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Atomistic mechanisms that determine atomic coordination and local concentration of dopants atS5
s310d / f001g symmetric tilt grain boundaries in Y2O3-doped ZrO2 are analyzed using atomistic simulation
techniques. Segregation mechanisms are found to be different from those in metals or metalloids, with local
strain relief controlled by short-range interactions, which act as the driving force for segregation, while
long-range Coulombic interactions between the grain boundary region and the dopants resist segregation. It is
found that Y3+ ions segregate to a region within around 0.6 nm either side of the grain boundary plane. The
equilibrium local concentration of dopants in the vicinity of the grain boundary, which is determined by the
balance between repulsive forces between dopants and the grain boundary and attractive forces associated with
local strain relief, is calculated to be 16.7 mol % for 10.3 mol % Y2O3-doped ZrO2. Cosegregation of an O2−

vacancy is necessary to accommodate a Y3+ ion at theS5 grain boundary; O2− vacancies play important roles
in reducing repulsion between dopants and the grain boundary and relieving local strain further. These con-
clusions are supported by Monte Carlo simulations using an unrestricted model. Segregation-induced modifi-
cations to the grain boundary structure observed in the simulations are used to interpret experimental HREM
andZ-contrast images.
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I. INTRODUCTION

Controlling grain boundarysGBd structures and chemistry
is an important issue in the development of advanced mate-
rials such as oxide ceramics, since their macroscopic proper-
ties are often governed by their GB properties. When impu-
rities and dopants are present, they often segregate at GBs,
which strongly affects the GB chemistry. Therefore, it is im-
portant to understand segregation behavior at GBs in the
materials. So far, a number of theoretical models for GB
segregation, such as the Langmuir-McLean and BET
models,1–3 have been proposed, but they are based on com-
binations of macroscopic thermodynamics and statistical me-
chanics. In this case, in order to predict segregation behavior,
it is necessary to quantitatively determine the interactions
between a GB and a single dopant atom, and between differ-
ent dopant atoms. In addition, the space charge theory3–6 is
commonly used to explain segregation of intrinsic defects,
impurities, and dopants at GBs in oxide ceramics. Since
point defects in oxide materials have effective charges, pref-
erential segregation of a particular charged defect species
results in formation of a space charge at the GB, where the
driving force for segregation is basically the difference in
formation energies of possible defect species. Although this
theory can provide quantitative understanding of segregation
behavior, the atomic-scale GB structures are not taken into
account in this theory. It is known that GB structures depend
on GB characters such as grain misorientation and crystallo-
graphic GB planes, which would affect segregation. Thus, it
is desirable to examine dopant segregation in terms of the
atomic structure of GBs.

In this study, atomistic mechanisms of dopant segregation
in Y2O3-doped cubic ZrO2 fyttria-stabilized zirconiasYSZdg
are investigated. This is an example of a material in which
foreign ions and defects are present both at GBs and in the
grain interiors. Aliovalent dopant containing ZrO2, such as
YSZ, is widely used as an electrolyte in solid oxide fuel
cells7,8 and oxygen gas sensors.9 Its oxide ion conductivity at
elevated temperatures is dramatically increased by addition
of M2O3 or MO, whereM is a divalent or trivalent cation,
owing to formation of O2− vacancies to maintain charge
neutrality.10,11 It is well known that GBs in polycrystalline
ZrO2 are a source of resistance to oxide ion conduction.12–15

Fisheret al. pointed out that the resistance is caused by the
structural discontinuity at GBs and is enhanced by GB seg-
regation of dopant ions.16 On the other hand, with suitable
doping, ZrO2 can be prepared with grains finer than 1µm in
diameter and made to exhibit superplastic deformation at el-
evated temperatures.17–19This superplasticity phenomenon is
due to GB sliding.20 It is believed that GB sliding is facili-
tated by dopant ions segregated at GBs since they relieve
stress effectively upon sliding.21–23GB segregation therefore
needs to be controlled to optimize both the electrical and
mechanical properties of polycrystalline ZrO2.

In recent years, structures of various GBs in ZrO2 have
been investigated using transmission electron microscopy
sTEMd and scanning transmission electron microscopy
sSTEMd. These studies revealed aspects such as the relation-
ship between atomic structure of a GB and its properties; the
relationship between interfacial energy and misorientation
between two grains has also been examined quantitatively in
these studies.24–28Local chemistry at GBs has also been ana-

PHYSICAL REVIEW B 71, 224105s2005d

1098-0121/2005/71s22d/224105s11d/$23.00 ©2005 The American Physical Society224105-1



lyzed using spectroscopic methods such as x-ray energy dis-
persive spectroscopysEDSd and electron energy loss spec-
troscopysEELSd in combination with TEM or STEM.26–31

Of various zirconia synthesized, YSZ is the most studied
with respect to structures and compositions of its GBs.27–31

These investigations have shown that no interstitial cations
or amorphous layers are found at GBssin high-purity, silica-
free materialsd and Y3+ ions segregate within a few nanom-
eters of a GB plane. However, while two-dimensional cation
coordination at GBs has been determined with high accuracy
using HREM andZ-contrast images, the spatial distribution
of Y3+ ions and O2− vacancies across GBs has not been
clarified on the atomic level, because at present EDS and
EELS techniques do not have enough sensitivity or spatial
resolution to identify individual Y3+ ions or vacancies on
Zr4+ or O2− sites, respectively.

Numerical analyses using atomistic simulations have led
to further understanding of GB segregation.32–36 In the case
of YSZ, simulations allow the spatial distribution of Y3+ ions
to be examined on the atomic level. Sawaguchiet al., based
on results of Monte Carlo simulations, reported that Y3+ ions
occupy Zr4+ sites within several atomic layers from GB
planes.37 Lei et al. also obtained a similar result using a
distance-valence least-squares method.30 These phenomeno-
logical simulations demonstrated that segregation is energeti-
cally favorable in YSZ. However, detailed mechanisms of
dopant segregation have not yet been reported.

A few interesting observations have been made with re-
spect to the driving force for segregation in YSZ. Shibataet
al. pointed out that the segregation atS3 s111d / f110g sym-
metric tilt GBs is closely related to the change in coordina-
tion number of Zr4+ sites at the GB core.27 Mao et al.pointed
out that Y3+ ions preferentially occupy Zr4+ sites at theS5
s310d / f001g symmetric tilt GBs because of the greater free
volume at such sites.38 These observations suggest that the
irregular coordination environment of Zr4+ sites in the vicin-
ity of a particular GB core is one of the driving forces for
segregation. However, Zr4+ sites with nontypical or irregular
coordination environmentssrelative to the bulkd are too few
to account for the local concentration of Y3+ ions at GBs
observed experimentally.27,29 Furthermore, the role of O2−

vacancies in the segregation process has not been addressed
in these discussions. Lack of understanding of these issues is
an impediment to the control of grain boundary composition
and, in turn, control of the electrical and mechanical proper-
ties of polycrystalline ZrO2. Deeper understanding is there-
fore needed to improve the properties and performance of
these materials.

In this study, mechanisms of GB segregation of Y3+ ions
in YSZ have been investigated using atomistic simulation
techniques. AS5 s310d / f001g symmetric tilt GB was chosen
as a model boundary since the local concentration of Y3+

ions and cation coordination at this GB have been measured
experimentally.29 The driving force for the segregation and
spatial distribution of Y3+ ions across the GB on the atomic
level are discussed in Sec. III A. Mechanisms that determine
the local concentration of Y3+ ions in the vicinity of the GB
are addressed in Sec. III B. In Sec. III C, these results are
compared with an unrestricted model simulating site inter-
change by the Monte Carlo technique. Segregation-induced

modification of the GB structure is analyzed in Sec. III D.
Conclusions are given in Sec. IV.

II. COMPUTATIONAL PROCEDURE

A. Lattice statics calculation

When Y2O3 is added to ZrO2, Y3+ ions substitute for Zr4+

ions, with one O2− vacancy formed for every two Y3+ ions
added:

Y2O3 → 2YZr8 + VO
•• + 3OO

3. s1d

In order to investigate the mechanisms controlling the spatial
distribution of Y3+ ions and O2− vacancies across the GB and
local concentration of Y3+ ions in the vicinity of the GB,
energies of a YSZ supercell containing the GB were calcu-
lated as a function of the spatial distribution and local con-
centration using the energy minimization method known as
the lattice statics method. Using this method, for a given set
of potential parameters, both an optimized structure and its
lattice energy under static condition are obtained. This
method can also handle a relatively large number of ions
within a reasonable time compared with computationally ex-
pensive first-principles methods, so that a large number of
different segregation configurations can be studied in a sys-
tematic way.

The lattice energy of an ionic compoundEtot is given as

Etot = EC + ESR=
1

2
S
i

S
jÞi

sfi j
C + fi j

SRd, s2d

whereEC is the long-range Coulombic energy due to inter-
actions between charged species andESR is the short-range
interaction energy resulting from electron cloud overlap and
van der Waals dispersion forces. Energies are given by a sum
over all ionic pairs, with the Ewald method39 used for the
Coulombic part of the summation. The components in round
brackets in Eq.s2d, namely,fi j

C andfi j
SR, are pairwise poten-

tials of the Coulombic and the short-range interactions, re-
spectively. A simple Buckingham type potential function was
employed forfi j

SR, which is given by

fi j
SRsr ijd = Aij expS− r ij

ri j
D −

Cij

r ij
6 , s3d

whereAij , ri j , andCij are potential parameters for a pair of
ions i and j andr ij is the distance between them. The param-
eters developed by Minerviniet al., which are summarized in
Table I,40,41 were used in this study since they successfully
reproduce the most stable configuration of an O2− vacancy
with respect to a Y3+ ion in bulk ZrO2 observed
experimentally.42 One limitation of our simple two-body po-
tential model is that it fails to reproduce the low-temperature,
monoclinic structure of pure ZrO2; a cubic structure is ob-
tained instead. This is not a serious limitation because at
yttria concentrations above 8 mol %, the cubic structure can
be stabilized at low temperatures. At GBs to which Y3+ ions
have segregated, the Y3+ concentration will be higher than in
the bulk, so it is reasonable to assume a cubic structure for
all our simulations. Interatomic interactions are truncated at
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r =2 nm. All lattice statics calculations were carried out at
constant pressure using theGULP code.43

The supercell for the GB model contained two identical
S5 symmetric GBs after applying three-dimensional periodic
boundary conditions. As shown in Fig. 1, the supercell was
eight S5 coincidence site latticesCSLd unit cell lengths
s6.424 nmd perpendicular to the GB plane, and oneS5 CSL
unit cell lengths0.803 nmd and two fluorite unit cell lengths
s1.016 nmd along the two axes parallel to the GB plane. The
supercell consisted of 156 Zr4+ and 312 O2− ions in the case
of pure ZrO2. As a result, the GBs were separated by fourS5
CSL unit lengthss3.212 nmd to ensure no interaction be-
tween the GBs. The initial ion configuration in the vicinity of
the GBs generated by CSL theory44 was modified slightly to
minimize interfacial energy; some of the ions positioned too
close together were removed or shifted. The relaxed GB
structure obtained in this way, shown in Fig. 2, agrees well
with that reported by Fisheret al.16 and Maoet al.38 For bulk
model calculations, a supercell in which the fluorite unit cell
was multiplied four times in each of the three directions was
used.

B. Monte Carlo simulation

In order to obtain configurations of Y3+ ions and O2−

vacancies in the bulk and around theS5 GB, Monte Carlo
simulations involving interchange of dopant and vacancy
sites were carried out. During these simulations, positions of
Y3+ ions and O2− vacancies were changed according to a
Monte Carlo algorithm, and the lattice energies of supercells
with various defect configurations were calculated by an en-
ergy minimization technique similar to that used for the lat-
tice statics calculations. Through a combination of these two
techniques, an optimum configuration was obtained.

In the initial configuration, Y3+ ions were randomly sub-
stituted for Zr4+ ions and the corresponding number of O2−

ions removed randomly to maintain charge neutrality. At
each step of the Monte Carlo simulation, a randomly selected
Y3+ ion or O2− vacancy was interchanged with a Zr4+ or O2−

ion, respectively, that had been chosen randomly from their
nearest neighbor sites. This was followed by a lattice statics
calculation for the new configuration. From difference in lat-
tice energy upon exchanging defect sites, it was judged
whether the interchanged configuration was acceptable or
not. Using the Metropolis method,45 the acceptance ratio of a
trial Ra was given by

Ra = 5 1 sDEtot , 0d,

expS−
DEtot

kBT
D sDEtot ù 0d,

s4d

where kB is Boltzmann’s constant andT is temperature,
which was set to 300 K in this study to permit slight thermal

TABLE I. Short-range potential parameters for the
Buckingham-type pairwise potential function used in this study.

Ion
pair

A
seVd

r
s10−2 nmd

C
s10−6 eV nm6d

Zr4+−O2− 1502.11a 3.4770a 5.10a

Y3+−O2− 1766.40b 3.3849b 19.43b

O2−−O2− 9547.96b 2.1920b 32.00b

aRef. 40.
bRef. 41.

FIG. 1. Schematic diagrams of supercells:sad the bulk model
representing grain interior andsbd theS5 GB model, wherea is the
lattice constant for pure cubic ZrO2. The GB region, defined as a
1.2-nm-thick slice with the interface plane at its center, is shown in
the latter.

FIG. 2. Atomic configuration of aS5 s310d / f001g symmetrical
tilt grain boundary for pure ZrO2 projected onto two planes:sad
parallel tof001g, andsbd perpendicular tof001g. It is noted that, to
reduce repulsive forces between ions of like sign, columns of Zr4+

and O2− ions in the vicinity of the GB plane indicated by broken
and dotted circles, respectively, are half filled, and the Zr4+ and O2−

ions are aligned in a zigzag manner indicated by broken and dotted
lines, respectively.
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fluctuation. The lattice energy differenceDEtot was calcu-
lated according to

DEtot = Eafter− Ebefore, s5d

whereEafter andEbeforeare the lattice energies of the configu-
rations before and after exchanging defect sites, respectively.
When DEtot was negative, the exchange was automatically
accepted. When it was positive, the trial was accepted ifRa
was larger than a random number between 0 and 1. Optimi-
zation of a configuration was repeated until the lattice energy
of the supercell converged to within the fluctuations at 300 K
with increasing Monte Carlo steps. Interatomic interactions
were truncated atr =0.8 nm in the energy minimization part
of the Monte Carlo simulations to reduce computational
time.

III. RESULTS AND DISCUSSION

A. Driving force for GB segregation

In this section, the energetics of GB segregation of YZr8
and VO

•• species are discussed to clarify the driving force
behind the GB segregation process. In order to simplify the
analysis, two segregation models were considered. The first
model is the YZr8 model, in which only one Y3+ ion was
introduced at a Zr4+ site in a pureS5 GB ZrO2 supercell.
In the second which we call thesYZr8 :VO

••d• model, a pair of
YZr8 and VO

•• species was placed near the GB. In the latter
model, it was assumed that the O2− vacancy was located at a
next nearest neighbor site to the Y3+ ion. This is because
previous atomistic simulation studies have shown that such a
YZr8 −VO

•• configuration is energetically favorable.42

The segregation energy of YZr8 or a YZr8 −VO
•• pair at the

GB Esegsrd was obtained from the lattice energies of the su-
percellsEtotsrd as follows:

Esegsrd = Etotsrd − Etots`d, s6d

where r is the distance of a defect from the GB plane. In
order to calculateEtots`d, which corresponds to when a YZr8
or YZr8 −VO

•• pair is infinitely separated from the GB plane, a
defect was introduced atr =1.62 nmsat the center of one of
the crystal slabs in the GB supercelld and its lattice energy is
calculated. It is noted here that, in the presence of a single
YZr8 ion or YZr8 −VO

•• pair, the charge neutrality of the GB
supercell is not maintained. Therefore,Etotsrd values were
calculated with a uniform neutralizing background charge;
this contribution to the energy is cancelled in Eq.s6d. In
addition, for the YZr8 −VO

•• pair, three kinds of VO
•• positions

with respect to YZr8 were considered, and their lattice energies
were averaged to obtainEtotsrd.

Figure 3 shows variations ofEsegsrd per defect as a func-
tion of distancer. In the YZr8 model, the segregation energy
EYsrd increased with decreasing YZr8 −GB distances, and ex-
hibited positive values within ca. 0.6 nm from the GB plane.
In contrast, Esegsrd for the sYZr8 :VO

••d• model EYVsrd de-
creased as the pair moved closer to the GB, which results in
negative values forr ø0.6 nm. It can be said, therefore, that
an isolated YZr8 receives an energy penalty by segregation to
the GB, but tends to segregate when it is accompanied by an

O2− vacancy. According to the analysis by Guoet al.,6 Y3+

ions segregate at YSZ GBs, whereas the concentration of O2−

vacancies decreases due to the space charge effect, which is
quite different from the present results. Therefore, it can be
expected that Y3+ segregation behavior cannot be simply ex-
plained by the space charge effect, but is also closely related
to segregation of O2− vacancies. The cosegregation of an Y3+

ion and O2− vacancy takes place within a region 0.6 nm
either side of the GB plane, which is much smaller than that
suggested by experiment. It is noted that, even for the pair
segregation, there exist a few sites where occupation by Y3+

is energetically more expensive. This is known as site selec-
tivity of segregation.46,47

Preliminary analysis of the segregation energies showed
that they were not a simple function of the oxygen coordina-
tion number of Y3+ ions or interatomic distance between Y3+

ions and its O2− neighbors. A combination of these two fac-
tors was also found to be unsuccessful in explaining quanti-
tatively the segregation phenomenon and its associated ener-
gies. This is because the distortion to the lattice and vacancy
distribution caused by the presence of the dopant affects not
only the immediate environment of the dopantsits nearest
neighborsd, but the cations and anions several coordination
shells beyond as well. In order to analyze the segregation
energies in more detail, the segregation energies were di-
vided into their Coulombic componentsEY

Csrd and EYV
C srd

and short-range componentsEY
SRsrd and EYV

SRsrd for the YZr8
and sYZr8 :VO

••d• models, respectively. Such a strategy allows
the influence of changes in coordination and structure be-
yond the nearest neighbors of a dopant to be taken into ac-
count. Combining Eqs.s2d and s6d, the segregation energy
can therefore be expressed

Esegsrd = Eseg
C srd + Eseg

SRsrd. s7d

Figures 4sad and 4sbd show plots of these components as a
function of distancer. Both EYV

C srd andEYV
SRsrd were around

0 eV for r .0.6 nm.EYV
C srd increased with decreasingr be-

low r =0.6 nm. This is a consequence of the increasing Cou-
lombic repulsion between the GB and the charged dopant

FIG. 3. Segregation energies for YZr8 andsYZr8 :VO
••d• models as a

function of distance from the GB plane. Open circles and filled
squares are for the YZr8 andsYZr8 :VO

••d• models, respectively. Labels
A-D indicate the Zr4+ sites with irregular coordination environ-
ments illustrated in Fig. 8.
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species as the dopant approaches the GB. In contrast,EYV
SRsrd

decreased with decreasingr for r ø0.6 nm. Since the effec-
tive volumes of a Y3+ ion and O2− vacancy are different from
those of the respective Zr4+ ion and O2− ion they replace, a
local lattice strain exists around them. The local strain is
mainly manifested in the short-range term. The decrease in
the short-range components shown in Fig. 4sbd therefore in-
dicates that the local strain is relieved as the YZr8 −VO

•• pair
approaches the GB. The magnitude of the decrease inEYV

SRsrd
is larger than the increase inEYV

C srd. Hence, the sum of these,
EYVsrd, decreased asr decreased forr ø0.6 nm, stabilizing
the pair segregation. In contrast, whileEY

Csrd was around 0
eV for r .0.6 nm, it increased rapidly asr decreased below
r ø0.6 nm. EY

SRsrd, however, did not decrease as much as
that for the pair segregation as the defect approached the GB
plane. This may be explained as follows. VO

•• has a positive
effective charge, which counteracts the negative effective
charge of YZr8 , thereby reducing the net repulsion between the
GB and dopants. In addition, O2− vacancies are known to
relieve the local strain imposed on neighboring Zr4+ ions by
Y3+ substitution; Zr4+ ions prefer seven-fold coordination,
while Y3+ prefers eight-fold coordination.48 Since YZr8 and
VO

•• defects produce elastic strain fields around them that are
opposite, the excess strain energies of the defects could be
reduced by pair formation. Since there is no vacancy in the
YZr8 model to relieve the lattice strain caused by YZr8 , EY

SRsrd
is greater thanEYV

SRsrd, as shown in Fig. 4sbd. As a result,
EYsrd is positive in the vicinity of the GB, indicating that

segregation of Y3+ ions without O2− vacancies is energeti-
cally unfavorable.

B. Local concentration of Y3+ ions at a GB

According to the Gibbs adsorption isotherm, the local
concentration of solute at an interface depends on the chemi-
cal potential of a solute and the decrease in lattice strain
when the interface and bulk are in a state of equilibrium.49

However, factors that might influence the resulting properties
such as local bond geometry and the spatial distribution of
solute ions are not considered explicitly in Gibbs’ theory
since it is a macroscopic theory;3 structural discontinuities,
lattice distortion, and various kinds of defects at the interface
are not taken into account, while segregants are assumed to
lie on the GB plane. In fact, it is known that in the vicinity of
the GB, coordination environments differ from those in
bulk,27,28 and segregants settle within several atomic layers
from the GB plane30,37 rather than on the GB plane itself.
Therefore, chemical potentials need to be calculated taking
into account these variations in atomic structure in order to
reliably predict segregation concentrations and their effect on
materials properties. Our aim in this section is to describe the
atomistic mechanisms that determine the local concentration
of Y3+ ions at the GB by calculating chemical potentials
using models containing various concentrations of Y3+.

Chemical potentials of Y3+ ions were calculated as a func-
tion of local concentration of Y3+ in the GB and bulk re-
gions. The chemical potentialm is defined in this study as

msnYd =
dEtotsnYd

dnY
, s8d

whereEtot is the lattice energy andnY is the number of Y3+

ions in each region. It is numerically calculated by

msnYd =
1

2
FEtotsnY+4d − EtotsnYd

4
+

EtotsnYd − EtotsnY−4d
4

G
=

1

8
fEtotsnY+4d − EtotsnY−4dg. s9d

In this study, the entropy term was neglected, since we as-
sume the segregation is mainly dependent on the enthalpy
term. The chemical potential is therefore a measure of the
variation in lattice energy when a YO1.5 cluster replaces a
ZrO2 cluster. Chemical potentials in the GB regionmGB and
bulk regionmbulk were calculated using the GB model and
the bulk model, respectively, described in the previous sec-
tion. In the GB model, YZr8 and VO

•• were confined to within
0.6 nm of the GB plane in accordance with the results of Sec.
III A. Configurations of YZr8 and VO

•• were varied until the cell
with the energy of its local minimum was found using the
Monte Carlo technique. In the case of the GB model, site
interchange was permitted only in the GB region; outside the
GB region no Y3+ ion was present. To reduce the effect of
errors associated with the small size of the supercell used in
this study,mGB and mbulk were averaged over 8 and 30 cal-
culations, respectively, of slightly different YZr8 and VO

••

configurations as obtained from Monte Carlo optimization
after convergence. The local concentration of Y3+ ions in the

FIG. 4. Components of segregation energies for YZr8 and
sYZr8 :VO

••d• models as a function of distance from the GB plane:sad
Coulombic components andsbd short-range components. Open
circles and filled squares are for the YZr8 and sYZr8 :VO

••d• models,
respectively.
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GB regioncGB was calculated as the ratio of the number of
Y3+ ions in the 1.2-nm-wide GB region to the number of
cations Zr4+ and Y3+ in the GB region. Outside the GB re-
gion, neither Y3+ ion nor O2− vacancies were substituted in
the GB model. The local concentration of Y3+ ions in the
bulk regioncbulk was simply taken as the ratio of the total
number of Y3+ ions to that of the total number of cations in
the bulk model. Both of these ratios are expressed as cation
concentrationsscation %d.

Figure 5 shows chemical potentials in the GB and bulk
regions as a function of local dopant concentration in each
region.mbulk showed a slight change with increasingcbulk. In
contrast,mGB started at a smaller value and increased with
increasingcGB. Above 28.6%, both chemical potentials were
similar in value.

As mentioned above, the amount of dopants at the GB is
determined by considering the equilibrium between the dop-
ants, interface and bulk structures. When the macroscopic
concentration of dopants is equal toc1,

cbulk > c1 s10d

since the volume fraction of the GB region is negligibly
small. In this case,mGB andmbulk satisfy

mGBsc2d = mbulksc1d. s11d

This relation yields the local concentration of Y3+ ions in the
GB regionc2. For example, for 10.3 mol%=18.8 cation%
Y2O3-doped ZrO2, mbulk was 43.5 eV.mGB is equal tombulk
whenc2 reaches 28.6 cation %. Thus, Y3+ ions are enriched
to 16.7 mol % s28.6 cation %d in the GB region in 10.3
mol % Y2O3-doped ZrO2. The width of the GB region deter-
mined by experiment has been reported to be larger than
calculated one due to limitations in spatial resolution. This is
important, since the value of the local concentration changes
with the definition of the GB width. If the GB region is
extended to that reported from experiment, the value ob-
tained is in good agreement with experiment.29

The chemical potential for each region is given by a sum
of the Coulombic and short-range components. As shown in
Sec. III A, partitioning energy into these components pro-
vides detailed physical insights into the segregation. In the
same way, the chemical potentials can also be separated into
the Coulombic componentsmC and the short-range compo-
nentsmSR according to Eqs.s2d and s8d. These components
satisfy

m = mC + mSR s12d

since

dEtot

dnY
=

dEC

dnY
+

dESR

dnY
. s13d

Figure 6sad shows the Coulombic components of the
chemical potentials in the GB regionmGB

C and bulk region
mbulk

C as a function of local concentration. BothmGB
C andmbulk

C

had similar values for all local concentrations and they in-
creased monotonically with increasing local concentration.
Since the average distance between YO1.5 clusters decreases
with increasing concentration, Coulombic repulsion between
the clusters increases as the distance is reduced unless they
are perfectly ordered. Consequently, both Coulombic compo-
nents increased with increasing local concentration.

Figure 6sbd shows the short-range components of
the chemical potentials in the GB regionmGB

SR and bulk
region mbulk

SR as a function of local concentration.
mbulk

SR increased monotonically with decreasingcbulk. The

FIG. 5. Local concentration dependence of chemical potentials
in the GB and bulk regions. Open circles and filled squares are for
the bulk and GB regions, respectively. Arrows indicate equilibration
of Y3+ ions between the GB and grain interior in the case of 10.3
mol % Y2O3-doped ZrO2.

FIG. 6. Components of chemical potentials in the GB and bulk
regions as a function of local concentration:sad Coulombic compo-
nent andsbd short-range component. Open circles and filled squares
are for the bulk and GB regions, respectively.
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changes inmbulk
C and mbulk

SR cancel each other out, so that
mbulk showed very little change. In contrast,mGB

SR varied
in a similar manner tocGB for cGB.28.6 cation%. However,
for cGBø28.6 cation%, it remained almost independent
of cGB and, as a result,mGB

SR was smaller thanmbulk
SR

for cGBø28.6 cation%. The smaller mGB for
cGBø28.6 cation% therefore can be ascribed to the more-
or-less constantmGB

SR. The increase inmGB is also a conse-
quence of the smallmGB

SR, as it is dominated by the increase of
mGB

C . As mentioned in the previous section, the short-range
component of the energy is strongly correlated with the local
strain introduced by dopants. These results indicate that local
strain in the GB region is relieved in a different manner from
in the bulk, especially forcGBø28.6 cation%.

When a Y3+ ion substitutes for a Zr4+ ion, the Y3+ ion
pushes surrounding ions outward due to its larger ionic
radius.50 Consequently, the lattice constants increase. They
remain smaller, however, than those for Y2O3, which means
that there is still local strain around the Y3+ ion. This indi-
cates that the local strain is related to changes in volume and
that volume change is a good indicator of the local strain
introduced by Y3+ addition. In order to understand the local
concentration dependence of the local strain through volume
change, specific volumes were analyzed. The specific vol-
umev was calculated by

v =
V

ncat
, s14d

whereV is the volume of the GB or the bulk region andncat
is the number of cations in the corresponding region.

Figure 7 shows the specific volumes in the GB regionvGB
and the bulk regionvbulk as a function of local concentration.
vbulk increased monotonically with increasingcbulk. vGB also
increased with increasingcGB for cGB.28.6 cation%. These
changes correspond to the decrease ofmbulk

SR andmGB
SR, which

implies that relief of the local strain accompanies volume
expansion. However, forcGBø28.6 cation%, vGB remains
almost unchanged, just likemGB

SR. This can be interpreted as
follows: due to the structural mismatch between two grains,
the crystal lattice in the GB region is subjected to a large
stress in order for it to accommodate the structural disconti-
nuity and, as a result, the lattice expands. In fact,vGB is
larger thanvbulk for any local concentration. Since the local
space around Zr4+ sites in the vicinity of the GB is larger,
Y3+ ions easily fit into the sites without need for any accom-
panying volume expansion. Thus, the irregular coordination
environments at Zr4+ sites in the vicinity of the GB are re-
sponsible for smallermGB

SR and, in turn,mGB. Y3+ addition is
not accompanied by volume expansion untilcGB reaches
28.6 cation %. Thus,mGB

SR is almost unchanged at this range
of concentration, andmGB increases, as a result of the in-
crease inmGB

C . WhencGB reaches 28.6 cation %, almost all
the available irregular sites are occupied by Y3+ ions, and
further Y3+ substitution in the GB region is accompanied by
volume expansion, which results in a decrease inmGB

SR. Al-
though we have not considered in this section the roles of
O2− vacancies in determining the local concentration, the ef-
fect of O2− vacancies described in the previous section is not
expected to change with increasing concentration.

The segregation of neutrally charged impurities in metals
or metalloids occurs to relieve local strain at GBs more than
in the grain interior.51–55 Isovalent dopants in oxides also
segregate to GBs in a similar manner.56,57 In these cases, the
segregation is solely determined by atom size mismatch. In
contrast, segregation in oxides with aliovalent dopants, such
as occurs in YSZ, is controlled not only by the size mismatch
sas manifested in the short-range interactiond but also by the
Coulombic repulsion between the GB and dopants. This ex-
plains the different segregation behavior in oxides with alio-
valent dopants compared to that in metals or metalloids, as
evidenced by a comparison of segregation atS3 s111d / f110g
symmetric tilt GBs of fcc metals54,55 and YSZ, which has
been discussed by Shibataet al.27 The results obtained in this
study imply that, when foreign cations having different ionic
radii and/or different charges are introduced, segregation of a
cationic species and its associated defects is different from
that of the Y3+ ion. In these cases, the local concentration of
the segregants will be determined by a different combination
of Coulombic and short-range interactions, although they can
be analyzed in the same manner as used for Y3+ in Fig. 5.

C. Monte Carlo simulation

The results of Sec. III A revealed that the local strain
relief is one component of the driving force for segregation,
while Coulombic repulsion between the GB and dopants
works against the segregation. Chemical potentials were cal-
culated from atomistic simulations in Sec. III B and the re-
sults showed that the local concentration of Y3+ ions in the
vicinity of the GB depends on the chemical potentials in the
GB and bulk regions. However, the former analysis was only
valid for the dilute limit since it neglected the interaction
between pairs of dopants. Although the interactions within
the GB or bulk region were taken into account in the latter

FIG. 7. Specific volumes in the GB and bulk regions as a func-
tion of local concentration. Open circles and filled squares are for
the bulk and GB regions, respectively.
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analysis, the interactions across the regions were neglected.
Furthermore, YZr8 and VO

•• were not allowed to migrate across
the regions to decrease energy in the latter analysis. To verify
the validity of the results in the preceding sections, a phe-
nomenological simulation without these restrictions was car-
ried out by the Monte Carlo method.

The same simulation cell as that used in Sec. III A was
employed, and YZr8 and VO

•• contents in the cell were varied;
the number of YZr8 and VO

•• were 8n and 4n, respectively,
wheren was an integer ranging from 1 to 7. In the initial
configuration, each ion or vacancy was randomly substituted
respectively for one of 156 Zr4+ ions and 312 O2− ions in the
GB model. The configuration was then optimized until the
lattice energy reached a local minimum, as described in Sec.
II B.

Figures 8sad and 8sbd show schematic diagrams of a typi-
cal atomic configuration in the vicinity of the GB when the
cell contains 24 YZr8 and 12 VO

•• stotal Y3+ concentration of
15.4 cation %d. At this concentration, not all YZr8 and VO

••

migrated to the GBs; 16 YZr8 and 8 VO
•• segregated to the GB

regions, and 8 YZr8 and 4 VO
•• remained in the bulk region.

This agrees well with the concentrations predicted based on
the chemical potentials in Sec. III B. Y3+ ions occupied the
Zr4+ sites labeled A to D in the figure. These Zr4+ sites cor-
respond to the lower energy sites found in Sec. III Assee

Fig. 3d. This indicates that Y3+ ions occupy Zr4+ sites with
irregular coordination environments even when the local Y3+

concentration is increased. Distributions of Y3+ and O2− ions
convoluted by a Gaussian function with a full width at half
maximumsFWHMd of 0.25 nm are shown in Fig. 7scd. It is
found that O2− ions are deficient in the GB region, and thus
O2− vacancies are enriched together with Y3+ ions due to
cosegregation. It should be noted that the distribution of ex-
cess O2− vacancies does not perfectly match that of the Y3+

ions; the number of O2− ions on the GB plane is almost the
same as that in pure ZrO2 while Y3+ ions are enriched on the
plane. Instead, O2− vacancies are enriched 0.2–0.6 nm from
the GB plane. This may be perhaps related to the roles of O2−

vacancies discussed in Sec. III A. It is speculated that, since
the intrinsic O2− vacancies due to the structural discontinuity
are present near the GB plane even in pure ZrO2, the extrin-
sic O2− vacancies due to Y2O3 addition are not needed at the
GB core to stabilize the enrichment of Y3+ ions. The differ-
ence in dopant distributions would create a dipole layer on
the GB plane.

Figure 9 shows local concentrations of Y3+ ions in the GB
and bulk regions as a function of the total number of Y3+

ions in the cellNY. For NY ø16, all of the Y3+ ions segre-
gated to the GB regions and the local concentration in the
GB regions increased linearly with increasingNY sthe con-
centration was identical at both GBsd. The local concentra-
tion in the GB regions reached 28.6 cation % atNY =16 and
remained at 28.6 cation % for 16,NY ø40. In contrast, the
local concentration in the bulk region remained 0 cation %
for NY ø16 and it increased linearly with increasingNY for
NY .16. These results show that YZr8 and VO

•• preferentially
segregate to the GB regions until the local concentration in
the GB regions reaches 28.6 cation %. They start to settle in
the bulk region when the local concentration in the GB re-
gions exceeds 28.6 cation %. Changes in the local concen-
trations both in the GB and bulk regions are in good agree-
ment with those predicted in Sec. III B, and also with
experiment.

The above results indicate that increasing concentration
does not affect the findings of Sec. III A and that interaction
and migration across the regions does not affect the findings
of Sec. III B. Consequently, it is concluded that the atomistic
mechanisms for segregation revealed in the preceding sec-

FIG. 8. A typical atomic configuration in the vicinity of a GB
projected onto two planes:sad parallel tof001g, andsbd perpendicu-
lar to f001g. The supercell contains 24 YZr8 and 12 VO

•• s15.4 cat-
ion % Y3+d. scd shows the distribution of Y3+ and O2− ions convo-
luted by a Gaussian function with FWHM of 0.25 nm. For
comparison, the distribution of O2− ions in pure ZrO2 is also shown.

FIG. 9. Local concentrations of Y3+ ions obtained by Monte
Carlo simulations. Filled squares and open circles show local con-
centrations in the GB and bulk regions, respectively.
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tions are valid for a wide range of concentrations, and they
can thus be used to predict the spatial distribution of Y3+ ions
and O2− vacancies and their local concentrations in the vi-
cinity of a GB. Although changes in chemical bonding upon
mixing have not been taken into account in the potential
model used in this study, the agreement with experiment im-
plies that the main component of the driving force for seg-
regation in YSZ can be described by classical interactions.

D. Segregation-induced modification of GB structure

As mentioned earlier, local strain relief is responsible for
the GB segregation of Y3+ ions and O2− vacancies in YSZ.
This implies that GB structures in YSZ may be altered by
dopant segregation. It is known in the case of metals that GB
core structures and faceting are altered by segregation.34,58–63

Although no significant change in GB structure is expected
in the case of YSZ since ZrO2, Y2O3, and their solid solu-
tions have similar structures, exact understanding of the
structure is needed to interpret electron microscope images
or to model grain boundary in atomistic simulations. In this
section, we examine the effect of segregation on the GB
structure in YSZ.

Figure 10sad shows a schematic diagram of the cation

configuration in the vicinity of aS5 s310d / f001g symmetric
tilt GB in pure ZrO2, viewed alongf001g. Arrows in Fig.
10sad show two columns of cations that extend along the
f001g direction and are separated from the GB plane. The
distance between the columns was around 0.15 nm. Since the
ionic radius of Zr4+ ion is 0.084 nm,50 occupying all the sites
in these columns is energetically expensive; they are only
half filled, with the cations aligned in a zigzag manner along
the GB plane as shown in Fig. 2.16,38Figures 10sbd and 10scd
show schematic diagrams of cation configurations with ran-
domly distributed and segregated Y3+ ions, respectively, in
YSZ. The total Y3+ concentration is 20.5 cation % and the
local concentration in the GB region is 28.6 cation % for
both cases. When dopants were randomly distributed
throughout the cell, the columns at the GB appeared to be
similar to those in pure ZrO2, i.e., they were only half filled.
However, the two columns merged into one fully filled col-
umn when Y3+ ions and O2− vacancies segregated to the GB
region.

Figure 11 shows intercolumnar spacingd as a function of
the local concentration in the GB regioncGB for YSZ with
segregated Y3+ ions. The intercolumnar spacing decreased
with increasingcGB. It decreased to around 0.03 nm for
cGBù14.3 cation%, which is much smaller than the ionic
radii of Zr4+ and Y3+. This result indicates that the half-filled
columns form one fully filled column on the GB plane when
the local concentration due to the segregation is greater than
around 14.3 cation %. Comparison of Figs. 10sbd and 10scd
indicates that, to form the fully filled column at the GB plane
for cGBù14.3 cation%, Y3+ ions occupy Zr4+ sites with ir-
regular coordination environments in order of increasing en-
ergy. Unless these sites are occupied by Y3+ ions, the fully
filled column is not formed at the GB plane even if the local
concentration increases.

Dickey et al. have obtained aZ-contrast image of aS5
GB in 10 mol % s18.2 cation %d Y2O3-doped ZrO2.

29 The
Z-contrast image agrees well with the cation configuration in
YSZ in Fig. 10scd. The fully filled column appeared as one
bright spot on theZ-contrast image using a probe of 0.13 nm
diameter. If the two half-filled columns withd,0.15 nm had
formed at the GB, they would have been clearly distinguish-
able as two separate bright spots in theZ-contrast image.
This suggests that Y3+ ions segregated to the GB in this
sample.

FIG. 10. Comparison of cation configurations in the vicinity of a
GB: sad pure ZrO2, sbd YSZ with random distribution of Y3+ ions,
and scd YSZ with segregation of Y3+ ions. In bothsbd and scd, the
total Y3+ concentration is 20.5 cation % and the local Y3+ concen-
tration in the GB region is 28.6 cation %.

FIG. 11. Intercolumnar spacing in the segregation model illus-
trated in Fig. 9 as a function of local Y3+ concentration in the GB
region.
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HREM andZ-contrast image simulations have often been
performed to analyze GB structures of YSZ based on the
cation configuration of pure, cubic ZrO2. Our results indicate
that an incorrect simulation image of a GB is obtained when
pure ZrO2 or YSZ with randomly distributed dopants is used
as the simulation model. GB segregation needs to be taken
into account to reproduce and analyze the GB structure of
YSZ.

IV. CONCLUSIONS

Numerical analyses of solute segregation at aS5
s310d / f001g symmetric tilt GB in YSZ have led to the fol-
lowing conclusions.

s1d Relief of the local strain enables the increasing Cou-
lombic repulsion to be overcome and is the driving force for
GB segregation. This originates from the irregular coordina-
tion environments of Zr4+ sites in the vicinity of the GB.
Cosegregation of O2− vacancies plays important roles in re-
ducing repulsion between dopants and grain boundary and
relieving local strain further. The region of segregation is
confined to around 0.6 nm either side of the GB plane.

s2d The local concentration of dopants at the GB can
be predicted by balancing the chemical potentials calculated

on the atomic level. The chemical potential is the sum of
Coulombic repulsion between dopants and local strain relief.
The strain release term in the GB region is different from
that in the bulk in that addition of dopants is not accompa-
nied by volume expansion. The calculated local concentra-
tion of Y3+ ions in the GB region is 16.7 mol % for 10.3
mol % Y2O3-doped ZrO2, which is in good agreement with
experiment.

s3d These predictions are supported by results from Monte
Carlo simulations with an unrestricted treatment for Y3+ and
O2− vacancy configurations, which showed systematic
changes in the local concentration at the GB and grain
interior.

s4d GB structure is modified in a systematic way by the
concentration of segregants. The degree of segregation there-
fore needs to be taken into account when interpreting HREM
or Z-contrast images of the GB.
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