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Abstract

The present study investigates grain growth in strontium titanate in an electric field. The
experimental setup used current blocking electrodes to prevent Joule heating. The seeded
polycrystal technique was chosen as it provides a sensitive and controlled setup to evaluate
the impact of different parameters on grain growth due to the well-defined driving force for
grain growth. The results show faster grain growth and, thus, higher grain boundary mobility
on the negative electrode.

It is argued that a defect redistribution seems to be caused by the electric field resulting in a
higher oxygen vacancy concentration at the negative electrode. A thermodynamic calculation
of the grain boundary potential and space charge shows that for a high oxygen vacancy
concentration less space charge and less accumulation of charged defects to the boundary
occurs. Therefore, at the negative electrode, a higher oxygen vacancy concentration results in
less space charge and less accumulation of charged defects. For grain boundary migration,
less defect accumulation might result in less diffusion of segregated defects, so that at the

negative electrode faster grain growth is expected as found in the experiments.
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1. Introduction

In the past fifteen years, considerable effort was put into investigating the effect of electric field
during sintering, e.g. with respect to Spark Plasma Sintering (SPS), where electric currents are
used to directly heat a material enclosed in a graphite die while simultaneously a mechanical
pressure is applied [1-5]. Since 2010, another field assisted sintering process named flash
sintering attracted attention [6]. In this process, an electric power dissipation in a preheated
ceramic green body is used to induce a thermal runaway with extremely fast heating rates so
that sintering within seconds can be achieved [7-9].

However, revealing the underlying mechanisms in field assisted sintering (SPS and flash
sintering) is very challenging, because the electric power dissipation leads to Joule heating in
the material such that the true temperatures are hard to access. The fast heating rates add to
the poor controllability of the sintering process. Accordingly, there still is a vivid debate
particularly on the mechanism for flash sintering. Some authors argue that the electric field
impacts the point defect chemistry yielding a drastically increased vacancy concentration,
which then increases the diffusion coefficients and eases densification [10, 11]. Others argue
that the high current density in the sintering neck area during field assisted sintering locally
causes very high temperatures, so that melting occurs in the sintering neck area thereby
yielding very quick densification [12, 13]. Finally, some studies indicate that the fast
densification during flash sintering is solely caused by Joule heating of the entire green body
and the extremely fast heating rates [14-16].

While the complexity of field assisted sintering prevents careful investigation of underlying
mechanisms, several different model experiments allow better controllability of the
experimental parameters (e.g. fast heating without electric power dissipation [15], slow heating
with electric power dissipation [16], sintering with electric fields but without power dissipation
[17] or grain growth with electric power dissipation [18, 19]). The most simplified case is
observing grain growth (i.e. no shrinkage) in electric field, but without electric power dissipation
(i.e. with blocking electrodes). This experiment was conducted in a previous study on strontium
titanate [20], a material for which vast information is available on microstructure evolution in
the absence of electric field [21-23], point defect chemistry [24] and interfacial properties [25-
27]. In this experiment, the seeded polycrystal technique was used. This technique uses a
singlecrystalline seed diffusion bonded to a polycrystalline matrix to establish a well-defined
driving force for grain growth [28-30]. The electric field was found to induce a gradient of the
growth rate of the single crystal between the two electrodes with grain growth being faster on
the negative electrode. A point defect redistribution was presumed yielding a higher oxygen
vacancy concentration on the negative electrode.

The present paper adds more growth data and some information on the diffusion kinetics to

detail the defect distribution profile in electric fields. A thermodynamic calculation of the space



charge of strontium titanate reveals that the change in grain growth rate by the oxygen partial
pressure seems to be due to a change in grain boundary potential and defect accumulation:
for high p(O.), strong space charge and defect accumulation where found while for low p(O>),
almost no space charge and defect accumulation occur. Since the segregated species (both
intrinsic defects as Sr vacancies and extrinsic defects as impurities) diffuse along with the grain
boundary migration, a diffusional drag seems to exist for high oxygen partial pressure, but not

for low oxygen partial pressure.

2. Experimental Procedure

2.1. The seeded polycrystal technique in electric field

Stoichiometric undoped strontium titanate powder was prepared by the mixed oxide/carbonate
route using high purity raw materials (SrCOs and TiO;, both 99.9+%, Sigma Aldrich Chemie
GmbH, Taufkirchen, Germany). Dense (99.5 + 0.2 %) polycrystalline samples were obtained
by conventional sintering at 1425 °C for 1 h in oxygen in a tube furnace (Carbolite Gero,
Neuhausen, Germany). More details of the powder synthesis can be found elsewhere [21].
Samples were cut into discs of a thickness of 1 mm and polished (diamond slurry, 0.25 pm)
and then scratched with a polishing disc (30 um diamonds). Theses scratches are needed to
create pore channels during diffusion bonding of the seeded polycrystals so that the original
position of the interface is marked (Figure 1c [20, 28, 29)).

To demonstrate the impact of an electric field on grain growth, the seeded polycrystal
technique was used. In this method, a singlecrystalline seed is diffusion bonded to a
polycrystalline matrix. In a subsequent annealing, the single crystal grows into the polycrystal.
The driving force for this growth is provided by the capillarity of the grain boundaries in the
polycrystal. To fabricate suitable samples, a single crystalline disc (chemical-mechanical
polished, impurity content: <10 ppm Si, <2 ppm Ba, <1 ppm Ca, SurfaceNet GmbH, Rheine,
Germany) with a thickness of 1 mm was placed between two polycrystalline discs. Joining was
achieved by a diffusion bonding process in a mechanical load frame with attached furnace
(1430 °C, 20 min in air, 1 MPa, Amsler, Neftenbach, Switzerland). To prevent a chemical
reaction or bonding of the sample to the alumina rods of the load frame, a thin layer of coarse-
grained zirconia powder was placed between the sample and the alumina supports. Further
details of this procedure are published elsewhere [20, 28, 29].

For applying an electric field along the interface of the single crystalline seeds during grain
growth, the seeded polycrystals were again cut perpendicular to the single crystal in slices of
a thickness of 2 mm. To avoid joule heating by a current flowing through the sample, samples
were placed between two high purity alumina plates (thickness of 1 mm) as shown in Figure

la. To prevent any reaction of strontium titanate with the alumina, a very thin layer (<0.1 mm)



of coarse zirconia powder was spread in the contact area to prevent a direct contact. No
influence or reaction of the zirconia on the strontium titanate was found.

On top of both alumina plates platinum sheets were used as electrodes. The electrodes were
welded to platinum wires which were guided outside the furnace to a voltage source (XG 600-
2.8, AMETEK, San Diego, USA). The electric fields over the entire setup including alumina
insulators were 25 V/mm or 50 V/mm. Note that the field in the sample is smaller, because in
the alumina insulator plates with relatively low dielectric constant some electric field is lost [20].
The true fields in the strontium titanate sample where estimated to be about 50% of the overall
electric field. Voltage and current were measured and logged (Type GL200A, Graphtec Corp.,
Yokohama, Japan). During all experiments, the current was below the detection limit due to
the insulating alumina plates. All grain growth experiments were performed in a batch furnace
between 1425 °C and 1550 °C in air (Carbolite Gero, Neuhausen, Germany).

The mean grain radius of the polycrystalline matrix was obtained by the line intersection
method on SEM micrographs. To capture the microstructural gradient along the electric field,
on each sample three different positions were observed (close to both electrodes and in the
center of the sample). Each measurement bases on typically 200 grains (min. 120). The growth
of the single crystalline seed was measured by assembling 5-10 SEM images to one image
across the entire interface (Figure 1b). In these assembled images the growth length of the
seed was detected and plotted with respect to its position in the sample (thin line in Figure 2
and Figure 3). Additionally the data was fitted with a polynomial of second degree to highlight
the trend of the growth length (thick line in in Figure 2 and Figure 3).
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Figure 1 experimental setup used in the present experiments (a). The sample geometry
corresponds to the seeded polycrystal technique. An electric field was applied along the
interface of the single crystal with platinum sheets as electrodes. Alumina plates where used
to block electric and ionic currents at high temperatures. A thin layer of zirconia powder
prevented a chemical reaction between the alumina and the strontium titanate. A typical growth
front of the single crystal across the sample is shown in b and ¢ in two magnifications. The
white broken line represents the initial position of the growth front. At higher magnification,
small pores are visible that originate in the diffusion bonding process and mark the initial
position of the growth front (c).

2.2.Calculation of the space charge layers with respect to oxygen partial pressure
Space-charge layers are regions of altered bulk defect concentrations caused by the presence
of an extended defect, such as an interface. Hence, in order to calculate the potential at a grain
boundary, one has to specify the point-defect concentrations in the electroneutral bulk phase
and one has to link the interfacial defect chemistry to that of the bulk phase [27].

Point-defect concentrations were calculated by means of the standard defect chemical model
for acceptor-doped SrTiO3; [24, 31-33], a model that includes electron-hole generation across
the band gap, reduction of the oxide and SrO partial Schottky disorder. Values for the
equilibrium constants of these reactions were taken from Moos and Hardtl [24]. The model
yields, for given acceptor-dopant concentration, temperature and oxygen partial pressure, the
concentrations of oxygen vacancies, electron holes, strontium vacancies and electrons.

The link to the interfacial defect chemistry consists of specifying the thermodynamic driving
energies for point defect redistribution from the bulk to the interface, or vice versa [27, 34]. In
the present case, we assume a single thermodynamic driving energy, namely that the standard
chemical potential of oxygen vacancies is lower at the interface than in the bulk phase (Auy <
0). As a consequence, oxygen vacancies segregate to the interface, charging it positively, and
thus generating negative space charge zones depleted of vacancies. All other point defects

are assumed to be mobile and to redistribute based on the electric field set up by the



redistribution of the oxygen vacancies. The equilibrium situation corresponds to
electrochemical potential of each defect being constant throughout the system. The standard

expression for the electrochemical potential of a point defect building unit is used [27]:

= u® +kyT [Nf(c’a)] + zed(x) (1)

The physical model that we employed is a one-dimensional model, in which a grain-boundary

of finite width is sandwiched between two semi-infinite blocks of the bulk phase. Poisson’s

equation is solved for the entire simulation cell,

eoer S29 = —p, )
with electrical potential ¢, the vacuum and relative permittivity €, and ¢, and the space charge
density p. Finite-element-method calculations are used to solve Eg. (2) numerically, with
boundary condition ¢ () = 0. The space-charge density is given by

p(x) = —e cqop(X) + 2 e ¢y (x) + e cn(x) — 2 ecy, (x) — e ce(X) 3)

The concentration profiles ¢(x) are obtained from Eqg. (1).

3. Results and Discussion

3.1.Grain growth in electric field perpendicular to the growth direction

Figure 2 shows the growth of the single crystalline seeds into the polycrystalline matrix at
1425 °C after 10 h (a, ¢) and 20 h (b, d) for 25 V/Imm (a, b) and 50 V/mm (c, d). Each plot gives
the position of the growth front of both interfaces of the single crystalline seed with respect to
the position in the sample. The negative (positive) electrode was on the left (right) side. The
mean grain size is indicated by black squares for three sample positions. In the case of Figure
2b, one interface of the sample broke during the experiment so that only one curve is shown
in the graph. In all other cases, both interfaces where observed and show good agreement
with each other.

In general, the mean grain size is analogue to the growth of the single crystals as is to be
expected from mean-field modelling for the seeded polycrystal technique [28]. However, for
microstructures with weak gradients, the gradient in the mean grain size is very small.
Accordingly, the growth front of the single crystal is more significant for our analysis as it gives
continuous data with good statistics over the entire sample.

After 10 h at 1425 °C with 25 V/mm, the growth of the single crystal does not depend on the
position in the sample and the growth front is almost horizontal (Figure 2a). The scattering in
the data is because of the grain size in the polycrystal as evident in Figure 1b and c. A more
detailed discussion of microstructures and scattering can be found in the literature [20].
However, the trendline (thick line in Figure 2a) and mean grain sizes show that no gradient in

the microstructure is visible across the sample. At 50 V/imm a slight gradient appears.



However, for longer heating times in Figure 2b and d show that the gradient in the
microstructure increases with time and becomes evident even at 25 V/mm.

It should be noted that, in principle, a gradient in the growth length can only occur if the single
crystal shows enough growth during the experiment: a non-growing single crystal will not show
different growth rates no matter what the electric field is. The growth distance in Figure 2 is
5um and more, which is significant growth during the experiment with electric field [28].
Accordingly, the presence (or absence) of gradients at 1425 °C can be attributed to the impact
(or irrelevance) of the electric field.

At 1550 °C, even the shortest feasible heating time of 6 min resulted in strong gradients in the
microstructure as shown in Figure 3a and c. For longer heating times, these gradients become
more pronounced, but do not change in general. Again, the mean grain size correlates well
with the growth of the single crystals.
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Figure 2: Growth length of the single crystals in electric field at 1425 °C after 10 h (a, ¢) and
20 h (b, d). The negative (positive) electrode was on the left (right) side. For a and b, the overall
electric field was 25 V/mm (50 V/mm for c and d). In one case (b), parts of the sample fractured

during preparation, so that only one curve could be obtained.
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Figure 3: Growth length of the single crystals in electric field at 1550 °C after 6 min (a, ¢) and
30 min (b, d). The negative (positive) electrode was on the left (right) side. For a and b, the
overall electric field was 25 V/imm (50 V/Imm for ¢ and d). In two cases (a, d), parts of the

sample fractured during preparation, so that only one curve could be obtained.

3.2. Defect redistribution by the electric field

In our previous study, we suggested that the gradients in the microstructure result of
electromigration: in the electric field, positive (negative) point defects migrate towards the
negative (positive) electrode [20]. As the experimental setup included current blocking
electrodes, this migration builds up a polarization and an internal electric field with opposite
direction of the external electric field. In general, this migration will come to an end, if the
electrochemical potential of the respective defects is constant across the sample. Note that
due to the blocking electrodes, the steady-state does not involve significant ion or electron
fluxes. Besides of the kinetics (see section 3.4), this equilibrium defect concentration profile in
electric field across the sample is of interest.

The exact shape of the equilibrium distribution is not easy to find. For strontium titanate the
relevant point defect species are oxygen vacancies, strontium vacancies, acceptors, electrons
and holes. As will be discussed later, it seems that the diffusion of acceptors and metal
vacancies is too slow to play a significant role in the long range diffusion as needed for the

defect redistribution by the electric field across the entire sample [35, 36]. Accordingly, we



assume that only electrons, holes and oxygen vacancies are redistributed. Here, we ignore the
distribution of electrons and holes as they do not contribute to the grain boundary mobility.

In the literature, several detailed studies investigated the resistance degradation mechanism
in acceptor doped perovskites [37-41]. As these studies observe a defect redistribution in
electric fields in a very similar way to the present experiment, therein established point defect
modelling [41] can be used to at least qualitatively estimate the defect concentration profile.
As Figure 4 sketches, there are two possible equilibrium profiles. If the bulk defect chemistry
remains unchanged for all positions of the sample, the equilibrium profile in electric field will
have the shape of the red curve in Figure 4. However, if the local defect concentration at the
negative electrode becomes too high, saturation effects might occur (blue curve in Figure 4).
This saturation could result e.g. from interaction between the oxygen vacancies, that are no
longer in a dilute concentration. Another possibility is the phase stability of the perovskite
phase: for too high vacancy concentrations, the perovskite lattice will become unstable and
decompose. However, with SEM and XRD, we found no evidence for a phase decomposition.
Additionally, a saturation of the defect concentration should be visible in the shape of the
growth front of the single crystal if a direct link between the local point defect concentration
and the grain growth concentration exists as discussed in section 3.3. However, Figure 2 and
Figure 3 do not show a correlation to the blue curve in Figure 4, but to the red curve.
Accordingly, there is no evidence for a saturation of the oxygen vacancy concentration at the
negative electrode and we assume the red curve to represent the equilibrium oxygen vacancy
concentration in electric field.

While the exact distribution of the point defects during the experiment is not clear yet, it seems
to be reasonable to argue that the point defect concentration shows a gradient between the
electrodes with the maximum of the oxygen vacancy concentration at the negative electrode.
From grain growth experiments in the absence of electric field it is known that grain growth is
faster in reducing atmosphere (i.e. with a higher oxygen vacancy concentration [30]).
Accordingly, faster growth at the negative electrodes in electric field as observed in Figure 2
and Figure 3 can be attributed to the local increase of the oxygen vacancy concentration.

So far, this argumentation bases only on the correlation between grain growth in the absence
of electric fields, but with a change of the oxygen partial pressure with grain growth in electric
field. In both cases, faster grain growth (i.e. a higher grain boundary mobility) occurs if the

oxygen vacancy concentration is (or is supposed to be) high.
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Figure 4: Sketch of the oxygen vacancy distribution across the sample without electric field
(broken line), with electric field assuming no saturation of the oxygen vacancy concentration
(red) and assuming a saturation concentration (blue line). The shape of the curves was taken

from Wang et al. [41].

3.3.Relationship between defects, space charge and grain boundary mobility

Following the previous paragraph, the correlation of grain growth in electric field with field-free
grain growth with different oxygen partial pressure suggests a dependence of the grain
boundary mobility of the point defect concentration. A possible mechanism for this relationship
bases on space charge and its dependence on the oxygen partial pressure.

Strontium titanate is well-known to have a positive grain boundary potential and an adjacent
negative space charge [27, 42, 43]. The space charge represents layers at the grain boundary
with a change in the point defect concentration. Following the procedures from section 2.2, the
space charge layer of strontium titanate was calculated for different oxygen partial pressures
(102 — 1 bar). Figure 5a shows the calculated oxygen partial pressure dependent grain
boundary potential of strontium titanate at 1400 °C. For high oxygen partial pressure, a high
grain boundary potential was observed. Lowering the oxygen partial pressure from 1 bar will
first result in a minor increase, but then a drastic decrease of the grain boundary potential down
to almost 0 V at p(O2) = 10%° bar. The resulting space charge profiles are shown in Figure 5b.
The decreasing grain boundary potential from Figure 5a becomes evident again. In addition,
the thickness of the space charge layer decreases with decreasing p(O2), because the total
number of charged defects increases [24, 27]. As evident in Figure 5b, the space charge layer
(i.e. potential height and layer thickness) becomes much weaker in lower oxygen partial

pressure.
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Figure 5 Calculated grain boundary potential at 1400 °C with respect to oxygen partial pressure

(a) and the resulting potential distribution in the space charge layer (b).

Based on the potential distribution in Figure 5, the concentration profiles of all relevant defects
(oxygen vacancies, strontium vacancies, acceptors, electrons and holes) in the space charge
layer were calculated. Figure 6 shows the concentration profiles for a relatively high oxygen
partial pressure of 10 bar (a) and for a relatively low oxygen partial pressure of 1028 bar (b).
For 10* bar, strontium vacancies, acceptors and electrons clearly accumulate at the grain
boundary, while oxygen vacancies and holes are depleted. For 108 bar, two changes become
evident. First, the bulk concentration of strontium vacancies and holes drops by more than one
order of magnitude, while the bulk concentration of oxygen vacancies and electrons increases
similarly. This is to be expected from the bulk defect chemistry of strontium titanate [24].
Second, the accumulation (depletion) of defects is only very minor: bulk and space charge
concentrations differ by less than half an order of magnitude for 108 bar, while a difference of
1-2 orders of magnitude was observed for 104 bar.

It should be noted that the present calculation of defect chemistry and space charge include
an acceptor dopant. The present experiments used ceramic powder processed from high purity
raw materials (>99.9% purity) and the overall impurity levels as measured by ICP-OES are
very low [21]. The most important impurities are Zr from the milling process (~600ug/g) and Ba
(~100pg/g) and Ca (250ug/g) both from the raw material. Zr and Ba are isovalent dopants for
the perovskite, so that they do not impact the bulk defect chemistry. However, they could still
segregate to the grain boundaries due to lattice strain effects. Ca can be an isovalent dopant
on the A-site of the perovskite, but also an acceptor dopant on the B-site. There are additional
trace elements in the raw materials and introduced during powder processing that act as
aliovalent dopants. Overall, these dopant species result in a significant acceptor doping of
nominally undoped strontium titanate [44]. To account for this effect, the simulations included

an acceptor dopant concentration of 10%° cm=.
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Figure 6 Defect distribution profiles for the grain boundary core and the space charge layer at
1400 °C for an oxygen partial pressure of 10 bar (a) and 108 bar (b). In both cases, the grain

boundary core with its distinct defect concentrations is marked by vertical lines.

Accumulation (and depletion) of point defects on grain boundaries can impact grain boundary
migration, if the respective defect has a relatively slow diffusion coefficient [22, 28]. To
understand this effect, first grain growth without defect accumulation at the grain boundaries
should be considered: In this case, an interface migrates by atoms breaking their bonds to the
shrinking lattice and forming new bonds to the growing lattice. This process seems not to
involve diffusion over a range much longer than one unit cell.

If now defect accumulation is added to the boundaries, the accumulated species in the space
charge will need to diffuse together with the migrating boundary. As the space charge layer
extends over much more than one unit cell, a significant diffusion of the accumulated (or
depleted) defects is now implied. Therefore, grain boundary migration will experience a
diffusional drag and the space charge layer will become asymmetric as sketched in Figure 7b.
This argumentation is analogue to the theory of solute drag, which was established for grain
boundary migration in metals with segregating solutes [45, 46].

Figure 6a and b showed the change of the defect accumulation with oxygen partial pressure
(almost no defect accumulation and space charge for 10*bar in b and strong defect
accumulation for 10 bar in a). Based on these defect profiles, it seems to be likely that for high
oxygen partial pressure a diffusional drag arises from the accumulation of acceptors and/or
strontium vacancies (Figure 7a), while for low oxygen partial pressure and no accumulation a
diffusional drag is not expected (Figure 7b). Accordingly, slow (fast) grain boundary migration
and mobility are expected for high (low) oxygen partial pressure and low (high) oxygen vacancy
concentration.

However, this entire framework only holds if there are slowly diffusing species in the space

charge layer that follow grain boundary migration. As electrons, holes and oxygen vacancies



can be assumed to have a high diffusion coefficient in strontium titanate [32], the relevant
species for the diffusional drag are acceptors and strontium vacancies. The diffusion of Sr
vacancies is in the order of 102° to 10'** cm2/s at 1400 °C [35, 36, 47-49] (oxygen vacancy
diffusion is in the order of 10° cm2/s at 1400 °C [32]). To our best knowledge there is no
diffusion data for dopants in strontium titanate, but as they occupy cation lattice cites, their
diffusion will most probably not be faster than the respective metal vacancy and the diffusion
coefficients for Sr vacancies represents a reasonable maximum for the dopant diffusion
coefficient. Accordingly, the slowly diffusing species required for a diffusional drag on grain
boundary motion are present (Sr vacancies and impurities), although it is not clear if only the
acceptors or additionally the Sr vacancies are involved. However, the discussed mechanism
agrees well with the experimental findings for grain growth in the absence of electric field, but
with a change of p(Oz). Faster grain growth and higher grain boundary mobilities where found,
if grain growth occurred in forming gas (95% N and 5% H) [30] compared to grain growth in
oxygen [22, 23, 28, 50]. It also agrees well with the experimental findings on grain growth in
electric field in strontium and barium titanate [18, 20].

To further detail the proposed mechanism of a diffusional drag, a detailed study of diffusion
kinetics and grain boundary migration is needed. An import question is whether the cation
defects (both intrinsic and extrinsic) are able to follow grain boundary migration. Their diffusion
could either be too fast to have a significant impact on grain boundary migration or too slow to
follow grain boundary migration at all. If no or not all cation defects are able to follow the grain
boundary migration, the boundary chemistry will be changed to a non-equilibrium state and the
grain boundary potential and space charge will be changed. In this regard, the present paper
does only give a qualitative model for the dependence of grain boundary migration on space
charge properties. A thermodynamically valid modelling using e.g. the phase field method is
needed to account for the impact of grain boundary migration on space charge. On the other
hand, high resolution TEM analysis of the grain boundary stoichiometry and chemistry with
respect to p(0,) in field-free samples and with respect to position for samples in electric field
could shed light on the occurring space charge and defect accumulation during grain growth.
Finally, it should be noted that the acceptor dopant concentration for the defect chemical
calculations was assumed to be 101°cm™3. This concentration is rather high and there is no
direct evidence for this specific concentration. In general, a different acceptor dopant
concentration might alter the grain boundary potential in Figure 5 and the concentration profile
of acceptors in Figure 6 would be changed [27]. However, the argumentation above is only
gualitatively and would not change significantly if the acceptor dopant concentration would be

slightly different.



N N E

e —

"tamag,
-.-l"

L
»
v
T
l...

Defect concentration
(Vsy. or A')

Defect concentration
(Vsy. or A')

Position Position

Figure 7 Impact of grain boundary migration on the space charge layers for strong (a) and
weak (b) space charge as obtained for high (Figure 6a) and low (Figure 6b) oxygen partial
pressure. The broken lines sketch the space charge layer without grain boundary migration.
As less segregated point defects diffuse along with the grain boundary, faster grain boundary
migration (i.e. higher grain boundary mobility) is expected for b.

3.4.What is the role of diffusion kinetics?

The proposed mechanism for the formation of a gradient in the microstructure during grain
growth in electric field is a diffusional drag by segregating defects at the grain boundaries and
its change by the local defect chemistry. The entire argumentation bases on a defect
redistribution of the oxygen vacancies across the entire sample by the electric field. Since this
redistribution requires diffusion, kinetics become important for the defect concentration profile
in the electric field. The experimental results at 1425 °C seem to indicate that diffusion kinetics
could be limiting in this case as a gradient in the growth length of the single crystal was not
visible for short heating times and low electric fields.

A very basic attempt to estimate the diffusion kinetics in the present experiment is assuming
Browninan motion. As the electric field directs fluxes, the true diffusion kinetics will be faster
and the following estimations will result in an overestimation of the equilibration time. Assuming
a diffusion coefficient of 10°° cm2/s at 1400 °C [32] and Brownian motion, a redistribution of the
oxygen vacancies over the sample thickness of 2 mm would require about 0.5 h. However, at
1425 °C the gradient of the growth front of the single crystal was not visible after 10 h at
25 V/mm and not very pronounced at 50 V/mm (Figure 2). After 20 h, both fields resulted in a
clear gradient. Again, assuming Brownian motion and a sample thickness of 2 mm, the
diffusion coefficient would need to be as low as 107 cm?/s to give equilibration times of more
than 10 h. The diffusion coefficient of 10 cm2/s was obtained for single crystals and diffusion

in the polycrystal most likely is slower. However, the experimental setup contains a single



crystal and it is not clear why the diffusion coefficient of oxygen vacancies should be as low as
107 cm?/s for the present setup. On the other hand, the diffusion coefficient of strontium
vacancies is still several orders of magnitude lower, so that its redistribution in electric field
across the entire sample can be neglected at 1400 °C.

At 1550 °C, the oxygen vacancy diffusion coefficient is in the order of 3:10“ cm2/s and the
estimated equilibration time is less than 1 min. This seems to be in good agreement with the
experimental findings, where even for 6 min a pronounced gradient of grain growth was
observed.

Clearly these estimations contain a significant error, since the diffusion is not by Brownian
motion, but driven by an electric field. Accordingly, the true diffusion will be faster (and the
equilibration times shorter) than estimated in this section. Nevertheless, we can conclude that
strontium vacancies are most likely not involved in the long range defect redistribution across
the entire sample. We can also conclude that at 1425 °C, some kinetic limitation seems to exist
in the experiment, although it is not clear which process is kinetically limited (grain growth or
the long-range diffusion of point defects). At 1550 °C kinetic limitations are unlikely to exist due
to the fast diffusion of the oxygen vacancies at that temperature.

More detailed modelling of a defect redistribution in electric field can be found in the literature
for titania [51] and strontium titanate [41]. However, these simulations considered much lower
temperatures (900 °C for SrTiOs), so that the results are not quantitatively applicable for the

current case.

4. Summary and Conclusion

The present study observed grain growth of strontium titanate in electric field and attributes
the observed effects to a point defect redistribution causing a change of space charge, defect
accumulation and thereby diffusion and grain boundary mobility.

To observe grain growth in electric field, the seeded polycrystal technique was used where a
single crystalline seed is diffusion-bonded to a polycrystalline matrix. The latter provides a well-
controlled driving force for growth of the single crystal. The electric field was applied along the
interface of the single crystal. Blocking electrodes where used to prevent a current flow and
joule heating. During grain growth at 1425 °C and 1550 °C, the growth of the single crystal was
faster at the negative electrode. At 1550 °C, this effect was visible for all fields and heating
times. At 1425 °C, either higher field (50 V/mm) or long heating time (20 h) where needed to
find significantly faster growth at the negative electrode.

The higher grain boundary mobility at the negative electrode was attributed to a defect
redistribution of point defects in the electric field. An estimation of diffusion kinetics revealed

that the only species that can redistribute during the experiments are the oxygen vacancies. A



thermodynamic calculation of the grain boundary potential and space charge showed that for
high oxygen partial pressure (i.e. low oxygen vacancy concentration [V, ]) a pronounced
accumulation of intrinsic and extrinsic defects is present at the grain boundaries, while for low
oxygen partial pressure (i.e. high [V,]) almost no accumulation of point defects occurs. As for
grain boundary migration the segregated species diffuse along with the boundary, grain
boundary migration with high [V,] is expected to be faster than with low [V;]. As [Vy] is
expected to be higher at the negative electrode, faster growth should occur there as found in
the experiments.

The results suggest that the impact of space charge is an important parameter to understand
microstructure evolution in ionic materials. The presented effect should occur in microstructure
evolution in electric field if the following conditions are fulfilled:

1.) Presence of a charged point defect with high diffusivity

2.) Presence of space charge and accumulation of point defects with low diffusivity at the

grain boundary (e.g. impurities)

3.) Dependence of space charge and defect accumulation on the defect chemistry

Gradients in the microstructure where observed for grain growth in electric field in other
materials as barium titanate [18, 19] and zirconia [52] and in other field assisted processing
techniques as SPS [5] and flash sintering [11]. These gradients could stem from a similar
mechanism.
Finally, the observations shed new light on the understanding of grain growth in perovskite
materials in the absence of electric fields. For both barium and strontium titanate it is well
known that grain growth is faster in reducing atmosphere [30, 53, 54]. Based on the present
findings, the link between the atmosphere and grain growth seems to be related to space
charge and defect accumulation and its change with the defect chemistry. Space charge might
also be important for the grain growth transition of strontium titanate, where the grain growth
rate decreases with increasing temperature in a narrow temperature range of 1350 °C to
1425 °C [23].
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