The role of point defects and defect gradients in flash sintering of perovskite oxides
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Abstract

The present study investigates the impact of point defects and their redistribution on the
flash sintering process. Strontium titanate was chosen as a model system for the group of
perovskite ceramics. The characteristics of flash sintering of strontium titanate were
analyzed with different acceptor dopant concentrations. The onset of flash sintering was
found to be dependent on the acceptor dopant concentration, as expected by the increasing
conductivity. A gradient in the microstructure was found after flash sintering with larger
grain sizes at the negative electrode. TEM-EDS measurements indicated Ti enrichment at the
positive electrode for undoped strontium titanate and strong acceptor segregation for
doped strontium titanate. In contrast. At the negative electrode the boundaries were found
to be stoichiometric for the undoped case and the acceptor segregation was less obvious for
the doped case.

Based on these results and the space charge behavior of strontium titanate, we infer that a
gradient of the oxygen vacancy concentration is induced by the electric field during flash
sintering: at the positive electrode the oxygen vacancy concentration is higher than at the
negative electrode. For strontium titanate it is well known that a high oxygen vacancy
concentration reduces the space charge and, hence, acceptor segregation, which agrees well
with the experimental findings. Overall, the present study highlights the importance of point
defect gradients and space charge for flash sintering of strontium titanate which may be
applicable for many other functional ceramics.

Key words
Flash sintering; Space charge; Strontium titanate; Point defects; Non-stoichiometry


mailto:rheinheimer@purdue.edu

1. Introduction
Flash sintering is a new field-assisted sintering process which was first demonstrated in 2010
[1]. This novel sintering technique involves electric currents to induce self-heating of a
ceramic material. For this process, a voltage is applied to a green body which is preheated in
a conventional furnace. Since the conductivity of most ceramics increases with temperature,
an increasing current flows through the green body during heating. If the conductivity
increased enough to allow a significant current, Joule heating occurs in the green body,
yielding a temperature increase over the furnace temperature. Eventually, a thermal
runaway occurs resulting in an abrupt increase in current and temperature. At the same
time, rapid densification within seconds can occur [2-7].
Since flash sintering was first reported, researchers have extensively attempted to reveal the
physical mechanisms of this remarkably fast sintering process [5]. According to recent
studies, the rapid densification during flash sintering seems to be mostly caused by fast
heating rates [3]. It is believed that a faster heating rate minimizes the time at lower
temperatures, where surface diffusion is faster than grain boundary and volume diffusion,
yielding a driving force loss by particle coarsening and neck growth [8-12]. With a fast
heating rate, the green body can be heated quicker to a temperature where volume and
grain boundary diffusion are dominant and, thus, high driving forces for densification are
preserved. Ji et al. performed a model experiment with heating rates likewise to flash
sintering, but without any electric field or current involved [3]. In these experiments, the
densification without electric field was very similar to flash sintering, indicating that the
current and field did not alter the principal densification mechanisms in zirconia. In another
approach, a relatively slow flash sintering process was compared to conventional sintering
with a similar heating rate and temperature for strontium titanate [13]. Densification was
found to be similar in flash sintering and conventional sintering, if the heating rate and
temperature are comparable.
On the other hand, it was argued that there are physical mechanisms activated by the
electric field and current. For example, it was proposed that the fast densification during
flash sintering of zirconia is due to the formation of Frenkel pairs [14, 15]. As a result, the
diffusion coefficients were argued to increase which led to the enhanced densification. It
was also suggested that the high local current density in the particle contact area could
cause local heating over the melting point so that liquid phase sintering occurs [16-18].
However, such a liquid phase should be visible after cooling the sample and, to the authors
knowledge, only one study published evidence of such a behavior for a material with very
low melting temperature and the need for high sintering temperatures (sodium potassium
niobate, [19]) so that grain boundary melting most likely is not a general effect of flash
sintering.
Overall, it seems that Joule heating and fast heating rates are sufficient to obtain a basic
understanding of the current and voltage characteristics during flash sintering [4]. However,
it must be pointed out that flash sintering involves extreme heating rates, densification and
cooling rates. Under these conditions, the occurrence of non-equilibrium states of the
material is to be expected and the structure of flash sintered material can be very different
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from those obtained by conventional sintering [6, 20-22]. Thus, flash sintering has the
potential of processing materials with non-equilibrium features such as dislocations, non-
equilibrium defect configurations, compositional gradients or metastable phases [20, 23-26].
To establish an equilibrium environment to study the impact of electric fields on defects,
grain growth in electric field with blocking electrodes was studied in strontium titanate [27,
28]. Since no densification and no Joule heating occur in these experiments, the impact of
electric field on the material can be evaluated in greater detail. Strontium titanate is a model
electroceramic and vast knowledge exists on defect chemistry [29], point defect formation
and structure [30], grain boundary structure [30-33] and stoichiometry [31, 32, 34, 35],
space charge [34-36] and microstructure evolution [37-41]. Grain growth under an electric
field revealed the occurrence of a gradient in the microstructure with coarser grain size close
to the negative electrode. The authors argue that this is caused by a gradient of the oxygen
vacancy concentration over the entire sample implied by the electric field. In this framework,
the high oxygen vacancy concentration results in a reduced material on the negative
electrode as sketched in Figure 1la. For strontium titanate, it is known that grain growth
kinetics are faster in reducing atmosphere [42]. As mechanism a change of the space charge
by the local oxygen vacancy concentration was suggested (Figure 1b and c): In reduced
strontium titanate, little space charge is expected based on a thermodynamic calculation
[28]. In oxidized strontium titanate, a pronounced space charge is evident with strontium
vacancies being accumulated at the grain boundary [34, 35]. If now grain growth occurs, a
diffusional drag of these accumulated defects is likely to retard grain boundary migration
and, thus, slower grain growth occurs [41, 43].

While gradient in microstructures were reported for many flash sintered materials [24],
there are not many cases where the mechanism of this gradient was considered in detail [6].
The present study considers the interplay of electric currents and fields during flash sintering
with the defect chemistry in undoped and acceptor doped strontium titanate. The focus is
on gradients in the microstructure in their correlation to the electric field and the interfacial
stoichiometry. Since the thermodynamics of space charge and segregation are known, the
interfacial stoichiometry was considered to correlate with the local oxygen vacancy
concentration. To gain insight into the impact of defect chemistry, various acceptor dopant
concentrations were analyzed. The results show that gradients in the grain size along the
sample are evident. EDS measurements showed that space charge seems only to exist on the
positive electrode which correlates well with the observations on field assisted grain growth.
Overall, the present study underlines that basic knowledge on defect chemistry and space
charge still holds for flash sintering.
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Figure 1. Sketch of the proposed defect migration model for microstructure evolution in
electric field [27, 28]. A migration of the oxygen vacancies towards the negative electrode in
electric field (a) results in the formation of reduced material at the negative electrode (b)
and oxidized material on the positive electrode (c). For oxidizing conditions, much stronger
space charge and defect segregation was reported than for reducing conditions [27, 28, 36,
44].

2. Experimental procedure

Strontium titanate powder was prepared by a mixed oxide/carbonate route based on high
purity raw materials (SrCOs3 and TiO», purity of 99.95 % and 99.995 %, Sigma Aldrich Chemie
GmbH, Taufkirchen, Germany). The A/B ratio was 0.996. Iron oxide (Fe;0s, purity > 99 %,
Merck, Darmstadt, Germany) was used as dopant. While it is known that Fe ions in the
perovskite lattice may have varying valency [45, 46], a valency of +3 and an occupation of
the B-site of the perovskite lattice was assumed for powder processing. Charge
compensation was assumed to be by oxygen vacancies and holes. The dopant concentration
was 0.2, 2 and 5 at.% with respect to the B-site of the perovskite lattice. Further details of
the powder synthesis are published elsewhere [37, 43, 47]. Cylindrical green bodies
(diameter of 10mm, length of 10mm) were pressed uniaxially in a steel die and subsequently
cold isostatically at 400MPa. The resulting green density was 62.5+/-1% for all green bodies.
Flash sintering experiments where performed in a rod-type dilatometer (402 E/2, Netzsch,
Selb, Germany). Platinum wire spirals and cables were used to contact the sample. An
uncovered thermocouple was placed close to the sample (ca. 1mm distance) to record the
sample temperature during flash sintering as accurately as possible.

The furnace was ramped up to 1200°C at 10K/min. After reaching 1200°C, the furnace was
powered off. During the entire experiment, a laboratory power supply (XG 600-2.8, Ametek,
San Diego, USA) was used to apply a voltage to the sample. The voltage limit was set to
obtain 140V/cm on the green body while the current limit was set to 250mA. This voltage
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and current limit was chosen to result in slow flash sintering to obtain a sintering process
that is easy to capture and analyze [13]. During the experiment, the data (shrinkage, sample
temperature, voltage, current) was logged twice per second with a standard data logger
(Graphtec, Irvine, USA).

For TEM observation, the samples were sectioned to prepare plan-view TEM samples close
to the positive and negative electrode. Manual grinding, polishing, dimpling and final
polishing in an ion milling system (PIPS Il, Gatan) were conducted for TEM sample
preparation and microstructure characterization was performed using an FEI TALOS 200X
TEM operated at 200kV with ChemiSTEM technology (X-FED and SuperX EDS with four silicon
drift detectors) for elemental mapping.

3. Results and discussion
3.1. Flash sintering
The data of the sintering processes are shown in Figure 2a-d. In each figure, the upper graph
gives the sample temperature as measured by the thermocouple close to the sample and
the relative shrinkage AL/L,. The lower graph contains the voltage V (right y-axis), current |
(inner left y-axis) and electric power P = U - I (outer right y-axis).
Due to the nature of flash sintering, the sample is heated during the process by the electric
power dissipated in the sample (Joule heating). Although the sample temperature was
measured as close as possible to the sample, the measured temperature is an
underestimation of the true sample temperature. An overheating during flash sintering of
about 200K above the furnace temperature is expected [13]. Still, the true sample
temperature during flash sintering is unknown and most likely reached approximately
1400°C.
As the field was applied before heating the furnace, at some time during the heating ramp
the conductivity of the strontium titanate increases enough to allow a significant electric
current flow through the sample [29]. This increase of the current starts at 1014°C for
undoped strontium titanate (Figure 2a), at 940°C for 0.2% Fe (Figure 2b), at 840°C for 2% Fe
(Figure 2c) and at 697°C for 5% Fe (Figure 2d). More details can be found in Table 1.
For 5% Fe, a short peak of the current and power is evident after 4280s. At the same time
the sample temperature increases slightly, and some densification occurs. Accordingly, this
first peak represents a flash sintering event. However, flash sintering stopped again after
200s since the sample cracked during sintering along the current direction; most likely the
contact of the electrodes was changed or partly lost thereby stopping the sintering process
again.
The main increase of current and shrinkage of the sample occurs shortly after the first small
peak. As argued in the literature [3, 4], this is because of a thermal runaway. Throughout this
manuscript we refer to this as flash sintering event. For the following quantification, we
consider the flash sintering event to happen when the power source switches to current
controlled output. The flash sintering event occurred at 1141°C for undoped strontium
titanate (Figure 2a), at 1098°C for 0.2% Fe (Figure 2b), at 978°C for 2% Fe (Figure 2c) and at
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854°C for 5% Fe (Figure 2d). The onset temperature of undoped strontium titanate
corresponds well with literature data [48].

For all four flash sintering experiments, the electric power shows a maximum for this instant
and subsequently decreases until the maximum temperature of the furnace is reached after
6730s. This decrease is again because of the decreasing voltage based on the increasing
conductivity of strontium titanate with temperature [29]. For the same reason, the electric
power and voltage increase while the furnace cools down. For undoped strontium titanate,
0.2% Fe and 2% Fe, the voltage limit is reached during cooling, so that the current is dropped
by the power source. The decreasing power dissipation than drops the sample temperature,
so that an inverse thermal runaway occurs (at 470°C for undoped strontium titanate, at
597°C for 0.2% Fe and at 504°C for 2% Fe). For 5% Fe, an inverse thermal runaway did not
occur during cooling of the furnace and the sample remained in a self-heating state until the
power source was switched off.

Considering the linear shrinkage curves, densification starts to occur once the flash sintering
event occurred (ignoring the peak in power and densification for 5% Fe discussed above).
The abrupt length changes for undoped strontium titanate, 0.2% Fe and 2% Fe during
cooling are because of thermal expansion and a fast cooling during the inverse thermal
runaway. Highest densification was reached for undoped strontium titanate (AL/L, =
—0.155, relative density of p,.; = 96.3%) followed by 0.2% Fe (AL/Ly, = —0.128, pye; =
89.7%), 2% Fe (AL/L, = —0.119, p,.; = 87.6%) and 5% Fe (AL/Ly, = —0.069, p,; =
76.5%). A similar observation where less densification occurred for higher Fe concentration
was found for conventional sintering using the same powder preparation method [38].
Accordingly, the densification in the presented flash sintering experiments is similar to
conventional sintering as reported before for a very similar experimental setup [13].

Table 1 details of the flash sintering event and final density for the four different powder
compositions.

. N . . End of flash
First significant | Flash sintering . . .
Fe dopant conc. Final density event during
current flow onset .
cooling
undoped 5750s or 1014°C | 6381s or 1141°C 96.3% 11907s or
470°C
0.2% 5370s or 940°C | 6091s or 1098°C 89.7% 9740s or 597°C
2% 4790s or 840°C | 5300s or 978°C 87.6% 10613s or
504°C
5% 4040s or 697°C | 4746s or 854°C 76.5% -
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Figure 2 Flash sintering data for undoped strontium titanate (a), for 0.2% (b), 2% (c) and 5%
Fe dopant concentration (d). Each graph shows temperature and densification in the upper
part and voltage, current and power dissipation in the lower part. Note that the lower
graphs have three y axis.

The characteristics of flash sintering of Fe doped strontium titanate reflect the conductivity
properties of this material. First, an increasing temperature results in higher conductivity for
undoped material or for a fixed acceptor concentration [29, 45, 49]. This property renders
flash sintering possible in strontium titanate. Second, an increasing acceptor dopant
concentration results in increasing conductivity, too. This is because acceptors are
compensated by oxygen vacancies and a high oxygen vacancy concentration increases the
ionic conductivity [49].

The second property impacts the onset temperature of the flash sintering event. The
thermal runaway in the flash sintering event requires significant current flowing through the
sample to obtain a self-heating of the sample. To reach this significant at a fixed voltage, a
minimum conductivity needs to be reached by heating the sample with the furnace. If the
sample conductivity is increased by doping, less temperature is needed for the flash
sintering event. As discussed above, the data in Figure 2 show this effect, so that the



behavior of flash sintering seems to agree well with the basic defect chemistry of strontium
titanate.

3.2. Microstructure

The microstructure of undoped, 2% Fe and 5% Fe doped strontium titanate was investigated
in more detail. Figure 3 shows TEM micrographs close to the positive (a) and negative (b)
electrode for the undoped strontium titanate. As expected from the relative density of
96.3%, only little remaining porosity is evident.

However, the microstructure is clearly coarser at the negative electrode compared to at the
positive electrode as evident in Figure 3b. This behavior was not reported in a previous study
on flash sintering of strontium titanate [13, 48], possibly because it was not explicitly looked
for a gradient in the grain size or because the flash sintering temperature was too low to
show significant grain growth at all as argued in [13]. The selected area diffraction pattern,
shown in the inset, further supports the argument that the negative electrode has coarser
grains. There are much fewer diffraction spots using the same aperture size, which indicates
there are less grains producing a distinguished diffraction spot.

Gradients were reported for grain growth in electric field in strontium titanate in the
absence of electric currents in previous studies [27, 28]. In these studies, a coarser
microstructure (i.e. faster grain growth) was found at the negative electrode, which agrees
well with Figure 3. Although the electric fields were estimated to be in the order of 130 -
270 V/cm in the cited references, it is still comparable to the field during flash sintering in
the present experiments, as voltages in Figure 2 are in the range of 50— 100V and the
sample thickness is 10 mm.

Figure 3: Microstructures for undoped strontium titanate after flash sintering as observed by
TEM close to the positive (a) and negative (b) electrode.

The microstructures of 2% and 5% Fe doped strontium titanate are shown in Figure 4 as
apparent close to the positive (a) and negative electrodes (b). Both microstructures were
found not to be fully sintered as expected from the relative density of 87.6% and 76.5%,
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respectively. The microstructure is much more fine-grained than for undoped strontium
titanate which agrees well with the literature [38]. As for undoped strontium titanate, for 2%
and 5% Fe-doped strontium titanate the microstructures at the negative electrode are
coarser compared to at the positive electrode as indicated by the number of diffraction
spots in the selected area diffraction pattern shown in the insets.

S,

EEX 4

w500 N
£\ \ 3

Figure 4: Microstructures for Fe doped strontium titanate after flash sintering as observed by
TEM close to the positive (a) and negative electrode (b) for the 2% Fe and positive (c) and
negative electrode(d) for the 5% Fe.

3.3. Interfacial chemistry and stoichiometry

In the literature, gradients of the grain size along the electric field were argued to be caused
by a gradient in the oxygen vacancy concentration [27, 28]. In this framework it was argued
that applying an electric field results in an electromigration of oxygen vacancies through the
sample resulting in a higher oxygen vacancy concentration at the negative electrode than at
the positive electrode as sketched in Figure 1a. It is known from field-free grain growth
experiments that grain growth is faster in reducing atmosphere (i.e. with a high oxygen
vacancy concentration) [39, 41-43]. The same was found for grain growth during sintering
[38]. This agrees well with the assumption of an electromigration of oxygen vacancies to the
negative electrode, as faster grain growth was always found on this side.

According to a recent study, the mechanism that couples defect chemistry and grain growth
is the space charge [28]. Space charge is a well-known phenomenon for perovskites [34-36,
50], where the stoichiometry and point defect concentration of the grain boundary core is
different from the bulk. This effect occurs because point defects (mostly vacancies) are
accumulated in the boundary core to lower the grain boundary energy by an interfacial
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reconstruction [30, 36]. As the formation energies of the respective defects (Vs,., V' and
V,') is different, the boundary core contains different amounts of these vacancies resulting
in a net charge of the grain boundary core. Analogue to standard double layer theory, a
space charge layer forms in vicinity to the grain boundary to compensate the charge of the
grain boundary core. Strontium titanate is known to have a positively charged grain
boundary plane with a negative space charge adjacent to it [34-36]. The grain boundary core
is known to be slightly Ti rich [31, 32, 34, 35], while in the space charge the concentration of
strontium vacancies is increased compared to the bulk [34-36].

Thermodynamic modelling of space charge in strontium titanate indicates that for low p(02)
and high oxygen vacancy concentration, very little space charge (i.e. low grain boundary
potential and space charge layer thickness) occurs, while for high p(02) and low oxygen
vacancy concentration a very pronounced space charge is evident (Figure 1b and c) [28, 36].
It should be noted that for strong space charge, the grain boundary is expected to be off-
stoichiometric, while for less space charge the interface stoichiometry does not differ
strongly from the bulk. As such, the interfacial stoichiometry is a means to probe the
occurrence of space charge and to test whether the proposed electromigration of oxygen
vacancies with its impact to the space charge occurs in the present flash sintering
experiments as well.

Accordingly, TEM-EDS measurements were performed on undoped, 2% Fe and 5% Fe doped
strontium titanate close to the negative and positive electrode. The results for undoped
strontium titanate are shown in Figure 5. The microstructure and EDS line scan results close
to the positive electrode are shown in a and c, respectively, while b and d show the same for
close to the negative electrode. It is apparent that only at the positive electrode, the grain
boundary core is Ti rich, while at the positive electrode no significant Ti excess is observed.
These findings agree well with the discussion given above and, considering the discussion
given above, it seems that the mechanisms found for field assisted grain growth in strontium
titanate ([27, 28] and Figure 1) also apply to the present flash sintering experiments.
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Figure 5. STEM-HAADF of the undoped strontium titanate close to the positive (a) and
negative (b) electrodes and the corresponding EDS line scan of Sr and Ti over a grain
boundary (c) and (d) respectively.

However, the change in stoichiometry is not very obvious as the excess of Ti at the GB core
in the EDS measurements in Figure 5 is not much higher than the noise level. To obtain more
evidence, the Fe dopant distribution in the doped samples can be considered: if Fe is
assumed to be an acceptor on the B-site of the perovskite, it is expected to accumulate in
the space charge according to the negative charge of Fer;. As the space charge properties
(i.e. grain boundary potential and its dependence on the oxygen vacancy concentration) do
not change qualitatively [36], the discussion above and Figure 1 still hold and Fe
accumulation in the space charge at the boundaries is expected only where the oxygen
vacancy concentration is low (i.e. at the positive electrode), while less accumulation should
occur where the oxygen vacancy concentration is high (i.e. at the negative electrode).

Elemental mapping of the Fe, Sr and Ti for 2% and 5% Fe-doped strontium titanate are
shown in Figure 6. The first two rows show the data for 2% Fe at the positive (a) and
negative (b) electrodes. In both cases, there is no evidence for a Ti excess at the grain
boundary, but Figure 6a shows a weak segregation of Fe at the grain boundaries at the
positive electrode. No such segregation is visible at the negative electrode (Figure 6b). The
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data for 5% Fe dopant concentration is shown in the last two rows for close to the positive
(c) and negative (d) electrode. Again, no Ti excess is visible for both cases. However, very
clear Fe segregation is visible at the positive electrode (Figure 6c), while at the negative
electrode only very little segregation occurs (Figure 6d). As such, the findings for 2% Fe and
5% Fe are very similar.

EDS line scans were performed close to the positive and negative electrodes for 5% Fe
doped strontium titanate for a more quantitative comparison, as shown in Figure 6. As
expected, much stronger Fe segregation is found at the positive electrode. At the positive
electrode, the measured width of the segregation layer is roughly 20 nm. At the negative
electrode, the measured width is roughly 40 nm. In principle, these numbers would agree
well with the expected space charge layer width for strontium titanate [28]. However, the
measurement of the width of the space charge can be impacted by many experimental
factors such as a tilt of the grain boundary plane with respect to the electron beam. From
the present results it cannot excluded that the Fe was accumulated only in the grain
boundary core and formed a very thin layer in the core. However, the solubility of Fe in
strontium titanate is believed to be much higher than the present dopant concentrations so
that we assume that Fe is still situated the lattice [51-53].

Overall, these results agree well with the expectations from the discussion above and with
the results for undoped strontium titanate in Figure 5. From the presented results we
conclude that for flash sintering the same concepts apply as found for field assisted grain
growth in the no-current case [27, 28]: the gradients in the microstructure are very similar
and the behavior of interfacial stoichiometry and space charge agree well with Figure 1.
Certainly, the process flash sintering has a notable difference to the cited work on field
assisted grain growth [27, 28]: while the grain growth experiments used blocking electrodes
to prevent a current flow through the sample, these currents are a central part of flash
sintering. Therefore, it needs to be discussed if, still, a gradient in the defect concentration is
possible in the sample during flash sintering. It could be argued that, without blocking
electrodes, the oxygen vacancies that are accumulated on the negative electrode are filled
with oxygen from the atmosphere thereby leveling the gradient.

However, it must be pointed out that even during flash sintering a significant voltage drops
over the sample. As Figure 2 shows, this voltage is in the order of 60 V. Certainly, a part of
this voltage drops in the platinum wires and contacts between the platinum electrode and
the sample, so that the resulting field in the sample will be lower than 60 V/cm. However,
the conductivity of strontium titanate is still low enough [29] so that significant field is
present across the sample (an estimation yields about 40V/cm?). The field will result in
electric currents and a separation of all mobile defects according to their polarity (positive to
negative electrode and vice versa). This separation (i.e. gradient of the concentration across

1 The conductivity data from the literature [29] suggests a conductivity of about 102 (Qcm). After sintering, the samples had a diameter of
about 0.9 cm and a length of about 0.9 cm. Ignoring the porosity the estimated resistance of the sample during flash sintering is 140 Q.
Given a current of 250 mA a voltage drop of about 35 V or a field of about 40 V/cm is expected, which is less than the measured 60V/cm,
but still significant and in the same range as a study on field assisted grain growth in strontium titanate where microstructural gradients
were shown [27]. The remaining field most likely drops to a minor part in the platinum cables (estimated resistance of 2 x 0.5 m long cable
with 0.5 mm diameter is less than 5Q) and to a major part at the contacts.
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the sample) is expected independently of the occurrence of an electric current as long as an
electric field is present across the sample.

Another uncertainty is a possible impact of cooling on both the overall defect gradient in the
sample and the chemistry of the grain boundary. The experimental setup involved electric
fields applied to the sample while the temperature was high. Parts of the cooling (the
reverse thermal runaway) happened rapidly. The overall gradient of the oxygen vacancies
after cooling might be changed since oxygen diffusion in strontium titanate is very fast.
However, we do not consider the gradient directly, but only indirectly via the resulting grain
boundary stoichiometry. Since a change of the grain boundary stoichiometry requires
diffusion of metal ions, it can be assumed that below 800°C a change will most likely not
occur because of the low diffusion coefficients of metal ions. During cooling, this
temperature was reached while an electric field was still applied so that the grain boundary
stoichiometry still should represent the gradient in the defect concentration.

Experimental uncertainty also arises from the valency of the iron dopant: it is known that Fe
can have different valency in strontium titanate (3+ or 4+) depending on defect chemical
parameters [45, 46]. As a change in the valency would change the segregation tendency of
Fe at the grain boundaries, an impact of a change of the valency would impact the presented
results. However, it seems not to be known how the valency changes at grain boundaries
and in the electric field, so that the details of this influence seem to remain unclear.

Finally, it must be pointed out that many factors (e.g. the grain boundary misorientation
[54]) impact the grain boundary stoichiometry so that the grain boundary stoichiometry of
strontium titanate is known to vary in the microstructure [31, 32]. Consequently, we must
conclude that the presented results only represent a qualitative analysis and better statistics
are needed to obtain quantitative results that would be comparable with thermodynamic
calculations [28, 36]
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Figure 6. Elemental mapping of Fe, Sr and Ti over a grain boundary of 2% Fe close to the
positive (a) and negative (b) electrodes and 5% Fe close to the positive (c) and negative (d)
electrodes. In each line, the first image shows a STEM-HAADF image, while the next three
show the distribution of Fe, Sr and Ti.
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Figure 7. Elemental mapping of Fe over a grain boundary for the 5% Fe doped strontium
titanate close to the positive (a) and negative (b) electrodes and their corresponding Fe line
scan (c,d).

3.4. Implications for field assisted processing in other materials
The present study reveals the occurrence of gradients of the point defect concentration
caused by the electric field during flash sintering. As a consequence, microstructural
gradients appear between the electrodes because microstructural evolution depends on the
local point defect concentration. In the case of strontium titanate, the underlying
mechanism for the coupling between local point defect chemistry and microstructure
evolution seems to be the space charge at the grain boundary and its consequences on
transport during microstructure evolution. However, the observed mechanism can be
generalized to other materials if the following general conditions hold:

1.) Existence of charged point defects with high mobility in electric fields

2.) Relatively low conductivity, so that some electric field can be induced during flash

sintering

3.) A dependence of grain boundary properties on local point defect chemistry
Consequently, other perovskites with very similar defect chemistry and space charge
properties are expected to show a similar behavior as reported here for strontium titanate.
Indeed, similar microstructural gradients in electric fields were reported e.g. for barium
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titanate [55, 56] which has almost identical defect chemistry [57] and space charge
properties [34, 35] as strontium titanate.

Zirconia is one of the most important model systems for flash sintering [1, 5] and also well-
known to show microstructural gradients after flash sintering [5, 58-60]. The work by I-Wei
Chen and co-authors suggests that this gradient is also caused by a gradient of point defects
and possibly a valency change of the zirconium ions [60-62]. Some of these studies reported
a larger grain size at the negative electrode which would agree well with the present findings
for strontium titanate. However, the literature on microstructural gradients in flash-sintered
zirconia is controversial as there are temperature gradients involved [63] and the details of
the underlying physics of these gradients can be different than in strontium titanate as
defect chemistry and segregation properties are different. However, space charge and
segregation also occur in zirconia [64, 65] so a similar mechanism might occur.

Titania was shown recently to form graded microstructures during flash sintering [20]. In this
case a coarser grain size was found at the positive electrode. As titania is known to have
space charge at the boundaries [66, 67] and the diffusion of point defects in electric fields
seems to be sufficiently fast at elevated temperatures [68], it is very likely that the
mechanism causing the microstructural gradients in titania is very similar to Strontium
titanate.

For zinc oxide, a coarser microstructure was found at the positive electrode similar to titania
after flash sintering [6]. The authors argue that a defect chemistry induced transition occurs
at the interfaces yielding higher grain boundary mobility. A dependence on the oxygen
partial pressure was shown [69] which seems to indicate a close relationship to the
mechanism reported in this study.

Other materials like MgAl,04 [70] also develop graded microstructures during flash sintering
and the present study gives new insight into our understanding why this is the case. Also, the
current findings can be extended to other materials properties than grain boundary mobility.
E.g. the conductivity of ionic materials strongly depends on the local conductivity, so that a
gradient in the point defect concentrations will result in a gradient of the conductivity. As
such, we must consider that the electric field, power density, and temperature are not
constant between the electrodes but show a gradient during flash sintering.

3.5. Implications to the grain growth transition of strontium titanate

Strontium titanate is well-known for its grain growth transition in the absence of electric
fields: the grain growth coefficient decreases by orders of magnitude with increasing
temperature between 1350°C and 1425°C [39]. In the transition range bimodal
microstructures where reported [40, 41]. Overall the existence and co-existence of two
different grain boundary types seems to cause the counterintuitive grain growth behavior of
strontium titanate [39, 71]. However, the physical difference between these two types is not
well-understood yet. It was suggested that this transition is related to the space charge at
the grain boundaries [41]. While the presented data does not consider grain growth in detail,
it does show that a correlation exists between the grain boundary chemistry and the grain
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growth behavior: if there is no segregation or stoichiometry change at the grain boundaries
(i.e. at the negative electrode), grain growth is faster than without segregation or a different
stoichiometry of the grain boundaries (i.e. at the positive electrode). Accordingly, one
outcome of the present study is the importance of grain boundary chemistry and space
charge for microstructural evolution.

It was suggested recently that the underlying mechanism for the dependence of grain
boundary migration on space charge is diffusional drag [28]: if strong space charge and
segregation of cationic point defects exists, the segregated defects diffuse along with the
grain boundary yielding slow migration rates. If space charge and segregation are reduced,
the migration rate is expected to be higher due to less diffusion needed to move the
boundary. Applying this concept to the grain growth transition of strontium titanate one
might suggest that the grain growth transition and the two grain boundary types are two
different space charge states. In this case, a TEM study of the grain boundary chemistry and
stoichiometry considering large and small grains separately should shed light on the physical
mechanism of the grain growth transition. Preliminary investigations revealed for large
grains (i.e. grains with fast migration rate) a more or less stoichiometric boundary while
small grains were shown to have significant segregation and space charge [31, 32]. These
findings agree well with the presented results so that a correlation of space charge and grain
boundary migration rate seems to be likely for the grain growth transition of strontium
titanate in the absence of electric fields.

4. Summary and conclusions
This work investigates the impact of defect chemistry and field-induced point defect
gradients on space charge and microstructure evolution during flash sintering of a perovskite
oxide, strontium titanate. To gain more insight in the impact of point defect chemistry,
different acceptor dopant levels were considered.
The onset temperature of flash sintering was shown to decrease with increasing acceptor
dopant concentration as expected by the increasing conductivity for this case. The final
densities were the highest for undoped strontium titanate which agrees well with findings
for conventional sintering. An increasing acceptor dopant concentration yielded a smaller
grain size after flash sintering. For all compositions, a gradient of the grain size was found
after flash sintering with larger grains at the negative electrode compared to at the positive
electrode. TEM-EDS measurements revealed Ti-rich grain boundaries (undoped) and
acceptor segregation (Fe-doped) at the positive electrode. In contrast, stoichiometric
boundaries and no acceptor segregation were observed at the negative electrode, which is
unexpected for strontium titanate in oxidizing atmosphere.
Based on these results, a mechanism was established that links the microstructure gradients
to a field induced gradient of point defects, i.e., at the negative electrode, a higher oxygen
vacancy concentration is present compared to the positive electrode. From thermodynamic
modelling of space charge in strontium titanate, it is known that for higher oxygen vacancy
concentration less space charge and segregation occur. This corresponds well to the
17



experimental findings from TEM-EDS. The link between space charge and grain boundary
migration rate was argued to be a diffusional drag of segregated defects yielding slow
migration for strong segregation at the positive electrode and fast migration for low
segregation at the negative electrode.

This mechanism could be generalized to other materials if three conditions are fulfilled: 1.)
the existence of mobile charged defects, 2.) the presence of an electric field in the sample
and 3.) a dependence of grain boundary properties on local point defect chemistry. It seems
that these three conditions are given for many functional oxide ceramics. As many other
materials are known to show microstructural gradients after flash sintering, the present
relationship between defect chemistry, field-induced point defect gradients, space charge
and grain boundary migration sheds new light on the basic mechanisms that are needed to
understand microstructure evolution during flash sintering. Additionally, the study
underlines the general importance of space charge for grain boundary migration.
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