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In this study, strontium titanate bicrystals with a twist grain boundary were successfully formed using a spark
plasma sintering apparatus. Diffusion bonding was accomplished at high pressure and fast heating, and provides
a novel method to form bicrystals at lower temperatures and accelerated time scales compared to more
established techniques. Scanning electronmicroscopy was used to quantitatively evaluate the degree of success-
ful interfacial bonding. Atomic resolution imaging using transmission election microscopy techniques combined
with spatially resolved electron energy-loss spectroscopy measurements confirm a clean and atomically abrupt
interface free of secondary phases.
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The electronic and mechanical properties that control the function-
ality of oxide ceramic devices, such as high voltage capacitors, are deter-
mined by the core structure of grain boundaries [1]. Bicrystals, formed
by two single crystalsmanipulated into a selected orientation, represent
the ideal model systems for fundamental investigations of these core
structures [2]. For example, crystallographic orientation of adjacent
grains impacts lattice distortions in the vicinity of the boundary plane
when compared to bulk SrTiO3 (STO) perovskite structure and is
correlated to segregation behavior [3]. Bicrystal formation thereby
enables studying specific grain boundary configurations as a function
of processing conditions, impurity segregation and dopant concentra-
tions [4–10].

Diffusion bonding of STO bicrystals is achieved by manipulation of
pressure, time, temperature, and bonding atmosphere. Temperature is
the dominant variable in diffusion as small changes in temperature
impact the kinetics of every bonding mechanism. Changes in pressure
affect the contact area between two half-crystals via plastic deformation
of surface projections aswell as increases dislocation densities, aiding in
cationic diffusion [11–13].

STO bicrystals are typically formed at pressures below 1 MPa with a
temperature range of 1400–1500 °C and bonding times between 3–20 h
[3,6,7]. One reported exception is a 5° tilt boundary, bonded at 700 °C for
20 h with a pressure of 0.2 MPa [9]. Hutt et al. observed if pressure
exceeds 10 MPa during bicrystal formation, instantaneous fracture of
STO occurs [14].

The spark plasma sintering (SPS) apparatus, unlike other diffusion
bonding techniques, uses a pulsed direct current, enabling fast heat
rates, and applies forces above 3 kN. Considerable research efforts are
ineering andMaterials Science,
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dedicated to determining the mechanisms which lead to densification
of powder compacts and grain growth during SPS [15,16]. Limited infor-
mation is available on the influence of electric fields on grain boundary
formation and resulting core structures [17,18]. Forming bicrystals
using similar experimental procedures as SPS will allow for systematic
studies of grain boundary formation under applied electric fields.

In this paper, we report successful formation of STO bicrystals by SPS
apparatus coupled with systematic determination of bonding parame-
ters to maximize bonded interface quality. Atomic configuration,
chemistry, and local electronic structure of formed grain boundary
cores were characterized by high resolution transmission electron
microscopy (HRTEM) and scanning transmission electron microscopy
(STEM). Single crystals of STOwith polished (100) surfaces (MTI Corpo-
ration) were sectioned into 5 × 5 mm2 squares. These crystals were
ultrasonically cleaned in acetone, isopropanol, and methanol and
etched in buffered hydrofluoric acid (pH = 4) to obtain TiO2-
terminated (100) surfaces [19]. Two single crystals were fixed with
misorientation angle 0°, 4°, or 45° around the b100N axis, placed in a
cylindrical graphite die, and then positioned in a Dr. Sinter 5000 SPS
apparatus (Sumitomo Coal Mining Co., Japan) (Fig. 1). A 12–2 DC
pulse sequence (12 s on, 2 s off) was applied with a pulsed bias of 4 V
and direct current of 550 A. Uniaxial pressure of 140 MPa was applied
to minimize contact resistance and vacuum was held at ~10 Pa.
Processing times with Dr. Sinter 5000 SPS apparatus are limited to
100 min, thereby requiring variations in heating rate. Heating rates of
40–50 °C/minwere used for bonding times below 90min,while heating
rates of 70–80 °C/min were applied for a bonding time of 90 min. A
cooling rate of 50 °C/min was used for all experiments. After SPS
processing, samples were re-oxidized and annealed at 1200 °C for
100-140 h in air.

Sampleswere cross-sectioned andpolished by diamond lappingfilm
as well as colloidal silica for scanning electron microscopy (SEM) and
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Fig. 1. Experimental setup of the SPS apparatus.
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electron backscatter diffraction (EBSD) characterization. A FEI Scios
dual-beamed focused ion beam (FIB) instrument was used to prepare
cross-sectional TEM samples and a Fischione Nanomill at 900 eV and
500 eV was used to reduce surface damage. HRTEM images were ac-
quired using JEOL JEM2500 SE operating at 200 kV. Atomic resolution
STEM characterization was done via high-angle annular dark field
(HAADF) imaging and EELS acquisition by aberration corrected FEI
TEAM 0.5 instrument operating at 80 kV [20].

Table 1 details diffusion parameters and ensuing fraction of the
successfully bonded STO bicrystal interface. Bonding temperatures
were selected considering the applied pressure of 140 MPa and the
plasticity of STO. STO exhibits a ductile–brittle transition at 727–
837 °C and a brittle–ductile transition at 1191–1227 °C. Below 700 °C
and above 1200 °C, stresses greater than 120 MPa were reported, indi-
cating pressure can exceed 10 MPa at certain temperatures without
brittle failure. For the 700–1200 °C temperature interval, STO is brittle
withminor deformability up to 200MPa at 800 °C [21]. Given SPS appa-
ratus constraints, bicrystal Awas bonded at a temperature of 1200 °C for
15 min to maximize diffusion bonding time. Extensive micro-cracking
was observed after bonding and, during annealing, these micro-cracks
led to brittle failure of the sample after 16 h. Sample fragments were
too small for polishing to enable SEM characterization. Fracturing of
bicrystal A was not unexpected as its bonding temperature is within
Table 1
Parameters for diffusion bonding and the resulting bicrystal boundary properties.

Bicrystal Twist orientation
(°)

Bond temperature
(°C)

Bond time
(min)

Anneal tempera
(°C)

A 0* 1200 15 1200
B 0 600 90 1200
C 0 700 90 1200
D 4.3 ± .3 800 20 1200
E 45* 700 60 1200
F 46.1 ± .5 800 20 1200
G 44.4 ± .1 800 90 1200

⁎ Sample fractured prior to twist orientation measurement by EBSD.
the brittle-ductile transition temperature range in which STO provides
less than 0.5% ductility.

Bicrystals with a misorientation angle of 0° were synthesized by
altering bonding temperature to ascertain optimal parameters while
limiting interfacial stress. Temperatures of 600 °C and 700 °C were
chosen according to the temperature dependent plasticity behavior of
STO.

In this study, successful bicrystal formation is defined by a bonded
interface fraction greater than 50% of the total measured contact length.
Successful bonding conditions are observedwhen the grain boundary is
not resolved during SEM imaging. Local non-bonding conditions are
identified by a dark image contrast at the boundary location. Colloidal
graphite paint, used during SEM specimen mounting, diffuses between
the two crystals due to capillary effects and is the source of this dark
contrast. Bonded interface fractions were calculated by subtracting the
Feret diameter of detected voids and the length of resolved dark
contrasts along the boundary plane from the overall contact length.

Fig. 2a and b are SEM images at two different locations in bicrystal G.
In Fig. 2a, a line of dark contrast is observed, signifying a non-bonded
boundary. This boundary changes in width, indicating onset of void
formation. Two areas display successful bonding, marked by arrow #1
and #2 in Fig. 2a. In Fig. 2b, no boundary line is detected, illustrating
successful bonding at this area. The grain boundary location is inferred
from the location of two highly faceted voids.

Formation of 0° bicrystals by SPS methods was accomplished with a
95% successfully bonded interface and minimal micro-crack formation
at temperatures of 600 °C and 700 °C. Additional bicrystals were formed
with nominal twist angles of 4° and 45°. EBSD experiments revealed
misorientation angles of 4.3 ± 0.3° for bicrystal E and 46.1 ± 0.5° and
44.4 ± 0.1° for bicrystals F and G, respectively. The misorientation
angle of bicrystal E was not measured due to its fragility preventing
additional polishing required for EBSD.

Bicrystal D shows a bonded interface fraction 2.2 times larger than
observed for bicrystal G. Both bicrystals were synthesizedwith identical
bonding parameters except for misorientation angle and annealing
time. Bicrystal D, with a nominal misorientation of 4°, was annealed
for 50 h. Bicrystal G, with a nominal misorientation of 45°,was annealed
for 140 h. It is concluded that annealing times greater than 50 h at a
temperature of 1200 °C do not significantly impact diffusion bonding
quality. Changing misorientation angles does impact diffusion bonding
quality, as expected. High-angle twist bicrystals have a large structural
mismatch between the half-crystals, leading to higher interfacial stress
states during boundary formation. Such circumstances hinder cross-
boundary diffusion and decrease interface bonding as observed in
bicrystal G.

The bonded interface fraction increaseswith increasing temperature
and time for bicrystals with nominal 45° twist misorientation. Further
analysis illustrates as time and temperature increase, the total non-
bonded area decreases due to formation of additional voids [12,13].
Bicrystal E had successfully bonded interface fraction of less than 2% as
its bonding temperature of 700 °C was too low for sufficient diffusion
ture Anneal time
(hrs)

Bonded interface
±.3 (%)

Void length
±.3 (%)

Un-bonded ±.3 area

16 – – –
100 92.3 7.3 –
100 99.7 .003 –
50 79.2 11.1 9.7

140 1.3 .6 98.1
140 35.4 13.4 51.2
140 45.8 36.6 17.6



Fig. 2.Voids observed at different bicrystal boundaries (a) SEM image of bicrystal Gwith noticeable boundary line and voids. (b) SEM image of Bicrystal Gwith visible voids, but boundary
line is not visible. (c) and (d) are TEM bright field images of voids observed at the boundary in Bicrystal D and Bicrystal G, respectively.
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to occur. At a higher bonding temperature of 800 °C, this bonded
interface fraction increases by a minimum of 30% (cf. Table 1). Increas-
ing bonding time from 20 to 90 min also increases bonded interface
fraction by roughly 10%, while reducing the non-bonded region by
approximately 34%.

Fig. 2c and d showTEM images of voids observed in samplesD andG,
respectively. Both voids show defined facets along the (110) and (100)
planes indicating the energetic favorability of these two planes lead to a
preferred void shape for all samples, regardless of misorientation
[22–24].

Previous studies of bicrystal formation do not detail bonded inter-
face fractions. Successful bonding has been defined by atomically
resolved interfaces or measured by fracture testing. The latter defines
successful bonding when sample fracture occurs in the bulk rather
than along the boundary plane or by comparison of the fracture strength
of bicrystal to single crystal [25–27]. Porosity is reported to occur at the
boundary periphery or center [27–29], indicating bicrystal quality is not
defined by the presence of pores. Bicrystals with a 45° twist boundary
were deemed not successful by the conservative definition utilized in
Fig. 3. (a) HRTEM image of the bicrystal boundary G. (b) HRSTEM DF image of the same bo
this study. However, bicrystal fracture was observed only in the bulk,
indicating bicrystal G, with a successfully bonded interface fraction of
45.8 ± 0.3%, is sufficiently bonded.

Fig. 3a and b show HRTEM and HAADF-STEM micrographs of
bicrystal G recorded in b110N zone axis with an edge-on orientation
for the interface plane. Fig. 3a reveals an atomically abrupt grain bound-
ary with no secondary phase or amorphous intergranular film, which is
confirmed by HAADF-STEM imaging. A high degree of ordering is ob-
served with localized periodic distortions, potentially signifying screw
dislocations at arrow #1 and #2 in Fig. 3b [30,31]. These two highly lo-
calized areas have considerably darker contrast, indicating reduced
HAADF intensity. Changes in HAADF intensity can be associatewith bro-
ken channeling conditions, but can also scale approximately with Z2,
indicating these areas of dark contrast may be deficient in Sr [31].
These areas are located where a Sr column is expected according to
STO crystal structure in b110N zone-axis orientation. A Sr deficient
grain boundary is consistent with previous work detailing low-angle
tilt bicrystals [4]. To guide the eye, Fig. 3c shows a magnified view of
Fig. 3b with an overlaid atomic structure model. The model represents
undary. (c) Simulated structure of a 45° bicrystal boundary created in CrystalMaker®.



Fig. 4. EELS spectra, acquired at the bicrystal boundary and in the bulk, showing the near
edge fine structure of (a) the Ti L2,3 edge and (b) the O K edge.
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STO half-crystals in b100N and b110N zone-axis orientation. A step in
the boundary plane with a height of one unit cell is observed, see
black arrow (Fig. 3b).

Spatially resolved EELS determined local chemical composition and
electronic structure across the grain boundary plane in bicrystal G
(Fig. 4). The crystal field splitting of Ti L3 and L2 edges reduced from
2.5 eV in the bulk to 1.3 eV in the grain boundary core (Fig. 4a). This
reduction indicates a change in Ti coordination, i.e. a valence state
shift from Ti4+ to Ti(4 − δ)+ at the boundary. The Ti valence state shift
and the reduction in O K edge intensity, observed in Fig. 4b, is consistent
with increasing oxygen vacancy concentration at the boundary core. In
addition, relative intensity of pre-peakA in theOK near-edge fine struc-
ture slightly decreases at the boundary core, consistent with previous
EELS studies of grain boundaries in STO [32]. Overall, variations in
integrated EELS intensities and changes in Ti coordinationmimic results
for low-angle twist bicrystals [31].

In conclusion, this study reports the first successful formation of STO
bicrystals using SPS apparatus. Twist grain boundaries with 0°, 4° twist,
and 45° nominal misorientation angles were fabricated at unusually
high pressures with moderate temperatures and accelerated times
compared to hot-pressing techniques. TEM characterization revealed
atomically abrupt interface configurations with no observed secondary
phases. Grain boundary cores show increased oxygen vacancy
concentration and reduced Ti coordination similar to the literature. In
the future, bicrystal formation using SPS techniques will allow for sys-
tematic investigation of electric field and heating rate effects on specific
grain boundary structures.
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