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The solute-drag-dependent growth kinetics of core-shell-structured grains in rare-earth-doped
BaTiO3 ceramics was studied based on an analytical description of the diffusion of rare-earth atoms
doped. Dependence of the sizes of grain core and shell on the sintering conditions, dopant content,
and starting powder size was quantitatively revealed. The effective dielectric constant of the
ceramics was calculated in terms of the relative contents of the ferroelectric core and paraelectric
shell. The calculations are in good agreement with the experimental observations. © 2005 American
Institute of Physics. 关DOI: 10.1063/1.2030413兴
I. INTRODUCTION

BaTiO3 is one of the most important ceramics for ceramic capacitor applications. For BaTiO3 ceramics used in
multiplayer ceramic capacitors, it has been known that a high
dielectric constant and good temperature stability can be
achieved through the addition of dopants such as rare-earth
共Re兲 atoms, which results in core-shell-structured grains after
sintering,1 as typically shown in Fig. 1. The core is nearly
free from dopants and retains as ferroelectric phase, while
the shell is paraelectric because the solid solution of dopants
in BaTiO3 reduces the Curie temperature.2–4 Accordingly, the
effective dielectric properties of Re-doped BaTiO3 are
closely dependent on the volume fractions of the ferroelectric core and the paraelectric shell. As a result, the grain size
R and the shell size l 关see Fig. 1共b兲兴 are two crucial parameters for the core-shell-structured BaTiO3 ceramics, which
reflect the relative content of the two constituent phases.
The grain size in the BaTiO3 ceramic is controlled not
only by the particle size of starting BaTiO3 powder but also
by the grain growth process during its sintering. In pure and
homogenous BaTiO3, the grain growth is driven by boundary
curvatures without pinning effect on boundary mobility.
However, in Re-doped BaTiO3, the grain growth could be
inhibited due to drag effect caused by the dopant atoms distributing on the outer layer of the grains.5,6 It has been suggested that the drag force is proportional to the difference
between dopant atom concentrations in the grain exterior region and in the interior region.7–9 Of practical interest, the
kinetics of the grain growth in Re-doped BaTiO3 is then
mainly dominated by the diffusion-dependent dopant atom
distributions. The shell size is essentially equivalent to the
width of the region over which the dopant atoms
distribute,4,10,11 as shown in Fig. 1共c兲. Thus the diffusion and
distribution of the dopant atoms play an important role in
affecting the growth kinetics of such core-shell-structured
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grains and thereby the effective dielectric constant. However,
there is still lack of comprehensive fundamental understanding of these issues.
In this paper, on the basis of an analytical description of
the diffusion of the dopant atoms, the solute-drag-dependent
growth kinetics of the core-shell-structured BaTiO3 grains of
nano-and submicrosize is investigated. The grain size, shell
size, and volume fractions of constituent core and shell regions are found to be dependent on sintering conditions, dopant content, and starting particle size. In addition, the grainsize-dependent dielectric constant is calculated for the doped
BaTiO3. All the predictions are agreeable with the experimental results.

II. THEORETICAL FRAMEWORK

Assume that the additives are homogenously aggregated
at the surface of the BaTiO3 powder after ball milling. During sintering, the dopant atoms diffuse into the interior grain
driven by the chemical-potential difference. This results in a
gradient distribution of the dopant atom concentration c
which can be described by Fick’s second law as

 2c
c
= D 2,
x
t

共1兲

where t is the diffusion time or sintering duration, x is the
distance away from the grain surface to the interior grain,
and D is the diffusion coefficient of the dopant atom and
expressed as

冉 冊

D = D0 exp −

Qd
,
kT

共2兲

where D0 is a preexponential factor, Qd is the activation energy of diffusion, k is the Boltzman constant, and T is the
absolute sintering temperature. The solution of Eq. 共1兲 is
written as
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⌬c共t兲 = c̄ext共t兲 − c̄int共t兲 =

1
l

冕

l

c共t兲dx,

共7兲

0

where c̄ext共t兲 is the average solute concentration at the outer
grain part or at the shell part and c̄int共t兲 is that at the central
grain part or at the core part 关c̄int共t兲 ⬇ 0兴. The integration of
Eq. 共5兲 yields
共R̄2 − R̄20兲 + A␤关R̄2⌬c共t兲 − R̄20⌬c共0兲兴 = A␥t.

共8兲

This equation shows that the evolution of the grain size is
related to sintering temperature, sintering duration, starting
powder size, and dopant content.
III. EXPERIMENT

FIG. 1. 共a兲 Typical TEM image of the core-shell-structured grains in Smdoped BaTiO3 ceramics sintered at 1200 ° C for 2 h. 共b兲 Measured profile of
Re relative content in the same core-shell grain continuously from A to B as
marked in 共a兲. Schematic illustration of 共c兲 a core-shell-structured grain and
共d兲 the distribution of dopant atoms over the core-shell-structured grain as
well as the definition of l and t.

c共x,t兲 =

m

冑Dt

冉 冊

exp −

x2
,
4Dt

共3兲

where m is the amount of the additive per unit area initially
distributed on the surface of the BaTiO3 powder and can be
obtained as
m = mR̄w/3M共1 − w兲,

共4兲

where w is the dopant content 共at. %兲, M and m are the
molecular weight and density of BaTiO3, respectively, and R̄
is the average radius of the starting powder R̄0. From Eq. 共3兲,
the shell size l could be approximately determined from
c共l , t兲 = 0.
At the same time, the growth kinetics of the core-shellstructured grains could be described as7

冉 冊

dR̄
␣␥
=A
−F ,
dt
R̄

共5兲

where ␣ is a geometric factor close to unity, A and ␥ are the
grain-boundary mobility 关A = A0 exp共−Q / kT兲兴 and grainboundary energy, respectively, and F is the solute-drag force
that is proportional to both the grain-boundary velocity and
the difference between the exterior and interior solute concentrations ⌬c共t兲. So Eq. 共5兲 can be rewritten as

冋

册

dR̄
dR̄
␣␥
− ␤⌬c共t兲
=A
,
dt
dt
R̄
with ␤ being a scaling factor. ⌬c共t兲 is determined by

共6兲

Ultrafine BaTiO3 powders with different average starting
powder sizes, i.e., R̄0 = 15, 40, 60, 125, and 180 nm, were
prepared by oxalate precipitation method.12 A small amount
of 0.5-at. % Sm2O3 was added into all these BaTiO3 powders. The ceramic samples were prepared by a solid-state
procedure12 such as sintering at 1200– 1280 ° C for 1 – 2 h.
The microstructure of the ceramic samples was observed by
using a HITACHI S450 scanning electron microscope
共SEM兲, and a transmission electron microscope 共TEM, JEM2010F, Japan兲 with an energy-dispersive x-ray spectroscopy
共EDS兲 was employed to observe the core-shell structure and
to analyze the chemical compositions.13 The roomtemperature dielectric constant of the ceramics was measured
using a HP 4194A LR impedance analyzer.
IV. RESULTS AND DISCUSSION
A. Growth of the core-shell structure

Figure 1共a兲 shows a typical TEM image of the core-shell
grains observed in the Sm-doped BaTiO3 ceramics, where
the core is the ferroelectric phase and the shell is the
paraelectric phase. The ferroelectric domains are clearly seen
at the core part while absent at the shell part. Further compositional measurement reveals that the concentration of
rare-earth element Sm decreases gradually from the outer
shell to the inner shell and down to zero at the core part, as
shown in Fig. 1共b兲. Phenomenally, the shell size l is approximately equal to the diffusion length 关Figs. 1共c兲 and 1共d兲兴, in
good agreement with others’ results.4,10,11 This grainboundary size might also be described in terms of a half
width at half maximum of the concentration, t 关see Figs. 1共c兲
and 1共d兲兴. However, the volume fraction as well as the dielectric property of the paraelectric shell is more associated
with the parameter l rather than t. Therefore, the shell size l
is used in the present paper.
Figure 2 shows a typical comparison between TEM photographs of starting BaTiO3 powders 共R̄0 = 40 nm兲 and of
grains of the sintered ceramic, both in a same magnification.
An obvious growth of the grains is observed by comparing
the microstructural features before and after sintering, although the growth process is also inhibited by the drag effect
caused by the dopant atoms distributing on the outer layer of
the grains. From Fig. 2共b兲, it seems that the paraelectric shell
would be inhomogeneous and somewhat varies in thickness,
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TABLE I. Parameters used in the present calculations 共see Refs. 14 and 15兲.
Parameters

Expression or values

D 共m / s兲
A 共m2 / s兲
␥ 共J / m2兲

6.31⫻ 10−5 exp共−4.35/ kT兲
9.52⫻ 109 exp共−7.87/ kT兲a
1.5

2

a

Calibrated from the present experimental results.

FIG. 2. A typical TEM photograph of 共a兲 the BaTiO3 powder of R̄0
= 40 nm and 共b兲 the sintered ceramics at 1200 ° C for 2 h.

which is mainly due to microstructural inhomogeneities before sintering. The shell size l calculated by using the average grain size R̄ denotes an average boundary thickness.
Figure 3 shows the influence of sintering temperature
and sintering duration on the relative concentration of Sm
atoms, i.e., Sm/ 共Ba+ Ti兲, over a grain boundary of the coreshell structure from the starting powder size of R̄0 = 125 nm.
The lines are the calculated results and the dots are the measured results for the samples sintered at different sintering
temperatures with different sintering durations. The calculations from the present model are performed by using the
values for the parameters listed in Table I. The comparison
demonstrates that the calculations are in quite good agreement with the experimental data. Both the increase in sintering temperature and the prolongation in sintering duration
promote the diffusion of Sm atoms and thus expand the
width of Sm-rich region, which results in an increase in the
shell size. As seen from Fig. 4, when the sintering temperature increases from 1200 to 1250 ° C, the shell size will in-

FIG. 3. Dependence of relative concentration, Sm/ 共Ba+ Ti兲, of Sm atoms
over a grain boundary of the core-shell structure on 共a兲 sintering temperature
and 共b兲 sintering duration. The curves are the calculated results and the close
dots, open dots, and triangle dots are the experimental data for the Smdoped BaTiO3 ceramics sintered at 1200 ° C for 2 h, at 1240 ° C for 2 h, and
at 1200 ° C for 1 h, respectively, from starting powder size of R̄0 = 125 nm.

crease by about 20 nm, with an increasing percentage larger
than 50% 关Fig. 4共a兲兴. In comparison, the increasing percentage with the sintering duration is somewhat lower 关Fig.
4共b兲兴, so the sintering duration exerts a less influence on the
shell growth than the sintering temperature.
Presented in Fig. 5 is the dependence of the grain growth
on the sintering temperature, sintering duration, and starting
BaTiO3 powder size. The comparison also illustrates a good
match between the calculations and experiments. The grain
size largely increases with the sintering temperature 关Fig.
5共a兲兴, but slowly grows after a long sintering duration of
about 0.5 h, especially at low sintering temperature 关Fig.
5共b兲兴.
Besides the sintering conditions, the starting BaTiO3
powder size R̄0 also plays an important role in controlling the
final grain size. Figure 5共c兲 shows that the grain size R̄ in the
sintered ceramics is proportional to the starting BaTiO3 powder size R̄0. This tendency is similar to the experimental
observations by Park and Kim,4 where another rare-earth oxide, Ce2O3, was doped into the BaTiO3 to form a similar
core-shell structure.

FIG. 4. Dependence of the shell size on 共a兲 sintering temperature and 共b兲
sintering duration. The close and triangle dots in 共a兲 are the experimental
data for the ceramics sintered at 1200, 1240, and 1280 ° C for 1 and 2 h,
respectively. The close and triangle dots in 共b兲 are the experimental data for
the ceramics sintered at 1200 and 1240 ° C, respectively, for 1 and 2 h.
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FIG. 6. Effect of the sintering duration on 共a兲 the volume fraction f of the
core ferroelectric phase and 共b兲 the effective dielectric constant of the Smdoped BaTiO3 ceramics as a function of sintering temperature. The close
and triangle dots are the experimental results of the ceramics sintered at
1200, 1240, and 1280 ° C for 1 and 2 h, respectively, from starting powder
of R̄0 = 40 nm.

FIG. 5. Dependence of the grain size on 共a兲 sintering temperature, 共b兲 sintering duration, and 共c兲 starting powder size R̄0. The close and triangle dots
in 共a兲 are the experimental results for the Sm-doped BaTiO3 ceramics sintered at 1200, 1240, and 1280 ° C for 1 and 2 h respectively. The close and
triangle dots in 共b兲 are the experimental results for the ceramics sintered at
1200 and 1240 ° C, respectively, for 1 and 2 h. The dots in 共c兲 are the
experimental results for the ceramics sintered at 1200 ° C for 2 h with starting powder sizes of R̄0 = 15, 40, 60, 125, and 180 nm, respectively.

B. Dielectric constant

During sintering, the grain growth is accompanied by the
shell growth. The relative contents or volume fractions of the
core ferroelectric phase and the shell paraelectric phase are
dependent on the sintering conditions and the starting powder size. Thus the effective dielectric constant of the coreshell-structured BaTiO3 is dependent on these influence parameters as well.
Figure 6共a兲 shows the calculated and measured dependences of the volume fraction f of the core ferroelectric
phase on the sintering duration as a function of the sintering
temperature T. Both the elevated sintering temperature and
the prolonged sintering duration are favorable for increasing
the content of the ferroelectric core phase due to much larger
increase in R̄ 共Fig. 5兲 than in the shell size l 共Fig. 4兲. Ac-

FIG. 7. Effect of the starting powder size on 共a兲 the volume fraction of the
core ferroelectric phase and 共b兲 effective dielectric constant of the Sm-doped
BaTiO3 ceramics. The close and triangle dots are the experimental results of
the ceramics sintered at 1200 and 1240 ° C, respectively, for 2 h.
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cording
to
the
well-known
Maxwell-Garnett
approximation,16 the effective dielectric constant can be expressed as

冉

 = she 1 +

冊

3f␤
,
1 − f␤

共9兲

where ␤ = 共cor − she兲 / 共cor + 2she兲, and cor and she are the
dielectric constants of the ferroelectric core and paraelectric
shell, respectively. The dielectric constant of the Sm-doped
BaTiO3 ceramics should increase with f. If one takes the
intrinsic cor as 3200 and she as 800,10 the calculated relationship between  and T is depicted as in Fig. 6共b兲. Similarly, Figs. 7共a兲 and 7共b兲 show the calculated and measured
dependences of f and  on the starting powder size R̄0, respectively. A larger starting powder size would result in a
higher content of ferroelectric core phase 关Fig. 7共a兲兴 and
therefore produce a larger dielectric constant 关Fig. 7共b兲兴. It is
seen that the calculations are also in agreement with the experimental results.

The value of cor in the calculations above is taken as
3200, which is somewhat larger than that for pure BaTiO3
ceramics in the case of submicron-sized grains.17 However,
this value is reasonable for the core region in the present
case. This is mainly attributed to the strong constraint effect
in the core-shell structures. As the core region is ferroelectric
at room temperature, a phase transformation from paraelectric to ferroelectric will occur at the Curie temperature during
the cooling process from sintering temperature and thus
spontaneous electrostrictive deformation is due for the core
region. By contrary, the shell region is paraelectric and undergoes no phase transformation. Correspondingly, the shell
region will be out of coincidence with the core region in
elastic deformation. As a result, the outer shell region would
exert constraints on the deforming core region, which induces a strong internal stress in the ferroelectric core region.
The elastic Gibbs energy for the core ferroelectric phase derived from the cubic phase under isothermal conditions may
be expressed in the classic Landau-Ginsburg-Devonshire
共LGD兲 phenomenological thermodynamic theory as18–20

⌬G = ␣1共P21 + P22 + P23兲 + ␣11共P41 + P42 + P43兲 + ␣12共P21P22 + P21P23 + P22P23兲 + ␣111共P61 + P62 + P63兲 + ␣112关P41共P22 + P23兲 + P42共P21
+ P23兲 + P43共P21 + P22兲兴 + ␣123P21P22P23 − 21 s11共X21 + X22 + X23兲 − s12共X1X2 + X2X3 + X3X1兲 − 21 s44共X24 + X25 + X26兲 − Q11共X1P21
+ X2P22 + X3P23兲 − Q12关X1共P22 + P23兲 + X2共P21 + P23兲 + X3共P21 + P22兲兴 − Q44共P2P3X4 + P1P3X5 + P1P2X6兲,

where ⌬G is the Gibbs free function for unit area; ␣i, ␣ij, and
␣ijk are the dielectric stiffness and higher-order stiffness coefficients at constant stress, among which ␣1 and ␣11 are
temperature dependent for BaTiO3;21 Xi is the internal stress
in the ferroelectric core region, sij is the elastic compliance
coefficient, and Qij is the electrostrictive constant in polarization notation. Following the treatment of Pertsev et al.,21
the mechanical conditions in present case are ⌬G / X1
= ⌬G / X2 = −u1, ⌬G / X3 = −u3, and ⌬G / X4 = ⌬G / X5
= ⌬G / X6 = 0, where u1 and u3 are the deformation strains
in phase transformation along a共b兲 axis and c axis, respectively, with u1 = 共a − a0兲 / a0 and u3 = 共c − a0兲 / a0. Here a and c
are the lattice constants of the tetragonal BaTiO3 and a0 is
the constant of cubic BaTiO3; a = 0.3992 nm, c
= 0.403 61 nm, and a0 = 0.400 66 nm. According the LGD
phenomenological theory, the dielectric constants of the tetragonal BaTiO3 single grain are related to the inverse of the
second derivation of ⌬G 关Eq. 共10兲兴 with respect to the polarization component Pi of the ferroelectric phase,22,23 i.e.,

33 =

冉 冊
2⌬G
P23

−1

,

11 =

冉 冊
2⌬G
P21

−1

.

共11兲

Finally, for the ferroelectric core in the BaTiO3 ceramics, the
dielectric constant is averaged as24

1
2
cor = 共11 + 冑11
+ 81133兲.
4

共10兲

共12兲

Based on the aforementioned mechanical conditions and by
using the values for these parameters listed in Table II, the
value of cor is evaluated as 3158, close to 3200 that we used
above.
It should be pointed out that some similar increases in
the dielectric constant caused by the internal stress in
BaTiO3 have been reported in the literature.25–27 However,
the internal stress in the present case is induced by the conTABLE II. Properties of BaTiO3 used in the present LGD calculations 共see
Ref. 21兲.
Parameters

␣1 共V m/C兲
␣11 共V m5 / C3兲
␣111 共V m9 / C5兲
␣12 共V m5 / C3兲
␣112 共V m9 / C5兲
Q11 共m4 / C2兲
Q12 共m4 / C2兲
S11 共1012 m2 / N兲
S12 共1012 m2 / N兲
a

T is 25 ° C in the present case.

Expression or values
3.3共T − 110兲 ⫻ 105a
3.6共T − 175兲 ⫻ 106
6.6⫻ 109
4.9⫻ 108
2.9⫻ 109
0.11
−0.043
8.1
−3.5
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straint effect from the outer region on the interior region,
which is the characteristic of the core-shell structures in
doped BaTiO3 ceramics.
V. CONCLUSIONS

The solute-drag dependence of grain growth in Redoped BaTiO3 ceramics has been studied based on the analytical description of the diffusion of dopant atoms. The
growth kinetics of the core-shell structures has been quantitatively presented, from which the dependence of the grain
and shell sizes on the sintering temperature, sintering duration, dopant content, and starting powder size has been revealed. The calculated grain growth is in agreement with the
experimental observations. Based on the description of the
grain growth, the relative volume fractions of the ferroelectric core region and the paraelectric shell region have been
evaluated and the effective dielectric constant of the ceramics have been calculated, which is roughly agreeable with the
measured values.
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