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Abstract
Dislocation-tuned functionality in ceramic oxides for potential versatile applica-
tions gains increasing attention. As the widespread chemical doping suffers from
poor temperature stability, dislocations in well-controlled mesoscopic struc-
ture may be an alternative to thermally stable intrinsic doping features. To
this end, the dislocation density in plastic zones introduced by cyclic Brinell
indentation is considered under thermal annealing conditions. The considerably
enhanced dislocation density due to thermal treatment is found to impact both
microhardness and fracture toughness, albeit only to amodest degree. Themech-
anistic understanding centers around enhanced mobility and multiplication of
the pre-engineered dislocations at elevated temperatures driven by the residual
indentation stress, as well as the strengthened interaction of point defects and
dislocations at high temperature.
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1 INTRODUCTION

In light of the increasing research interest in
dislocation-tuned functional properties such as electrical
conductivity,1 superconductivity,2 thermal conductivity,3
and ferroelectric properties4 in oxides, two pertinent
questions arise: (1) Are the obtained dislocation struc-
tures stable over temperature and time? (2) How are the
mechanical properties affected by the built-in dislocation
structure?
In this work, we correlate thermal stability of disloca-

tions with attendant changes in mechanical properties.
It has been argued that dislocations are thermodynami-
cally more stable than point defects. Hence, they are at
an advantage at high temperatures over common statis-
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tical chemical doping, which is the current method of
choice for a multitude of applications. For example, Ade-
palli et al.5 asserted that dislocations are thermally stable
even at 1200◦C while studying the dislocation-tuned elec-
trical conductivity in polycrystalline SrTiO3. However, no
systematic studies on the dislocation structure evolution
were contemplated as their focus was on the electrical
conductivity.6
It is well known that thermal treatment at higher

temperatures can drastically change the dislocation struc-
ture in metallic materials (recovery, recrystallization,
and dislocation annihilation).6 In contrast, much less
is known about the thermal effect on the evolution
of pre-engineered, room-temperature (RT) dislocations
in ceramics. Due to strong ionic and covalent bond-
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ing, most ceramics are plastically deformable only at
high temperatures through uniaxial compression tests or
creep tests.7–9 In fact, high-temperature deformation has
been so far one of the most commonly adopted meth-
ods to engineer dislocations in oxides and harness the
functionality.1,4,10 Under such circumstances, the com-
bination of external mechanical loading and thermal
heating during deformation makes it challenging to pin-
point the thermal effect on the dislocation structure
evolution.
Recent RT plastic deformation in ceramic oxides has

found surprising success in SrTiO3, which consecutively
has been used as a model material for dislocation-tuned
functionality studies.11–14 Single-crystal SrTiO3 is plasti-
cally deformable at RT from bulk scale15 to mesoscale16
and down to micro-/nanoscale,17–19 offering a variety of
choices to introduce dislocations into the samples with-
out crack formation. It is therefore straightforward to first
generate dislocations in SrTiO3 at RT then thermally treat
the dislocation-rich samples at high temperature to inves-
tigate the dislocation structure evolution, as reported in
ceramics with rock salt structure. For instance, by using a
double-etching technique, Gilman and Johnston20 pointed
out that some dislocations could glide, whereas others
would climb upon annealing a deformed single-crystal
LiF at 400◦C for 16 h. Keh21 reported recovery of RT
indented MgO crystals at temperatures above 1000◦C.
He observed an extension of edge dislocations along the
dislocation arms into the undeformed region and non-
crystallographic dispersion of screw dislocations outside
the pre-induced dislocation arms. Besides dislocation glide
and climb, recrystallization and subgrain boundary forma-
tion may also occur, as briefly reviewed by Kruger22 for
plastically deformed single-crystal LiF and NaCl.
Here, we study the dislocation structure evolution in

SrTiO3 at 1100◦C. To exclude the complexity of grain
boundaries and dopants, we used single-crystal undoped
SrTiO3 for all tests. For practical reasons, considering the
high price of large-piece single-crystal SrTiO3 and the diffi-
culty of handling micro-/nanoscale indentation imprints,
we adopt the mesoscale plastic deformation method most
recently introduced by Okafor et al.16 This method uses a
large spherical indenter (with a diameter of 2.5 mm and a
load of 1.5 kg) to indent the sample surface and generate a
crack-free plastic zone (with a lateral diameter of∼200 µm
and penetrating depth of ∼100 µm). By adjusting the num-
ber of indentation cycles, a dislocation density from ∼1010
to ∼1013/m2 is made available.16 The large plastic zone
offers the opportunity to study the impact of thermal treat-
ment on dislocation structure and mechanical properties
using Vickers indentation in a simple manner.
In the following sections, we first describe the exper-

imental details on generating dislocations in a large

plastic zone into single-crystal SrTiO3 before the sam-
ples were thermally treated in a furnace at 1100◦C for
1 and 10 h, respectively. Then the mechanical testing
with Vickers indentation is presented, with the micro-
hardness and the fracture toughness being evaluated.
The dislocation etch pit method enables us to correlate
the change of the mechanical properties with disloca-
tion density/structure change. In the end, the possible
mechanisms for the thermally induced increase of dislo-
cation density, microhardness, and fracture toughness will
be considered.

2 EXPERIMENTAL PROCEDURES

2.1 Material

Undoped single-crystal SrTiO3 plates with a dimension
of about 2.5 mm × 2.5 mm × 1 mm are used (Alineason
Materials Technology GmbH, Frankfurt am Main, Ger-
many). The samples were polished on one side following
the detailed procedure described in our previous work17 to
avoid surface mechanical deformation. Surfaces of (001)
were chosen for mechanical deformation as they can be
chemically etched. The dislocations were revealed by etch-
ing for 20 s in 15ml 50%HNO3 with 16 drops of 50%HF. For
benchmarking purpose, the preexisting dislocation density
in the as-received samples is contrasted to the dislocation
density in the plastically deformed regions.

2.2 Dislocation introduction

We mechanically introduce dislocations using a univer-
sal indenter machine (Karl Frank GmbH, Weinheim-
Birkenau, Germany) equipped with a Brinell spherical
indenter (tip diameter 2.5 mm).16 This allows to gener-
ate a plastic zone with a lateral diameter of ∼200 µm
and penetrating depth of ∼100 µm at RT with a load of
1.5 kg.16 More importantly, crack formation is suppressed
by the local hydrostatic compressive stresses underneath
the indenter,22 and the slip bands are formed by dislo-
cation multiplication and motion. Single-cycle (1×) and
multi-cycle indents (10 cycles or 10×, and 25 cycles or 25×)
were applied on the sample surface with sufficient spac-
ing between them to avoid overlap of the plastic zones.
Our previous work16 reported that the dislocation density
increases by a factor of 1000 (from ∼1010/m2 in the ref-
erence sample up to ∼1013/m2 in the plastic zone with a
minimum of 10 cycles). At least three identical indents
were performed for each test condition for reproducibility.
In the following sections, we refer to these plastic zones
induced by the Brinell indenter as Brinell plastic zone.
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F IGURE 1 (A) Optical microscope image highlighting the checkerboard pattern of the indent array with respect to the center of the
Brinell plastic zone (white dashed circle); (B) representative indent depicting the four radial cracks emerging from the corners of the Vickers
indenter

2.3 Thermal treatment

Thermal annealing was carried out in a box furnace in
air (Nabertherm GmbH, Lilienthal, Germany). For uni-
form heat distribution in the sample, the indented samples
with Brinell plastic zoneswere placed inside a ceramic cru-
cible in the furnace. The temperature of 0.58Tm (1100◦C
or 1373 K, with Tm = 2353 K23) was chosen to have an
accelerated atomic diffusion in order to observe a possible
change of the dislocation structure in the samples. Hold-
ing times of 1 and 10 h and a heating rate of 10 K/min were
maintained, and later the furnace was cooled.

2.4 Mechanical testing

Microhardness was quantified using a Vickers indenter
(Zwick/Roell ZHµ, Ulm, Germany). Indents were placed
inside the Brinell plastic zones for both annealed and
RT reference samples. At each plastic zone induced by
Brinell indentation, a 3 × 5 checkerboard patterned array
using a load of 25 g and 10 s dwell time was applied. A
spacing of at least 40 µm in both the x and y direction
minimized any mutual interference from the neighboring
deformation zone (Figure 1A). The Vickers indents have
been aligned so that the diagonals of each indent coincide
with [1 1 0] and [1̄ 1 0] directions (Figure 1B). The effect of
the spatial distance of each Vickers indent with respect
to the center of the Brinell plastic zone is neglected due
to the fact that the dislocation density inside the Brinell
plastic zone is constant.16 Moreover, for statistical analy-
sis, we recorded the crack length in both [1 1 0] and [1̄ 1 0]
directions (Figure 1B) for more than 20 indents in each test
condition.

2.5 Surface morphology and
characterization

Slip traces inside the Brinell plastic zones and their evo-
lution succeeding the thermal treatment for each cycle
number (1×, 10×, and 25×) were observed by an optical
microscope (ZEISS Axio, Carl Zeiss Microscopy GmbH,
Jenna, Germany). We adopted the circular differential
interference contract (C-DIC) imaging mode for a better
detection of surface features. After chemical etching, the
etch pit analysis was carried out based on the SEM (scan-
ning electron microscope, TESCAN MIRA3, Brno, Czech
Republic) images to estimate the dislocation density. To
avoid surface charging, sample surfaces were coated with
a carbon layer (tens of nm in thickness) with a sputter-
ing machine (K950X Turbo Evaporator, EMITech, Ash-
ford, UK). Additionally, laser microscope (LEXTOLS4100,
Olympus, Japan) was also used for characterizing the sur-
face etch pits over a much larger area (hundreds of µm in
width).

3 RESULTS AND ANALYSES

3.1 Surface morphology

We first confirm the preexisting (grown-in) disloca-
tion density before the mechanical testing and thermal
treatment. The dislocation etch pits in Figure 2 yield a
preexisting dislocation density ∼1010/m2, consistent with
prior values reported for single-crystal SrTiO3.24,25
The plastic deformation on the surfaces of the indented

samples is reflected in the slip traces on the (001) surfaces
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in Figure 3. All slip lines are aligned horizontally or ver-
tically in the [100] and [010] directions, without surface
cracks.16 As SrTiO3 has a cubic structure and the slip sys-
tem activated at RT is {1 1 0} 〈1 1 0〉, it is thus confirmed
that these slip traces correspond to the screw components
(with the Burgers vector pointing out-of-plane) of the dis-
locations, which are aligned on the 45◦-inclined {110} glide
planes with respect to the (001) surface. These results are
consistent with the 3D reconstruction of the spatial dislo-
cation arrangement reported by Javaid et al.26 An increase
in the number of indentation cycles leads to an enhanced
density of slip lines, in agreement with the results by
Okafor et al.16
We note that the C-DIC imaging mode significantly

enhances the surface features such as slip traces for bet-
ter recognition of the surface deformation (Figure 3). In
fact, the maximum height difference even after 25 cycles
at RT and after 10 h thermal treatment at 1373 K is
merely 0.48 and 0.53 µm, respectively. The surface height
change is demonstrated by the laser microscopy observa-
tion (Figure 4). The very small height difference across
the large plastic zone (∼200 µm) gives confidence that the
follow-up Vickers indentation tests shall not be influenced
by the curvature of the Brinell plastic zone.

3.2 Dislocation density

Dislocation density in the plastic zone for various condi-
tions is closely examined via etch pit method, feasible for
statistical quantification. For RT indentation, the disloca-
tion density (etch pit counts in Figure 5) increases as the
cycle number increases from 1 to 25. The annealing treat-

F IGURE 2 Scanning electron microscope (SEM) image
depicting the dislocation etch pits (indicated by the white arrows)
on the reference sample surface before mechanical testing

ment (e.g., Figure 5B1–3 for 1 h annealing) increases the
dislocation density for the same number of indentation
cycles. A longer annealing time (up to 10 h, Figure 5C1–3)
causes an enhancement in the dislocation density.
An overview of the dislocation density is compiled in

Figure 6, which quantitatively confirms that the disloca-
tion density increases as a function of cyclic number and
thermal treatment: (1) Compared to the reference density
(∼1010/m2, Figure 1), at least a 100-fold increase in the dis-
location density after 1× is achieved (irrespective of the
thermal treatment); (2) for the same number of indenta-
tion cycles, the density after 10 h annealing is 5–7 times
higher than that induced at RTwithout thermal treatment;
(3) amost distinct change is found between 1× indent at RT
(∼2 × 1012/m2) and 25× indents with 10 h thermal treat-
ment (∼7 × 1013/m2), giving an almost 35-fold increase; (4)
when compared the reference sample and the 25× indents
with 10 h thermal treatment, an increase about 7000-fold
in the dislocation density is achieved. This case of high-
est achieved dislocation density corresponds to an average
dislocation spacing of about 120 nm.

3.3 Microhardness

The change of dislocation density directly impacts
mechanical properties. Here, we evaluate the micro-
hardness as a function of indentation cycle number and
thermal treatment. The average values as well as the
statistical distribution of the hardness are summarized
in Figure 7. First, the hardness increases modestly as
the number of cycles increases (under the same thermal
treatment condition). For RT (black squares in Figure 7A),
an increase of ∼12% in the Vickers hardness is observed.
Second, the hardness increases after thermal annealing
for the same indentation cycle number. For instance, for
1× indents, the Vickers hardness after 10 h annealing is
∼13% higher than that without annealing. In general, a
longer annealing time (10 h) gives higher hardness values
in comparison to the shorter annealing time (1 h). The
most significant increase in hardness (∼20%) falls between
the 1× indent at RT and 25× indent with 10 h thermal
treatment. These observations on the hardness increase
are consistent with the increase in dislocation density
(Figure 6).

3.4 Indentation crack length
and fracture toughness

A quantification of indentation crack lengths in the Vick-
ers indentation tests provides a clear trend (Figure 8): The
crack length decreases as the dislocation density increases.
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F IGURE 3 Surface slip trace patterns for the indented regions: (A1–3) room temperature (RT) without annealing; (B1–3) thermal
treatment at 1373 K for 1 h; (C1–3) thermal treatment at 1373 K for 10 h. The horizontal and vertical slip traces are parallel to the [010] and
[100] directions. Note:1×, 10×, and 25× stand for 1, 10, and 25 cycles, respectively

By comparing the crack lengths at RT (round dots in
Figure 8A,B), it is noticed that there is only marginal
crack shortening from 1× cycle indents to 10× cycle Brinell
indents. A more obvious shortening can only be observed
between the 1× cycle and 25× cycle Brinell indents. A simi-
lar trend is also found for the indents in samples thermally
treated for 1 h with 1×, 10×, and 25× cycle. Most signif-
icantly, ∼40% decrease of crack length (average value) is
observed between RT-1× and 1 h-25× indents, with the dis-
location density increased by ∼10-fold between these two
cases (Figure 6).
Note that the cracks for the 10-h annealed samples, par-

ticularly for the 10× and 25×, are no longer symmetrical
4-crack patterns (as in Figure 2B). In such cases, some of
the Vickers indenter imprints exhibit only two or three
instead of four cracks at the four corners of the indent
imprint. This is likely caused by the much higher disloca-
tion density after 10-h annealing, which may have greatly
increased the damage tolerance as more dislocations are
able to carry a higher degree of plastic deformation. Hence,
these data are not included in Figure 8 for comparison.
We further adopt the indentation crack length method

to evaluate the fracture toughness, KIC. Both the half-
penny crack in the Evans–Charles model27 and the
median/radial crack Lawn–Evans–Marshall model28 for
indentation cracks do not fit the crack geometry induced

in SrTiO3. Instead, successive polishing and etching the
indented area29 indicates that the cracks in SrTiO3 are
Palmqvist cracks. This is likely due to the large plastic-
ity mediated by dislocations underneath the indent. These
dislocations could have suppressed the median crack for-
mation, reminiscent of indentation cracks in the plastically
deformed regions, as was well documented in WC–Co
material.30
For Palmqvist cracks, we adopt here Equation (1) pro-

posed by Niihara.31,32 This model is in principle a modifi-
cation of the Evans–Charlesmodel. Niihara et al. proposed
such modification for small l/a ratio (0.25 < l/a < 2.5)32:

𝐾𝐼𝐶 = 0.035

(
𝑙

𝑎

)−0.5(
𝐸𝜙

𝐻

)0.4(
𝐻𝑎 0.5

𝜙

)
(1)

where E is the elastic modulus (264 GPa for single-crystal
SrTiO3 at RT 33), l is the crack length (from the tip of
the indentation imprint to the tip of the crack), a is the
half-diagonal of the indentation, the constant 𝜙 = 3 is
adopted,31,32 H is the hardness (converted to GPa, from the
microhardness values presented in Figure 7A). In the cur-
rent experiment, the calculated l/a value ranges from 0.93
to 1.4, fulfilling the requirement of 0.25 < l/a < 2.5.
Figure 9 asserts a clear dislocation–toughening effect for

cracks aligned in the [1 1 0] and [1̄ 1 0] directions. Due to
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F IGURE 4 Laser microscope images for the surface topography of the plastic zones induced by a load of 1.5 kg: 1× and 25× indent before
(A1 and B1) and after (A2 and B2) thermal treatment at 1373 K for 10 h. The maximum height difference for 1× and 25× indents are about 0.25
and 0.48 µm before annealing, and 0.27 and 0.53 µm after annealing at 1373 K for 10 h.

the cubic symmetry, the toughness values in the [1 1 0] and
[1̄ 1 0] directions are identical. The most dramatic change
in KIC was observed in Brinell plastic zones induced by
1× cycle at RT (1×-RT) and 25× cycle with 1-h annealing
(25×-1 h), with an increase from 0.93 to 1.14 MPa m1/2.
Correspondingly, the dislocation density increase for these
two test conditions is also the largest (∼2 × 1012/m2

for 1×-RT and ∼2 × 1013/m2 for 25×-1 h) under these
test conditions.
By combining Figures 6–9, we identify a clear trend

that bothmicrohardness and fracture toughness have been
improved due to the increase of dislocation density in
combination with the thermal treatment.

4 DISCUSSION

4.1 Thermally triggered increase of
dislocation density

Interestingly, the dislocation density increased due to the
thermal treatment. The underlying mechanisms are dis-

cussed as following. First of all, an increase in temperature
could provide a decrease in the yield stress in SrTiO3. For
instance, for single-crystal SrTiO3 compressed along the
[001] direction, the yield stress was reported to decrease
from ∼125 MPa at RT to ∼50 MPa at 450◦C according to
Patterson et al.33 Later, Javaid et al.34 quantified the lattice
friction stress (resistance to dislocation glide) via the etch
pit method, giving a value of 89 MPa for RT and 46 MPa
at 350◦C. These results support the notion of a decreasing
resistance for dislocation glide with increasing temper-
ature. Furthermore, according to abundant indentation
studies in literature,35 the plastic zone underneath the
Brinell indent possesses a residual stress state, which can
undergo relaxation due to dislocation motion or atomic
diffusion during thermal treatment. It is therefore hypoth-
esized that the pre-induced dislocations in the Brinell
plastic zone induced at RT continued to glide andmultiply
when they were thermally treated up to 1100◦C, resulting
in an increase in dislocation density (Figures 5–6).
To better illustrate dislocation rearrangement due to

thermal treatment, we performed additional tests using
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F IGURE 5 Etch-pit analyses of the dislocations introduced by Brinell indentation with different loading cycles and different thermal
treatments: (A1–3) room temperature (RT) without annealing; (B1–3) thermal treatment at 1373 K for 1 h; (C1–3) thermal treatment at 1373 K
for 10 h

F IGURE 6 Averaged dislocation density as function of
indentation cycle number and thermal treatment. The dislocation
density of a reference undeformed sample is ∼1010/m2 (in Figure 1).

Vickers indentation to induce plastic deformation and
compare the dislocation structure at RT (Figure 10A) and
after annealing for 1 h at 1100◦C (Figure 10B). Regard-
less of the crack generation, using Vickers indent delivers
certain advantages over large Brinell indents. Specifi-
cally, the Vickers indentation imprints serve as surface
markers rendering the dislocation patterns more traceable

(Figure 10A), and the edge dislocation arms (the 45◦ dislo-
cation arms in the 〈110〉 directions) can also be induced due
to the higher stress under the Vickers indent. For best com-
parison, we adopt the double-etching technique to track
the dislocation structure around the same Vickers indent.
The comparison between Figure 10A,B clearly highlights
numerous new dislocation etch pits emerged outside of
the original dislocation zone. Besides the increased dislo-
cation density after thermal treatment, we also observed
another two interesting features: (1) Numerous horizon-
tal and vertical straight lines appeared among the rosette
arms that mainly consist of edge dislocation components
(yellow rectangles in Figure 10A,B),24,26 yet the thermal
treatment did not induce any further gliding of such dis-
locations in the 〈1 1 0〉 direction. The end positions of the
edge dislocation component were marked with red cir-
cles in Figure 10A,B. This strongly suggests dislocations
climb out of the RT slip planes after thermal treatment;
(2) curly, bent etch pit and line patterns originate from
the regions where mainly screw dislocation components
previously resided (green rectangles in Figure 10A,B),24,26
and the positions for the tips of such dislocation arms (red
arrows in Figure 10A,B) extended and moved by about
50 µm due to thermal treatment. This change of the con-
figuration for the screw-type dislocations is consistentwith
the report by Keh,21 who observed a non-crystallographic
dispersion of screw dislocations outside the pre-induced
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F IGURE 7 (A) averaged Vickers microhardness versus. Brinell indentation cycles; (B) cumulative probability plot of all hardness data
for various indentation cycle numbers and temperatures

F IGURE 8 Cumulative probability plots of crack length in (A) C∑[1 1 0] and (B) C∑[−1 1 0] directions. Note the sign ∑ indicates the sum of
two cracks in each direction for each indent.

F IGURE 9 KIC as function of Brinell indentation cycles in (A) [−110] directions and (B) [110] directions. The symbols visualize the
contrast between room temperature (RT) and annealing times of 1 h. Note that the cracks for the 10-h annealed samples, particularly for the
10× and 25×, are no longer symmetrical 4-crack patterns and are hence excluded for comparison.

dislocation arms during the recovery of RT indented MgO
crystals at temperatures above 1000◦C.Note that the image
force may tend to attract the dislocations to the free sur-
face. Amuchmore detailed investigation of the dislocation
substructures in the future with TEM (transmission elec-

tronmicroscopy) analysis will shed light on the dislocation
structure evolution.
The previous observations may stand in variance to the

study by Bell et al.36 on high-temperature crept rutile
TiO2. They reported a lowering of the dislocation density
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F IGURE 10 Double-etching technique to reveal dislocation structures before and after thermal treatment. (A) Dislocation etch pits
around a Vickers indent imprint (500 g load) at room temperature. The dislocation etch pits align in the room-temperature {110} slip planes
that intersect with the (001) surface, with the screw arms in the 〈100〉 directions and the edge arms in the 〈110〉 directions; (B) same indent as
in (A) but with an additional annealing at 1373 K for 1 h, followed by a second-round chemical etching at room temperature. Abundant new
dislocation etch pits appear outside the room-temperature dislocation arms.

observed as the dislocations bundled up to form subgrain
boundaries or dislocationwalls.1 Considering that the con-
ventional sintering temperature for SrTiO3 is above 1673 K
(1400◦C), itmay require amuchhigher temperature for the
dislocations to bundle up to form subgrain boundaries or
to be annealed out in SrTiO3 than the present temperature
(1373 K) in this work.
Similar to our results, an increase in dislocation den-

sity was reported by Johnston and Gilman in LiF,20 and
Keh21 in indented MgO followed by thermal annealing.
Worth noting is that Gilman and Johnston noted in their
early dislocation study in single-crystal LiF that “fast
heating or cooling rates to and from the annealing tem-
perature introduce multitudes of additional dislocations
into the crystals.”20 Yet, no definition for fast or slow
heating/cooling rate was offered. The fast heating/cooling
rate could potentially induce internal compressive/tensile
stress to even activate the high-temperature {1 00} 〈100〉

slip system in SrTiO3, which is possible at temperature
higher than 1000K.37 Togetherwith the previous issue con-
cerning the temperatures at which the dislocations in the
indented regions start to polygonise or annihilate, these
remaining open questions will be undertaken in the future
to extend the current study.

4.2 Thermally triggered increase in
microhardness

The microhardness is a measurement of the deforma-
bility of the material underneath the indenter. For
dislocation-mediated plastic deformation, dislocation–
dislocation interaction and dislocation-point defect inter-

action are possible mechanisms contributing to the hard-
ness increase. The former increases the work hardening or
Taylor hardening, resulting in a higher hardness through
a higher dislocation density; the latter decreases the dis-
location mobility by pinning the dislocations, most likely
through the segregation of point defects at the disloca-
tions, leading to a solution hardening effect or forming a
Cottrell cloud (or alike) surrounding the dislocations. This
is directly reflected by the hardness increase between 1×-
RT and 1×-1 h, where the dislocation density is almost
the same (2 × 1012/m2, in Figure 6), but the hardness is
increased by ∼10% after 1 h annealing at 1373 K. Consider
the current annealing temperature is higher than 0.5 Tm
of SrTiO3, the annealing process could significantly accel-
erate the diffusion of point defects to the dislocations and
remain “locked in” upon cooling the samples.
The pinning of dislocations after thermal treatment was

previously reported by Keh21 in single-crystal MgO and
Johnston and Gilman38 in single-crystal LiF. In both cases,
they argued that such effect is most likely due to impu-
rities. The current authors have proposed that oxygen
vacancies may segregate to dislocations and pin the dislo-
cations at RT, hence, reducing the dislocation mobility as
evidenced by the indentation creep tests on single-crystal
SrTiO3 with higher oxygen vacancy concentrations.17,19
In the current case at 1373 K, we first consider oxy-
gen vacancies (𝑉∙∙

O
) as the most dominant fast diffus-

ing species in SrTiO3.19 With a diffusion coefficient DV
(1373 K) ≈ 10−4.5 cm2/s,39 we estimate a diffusion length
of ∼3 mm for 1 h and ∼10 mm for 10 h by using Fick’s law
𝐿 =

√
𝐷𝑉(𝑇)𝑡, with L being the diffusion length, DV the

diffusion coefficient, and t the time. In both cases, the dif-
fusion lengths are much larger than the sample thickness
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(1 mm) as well as the plastic zone size. This estimation,
therefore, excludes oxygen vacancies as a limiting factor
for pinning the dislocations at the annealing temperature
(1373 K).
At temperatures higher than 1300 K, strontium vacan-

cies also exhibit sufficient mobility.39 The diffusion coef-
ficient for strontium vacancy (𝑉′′

Sr
) in SrTiO3 at the

annealing temperature 1373 K is DV (1373 K) ≈ 10−16 cm2/s
in SrTiO3 with 0.2 at% Nb.40 Assume that the 0.2 at%
Nb doping does not drastically change the diffusion rate
of strontium vacancy (as we use undoped SrTiO3 in the
present work), following Fick’s law we calculate the dif-
fusion length for strontium vacancy to be ∼6 nm for 1-h
and ∼20 nm for 10-h annealing. Such diffusion lengths are
therefore comparable to the aforementioned average spac-
ing of dislocations, especially for the case of 10 h annealing
with a dislocation spacing of about 120 nm. The diffu-
sion of Sr vacancies to the dislocations at high temperature
and then being frozen at RT after cooling may reduce
the dislocation mobility and contribute to the hardness
increase.

4.3 Thermally triggered increase in
fracture toughness

The combination of Figures 6 and 9 indicates a direct
correlation between fracture toughness enhancement and
dislocation density increase due to thermal treatment at
1373 K. Dislocation-based toughening in ceramics is rarely
addressed in literature except for a few attempts.25,41–43 In
order to achieve effective dislocation toughening, sponta-
neous crack-tip dislocation emission and crack-tip blunt-
ing are required,44 which is energetically not feasible in
most brittle ceramics.45 Here, for single-crystal SrTiO3
that can be plastically deformed higher than 10% plastic
strain at RT,46 spontaneous crack-tip dislocation emission
was not observed.24 This discourages the true realization
of appreciable intrinsic toughening using dislocations in
SrTiO3 at RT. However, by prior engineering of preexisting
dislocations via the Brinell indentation method, we gener-
ate high-density and mobile dislocations inside the plastic
zone. If cracks are induced inside such plastic zones,
the pre-engineered dislocations are expected to consume
energy and shield the crack tip to suppress crack propa-
gation. However, only less than ∼10% increase is achieved
for dislocation-rich samples engineered at RT, regardless of
the fact that the dislocation density has increased by more
than three orders of magnitude.
Concurrently, the fracture toughness value has

increased by ∼20% after thermal treatment. The under-
lying reason for this increase could be (1) the residual
stress generated during the generation of the large Brinell

plastic zone, or (2) the dislocation density increase and the
dislocation substructure change (Figure 10). The residual
stress is not likely contributing to the toughening due to
the fact that our annealing procedure rather would reduce
residual stress. Particularly, it has been demonstrated that
for the 1× Brinell indent, the fracture toughness increases
after 1-h annealing at 1373 K (Figure 9) although the
dislocation density is almost the same at RT (Figure 6).
Furthermore, we note that for samples thermally treated

for 10 h, the crack pattern was not symmetrical anymore,
but with only two or three shorter cracks from the indenter
edge. This indicates an increased damage tolerance. It was
recently reported that25 provided the dislocation density
is increased to ∼1015/m2 in the sample surface via surface
grinding,47 the crack formation can even be completely
suppressed during Vickers indentation (e.g., with a load of
10 g) on the (001) surfaces in SrTiO3.

5 CONCLUSIONS

A protocol has been put forward that combines cyclic
Brinell indentation and high-temperature annealing in
order to provide large plastic zones with dislocation den-
sities approaching ∼1014/m2 in single-crystal SrTiO3. The
large Brinell plastic zones afford experimental evalua-
tion of both microhardness and fracture toughness using
the indentation crack length technique. Although the
dislocation density can be further enhanced by a fac-
tor of up to 35 with optimized thermal treatment, both
microhardness and fracture toughness provide a mod-
est, but statistically significant enhancement of at most
20%.
The changes in mechanical properties are hypothesized

to be related to enhanced dislocation movement and mul-
tiplication under thermal activation likely driven by the
residual stress. Specifically, the hardening is suggested to
be enhanced due to the increase in dislocation density and
an interaction of point defects and dislocations.
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