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fields. The results were correlated with the SPS processing parameters and are
discussed in connection with other BaTiO; samples produced by SPS with or
without additional heat treatment. Majority of our SPS fired samples had, even
without subsequent thermal treatment, advantageous combination of high
permittivity, DC resistivity and low loss factor, seldom reported for SPS
technology. Samples were tested also in annealed state and compared with as-
sintered ones. Prog. Color Colorants Coat. 13 (2020), 85-92© Institute for Color
Science and Technology.

1. Introduction

Spark plasma sintering (SPS) enables extremely rapid
fabrication of bulk ceramic materials. It is a novel
consolidation technique which combines pulsed
electric currents and uniaxial pressure to ensure
compaction of the material. Heating rates, applied
pressures and pulsed current patterns are the main
factors responsible for the densification kinetics and
conservation of the submicrometric structure of the
materials.

Barium titanate, BaTiOs, is a multifunctional oxide
exhibiting complex phase appearance. Due to its high
relative permittivity, BaTiO; is used in multilayer
ceramic capacitors, dynamic random access memories,
piezoelectric sensors, thermistors and resistors with
high positive thermal coefficients [1, 2]. Between
120 °C (393 K) and 1457 °C (1730 K) BaTiO; has a
cubic perovskite structure that consists of corner linked
oxygen octahedra containing Ti*", with Ba*". Cooling
below 120 °C results in small displacements in the

cations positions in the unit cell resulting in polar
ferroelectric phase existing in the temperature interval
between 5 °C (278 K) and 120 °C [3].

Application of the SPS technique for preparing of
ferroelectric ceramic discs was up to now relatively
seldom reported. Samples of BaTiO; with different
grain size ranging from 80 nm to several micrometers
were prepared by controlling sintering conditions at the
SPS process [4]. Study of the grain size dependence of
dielectric properties revealed that the relative
permittivity at room temperature decreased with the
diminishing 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, allows
creating defects as Ti'" associated with oxygen
vacancies [5].

We have studied earlier barium titanate sample
sintered by SPS at 1300 °C [6]. The difference in both
observed sample orientations (i.e. parallel and
perpendicular to the pressure direction at SPS) was
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higher relative permittivity and simultaneously lower
loss factor in the pressure direction. In our work [6] it
was attributed to certain anisotropy of the porosity that
should mean more flat pores in the pressure direction
and therefore tightly packed structure with easier
polarization. Detailed microstructure investigation on
this sample was however not performed. The reported
“colossal permittivity” [7] values (over 200.000),
elsewhere called “supercapacitor features” [5], was
confirmed also with our results [6]. The DC volume
resistivity of our selected SPS barium titanate sample
was relatively low, 5x 10°Qm [6]. Other authors
produced BaTiO; by SPS at 1200 °C followed by a post-
annealing step at 800 °C for 12 hours in air [5]. Such a
post-annealing is considered to be necessary to restore
the material stoichiometry [8, 9]. Our actual work used
an ultra fine powder with a narrow size distribution to
lower the SPS temperature even down below 1000 °C.

High porosity has always a detrimental effect on
dielectric properties. The body must be in such a case
considered as a two-component system, in which the
bulk properties and the pore properties are combined
via rules of mixing [10]. In the other hand, if the
porosity is markedly under 1 %, the influence of the
bulk (as grain size, character of grain boundaries)
prevails. Using a nanometric powder was tested by us
for producing compacts that would be promising
dielectrics even without subsequent thermal treatment.
However, we applied annealing to our samples and
compared the as-sintered and annealed BaTiO; from
various standpoints.

2. Experimental

An ultrafine powder was used with nominal mean
size 100nm (NO-0041-HP, IoLiTec, Heilbronn,
Germany); composed of the cubic BaTiO; phase. The
size distribution was verified using laser-based
dispersive technique (Mastersizer 3000, Malvern, GB).
Detected parameters were: djg=66 nm; dso= 126 nm;
dgy =255 nm. Experimental setup of the spark plasma
sintering machine (SPS 10-4, Thermal Technology LLC,
USA) included variable maximum temperatures 925,
950, 965, and 975 °C, using constant pressure 80 MPa
and dwell time 5 minutes. Duration of the whole process
including heating and cooling was 30 min. The
procedure at 950 °C was repeated for one sample with
dwell time doubled (i.e. 10 min; sample labeled 950-10).
Tablets with 20 mm in diameter and 3 mm height were
produced. For all samples SPS heating rate was 125
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°C/min until the temperature was 50 °C lower then the
maximum temperature. From that temperature to the
maximum temperature the heating rate was 50 °C/min.
During the whole SPS process pressure in the chamber
reduced to around 10 Pa was used.

The powder X-ray  diffraction (PXRD)
measurements were carried out on vertical 6-0
difractometer D8 Discover (Bruker AXS, Germany)
using CuKa radiation. Diffracted beam was detected by
ID detector LynxEye. Due to the small size of the
irradiated area, parallel beam geometry was applied with
polycapillary optics, 1 mm cylindrical collimator and Kf
filter from thin nickel foil inserted into secondary beam.
The angular range was from 20 to 95 °26, step size 0.04
°20 and the total counting time in each step was 384 s
(the 1D detector is composed of 191 point detectors).
Quantitative Rietveld refinement [11] was performed in
TOPAS V5 software using fundamental parameters
approach for evaluation of lattice parameters, average
sizes of coherently scattering domains (i.e. the crystallite
size) and microstrains.

The surface of specimens was made smooth by
grinding to eliminate surface roughness and possible
superficial contamination from the carbon foils used at
SPS. Wet grinding by SiC papers with decreasing grain
size (the finest was #800 grit) was applied. The
removed thickness of the material was approx 0.3 mm
from each face. Layers of aluminum as thin film
electrodes were sputtered in a reduced pressure on both
sides of each sample. A three-clectrode measurement
fixture was used to evaluate dielectric parameters. The
electric field was applied parallel to the pressure
direction (i.e., perpendicular to the substrate surface).

Capacity at room temperature was measured in the
frequency range from 5 to S50kHz wusing a
programmable impedance analyzer model PM6306
(Fluke, the Netherlands). Applied voltage was 1V AC.
Relative permittivity &, was calculated 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+ 0.05 V.
Volume resistivity was calculated from the measured
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Vickers
microhardness of the samples was measured on

resistance and  specimen dimensions.
polished sections by optical microscope equipped with
a Hanemann head and Vickers indenter using 1 N load.
The mean value of microhardness was calculated as an
average from 20 indentations. Annealing was done at
900 °C for 4 hours in air in a laboratory furnace
(Clasic, Czech Rep.). Heating and cooling ramps
8 °C/min were applied. After annealing the samples
were tested by the same techniques as all non-annealed

samples and compared.

3. Results and Discussion

X-ray diffraction revealed in the barium titanate
starting powder besides cubic BaTiO; (98.4 %) also
witherite BaCO; (1.6 %), which is one of the BaTiO;
production components and was observed also in the

final BaTiO; by many other authors. Rietveld analysis
showed coherently scattering domain size (crystallite
size) about 102 nm, i.e. the crystallite size distribution
of the feedstock powder was found comparable to its
particle size distribution, Table 1.

XRD patterns of all sintered samples (as well as the
powder) were composed solely from tetragonal BaTiOs
phase. The tetragonality of this phase is always small
[12] and in our case it was observed to correlate with the
sintering temperature — the higher the temperature, the
larger the tetragonality, Table 1. Also the larger dwell
time at 950 °C lead to larger tetragonality. The crystallite
sizes were only slightly lower than for the starting
powder and similar for all SPS parameters. Relative
permittivity g, Figure 1, and also loss factor tg & were
both monotonously decreasing with frequency.

Table 1: Microhardness, XRD and Porosity (annealed samples).

Microhardness Standard
Sample .
[GPa] deviation [GPa]

925 4.52/3.36% 0.84/0.61*
950 6.04 0.79
950%** 7.01 0.94
965 7.77 0.77
975 7.99 0.98
950-10 7.85 0.99
Commercial 7.47 2.14

* near surface; ** as-sintered (non-annealed)
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Figure 1: a) Frequency dependence of relative permittivity and b) Frequency dependence of loss factor.
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This is usual, because only the small dipoles inside
the material can follow the higher frequency of the
external field. The sample with the long sintering dwell
time (i.e. 950-10) has the highest permittivity, Figure 2,
in the as-sintered state. However, the corresponding loss
factor was also the highest one, Figure 2. In the annealed
state the permittivity dropped to the level of the sample
975 (i.e. 5 min dwell) and the loss factor as well. In the
sintered state those two samples were very similar.
Surprisingly, of dielectric
(particularly the high loss factor) was detected for

worsening parameters

a) —e—975 —o—975am

——950-10min

—+— 950-10min-ann

Frequency [Hz]

annealed samples sintered at 925 and 950 °C.

When we observe the DC resistivity values, Figure
3, the sample 965 has exceptionally low resistivity. It
corresponds to its high porosity (not shown), due to
conductive part of losses. The sample 950-10 is more
resistive, nearly as the samples 925 and 950. But its
relative permittivity is much higher than that one of the
samples 925 and 950. In the annealed state, the
resistivity of samples 975 and 950-10 increased
whereas the values of other samples decreased.
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Figure 2: Comparison of the samples 950-10 and 975: a) frequency dependence of relative permittivity and b) frequency
dependence of loss factor.
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Figure 3: Resistivity of as-sintered (white columns) and annealed (grey columns) samples.
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Microhardness measured on the perpendicular cross
section, materialographically polished of the sample
950 (only this sample was measured in the as-sintered
form) was 7.01 £0.94 GPa. This value is lower
compared to BaTiOs-based multilayer ceramic
capacitors with 9.3 GPa (calculated by us from data
presented in [13]). We have measured a commercial
capacitor dielectric ceramics based of BaTiO; bulk, and
the value was 7.74 + 2.14 GPa, Table 1. Our sintered-
plus-annealed samples exhibit better homogeneity
manifested itself by the lower standard deviation, than
this commercial material. The uniformity of the
microstructure around microindents was always perfect
and the ceramics appear nearly pore-free on the
micrometric scale. The sample 925 exhibited lower
microhardness near the surfaces (below 40 pm distance
from the surface) than within the bulk. This was most
probably because of contamination by carbon at SPS
and this effect was not completely removed by
annealing. Other samples were homogeneous.

The 925 and 950 samples have high DC electric
resistance that was confirmed by the volume resistivity
measurement. Their permittivity is rather low and loss
factor high, but it drops with the frequency. It indicates
insulators with rather limited polarization. Another
important factor is that these two samples were rather
porous and the quality of the contact between adjacent
grains would be therefore worsened, which also
contributes to high resistivity.

The dielectric properties of the samples sintered
between 925 and 965 °C seem to be due to mixed
of the bulk
material. For the sample 965 the porosity (not shown,

polarization/conduction mechanisms

details see elsewhere [14]) is low and due to this the
bulk (pore-free) character of the material manifested
itself most strongly. As a result, charge transport is
easier and the resistivity is lower. The dielectric
properties of samples sintered either at higher
temperature, i.e. 975, or with longer dwell time, i.e.
950-10, are mostly governed by the true polarization
Since BaTiO; is a
ferroelectric material, it has always relatively high loss
1.7x10° [15].
However, a combination of such a high relative

(due to high permittivity).

factor and low resistivity, about

permittivity with correspondingly low loss factor for
samples made by SPS (without additional heat-
treatment) is absent in the literature. The tetragonalitiy
of the as-sintered samples 975 and 950-10 were
however the lowest and this is not favorable owing to

the ferroelectric character of BaTiO; [16]. Another
interpretation of dielectric properties [17] of our
samples is that the loss factor decrease at the low
frequency results from the DC conductivity while high
frequency relaxation (i.e peak, or better said an
increase attributed to a peak at even higher frequency)
is to be related to the grain boundaries. Since SPS is a
dynamic process, it is possible that our samples exhibit
subtle differences from the viewpoint of grain
boundary / grain interior oxygen depletion. In such a
case, the run of loss factor curves is non-even and non-
trivial (however we scanned narrower frequency
window than the authors [17] describing the “boundary
layer effect”). The color of as-sintered samples was
slightly bluish, particularly for sample 950 (i.e. dwell
time of 5 min), Figure 4. This is connected with
vacancies, as demonstrated in case of BaTiO; plasma
sprayed coatings [18].

The majority of SPS-related papers [5, 8, 9, 12]
BaTiO;
undergoing SPS firing plus additional annealing.

reported  dielectric  measurements on

However, we are looking for maximizing the
production potential of the SPS process for direct
production of dielectric ceramics with good and stable
properties after minimal number of production steps.
The occasionally reported “colossal permittivity” of
BaTiO;-based SPS samples [7], also mentioned in
connection with our samples in the past [6], is
according our experience strictly due to mixed
polarization/conductivity mechanism [17].

If the microstructure contains only charged oxygen
vacancies and not true sources of space polarization
like core/shell grain structure, then the charge is not well
confined, to be thermally stable, and the material
is not suitable for energy storage. SPS process is
probably able to introduce the core/shell structure also
into pure (i.e. non-doped BaTiO;), but the understanding
to all involved phenomena remains up to now limited.

Figure 4: Left: Annealed sample “950”, right: as-
sintered sample “950”.
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The true “giant permittivity” features are attainable
preferably by an internal barrier layer capacitor (IBLC)
effect introduced extrinsically, for example, by SiO,
shell applied on individual powder particles prior to
sintering [5] or by replacing part of Ba atoms in BaTiO;
by heterovalent ions [16].

Martinez et al. [19] reported volume resistivity of
about 6.3x10° Qm for SPS produced barium titanate
even after annealing at 1000 °C for 12h in air which is
comparable with the resistivity of our as-sintered 975
sample. Shen and Li [20] reported relative permittivity
of over 4300 and loss factor just under 0.03 (at 1 kHz)
for BaTiO; produced by SPS followed by annealing at
1000 °C for 12h in air. Our sample 950-10 had relative
permittivity of 7500 and loss factor of 0.15 (at 1 kHz)
in the as-sintered state, and 4400 and 0.14 in annealed
state (resistivity of 36x10° Qm).

Concerning the grain size, the agreement was
reached that the highest relative permittivity is usually
obtained for grain size between 0.8 and 1 pm [21]. The
drop of bulk BaTiO; permittivity with a grain size
decrease for the nanometric BaTiOj; is considered to take
place due to an increase in grain-boundary density (low-
permittivity phase related surface effect) with decreasing
grain size [22]. Also, movement of ferroelectric domain
walls in the ferroelectric ceramics could be blocked by
low-angle grain boundaries (i.e. crystallite boundaries).
In the case of our samples, certain oxygen depletion that
is not the same at grain boundaries and inside the grain
interior seems to be connected with this behavior.

The SPS process decreases the crystallite size of the
starting powder, Figure 5, due to the applied pressure
combined with the electric pulses during SPS process
[23]. After annealing, the crystallite size increased, as
expected, but its final size remained below 200 nm.

180 A Oas-sintered
Oannealed
160

Crystallite size [nm]

However, the crystallite size of the annealed samples is
ordered according the SPS temperature — higher SPS
processing temperature corresponds to higher crystallite
size. This manifested itself only very slightly directly
after sintering but more pronounced after annealing,
Figure 5. Lower tetragonality, cf. Table 1, promotes the
crystal growth, which is easier if the lattice is closer to
cubic crystal structure, needing lowest energy for the
growth [12]. This is because in polycrystalline BaTiOs
materials with random grain orientation, the cubic
arrangement is most efficient for non-blocked growth. In
other works focused on SPS processing of nanometric
BaTiO; [4, 21, 24], the same trend, i.e. larger grains for
higher SPS temperature, is reported.

The grains are in general too fine, the boundaries too
frequent and the movement of ferroelectric domain walls
is therefore partly blocked. For obtaining better
dielectric properties probably longer SPS dwell time
would be applied (despite the economy disadvantage for
the process). At temperatures higher than 1000 °C, the
grain growth rate is about 10 nm/min [25]. The optimum
grain size for dielectric behavior is about 1 pm [21, 24].
Already between 100 and 300 nm, which is size window
of the grains of our samples, the dependence of
tetragonality on grain size it the highest [26] whereas
around 1 pm is it negligible.

The porosity — as earlier measured by small angle
neutron scattering [14] — had such a trend: Lower is it for
higher SPS temperature, with a most pronounced “jump”
between 950 and 965 °C. The porosity of the “high
temperature samples” is up to three times lower than for
“low temperature samples”. Such a difference should
express itself also in dielectric properties, especially at
“low frequency” values of relative permittivity- and
those are lower for low temperature samples.

powder 925 950

965 975 950-10

Sample type

Figure 5: Crystallite size of as-sintered (white columns) and annealed (grey columns) samples.
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Also concerning the loss factor the “low
temperature” sample 925ann has high values at low
frequencies. Species present inside pores, as moisture
[27] or OH groups [28], i.e. large molecules with big
dipoles palarizable only at low frequencies, used to be
mentioned as factors responsible for such a behavior.
The dielectric behavior of the 950-10ann sample is
connected to its high porosity (Table 1). The high
relative permittivity at low frequency and increasing
loss factor with the frequency increase are signs of the
space charge polarization. The samples 965 qand
965ann have the lowest resistivity in spite of its lowest
porosity.

The cross section of the actual sample 965 is presented
in Figures 6 and 7. It emphasizes three aspects of the
microstructure — grains (arrow G), coarser pores (arrow
P1) and fine pores (arrow P2). Grains are about 15 or
20 pm large (Figure 6). Coarser pores are localized
between them. Fine pores are probably results of grain
reorientation at the final sintering stage. In a really
optimal microstructure both types of pores should
absent, however they were present in all samples.
Higher SPS pressure or shorter dwell times are possible
solutions for such problems, but a pore free BaTiO; is
very seldom reported [29].

Figure 6: Polished cross section of the sample 965.
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