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A low temperature densification technique, i.e. reactive hydrothermal liquid-phase densification ({HLPD) was
followed to obtain highly dense BaTiO; components at temperatures < 240 °C. The formed ceramics were
characterized concerning not only the structural features but also the electrical properties. The increase of both
reaction time and temperature resulted in enhanced densification of BaTiO3 components reaching about 90% of
theoretical density. The presence of the tetragonal BaTiO; was demonstrated by both XRD and TEM analysis.

Despite the low reaction temperatures, the samples showed promising dielectric, ferroelectric and piezoelectric
functionality without additional annealing. A broad dielectric peak was observed around 135 °C at the Curie
temperature; saturated hysteresis loops and corresponding butterfly-shaped strain-electric field loops were ob-
tained. BaTiO3 sample subjected to hydrothermal reaction at 240 °C for 72 h yielded a piezoelectric coefficient of

84 pC/N.

1. Introduction

Generally speaking, ceramic components are processed at high
temperatures by following traditional sintering methods namely solid
state, liquid phase, pressure-assisted sintering, etc. Recently, different
sintering approaches that allow the densification of ceramic artifacts at
temperatures below around 400 °C, i.e. low temperature densification
techniques which are broadly called as cold sintering (CS), have been
proposed [1]. Among others, rHLPD process is a concept of low tem-
perature densification consisting of an infiltration, hydrothermal reac-
tion, and reactive crystallization. Firstly, conventional shaping techni-
ques are used to form a porous matrix. Then, the structure is infiltrated
with a solution including reactive species, followed by hydrothermal
reaction, similar to ordinary crystallization studies [2]. However, spe-
cifically for rHLPD during the hydrothermal process; the pores act as
local micro-reactors and depending on the molar volume expansion of
the aimed reaction, theoretically, 100% dense components can be ob-
tained. In other words; the only requirement of the process is a hy-
drothermal crystallization reaction with reaction products having a
higher molar volume compared to that of the green body [3].

Barium titanate (BaTiO3) is one of the most well-known ferroelectric
materials. It is widely used in electrical applications such as multilayer
capacitors due to its high dielectric constant and low dielectric losses
[4,5]. While highly dense BaTiO; components were produced by high

* Corresponding author.

temperature sintering via various processes such as two step sintering
[6,71, hot isostatic pressing [8,9], spark plasma sintering [4,10-12],
and flash sintering [13,14], relatively limited number of works were
published concerning the low temperature densification of BaTiO;
[3,15-20]. Guo et al. [16,17] utilized a BaTiO3 powder having bimodal
particle size distribution. Water assisted powder was subjected to a CS
process at 180 °C for 3 h resulting in a high densification reaching to
94.4%. However, the samples produced by CS showed limited dielectric
properties, i.e. no peak appeared in the dielectric constant at the Curie
temperature and dielectric constant remained quite low up to 200 °C.
Because of such an issue, an additional annealing process (at 900 °C for
3 h) was conducted and the dielectric properties were improved. In
another study, a BaTiO3 powder (< 100 nm particle size) was used for
CS under similar conditions, resulting in the samples with relative
density above 96% yet comparable additional heat treatment at 900 °C
was followed to enhance the dielectric properties [18]. While in those
works BaTiO3; was formed by following CS, rHLPD was also followed to
produce BaTiO3 starting from a TiO, pellet and Ba(OH), solution under
hydrothermal conditions [3]. Although the process kinetics, densifica-
tion and mechanical properties of the samples were analyzed, the
electrical properties of such components were never discussed. There-
fore, in this study, it was aimed to investigate dielectric, ferroelectric
and piezoelectric properties of the BaTiO3 ceramics densified via rHLPD
at temperatures below 240 °C.
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2. Experimental procedure

3 g of Titanium oxide (TiO,, titania) (Anatase, 99.8%, Sigma
Aldrich, CAS#: 1317-70-0) powder was mixed in 12 ml of deionized
(DI) water with a gram of 10 wt% polyvinyl alcohol (PVA) aqueous
solution for 24 h using a planetary ball mill (Retsch PM-100, Germany)
in a high density polyethylene (HDPE) jar with zirconia balls. The TiO,
suspension was then dried, sieved, and pressed uniaxially at 30 MPa
into 10 mm-disc-shaped pellets. The green samples were heated to
400 °C for PVA binder burnout procedure.

Barium hydroxide (Ba(OH),.8H50) (> %98, Acros Organics, CAS#:
12230-71-6) was used as barium source. The pressed pellets were first
subjected to pre-infiltration by wetting the sides of the green-body with
a prepared solution of barium hydroxide, followed by placement of the
sample into the Teflon liner containing vessel (Parr Instruments 4748
model, USA), addition of the reaction solution, hydrothermal proces-
sing at 180 °C and 240 °C up to 72 h, washing by DI water and drying.
The obtained samples were coded as BT1 for the sample formed at
240 °C for 24 h, and BT2 for the one obtained at 240 °C for 72 h.
Similarly the samples produced at 180 °C for 24 h and 72 h were coded
as BT3 and BT4, respectively.

The bulk densities were measured by Archimedes’ method. The data
together with the calculated theoretical density from rule of mixtures
(ROM by taking the Rietveld volume fractions) value were used to find
out the final relative densities. X-ray diffraction measurements were
performed on a Rigaku D-Max III (Tokyo, Japan) instrument operating
in Bragg-Brentano geometry and equipped with a Copper anode X-Ray
source (Cuy, = 1.5406 A at 40 kV, 30 mA), diffracted beam graphite
monochromator, 1° divergence and receiving slit and 5° diffracted beam
Soller slits. Scans were performed over the 5°-135° (26) range, with a
0.02° step size and 2 s counting time per step. Instrumental broadening
was characterized by means of an Y,O3; powder (99.99%, Sigma-
Aldrich, CAS#: 1314-36-9) annealed at 1400 °C for 24 h. The mor-
phological properties and microstructure were analyzed by using a
scanning electron microscope (SEM, FEI, Quanta 250 FEG, USA) and a
transmission electron microscopy (TEM, ThermoFisher Talos F200S
FEG, Netherlands) operating at 200 kV. Prior to SEM analysis all the
samples were coated by sputter coating. TEM sample was prepared
suspending a small amount of powder in ethanol, performing a 5 min
sonication treatment and putting 50 pL of solution on a TEM copper
grid covered by amorphous carbon.

In order to measure the electrical properties, silver epoxy was de-
posited on the surface of the pellets to form electrical contacts. The
silver epoxy was cured at 135 °C for 7 min. Dielectric properties were
evaluated using a Keysight E4980AL Precision LCR meter (USA) be-
tween room temperature (RT) and 250 °C. Ferroelectric hysteresis loop
measurements were done using an Aixacct TF Analyzer 1000
(Germany) at RT. To assess the piezoelectric coefficient ds3, a d33 meter
(Sinocera Piezoelectronics, YE2730A, China) was used. Poling of the
samples was carried out at 70 °C for 15 min under electric fields larger
than 35 kV/cm [21], also using the Aixacct instrument.

3. Results & discussion

The relative density (RD) of green TiO, pellets prepared by dry
pressing was about 0.55. After rHLPS process, the obtained final den-
sities of BaTiO3 samples are given in Table 1. As expected, the relative
density of the final components was enhanced with increasing reaction
time and temperature. The sample coded as BT2 which was subjected to
rHLPS at 240 °C for 72 h demonstrated the highest relative density
reaching 86.8%, resembling the previous studies [3]. The XRD plots
obtained from whole set of samples are given in Fig. 1, exhibiting
clearly similar diffraction features between each other; reference re-
flection marks for tetragonal BaTiO3 (ICDD PDF# 00-005-0626) are
also reported on the bottom of the plot, and the occurrence of other
peaks belonging to residual TiO, is visible.
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Table 1

The relative densities, quantitative parameters obtained from Rietveld refine-
ments, Curie temperature (T.), remanent polarization (P,), coercive field (E.)
and maximum polarization (P,,) values of all samples.

Sample BT1 BT2 BT3 BT4
T (°C) 240 240 180 180
t (h) 24 72 24 72
RD (*100) 80.1 86.8 71.3 74.3
Goodness of Fit 2.89 3.02 3.06 2.92
BaTiO; (vol %) 89.24 95.40 85.03 88.31
TiO2 (vol %) 9.47 3.80 14.06 10.46
BaCO; (vol %) 1.29 0.79 0.91 1.23
BaTiO; crystal size (A) 392 494 461 464
BaTiO; cell a (A) 4.0041 4.0024 4.0088 4.0081
BaTiO; cell ¢ (A) 4.0255 4.0257 4.0252 4.0246
BaTiOj3 c/a ratio 1.0053 1.0058 1.0041 1.0041
BaTiO; cell volume (A3) 64.530 64.485 64.686 64.656
Tc (°C) at 10 kHz 140 135 142 142
P, (pC/cmz) 2.10 1.72 1.22 1.40
E. (kV/cm) 8.1 5.52 8.5 6.82
Pp (UC/cm?) 6.03 7.44 4.39 5.68
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Fig. 1. The normalized XRD patterns obtained from the whole set of samples. At
the bottom of the experimental data, reference reflection marks for tetragonal
BaTiO3 (ICDD PDF# 00-005-0626) are given.

Quantitative powder diffraction analysis was performed by full-
profile Rietveld approach as implemented in the software ReX [22], by
starting from a three-phase mixture model (BaTiO3 [23], TiO [24] and
BaCOs3 [25]) and refining the volume fractions of all the phases as well
as the lattice parameters and average volume-weighted crystallite size
of BaTiO3 [26]. For the refinement, both cubic and tetragonal sym-
metries of BaTiO; were tested; the best fit was obtained by using the
tetragonal phase, whose presence was also confirmed in a conclusive
manner by TEM observation (see later). Despite the absence of an
evident tetragonal peak splitting in the XRD patterns, a larger peak
broadening can be observed in corresponding reflections (e.g. (2 0 0)),
which is indeed better accounted for by modeling the data with the
tetragonal phase and independently fitting the a and c cell parameters.
As an example, the refinement plot obtained from BT2 sample is shown
in Fig. 2 (for all sample sets, the refined quantitative values are given in
Table 1.). Both the flatness of the residual error curve and the goodness
of fit, R (%) values ranging from 2.89 to 3.06, indicate an accurate
modeling of the diffraction data. It could be seen that the amount of
TiO, decreases with increasing processing time. In a similar fashion;
when the reaction temperature was increased from 180 °C to 240 °C,
titania amount was reduced considerably. Similar to other studies,
BaCO; was also detected but was always below 1.5 vol%, this is as
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known to be a common problem when BaTiO; was synthesized under
hydrothermal reaction conditions from Ba(OH), and TiO, [3,27-29].

The tetragonality of the BaTiO; phase was followed starting from
the reference phase [3] and refining both the a and ¢ parameters in the
analysis. Reaction temperature seems to have the greatest effect on the
c/a ratio, followed by reaction time. Accordingly, sample BT2 exhibits
the highest c/a value (1.0058), followed by sample BT1 (1.0053);
samples processed at lower temperature (180 °C), i.e. BT3 and BT4
presented the lower value (1.0041) with no significant differences. The
c lattice parameter remains relatively stable among the different sam-
ples whereas parameter a decreases when both the reaction time and
temperature increases, implying the enhancement in the tetragonality;
similarly as indicated in the previous studies that systems subject to
longer reaction times or higher temperatures resulted in higher tetra-
gonality [30]. As a consequence, BaTiO3 cell volume follows the same
trend, with BT2 showing the lowest volume and BT3 being the highest,
and BT1 and BT4 exhibiting intermediate values. On the other hand,
average volume-weighted crystallite size did not show any clear de-
pendence on reaction time and/or temperature, with the exception of
BT2 sample showing the highest value; it has to be noted that crystallite
size, being defined as the average volume of coherently scattering
crystalline domains, differs in general from grain size (as observed e.g.
from SEM images, see later), and the two are thus not simply com-
parable.

SEM image taken from the fracture surface of the un-reacted TiO,
pellet, i.e. the starting green substrate body is shown in Fig. 3(a). While
from the fracture surface of the green body, porosity and some ag-
glomeration can be seen, the sample subjected to hydrothermal reaction
at 240 °C for 72 h demonstrated to have a relatively dense structure, see
Fig. 3(b), corroborating the data given in Table 1.

TEM images obtained from the densest sample (BT2) are given in
Fig. 4(a&b). No core/shell structure was found in the analyzed particles.
The particles have dimensions ranging from few hundred nanometers to

[
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Fig. 2. Rietveld refinement of the x-ray diffraction
pattern (the straight black lines correspond to the
experimental data, the red dots correspond to the
calculated pattern, and below the pattern, first the
peak positions for BaTiO3, TiO, and BaCO3 and then
the residual fitting error plot is given), for the sample
reacted for 72 h at 240 °C. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)

‘HI \ H‘I| ” \
| T AT O

120.0

microns. The same sample was also investigated through selected area
electron diffraction (SAED); the obtained diffraction pattern was in-
dexed by using the ProcessDiffraction software [31]. The spectrum was
compared with the BaTiOj3 tetragonal card, see Fig. 4(c). The presence
of the tetragonal BaTiO3 structure is consistent with the doubling of the
peaks evident in the SAED pattern (see white arrows in Fig. 4(b)). The
presence of the cubic BaTiOj3 structure cannot be excluded, however the
relative intensities of the peak doublet suggest that the tetragonal phase
is by large the principal one; however, the lack of the statistics does not
allow any quantitative evaluation. Finally, there is no evidence of the
presence of TiO, in the SAED, due probably to the sampling problem;
indeed, the high level of spatial resolution of TEM may make it difficult
to detect phases present in such small quantity, see Table 1.
Temperature dependence of the dielectric constant and loss of all
samples were measured at 10 kHz, and the data is given in Fig. 5. BT2
sample has the largest dielectric constant followed by BT1 and BT4. BT2
also showed the lowest dielectric loss. A broad peak in the dielectric
constant can be observed for all samples at around 130 °C, marking the
ferroelectric-paraelectric phase transition. All peak temperatures are
included in Table 1. Differences in the transition temperatures of the
samples might have been caused by the diffuse nature of the phase
transition which was likely originate from the coexisting tetragonal and
cubic phases. Such a diffuse phase transition was previously reported
for cold sintered BaTiO3 [16]. As the tetragonality increases, the di-
electric peak at the Curie becomes sharper and transition becomes less
diffuse with lower Curie temperature. BT2 had the highest tetragonality
and showed the sharpest phase transition and in turn the lowest phase
transition temperature of 135 °C quite similar to that of conventionally
sintered BaTiOs. In contrast, BT3 and BT4 with the lowest tetragonality
values demonstrated the broadest phase transition with the largest
transition temperatures. In addition to tetragonality, the amount of
residual phases also affect the dielectric properties. BT2 sample which
was subjected to hydrothermal process at 240 °C for 72 h, has the

Fig. 3. SEM images taken from the fracture surfaces of (a) green-body, (b

16672

) BT2 sample obtained by hydrothermal reaction at 240 °C for 72 h.



L. Karacasulu, et al.

100 1 R o

80 1
60 1

40 -

Average intensity over circles

PIVE E e R LI

¥

0 ¥ ;

Ceramics International 46 (2020) 16670-16676

i— BT-2_cl850_a200_bmp
— BT-2_cl850_a200_bmp
i— BaTiO3_T_Pdf75-0583

10 20 30

40 50 60

Scattering vector (=2Pi/d) (=2Pi*2*sin{ThetaB}/Lambda) [1/nm]

Fig. 4. TEM analysis of BT2 sample obtained by hydrothermal reaction at 240 °C for 72 h (a) image of an agglomerate, (b) SAED of the agglomerate, (c) integration

of the SAED and its comparison with BaTiO3 tetragonal card.
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Fig. 5. The temperature dependence of the dielectric constant, and dielectric
loss at 10 kHz.

highest amount of BaTiO3, tetragonality as well as the lowest amount of
residual titania; all of which accounts for the best dielectric properties
i.e. sharpest phase transition and largest dielectric peak at the transi-
tion. This is in agreement with previous study on cold-sintering of
BaTiO3, where the dielectric peak at the phase transition could only be
obtained after the additional heat treatment at 700 °C, which did not
increase the relative density much (relative density was already 93%
after cold sintering at 180 °C) but increased the tetragonality sig-
nificantly [16].

Similar dielectric behavior, i.e. broad peak at the Curie temperature
and relatively low dielectric constant was very recently reported for
cold sintered BaTiO3 ceramics obtained at 300 °C and explained mainly
in terms of grain size effects [32]. Together with this recent report, the
data in the current work supports that it is possible to obtain decent
dielectric properties even by sintering at low processing temperatures
via rHLPD.

In Fig. 6(a-d), ferroelectric hysteresis loops measured at 1 Hz and
under different voltages are given. The applied electric field was in-
creased gradually until the samples experienced dielectric breakdown.
Hysteresis loops for all samples reached saturation before the dielectric
breakdown took place. In Fig. 6(e), hysteresis loops for all samples
measured up to 50 kV/cm are provided for comparison. BT2 had the
largest saturation polarization followed by BT1, BT4 and BT3. This
order was the same as for the dielectric constant and should also be
related with the purity of the sample as well as its tetragonality level.
The largest saturation polarization values obtained in this study on BT2
sample were lower (less than half) than that of the recently reported
ones [32]. This difference might be related to few factors including the
residual titania in the samples, and the dissimilarities in the processing
temperatures (60° lower reaction temperature was used in the current
study) which resulted in different densification levels and tetragonality.
Coercive field (E.) as well as remanent (P,) and maximum polarization
(P,,) values are also given in Table 1. BT2 having the lowest amount of
residual impurities showed the smallest E. whereas BT3 with the
highest impurity content had the largest E.. Impurity phases are known
to impede domain wall motion and thus increase the coercive field
[33].

To complement the ferroelectric

hysteresis measurements,

16673



L. Karacasulu, et al.

Ceramics International 46 (2020) 16670-16676

10
(a) (b)
5 =
< E
5 S
QS Q
a o
-5
BT1
-10 T T T T -10 T T T T
-60 -40 -20 0 20 40 60 -60 -40 20 0 20 40 60
. E (kV/cm) E (kV/cm)
1
14KV (c) (d)
~2.8kV
5|32k
e
o
o
b 3
o
BT4
-10 T T T T -10 T T b T T
-60 -40 20 0 20 40 60 -60 -40 -20 0 20 40 60
E (kV/cm) E (kV/cm)

E

(kV/cm)

Fig. 6. Development of ferroelectric hysteresis loops under increasing voltage (a) BT1, (b) BT2, (c¢) BT3, and (d) BT4, and (e) comparison of the hysteresis loops of all

samples at 50 kV/cm.

displacement of the samples was measured and resulting strain values
are shown in Fig. 7(a-d), together with the hysteresis loops obtained in
the simultaneous measurement. For all samples, butterfly shaped strain
loops are observed; slightly reaching negative values, indicating normal
ferroelectric behavior [34]. Maximum strain of 0.05% at around 50 kV/
cm was obtained again for the BT2 sample at around 50 kV/cm, con-
sistent with its relatively large ferroelectric polarization and dielectric
constant among other samples in this study.

Piezoelectric ds; coefficients (pC/N) of the samples were found to
be 50 pC/N (for BT1), 84 pC/N (for BT2), 34 pC/N (for BT3), and fi-
nally 38 pC/N (for BT4). It should be noted that the poling process
conditions (temperature and time) can be optimized to enhance the ds3
values. Nevertheless, obtained values are much lower than that of the

conventionally sintered BaTiO3 ceramics for which d3; values lie in the
range of 350-500 pC/N [35]. Conventional sintering is typically done
around 1350 °C and the resulting samples have relative density values
greater than 95% [36].

4. Conclusions

BaTiO3 ceramics were prepared via reactive hydrothermal liquid-
phase densification (rHLPD) technique. The increase of both reaction
time and temperature resulted in BaTiO; components having enhanced
densification reaching to 86.8%. The samples showed acceptable elec-
trical properties without any additional annealing processes. BaTiOs
sample subjected to hydrothermal reaction at 240 °C for 72 h showed a
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Fig. 7. Hysteresis (P-E) and Strain loops (S-E) of (a) BT1, (b) BT2, (c¢) BT3 and, (d) BT4 measured at 1 kHz.

saturated hysteresis loop and the corresponding butterfly shaped strain-
electric field loop, together with a broad Curie temperature around
135 °C. The sample with the most favorable processing conditions
yielded a piezoelectric coefficient ds3 of 84 pC/N.
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