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Composites of Ba(Zrg ¢7Tig.93)03 ceramic and CoO nanoparticles (at 1.0 vol.%
to 3.0 vol.%) have been fabricated to investigate the effects of the CoO
nanoparticles on the properties of the composites. X-ray diffraction data re-
vealed that the modified samples contained Ba(Zrg ¢7Tip.93)03 and CoO pha-
ses. Addition of CoO nanoparticles improved the magnetic behavior and
resulted in slight changes in ferroelectric properties. The composites showed a
magnetoelectric effect in which the negative value of the magnetocapacitance
increased with increasing CoO concentration. Examination of the dielectric
spectra showed that the two phase-transition temperatures as observed for
unmodified Ba(Zrg 7 Tig 93)03 merged into a single phase-transition temper-
ature for the composite samples. The composite samples also showed broad
relative permittivity versus temperature (¢~71) curves with frequency dis-
persion. This dielectric behavior can be explained in terms of the Maxwell—
Wagner mechanism. In addition, the Vickers hardness (H,) value of the
samples increased with increasing CoO content.

Key words: Magnetic properties, mechanical properties, x-ray diffraction,
electrical properties

INTRODUCTION

Barium titanate (BaTiOsz, BT) with perovskite
structure has been widely investigated because of
its good dielectric and excellent ferroelectric prop-
erties.! The properties of BT can be efficiently
controlled by doping with different elements. It
has been reported that modified BT ceramics, e.g.,
with zirconium (Zr) doped at titanium (Ti) site, i.e.,
Ba(Zr,Ti;_,)O3 (BZTs), show improved electrical
properties.”® Many authors have reported that

(Received June 20, 2016; accepted January 17, 2017;
published online February 27, 2017)

the properties of BZTs are dependent on the Zr
concentration; For example, BZTs present three
phase transitions, i.e., rhombohedral to orthorhom-
bic (T4), orthorhombic to tetragonal (7T5), and
tetragonal to cubic (7.), at temperatures that
depend strongly on the Zr concentration. High
dielectric constant (~12,000 at T. ~ 105°C) with
low loss tangent (tan 6 =~ 0.035) was observed for
Ba(Zrg.¢7Tig 93)03 ceramic.* High dielectric tunabil-
ity has also been reported for some BZT composi-
tions.®% Furthermore, Ba(Zrg o7 Ti¢ 93)03 doped with
B,O3; presented very high strain under applied
electric fields,” and Ba(Zrg 5Tigs)035—(Bag -Cag 3)-
TiO3 doped with praseodymium (Pr) showed
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luminescence properties.® Therefore, BZT-based
ceramics are very attractive materials for use in
many electronic applications.*™

For many years, researchers have attempted to
create novel materials which exhibit both ferroelec-
tric and magnetic properties in one system.'® Such
materials are called multiferroic materials. How-
ever, a single phase or solid solutions of many
multiferroic materials exhibit weak ferroelectric
and/or magnetic properties.'’'? Therefore, many
researchers have tried to find new materials having
stronger multiferroic properties. An alternative
approach to obtain strong multiferroic properties
is to produce composites or nanocomposites® ¢
which  contain  ferroelectric and magnetic
phases.'®!” This composite approach has been
applied to produce many multiferroic composites,
such as Lag7BagsMnOs/BaTiOs3,®  Ba(Zrg.or
Tio_gg)Og/NiO,lg Na0.5Bi0.5Ti03anFe204,20 and
Pb(ZrO_52Ti0.48)03/CoFe204.21

In the present work, new Ba(Zr 7Tig 93)035/CoO
(BZT/Co0O) composites were fabricated and their
properties investigated, since BZT presents many
interesting properties and CoO is a magnetic mate-
rial. In this work, CoO nanoparticles were added to
BZT to form the ceramics. Many characteristics of the
composites, including their dielectric, ferroelectric,
and magnetic properties, were investigated and are
discussed in detail. They were also characterized,
particularly in terms of density, phase formation, and
microstructural and mechanical properties, and the
corresponding results are also presented herein.

EXPERIMENTAL PROCEDURES

In this work, reagent-grade oxide powders of
BaCO3, ZrO,, and TiO, were used as starting
materials, weighed based on the stoichiometric
formula Ba(Zrg ;Tig93)035 (BZT). The weighed
batch was ball-milled for 24 h. The mixed powder
was then calcined at 1200°C for 2 h. Nanoparticu-
late CoO powder (Sigma-Aldrich), with particle size
<100 nm, was used for the nanocomposites. Differ-
ent volume ratios of CoO nanoparticles (0 vol.%,
1 vol.%, 2 vol.%, and 3 vol.%) were ultrasonically
dispersed in ethanol for 30 min before mixing with
BZT powder and milling for 24 h. The resulting
slurries were then dried for 24 h. The obtained
powders were pressed into disc-shaped pellets.
These green pellets were sintered at temperatures
ranging from 1150°C to 1500°C for 2 h. The phase
formation in the ceramics and composites was
determined by x-ray diffraction (XRD) analysis.
The bulk density of the sintered samples was
measured by Archimedes’ method. Microstructural
study of the sintered samples was performed by
scanning electron microscopy (SEM, JEOL JSM-
6335F). Grain size was determined by the mean
linear intercept method on SEM micrographs.

For electrical measurements, samples were pol-
ished to obtain very smooth and parallel surfaces,

and silver paste was painted on both sides of the
samples and fired at 650°C for 30 min. The dielec-
tric properties of the ceramics were studied using an
LCR meter connected to a high-temperature fur-
nace at frequencies ranging from 20 Hz—
2.25x10° Hz. Polarization—electric field (P-E) hys-
teresis loops were measured at RT using a ferro-
electric test system from Radiant Technologies. An
alternating-current (AC) electric field of 20 kV/cm
and frequency of 1 Hz were used in these measure-
ments. The magnetic properties of the composites
were measured using a vibrating-sample magne-
tometer (VSM) (model 7404, Lake Shore Cryotron-
ics, Inc., Westerville, OH, USA). Vickers hardness
(H,) was measured on a polished surface using a
microhardness tester, to study the mechanical
properties.

RESULTS AND DISCUSSION
Densification and Phase Formation

To achieve optimum densification, samples were
sintered at different temperatures from 1150°C to
1500°C. The density of the samples sintered at
different temperatures is shown in Fig. 1a. These
density data reveal that the concentration of the
nanoparticles and the sintering temperature both
affected the sintered density. For the pure BZT
sample, the highest density was obtained when
sintered at 1450°C (Fig. 1a, inset). For the compos-
ite samples, the density increased with increasing
sintering temperature and showed a maximum
value at 1250°C, decreasing slightly thereafter.
Plots of the optimum density and its optimum
sintering temperature as a function of CoO content
are shown in Fig. 1b. The porosity of the samples
also reduced with the additive (Fig. 1b, inset). The
optimum sintering temperature decreased from
1450°C for the pure BZT sample to 1250°C for the
composite samples. Therefore, the optimum sinter-
ing temperature for the composites was 200°C lower
compared with that of the pure BZT sample.
Furthermore, the density increased with the CoO
content at the optimum sintering temperature. The
densest sintered samples for each composition were
selected for characterization.

Figure 2 displays x-ray diffraction (XRD) patterns
with 20 = 20° to 80° for all the samples at room
temperature (RT). All of the main diffraction peaks
correspond to perovskite structure. Although there
are conflicting data regarding the symmetry of BZT
ceramics,?>?® the present XRD data match with
International Centre for Diffraction Data (ICDD)
file no. 01-081-2198, and the symmetry of the
samples was characterized as orthorhombic. The
XRD data also showed CoO phase (ICDD file no. 01-
071-1178, indicated by “*”), which is a magnetic
material.”* Furthermore, the intensity of the CoO
peaks increased with increasing amount of additive.
This result reveals that the modified samples are a
kind of composite. It should be noted that the XRD
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Fig. 1. (a) Variation of bulk density with sintering temperature for the
composites (inset: density for pure BZT ceramic), (b) optimum
density and corresponding sintering temperature as a function of the
CoO content of the BZT/CoO composites (inset: porosity versus
CoO concentration).

peaks shifted to lower angle, indicating distortion of
the unit cell. This may be due to some Co ions
entering the BZT lattice. To check the effect of CoO
additive on the phase formation in more detail, the
Raman scattering technique was employed. Compo-
sition-dependent Raman spectra for the studied
samples are illustrated in Fig. 3. For the pure BZT
sample, the Raman spectrum agrees with data from
many previous works.?>?> The Raman spectra pre-
sent E(TO;) and E1(TO2) modes at approximately
110 em ™! and 300 cm ™!, which can be linked with
the tetragonal—cubic phase transition.?>?¢ The
stretching mode of A;(TO;) and A(TOj3) were
observed at approx1mately 166 cm™! and
516 cm !, respectively.?%?5%¢ Furthermore, there
was a coupling between the sharp A1(T01) and
broad A;(TO5) modes.?? A;(LO3) mode was found at
710 cm ™!, where its intensity can be associated with
zirconium (Zr) substitution at titanium (Ti) sites at
the B-site of the BZT lattice.?? After adding the
nanoparticles, obvious change of the Raman spectra
was observed; i.e., some fine features shifted or
disappeared. Broader main peaks were found for the
composite samples, suggesting structural distur-
bance of the present composites due to the CoO
additive.

Ferroelectric and Magnetic Properties

The P-E hysteresis loops obtained at room temper-
ature for the samples with different CoO contents are
shown in Fig. 4. The pure BZT sample showed normal
ferroelectric behavior with a nearly rectangular hys-
teresis loop. The ferroelectric properties of the pure
BZT sample are close to those in previous literature.’
However, the composite samples presented unsatu-
rated hysteresis loops that became more slanted. The
remanent polarization (P,) versus CoO content is
illustrated in Fig. 5. The P, value tended to decrease
with increasing CoO content. The sample with
2.0 vol.% CoO showed the highest P, value of
12.5 uC/cm?, compared with the other composite sam-
ples. To quantlfy the changes in the hysteresis, the
squareness (R, of the hysteresis loops was deter-
mined from the equation: Ry, = (P/Pg) + (P11gd/

P,),>?" where P, is the saturated polarization and E,
is the coercive field. The R, values versus CoO content
are illustrated in the inset of Fig. 5. The R, value
tended to decrease with increasing CoO content.
However, the Ry, value for the 1vol.% sample
(Rsq = 0.78) was close to that of the 2 vol.% sample
(Rsq = 0.79), suggesting that the quantified hysteresis
loop behavior of these samples changed only slightly
between the 1 vol.% and 2 vol.% composites.

The magnetization—magnetic field (M—-H) plots
obtained at RT for the studied samples are illus-
trated in Fig. 6, showing square hysteresis loops
with M, increasing from 0 emu/g for the pure BZT
sample to 2.4 emu/g for the 3 vol.% sample (Fig. 5).
In the present work, the magnetic moment (ng) of the
ceramics was determined in units of the Bohr
magneton (ug) using the equation: ng = (M x ¢’s)/
5585, where M is the molecular weight of the
particular composition, ¢’s represents the magneti-
zation/gram (emu/gram) of the sample, and 5585 is
the magnetic constant. The value of ng increased
with increasing CoO content (Fig. 7, inset). This
result agrees well with many previous works on
multiferroic composites; i.e., ng 1ncreased with
increasing amount of magnetlc phase.?"?® However,
it should be noted that the ng values in the present
work showed a nonlinear relation with the amount of
additive. This is probably due to entry of some Co
ions into the BZT lattice, so the studied samples
contained not only BZT and CoO but also Co-doped
BZT phase (i.e., the modified samples were multi-
phase). The observation of ferromagnetic behavior
for the studied ceramics may be due to the effect of
particle size, as nanoparticles of many antlferromag
netic mater1als present ferromagnetic behav1or
Recently, the F-center exchange mechanism®’% has
been used to explain an improvement in the ferro-
magnetic behav1or of many materials, e.g., Fe doped
SnO, thin films®* and Fe-doped B14T13012 When
Fe is doped into such materials, Fe?*-[-Fe3* groups
(where -[J- represents an oxygen vacancy) can be
formed in the structure. An electron trapped in the
oxygen vacancy can produce an F-center, where the
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Fig. 2. X-ray diffraction patterns at 20 = 20° to 80° for pure BZT and BZT/CoO samples sintered at their optimum sintering temperature.
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Fig. 3. Raman spectra of BZT/CoO samples with different CoO
contents at RT.

trapped electron will be spin down and the two iron
neighbors spin up. This leads to direct ferromagnetic
coupling due to the exchange interaction of the ferric
ions through the electron trapped in the bridging
oxygen vacancy. This mechanism has also been used

to explain the ferromagnetic behavior of Biy , Pr,.
Tis_C0,019.4 (0 < x < 0.3) ceramics by Yang et al.>°
They suggested that Co®**-0-Co®**, Co®*-0-Co?*, and
Co3*-0-Co®* networks could be formed in the sam-
ples, resulting in the ferromagnetic behavior. In the
present work, the improvement of the ferromagnetic
behavior for the studied samples may also be linked
to such an F-center exchange mechanism as reported
by previous works. However, further study is
required to confirm the reasons in more detail.

In the present work, the magnetoelectric (ME)
effect was also studied by measuring the magnetoca-
pacitance (indirect method). The magnetocapaci-
tance (MC) at 1 kHz and RT was determined using
the following equation: MC% = [(e(H) — &(0))/&(0)] x
100%, where £(0) is the relative permittivity at zero
applied magnetic field and &H) is the relative per-
mittivity under an applied magnetic field (1 T). A plot
of the MC value as a function of CoO concentration is
presented in Fig. 7. The negative MC value increased
with increasing CoO concentration. The change in
relative permittivity under an external applied mag-
netic field suggests that there was ME coupling in the
composites. This may arise from magnetic—-mechan-
ical-electric interaction between magnetostrictive
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Fig. 5. Remanent polarization and remanent magnetization of
ceramics (inset: Ryq as function of CoO content).

and piezoelectric phase through the stress/strain at
interfaces. In this case, the applied magnetic field can
generate stress on the magnetic phase, which is
transferred to the ferroelectric phase mechanically,
resultin5g in electric polarization in the piezoelectric
phase.?*3 Kimura et al.?” studied the ME effect in
BiMnOj3 ceramic by using a potential in thermody-
namic theory. Normally, the potential (@) for a
ferroelectromagnet can be expressed as®’ @ =

@o + oP? + LP* — PE + o/ M? + L M* — MH + yP2M2,

6
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Fig. 6. Magnetization (M) versus magnetic field (H) for the ceramics.

where @, o, 8, o/, and y are functions of temperature,
and P and M are the polarization and magnetization,
respectively. The term yP?M? in this equation indi-
cates the coupling between P and M as suggested by
Kimura et al.?” found that Ac ~ yM?2, i.e., the change
in relative permittivity (A¢) depends on the magne-
tization. This expression has also been used to
explain the ME effect in multiferroic compos-
ites such as xCoFey04—~(1—x)[0.5Ba(ZrqTips)
03-0.5(Bag 7Co3)Ti03]*° and BiFeO3~CoFey04—
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PbTi0O5.%® Thus, the change in relative permittivity
(or the presence of the ME effect) in the present work
may be understood using this expression.

Dielectric Properties

The relative permittivity (¢,) as a function of
temperature for the ceramics with different CoO
contents is shown in Fig. 8. For the pure BZT
sample, two phase transitions were observed in the
permittivity curve, denoted as T; (~67°C) and T
(~102°C). The relative permittivity (&, max) at T and
at T¢ (at 1 kHz) was 12,300 and 4500, respectively.
Furthermore, the pure BZT sample also showed
very weak frequency dependence of the relative
permittivity. These properties are consistent with
data reported in previous works.>>*® For the
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Fig. 8. Relative permittivity (¢;) and loss tangent (tan 6) as functions of temperature and frequency for: (a) BZT, (b) BZT + 1.0 vol.% CoO, (c)

BZT + 2.0 vol.% CoO, and (d) BZT + 3.0 vol.% CoO samples.
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composite samples, the permittivity curves showed
a single, broad phase transition. The permittivity
curves of the composites also displayed pronounced
frequency dependence. The presence of such fre-
quency dependence of the relative permittivity with
the additive may be due to the samples having more
heterogeneous conduction. To check this effect,
room-temperature relative permittivity versus fre-
quency curves are plotted in Fig. 9. The relative
permittivity curves for the composites presented
dielectric constant steps down from high values at
low frequency, while the pure BZT sample showed

6x10°
—o—0vol% CoO 3.0x10° 1 kHz -
——1vol% CoO
5x10° {| —=—2vol% CoO 2.5x10°
—+—3vo0l% CoO [ w*™
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Fig. 9. Frequency dependence of relative permittivity (at RT) of the
studied BZT/CoO samples (inset: ¢ at RT and 1 kHz as function of
CoO content).

only a slight change in relative permittivity with
frequency. It should be noted that the steps in the
relative permittivity curves were clearly noted for
the composites containing >2.0 vol.% CoO. Further-
more, the composite with 3.0 vol.% CoO presented
the highest level of relative permittivity at room
temperature (see also the inset of Fig. 9), especially
in the low frequency region. This behavior can be
explained in terms of the Maxwell-Wagner polar-
ization mechanism due to the samples having
heterogeneous conduction.*! In this work, this may
be linked to the different conduction in insula-
tor/conductive areas and sample/electrode inter-
faces in the composites. Plots of the loss tangent
(tan 0) versus temperature are also shown in Fig. 8.
The tan ¢ value tended to increase with increasing
amount of additive. Furthermore, samples with
higher CoO content showed greater frequency dis-
persion of tan d, consistent with the permittivity
curves. Higher CoO content also resulted in higher
value of loss tangent at low frequency.

Microstructure and Mechanical Properties

Selected SEM micrographs and corresponding
energy-dispersive x-ray spectrometry (EDS) maps
(for Co) are shown in Fig. 10. The white spots in the
EDS maps indicate Co. For the samples with less
CoO (e.g., 1.0 vol.%), a nonuniform distribution of
Co spots was noted (Fig. 10b), suggesting that the
composites had heterogeneous composition. The
number of Co spots increased with the amount of

Fig. 10. Selected SEM micrographs and corresponding EDS maps of BZT + 1.0 vol.% CoO sample (a, b) and BZT + 3.0 vol.% CoO sample (c, d).
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additive (Fig. 10d). Microstructural analysis also
showed that addition of the additive resulted in a
change in grain size. The average values of grain
size, as calculated by the linear intercept method,
decreased sharply from 25.3 um for the pure BZT
sample to 3.9 yum for the 1.0 vol.% sample, then
slightly to 2.4 um for the 3.0 vol.% sample (Fig. 11).
Furthermore, nonuniformity in grain size was found
for samples with higher CoO content (e.g.,
3.0 vol.%). This reduction in grain size may be due
to the additive phase preventing grain-boundary
movement during the sintering process.

It has been reported that the mechanical proper-
ties of many electroceramics can be improved by
adding nanoparticles.'®*>** In the present work, H,
was investigated to study the effect of nanoparticle
addition on this property. The Vickers hardness
value as a function of CoO content is also displayed
in Fig. 11. These results reveal that the nanoparti-
cles improved the hardness value, from 4.1 GPa for
the pure BZT sample to 6.0 GPa for the 3.0 vol.%
sample. This improvement in the hardness value for
the studied samples may be due to the nanoparticles
physically reinforcing grain boundaries and actin%
as effective pins against microcrack propagation.*
Grain size (d) is also widely known to affect the
mechanical properties of many materials. Grain size
and hardness are therefore often interrelated. In
the case of metallic materials, the Hall-Petch
equation (H, = Hy + kd~V2 where H, and %k are
constants) has been used to relate grain size and
yield strength. This equation has also been used to
link the grain size and hardness of some ceram-
ics.*>*% In the present work, however, the hardness
value of the studied samples was proportional to the
log of the grain size, i.e., H, = 6.6 — 1.9log(d)
(Fig. 11, inset). This suggests that the mechanical
behavior of the studied composites, e.g., the hard-
ness, differs from that of metallic materials or some
ceramics, where alterations of the grain-boundary
characteristics in composites can be linked to their
thermomechanical behavior. Further work is
required to study the grain-boundary characteris-
tics of these composites in more detail.

CONCLUSIONS

BZT ceramics with addition of 1.0 vol.% to
3.0 vol.% CoO nanoparticles were prepared by a
conventional mixed-oxide method. The properties,
i.e., phase composition, microstructure, and
mechanical, electrical, and magnetic properties, of
the BZT/CoO nanocomposites were investigated.
The results showed that the modified samples were
multiphase. Addition of CoO nanoparticles
enhanced the magnetic properties of the BZT
ceramic with slight change in the ferroelectric
properties. The additive enhanced the -MC value
and had a strong effect on the phase-transition
behavior of the studied samples. The composites
also exhibited strong frequency dispersion of per-
mittivity, which can be explained by the Maxwell—
Wagner mechanism. In addition, the nanoparticles
decreased the grain size but increased the hardness
value.
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