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LI TS 1 A Modern electronics expect functional materials that are eco-friendly and are

Published online: obtained with lower energy consumption technological processes. The multi-
26 March 2018 ferroic lead-free BaFe;,,Nb; 2,03 (BFN) ceramic powder has been prepared by

mechanochemical synthesis from simple oxides at room temperature. The
© The Author(s) 2018 development of the synthesis has been monitored by XRD and SEM investiga-

tions, after different milling periods. The obtained powders contain large
agglomerates built by crystals with an estimated size about 12-20 nm depend-
ing on the period of milling. From this powder, the multiferroic BFN ceramic
samples have been prepared by uniaxial pressing and subsequent sintering
pressureless method. The morphology of the BFN ceramic samples strongly
depends on high-energy milling duration. The properties of the ceramic samples
have been investigated by dielectric spectroscopy, in broad temperature and
frequency ranges. The high-energy milling of the powders has strongly affected
the dielectric permittivity and dielectric loss of the BaFe;,,Nb;,,05 ceramic
samples. The usage of the mechanochemical synthesis to obtain the multiferroic
lead-free BFN materials reduces the required thermal treatment and simulta-
neously improves the parameters of the BEN ceramics.

Introduction ferroelastic (ferromagneticelastic, ferroelastoelectric)

state [1, 2]. Due to the coupling between magnetic
Multiferroic materials show simultaneously at least and polarization orders, multiferroics offer wide and
two types of ferroic properties, i.e., a ferromagnetic functional properties for applications in modern
(antiferromagnetic, ferrimagnetic) state, a ferroelec- microelectronics and micromechatronics [3-6]. The
tric (antiferroelectric, ferrielectric) state or a largest groups of materials with these properties are
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materials with a perovskite structure. Generally,
perovskite ceramics (the best materials for smart
structures, sensors and actuators) are fabricated by
solid-state reactions or wet-chemistry methods
[7-10]. The methods are related to high production
costs and have serious disadvantages (e.g., high-
temperature treatment during the technological pro-
cess results in coarsening and aggregation of the
particles or non-stoichiometric composition or non-
perovskite structure of the final materials due to the
appearance of the volatile element out-diffusion at
high temperature). A much less expensive alternative
to those techniques is a direct synthesis from
respective oxides at room temperature, via
mechanochemical reaction [11-13]. The room-tem-
perature synthesis lowers fabrication costs, elimi-
nates the undesirable losses of volatile elements and
enables the control of chemical and stoichiometry
composition.

The development of lead-free electroceramics,
capable of replacing the most commonly used PZT-
based materials, is currently a very important issue
due to environmental considerations. One of the
possible candidates to replace the lead-contained
ceramics is BaFe;,,Nb;,,0O3; (BFN) material with
multiferroic properties [14-17].

Recently, we have prepared and investigated the
BFN ceramics obtained from mechanically activated
powders [13]. The conventional process of ceramic
preparation was modified by the mechanochemical
activation of starting reagents (including carbonates).
Usually, mechanochemical methods based on car-
bonates reagents require additional thermal treat-
ment to initiate reaction. A different possibility is to
use simple oxides as starting reagents, and this
method usually allows a synthesis directly during
high-energy milling. This paper focuses on the
preparation of BFN ceramics thereby (from simple
oxides) and the investigations of the influence of
high-energy milling time on the final properties of
ceramics. The development of the synthesis has been
monitored by XRD and SEM investigations after
different milling periods. The ceramic properties
have been investigated by dielectric spectroscopy in
broad temperature and frequency ranges. The influ-
ence of high-energy milling on the final properties of
the BFN ceramics has been discussed.

@ Springer
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Experimental details

The multiferroic lead-free Ba(Fe;,,Nb;,,)O5; (BFN)
ceramics have been obtained from simple oxides by
mechanochemical synthesis. The stoichiometric mix-
ture of the starting oxides BaO (99.99% Sigma-
Aldrich), Fe;Oz (99%, Sigma-Aldrich) and Nb,Os,
(99.9%, Sigma-Aldrich) was placed in a stainless steel
reaction vessel together with stainless steel balls. The
mechanical synthesis was carried out in a SPEX 8000
Mixer Mill (shaker type mill with vial clamp speed of
875 cycles per minute) in the air atmosphere and at
room temperature. The ball-to-powder weight ratio
(BPR) parameter was 5:1. The high-energy mill was
run for different periods between 1 and 75 h. The
synthesis process was controlled by X-ray diffraction
studies after various milling time. XRD measure-
ments were performed with PANalytical Empyrean
X-ray powder diffractometer (CuKo radiation, 45 kV,
40 mA). The morphology of the obtained powders
samples has been examined with a scanning electron
microscope (SEM) JEOL JSM-7100 TTL LV Field
Emission Scanning Electron Microscope.

The mechanochemically synthesized powders have
been used for the preparation of ceramic samples.
The powder has been uniaxially pressed into disks
with the diameter of 8 mm and thickness about
3 mm, with the usage of polyvinyl alcohol as a bin-
der. The compacting (densification) of the BFN cera-
mic samples was made by a free sintering method
under the following conditions: Ts = 1350 °C, t; =4 h
(according to the previous works [13, 15]).

The SEM morphology of the fracture of the ceramic
samples was carried out by a JEOL JSM-7100 TTL LV
Field Emission Scanning Electron Microscope. For the
electrical investigation, the ceramic specimens were
ground and polished and successively silver paste
electrodes (P-120 supplier Polish State Mint) have
been deposited on both surfaces of the specimens.
Dielectric permittivity and dielectric loss were mea-
sured during heating (between 20 and 450 °C, heat-
ing rate 1 K/min) using the capacity bridge of a
QuadTech 1920 Precision LCR Meter and in the fre-
quency range from 1 to 100 kHz. The measurements
of DC electric conductivity were performed using a
6517B Keithley electrometer in the temperature range
from 20 to 400 °C.
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Results and discussion

The properties of multiferroic materials are closely
related to their technologic processes that usually
have huge impact on material crystallographic
structure and microstructure. Mechanochemical
synthesis offers the formation of perovskite phase
directly at room temperature and fine grain powder
which can be very suitable for the preparation of
dense ceramic samples. Among many preparation
parameters, milling time plays a very important role
(e.g., milling time can determine crystalline or
amorphous nature of final materials). In order to
monitor the synthesis process, the oxide mixture has
been milled for different times up to 75 h. After each
high-energy milling period, the material has been
examined by XRD measurements (Fig. 1) and SEM
observations (Fig. 2).

Initially, the starting powders were mixed together
and their crystallographic structures gradually dis-
appeared as a result of high-energy milling. On the
diffraction patterns, the diffraction peaks of the
starting materials have been greatly broadened and
their intensity decreased. The longer high-energy
milling duration has triggered the synthesis process
and led to a gradual appearance of the crystallo-
graphic BEN structure. After 2 h of milling, the for-
mation of BFN perovskite phase has been evidenced
due to a few XRD peaks. However, the detected
perovskite peaks are weak and revealed small
amounts of this new phase. During longer milling up
20 h, the amount of the perovskite phase gradually
increased and the diffraction peaks become more
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Figure 1 XRD patterns of the started oxides and their mixture
after different periods of high-energy milling.

13503

clearly visible, whereas their intensities increased. No
significant difference was found for prolonged mil-
ling. The XRD patterns have revealed several rela-
tively sharp peaks assigned to the perovskite phase;
however, relatively larger background of the
diffraction patterns has suggested the presence of
amorphous materials. For longer milling periods
(more than 50 h), the peaks become broader. This
broadening suggests a significant refinement in the
crystalline size. The similar phase formation of per-
ovskite materials was observed in earlier studies
[18, 19].

The main advantage of this route (the usage of
oxides as substrates) is the direct formation of per-
ovskite phase during mechanochemical treatment.
Previously, [13] we have used carbonate as a starting
reagent and consequently the calcination step was
required to obtained perovskite phase.

The average crystal size of the powders can be
estimated on the basis of XRD investigations and the
Scherrer equation. The calculated average size of
crystals slightly increases with increasing milling
time, from 12 nm (for the powder milled for 10 h) to
20 nm (for the powder milled for 40 h). In case of the
longer milling period (Ionger than 50 h), the average
size gradually decreases up to 16 nm for the powder
milled for 75 h.

The SEM images of the mechanochemically syn-
thesized BFIN powders, after different milling periods
between 10 and 75 h, are presented in Fig. 2. High-
energy milling incorporates large numbers of defects
and crushes grains that enhance diffusion, conse-
quently irregular and defected grains are formed.
Those grains easily combine into loosely packed
agglomerates. The lateral size of the agglomerates is
relatively large, up to 40 pm. The performed inves-
tigation has not indicated any significant difference in
morphology between the powders obtained after
different milling periods.

The mechanochemically synthesized powders have
been used for the preparation of the ceramic samples.
The powders milled for a period shorter than 10 h,
due to small amount of the perovskite phase, have
not been used to obtain ceramic samples and for
further investigation. The powder has been uniaxially
pressed at room temperature and subsequent sinter-
ing at 1350 °C for 4 h. The density (p) of the BFN
ceramics (measured by hydrostatic method) does not
show a visible trend depending on the mixing time

@ Springer
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[

Figure 2 SEM images of the BFN powders after high-energy milling for a 10 h, b 20 h, ¢ 40 h, d 60 h and e 75 h.

Table 1 Parameters of the

multiferroic BEN ceramics BFN10h BFN20h BFN40h BFN60h BFN75h

p (g/em®) 6.11 6.13 5.85 5.93 6.06

d (um) 11.6 12.8 12.3 13.5 14.7

T (°C)? 270 278 248 254 263

¢ at T 47790 65280 18445 57588 62710
tand at T2 0.737 0.785 0.691 0.464 0.517

¢ at T2, 136783 206365 65130 157475 157200
tand at 150 °C* 0.163 0.159 0.201 0.193 0.167
Eact at I (eV) 0.539 0.514 0.638 0.454 0.4670
Eac at I (eV) 0.917 0.900 0.837 0.811 0.750

poc at T, (Qm) 1.07 x 10° 227 x 10° 7.18 x 10° 0.89 x 10° 1.02 x 10°
“Results for 1 kHz

p density, d the average grain size, T, room temperature, Ty, temperature at which there is maximum
value of the dielectric permittivity, ppc DC resistivity

@ Springer
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(Table 1). This may be due to the random formation
of powder agglomerates with different sizes.

The fracture of the BFN samples occurs through
the grains, with a smooth topography of the surface,
which indicates a higher mechanical strength of the
interior of the grain (Fig. 3). Also the pores of the
samples are visible on the morphology images. Such
type of BFN ceramic morphology was observed early
[15, 20]. The duration of high-energy milling affects
the homogeneity of the BEN powders and, as a con-
sequence, the ceramic morphology. The ceramics
obtained from the powders after the shortest milling
time (e.g., 10 h) exhibit a considerable non-unifor-
mity of the shape and size of grains (with small and
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large grains), as well as large porosity. The increasing
duration of high-energy milling improves the sinter-
ability of powders and, as a result, reduces the
porosity of the ceramic samples. Morphology of the
BFN ceramics with the highest homogeneity occurs
for the BFEN60h sample, which indicates that the
optimal time of high-energy milling is 60 h. The
further continuation of the milling has not improved
the ceramic morphology. The milling time of more
than 60 h has induced the larger numbers of defects
that consequently promote the formation of bigger
grains (BFN75h sample). The average grain size
(d) determined by the lineal intercept method of the
BFN samples is summarized in Table 1.

10.0 um

Figure 3 SEM microstructures of the BFN ceramics obtained from a 10-h, b 20-h, ¢ 40-h, d 60-h and e 75-h high-energy-milled

powders.

@ Springer
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<« Figure 4 Temperature dependencies of real dielectric permittivity
(&) measured during heating of BFN ceramics obtained from high-
energy-milled powders.

The results of the temperature measurements of
dielectric properties for different frequencies are
presented in Figs. 4 and 5. In comparison with the
work [17, 21], the &'(T) plots of the BFN ceramic
samples show explicitly the phase transition for all
measuring frequencies. The temperature of the
¢(T) maximum (i.e., T,) has shown a strong fre-
quency dependence, whereas its value shifts to
higher temperature with the frequency increasing.

For all BFN ceramic samples, the real dielectric
permittivity increases during heating until it reaches
diffuse maximum value of T,, connected with phase
transition from ferroelectric to paraelectric phase.
Such broad temperature range of the phase transition
can be related to the disorder in the distribution of
B-side ions in the unit cell. It leads to the formation of
random local regions that exhibit different Curie
temperatures. Such features, characteristic for the
relaxor-like materials, have been observed in the
perovskite materials [22]. The dielectric behaviors of
the relaxor-like materials are in contrast to the normal
ferroelectrics that exhibit a sharp, frequency-inde-
pendent peak of ¢'(T) at the Curie temperature (T¢),
e.g., observed in multicomponent PZT-type ceramics
[23].

The real dielectric permittivity of the ceramics,
prepared from mechanically synthesized powder, is
characterized at room temperature by an extremely
high value. Such giant value of dielectric permittivity
[15, 22, 24] may be connected with a possibility of a
layer (a metal-semiconductor layer) formation in the
area near electrodes. The values of the dielectric
permittivity calculated from the capacitance of such a
two-layer capacitor are a sum of the sample capaci-
tance and capacitance of the layers formed near the
electrodes. The capacitance of such layers depends on
the value of the blocking voltage and the amplitude
of the electric field, and it influences the total
dielectric permittivity values [25, 26]. The milling
time dependence of real dielectric permittivity value
is not clear; however, it is obvious that samples mil-
led for a longer time have insignificant higher ¢ at
room temperature (Table 1). The BFEN ceramics, pre-
pared by the conventional process, reveal the phase
transition in a narrower temperature range with high
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values of dielectric permittivity [15]. However, com-
pared to the present investigation, the values of
dielectric permittivity at room temperature of the
conventionally obtained BFN samples are lower
[15, 17, 27].

The tand(T) dependences of the all BEN ceramic
samples show similar appearance (Fig. 5). Compared
to the samples obtained by conventional solid-state
reaction technique [15], the investigated BFN ceram-
ics show much lower dielectric loss. With increasing
temperature, the value of dielectric loss decreases just
above the room temperature. In the temperature
range of 130 °C-160 °C, the minimum value of
dielectric loss of the BFN ceramics is observed. Above
this temperature range, the rapid increase in the
dielectric loss occurs, due to the increase in the elec-
trical conductivity. For the BFN ceramics, similarly to
the others perovskite-like materials, the losses in the
ferroelectric phase are associated with re-polariza-
tion, whereas in the paraelectric phase with electric
conduction [26]. This rapid growth of dielectric loss
(in paraelectric phase) can be associated also with
others factors, like a partial reduction of ions Fedt/
Fe’" or the formation of oxygen vacancies during
sintering [28]. For higher frequencies, the values of
the dielectric loss in the BFN samples increase.

The set of dielectric studies of the BFN ceramics,
for 1kHz, is presented in Fig. 6. Both the real
dielectric permittivity values and the phase transition
temperature depend on the high-energy milling time;
nevertheless, this trend is not well established. On the
other hand, the dielectric measurements of the BFN
ceramic samples have not shown any significantly
effect of the high-energy milling duration on dielec-
tric loss values; however, the values of dielectric loss
are lower compared to the works [17, 29].

The parameters of the dielectric dispersions, char-
acteristic for the relaxor behavior, are collected in
Table 2 for all BFN ceramics. The value of T, strongly
depends on the frequencies of the measuring electric
field. The temperature dispersion between T,
observed at 1 kHz and 100 kHz changes with the
high-energy milling duration. The smallest tempera-
ture dispersion (60 °C) is observed for the BFN60Oh
ceramics obtained from 60-h-milled powder, while
the larger one (81 °C) is observed for the BFN10h
sample.

Figure 7 shows the frequency dependence of the
real dielectric permittivity ¢’ and imaginary dielectric
permittivity ¢ for temperature range between 25 and

@ Springer
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«Figure 5 Temperature dependencies of dielectric  loss
tand(T) measured during heating of BFN ceramics obtained from

high-energy-milled powders.

400 °C. The inverse dependence on frequency has
been observed for both ¢ and ¢. Such behavior is
typical for Debye-like relaxation and is related to the
fact that dipoles can no longer follow the field at high
frequencies (in low-frequency region the ionic
polarizability dominant, while in the high-frequency
region the effect of electronic polarizability is pre-
vailing). Similar results were obtained for other lead-
free perovskites like conventionally prepared BFN,

13509

Temperature measurements of DC electric con-
ductivity of the BFN ceramics have not shown a clear
trend of the effect of high-energy milling time on the
opc value. The differences in the DC conductivity
values at the measurement range are small for all
samples (Fig. 8). The lowest electrical conductivity
has been measured for the BEN40h sample, while the
highest conductivity—for the BFN75h sample. The
values of activation energy Ea. below (I area) and
above (Il area) the phase transition temperature are
summarized in Table 1. The higher values of the
energy activation are observed for BFN ceramics
obtained from the shorter milled powder. Also the
results show that higher activation energy values

BaFe; ,,Ta;,,03 [14, 27]. occur for high temperatures, which is characteristic

for materials with perovskite-like structure. In com-

(a) 25 (b) -
1 |—~=—BFN10h J ;}
—o— BFN20h 0.8 $
{ |~——BFN40h . 1
20 |——BFN60h N ;
1 BFN75h AN S
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100 150 200 250 300

Temperature (°C)

T
350 400 450

LN AL B B B
100 150 200 250
Temperature (°C)

Figure 6 Dielectric properties of BFN ceramics obtained from 10-, 20-, 40-, 60- and 75-h-milled powders (measured at 1 kHz).

Table 2 T, values obtained

during heating for different Frequency T,,—temperature of the maximum of dielectric permittivity

samples and different BFNI0h (°C) ~ BFN20h (°C) ~ BFN40h (°C)  BFN60h (°C) ~ BFN75h (°C)

measuring field frequencies of

BFN ceramics 1 kHz 270 278 248 254 263
2 kHz 282 293 260 266 278
5 kHz 299 313 276 280 294
10 kHz 310 326 285 288 302
20 kHz 318 338 297 294 309
50 kHz 336 347 314 304 326
100 kHz 351 353 326 314 339
AT (°C) 81 75 78 60 76

AT difference of temperature obtained for the highest (100 kHz) and the lowest frequency (1 kHz)

@ Springer
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Figure 7 Frequency dependence of dielectric permittivity ¢ and ¢ for BFN ceramics in different temperature ranges.

parison with the BFN samples obtained in conven-
tional method [15], the BFN samples obtained by
mechanochemical method have lower resistance at
room temperature, as well as have higher values of
Eact in paraelectric phase, and lower in ferroelectric

one.

@ Springer

Conclusion

The multiferroic lead-free BFN ceramics have been

successfully

synthesized by mechanochemical

method from the simple oxides. The first traces of
perovskite phase have been observed after 2 h of
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Figure 8 Lnopc (1000/T) relationship of the BFN ceramics
obtained from 10-, 20-, 25-, 40-, 60- and 75-h-milled powders.

high-energy milling (in the SPEX 8000 Mixer Mill;
with BPR 5:1). The presented investigations have
shown that the morphology of the BFN ceramic
samples strongly depends on high-energy milling
duration. High-energy milling process has also
strongly affected the final properties of the ceramic
samples. The influence of the high-energy milling
duration on values of dielectric loss and dielectric
permittivity, including the ferroelectric-paraelectric
phase transition, has been observed. The values of the
dielectric permittivity at room temperature are higher
compared to BEN ceramics obtained by conventional
methods. In comparison with the conventional BFN,
the ceramics obtained from mechanically synthesized
BFN powders exhibit lower dielectric loss. Consid-
ering the final parameters of the obtained ceramics,
the optimal high-energy milling time is 60 h. From
the application point of view, the usage of simple
oxides as substrates and mechanochemical synthesis
can shorten and simplify technological process
(eliminated thermal treatment required for reaction
initiation), as well as improve the parameters of the
muliferroic BEN ceramics.
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