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Abstract

This paper presents a comparison of properties of BaTiO; ceramics prepared by two different production methods: gas-stabilized
plasma spraying (GSP) and spark plasma sintering (SPS). Samples of both materials were evaluated by various techniques, the goal
being to detect the Curie temperature of the ferroelectric transformation between the tetragonal and the cubic phase. All tests, resonant
ultrasound spectroscopy, dielectric measurements, differential scanning calorimetry and temperature-resolved X-ray diffraction (XRD),
used in combination, proved the absence of this transformation in the case of GSP coating up to 500 °C. Similarly, the tetragonal-to-
orthorhombic transition temperature is shifted downwards, this transition probably taking place in a small fraction of the volume of
coating. The SPS samples exhibit several anomalies, such as a strong anisotropy of relative permittivity, but their phase transformations
were detected in the usual temperature ranges.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Enhanced piezoelectricity in lead-free ceramics is of
great interest for human health and environmental protec-
tion. In recent times, the development of lead-free piezo-
electric ceramics with excellent properties has been
investigated to find an alternative for toxic lead zirconate
titanate (PZT). Among the candidates, barium titanate
(BaTiO3, labeled BT), which is currently used as a
dielectric material for capacitor application, was actually
lead-free and the first material practically used to prepare
piezoelectric ceramics before the discovery of a high-
performance PZT. Although BaTiO; ceramics have been
reported to have a moderate piezoelectric performance for
several decades, recent studies revealed that high-
performance BT ceramics can be obtained [1].

BaTiO; is an interesting multifunctional oxide that
exhibits a complex phase appearance. Between 120 °C
(393 K) and 1457 °C (1730 K), BaTiOs3 has a cubic perovskite
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structure that consists of corner linked oxygen octahedra
containing Ti* ™, with Ba®*. Cooling below 120 °C results in
small displacements in the positions of the cations in the unit
cell resulting in the tetragonal polar ferroelectric phase
existing in the temperature interval between 5 °C (278 K)
and 120 °C [2].

In general, there are differences in the behavior of barium
titanate in the form of a single crystal, sintered bulk material,
thin film and spark plasma sintered disks [2-4]. Plasma
spraying enables creation of layers with “bulk-like” thickness
but adhering to a metallic substrate of various shapes. Free-
standing parts of titanate ceramics can be fabricated as well
by plasma spraying [5]. Until now, BaTiO; itself was rarely
plasma sprayed and the understanding of its behavior in the
form of sprayed coating is not satisfactory. For coatings with
the thickness of about 100 um, the values of relative permit-
tivity 50 and loss factor 0.08 were reported [6]. The dielectric
properties of the plasma sprayed BaTiO; were related to the
degree of crystallinity. The coatings containing more crystal-
line material have higher relative permittivity. The relative
permittivity was affected also by cracks and splat interfaces
within the coating [6]. The reported value of relative
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permittivity is, however, surprisingly low because one or more
orders higher values are typical for bulk BaTiOs [7].

The spark plasma sintering (SPS) system was developed
in 1990s. It is a process that uses microscopic electrical
discharges between particles under pressure. Hence, it is a
combination of a hot-press and an electric power generator
[8]. The conventional procedures as classical liquid phase
sintering, however, reached their limits in the preparation
of fine-grained materials, especially because of relatively
long sintering times in combination with high temperatures
which are necessary for the sintering of compact fully
dense materials. The problems of long sintering times are
significantly reduced using the SPS technique [9]. The
sintered material is surrounded by graphite elements for
application of heating and for obtaining the desirable
form. Therefore, rather than just simple shapes such as
tablets, cylinders and small axially symmetrical bodies
could be manufactured by SPS.

BaTiO; with different grain size ranging from 80 nm to
several micrometers were prepared by controlling sintering
conditions at the SPS process [8]. Investigation of the grain
size dependence of dielectric properties shows that the relative
permittivity at room temperature decreased with the dimin-
ishing grain size — from 4000 for 1 um grain size to about
1500 for 100 nm grain size. The SPS process, when operated
under a reducing atmosphere, is able to create such defects as
Ti** associated with oxygen vacancies [10].

The applicability of BaTiOs; as a bulk piezoelectric
material is limited to a temperature range of the stability
of the polar ferroelectric phase, i.e., between approxi-
mately 5°C (the tetragonal-to-orthorhombic transition
temperature) and 120 °C (the cubic-to-tetragonal t.t.).
The upper limit can be shifted by aging to above 130 °C
[11]. Even stronger stabilization of the tetragonal phase
(nearly to 150 °C) was observed for nanoceramic BaTiOj3
prepared by low temperature high pressure (LTHP) sinter-
ing [12,13]. However, these shifts of the Curie point are
small compared with the stabilization effect taking place in
thin BaTiO; layers grown epitaxially on rare-earth scan-
date substrates [14,15], for which the tetragonal phase
remains stable up to 600 °C.
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Fig. 1. Temperature intervals applied for various testing methods used.

The goal of the present paper is to compare selected
properties of the plasma sprayed BT coating and SPS bulk
BT material. The main attention is on the examination of
the relations between polar tetragonal structure and the
nonpolar cubic perovskite structure of BT. When neces-
sary, the untreated starting powder is also compared as a
reference. For improved clarity, the temperature intervals
applied for each test are summarized in Fig. 1.

2. Experimental
2.1. Material and specimen preparation

BT feedstock powder was obtained by crushing and
sieving sintered coarse agglomerates. Those agglomerates
were prepared by a reactive sintering of micrometer-sized
powders of BaCO; and TiO, used as starting materials.
After sieving the feedstock, the size distribution was
between 20 and 63 um with an average at 40 um, whereas
its bulk density measured by helium pycnometry was
5725+ 1 kgm .

A gas-stabilized plasma (GSP) gun was used to perform
atmospheric plasma spraying (APS) of the BT feedstock.
The conventional direct-current GSP gun F4 (Sulzer-
Metco, Wohlen, Switzerland) was equipped with a
thoriated tungsten cathode. The plasma gas mixture used
was argon/hydrogen with flow rates of 45/15 standard
liters per minute (slm) or 53/7 sim. The powder was
injected perpendicularly to the plasma jet axis with argon
as a carrier gas through an injector located 3 mm down-
stream (called external injection) of the torch nozzle exit.
The system can process 1 to 5 kg/h of a ceramic powder.
BT was sprayed at arc power of around 30 kW because the
feedstock was coarser than reported in the work [16],
describing an as-sprayed BaTiOz microstructure as pre-
dominantly amorphous when the torch power was
37.8 kW. The goal of using lower power in our experiments
was to minimize overheating and associated amorphiza-
tion. Spray distance was between 100 and 150 mm. Plasma
spraying deposition time was 5 min to reach the thickness
about 0.9 mm. Substrates were 3 mm thick, made of
carbon steel, and grit blasted before spraying to coarsen
its surface. The resulting substrate roughness was
R,=5.6 +0.3 um. Then substrates were cleaned in acetone
in an ultrasonic bath. The bulk density of the coating
measured by helium pycnometry was 5365+ 1 kg m > (i.e.
93.7 % of the powder density).

At the SPS process on FCT HP D 25/1 device (FCT
Systeme GmbH, Rauenstein, Germany), the sintering
temperature 1300 °C, heating rate 165 °C/min, pressure
80 MPa, sintering time 20 min and controlled cooling with
the cooling rate of 100 °C/min were applied. Maximum
shrinkage rate 2.3 mm/min was detected at 1250 °C. The
pressure in the sintering chamber was reduced (i.e., no
protective gas was used). The bulk density of the sintered
disc measured by helium pycnometry was 5663 + 1 kg m ~*
(i.e. 98.3 % of the powder density).
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2.2. Resonant ultrasound spectroscopy

Resonant ultrasound spectroscopy (RUS) [17-20] was
applied to monitor changes of elastic properties of the SPS
and GSP BaTiO; materials with temperature. For the SPS
material, the wused specimen was a rectangular
1.32 x 2.10 x 3.77 mm® parallelepiped. For the GSP mate-
rial, a sandwich-like specimen was prepared consisting of a
0.75 mm thick steel substrate and 0.83 mm thick GSP
coating. This geometry was chosen since the GSP coating
itself has a very high mechanical damping and hence, a
sample of a freestanding coating would not be suitable for
the RUS measurements. The presence of the steel substrate
resulted in a significant decrease of the average mechanical
damping in the specimen that enabled the RUS method to
be applied. It was assumed that the material of the
substrate (common carbon steel) does not exhibit any
pronounced changes in elastic moduli or in damping in
the given temperature range. This means that the resulting
evolution of the resonant spectrum with temperature can
be fully ascribed to the evolution of mechanical properties
of the coating. The lateral dimensions of this specimen
were 3.31 x 2.25 mm”>.

The resonant spectra of these two specimens were
measured during the same thermal cycle: starting from
4130 °C, cooling down —60 °C, and finally heating up
back to + 130 °C, with a temperature step of 2—10 °C (finer
resolution close to the expected transition temperatures).
The measurements were performed in a fully non-contact
regime, using lasers both for the generation and detection
of the vibrations [20]. For this generation, sequences of
pulses of a focused infrared laser beam (pulse duration
8ns, energy 25mJ, Quantel ULTRA Nd:YAG laser
system, equipped with fiber optic) were used. The displace-
ment response was detected by a Polytec Micro System
Analyzer MSA-500 (using an OFV-5000 controller and an
OFV-551 sensor head). For each temperature, the response
was measured in 13 different points covering one face of
the specimen so as to obtain an average spectrum suffi-
ciently representing the vibrations of the whole volume.

For both specimens, the resonant spectra were obtained
in a frequency range of 10 kHz to 100 kHz, which covered
the first 4 detectable modes for the SPS material and first 6
detectable modes for the GSP material. As usual when the
RUS method is applied to detect the transition tempera-
tures [21,22], the spectra were not used for the calculation
of the exact values of the elastic constants, but one
dominant peak was chosen and followed throughout the
whole temperature range. For each temperature, this peak
was fitted by a Gaussian mask, and the position of its
maximum and the corresponding internal friction factor
(0~ ") were determined. As mentioned in Ref. [21], the
temperature dependence of the position of such a peak
corresponds well to the temperature dependence of the
shear modulus G, at least for isotropic or nearly isotropic
materials. Similarly, the obtained temperature dependence
of the factor can be expected to follow the temperature

dependence of shear viscosity of the material (the complex
part of G). For both specimens, the behavior of the chosen
peak in the whole temperature range was checked that it is
the same (or very similar) to the behaviors of all peaks in
the measured part of the spectrum.

2.3. X-ray diffraction

To pinpoint structural changes brought about by heat-
ing the GSP coating and the SPS bulk sample, they were
subjected to phase analyses by X-ray diffraction. Para-
meters of the diffraction measurements with X’Pert PRO
multi-purpose diffractometer and CoKa radiation were as
follows: 20 range from 20° to 120°, step size 0.067°20,
counting time 250 s, beta filter made from an iron thin
sheet placed in front of a fast RTMS (real time multiple
strip) detector. The samples, measured in standard Bragg—
Brentano geometry, were kept in vacuum in a high
temperature chamber with kapton windows. The tempera-
ture of the heat strip made from platinum was set to 100,
200, 300, 400, and 500 °C. The temperature of the Pt heat
strip usually does not precisely match the temperature of
the measured surface. Hence, the diffraction peaks from
the a-Fe from the steel substrate for the GSP coating were
used for lattice parameter refinement and following tem-
perature calculation according to the law of thermal
expansion. Since the temperature corrections were in the
range 2—6 °C, we have abstained from it and the individual
diffraction patterns are denoted by the temperature of the
Pt heat strip.

2.4. Electric measurements

Electric measurements of the plasma sprayed coatings
were performed after removing the coatings from the
metallic substrate. The surface of specimens was made
smooth to eliminate surface roughness. Layers of alumi-
num as thin film electrodes were sputtered in a reduced
pressure on both sides of each sample. A three-electrode
measurement fixture was used to evaluate dielectric para-
meters of GSP samples. A test fixture was inserted in a
calibration cell of the temperature calibrator Isotech Venus
2140 apparatus working in a temperature ranging from
—55°C to 4140 °C. The electric field was applied parallel
to the spraying direction (i.e., perpendicular to the sub-
strate surface).

Electric measurements of the SPS samples were per-
formed on rectangular samples 2 x 5 x 12 mm?® cut from
the as-sintered cylindrical tablet. Grinding and sputtering
was the same as for the plasma sprayed samples. The
electric field was applied perpendicularly to the sintering
pressure direction as well as parallel with it. Capacity at
room temperature of both — SPS and plasma sprayed
samples — was measured in the frequency range of from
9 kHz to 1 MHz using a programmable impedance analy-
zer model PM6306 (Fluke, the Netherlands). Applied
voltage was 1 V AC. Relative permittivity ¢ was calculated
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from measured capacities Cp and specimen dimensions.
This same arrangement and equipment was used for the
loss tangent measurement at the same frequencies as
capacity.

Electric resistance was measured with a special resistivity
adapter — Keithley model 6105. The DC electric field was
applied from a regulated high-voltage source and the
values were read by a multi-purpose electrometer (617C,
Keithley Instruments, USA). The magnitude of the applied
voltage was 100 + 2 V. Volume resistivity was calculated
from the measured resistance and specimen dimensions.
Three specimens were measured and the average was
calculated.

2.5. Differential scanning calorimetry (DSC)

Thermodynamic parameters of the phase transitions
were determined by a PerkinElmer Pyris Diamond DSC
differential scanning calorimeter. The temperature range
from —40 to + 150 °C was used, the scanning rate 10 K/min,
nitrogen atmosphere, samples (=10 to 100 mg) in Al pans,
temperature and enthalpy calibration on the extrapolated
onsets and enthalpy of melting, respectively, of water, indium
and zinc.

3. Results
3.1. Resonant ultrasound spectroscopy

Fig. 2 shows the temperature dependence of the resonant
frequency of the chosen mode and the corresponding
damping for the SPS material. The frequency is normalized
to its value at room temperature (RT) during the heating
run (fr). It is clearly seen that the material undergoes two,
well detectable phase transitions. At approximately
+120 °C, the slope of the f{T) curve abruptly changes
and this change is followed by a broad, but well pro-
nounced peak on the Q™' (7) curve. This temperature
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corresponds perfectly to the theoretically predicted tem-
perature for the cubic-to-tetragonal (ferroelectric) transi-
tion. As expected for a ferroelectric transition, no
temperature hysteresis can be observed.

The second abrupt change of the f{7T) slope appears at
412 °C during cooling and at +18 °C during heating.
These changes correspond to the tetragonal-to-
orthorhombic transition for cooling and the reverse
(orthorhombic-to-tetragonal) transition for heating. Below
+18 °C, a hysteretic loop is formed, and both curves
overlap again approximately at —40 °C. This indicates
that either the tetragonal-to-orthorhombic transition starts
at + 12 °C but is not fully completed until —40 °C, or that
the tetragonal-to-orthorhombic transition induces some
defects or other microstructural features which are fully
relaxed at —40 °C, but do not reappear during heating.
The f(T) curves perfectly overlap above +18 °C, which
means that the reverse transition is fully completed above
this temperature. The slope changes of A(T) at +12 °C and
+ 18 °C are also easily followed by two sharp peaks on the
0~ N(T) curve. Between the cubic-to-tetragonal and the
tetragonal-to-orthorhombic transition, the f{7) curve is
continuously increasing and strictly concave. This anom-
alous behavior can be explained by the instability of the
tetragonal lattice and its further softening towards the
tetragonal-to-orthorhombic transition temperature.

Fig. 3 shows the results of the RUS measurement for the
sandwich-like specimen of the GSP coating. It can be
clearly seen that the temperature dependencies of both the
frequency and the damping are completely different than
in the case of the SPS material. Most importantly, there is
no significant slope change at the f{7T) curve and no
damping peak close to +120 °C. Instead, a broad max-
imum of the damping appears approximately at +85 °C.
Below this temperature, the damping steeply decreases
until RT, where the value of Q™' is about 10 times smaller
than the maximum.

1.3 o ; 0.05
e, &
125 | ' ’ [/ q0045
' ! &
— 1 ' @
@ 12 L '/ Joos §
[ ]
B gl ' {0035 £
3 i 3
E ‘ -
£ 1} 1003 7
3 | 2
Pl [
= 1.05 | : 1 0.025 E.
\ 8
1 [ [T <o i 1 0.02
healing ': : i
0.95 N N L M " . N N d 0.015
€0 -40 -20 O 20 40 60 80 100 120 140
T°C)

15— 0.07
. : frequency damping o~
AT / 1 0.06 )
17 | o
=z . J [
8 : 0.05 3
S | -7 L ] o
g 095 s ! {1004 E
s ?g 1 h=)
& \ -
.g 0.008 Eg 41 0.03 [
2 o9 =& - : Cg”
& ==
= % 1 0.02 é‘
0.85 | S
heairg] ] 001
- H = = = cooling
0.8 3

R 0
-60 -40 -20 O 20 40 60 80 100 120 140
TrC)

Fig. 2. Temperature dependence of the frequency of a chosen mode from
the RUS spectrum (left vertical axis) and of the corresponding damping
(right vertical axis) for the SPS material. Dashed and dash-dotted vertical
lines denote the temperatures of individual phase transitions.

Fig. 3. Temperature dependence of the frequency of the chosen mode
from the RUS spectrum (left vertical axis) and of the corresponding
damping (right vertical axis) for the GSP coating. The zoomed area shows
the damping peak corresponding to the reverse structural transition in low
temperatures.
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3.2. X-ray diffraction

The phase evolution of the SPS material (Fig. 4 — top)
detected by XRD is conventional — tetragonal BT phase
P4mm (PDF2 Card no. 01-081-2204) exists at 100 °C and
cubic phase at all three higher temperatures. The transfor-
mation is demonstrated in Fig. 4 on the change of the
character of peaks corresponding to {002}, {200} and
{220} planes. The situation is different regarding the
plasma sprayed coating (Fig. 4 — bottom). The peaks
corresponding to a-Fe from the steel substrate are close to
the observed peaks of BT. However, at both 20 positions
(at 52° and 78°) a single peak is present, corresponding to
{200} and {220} planes in cubic BaTiO3;, respectively.

3.3. Electric measurements

Fig. 5 shows the relative permittivity measurement
results for the GSP coating. The dependence of permittiv-
ity on temperature exhibits a maximum at 200 °C, which
was the highest measured temperature. This temperature is
75 °C above the theoretical temperature of the t—c phase
transformation. At all frequencies [23,24] there is a mono-
tonous increase of the permittivity with temperature. The
permittivity values exhibit a pronounced increase when the
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temperature is above room temperature. However a sharp
maximum of permittivity indicates that the expected t—c
transformation absents. Concerning the second transfor-
mation, theoretically at +5 °C, there is also not a sharp
change of permittivity.

The measured loss factor for the GSP coating was
about 0.3 (for 1kHz) below room temperature and
increases with temperature to 0.9 at 200 °C. This value is
rather high.

The relative permittivity of the SPS sample (Fig. 6) is
higher and also the loss factor (Fig. 7) is lower for the
sample measured in the sintering pressure direction than
for those measured in the perpendicular direction.

The volume resistivity of GSP coating is 74.8 +
19.6 kQm at 100 V DC, but it seems to increase with
decreasing voltage. Probably due to the presence of
hydrogen species [23], the current—voltage characteristic
has a similar character as in the case of amorphous BT [25].

3.4. Calorimetric response and structural stability

A comparison of the heating branches of the differential
scanning calorimetry of the three samples (feedstock, GSP
coating and SPS bulk) is given in Fig. 8. The feedstock
powder has an endothermic peak at +15 °C and a second
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—SPS 200 C /] — 8PS 200 C [ A
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Fig. 4. Temperature-resolved X-ray diffraction of the SPS and plasma sprayed BT samples. The Y-axis is square-root-scaled.



5044 P. Ctibor et al. | Ceramics International 39 (2013) 5039-5048

2000 + T1
1800 T [wRel. permittivity a7 08
1600 + 4 Loss factor ‘A .08
2 1400 T sk T 07
> A -
£ 1200 + A " t06 8
I 4 . &
$ 1000 + Ad L1 T05
a e - B
E 800 T “‘A . T04 3
-
600 AAAdAAMAAAAAALLLAL LA qun 103
L]
400 “IIIannnl-l-l-ll.I--.-I' 1 o2
200 + + 0.1
0 A O
LR N S R S| R NP~ B T T R L
o 97 N T o7 &7 \N \c;l, ,{,l«% @bc Ao \Q\ '\,b'\ \Q_;\ N

Temperature [°C]

Fig. 5. Dependence of permittivity and loss factor of the plasma sprayed
BT coating on temperature at 1 kHz.

SIS SIS

Frequency [Hz]

Fig. 6. Frequency dependence of relative permittivity of the SPS sample
parallel with the sintering pressure (labeled “press”) and perpendicular to
the sintering pressure.

404 X -2 Ba-04
354 |\ —¥— press.

tg delta
&

SELEEEIEELERITETIISS
Frequency [Hz]

Fig. 7. Frequency dependence of the loss tangent of the SPS sample
parallel with the sintering pressure (labeled “press”) and perpendicular to
the sintering pressure.

one at +129 °C. The SPS bulk has the same transforma-
tions at +6 °C and + 115 °C, respectively. These peaks are
depicted in detail in Fig. 9. The orthorombic to tetragonal
(o—t) phase transformation is shifted of about 9 °C whereas
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Fig. 8. Differential scanning calorimetry of three samples.

the tetragonal to cubic (t—c) is shifted of about 14 °C, in
both cases the SPS bulk transforms at a lower temperature.
During spark plasma sintering, it may exist as a gradient of
temperature (which is normally relatively small) within the
sample and this could contribute to the presence of local
inhomogeneities [26].

4. Discussion

4.1. Resonant ultrasound spectroscopy

The RUS results obtained for the SPS material are in
satisfactory agreement with the temperature dependencies
of Young’s modulus and the mechanical loss determined
for conventionally sintered BaTiO; by Cheng et al. [27,28]
using mechanical spectroscopy at frequencies about 3 kHz.
Cheng et al. did, however, observe a much sharper
slope change for Young’s modulus at the orthorhombic-
to-tetragonal transition temperature and even a
discontinuity jump at the tetragonal-to-cubic transition
temperature (and also some additional damping peaks
attributed to relaxation processes in large grains.) Our
RUS results are rather similar to the behavior of BaTiO;
doped by 2% of Nb reported also in the papers of Cheng
et al. [27,28]. It is probable that the SPS processing induces
in the material some specific microstructure, which has a
similar effect on the mechanical properties as does the
doping.

For completeness, let us mention here that our RUS
measurements did not detect any anomalous softening
close to the tetragonal-to-cubic transition, as reported by
Dong et al. [29], who used mechanical spectroscopy at very
low frequencies (0.1 to 10 Hz) and very fine temperature
steps.

Concerning the RUS results of the GSP sample, the
linking between the damping peak at 485 °C and the
ferroelectric transition is highly questionable. The ferro-
electric phase contains mobile domain walls which interact
with the mechanical vibrations [30], the para-to-
ferroelectric transition should, thus, lead to an increase
of damping (as for the SPS material or for the con-
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Fig. 9. Details of the DSC curves of the feedstock and SPS bulk around the transformation temperatures.

ventionally sintered BaTiO; [27,28]). Hence, it is more
plausible that the damping peak at +85 °C corresponds
rather to some inelastic dissipative mechanism of the
microstructure (e.g. microstructural sliding [31]), which
has no relation to the structural phase transitions inside
the splats. Nevertheless, this peak exhibits no hysteresis
and is fully reproducible with repetitions of the
thermal cycle.

The only evidence of a possible ferroelectric transition in
the GSP material is the fact that the f{(7T) curve is not
strictly convex/concave, but has an inflection point at
approximately 480 °C.

On the other hand, a hysteretic loop can be observed
between +5°C and —40 °C. This indicates that some
structural transition takes place in the GSP material,
although at significantly lower temperatures that any of
the two transitions observed for the SPS material. During
the heating run, the reverse transition is, moreover,
accompanied by a small damping peak (see the zoomed
area in Fig. 3).

4.2. Phase analysis by XRD

Well separated {002} and {200} XRD peaks of the SPS
sample pattern (Fig. 4) are a characteristic sign of the
tetragonal structure. The tetragonal BT phase was the
single constituent of the feedstock powder [23]. The
intensity ratio of individual peaks of the feedstock as well
as of the coatings is very similar to patterns reported in the
literature [24].

In the structure of the GSP coating probably the
tetragonality exists but the c¢/a ratio is so close to 1 that
the XRD technique is able to identify the crystal lattice
only as cubic.

4.3. Structural consequences of the behavior in
the electric field

We suggest that for the GSP coating microstructural
imperfections along the splat boundaries are responsible
for the character of permittivity and loss factor response to
the temperature changes.

Various papers deal with an effect of the hydrogen-rich
atmosphere onto BaTiO; during its synthesis or subse-
quent annealing. An interstitial H atom was found to bind
to one of the O atoms of BaTiOj; structure forming an OH
group [32]. Such a defect in the BaTiOj; structure con-
tributes to a decrease of resistivity as well as a marked rise
of the loss tangent because the material starts to behave
like an n-type semiconductor [33]. This is because in such
defective cells Ti*" is reduced to Ti*" [34]. Hydrogen
incorporation in barium titanate films during the deposi-
tion process can contribute to the transport phenomena by
introducing several features. At temperatures higher than
—30 °C protons (from hydrogen) contribute to the con-
duction mechanism as mobile ionic species [33]. The sign of
this effect of mobile ions in our GSP sample is the
hysteretic loop formed on RUS curves approximately in
the range —40 °C to 0°C (Fig. 3). In addition, protons
have been proposed to induce n-type conductivity by
generating shallow donor levels within the bandgap in
titanates [33]. We suggest that reaction of BaTiO3 with
hydrogen ions in plasma can follow the principles
expressed in Ref. [35]: BaTiO;+2H " =Ba’" +TiO,
(rutile)+H,O0.

Concerning the tetragonal to cubic (t—) phase transition
and its influence on relative permittivity e,, it is possible to
find in the literature very contradictory statements. Some-
times the tetragonal phase is reported to have g, higher
than the cubic phase [36,37], while in other works [38,39]
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an opposite opinion is expressed. Also the well known fact
that the maximum of &, lies exactly at the transformation
temperature [7,40] is reported with a variety of modifica-
tions. Several works have shown this maximum as very
sharp [7,39], elsewhere is it presented as rather flat [36].

The values of ¢, are connected with the grain size [40,41]
of BaTiOs, which is at bulk fabrication processes asso-
ciated with the size of the initial powders. For the grain
sizes comparable with the splat thickness at plasma
spraying (e.g., 2-5 pm) the most frequently reported
values of ¢ are about 1000-1500 [7,39,40,42,43]. The
frequency for which this ¢ was obtained is seldom
indicated in the literature [39]. In the cited work of Zhan
et al. [39], &, is approximately 1000 at 1 kHz.

Concerning the SPS sample, the difference in both
observed sample orientations is most probably associated
with a certain anisotropy of the porosity that should mean
better grain-to-grain contact and therefore denser structure
with easier polarization. Detailed microstructural investi-
gation of this sample was however not performed. The
detected “‘colossal permittivity” [3] values (over 200,000),
elsewhere called “‘supercapacitor features” [10], are in
agreement with our results.

The electric resistivity values of the GSP coatings
(74.8 + 19.6 kQm, see the paragraph 3.3) are relatively
low (see the discussion above, where the Reference [33] is
mentioned in connection with the n-type semiconductor).
The volume resistivity of one selected SPS BT sample is 50
kQm at 100 V. The slightly higher value for the coating is
logical taking into account its less homogeneous micro-
structure (see Fig. 8). In the plasma sprayed sample
(Fig. 10a) the pores and vertical cracks partially block a
distribution of the charge (and make so the resistive
environment). In contrast the SPS sample structure
(Fig. 10b) exhibit with fine grains having relatively uniform
size and pores only on several grain boundaries.

4.4. Combination of the techniques used

Let us mention here that the transition temperatures
detected by DSC for the SPS material are slightly shifted
from those obtained from RUS (approximately +5 °C for
the tetragonal-to-cubic transition and 412 °C for the
orthorhombic-to-tetragonal transition). However, the tem-
perature intervals within which the slopes of the RUS
curves change are relatively broad (especially for the
orthorhombic-to-tetragonal transition). That is because
the individual grains transform under slightly different
conditions each other, and it is not fully justified to assume
that the points of maximal change of the slope should
necessarily correspond to the maximal change in the
volume fractions of the individual phases, i.e., to the
maximum of the DSC peak. Similarly, there is no DSC
peak observed at low temperatures for the GSP coating,
although there is an obvious hysteretic loop on the RUS
curve. In this case, the possible interpretation is that the
RUS measurements can detect the changes of mechanical

o i AT

Fig. 10. Cross section of the BT coating (a) and SPS bulk (b) — light
microscopy; both with the same scale.

properties in relatively small volume fractions (RUS can be
used, e.g., to detect elasticity of surface layers the volume
of which is less than 1/100 of the volume of the underlying
substrate [44]), which, however, do not produce/consume
sufficient latent heat to be detectable by DSC.

Concerning the spark plasma sintering process, for the
equivalent constant DC current [45] 1 kA, which we used,
the radial temperature difference in a non-conductive
sample can be of about 60-80 °C between the center and
the cylinder wall [46]. The heat lost by radiation toward
the wall chambers controls both the thermal and stress
gradients [47]. At the high temperature used, the radial and
angular stresses, which are much higher than the vertical
applied stress, [47] provide the more significant contribu-
tion to the stress-related driving force for densification
during the SPS treatment. Consequently the thermal
history of the SPS sample is not as uniform as usually
considered.

On the calorimetric response of the GSP BT coating
sample no detectable event was observed within the entire
temperature range. The change in BaTiO; unit cell sym-
metry at a phase transition is connected with the shift of
the Ba atom from the center of the cube into a new stable
position during the phase transition. Six various equivalent
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shifts are possible. The physical cause of such a transition
originates from the temperature dependence of the energy
of oscillations of the Ba ion. At the temperature of the
phase transition, this energy is practically zero and the
atom is completely free in the directions of the main cubic
axes. Consequently, the material exhibits an anomaly in
the permittivity value. A very weak electric field suffices to
shift the freed atom from its original position at this
energetic state [48]. The combination of core-shell grains
and increased internal stress resulted in an essentially flat
permittivity response on a changing temperature. As a
consequence of the rapid cooling and the reducing condi-
tions a microstructure inducing a space charge layer effect
was reported [49]. This space charge is responsible for high
losses and for the strong frequency dispersion of relative
permittivity [48].

In the case of plasma sprayed BaTiOs;, due to internal
stress — a consequence of rapid cooling — the lattice is
limited in providing the energy of an oscillating Ba atom
and to distribute it in the entire volume of the material.
This is why a temperature of zero energy of oscillations
does not exist, and a temperature evolution of permittivity
is without peaks. The electric field necessary for a shift of
the Ba atoms is correspondingly higher. By analogy, the
shift from cubic-to-tetragonal symmetry is hindered result-
ing in the c/a ratio being close to 1, hence, the X-ray
patterns of plasma sprayed coating below + 120 °C do not
resemble those observed in SPS sample.

5. Conclusions

All tests used — resonant ultrasound spectroscopy,
dielectric measurements, differential scanning calorimetry
and temperature-resolved X-ray diffraction — indicated an
absence of the tetragonal-to-cubic (t—) transformation in
the usual temperature range for plasma sprayed GSP
coatings.

The results have confirmed that the GSP coating has a
significantly broader temperature range of stability of the
phase existing at room temperature than all bulk BaTiO;
materials reported in the literature so far. This phase
remains stable at least till —30 °C during cooling (as
approved by DSC and RUS measurements) and at least
up to +175°C during heating (this was proved by
temperature-resolved X-ray measurements). The phase
existing at room temperature was identified as cubic by
XRD, probably because of its very small tetragonality,
under the detection limit of XRD. This raises the question
as to whether the plasma spraying of BaTiO3; might not be
a promising tool for preparation of lead-free ferroelectric
ceramic materials with similarly enhanced piezoelectric
properties as the epitaxial films have.

We have found anisotropy in dielectric measurements for
the sample prepared by SPS. The detected “colossal permit-
tivity” or “supercapacitor features” of the SPS BaTiO; will
need additional verification, mainly from the viewpoint of the
stability of voltage—current characteristics.

Although the loss factor values of the GSP samples for
low frequencies are rather high due to the microstructural
imperfections, the observed broadening of the temperature
range of structural stability, together with the fact that
GSP spraying is a relatively inexpensive and flexible
technique, makes the investigation of this phenomenon
attractive. Challenging is also the outlook for possible future
technical applications. The GSP sprayed BT coating with
permittivity values between 400 and 1600, without any sharp
changes around the transformation temperatures, can find
applications in electric circuits and sensors [50].
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