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1 | INTRODUCTION

Dislocations in ceramics have been proven promising
for tuning functional and mechanical properties.' '’ To
engineer dislocations into ceramic materials, mechanical

Abstract

For potentially wider applications of ceramics with dislocation-tuned mechani-
cal and functional properties, it is pertinent to achieve dislocation engineering in
polycrystalline ceramics. However, grain boundaries (GBs) in general are effec-
tive barriers for dislocation glide and often result in crack formation when plastic
deformation in ceramics is attempted at room temperature. To develop strate-
gies for crack suppression, it is critical to understand the fundamental processes
for dislocation—-GB interaction. For this purpose, we adopt a model system of
bi-crystal SrTiO; with a 4° tilt GB, which consists of an array of edge dislo-
cations. Room-temperature Brinell indentation was used to generate a plastic
zone at the mesoscale without crack formation, allowing for direct assessment
of GB-dislocation interaction in bulk samples. Together with dislocation etch
pits imaging and transmission electron microscopy analysis, we observe dis-
location pileup, storage, and transmission across the low-angle tilt GB. Our
experimental observations reveal new insight into dislocation—-GB interaction at
room temperature at the mesoscale.

KEYWORDS
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deformation has been an effective way and is increasing
attention, particularly at room temperature.'! Dislocation-
mediated plasticity has been proven feasible in bulk
single-crystal oxides at either high temperature*’'> or
room temperature,"*> making single crystals an appealing
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candidate for investigating dislocation-tuned functional-
ity. However, polycrystalline ceramics are commonly used
in applications, with much more cost-effective processing
and fabrication than those of single crystals. Therefore,
mechanical tailoring of dislocations in polycrystalline
materials holds great potential for extending dislocation-
tuned functionality into real applications.

Grain boundaries (GBs) in polycrystalline materials
generally act as effective barriers for dislocation motion.
Particularly for ceramics, the insufficient independent
slip systems at room temperature'® do not fulfill the von
Mises or Taylor criterion which requires five independent
slip systems for arbitrary plastic deformation,"” making it
challenging to engineer dislocations without crack forma-
tion using the mechanical deformation approach at the
macroscale. For instance, tensile testing of polycrystalline
MgO at room temperature showed that dislocations were
initiated in the vicinity of the GBs, but no slip transmission
across the GBs was observed.'® Four-point bending tests
of polycrystalline LiF showed that GBs were strong bar-
riers to dislocation slip.”” Bulk compression test of NaCl
polycrystals at room temperature unveiled that low-angle
GB (LAGB) allowed transmission of gliding dislocations,
whereas high-angle GB (HAGB) acted as an impenetra-
ble obstacle to gliding dislocations.” These earlier studies
provided valuable insights into dislocation—-GB interaction
as well as crack formation during bulk deformation, yet
the dislocation microstructures were not characterized due
to the lack of advanced characterization techniques back
then.

In order to gain a more detailed understanding of the
interaction between dislocations and specific grain bound-
aries, recent studies have been carried out at the nanoscale
in bi-crystal oxide ceramics. Kondo et al.?! performed in
situ nanoindentation in a TEM (transmission electron
microscope) and directly observed the interaction of indi-
vidual dislocations with a 1.2° tilt LAGB as well as a
¥5 HAGB in bi-crystal SrTiOs. The processes with dislo-
cations first impeded and then transmitted through this
LAGB were visualized for the first time. In stark contrast,
dislocation pileup and no transmission were found at the
5 HAGB. In a recent study, the same group led by Ikuhara
observed dislocation transmission in twist LAGB as well as
jog formation caused by the interaction between the grain
boundary screw dislocations (as fabricated) and the incom-
ing dislocations (induced by mechanical loading).?” These
in situ studies have advanced our understanding of the
dislocation-GB interaction at the microscopic scale. How-
ever, to observe the dislocation structures in TEM, a thin
foil with hundreds of nanometers must be used, resulting
in different deformation boundary conditions and stress
states than those in the bulk. The question remains as to
what extent the deformation mechanisms obtained from in

situ TEM deformation could be directly transferred or cor-
related with bulk deformation mechanisms.?* In another
study, Nakamura et al.>* adopted bulk bi-crystals and
investigated the nanoindentation response of ZrO, with
different types of high-angle symmetrical tilt boundaries
and SrTiO; with a symmetrical X5 boundary. They showed
dislocation pileup, penetration, or generation through GBs
by TEM characterization. Although the tests were carried
out in bulk samples, the nanoindentation tests were lim-
ited to nano-/microscale. The size effects, as well as the
high degree of local confinement in nanoindentation tests,
limit this approach to represent the plastic deformation
behavior at meso/macroscales.

To fill the gap in the length scale, Okafor et al.>” recently
adopted cyclic Brinell indentation with a millimeter-sized
spherical indenter and achieved up to a dislocation density
of ~10"® m~2 in crack-free plastic zones with hundreds of
micrometers in single-crystal SrTiO; at room temperature.
This approach is simple and straightforward and allows the
study of dislocation—GB interaction at the mesoscale up to
the bulk scale which is relevant for functional and mechan-
ical testing. Later, Okafor et al.’® applied this method to
polycrystalline coarse-grained SrTiO; and achieved near-
surface plastic deformation without crack formation. They
made use of the samples’ free surface to relax the von
Mises or Taylor criterion. However, a detailed dislocation—
GB interaction at the mesoscale was not attempted.’® Here,
we adopt the Brinell indentation method® to engineer
dislocations and make them interact with GB, using a
bi-crystal SrTiO; sample containing a 4° tilt LAGB. The
dislocation-GB interaction was first revealed at the surface
by dislocation etch pit analysis. Furthermore, we perform
TEM investigations of these specimens to gain a more
in-depth understanding of the dislocation-GB interaction
beneath the surface. Here, the choice of LAGB is made
for simplicity in analyzing the dislocation structures as
well as for establishing the Brinell indentation testing pro-
tocol on bi-crystal oxide. Further studies on high-angle
grain boundaries, which can be more relevant for sintered
polycrystalline samples, will be undertaken in the near
future.

2 | MATERIALS AND METHODS

2.1 | Bi-crystal fabrication

The SrTiO; (STO) bi-crystal with a [001]/(110) 4° tilt
grain boundary (Figure 1A,B) was fabricated using the
thermal diffusion bonding technique.?” Two STO single
crystals with 2° off (110) surfaces were polished to mirror-
like surfaces. Afterwards, the surfaces were cleaned with
ethanol, and the two single crystals were attached to
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(A) Bright-field TEM image of the as-fabricated 4° tilt low-angle grain boundary (GB, as indicated by the red triangles). (B)

Schematic of the bi-crystal fabrication and crystal orientation, with the GB plane (110) highlighted in grey, and the edge dislocations as red
lines. (C) Schematic illustration of the Brinell indentation tests in one grain to induce dislocations without crack formation, allowing for
dislocation—-GB interaction studies. The patched lines underneath the indenter indicate the generated slip traces.

form a 4° tilt grain boundary, with the two crystals hav-
ing a +2° and —2° inclination from the (110) surface
around the [001] direction. The bi-crystal used in this
study was prepared using the same conditions but with
a different LAGB than in a study by Furushima et al.,”®
namely, by diffusion bonding at 1000°C for 10 h under
a uniaxial load of 10 N. Further annealing at 1500°C in
air for 10 h was performed to achieve sufficient atomic
diffusion.

2.2 | Sample surface preparation

The sample surface (perpendicular to the GB plane, see
Figure 1C) was metallographically prepared to obtain a
smooth surface without inducing additional surface dis-
locations. The surface was mechanically ground using
SiC-based grinding papers with grades from P1200 to
P4000. The sample was then mechanically polished with
diamond particles with sizes of 6, 3, 1, and 0.25 um,
respectively. The final polishing was carried out with
colloidal silica polishing suspension OP-S (Struers, Ger-
many) for ca. 15 h. Afterwards, the sample surface
was cleaned with distilled water and then dried with
ethanol.

2.3 | Brinell indentation

Brinell indentation tests*® were performed using a uni-
versal hardness testing machine (Karl-Frank GmbH, Ger-
many) mounted with a spherical indenter (hardened steel)
with a diameter of 2.5 mm. A test load of 1.5 kg was used
to generate dislocations without crack formation, allowing
for direct investigation of the dislocation-GB interaction
(Figure 1C).

2.4 | Microstructural characterization
Optical images of the sample surface after indentation
were captured using a Zeiss Axio Imager 2 optical micro-
scope (Zeiss, Germany) with circular differential interfer-
ence contrast (C-DIC) and dark field mode. Dislocation
etch pits study was carried out using chemical etching
by immersing the sample in 50% HNO; containing 16
drops of HF solution for 50-60 s. The etched sample
surface was characterized using a LEXT OLS4100 laser
confocal microscope (Olympus, Japan). A thin layer of car-
bon was sputtered onto the sample surface before SEM
characterization to reduce the surface charging. The SEM
micrographs were taken in a Tescan MIRA 3 XMH SEM
(Tescan, Czech Republic) with an accelerating voltage of
5kV.

2.5 | TEM characterization

Before deformation, the as-fabricated grain boundary was
examined (Figure 1A) using TEM. Before deformation,
thin foils for TEM observation were prepared from the
above-fabricated 4°-tilt low-angle grain boundary. The
samples were initially sliced to include the grain bound-
ary plane, followed by Ar* ion milling to achieve electron
transparency. Dislocation arrays along the grain boundary
were then examined using an ultra-high-voltage transmis-
sion electron microscope (JEOL JEM-1000k RS) operated
at1000 kV. After deformation, TEM characterizations were
carried out using the electron microscopy facility of the
Advanced Characterization Platform of the Chevreul Insti-
tute (University of Lille), with a FEI Tecnai G220Twin
microscope, operating at 200 kV equipped with a LaB fil-
ament. The TEM thin sections were prepared by focused
ion beam (FIB) with a FIB/SEM ZEISS Crossbeam 550.
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Optical images of representative Brinell indents near the grain boundary (GB). (A) Multiple indents were performed with

different distances to the GB for optimizing the experimental parameters. (B) Zoom-in region showcasing the slip traces terminate (#2) or

penetrate (#3) the GB. (C) Corresponding dark-field image of the region in (B), revealing no crack formation at the GB.

3 | RESULTS AND ANALYSES

As illustrated in the optical images in Figure 2, large plas-
tic zones (~200 pm in diameter for the indent imprint)
without crack formation have been achieved using Brinell
indentation. This mesoscale approach is verified to be
feasible, as multiple indents were performed at different
distances from the GB for optimizing the testing condi-
tions, giving excellent reproducibility in the plastic zones
without crack formation. In particular, the distances of the
indents to the GB were optimized to make sure that the
new slip traces on the other side of the GB are not directly
induced by the Brinell indenter itself. Here in Figure 2B,
two indent imprints are highlighted, with the correspond-
ing dark-field images (Figure 2C) corroborating no visible
crack formation along the GB. Slip bands are observed that
terminate on (#2 in Figure 2B) or transmit (#3 in Figure 2B)
across the LAGB.

After optical image examination, the (001) surfaces
were chemically etched to reveal the dislocation etch pits
(Figure 3). The etched GB is identified as the vertical
straight line across the sample surface (Figure 3A, yellow
triangles). The Brinell indent was imprinted next to the
GB on the right-side grain, with a load of 1.5 kg and 30
cycles. The higher number of cycles is used for this indent
to generate sufficient dislocations to reach and penetrate
the GB. The dense etch pits on the right side of the GB in
Figure 3A correspond to dislocations generated within the
Brinell imprint.

As revealed by the surface etch pits (Figure 3A), this
4° tilt LAGB can already effectively impede most of the
dislocations. Several slip bands in the [010] and [100]
directions successfully transmitted (indicated by the white
arrows in Figure 3A) across the grain boundary into

the adjacent grain. Two of these transmission sites are
highlighted in Figure 3BI1,Cl. To obtain the in-depth
information on the dislocations-GB interactions at these
two selected sites, TEM lamella lift-outs (Figure B2,C2)
were performed parallel to the (010) planes. Note the
yellow lines in Figure B1,Cl indicate the intersection
of the (010) planes with the sample surface (001). The
overview of the two TEM lamellae is shown in Figures S1
and S2.

For the first selected slip transmission site (Figure 3B),
the GB region has been successfully captured in the TEM
analysis, as indicated by the yellow triangles in Figure 4.
The black stripe on the right of the GB is the thick sample
region retained during FIB milling (see also the overview
in Figure S1) to support the thin TEM lamella to minimize
bending. In these dark-field TEM images, the dislocation
lines are visualized by the bright line contrasts beneath
the sample surface. The surface etch pits (green arrows)
are successfully captured in Figure 4, with each etch pit
tailed by a dislocation. These dislocations are in contrast
with g: 002 (Figure 4) and 011 (Figure S3) and out of con-
trast with g: 011 (Figure S4). They exhibit short segments
compatible with inclusion in a plane inclined at 45° to the
thin section. We therefore identify these dislocations as
[011] dislocations gliding in (011). Figure S3 even shows
that these dislocations are mostly oriented as screw dislo-
cations, in agreement with the previous dislocation etch
pit analysis by Javaid et al.”’ using nanoindentation tests.
On the left grain, etch pits tailed by dislocations (yellow
arrows at the surface) were also captured, corresponding to
the transmitted dislocations as shown in Figure 3B1, which
are shown here to belong to the [011](011) slip system. This
observation directly supports the validity of the etch pit
method for dislocation observation in SrTiO5. Beneath the

85UB01 7 SUOWILLOD 8AIERID 3 |qeo|(dde 8y} Aq paueA0b 818 Saol1e YO ‘8sn J0 S8InJ 10} AreIq1T8UIIUO AB]I UO (SUOI IPUOO-PUR-SLLBY/W0D" AB|IMAle1q 1 [Bu[UO//SdNY) SUORIPUOD PUe W | 8U} 89S *[9202/T0/T] Uo ArIgITauluO AB|IM ‘Z6v0L 83 [/TTTT OT/I0p/W00 A3 |1M ATl [Bul[UO'SOILLRISD//SaNY WO4 papeo|umoq ‘T ‘9202 ‘9T6ZTSST



DING ET AL.

Transmission
locations

FIGURE 3 (A) Laser microscope image of dislocation-GB interaction from a Brinell indentation imprint (on the right grain) after
chemical etching. The slip transmission sites are indicated by the white arrows. (B1, B2) SEM micrographs for the zoomed-in region for one
slip transmission event. The X-X indicates the corresponding TEM lamella lift-out position for the same location, as B2 is 45° rotated with
respect to B1; (C1, C2) SEM micrographs for the zoomed-in region for another slip transmission event. The X-X indicates the corresponding

TEM lamella lift-out for in-depth observation, with C2 45° rotated with respect to C1. The GB is indicated by the yellow triangles in all cases.

—

[110](110) —»

Surface

FIGURE 4 Weak-beam dark-field (g/2 g with g: 002) TEM observation of location 1 in Figure 3B. Overview of the dislocation-GB
interaction with dislocations intersecting the free surface as well as the GB (thick yellow triangles).

surface, there are more dislocation lines observed (dislo-
cation density higher than ~10'> m~2), suggesting that the
total dislocation density in the deformed region should be
higher than merely counting the surface dislocation etch
pits. Trapped dislocations are also present in the interface.

The most frequent ones (marked in white) have orienta-
tions compatible with [111]. This was verified by observing
the specimen under different orientations, close to the
[011] (Figure S3) and [011] (Figure S4) zone axes. Even
though in one case (Figure S4) the dislocations are out of
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FIGURE 5 TEM lamella No. 2. Weak-beam dark-field (g/2 g with g: 200) TEM mosaic micrographs showing the dislocation
microstructure below the surface. The LAGB location is highlighted by the yellow arrows on the left. The white dashed arrow indicates the
travel direction of the dislocations induced by the Brinell indentation. More dislocations are observed to interact with the GB, leading to two

distinct directions of lines of entrapped dislocations.

contrast, the orientations of the lines are compatible with
the [111] direction, which is at the intersection between
the LAGB (110) plane and that of the [011] dislocations:
(011). Therefore, we interpret these lines as [011] disloca-
tions trapped in the grain boundary interface. It should
be noted that the LAGB shows other contrasts of disloca-
tions. One of these is tentatively indicated by [110](110)
in Figure 4, although it has not been fully character-
ized. These marginal observations will not be discussed
further.

Figures 5 and 6 present a second TEM thin section,
which was FIB-milled from the interaction site shown in
Figure 3C. The white dashed arrow in Figure 5 indicates
the direction in which the dislocations travel. Here, we
observe more dislocations generated on the right grain
next to the GB (Figure 5). Transmitted dislocations across
the GB are also observed at the surface (yellow arrows in
Figure 5). Some dislocations in the right grain have all the
characteristics of those analyzed in Figure 4 and Figures
S3 and S4. We therefore identify them as [011](011) dislo-
cations (marked in yellow). This identification is further
supported here by the fact that they are in contrast with g:
200 (Figure S5). Another family of dislocations (marked in
blue) is in contrast with g: 011 (Figure S6), 200 (Figures 5
and 6; Figure S5), and 002 (Figures 6 and 7). They are also
contained in the (101) plane, which is edge-on in Figure 6.
Therefore, we interpret these dislocations as belonging to
the [101](101) slip system. These dislocations give rise
to another family of lines trapped in the interface with
a different orientation from that of the [011](011) dislo-
cations. Observation of the specimen near the zone axes
[010] (Figures 5 and 6), [011] (Figure S5), and [011] (Figure
S6) allows the direction of these lines to be identified as
[111], which is indeed the intersection between the (110)

and (101) planes. Furthermore, Figure 7 demonstrates that
both [011](011) and [101](101) dislocations are eventually
transmitted across the LAGB into the left grain.

4 | DISCUSSION

4.1 | Dislocation-GB interaction

The results above confirm that the dislocation trans-
mission behavior in low-angle tilt GB in STO, as pre-
viously visualized directly at the nanoscale via in situ
TEM by Kondo et al,?' is transferable to a much
larger scale, namely at the mesoscale/bulk, as in the
current case, provided that crack formation can be
suppressed.

The results in Figures 3-7 reveal complex dislocation—
GB interaction processes even for a simple tilt LAGB.
Besides dislocation pile-up and transmission, it appears
that dislocation storage also occurs at the GB for both
[011](011) and [101](101) slip systems activated. The com-
mon criteria to describe the feasibility for slip transmission
is the m’ factor®’:m’ = cos¢ cosx, where ¢ is the angle
between the slip plane normal, and « is the angle between
the slip directions. The absolute value of m’ is between 0
and 1, with m’ being close to 1 for easy slip transmission.
The calculated m’value for LAGB is 0.9976, suggesting slip
transmission is easier to occur for the LAGB. The possi-
ble dislocation—-GB interaction is illustrated in Figure 8.
As illustrated in the experimental observation (Figures 4
and 5), it is evident that there is partly transmission of the
dislocations but also partly dislocation reaction and/or dis-
location storage in the LAGB. In what follows, we discuss
these possible scenarios.
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FIGURE 6 TEM lamella No. 2, with region near the LAGB showing dislocations heading toward it. (A) Weak-beam dark-field (g/2 g
with g: 200) close to the [010] zone axis (see stereoplot in subfigure C). (B) Weak-beam dark-field (g/2 g with g: 002) close to the [010] zone
axis. The line directions of dislocations entrapped in the LAGB are parallel to [111] (yellow) and [111] (blue). [011] dislocations (yellow) are

out of contrast in (A). The glide plane of [101] dislocations (blue) is seen edge-on.

As illustrated in Figure 1, the LAGB has a plane of (110),
and is made up of an array of edge dislocations with [110]
Burgers vector. It is likely that storage is a consequence of
reactions between the GB dislocations and the incoming
screw dislocations. In case of [011](011) incoming dislo-
cations, the reaction [011] + [110] = [101], is energetically
favorable, inducing a tendency to storage. As for the dislo-
cations [101](101), the reaction would be [101] + [110] =
[211] which is not favorable according to Frank’s energy
criterion.”” However, this analysis considers perfect dislo-
cations instead of dissociated dislocations, with the latter
being the case for STO at room temperature.*"*> Consider
the stacking fault energy of STO is high (~136 mJ/m? for
room temperature’’) and the partials are spread a few
unit cells apart,*>** leading to more complex situations
with extended nodes as illustrated in Besson et al.>*. We
expect future work with more detailed but strenuous char-
acterization with advanced TEM to provide more detailed
information to confirm dislocation reactions, preferably
coupled with atomistic simulations, which is beyond the
current scope of the work.

It is also worth noting that Kondo et al.?! directly visu-
alized transmission of screw dislocations across an LAGB
(with the GB dislocations having a Burgers vector of [100],
different from the current case) in bi-crystal STO in their
in situ TEM indentation tests. The differences are also
reflected in the transmitted dislocations, which exhibited
a newly formed superjog segment with a Burgers vec-

tor of [111] according to the reaction of bjog = by gice +
bgg = [011] + [100] = [111]. Nevertheless, LAGBs in STO
seem to allow for easy slip transmission regardless of their
GB configuration.

As schematically indicated in Figure 8, the disloca-
tions induced by Brinell indentation are predominantly
screw types. This has been reported and confirmed
elsewhere.?>>3>3¢ The slip planes activated are of {110}
types; when projected on the TEM samples plane, 45°
inclined dislocation line contrasts will be formed, as
observed in Figures 4 and 5. In particular, 4 equivalent
{110} planes can be activated, with a 45° inclined angle to
the sample surface. This means that for TEM lamella 1 (in
Figure 4), it is likely that only one of these 45° slip planes
was activated, corresponding to the single slip trace and
single array of dislocation etch pits in Figure 3B1. For TEM
lamella 2 (Figure 5), the multiple, mutually perpendicu-
lar slip traces, as well as the arrays of dislocation etch pits,
suggest more than one of such 45° slip planes has been acti-
vated. The projections along the TEM lamella, hence, will
generate not only 45° but also 135° (or minus 45°) inclined
dislocation lines with respect to the sample surface, as
confirmed by the TEM observation in Figure 5A.

At the transmission site shown in Figure 3B1, the etch-
pit arrays on both sides of the grain boundary (GB) exhibit
a continuous slip band crossing the boundary. Consis-
tently, the corresponding weak-beam dark-field (WBDF)
images in Figure 4 reveal a continuous line of [011](011)
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FIGURE 7 TEM lamella No. 2, with the same region as in
Figure 6. Dark-field with g: 002 close to the [010] zone axis. The
diffraction conditions are adjusted to highlight dislocations on both
sides of the LAGB. Both [011] and [101] dislocations are transmitted.

dislocations traversing the GB, demonstrating a direct
transmission event.”’ In contrast, the configuration in
Figure 3C1 shows a finite offset of ~500 nm between the
incoming dislocations on the right side of the GB and the
outgoing array on the left side. This is corroborated by
the TEM observation in Figure 5: [011](011) dislocations
are observed on the left grain—consistent with the sur-
face etch pits—whereas no corresponding dislocations are
present at the surface on the right side. The absence of a
geometric continuation across the GB rules out direct slip
transmission at this location. Instead, a dense pileup of dis-
locations is observed on the right side of the GB, adjacent to
the outgoing array. Such pileups can substantially elevate
the local stress at the GB,*® providing a sufficient driving
force to activate {110}(011) slip in the neighboring grain.
The outgoing dislocation array is therefore most plausi-
bly interpreted as newly nucleated from the GB acting as
a dislocation source, rather than as the product of direct
transmission.

The discussions based on Figure 8 raise questions on the
applicability of conventional models using pure geometric
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FIGURE 8 (A)2D plan view of the indented area near GB,
with the two TEM lamellae lift-outs indicated. The blue squares in
the right grain indicate the dislocation etch pits, with the activated
slip planes {110} being 45° inclined to the sample (001) surface. The
dislocation lines, indicated in red, are predominantly screw types.
(B) 3D perspective of a representative slip plane with dislocation
transmission into the adjacent grain. These dislocation lines, when
projected to the TEM lamellae planes (black dashed rhombus), will
be 45° inclined.

mismatch-based slip transfer metrics in predicting the slip
transfer in oxides, as these models are only formulated in
terms of the misorientation angles by simply assuming a
transmission can happen when 6 < 15°. The local atomistic
structure at the slip-GB intersection, as well as the acti-
vated slip systems that are interacting with the GB, plays
an important role in determining whether a transmission
will occur or not. If the local structure, such as the one cor-
responding to a GB dislocation, carries the same Burgers
vector as that of the incoming dislocation, it will introduce
a strong repulsive force acting on the incoming dislocation.
A pileup can still form due to such a strong repulsive force,
even if the misorientation angle across the GB is as low as
0 = 4°. It should be noted that even though pileup of dis-
locations is observed at LAGB, the contribution of a single
GB to the Hall-Petch strengthening in ceramics at room
temperature is negligible.”* Furthermore, the relatively
higher Peierls barrier*® and high stacking fault energy>'*°
lead to the low mobility of screw dislocations, resulting in
a limited number of transmitted dislocations. Moreover,
Kondo et al.?! proposed that the lattice screw dislocations
can react with the grain boundary edge dislocations to
form jogs when crossing the LAGB. Using dark-field TEM
imaging, they observed a shift in the GB edge dislocation
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FIGURE 9 SEM micrographs of the indentation imprints left by using nanoindentation with an effective indenter tip radius of 2 um at a

maximum load of 75 mN. Both indent imprints reveal slip traces accompanied by crack formation, making the pure dislocation-GB
interaction analysis challenging. Note that the sample was chemically etched to reveal the dislocation etch pits, and the tests were performed
on a coarse-grained SrTiO; to allow for probing different GBs, two of which are showcased here in (A) and (B).

lines with super-jogs formed on the GB dislocations as well
as kinks on the lattice dislocations. Trapped or stored lat-
tice dislocations were also observed on the GB plane. This
may well have altered the local atomic structure. How-
ever, a more detailed investigation of such local atomic
structure changes requires high-resolution TEM (HRTEM)
or HAADF (high-angle annular dark-field) imaging,*"+*
which is beyond the authors’ capacity at the current
stage.

4.2 | Crack suppression using Brinell
indentation

A critical aspect to account for during room-temperature
plastic deformation in ceramics is the cracking. Consid-
ering the size-dependent competition between cracking
and plasticity in ceramics deformation, it is pertinent to
illustrate more details on the choice of Brinell inden-
tation for investigating dislocation-GB interaction. Even
for SrTiO5"® and MgO™*, the two well-known oxides that
exhibit excellent room-temperature dislocation plasticity
in bulk deformation, crack formation can still be easily
triggered. In the indentation case, due to the confinement
and local hydrostatic compressive stress, dislocation plas-
ticity is favored as in the case of Brinell indentation'>>2
(see also Figure 2). Nevertheless, a strong size-dependent
competition between the dislocation plasticity and crack
formation has been recently identified,** which concerns
primarily the incipient plasticity as well as the crack for-
mation due to the dislocation pile-up and dislocation
interaction® underneath the indenter. To be specific, a
smaller indenter may favor dislocation nucleation, yet
cracks are also more easily formed due to the disloca-
tion pileup and interaction that occurs more easily due to

the much higher stress level and higher degree of dislo-
cation multiplication. This is evidenced by, for example, a
sharp Berkovich indenter*® or spherical indentation with
smaller indenter tips.*® The formation of cracks, as well as
the confined dislocation distribution induced by smaller
indentation, results in complications for dislocation-GB
interaction, as illustrated in Figure 9, where cracks may
proceed before dislocation-GB interaction. In this regard,
lowering the stress level by using a larger indenter is ben-
eficial in crack suppression. This works for the oxides
such as SrTiO;, MgO, LiF, and many more ceramics*’
that exhibit good dislocation mobility at room temper-
ature. This also merits the general applicability of the
Brinell indentation and scratching approach for exploring
dislocation-GB interactions at the mesoscale.

5 | CONCLUSION

Room-temperature Brinell indentation is adopted as a fea-
sible approach to induce plastic zones up to hundreds
of micrometers without crack formation in model per-
ovskite oxide SrTiO;, allowing for mesoscale assessment
of dislocation-GB interactions in its bi-crystal. The com-
bined near-surface analysis by dislocation etch pits study,
as well as the in-depth information obtained by TEM
analysis in the grain interior, reveals that 4° tilt LAGB,
although being rather simple as an array of edge disloca-
tions, exhibits a very complex dislocation-GB interaction,
including trapping, storage, and slip transmission. This
mesoscale indentation approach, when combined with the
scratching test, allows for probing multiple and different
types of grain boundaries, and can help to pave the road for
high-throughput analysis of dislocation-GB interactions at
meso-/macroscale.
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