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bstract

n the present study, bulk barium titanate ceramic specimens with bimodal microstructures are prepared and their dielectric and fatigue strengths
nder an alternating electric field are investigated. It is found that both the dielectric and fatigue strengths decrease with increasing amount of coarse
rains. The scatter of the fatigue strength is characterized with the Weibull statistics. The extent of scatter of the fatigue strength data correlates

trongly with the size distribution of the coarse grains. Such correlation is resulted from the presence of intrinsic defects within the microstructure.
irect microstructure evidences are provided.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Barium titanate (BaTiO3) is a ferroelectric ceramic with rel-
tively high dielectric constant. The BaTiO3-based oxides have
een widely used as the dielectrics for ceramic capacitors.1 Their
otential to be utilized in non-volatile memory applications has
lso been suggested.2 One major concern on the use of BaTiO3
eramics is their long-term reliability under the influence of
lternating electric fields. The key parameters to ensure their
eliability are the dielectric and fatigue strengths.

Due to the increasing demand on device miniaturization,
he thickness of the dielectric layers in commercial passive
nd active components is rapidly decreasing. High dielectric
trength has therefore become a vital characteristic in order to
void unwanted electrical shortings. For ferroelectric materi-
ls, a substantial alternating electric field can induce domain
witchings. Strains associated with the domain switchings could
ead to fatigue cracking and subsequently degrade the dielec-

ric, ferroelectric and mechanical properties of the materials. A
onsiderable literature exists concerning the fatigue character-
stics of ferroelectric ceramics, especially on subjects such as
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he governing parameters for fatigue cracking and the gradual
egradation of bulk material properties throughout a cyclically
oaded specimen.3–11 In contrast, the effect of material makeup,
uch as the microstructure, on the fatigue strength of ferroelectric
eramics, has received relatively less attention. Furthermore, the
orrelation between the dielectric strength and fatigue strength
as not yet been thoroughly addressed.

The microstructure of BaTiO3 is sensitive to its composi-
ion, especially to the Ba/Ti ratio and the amount of impurity.12

slightly lower Ba/Ti ratio (<1.000) will induce the forma-
ion of a liquid phase above the eutectic temperature (1312 ◦C)
f BaTiO3–Ba6Ti17O40.12,13 The presence of the liquid phase
ould trigger the growth of abnormal grains. A bimodal grain
ize distribution is thus commonly observed in the Ti-rich
aTiO3 specimens. Due to the anisotropic thermal expansion
haracteristics of BaTiO3 crystals, stresses are induced dur-
ng cooling through the Curie temperature. Depending on the
rain size, the resultant residual stresses could initiate micro-
racks and spontaneous cracking.14 The presence of abnormal
rains has been related to the formation of intrinsic defects, such
s microcracks, in the sintered ceramic specimens; such rela-

ionship has been investigated and confirmed by Tuan and Lin
dopting a thermal expansion analysis.15 In the present study,
aTiO3 specimens with various amounts of abnormal grains are
repared and the effect of microstructure on the dielectric and
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Fig. 1. SEM micrographs of BaTiO3 specimens sintered at (a) 1330 ◦C

atigue strengths of the specimens under cyclic electric fields is
nvestigated.

. Experimental procedure

Detailed procedures for the preparation of BaTiO3 specimens
ith various amounts of abnormal grains are documented in
previous study.16 A brief description is given here. A com-
ercial BaTiO3 powder (NEB, Ferro Co., Inc., OH, USA)
ith a reported Ba/Ti ratio of 1.000 ± 0.002 was used as the

aw material. The powder was ball-milled in ethyl alcohol
or 4 h. The grinding media used were zirconia balls. After
rying and sieving, the BaTiO3 powder was die-pressed uni-
xially into discs with a diameter of 10 mm at 25 MPa. The
reen compacts were then buried in a pure zirconia powder
nd sintered in a covered alumina crucible. In order to pre-
are the specimens with various amounts of abnormal grains,
he sintering procedure was carried out at four different con-
itions: 1330 ◦C for 0.1 h, 1335 ◦C for 0.2 h, 1335 ◦C for 2 h
nd 1350 ◦C for 2 h. The heating and cooling rates were set
t 5 ◦C/min.

Crystalline phases of the sintered BaTiO3 specimens were
onfirmed using X-ray diffractometry (XRD; PW1830, Philips,
he Netherlands) with Cu K� radiation. Densities of the sin-

ered specimens were determined by the Archimedes’ method.
olishing and etching steps were carried out for the obser-

ation of microstructures. The cross-section surfaces of the
pecimens were ground and polished with diamond pastes first.
he microstructural features at the polished cross-section sur-

aces were revealed by thermal etching at 1260 ◦C for 0.5 h and

fi
a
s
c

.1 h, (b) 1335 ◦C for 0.2 h, (c) 1335 ◦C for 2 h and (d) 1350 ◦C for 2 h.

hen observed using optical microscopy and scanning electron
icroscopy (SEM; XL30, Philips, The Netherlands). The sizes

f the grains were determined by sketching the grain boundaries
rom the SEM micrographs. The area of each grain was deter-
ined by an image analysis technique. By assuming each grain

ad a spherical shape, the grain diameter could be determined
rom the grain area. In order to estimate the grain size distri-
ution, more than 1200 grains were counted for each sintering
ondition.

For electric field-induced fatigue measurements, the BaTiO3
pecimens were ground to a thickness of about 250 �m. In order
o avoid premature arcing failure due to surface roughness under
lectrical loading, all surfaces of the specimens were polished
own to 1 �m finish before carrying out fatigue measurements.
ilver-based pastes (D-2864, Shoei Chemical, Inc., Japan) were
red (600 ◦C for 1 h in air) onto the circular faces of the spec-

mens to form the top and bottom electrodes. The dielectric
ysteresis curves (electric displacement D vs. electric field E)
f the specimens were determined by a ferroelectric analyzer
TF2000, aixACCT, Germany). The cyclic electric fields used
or fatigue testing were supplied by a high-voltage amplifier.
rom the high-voltage source, a bipolar cyclic voltage of sinu-
oidal waveform at a frequency of 60 Hz was applied to each
aTiO3 specimen, producing an alternating electric field paral-

el to the thickness direction of the specimen. The magnitude of
he electric field was 1.8 kV/mm. The entire electrical loading

xture was supported in a silicon oil bath to prevent breakdown
rcing. The fatigue test was terminated when the resistivity of the
pecimen decreased below 106 � cm (corresponds to a leakage
urrent > 5 mA).
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Table 1
Microstructure characteristics of BaTiO3 specimens prepared under various sintering conditions.

Sintering temperature
(◦C)/dwell time (h)

Relative density (%) Area fraction of
abnormal grains (%)

Size of abnormal
grains (�m)

Size of normal
grains (�m)

1330/0.1 93.9 0 – 1.6 ± 0.7
1 6
1 5
1 0
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335/0.2 95.1
335/2 96.5 4
350/2 97.3 10

In order to determine the mechanism of fatigue failure, the
ilver electrodes of the fatigued specimens were removed to
acilitate the observation of microstructures. The silver elec-
rodes were first removed by grinding with silicon carbide paper
nd then washed with alcohol in an ultrasonic bath. Upon remov-
ng the surface electrodes, some fatigued specimens were further
round for another 50 �m with fresh silicon carbide paper and
hen washed again in an ultrasonic bath.

. Results

The presence of a minor Ba6Ti17O40 peak is detected in
he XRD patterns of the BaTiO3 specimens, indicating the for-
ation of liquid phase during sintering above 1330 ◦C. Fig. 1

hows the typical micrographs of the BaTiO3 specimens pre-
ared for the present study. The microstructure characteristics
f the specimens are listed in Table 1. Although the densities of
he specimens vary within a rather narrow range (i.e., 94–97%),
he amounts of coarse (i.e., abnormal) grains within the spec-
mens vary dramatically from 0% to 100% and show a strong
ependence on the sintering condition adopted. Fig. 2 shows the
ariation of grain size in the prepared specimens. A bimodal
rain size distribution is clearly evident for the specimens sin-
ered at 1335 ◦C for 2 h. In contrast, for the specimens sintered

t 1350 ◦C for 2 h, only grains larger than 10 �m are present
n the microstructure and a unimodal grain size distribution is
bserved.

ig. 2. Grain size distribution curves for BaTiO3 specimens prepared under
arious sintering conditions.
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57 ± 29 1.6 ± 0.7
120 ± 58 2.2 ± 0.9
119 ± 62 –

Fig. 3 shows the evolution of leakage current with electric
eld for the prepared BaTiO3 specimens. The leakage cur-
ent “jumps” at certain electric field magnitudes, representing
he threshold field strengths of the specimens. These thresh-
ld electric field values are treated as the dielectric breakdown
trengths of the BaTiO3 specimens and are summarized in
able 2. It is evident that the dielectric strength decreases with

ncreasing sintering temperature and holding time. A period
f progressive increase in leakage current before dielectric
reakdown is observed for the specimen sintered at 1330 ◦C
or 0.1 h. This behavior may be resulted from the specimen’s
ow relative density (<94%), promoting an incremental and
ccumulative damage process depending on the local hetero-
eneities, such as the distributions of pores and grain boundary
aws.

The stable polarization D–E hysteresis curves for the pre-
ared BaTiO3 specimens, measured at a cyclic electric field of
mplitude ±3.0 kV/mm, a frequency of 0.1 Hz and sinusoidal
aveform, are shown in Fig. 4. The remanent polarization (Pr)

nd coercive field (Ec) values of the specimens extracted from
he hysteresis curves are listed in Table 2. A significant fea-
ure regarding the microstructures of ferroelectric ceramics is
hat larger ceramic grains typically contain more large and sta-
le ferroelectric domains.17,18 It is evident from Figs. 1 and 4
hat sintering conditions with higher temperature and/or longer
olding time lead to an increase in grain size (or growth of
oarse grains), which consequently, produce higher remanent

alues in polarization. The fatigue characteristics of each pre-
ared BaTiO3 specimen are examined by loading the specimen
ith a cyclic electric field of 1.8 kV/mm. This magnitude is

maller than the dielectric breakdown strength of the specimen

ig. 3. Evolution of leakage current density with electric field for BaTiO3 spec-
mens prepared under various sintering conditions.



2572 S.-C. Lu et al. / Journal of the European Ceramic Society 30 (2010) 2569–2576

Table 2
Measured ferroelectric, breakdown and fatigue properties of BaTiO3 specimens prepared under various sintering conditions.

Sintering temperature
(◦C)/dwell time (h)

Remanent polarization,
Pr (�C/cm2)

Coercive field,
Ec (kV/mm)

Cycle number
at failure

Dielectric breakdown
strength (kV/mm)

1330/0.1 6.8 2.4 >106 18
1335/0.2 7.2 2.5 6

1335/2 8.1 2.4
1350/2 11.0 3.2
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sintered at 1335 ◦C for 2 h not only display substantially longer
fatigue lifetimes than the specimens sintered at 15 ◦C higher,
their fatigue lifetimes also vary within a much narrower range.
This suggests that the BaTiO3 specimens with less amount of
ig. 4. Measured electric displacement D vs. electric field E hysteresis curves for
aTiO3 specimens prepared under various sintering conditions (before fatigu-

ng).

nd is chosen to induce noticeable fatigue damages within one
illion cycles of electrical loading. In terms of degradation in

esistivity, the numbers of fatigue cycles required for the spec-
mens to exhibit a resistivity less than 106 � cm, an electrical
ondition in which the specimens are considered “failed” in the
resent study, are summarized in Table 2. For the BaTiO3 spec-
mens sintered at 1330 ◦C for 0.1 h and 1335 ◦C for 0.2 h, a
esistivity less than 106 � cm has not been observed even when
he fatigue loading reaches one million cycles. In contrast, the
pecimens sintered at 1335 ◦C for 2 h and 1350 ◦C for 2 h have
ailed within 105 cycles.

The number of cycles for failure varies not only from one
ype of specimen to another, but also among the same type of
pecimens. It is demonstrated later that the fatigue failure is
esulted from the flaws within the specimens, and the variation
n flaw size underlines the difference in fatigue lifetime. The

eibull approach is frequently used to characterize the flaw size
istribution in brittle ceramics19 and is adopted in the present
tudy. The Weibull approach is based on the weakest link theory,
hich assumes that failure takes place at the most severe flaw in
given volume under a uniform stress. The fatigue lifetime data
re presented in a format of probability of failure, F, vs. applied
tress. F can be expressed as:
= n − 0.5

N
(1)

here n is the nth specimen (specimens are ranked) and N is
he total number of specimens in the batch. In the present study,

F
f

>10 28
<6 × 104 13
<6 × 103 6

tresses experienced by the specimen come from the alternating
lectric field. The number of cycles at failure indicates the ‘sur-
ivability’ of the specimen under stress. It is therefore, instead
f stress, used as the parameter to quantify the fatigue failure as
ollowing:

n

[
ln

(
1

1 − F

)]
= m ln t + c (2)

here t is the cycle number at failure, m is the Weibull modulus
epresenting the extent of scatter, and c is the intercept in the
lot of ln[ln(1/(1 − F ))] vs. ln t.

Fig. 5 shows the Weibull distributions for the BaTiO3 spec-
mens sintered at 1335 ◦C for 2 h and 1350 ◦C for 2 h. These
wo types of specimens possess the Weibull moduli of 11 and 3,
espectively. For each sintering condition, 20 fatigued specimens
re utilized for the Weibull analysis. It is evident from Fig. 5 that
he Weibull modulus is highly influenced by the sintering condi-
ion. The coefficient of variation (i.e., standard deviation divided
y average value) for the Weibull modulus depends strongly on
he number of specimens adopted. As 20 fatigued specimens
re used for each sintering condition, the coefficient of varia-
ion as estimated by a Monte Carlo simulation is 0.21.20 Such
small relative variability indicates that the significant differ-

nce between the Weibull moduli of the two specimen types is
enuine. Based on the cycle number at failure, the specimens
ig. 5. Weibull distribution curves for BaTiO3 specimens sintered at 1335 ◦C
or 2 h and 1350 ◦C for 2 h.



S.-C. Lu et al. / Journal of the European Ceramic Society 30 (2010) 2569–2576 2573

Table 3
Insulation resistivity and dissipation factor of various BaTiO3 specimens before and after fatigue test.

Sintering temperature
(◦C)/dwell time (h)

Insulation resistivity (� cm) Dissipation factor

Before After Before After

1330/0.1 1015 1013 0.02 0.03
1 15 1013

1 06

1 06
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335/0.2 10
335/2 1015 <1
350/2 1015 <1

oarse grains have higher reliability, despite they might possess
bimodal grain size distribution.

The electrical properties of the BaTiO3 specimens before and
fter fatiguing are summarized in Table 3. For the specimens
intered at 1330 ◦C for 0.1 h and 1335 ◦C for 0.2 h, changes in
he values of resistivity and dissipation factor after 106 cycles
f fatigue loading are relatively small. In contrast, the measured
esistivity decreases more than nine orders of magnitude under

imilar electrical fatigue conditions for the specimens sintered
t 1335 ◦C for 2 h and 1350 ◦C for 2 h. Their dissipation factors
lso increase by almost one order of magnitude after fatiguing,
ndicating a degradation in the dielectric strength.

ig. 6. Fracture surface micrographs of BaTiO3 specimen (a) before and (b) after
atiguing. The specimen was sintered at 1335 ◦C for 2 h. Electric field-induced
atigue cracks appear black in micrograph (b).
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When the fatigue test was completed, the “failed” BaTiO3
pecimen was subjected to a mechanical load until separation
y fast fracture occurred, through the fatigue crack growth zone.
his procedure allows the microstructural features at the fatigue-

nduced crack faces to be examined, and consequently, facilitates
he identification of microstructural weak points which are
ommonly associated with the fatigue crack paths.19 In the
resent study, although the origin of fatigue cracks on the frac-
ure surface is difficult to identify due to the small specimen
hickness, characteristic weak points in the microstructure are
asily recognized based on the fatigue crack paths. A common
icrostructural region that is susceptible to fatigue cracking is
here the coarse abnormal grains are clustered together. This is

learly demonstrated in Fig. 6. The SEM micrographs shown in
ig. 6 are the fracture surfaces of the BaTiO3 specimen contain-

ng 45% abnormal grains (sintered at 1335 ◦C for 2 h) before and
fter fatiguing. The electric field-induced fatigue cracks, which
ppear black in the micrograph (see Fig. 6b), are predominantly
ntergranular and propagate through regions where the abnormal
rains are interconnected to each other. The observed fatigue
racks have depths, contain random edges, and are entrenched
t the grain boundaries. Due to the shadowing effects in sec-
ndary electron imaging, the fatigue cracks appear to be darker
nder SEM. Additionally, material burns caused by arcing within
he fatigue cracks during cyclic electrical loading could alter
he material composition around the cracks4 and consequently
ontribute to the difference in image contrast.

Regardless of the grain size distribution, it is evident from
ig. 1 that there are no large pores and cracks present in the
icrostructures of the un-fatigued BaTiO3 specimens. However,

pon removing the silver-based electrodes from the fatigue-
ailed BaTiO3 specimens, surface fatigue cracks are observed
n the circular faces of the specimens. These cracks are still
resent at a depth 50 �m below the surface. The optical micro-
raph shown in Fig. 7 is the polished section image (50 �m
elow the surface) of the fatigued BaTiO3 specimen contain-
ng 45% abnormal grains (sintered at 1335 ◦C for 2 h). When
omparing Figs. 1c and 7, it is clear that the microstructure has
een changed beneath the electrodes after fatiguing. Similar to
he through-thickness fatigue cracks at the fracture surface, the
urface fatigue cracks tend to propagate through regions where
he coarse abnormal grains are clustered or along the interface
etween the fine and coarse grains. Large pores due to grain sep-

rations are frequently observed on the crack flanks (see Fig. 7).
ithin or around these large pores, deposits of elemental silver

Ag) are commonly found. Fig. 8a and b shows the deposi-
ion of Ag within and around the large pores located on the
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Fig. 8. SEM section micrographs showing (a) deposition of Ag within large
pores (arrowed) and (b) deposition of Ag around a large pore (arrowed) located
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ig. 7. Optical section image (50 �m below electrode surface) of fatigued
aTiO3 specimen containing 45% abnormal grains (sintered at 1335 ◦C for 2 h).
arge pores (arrowed) are found on crack flanks.

rack flanks, respectively. Analyses using energy dispersive X-
ay spectroscopy (EDS) confirm that the deposits are indeed Ag
nclusions (see Fig. 8c). Again, when comparing Figs. 1c and 8,
t is clear that the Ag inclusions are not present in the microstruc-
ure before fatiguing. It is believed that the Ag inclusions come
rom the surface electrodes. At a depth 50 �m below the surface,
he presence of Ag in the pores around the crack flanks is still
vident, suggesting that elemental diffusion in the BaTiO3 bulk
s not the transport mechanism for Ag. It is believed that the
urface electrodes “melt” toward the end of the fatigue test due
o joule heating by large leakage currents. The Ag ions are then
arried deep below the surface by the leakage currents via the
atigue cracks.

. Discussion

The presence of Ba6Ti17O40 phase in the prepared BaTiO3
pecimens indicates the formation of a eutectic liquid during
intering. Although the Ba/Ti ratio of the starting powder is
lose to unity as reported by the manufacturer, a small amount
f Ba may dissolve during wet-milling and/or evaporate during
intering.21,22 A slightly lower Ba/Ti ratio is thus resulted, and
onsequently, a liquid phase is formed at a sintering temperature
bove 1330 ◦C. The presence of the liquid phase can encourage
he formation of abnormal grains.12,13 Since the sintering tem-
erature is higher than the eutectic temperature of BaTiO3, the
bnormal grains with equiaxed shape are therefore observed.23

n the present study, by varying the sintering temperature from
330 to 1350 ◦C and the dwell time from 0.1 to 2 h, the amount of
bnormal grains in the BaTiO3 specimens can be manipulated
onsiderably. This processing approach allows us to examine
he relationship between the microstructure and the dielectric
nd fatigue strengths. The prepared BaTiO3 specimens exhibit

ither a single or a bimodal grain size distribution. The size of
he coarse abnormal grains is nearly two orders of magnitude
arger than that of the fine grains. However, the formation of
he coarse abnormal grains generates microcracks at the grain

t
i
s
c

n fatigue crack flanks. (c) EDS spectrum confirming deposits within and around
arge pores are silver inclusions. Data shown here are those of fatigued BaTiO3

pecimen containing 45% abnormal grains (sintered at 1335 ◦C for 2 h).

oundaries. This is due to the thermal expansion anisotropy
f tetragonal phase. The relationship between the presence of
bnormal grains and the formation of microcracks in sintered
ulk BaTiO3 ceramics has been investigated and confirmed by
uan and Lin adopting a thermal expansion analysis.15 In this
revious study, the volume expansion and shrinkage curves for

he BaTiO3 specimens during heating and cooling were mon-
tored using with a dilatometer. The observed expansion and
hrinkage curves were hysteretic for the BaTiO3 specimens
ontaining abnormal grains. Such hysteresis behavior indicated
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volume change due to phase transformation and was used as
n evidence for the presence of microcracks in sintered bulk
aTiO3 ceramics containing abnormal grains.15

Microstructural features shown in Figs. 6 and 7 indicate
hat under the influence of large alternating electric fields, the
oarse grains are much more prone to fatigue failure. The
mount of coarse abnormal grains in the BaTiO3 specimen is
herefore the governing factor in determining its dielectric and
atigue strengths. The dielectric strength decreases significantly
ith increasing amount of coarse grains. The fatigue strength,

xpressed in terms of cycle number at failure, also decreases
ith increasing amount of coarse grains. It is evident that the
ielectric and fatigue strengths of the BaTiO3 specimens depend
trongly on their microstructures.

In terms of cycle number at failure, the fatigue strength of
he BaTiO3 specimens containing less than 5% coarse grains is
onger than 106 cycles. As the amount of coarse grain becomes
igher than 45%, the specimens reach failure criterion within 105

ycles. Based on the percolation theory, particles with a content
igher than 45% in a system is capable of forming a continuous
etwork24. The formation of abnormal grains in BaTiO3 is typi-
ally accompanied with the formation of microcracks.15 As the
oarse BaTiO3 grains are interconnected, the intrinsic defects are
oined together forming a microstructural weak region which is
ighly susceptible to fatigue cracking, as clearly demonstrated
n Fig. 6.

Fig. 5 indicates that the Weibull modulus of the BaTiO3 spec-
mens sintered at 1350 ◦C for 2 h is smaller than that of the
pecimens sintered at 1335 ◦C for 2 h. Upon examining the scat-
ers in the coarse grain size of these two types of specimens, it
s found that the size distribution of the coarse grains (i.e., the
ight-hand side peak of the distribution curve shown in Fig. 2) is
ider for the specimens sintered at 1350 ◦C for 2 h. A wider scat-

er in the coarse grain size gives rise to a lower Weibull modulus.
he Weibull line obtained for the specimens sintered at 1350 ◦C

or 2 h is consisted of two sections with different slopes (indi-
ated by the two dotted lines in Fig. 5). One section indicates
short fatigue lifetime with a high Weibull modulus, while the
ther section shows a long fatigue lifetime with a low Weibull
odulus. The presence of two slope sections in the Weibull

ine implies the presence of two different failure mechanisms.
his might be attributed to the wide scatter in the size of the
oarse abnormal grains. Further investigations based on thor-
ugh microstructure characterizations of the fatigued BaTiO3
pecimens with various types of grain size distributions should
eveal clearer details.

. Conclusions

In the present study, the effect of the amount of coarse abnor-
al grains on the dielectric and fatigue strengths of bulk BaTiO3

eramics is studied. By varying the sintering temperature from
330 to 1350 ◦C and the dwell time from 0.1 to 2 h, the amount

f coarse grains in the BaTiO3 specimens can be manipulated
onsiderably. Fatigue data under cyclic electrical loading are
resented for the BaTiO3 specimens of different grain size dis-
ributions. Both the dielectric and fatigue strengths decrease
ramic Society 30 (2010) 2569–2576 2575

ignificantly with increasing amount of coarse grains. Based
n the Weibull analyses, it is concluded that a wider scatter in
he coarse grain size gives rise to a lower Weibull modulus,
nd BaTiO3 ceramics with less amount of coarse grains have
igher reliability, despite they might possess a bimodal grain
ize distribution. Characteristic weak points in the microstruc-
ure are recognized based on the fatigue crack paths. A common

icrostructural region which is susceptible to fatigue crack-
ng is where the coarse abnormal grains are clustered together.
he electric field-induced fatigue cracks are predominantly

ntergranular and propagate through regions where the abnor-
al grains are interconnected to each other. The formation of

oarse abnormal grains in BaTiO3 is typically accompanied
ith the formation of microcracks. The clustering of the coarse
rains joins the intrinsic defects, and consequently, forming a
icrostructural weak region. The present study demonstrates

hat the dielectric and fatigue strengths of bulk BaTiO3 ceramics
epend strongly on their microstructures.
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