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Abstract

A spark plasma sintering apparatus was used as a novel method for diffusion bonding of two single crystals of strontium titanate to form
bicrystals with one twist grain boundary. This apparatus utilizes high uniaxial pressure and a pulsed direct current for rapid consolidation
of material. Diffusion bonding of strontium titanate bicrystals without fracture, in a spark plasma sintering apparatus, is possible at high
pressures due to the unusual temperature dependent plasticity behavior of strontium titanate. We demonstrate a method for the successful
formation of bicrystals at accelerated time scales and lower temperatures in a spark plasma sintering apparatus compared to bicrystals formed
by conventional diffusion bonding parameters. Bond quality was verified by scanning electron microscopy. A clean and atomically abrupt
interface containing no secondary phases was observed using transmission electron microscopy techniques. Local changes in bonding across
the boundary was characterized by simultaneous scanning transmission electron microscopy and spatially resolved electron energy-loss
spectroscopy.

Video Link

The video component of this article can be found at https://www.jove.com/video/55223/

Introduction

Spark plasma sintering (SPS) is a technique in which application of high uniaxial pressure and pulsed direct current leads to the rapid
densification of powder compacts1. This technique also leads to the successful formation of composite structures from various materials,
including silicon nitride/silicon carbide, zirconium boride/silicon carbide, or silicon carbide, with no additional sintering aids required2,3,4,5. The
synthesis of these composite structures by conventional hot-pressing had been challenging in the past. While application of a high uniaxial
pressure and fast heating rate via the SPS technique enhances consolidation of powders and composites, the phenomenon causing this
enhanced densification debated in the literature2,3,6,7. There also exists only limited information regarding the influence of electric fields on grain
boundary formation and the resulting atomic structures of grain boundary cores8,9. These core structures determine the functional properties of
SPS sintered materials, including electric breakdown of high voltage capacitors and the mechanical strength and toughness of ceramic oxides10.
Therefore, understanding the fundamental grain boundary structure as a function of SPS processing parameters, such as applied current, is
necessary for the manipulation of a material's overall physical properties. One method to systematically elucidate the fundamental physical
mechanisms underpinning SPS is the formation of specific grain boundary structures, i.e., bicrystals. A bicrystal is created by manipulation of two
single crystals, which are then diffusion bonded with specific misorientation angles11. This method provides a controlled way to investigate the
fundamental grain boundary core structures as a function of processing parameters, dopant concentration, and impurity segregation12,13,14.

Diffusion bonding is dependent on four parameters: temperature, time, pressure, and bonding atmosphere15. Conventional diffusion bonding of
strontium titanate (SrTiO3, STO) bicrystals typically occurs at a pressure below 1 MPa, within a temperature range of 1,400-1,500 °C, and time
scales ranging from 3 to 20 hours13,14,16,17. In this study, bonding in a SPS apparatus is achieved at significantly lower temperature and time
scales in comparison to conventional methods. For polycrystalline materials, reduced temperature and time scales via SPS significantly limits
grain growth, thereby providing advantageous control of a material's properties through manipulation of its microstructure.

The SPS apparatus, for a 5×5 mm2 sample, exerts a minimum pressure of 140 MPa. Within the conventional diffusion bonding temperature
range, Hutt et al. report instantaneous fracture of STO when the bonding pressure exceeds 10 MPa18. However, STO exhibits temperature
dependent plasticity behavior, indicating bonding pressure can exceed 10 MPa at specific temperatures. Above 1,200 °C and below 700 °C,
STO exhibits some ductility, at which stresses greater than 120 MPa can be applied without instantaneous fracture of the sample. Within the
intermediate temperature range of 700-1,200 °C, STO is brittle and experiences instantaneous fracture at stresses greater than 10 MPa. At 800
°C, STO has minor deformability prior to fracture at stresses less than 200 MPa19,20,21. Hence, bonding temperatures for STO bicrystal formation
via SPS apparatus must be selected according to the plasticity behavior of the material.
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Protocol

1. Sample Preparation of Single Crystal Strontium Titanate

NOTE: Single crystal STO is supplied with a (100) surface polished to a mirror finish.

1. Section STO into 5x5 mm2 pieces using diamond wire saw.
2. Ultrasonically clean samples at 50-60 Hz consecutively in baths of acetone, isopropanol, and methanol for fifteen minutes each.
3. Remove STO from methanol bath to immediately place on hot plate held at a temperature of 200 °C. Heating the sample after cleaning

prevents formation of evaporation spotting from the alcohol.
4. Place samples for ten minutes in buffered hydrofluoric acid (pH=4), a 6:1 solution of ammonium fluoride and 49% hydrofluoric acid.22 This

solution etches the STO, forming a predominantly (100) TiO2 terminated surface. If the optically flat side of the single crystal has a rainbow
patina, the sample has been over-etched and should not be used.

5. After ten minutes in the etchant solution, rinse samples in deionized (DI) water and then in isopropanol. Dry using clean house air.

2. Bicrystal Formation via Spark Plasma Sintering Apparatus

NOTE: For 5x5 mm2 crystal use a 30 mm diameter graphite die. If a die with a diameter smaller than 30 mm is used, the bicrystal catastrophically
fractures during bonding. Optimal die size as well as pressure exerted by the SPS apparatus is highly dependent on the size of the crystals.

1. Place a 30 mm circle of graphite paper on a graphite plunger with a 30 mm diameter. Graphite paper prevents STO from bonding to the
graphite plunger during the experiment.

2. Stack two 5x5 mm2 STO single crystals with their optically flat surfaces placed facing inward to form the bicrystal boundary. Center the stack
on top of the graphite paper and plunger.

3. Rotate the top single crystal around the <100> axis to a chosen misorientation angle. The <100> axis is perpendicular to the optically flat
surface of crystal.

4. Slide the graphite die over the plunger and crystals. Place a second 30 mm diameter circle of graphite paper and then 30 mm diameter
plunger over the stacked STO crystals.

5. Stack the combined plungers and die onto the graphite spacers in SPS apparatus (Figure 1).
6. Apply a uniaxial force of 3 kN to minimize contact resistance using the z-axis control buttons. Throughout the experiment, the user must keep

the force at 3 kN via the z-axis control buttons.
7. Insert k-type thermocouple into graphite die at the small hole, shown in Figure 1. The thermocouple extends through the die to the sample.
8. Set the chamber pressure of the SPS apparatus to ~10 Pa using the vacuum push buttons.
9. Select bond temperature, time, and heating rates via program instrument control software (Table 1). For the bonding temperature and time,

use a heating rate of 70-80 °C/min and a cooling rate of 50 °C/min.
10. Set 12 s on, 2 s off DC pulse using the instrument sintering button. A pulsed bias of ~ 4 V and direct current of ~550 A are applied

incrementally to the sample once the program is set to run.
11. Press the start button on the machine.
12. Remove the sample when the program ends. After bicrystal formation, the sample will appear grey-black due to the reducing environment of

the SPS apparatus.
13. Use a high temperature furnace at a temperature of 1,200 °C for 140 h, apply no pressure during this procedure, to anneal and re-oxidize

the sample in air. Annealing parameters were selected according to previous work done by Hutt et al. in which bicrystals formed in high
vacuum13. After annealing, the sample reveals an off-white color and is oxidized.

3. Sample Preparation of Bicrystal for Electron Beam Imaging

1. Cross-section bicrystal with diamond wire saw into 5x1 mm2 sections.
2. Polish cross-section samples with diamond lapping film. The grit size on the diamond lapping film is gradually decreased from 9 µm to 0.1

µm. Change to smaller grit size once scratches are uniform across the surface. Use a counter clockwise platen motion for 9 µm to 6 µm
lapping film. Use a counter clockwise platen motion with an oscillating sample head for 6 µm to 0.1 µm lapping film.

3. Polish cross-section samples with colloidal silica for two minutes using a mat cloth. Continuously pour colloidal silica onto the mat with
counter clockwise platen motion and oscillating sample head.

4. Fifteen seconds before removing the sample, stop pouring colloidal silica and pour DI water onto platen. Pour DI water for fifteen seconds,
remove sample, and immediately rinse sample in DI water for 1 min. If this procedure is not followed, the colloidal silica will bond the sample's
surface and obscure the grain boundary during scanning electron microscopy (SEM).

5. Once the sample is polished to an optically smooth surface, ultrasonically clean samples consecutively in baths of acetone, isopropanol, and
methanol for fifteen minutes each.

6. Remove STO from methanol bath to immediately place on hot plate held at a temperature of 200 °C. Heating the sample after cleaning
prevents formation of evaporation spotting from the alcohol.

7. Mount sample polished surface up onto a sample stub using colloidal graphite.
8. Sputter coat sample surface with 2-3 nm of carbon. Use the following parameters for the carbon coater: a pulse resolution of 0.2 nm/pulse,

current step rate of 0.2 A/pulse, pulse current of 40 A, pulse length of 2 s, and maximum pulses of 50.
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4. Cleaning the FIB Copper Grid

NOTE: Improper cleaning of the FIB grid can lead to carbon contamination of the lamella in the TEM.

1. Place copper FIB grid in an acetone and then isopropanol bath for 1 h each.
2. Plasma clean copper FIB grid for 10 min.

5. Preparation of Transmission Electron Microscopy (TEM) Lamella via Focused Ion Beam
(FIB) Apparatus

NOTE: All parameters used in FIB preparation are typed or selected from a drop down menu in the FIB apparatus software.

1. Place STO sample and copper FIB grid in FIB apparatus. The stage is at 7 mm.
2. Find a region of interest along the interface between the two single crystals, i.e., the grain boundary.
3. Select Patterning dialogue box. In Patterning Control, select the Rectangle Patterning Tool with application property C-e-dep surface. Insert

C-dep for gas injection. Deposit a 15×2×2 µm3 protective layer of carbon using the electron beam at a voltage of 5.0 kV, a current of 13.0 nA,
and a tilt angle of 0°. Retract C-dep.

4. Select Patterning dialogue box. In Patterning Control, select the Rectangle Patterning Tool with application property W-dep. Insert W-dep for
gas injection. Deposit 15×2×2 µm3 protective layer of tungsten using the ion beam at a voltage of 30.0 kV, a current of 0.3 nA, and a tilt angle
of 52°. Retract W-dep.

5. Select Patterning dialogue box. In Patterning Control, select the Regular Cross Section Patterning Tool with application property Si. Use
22×25×15 µm3 for the bottom pattern and of 22×27×15 µm3 for the top pattern at a voltage of 30.0 kV, a current of 30.0 nA, and a tilt angle of
52° via the ion beam. The pattern will create a trench mill on both sides of the protective layer.

6. Select Patterning dialogue box. In Patterning Control, select the Clean Cross Section Patterning Tool with application property Si. Use
22×3×60 µm3 for the top and bottom pattern at a voltage of 30.0 kV and a current of 1.0 nA via the ion beam. The tilt angle is 53.5° for the
bottom pattern and 50.5° for the top pattern. The pattern cleans the surface of the trenched lamella from the curtaining pattern that results
from the regular cross section patterning.

7. Cut a J-pattern into the sample using the Rectangle Patterning tool with application property Si. Use 2 µm for the width at a voltage of 30.0 kV
and a current of 1.0 nA via the ion beam.

8. Select Easy Lift dialogue box. Insert the micromanipulator to the park position. Lower the micromanipulator and attach the sample to the
copper FIB grid via a tungsten weld using the process detailed in 5.4.

9. Using the steps detailed in 5.7, µcut a U-pattern, continuing from the original J-pattern, in the sample using the ion beam at a voltage of 30.0
kV and a current of 1.0 nA.

10. Lift the lamella via the micromanipulator above the bulk sample.
11. Rotate the micromanipulator 180°, so the grain boundary is no longer parallel to ion beam, but perpendicular to the ion beam.
12. Tungsten weld the lamella to a copper FIB grid using the steps detailed in 5.4 with the ion beam at a voltage of 30.0 kV and a current of 0.3

nA.
13. Cut the micromanipulator from the lamella using the steps detailed in 5.7 with the ion beam at a voltage of 30.0 kV and a current of 1.0 nA.
14. Repeat the steps detailed in 5.3. Deposit a 15×2×4 µm3 protective layer of carbon using an electron beam at a voltage of 5.0 kV, a current of

13.0 nA, and a tilt angle of 0°.
15. Repeat the steps detailed in 5.4. Deposit 15×2×8 µm3 protective layer of tungsten using an ion beam at a voltage of 30.0 kV, a current of 0.3

nA, and a tilt angle of 52°.
16. With the ion beam, thin the sample to approximately 200 nm using a voltage of 30.0 kV and a systematically decreasing current of 0.5 nA, 0.3

nA, and 0.1 nA. At this stage, a cleaning cross section pattern is used and the sample is tilted to an angle of 52 ±± 1.5°.
17. With the ion beam, thin the sample to electron transparency using a voltage of 5.0 kV and a current of 77.0 pA. At this stage, a rectangle

pattern is used with a tilt angle of 52 ± 3°.
18. Remove amorphous damage incurred from the FIB by cleaning the sample at a voltage of 500 eV and a current of 150 µA.
19. Place TEM sample in TEM holder and insert holder in scanning transmission electron microscope (STEM). Select 'Capture', image sample

grain boundary.

Representative Results

Bonding temperature, time, and misorientation angle were all altered to determine optimum parameters needed for the maximum possible
bonded interface fraction of the STO bicrystal (Table 1). The interface was considered 'bonded' when the grain boundary was not visible during
SEM imaging (Figure 2a). A 'non-bonded' interface was exhibited when a dark image contrast or voids were present at the boundary location
(Figure 2b). Dark image contrast signified colloidal graphite from the FIB mounting procedure had diffused between the two STO crystals due
to capillary effects. This non-bonded interface is observed at the edges of the bicrystal, while the bonded interface is observed at the center of
the bicrystal. The change in bonding behavior from the edge to the center of the bicrystals formed by SPS apparatus is also seen in bicrystals
formed via hot pressing techniques6.

Micro-crack formation in the bulk of the bicrystal is observed in all samples. For successfully bonded bicrystals, micro-crack formation does
not interfere with the bonded interface. At a bonding temperature of 1,200 °C, extensive micro-cracking occurs, leading to brittle failure of the
bicrystal during annealing. Therefore, bonding temperature in the SPS apparatus was kept below 800 °C to prevent catastrophic fracture.
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For bicrystals with 0° misorientation angle at bonding temperatures of 600 °C and 700 °C, a 95% successfully bonded interface was obtained.
An increase in the misorientation angle of the bicrystal to 44.4° requires a bonding temperature of 800 °C and bonding time of 90 minutes to
achieve a 45.8% successfully bonded interface. High resolution TEM (HRTEM) and high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) micrographs of this sample reveal an atomically abrupt grain boundary structure with no intergranular film or
secondary phases present (Figure 3). Spatially resolved electron energy loss spectroscopy (EELS) recorded directly from the interface shows a
reduction in the crystal field splitting of the Ti L3 and L2 edges as well as a reduction in the O K edge intensity when compared to the bulk (Figure
4).

Bicrystal Twist Orientation
(°)

Bond Temperature
(°C)

Bond Time (min) Anneal
Temperature (°C)

Anneal Time (h) Bonded Interface ±
0.3 (%)

A 0* 1200 15 1,200 16 --

B 0 600 90 1,200 100 92.3

C 0 700 90 1,200 100 99.7

D 4.3 ± 0.3 800 20 1,200 50 79.2

E 45* 700 60 1,200 140 1.3

F 46.1 ± 0.5 800 20 1,200 140 35.4

G 44.4 ± 0.1 800 90 1,200 140 45.8

Table 1. Bonding Parameters and Subsequent Interface Fraction of Bicrystals. SPS apparatus diffusion bonding parameters and
subsequent bonded interface fractions of STO bicrystals. A pulsed bias voltage of ~4 V and direct current of ~550 A is applied for all
experiments. Bonded interface fractions were calculated from an average grain boundary length of (1.5 ± 0.4) mm. These regions were taken
from varying areas within the bicrystal.

 

Figure 1. Spark Plasma Sintering Apparatus. Set up for the spark plasma sintering apparatus. Pressure is applied perpendicular to the
bicrystal interface. Please click here to view a larger version of this figure.
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Figure 2. Typical Interfaces Found in SPS Apparatus Formed Bicrystals. Nominal 45° twist bicrystal formed at a temperature of 800 °C for
90 minutes. (a) SEM image of defined 'bonded' interface, the grain boundary location is inferred by the presence of a faceted void, and (b) SEM
image of the defined 'non-bonded' interface. Spherical beads observed in images are residual silica from polishing. Please click here to view a
larger version of this figure.

 

Figure 3. High Resolution Imaging of Bicrystal Grain Boundary. Boundary of nominal 45° twist bicrystal formed at a temperature of 800
°C for 90 minutes recorded in <100> zone axis with an edge-on orientation for the interface plane. (a) HRTEM image, (b) HRSTEM DF image,
and (c) structure model composed of two single crystals, one in <100> and one in <110> zone axis orientation with a {001} interface plane.
Deviations of the experimental imaging data from the projected structure model represent changes of the interface configuration compared to the
ideal single-crystal atom positions. Please click here to view a larger version of this figure.
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Figure 4. Structure and Chemistry of Bicrystal Grain Boundary. Near edge fine structure of (a) the Ti L2,3 edge and (b) the O K edge taken
at the boundary and the bulk of 45° twist bicrystal formed at a temperature of 800 °C for 90 minutes. Please click here to view a larger version of
this figure.

 

Figure 5. FIB Milling at Bicrystal Grain Boundary. HRTEM images of FIB TEM lamella of (a) sample with grain boundary parallel to the ion
beam and (b) sample with grain boundary perpendicular to the ion beam. Please click here to view a larger version of this figure.

Discussion

The bonding temperature of 1,200 °C was chosen to maximize diffusion as small changes in temperature can greatly impact the kinetics of all
diffusion bonding mechanisms. A temperature of 1,200 °C is outside the brittle-ductile transition temperature range of STO. However, the sample
underwent brittle fracture at this temperature. The catastrophic failure of the STO bicrystal was not unexpected as STO has ~ 0.5% ductility
at 1,200 °C. Also, the sample was held at a pressure of 140 MPa throughout the heating process and STO transitions through its brittle stage
during this heating process where it has 0% ductility21. Thus successful diffusion bonding of single crystals via the SPS apparatus necessitates
an in-depth understanding of the temperature dependent plasticity behavior of a material.

Two bicrystals were formed using a bonding temperature of 800 °C and a bonding time of 20 minutes. The bicrystal with a nominal misorientation
of 4˚ was annealed for 50 hours and exhibited a bonded interface fraction 2.2x greater than the bicrystal with nominal misorientation of 45°,
annealed for 140 hours. Annealing times longer than 50 hours did not reveal any significant improvement of the diffusion bonding quality.
Annealing temperature and time were selected according to previous work in which the bicrystals were formed in a high vacuum furnace, similar
to the SPS apparatus11. To ascertain if there was an impact of the annealing process on the diffusion bonding of these bicrystals, diffusion bond
lengths were calculated and found to be 0.27 nm at a temperature of 1,200 °C for 140 hours23. The selected annealing parameters, therefore,
only had limited impact on the diffusion bonding of the bicrystal. This analysis was further supported when the diffusion bonding of a bicrystal
with a 45° twist misorientation was not successful for the same parameters utilized during annealing.

While the selected annealing parameters did not significantly impact the diffusion bonding, the misorientation angle does have a pronounced
effect. High-angle misorientation angles create a greater structural mismatch between the two half-crystals, which hinders cross diffusion
and decreases interface bonding. For high misorientation angles, bonding temperature and time must be increased in order to have a larger
successfully bonded interface fraction.

Bicrystal formation via SPS processing techniques occurs at significantly accelerated times scales and moderate temperature ranges compared
to the conventional hot press methods. This difference in processing parameters between conventional diffusion bonding and the SPS method
is also seen in the formation of powder compacts and composites. As mentioned above, bicrystals formed via conventional diffusion bonding
methods are formed at temperatures greater than 1,400 °C with times scales ranging from 3 to 20 hours11,24. Using a SPS instrument, diffusion
bonding occurs at a temperature of 800 °C with times scales ranging from 20 to 90 minutes. The SPS technique is then useful for the rapid
diffusion bonding of bicrystals compared to conventional methods. Bicrystal formation by the SPS instrument also allows for experimental
observation of the mass transfer mechanisms at a grain boundary with a selected misorientation. This experimental observation will provide
more insight into the mechanisms underpinning the SPS technique.
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Micro-cracks in the bulk STO bicrystal prevented conventional mechanical TEM lamella preparation. The mechanical thinning process led
to fracture of the TEM lamella due to micro-cracks spreading throughout the bulk. Therefore, FIB preparation of the TEM lamella was used.
Conventional FIB lift-out of the lamella, in which the grain boundary is parallel to the ion beam, led to preferential milling along the interface plane
(Figure 5a). The FIB preparation technique was subsequently modified. First, the thickness of the initial protective layer of carbon and tungsten
was selected so, at the end of the lift-out step, the protective layer was milled away. If the protective layer was too thick and remained throughout
the thinning process, re-deposition of tungsten occurred and obscured TEM analysis. Secondly, after the TEM lamella was attached to the tip
of the micromanipulator, the micromanipulator was rotated by 180°. This rotation caused the grain boundary to become perpendicular to the
ion beam, hence preventing preferential thinning (Figure 5b). Lastly, after the lift-out process, protective layers of carbon and tungsten were
deposited onto the surface of the newly oriented TEM lamella. These modifications to the conventional FIB preparation technique led to a clean
TEM lamella enabling atomically resolution imaging by HAADF-STEM.

HRTEM and HAADF-STEM micrographs for the bicrystal bonded at 800 °C for 90 minutes with a nominal 45° twist grain boundary show an
atomically resolved grain boundary structure with no secondary phases. Spatially resolved EELS reveal changes in the Ti coordination within
the grain boundary cores, indicating an increase in the oxygen vacancy concentration compared to the bulk. These results are consistent with
reports in the literature for low-angle twist grain boundaries25. Further analysis of these experiments is described elsewhere26.

In this study, STO bicrystals were successfully synthesized for the first time using a SPS apparatus. Bicrystals with twist orientations of 0°,
4°, and 45° were formed at high pressure with moderate bonding temperatures and time scales compared to those parameters found in
conventional bonding. Formation of bicrystals via the SPS apparatus provides an opportunity to quantitatively determine the impact of electric
field as well as heating rate on selected grain boundary core structures.
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