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A high-pressure FAST/Spark Plasma Sintering method was used to produce dense SrTiO3 ceramics at tempera-
tures of 1050 °C, more than 250 °C below typical sintering temperatures. Combining SPS with solid-state reactive
sintering further improves densification. The process resulted in fine-grained microstructures with grain sizes of
~300 nm. STEM-EDS was utilized for analyzing cationic segregation at grain boundaries, revealing no cationic
segregation at the GBs after SPS. Electrochemical impedance spectroscopy indicates the presence of a space

charge layer. Space charge thicknesses were calculated according to the plate capacitor equation and the Mott-
Schottky model. They fit the expected size range, yet the corresponding space charge potentials are lower than
typical values of conventionally processed SrTiOs. The low space charge potential was associated to low cationic
GB segregation after SPS and likely results in better grain boundary conductivity. The findings offer a path to
tailor grain boundary segregation and conductivity in perovskite ceramics.

1. Introduction

Spark plasma sintering (SPS) is a field-assisted sintering technique
(FAST) allowing the processing and densification of ceramic and metal
powders at low temperatures in short times [1-3]. It is used in the
manufacturing of refractory and ultra-high-temperature materials,
advanced functional materials, transparent ceramics and nanocrystal-
line materials [2,4].

During SPS sintering, heating of specimens is provided by Joule
heating of the pressing tool, which is realized by applying a pulsed DC
voltage. Joule heating allows high heating rates [1,4,5], which facilitate
rapid densification of powder compacts [6]. In combination with high
cooling rates, materials with non-equilibrium compositions can be
processed via SPS [2,4]. A mechanical pressure during sintering further
enhances densification [7-9].

High pressure SPS can be utilized to achieve high densification at low
temperatures. Normally, ceramics are sintered at high temperatures,
where grain boundary and lattice diffusion are the dominating process,

which enable densification without additional pressure [9,10]. At lower
temperatures, surface diffusion dominates mass transport causing par-
ticle coarsening, which reduces the driving force for densification and
can prevent complete consolidation [11,12]. Densification and sintering
at lower temperatures are feasible by applying very high pressures
during SPS. Surface diffusion in combination with high pressures were
reported to enable densification by grain sliding during high pressure
SPS [10]. Water vapor was reported to further enhance surface diffusion
by introducing surface vacancies and hydroxyl ions at the sintering
necks [13], which seems to be beneficial for grain sliding processes.
Another method to reduce the sintering temperature is solid-state
reactive sintering [14,15]. During reactive sintering, the sintering pro-
cess runs parallel to a chemical reaction. The product of the chemical
reaction is the desired phase that normally is synthesized before sin-
tering. During solid state reactive sintering, the driving force of sintering
is increased by reduction in chemical potential [15] and kinetics of mass
transport are significantly enhanced [16] by the chemical reaction. In
the last decade, different proton-conducting perovskites were
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successfully sintered via a solid-state reactive sintering process (SSRS)
[17-19].

In recent years, hydrothermal sintering (‘cold-sintering’) has gained
attention because of its potential to achieve densification at tempera-
tures below 400 °C [20-22]. Cold-sintering enables densification of
powder compacts using a sintering aid like water while applying high
pressures [23-25]. Yet for multicomponent materials, such as perov-
skites, this process has to be combined with an hydrothermal synthesis
and a post-sintering annealing step to achieve high consolidation and
phase purity [20-22,24].

Strontium titanate (SrTiOg) is a well-studied material, and many
sintering methods have been tested for its densification: conventional
sintering [26], cold-sintering [22,23], FAST/SPS [6], UHS [27], flash
sintering [28-31], blacklight sintering [32] and hot pressing (HP) [33,
34]. Additionally, the sintering and grain growth kinetics of SrTiO3 are
well understood [35-38].

For any sintering process, understanding grain boundary physics is
important. In SrTiO3 and other perovskite ceramics, space charge layers
form due to the segregation of oxygen vacancies to the grain boundary
core [39-44]. The resulting positive charge leads other point defects
(dopants, cationic vacancies, electrons & electron holes) to either
segregate or deplete near the grain boundary depending on their charge
[39,40,44]. Space charge layers are detrimental for electronic properties
as they often increase the grain boundary resistance and thereby
decrease the overall [45-49]. The formation of space charge layers in
thermodynamic equilibrium is possible only for long periods of time or
at high temperatures which is the case for conventional sintering
methods [44,48,50,51]. High-pressure SPS on the other hand offers a
unique opportunity for space charge engineering in ceramic materials as
densification occurs at low temperatures in short time periods, where a
full equilibration of the grain boundary including the space charge layer
may not occur.

In this paper, high pressure SPS was performed to procure highly
dense SrTiO3 ceramics below typical temperatures needed to form
equilibrium space charge layers. The SPS process was combined with
SSRS process to aid in the densification process. The SPS samples were
analyzed for their relative densities, grain sizes, cationic segregation at
their GBs and their grain boundary impedance. The results were
compared with data from conventionally sintered (CS) SrTiO3 samples.
The lower sintering temperature and time prevented the formation of
equilibrium space charge layers at the grain boundaries. Due to the small
grain size after SPS sintering, grain boundaries dominated even though
the GB conductivity of the SPS samples was comparably higher than that
of the conventionally sintered samples.

2. Experimental procedure
2.1. Powder synthesis

Stoichiometric SrTiO3 powders were synthesized via the mixed
oxide/carbonate method from SrCO3 (Sigma Aldrich, >99.9%) and TiO,
(rutile, Sigma Aldrich, USA, >99.9%). The powder was ball milled in
isopropanol for 15 cycles of 5 min each at 400 rpm in a planetary ball
mill (PM400, Retsch, Germany). ZrO2 milling balls with a diameter of 3
mm were used for milling. Because of the high-energy ball milling, Zr
impurities are introduced into the powders changing their stoichiometry
to slightly B-site rich compositions. After milling the powder was sieved
using a 150 um sieve in a vibratory sieve shaker (Analysette 3 Spartan,
Retsch, Germany). Three different calcination methods were used to
investigate the impact of phase purity and reactivity during reactive SPS
sintering. SPS samples were made from not-calcined precursor material
mixtures (SPS-NC samples), partially calcined powders synthesized at
900 °C for 3 h (SPS-PC samples) and fully calcined powders synthesized
at 975 °C for 3 h (SPS-FC samples). Fully calcined powder was also used
for conventionally sintered samples (CS samples). Before sintering, the
calcined powders were again milled for 6 cycles of 5 min each at 350
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rpm in the same planetary ball mill (PM400) with 3 mm ZrO, milling
balls in isopropanol. After milling the powders were sieved through 45
um sieves.

2.2. Sintering experiments

For conventional sintering, green bodies were pre-pressed uniaxially
and further densified by cold-isostatic pressing at 400 MPa. Conven-
tional sintering was done in air at 1425 °C for 1 h. SPS samples were
sintered using a spark plasma sintering furnace HP-D5 (FCT Systeme
GmbH, Germany). 2 g of either powder batch was filled in a TZM (Mo
based alloy, Plansee, Austria) pressing die lined with graphite foil. The
TZM pressing die allows much higher pressures at temperatures used in
this study compared to graphite dies. Then, 100 pl of distilled HO was
added to the powder with a pipette before the first densification step at
6 kN by uniaxial pressing. Water was added for partial dissolution of the
powder’s surface. Water vapor was also reported to enhance grain
boundary sliding at the initial sintering stage by formation of hydroxyl
ions [13]. Additionally, samples without the addition of water were SPS
sintered as reference samples (SPS-FC-dry). Temperature control was
provided by a thermocouple. The sintering experiments in the SPS ma-
chine were performed in vacuum. The samples were heated to 250 °C
with a rate of 20 K/min and held for 20 min at a pressure of 400 MPa.
Afterwards, the temperature was increased with a rate of 50 K/min up to
1050 °C and held for 20 min. During heating, the load was reduced to
150 MPa at 800 °C to prevent tool failure. The cooling rate was set to
100 K/min.

2.3. Sample characterization

The density after sintering was measured according to the Archi-
medes method. The phase compositions of all powders and sintered
specimens were determined using a D4 Endeavor XRD device (Bruker,
USA). SEM images were made using a Zeiss Ultra 55 SEM microscope
(Carls Zeiss, Germany). Grain sizes were determined using the line
intercept method on at least 350 grains for each sample. Scanning
transmission electron microscopy (STEM) was utilized to characterize
both SPS and conventionally sintered SrTiO3 samples on a HF5000 S/
TEM (Hitachi High-Technologies, Japan). High angle annular dark field
(HAADF) imaging and energy dispersive X-ray spectroscopy (EDS)
mappings were done for each sample. EDS maps were binned into
linescans. The linescans then were quantified using a standardless
method (Cliff-Lorimer), with k-factors calculated by assuming that the
average composition of the EDS maps is equivalent to the nominal
elemental composition of the material. EDS quantification and analysis
was done using HyperSpy [52]. An error of at about 5% in the EDS re-
sults is expected due to the standardless quantification (which does not
account for effects such as absorption and channeling) [53,54]. Samples
for STEM characterization were prepared using a FEI Helios NanoLab
460F1 dual beam FIB/SEM, with a final milling energy of 2 kV [55].
Electrochemical impedance spectroscopy (EIS) analysis was performed
using an Alpha-A high performance frequency analyzer (Novocontrol
Technologies, Germany). Pt electrodes were burned in at 900 °C for 2 h.
This heat treatment also assures equilibration of the oxygen vacancy
concentration. The EIS measurements were performed between 650 °C
and 400 °C in a frequency range of 10" Hz to 10® Hz. For data analysis
and fitting, the software RelaxIS (rhd instruments, Germany) was used.
According to the brick-layer model, a series of RQ-circuits (a resistor
connected in parallel to a constant phase element) was used as an
equivalent circuit of the microstructure [56]. Distribution of relaxation
times (DRT) analysis was performed with RelaxIS (rhd instruments,
Germany) software to identify the necessary number of RQ-circuits in
each equivalent circuit. In a DRT analysis, each electrochemical
response of a sample (bulk or grain boundary; electric or ionic; electrode
signal) shows a peak at its relaxation time. Each peak is then represented
by one RQ-circuit in the equivalent circuit.
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2.4. Calculation of space charge layer thickness, potential and
conductivity

From fitting the impedance data, resistance and capacity values for
the grain bulk and grain boundary were obtained. Space charge thick-
nesses dsc;, were calculated according to the plate capacitor equation 1
[57-59]:

A

C = epe,—

] (€Y

where C is the capacity, €o the permittivity of the vacuum, ¢, the relative
permittivity of SrTiOg [40,48,60,61], A the cross-sectional area and [ the
sample thickness. The sample thickness is roughly equivalent to the
number of grains across the sample thickness, n, multiplied with the
grain size, dgqn. The number of grain boundaries across the sample
thickness, n — 1, is approximately n for large values of n.

The capacity of a single grain boundary, Cgg;, must be known to
calculate the thickness of a single grain boundary. According to the
brick-layer model, grain boundaries are assumed to be connected in
series. Cgp; thereby can be calculated from the total grain boundary
capacity, Cgp o, Which is the capacity of grain boundaries obtained
from fitting the impedance data with an equivalent circuit:
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The thickness of the space charge layer at the grain boundary ds¢; can
then be calculated by combining Equation 1 and 2 [62]:
3

dsc, = €€
n- CGB.mmI
Similar to equation 3, the thickness of a grain can be obtained from
the total grain capacity:
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Assuming identical relative permittivity within the grain and at the
grain boundary, equations 3 and 4 result in a convenient way to calcu-
late the grain boundary thickness, dsc;, from the total bulk and grain
boundary capacities [63]:
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For comparison, the Mott-Schottky model was used to calculate
space charge layer widths as expected from the point defect concen-
trations as shown in equation 6 [39,64].

4eAD
Iuts = Apebye | | ———
MS Deby: ka

where Apepy. is the Debye length of the space charge, e the elementary
charge, A® the space charge potential, k; the Boltzman constant, T the
temperature and Ays the Mott-Schottky depletion layer width of the
grain boundary. The Debye length has to be calculated according to
equation 7 [39,65]:

©
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Here, Cmgor is the concentration of major, mobile defects in SrTiOs.
Oxygen vacancies V;, and electron holes are the majority, mobile defects
for conditions during impedance measurements (400-600 °C in air). The
concentration of V;, is directly proportional to the (intrinsic) acceptor
defect concentration in SrTiOs3 for the measurement conditions (see

equation 8) [66] and is assumed to be in the range of 10%cm3.

A ~2[v;) ®

6927

K,-[A
p= (B

Journal of the European Ceramic Society 43 (2023) 6925-6933

The concentration of electron holes is calculated using a mass action
law derived from defect chemistry of SrTiOs (equation 9) [51,66,67].
There Kp is the reaction constant, [A/TJ the concentration of acceptor
defects and P(O,) the oxygen partial pressure during the measurement
(0.21).

IS
[ T’]) P(02)! ©
The reaction constant Kp(T)is temperature dependent and is given by
an Arrhenius law (equation 10) [51,67,68]. Here Kp, is the reaction
constant at T = OK [67] and AHy, the oxidation enthalpy of SrTiOs
assumed to be 1 eV [51].

AHo,
kBT
The space charge potential A® is obtained by numerically solving

equation 11 [64,69,70]. Finally, the space charge layer width can be
calculated according to Mott-Schottky (equation 6).

(10

Kp(T) = Kpo~exp< -

T6B
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76p and 7u, are the relaxation times of the grain boundary’s and
bulk’s impedance signal. Grain boundary conductivities oz were
calculated according to equation 12. Rgp 1 is the total grain boundary
resistance obtained from fitting.

n-dscr,
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The grain bulk conductivity op, of SPS samples had to be calculated
according to equation 13. For conventional sample the bulk conductivity
was calculated without subtracting the total space charge thickness

n-dy; form the sample thickness L.
| — ndgcr
Opuk = ————— (13)
bulk A-Rpuik toral

3. Results and discussion
3.1. Sintering behavior

The relative densities of the SPS-NC and SPS-FC-dry samples are
comparable to CS samples (Table 1). The SPS-PC and SPS-FC samples
have slightly lower densities around 97%. Usually, StTiOs is sintered at
temperatures above 1300 °C to reach full densification. The high rela-
tive densities of SPS samples sintered at 1050 °C are achieved by
applying high pressures (150-400 MPa) during SPS. The high pressure
enables particle re-arrangement before sintering and grain boundary
sliding during sintering [10]. Yet contrary to literature [10,13], water

Table 1

Relative densities of the sintered samples, depending on their sintering condi-
tions. The first four samples were produced via SPS and the last sample by
conventional processing.

Powder  Sintering Sintering Pressure Onset Rel.
Temperature Time (MPa) Temperature Density
(@] (min) (O] (%)
SPS-NC 250 & 1050 15 & 20 400 & 859 99.37
150
SPS-PC 250 & 1050 15 & 20 400 & 892 97.07
150
SPS-FC 250 & 1050 15 & 20 400 & 891 96.87
150
SPS-FC- 1050 20 400 & 893 99.76
dry 150
cs 1425 60 - 99.10
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does not seem to improve densification by grain sliding in the present
case. The reference sample (SPS-FC-dry) sintered without water has the
highest density of all samples, 2% higher than with water (SPS-FC). The
addition of water before the SPS process also does not enable
cold-sintering of SrTiOs, likely due to its incongruent dissolution
behavior, where Sr2t is preferentially solved in water [23,24]. The
addition of water did not aid in densification at low temperature around
250 °C.

As evident from the sintering curves of SPS sintering (see supple-
mentary Fig. $2), densification of SPS samples starts between 860 °C and
895 °C. The onset temperature of the SPS-FC and SPS-PC samples are
comparable with one another. No improved densification for SPS-PC
samples due to reactive sintering was observed with SPS-PC samples,
possibly due to the low amount of precursor material inside the starting
powder. The sintering onset temperature of the SPS-FC-dry sample is
comparable to that of the SPS-FC sample, so its higher density may result
from the absence of water in the powder.

The onset temperature of sintering decreases for the SPS-NC sample
while its relative density increases. The improved sintering behavior is
likely caused by the calcination reaction during sintering. The main
driving force for sintering processes is the reduction of surface energy.
Additional components can be the reduction of defect energy and the
reduction of chemical potentials [8]. Chemical reactions, like the
calcination reaction, generally reduce the chemical potential of com-
ponents and provide additional driving force for the sintering process.
The additional driving force added by the calcination reaction explains
the enhanced sintering behavior of SPS-NC samples compared to the
other SPS samples [8,15]. This also fits previous reports on enhanced
densification rates during solid state reactive sintering [14,15].

3.2. SEM analysis of grain size

In Fig. 1, microstructures after CS and SPS sintering are shown. All
samples have unimodal microstructure with average grain sizes not
larger than 300 nm for SPS samples and 1.5 um for CS SrTiOs. The SPS
samples’ grain sizes are barely larger than the particle size of the used
powders (100-300 nm, see supplementary Fig. S5). The small grain sizes
of the SPS samples are a result of low grain boundary migration kinetics
typical for low sintering temperatures [71].

It should be noted that the SPS-NC sample has slightly larger average
grain size (275 nm) than SPS-PC or SPS-FC samples (252-256 nm). One
possible explanation is the additional thermal energy released by the
calcination reaction, which should be strongest in the SPS-NC sample.
Another explanation is the smaller initial powder particle size of the SPS-
NC powder (around 50 nm) enhancing the powder’s sintering activity
and leaving more time for grain growth after densification [9]. The

Fig. 1. SEM images of the microstructures of a) a SPS-NC sample, b) a SPS-PC
sample, ¢) a SPS-FC sample and d) a CS SrTiO3 sample.
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average grain sizes of the CS and SPS samples are listed in Table 2.

All samples show Ti-rich secondary phase due to Zr abrasion intro-
duced during milling. This is confirmed by the XRD-Results of the
samples showing a small peak coinciding with TiO; (see supplementary
Fig. S4). The SPS-NC samples clearly shows diffraction peaks of TiOs,
SrCO3 and SrTiOs. This suggests an incomplete calcination reaction.
Microstructures of SPS-FC and SPS-PC samples show a large number of
very small (<100 nm) intergranular pores, mirroring their relatively low
densities (~97%). These pores are also present in SPS-NC samples but
are lower in number, as expected from the sintering behavior.

3.3. STEM analysis of grain boundary segregation

The different sintering conditions during SPS and conventional sin-
tering are strongly impacting the microstructure formation (Fig. 1), and
likely also grain boundary properties. To investigate the impact of sin-
tering conditions on the grain boundary composition, the grain bound-
aries of a NC-SPS and a CS sample were analyzed using STEM-EDS. The
mappings of two general grain boundaries are shown in Fig. 2. The CS
sample has clear Ti segregation and Sr depletion at its grain boundary
(Fig. 2a). No cationic segregation/depletion of Ti/Sr is observed at the
grain boundary of the SPS sample (Fig. 2b). The segregation behavior
becomes even clearer when looking at the corresponding integrated line
scans shown in Fig. 3. The Ti and O concentration is increased, while the
Sr concentration is strongly depleted at the grain boundary in the CS
sample (Fig. 3a). In SPS samples, no segregation/depletion of Ti, O or Sr
is observed (Figs. 2b, 3b). The change of oxygen and titanium concen-
tration between the two grains in the SPS sample (Fig. 3b) is expected to
be a result of channeling or thickness effects. At temperatures between
900 °C and 1200 °C, the diffusion speed of cationic defects is very low in
SrTiO3 [50,72]. Accordingly, the formation of an equilibrium space
charge layer is not achievable within reasonable times for those tem-
peratures [44,48,50,51]. We assume that the formation of an equilib-
rium space charge layer is kinetically inhibited during SPS sintering at
1050 °C with short sintering time and high cooling rates (100 K/min).
Another explanation is the low oxygen partial pressure the samples are
exposed to during SPS sintering. It is known that strontium vacancy
concentration decreases (and oxygen vacancy concentration increases)
in undoped SrTiO3 for low oxygen partial pressure [36]. The changes in
the bulk defect chemistry could reduce the space charge and result in
little to no cationic defect segregation being observed.

It should be noted that even for conventional sintering, neutral grain
boundaries with no segregation in SrTiO3 do occur infrequently and are
likely caused by grain boundary anisotropy [73,74]. A detailed statis-
tical analysis will be necessary to reveal the impact of anisotropy on
grain boundary segregation in Fig. 2 and Fig. 3.

3.4. Electrochemical characterization

To confirm our assumptions on the space charge layer, electro-
chemical impedance spectroscopy (EIS) was used to characterize the
electrical GB properties after SPS sintering. Fig. 4 contains normalized
impedance plots of the SPS and CS samples and show that the total
impedance of SPS samples is higher than that of CS samples. The CS
sample’s impedance plot consists of two semi-circles, i.e. one small semi-
circle that is visible at the high frequency part of the impedance plot and
one large, slightly distorted semi-circle at the mid to low frequency
range. The small semi-circle most likely represents the grain bulk of the
CS sample, while the larger distorted semi-circle represents the

Table 2
Average grain sizes of SPS and conventionally sintered SrTiO3 samples. The
standard error of the average grain size is added.

Sample CS SPS-FC SPS-PC SPS-NC

Average grain size (nm) 1540 + 36 252+ 8 257 +8 275+ 10
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Fig. 3. Integrated EDS line scan of the grain boundaries in Fig. 2. A) line scan of a CS sample and b) line scan of a SPS-NC sample are depicted. The concentration of

elements is given in atom-%.

dispersed grain boundary response of the CS sample. The distortion of
the grain boundary semi-circle in impedance plots of SrTiO3 was pre-
viously reported in literature [62]. For SPS sintered samples, the
impedance plots consist of only one large, broadened semi-circle.

According to DRT, there is more than one electrochemical response
with very different relaxation times present in SPS samples (see sup-
plementary Fig. S7). It can be excluded that one of these relaxation times
correlates to the Pt electrodes, because any electrical response of the
electrodes would be very low in signal and mostly hidden in noise of the
impedance plots’ low frequency part (right-hand side of Fig. 4). Such
minor electrode responses are typical for Pt or Ag electrodes on SrTiO3
samples. [59,75].

Impedance data of the CS and SPS samples were fitted with a series of
RQ-circuits according to the brick-layer model. Based on the DRT re-
sults, the equivalent circuit of SPS and CS samples used a series of 2 RQ
circuits. For both sample types one RQ circuit represents the samples’
bulk response while the other represents the grain boundary response. It
should be noted that the grain boundary response of SPS (well visible in
the modulus plot, see supplementary Fig. S8) is only partially resolved
by the frequency range of measurement, which could lead to later fitting
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errors.

The fitting results (see supplementary Table S2) were used to
calculate space charge potentials as well as space charge thickness ac-
cording to the Mott-Schottky model (Equation 6) and the plate capacitor
equation (Equation 3). Capacity values of the CS samples fit the expected
values of 2.1-10! F for bulk and 10'° F to 10°® F for grain boundaries
(Table 3) [63]. Space charge thicknesses calculated by the plate capac-
itor equation are in the range of 41 nm (650 °C) to 103 nm (525 °C)
depending on measuring temperature. Space charge thicknesses calcu-
lated according to the Mott-Schottky model change less with tempera-
ture and range between 75 nm (650 °C) and 100 nm (525 °C). In this
model, The change in space charge thickness with temperature is due to
an increase of overall defect concentration with increasing temperature
[51,60,66,76,77]. Calculated space charge thicknesses of CS samples
agree with values reported in literature, ranging from 5 nm to 100 nm in
SrTiO3 [39,59,78].

Capacity values of the SPS samples range from 10! F to 1071° F for
both bulk and grain boundary. Surprisingly, the grain bulk capacity is
larger than the GB capacity in SPS samples. The space charge thicknesses
of SPS samples calculated with the plate capacitor equation increase
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Fig. 4. Impedance-plots of the SPS & CS samples measured at 600 °C. The
impedance plots are normalized to the sample dimension. The colored lines
represent standardized fits of the respective raw data.

Table 3
Space charge layer thickness calculated according to the Plate capacitor equa-
tion and Mott-Schottky Model, as well as the space charge potential at the grain
boundary. These values were calculated for the measurement temperature of
550 °C.

Sample Plate capacitor Mott-Schottky Space charge potential
(nm) (nm) (%)

CS (air) 55 91 0.35

SPS-NC 35 51 0.11

SPS-PC 26 53 0.12

SPS-FC 13 61 0.16

from 13 nm to 84 nm as the degree of powder calcination was reduced
from fully calcined to non-calcined. Contrary to that, space charge
thicknesses calculated according to the Mott-Schottky model decrease
from 61 nm to 51 nm as the degree of powder calcination was reduced.
Space charge layer thicknesses of SPS samples also fit the size range
reported in literature [39,59,78]. There is no clear explanation for the
differences between space charge thicknesses obtained from the plate
capacitor equation and the Mott-Schottky model. This can be an artefact
resulting from the fitting process since the grain bulk response is not
fully resolved by measurement’s frequency range (see modulus data in
supplementary Fig. S8). Additionally, the bulk signal diminishes in
strength as the grain size of SrTiO3 decreases, until a critical grain size is
reached below which only the grain boundary signal is measurable. This
has been correlated to the increasing volume fraction the space charge
layer covers in grains with decreasing grain size [65,79]. Also, investi-
gating the different space charge models reveals that the Mott-Schottky
model overestimated the real space charge thickness [80].

The space charge potential of the CS samples (0.35 V) fits previous
reports, which range from 0.3 V to 0.7 V [43,64]. Space charge poten-
tials of SPS samples are much smaller, ranging from 0.11 V to 0.16 V
(Table 3). Since the segregation of point defects towards grain bound-
aries is necessary for the formation of space charge layers, the low space
charge in SPS samples indicates a low defect concentration at the grain
boundary core relative to the bulk [44,81-83]. This agrees with obser-
vation of the STEM-EDS mappings (Fig. 2 and Fig. 3), where little to no
cationic segregation was observed at GB of the SPS sample (Fig. 2b). One
possible explanation is the inhibited segregation of strontium vacancies
and titanium ions due to the low sintering temperatures and short times
during SPS experiments. Only defects of high mobility (oxygen va-
cancies and electron holes) are able to segregate towards the grain
boundary resulting in a lower space charge potential in the SPS samples.
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Another explanation is the reducing atmosphere during SPS sintering. It
is known, that the strontium vacancy concentration in undoped SrTiO3
is reduced with decreasing oxygen partial pressure [36]. Due to the high
bulk concentration of oxygen vacancies and few strontium vacancies
that could segregate towards grain boundaries the space charge width
and the space charge potential decrease (space charge widths and po-
tentials calculated from impedance data of reduced samples show
similar results to the SPS sintered samples; see supplementary Table S2).

The reduction in space charge thickness and potential seen in the SPS
samples also seem to influence the samples’ conductivities. When
looking at Fig. 5 the specific grain boundary and total conductivity of CS
and SPS samples are comparable with the grain boundary conductivity
being slightly higher in SPS samples than in CS samples. The bulk con-
ductivity is lower in SPS-NC and SPS-PC samples than in CS samples, but
this can also be an artefact of the calculation method used (see equation
13). Overall conductivites of SPS and CS samples are comparable with
the SPS samples having higher conductivites than the CS samples at
lower temperatures (< 550 °C). A better indication for the impact of
space charge potential on the grain boundary conductivity seem to be
activation energy. Table 4 lists the activation energy for grain boundary
conduction in CS and SPS samples. The activation energies were ob-
tained by fitting an Arrhenius law to the conductivity plots of Fig. 5.

The activation energies are around 1.5-1.6 eV for SPS samples, while
the activation energy for grain boundary conduction in CS samples is
around 2.7 eV. This difference could stem from the lower space charge
potential at the SPS samples’ grain boundaries as this should ease the
charge transport across grain boundaries. The difference could also be
explained by changes in the SPS samples introduced by the processing
method. Overall charge transport across grain boundaries in SPS sam-
ples seems to need less energy than in CS samples.

4. Summary and conclusion

High-pressure SPS of SrTiO3 could generate highly dense ceramic
materials with sub-micron grain sizes (250-275 nm). The slightly higher
density and grain sizes of ceramics made from precursor powder mix-
tures result from a reactive sintering process during the SPS sintering.
XRD results indicate that the calcination reaction during spark plasma
sintering (SPS) was incomplete. In contrast to conventionally sintered
samples, SPS samples show no cationic segregation at their grain
boundaries. Low sintering temperature and short sintering times pre-
vented cationic segregation due to low cationic vacancy mobility.
Impedance data indicate the presence of space charge layer in conven-
tionally sintered and SPS samples that reach the expected thickness of
5-100 nm for undoped SrTiO3 ceramics. The space charge layer most
likely only consists of mobile charge carrier such as oxygen vacancies
and electron holes. The low defect segregation at the grain boundary
causes low space charge potentials in SPS samples. The lower space
charge potential at grain boundaries affect the grain boundary con-
ductivity of SPS samples positively. The lower electric potential barrier
at the grain boundary reduces the activation energy of charge transport
across grain boundaries in SPS samples and slightly increases the grain
boundary conductivity of SPS samples. The overall conductivity of SPS is
comparable to that of CS samples.

The current paper has shown that FAST/SPS sintering has the po-
tential to produce dense ceramics materials comparable to conventional
sintering methods at temperatures well below conventional sintering.
Combining the FAST/SPS sintering method with solid state reactive
sintering (SSRS) can further decrease sintering temperatures and still
result in high-quality microstructures. Beyond microstructures, FAST/
SPS sintering offers a unique pathway for grain boundary engineering as
the combination of reducing sintering conditions, low sintering tem-
perature and fast heating/cooling rates prevent the formation of space
charge layers. Consequently, very high grain boundary conductivity can
be achieved, which is beneficial for applications of ionic conductors for
SOFC and similar applications.
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Fig. 5. Bulk, grain boundary and total conductivity of a) SPS-NC, b) SPS-PC, c¢) SPS-FC and d) CS samples. The straight lines represent fits of the data with an

Arrhenius law.

Table 4

Activation energy of grain boundary conduction (GB) for SPS and convention-

ally sintered samples.

Sample

SPS-NC SPS-PC SPS-FC

CS-Ox.

Activation Energy GB (eV)

1.6 1.5 1.5

2.7
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