it is found that the IGF thickness at a given

emperature is about half that of the SAF. Again, this result is
ue to the fact that the IGF can be seen as intermediate between

he SAF and the bulk material. In the case of the SAF, we further
stimated the thickness of the film by fitting the amplitude of the

a
t
b

.52 14.9 1.1 9.1

.56 23.8 1.1 13.7

i2O3 density peaks using a decreasing exponential law:

(j) = C exp

(
−j

e

)
(9)

here A(j) is the amplitude of the jth density peak and C a
onstant. The characteristic length e, which corresponds to the
enetration depth of Bi2O3 into the ZnO material can be used
o estimate the SAF thickness. Table 1 shows e for the SAF as a
nd grey lines are for particles at the interface and those in the bulk region of
he material, respectively. The pair correlation function for the bulk region has
een shifted by +2 for the sake of clarity.
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orresponds to a few Bi2O3 monomers), the values for e are
onsistent with those reported by Luo et al.27 These authors
ound that below the eutectic temperature TE = 740 ◦C the film
hickness increases from 0.96 nm at T = 600 ◦C up to 1.30 nm at
= 700 ◦C.
In order to explore the structure of the SAF and IGF, the pair

orrelation function g(r) was computed at low and high tem-
eratures for the different configurations. Such pair correlation
unctions are useful to estimate the degree of positional ordering
n the material. They provide similar information to that gained
rom the structure factor S(q) measured in X-ray diffraction
xperiments [g(r) and S(q) are related through Fourier trans-
ormation]. Fig. 6 shows the g(r) functions for particles in the
ulk region of the material and for particles in the SAF (particles
ithin the first two layers at the interface). The g(r) functions for

he IGF (results not shown for the sake of clarity) were found
o be very similar to that for the SAF. As expected for tem-
eratures below the eutectic temperature, significant positional
rdering is observed for both the bulk and interfacial regions;
1) marked peaks appear at well defined positions and (2) long-
ange correlations are observed. The peaks become less marked
s the temperature increases due to the fact that the thermal
uctuations increase. For each temperature, the SAF appears

ess ordered than the bulk material. This result can be explained
y the fact that the less ordered particles in the SAF lead to
decrease in the interfacial energy of the configuration. Such
phenomenon is analogous to surface premelting, which cor-

esponds to melting of atoms at the surface of a material at a
emperature below the 3D melting temperature.46 The observa-
ions above on the structure of SAF are consistent with the work
y Luo et al.25 who found that SAF exhibit some layering and
ateral ordering.

. Discussion and conclusion

In this paper, we investigated the formation of SAF and
GF in ZnO–Bi2O3 ceramics by means of mesoscopic molec-
lar simulations (in which a ‘particle’ consists of a group of
toms or molecules). Although the simple and ideal description
f the interactions considered in our work does not allow tak-
ng into account the specific features (covalent bonding, ionic
nteraction, etc.) of real binary ceramics, the present meso-
copic simulations provide a picture that qualitatively conforms
o the experimental results. Moreover, the use of the semi-
rand ensemble, in which the fugacity fraction of the ZnO
nd Bi2O3 phases as well as the pressure P and tempera-
ure T are fixed, allows estimating the Bi2O3-concentration
nd thickness of the SAF and IGF. By considering different
emperatures T, we are thus able to draw a schematic phase dia-
ram for the Bi-rich phase at the grain surface or boundary in
eramics.

Our results can be summarized as follows. The mesoscopic
imulations show the formation of SAF and IGF below the bulk

utectic temperature. The thickness of these films is found to
ncrease with increasing the temperature below the eutectic tem-
erature, in qualitative agreement with the experimental results.
oreover, the Bi2O3 concentration in the films is much larger
n Ceramic Society 31 (2011) 597–604 603

han in the bulk. It is also found that the IGF concentration falls
n between that for the bulk and SAF, which suggests that the
GF is an intermediate situation between the SAF and the bulk
aterial. Significant positional ordering is observed for the SAF

r IGF. Such an ordering becomes less marked as the tempera-
ure increased due to increased thermal fluctuations. The results
eported in the present paper are qualitatively consistent with
revious experimental observations which have been interpreted
n the basis of pressure balance thermodynamical approach.27,30
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