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1 | INTRODUCTION

Dislocations have been identified to modify both the functional and mechani-
cal properties of some ceramic materials. Succinct control of dislocation-based
plasticity in ceramics will also demand knowledge about dislocation interac-
tion with point defects. Here, we propose an experimental approach to modu-
late the dislocation-based plasticity in single-crystal SrTiO5 based on the concept
of defect chemistry engineering, for example, by increasing the oxygen vacancy
concentration via reduction treatment. With nanoindentation and bulk compres-
sion tests, we find that the dislocation-governed plasticity is significantly mod-
ified at the nano-/microscale, compared to the bulk scale. The increase in oxy-
gen vacancy concentration after reduction treatment was assessed by impedance
spectroscopy and is found to favor dislocation nucleation but impede disloca-
tion motion as rationalized by the nanoindentation pop-in and nanoindentation
creep tests.

KEYWORDS
defect chemistry engineering, dislocation plasticity, nanoindentation, oxygen vacancy, stron-
tium titanate

deemed to render them having high strength but little plas-
ticity and low fracture toughness.

Dislocations in ceramics have the potential to impact both
functional and mechanical properties. On the one hand,
dislocations in various oxides have demonstrated poten-
tial to tune electrical conductivity, thermal conductivity,>~
dielectric and piezoelectric properties.® On the other
hand, dislocations can be introduced into ceramics to
improve plasticity’ ' and fracture toughness.!"""* These
new endeavors modify the conventional belief that ceram-
ics are brittle, exhibiting little or no dislocation-mediated
plasticity at room temperature. The strong ionic/covalent
bonds and the large Burgers vectors in most ceramics are

To improve dislocation-based plasticity and to pave
the road for tuning dislocation-based functional and
mechanical properties, dislocation behavior (dislocation
nucleation, multiplication, and motion) needs to be better
understood in ceramics. Similar to metallic materials,
it has been recognized that the low density of disloca-
tion sources (e.g., low pre-existing dislocation density)
in ceramics can be a critical factor that hinders large
plasticity'*"> or triggers the brittle-ductile transition.'®
Therefore, a reasonable approach to improve dislocation
plasticity in ceramics is by increasing the pre-existing
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dislocation density. For example, Stokes et al.'” demon-

strated that the tensile strength of single-crystal MgO with
sprinkled surfaces used to generate a high density of new
dislocations was decreased by a factor of ~14, compared to
a well-polished sample annealed at 2000°C.

Recently, Nakamura et al.” demonstrated that the room-
temperature bulk plasticity of single-crystal SrTiOz can be
manipulated by changing the Sr/Ti ratios (1.00 and 1.04)
in the starting powders. It was assumed that changing
the composition yields samples with different Sr vacancy
concentrations, which may have resulted in the differ-
ent plastic behavior.” Our further examination of these
samples shows different pre-existing dislocation densities
and oxygen vacancy concentrations in such samples as
well.' Compared to samples with Sr/Ti = 1.00 (with a
pre-existing dislocation density ~10'° m~2), the samples
with Sr/Ti = 1.04 in the starting powders have a higher
pre-existing dislocation density (~10" m~2) and exhibit
lower yield strength (~15% decrease) and much higher
fracture strain (~70% increase).” Using the same materi-
als and chemical treatment, the current authors revealed
the underlying mechanisms via nanoindentation studies.”
Contrary to the dislocation nucleation-dominated incip-
ient plasticity at the nanoscale, dislocation motion and
multiplication'*!"® plays a more important role in plastic-
ity at micro- and larger scale.'®

In addition to the different pre-existing dislocation den-
sities in those samples, the point defect concentrations
were found to differ with the Sr/Ti = 1.00 sample giving
a higher oxygen vacancy concentration. As various types
of defects could act as dislocation sources and promote
heterogeneous dislocation nucleation,'* it is thus of great
interest to discern the effect of pre-existing dislocations
from that of point defects. Point defects such as vacancies
and interstitials play critical roles in the functional prop-
erties in ceramics (e.g., in defect chemistry studies),'-*
yet their effect on the mechanical properties of ceram-
ics, particularly dislocation-based mechanics, is much less
investigated. Regardless of the theoretical prediction,?! lit-
tle effort has been made using point defects to tune the
incipient plasticity in ceramics®” as compared to metallic
materials.”>?* A pertinent question would be: How is plas-
ticity affected by point defects such as oxygen vacancies in
ceramics?

On the one hand, it has been proposed that point
defects are favorable for dislocation nucleation.”>?*® In
order to capture dislocation nucleation, nanoindentation
pop-in tests are most feasible.?’->° Here, the term “pop-in”
refers to the displacement jump at a normally constant
load in a load-controlled indentation system, indicating
the transition from elastic to plastic deformation. The
pop-in phenomenon has been widely observed in metallic
materials with low pre-existing dislocation density.'®-?%3°
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For various oxides with low surface dislocation density, we
validated that purely dislocation-dominated pop-in events
occur when the indenter tip radius is smaller than a certain
value depending on the materials and testing conditions.’!

On the other hand, point defects could act as local bar-
riers to impede dislocation motion.>3 In order to assess
the dislocation motion, nanoindentation creep tests**~3°
can be adopted. Furthermore, in order to establish an
experimental protocol bridging the macroscale (bulk
compression)’ and nano-/microscale (nanoindentation)'’
testing, we have previously discussed the similarities and
differences between bulk compression and nanoindenta-
tion tests.’” To this end, bulk compression tests are also
carried out in this work to compare with the nanoinden-
tation tests.

To address the impact of point defects on dislocation
plasticity in ceramics, in this work, we focus on the effect
of oxygen vacancies on dislocation-mediated plasticity in
single-crystal SrTiO;. We first perform reduction treat-
ments on single-crystal SrTiO; to increase the oxygen
vacancy concentration as evidenced by impedance spec-
troscopy. Nanoindentation and bulk compression tests are
then performed on the reduced and reference samples
(without reduction treatment). The incipient plasticity in
nanoindentation tests and the yield strength of the bulk
samples are compared and analyzed. In addition, nanoin-
dentation creep tests are performed to reveal dislocation
mobility at room temperature.

2 | EXPERIMENTAL PROCEDURE

2.1 | Sample preparation
Single-crystal SrTiO; (0.05% wt. Fe-doped, Alineason
Materials Technology) was used as sample material for
compression and nanoindentation testing. The samples
were pre-polished from the manufacturer, followed by a
fine vibrational polishing performed with a water-based
solution containing 0.04-um colloidal silica (OP-S, Struers)
to remove the surface mechanical deformation layer prior
to the nanoindentation tests. For nanoindentation tests,
the sample surface was examined before and after the
reducing treatment using atomic force microscopy (AFM,
Veeco Plainview). Average surface roughness of less than
2 nm was assured, and no clear change of surface topogra-
phy was observed. For bulk compression tests, the samples
were cut from a single crystal (4 X 4 X 8 mm) into smaller
samples (~2 X 2 X 4 mm) using a wire saw, and the surface
of the smaller samples were gently polished to remove the
major surface damage during cutting.

Compared to the reference SrTiO; sample, the oxygen
vacancy concentration of the reduced samples is increased
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by areduction treatment in forming gas (Ar + 2.4% H,) and
in pure N, at 700°C (heating and cooling rate 5°C/min) for
24 h in order to generate oxygen vacancies.*® Furthermore,
a qualitative verification of the reduction state is afforded
by impedance spectroscopy. In the following sections, sam-
ples will be labeled as STO-Ref, STO-H,, and STO-N,, cor-
responding to the three conditions for sample treatment.

2.2 | Impedance spectroscopy

To elucidate the state of reduction in the reference and
reduced samples, impedance measurements were con-
ducted (with a sample dimension of about 4 X 4 X 1 mm) to
obtain temperature-dependent electrical resistance. Plat-
inum paste (Ferro GmbH) was applied on both sides of
each sample to serve as electrode material and fired in
a tube furnace at 930°C for 10 min. To achieve uniform
electrodes and to avoid bubble formation in the platinum
paste, controlled heating and cooling rates were used.
Temperature-dependent impedance spectroscopy was con-
ducted in a tube furnace equipped with an impedance ana-
lyzer (Novocontrol), in the frequency range of 0.1 Hz to
1MHz, with an amplitude of 0.1 V in the temperature range
of 100 to 700°C. The impedance data were evaluated with
the RelaxIS software (rhd instruments).

2.3 | Nanoindentation tests

Nanoindentation tests were performed on the same thin
samples in Section 2.2 prior to the impedance measure-
ments on the (001) surface, that is, on the 4 x 4 mm surface.
The choice of (001) surface is made as it can be chemically
etched to reveal the dislocations. Nanoindentation pop-in
and creep tests were conducted with a diamond Berkovich
tip (Synton-MDP) with the iNano system (Nanomechan-
ics Inc.). At least 25 indents were performed for the pop-in
study for each condition with a constant indentation strain
rate of 0.02 s~!. The spacing between the indents was set as
10 and 50 um for the Berkovich tip and large spherical tip,
respectively. In both cases, the spacing was about 80-100
times the maximum depth to avoid possible overlap of the
plastic zones.

To obtain the indentation creep data, the constant load
hold method was adopted,*>* with 10 repetitive tests per-
formed for each experimental condition. After a loading
segment with a constant strain rate of 0.02 s~! to a peak
load of 3 mN, the applied load was then held constant for
500 s before unloading. The peak load of 3 mN was selected
to ensure that no cracks were induced in the samples.*’
The tip area function and frame stiffness were calibrated
on fused silica according to the Oliver-Pharr method.*!

2.4 | Bulk compression tests

Bulk compression tests were performed on single-crystal
SrTiO; specimens (~ 2x2 x4 mm) along the [001] direction
down the long axis at room temperature, in a load frame
(Z010 Zwick/Roell) using a constant strain rate of 10™* s 1.

2.5 | Surface characterization

After the mechanical tests, the (001) surfaces were chem-
ically etched in 15 ml. 50% HNO; with 16 drops of 50% HF
for ~20 s to reveal the dislocation patterns on the surface.
The surface and etch pit patterns were characterized in a
scanning electron microscope (SEM, Tescan Mira3-XMH)
with an acceleration voltage of 5 kV. A thin carbon layer
was deposited onto the sample surface to reduce the charg-
ing effect during SEM imaging. The surface characteriza-
tion of the reference and reduced samples gives an iden-
tical pre-existing dislocation density of ~10'° m~2 for all
samples.

3 | RESULTS AND ANALYSES
3.1 | Impedance spectroscopy
measurements

The oxygen vacancy concentration in the reduced SrTiO3
samples is increased as compared to the reference samples.
During the reduction step, oxygen vacancies and electrons
are induced Of — V; + 2¢’ +1/20,. Despite electronic
conductivity being possibly dominant, oxygen vacancies
are induced as well. Depending on the temperature and
defect chemistry of the pristine sample, either electronic
or ionic conductivity is dominant.*> The reduction in form-
ing gas (Ar + 2.4% H,) is expected to be stronger than the
reduction treatment in N,. Therefore, we probed the differ-
ence in the vacancy concentrations for these two samples
(STO-Ref and STO-H,) as two extreme cases. The results in
Figure 1A verify that the reference sample has higher elec-
trical resistance (lower conductivity) at the investigated
temperature. As the conductivity does not change at given
temperature and oxygen partial pressures, the lower con-
ductivity in the reference sample indicates a lower oxygen
vacancy concentration. The activation energy (Figure 1B)
for the reference sample determined from the Arrhenius
plot (0.75 eV) points toward a contribution from ionic con-
duction at temperatures below 400°C.** The STO-H, sam-
ple exhibits lower activation energy (0.70 eV) and overall
higher conductivity (lower resistance, Figure 1A), suggest-
ing a change in conduction mechanism and a higher oxy-
gen vacancy concentration. Note the error bar (standard
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FIGURE 1 (A)Nyquist plot of impedance for the studied samples at 300°C, featuring lower resistance (higher conductivity) for STO-H,

(B) Arrhenius plots of electrical conductivity for STO-Ref and STO-H, in the temperature range of 100 to 350°C

deviation) for both activation energies is about 0.004 eV,
excluding the possible overlap of the activation energies
for both samples. In addition, because of the rather exten-
sive reducing atmosphere, it is likely that the material
transitioned from the p- to the n-minority charge car-
rier regime. The increase in conductivity hints toward it
because a reduction in conductivity would be expected in
the case of the p-regime.*> Moreover, it can be seen that
both Arrhenius plots in Figure 1B start to overlap at higher
temperatures (~350°C). This likely indicates an equilibra-
tion of the defect chemistry with the environment and the
onset of chemical diffusion during the impedance mea-
surement. It is worth noting that with impedance spec-
troscopy, only qualitative information can be obtained
regarding the increase in oxygen vacancy concentration. To
determine the exact values of the induced oxygen vacancy
concentrations, one may advance to positron annihilation
spectroscopy investigations, which is beyond the scope of
this study.??*3

3.2 | Nanoindentation pop-in tests:
incipient plasticity

In order to elucidate the effect of oxygen vacancy on dis-
location nucleation, we first performed nanoindentation
pop-in tests using a Berkovich indenter (with an effec-
tive tip radius of R = 80 nm). The representative load-
displacement curves in Figure 2 illustrate the pop-in events
for the same nanoindentation testing condition on STO-
Ref, STO-N,, and STO-H,.

According to Hertzian elastic theory in contact
mechanics,”®* the elastic deformation prior to the
pop-in can be described by P = %Er V/RR3/2,284 where

0.30
= STO-Ref
025 4 STO-N,
e STO-H,
S 020}
£ Hertzian fit
g 0.15 R =80 nm
o .
|
0.10
0.05
0.00 ' ;
0 5 10 15 20 25 30
Displacement (nm)
FIGURE 2 Representative load-displacement curves on

STO-Ref, STO-N,, and STO-H, with an effective indenter tip radius
of R = 80 nm. The pop-in events are indicated by arrows and the
Hertzian elastic fit by the solid blue line

P is the load, E, the reduced modulus, h the indenta-
tion depth, and R the effective tip radius. The reduced
modulus,E,= 225 GPa, is calculated from the elastic

1-v?2  1-v,?
constants of indenter and specimen by - = — >

+ b
E; Eq

with E;= 1140 GPa and v;= 0.07 for the dlamond tip,
E,= 264 GPa and v,= 0.237 for SrTiO;* assuming elastic
isotropy. Note that the elastic regime before the pop-in
event overlaps for the studied samples, indicating an
identical elastic behavior. Furthermore, using the onset
load of the first pop-in allows for the computation of the

)1/3 28,44

maximum shear stress,Tpq.; = O. 31( 3R2 Ppop—in
The maximum shear stress is responsible for dislocation
nucleation beneath the sharp indenter. The statistical
distribution of the maximum shear stresses obtained
from multiple indents for all three sample conditions is
presented in Figure 3.
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FIGURE 3 Maximum shear stress calculated at the first pop-in

event for all samples treated under different conditions (i.e.,
STO-Ref, STO-N, and STO-H,) using the same effective indenter tip
radius R = 80 nm

The pop-in stress distribution in Figure 3 clearly fea-
tures a decreased maximum shear stress for the reduced
samples (blue triangles and red dots), compared to the
reference sample (black square dots). The average maxi-
mum shear stress for the reference sample was ~16.8 GPa,
which is about the theoretical shear stress estimated by
T = G/2m = 17GPa, where G = E/2(1 +v) is used for
isotropic elasticity. The close resemblance for the theoret-
ical shear stress with the experimentally obtained maxi-
mum shear stress in the reference sample suggests homo-
geneous dislocation nucleation.’®*® It is worth mention-
ing that Javaid et al.*’ have recently performed molecu-
lar dynamics simulations on the dislocation nucleation in
single-crystal SrTiO5 on the (001) surface with an inden-
ter tip radius of 32 nm. They have reported a similar level
of maximum shear stress (slightly higher than in Figure 3
due to the smaller tip radius in simulation) and observed
the dislocation nucleation on the {110} plane, which is 45°
inclined to the surface being indented.

For both reduced samples (STO-N, and STO-H,),
lower pop-in stresses with an average value of ~15 GPa
were featured in Figure 3. As no change in dislocation
density during the reduction process was induced, the
stress distribution in Figure 3 confirms the assumption
that higher content of oxygen vacancies induced by the
reduction treatment facilitates dislocation nucleation and
is consistent with the concept of point defects acting as
possible dislocation sources.’****3 It is further noted that
no significant difference in pop-in stress distribution for
STO-N, and STO-H, samples was observed using the
indenter tip radius of R = 80 nm.

Considering the fact that the reduced samples were ther-
mally treated at 700°C for 24 h during reduction treatment
and then cooled down to room temperature prior to the

2
m  STO-Ref
A STO-N, [
r e STO-H,
0O}
£-r
=
2+ Slope:
STO-Ref: 1.02/GPa
3l STO-N,: 0.99/GPa
¢ A . STO-H,: 0.80/GPa
-4 | | 1 |

1 s s | s | s L | s
12 13 14 15 16 17 18 19
Maximum shear stress (GPa)

FIGURE 4 Plot of In[-In(1-f)] as a function of the maximum
shear stress, 7, for all tested samples. The slope is determined by the
linear least-squares fitting procedure. Note that for a realistic fitting,
the three data points approaching the lower regime of the
maximum shear stress distribution for the STO-N, sample have
been excluded during fitting

nanoindentation tests, it is necessary to rule out the pos-
sibility that the pop-in behavior for the reduced samples
was affected by the potential surface change caused by the
thermal treatment. To this end, further tests on a separate
sample (annealed at 700°C for 24 h in air and then cooled
down to room temperature, denoted as STO-An in Supple-
mentary Materials, Figure S1) were carried out. The almost
perfect overlap of the statistical distribution of the pop-in
data for STO-Ref and STO-An (Figure S1) verifies that a
thermal treatment at 700°C in air is not changing the dis-
location nucleation in the near-surface region.

Further, the cumulative probability f for the maximum
shear stress 7 corresponding to the pop-in (Figure 3) can be
correlated by**:

In[~In(1— )] = =7+ W

where 3 is a weak function of the shear stress, k is Boltz-
mann constant, T is the absolute temperature, and V'is the
activation volume for dislocation nucleation at the onset
of pop-in. According to Schuh’s model,**~° the activation
volume can be calculated based on the distribution of max-
imum shear stresses for the three different samples. By
plotting the pop-in data according to Equation (1), the acti-
vation volume can be obtained by multiplying the slope
(Figure 4) with kT. Take T=293K, k=138 x 10723 J/K, and
the fitted slope values, the activation volume for disloca-
tion nucleation is calculated to be 4.12 + 0.16 A3 (STO-Ref),
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FIGURE 5 Maximum shear stress calculated for the first
pop-in event for samples treated under different conditions (i.e., FIGURE 6 Plot of In[-In(1-f)] as a function of the maximum

STO-Ref, STO-N, and STO-H,) using an effective indenter tip radius
of R=25um

4.00 + 0.20 A3 (STO-N,), and 3.23 + 0.16 A3 (STO-H,),
respectively. The activation volumes in all three cases are
consistently smaller than one atomic volume, indicating
a single-atom migration for dislocation nucleation.”* The
slightly smaller activation volume in reduced samples sug-
gests the participation of oxygen vacancies (with a smaller
volume) in the course of dislocation nucleation. We also
note that the value of STO-N, lies between that of STO-Ref
and STO-H,, which is expected.

In addition, indentation pop-in tests with a large tip
radius (R = 25 um) were performed for comparison with
the smaller tip radius, and the distribution of the pop-in
stresses for all three samples is demonstrated in Figure 5.
By comparing Figures 3 and 5, a general trend is observed:
The maximum shear stress for a larger tip radius is much
smaller than that of the smaller tip radius. In addition, a
reversal in the pop-in stress distribution from nanoscale
(R = 80 nm) to microscale (R = 25 um) was confirmed for
the reference and reduced samples. The term reversal is
used to describe that for small tip radius (R = 80 nm), the
pop-in stress distribution is higher for the reference sam-
ple than the reduced ones, but it is the other way around
for the large indenter tip (R = 25 um). This is similar to
that recently reported in single-crystal SrTiO; by tuning
the Sr/Ti ratio.'” The underlying mechanisms will be ratio-
nalized in Section 4.1.

Similar to the approach demonstrated in Figure 4 for
indenter tip with R = 80 nm, the pop-in stress distribu-
tion for R = 25 um is re-plotted in Figure 6 according to
Equation (1). With the fitted slopes (in Figure 6), the acti-
vation volumes for dislocation nucleation are calculated as
30.97 +1.74 A3,22.72 + 0.93 A3, and 13.55 + 0.57A° for STO-
Ref, STO-N,, and STO-H,, respectively. We also note that
the value of STO-N, lies in between that of STO-Ref and

shear stress 7, for all tested samples. The slope is determined by the
linear least-squares fitting procedure

STO-H, as in the case of smaller indenter tip in Figure 4.
The much larger activation volumes calculated for the
large indenter tip suggest heterogeneous dislocation nucle-
ation involving multiple atoms/vacancies®® or motion of
pre-existing dislocations. Moreover, it is worth noting that
for large indenters, the stress required to activate pre-
existing dislocations is much smaller and not necessar-
ily required up to the maximum shear stress.>” Therefore,
using the maximum shear stress would lead to an under-
estimation of the activation volume, according to Equa-
tion (1). Thus, the activation volumes calculated above can
be viewed as the lower bound.

3.3 | Nanoindentation creep tests:
dislocation motion

During the pop-in process for large indenter tip, the
activation and glide of the pre-existing dislocations may
become relevant. To this end, the mobility of the pre-
existing dislocations in the reference and reduced samples
were quantified using nanoindentation creep tests. The
complication of crack formation in nanoindentation creep
tests was excluded by choosing a small peak load (3 mN in
this case), according to Javaid et al.”* They demonstrated
crack-free indentations with a Berkovich indenter for load
up to 3 mN, and cracks only started to appear at load larger
than 5 mN.

The representative curves for nanoindentation creep
displacement and nanoindentation creep strain rate as a
function of time are plotted in Figure 7 for all three sam-
ples. The averaged (over 10 tests for each condition) inden-
tation creep strain rate as a function of time (Figure 7B)
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FIGURE 7 (A)Representative nanoindentation creep displacement-time curves. The tests were performed with an indenter radius R =
80 nm for 500 s with a constant load hold of 3 mN. The time ¢ = O refers to the start of the load holding. (B) Creep strain rate-time curves, the

error bars are calculated based on 10 repetitive tests

features a higher creep strain rate of the reference sample
than those of the two reduced samples. As the creep time
increases, the creep strain rate decreases, approaching an
approximately steady-state creep at t > 400 s.

The relevant creep mechanisms available at room tem-
perature for single-crystal SrTiO; are dislocation glide and
oxygen vacancy diffusion. The origin of the lower creep
strain rate in reduced samples is suggested to lie in the
higher oxygen vacancy concentration (Section 3.1). An
abundance of oxygen vacancies is suggested to interact
with the dislocations and decrease dislocation mobility.

In SrTiO3, cations are immobile at room temperature.”!
Strontium vacancies do not follow the dislocation motion
and, hence, cannot result in solute drag. However, with a
diffusivity of D= ~107 ¢cm? s71,** oxygen vacancy dif-
fusion is much faster at room temperature. The diffusion
length is estimated by [ = \/m Assuming t = 10 s for
the time scale for the nanoindentation test, it gives [ =
10 nm. Consider the dislocation density under the inden-
ter (~10"*/m?),*" the spacing between the dislocations is
about 100 nm. Considering these two length scales, the
interaction between the mobile dislocation and the oxygen
vacancy is expected during the time and spatial scale in the
creep experiment, leading to possible solute strengthen-
ing and hence lower mobility of the dislocation in samples
with higher oxygen vacancy concentration. Furthermore,
the possible charging effect of the mobile dislocations™
and the oxygen vacancies may lead to a more amplified
hardening effect. According to the high-resolution trans-
mission electron microscopy (TEM) characterization of the
dislocation cores in SrTiO; by Gao et al.,” the dislocations
cores are positively charged, thus a repelling interaction
with the positive oxygen vacancies during the dislocation
gliding is expected. This argument is further supported by
the slight increase in hardness for STO-H, (~12.2 GPa) in

comparison to STO-Ref (~12.0 GPa) at the same nanoin-
dentation depth of ~400 nm. It is worth mentioning that an
analogous mechanism was reported recently for disloca-
tion motion in ZrO, where fast oxygen vacancies segregate
to dislocations® and in hydrogen embrittlement where
hydrogen aggregation at dislocations is believed to result
in solute drag and hardening.3348-55:5

3.4 | Bulk compression tests

Bei et al.'® proposed that the mechanical response during
indentation with a large spherical indenter could resemble
the macroscopic compression behavior. This concept is fur-
ther validated by the analogous yielding behavior in bulk
compression’ and nanoindentation tests with a large ball
indenter (R = 25 um)'? in single-crystal SrTiO; with differ-
ent pre-existing dislocation densities.”” Here, in order to
compare the yielding behavior with the large ball inden-
ter (Figure 5), we further carried out bulk compression for
the two extreme cases, that is, reference and forming gas-
reduced samples.

The stress-strain curves for bulk compression are pre-
sented in Figure 8. The yield strength is determined at the
intersection of 0.2% strain due to the lack of a clear yield
point in the stress-strain curves. Contrasting the large
difference in the yield strength with different pre-existing
dislocation densities by Nakamura et al.,” the difference
in the yield strength between the reference and reduced
samples (Figure 8) is marginal. The possible underlying
mechanisms for such similar yielding behavior in the
bulk deformation for both conditions are discussed later
in Section 4. Moreover, the yield strength in the current
work is comparable to the previously reported values by
various groups. Table 1 summarizes the yield strength
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TABLE 1 Summary of yield strength for single-crystal SrTiO; along [001] direction in bulk compression tests performed at room
temperature
Sample geometry Pre-existing dislocation
Yield strength (MPa) Strain rate (s™) (mm?) density (m—2)
Reference (this work) 142-147 1074 ~2X2X4 ~10%°
Reduced (this work) 135-142
Brunner et al.® ~120 107* 25X2.5%6 NA
Brunner* ~120 21x107* 2.5X2.5%6 8x 10"
Taeri et al.* ~ 140 107* 25X2.5%6 8x 10"
Yang et al.”’ 45 1074 3X3X6 4.8 x 108
Patterson et al.*® ~118 10~ 4%x4%x8 ~ 10"
~ 120 107>
Nakamura et al.’ 119 107> 3x3X%X75 ~ 101
112 107> 3X3X75 ~ 10"

Note: The symbol ~ is used for approximation based on the published data unless the values were specified in the references.
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FIGURE 8 Stress-strain curves for bulk compression tests for

samples under two different conditions: reference samples (black,
STO-Ref) and forming gas-reduced sampled (red, STO-H,). The

strain rate is 107 s

of bulk compression tests on single-crystal SrTiO; along
the [001] orientation (same as in the present work). An
anomaly, however, was detected for the yield strength
obtained by Yang et al.”’ The much smaller yield strength
(45 MPa, about a third of the values reported by the others)
is most likely due to the exceptionally high pre-existing
dislocation density (4.8 X 10'* m~2) in their sample.

4 | DISCUSSION

4.1 | Effectofindenter tip radius on
pop-in stress

The effect of tip radius on the pop-in stress exhibits two
noticeable features: (i) the pop-in stress for a smaller tip

radius (Figure 3 with R = 80 nm) is much higher than that
with a larger tip radius (Figure 5with R = 25 um); (ii) a clear
reversal of the pop-in stress distribution for the reference
and reduced samples is observed for the above two tip radii.

The first feature clearly confirms the indentation pop-in
size effect originally identified in single-crystal metals.”’-*8
The pop-in size effect is fundamentally different from
the traditional indentation size effect in hardness®
but is related to the stress needed to initiate the incipient
plasticity.”” For a small indenter tip radius (R = 80 nm), the
stressed volume beneath the indenter tip is correspond-
ingly small and can be dislocation-free'*’ (see Figure
S3 for estimation; practically zero dislocation is found
in the stressed volume). This would require normally
homogeneous dislocation nucleation*® to accommodate
the incipient plasticity as in the reference sample. With
increasing tip radius (R = 25 um), the probability of
probing pre-existing dislocations increases'” (see Figure
S3 for estimation; about six pre-existing dislocations in the
stressed volume); hence, heterogeneous dislocation nucle-
ation and/or motion of pre-existing dislocations governs
the incipient plasticity. In addition, under indentation
with the large spherical tip (R = 25 um), the motion of
a large number of dislocations might be simultaneously
activated, the formation of junctions between which can
be largely promoted by the presence of vacancies. The
pop-in events may also be caused by the breaking of those
junctions and require a higher level of stress than just
the lattice friction stress (which is about 90 MPa at room
temperature)®” for dislocation gliding in SrTiOs.

The second feature can be understood by considering
the dislocation- point defect interaction within the frame-
work of the indentation pop-in size effect. For a small
tip radius, the reduction treatment generates a higher
concentration of oxygen vacancies to facilitate dislocation
nucleation in a heterogeneous manner, giving lower
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pop-in stress when compared to the reference sample (Fig-
ure 3). For large tip radius, the abundant oxygen vacancies
in reduced samples may accumulate to the space-charged
zone of the pre-existing dislocations (as in the case
of SrTiOs, it is widely accepted the dislocation cores are
oxygen-deficient),*® suppressing the activation of such dis-
locations to accommodate the incipient plasticity. Hence,
higher pop-in stress is required in the reduced samples.

4.2 | Interaction between dislocations
and point defects

First, the nanoscale softening in the oxygen vacancy-rich
sample probed by nanoindentation pop-in tests (Figures 2
and 3) agrees well with the previous results by Yavas
et al.,%* who reported a vacancy-induced softening in cor-
roded metallic materials under nanoindentation and ana-
lyzed quantitatively by computational simulations at both
atomic and continuum level. Unlike in simulation, the fun-
damental challenge in our current experiment is the accu-
rate quantitative measurement of the vacancy concentra-
tion. Instead, a qualitative change of the oxygen vacancy
concentration using impedance spectroscopy and nanoin-
dentation pop-in statistics has been analyzed in the cur-
rent work. In addition, Figure S4 (in Supplementary Mate-
rials) does reveal a vacancy gradient effect (higher in the
near-surface, lower in the interior in the bulk) on the pop-
in statistics, which is very similar to the nanoindentation
results by Yavas et al.%* spacing from the grain boundary to
a distance away from it, where higher vacancy concentra-
tion is expected near the grain boundary.

Second, during the gliding of dislocations during inden-
tation creep tests (Figure 7), they would interact with point
defects (as well as dislocation-dislocation interaction).
Such dynamic interaction may lead to dislocation locking
and unlocking, leading to fluctuations in the experimental
curves (Figure 7) as well as reported in simulation by
Xiong et al.**® The possibly charged dislocations may
further enhance these fluctuations in ionic crystals during
dislocation motion®” as well as the charged points (e.g.,
oxygen vacancies). However, the fluctuations observed
in the creep displacement-time curves are in the sub-
nanometer range and, thus, close to the underlying noise
of the displacement signal (< 0.1) of the instrument.
Therefore, a more elaborate experimental validation and
computational simulation are desirable for investigating
the underlying mechanisms.

Moreover, it is noted that the creep strain rate curves
for STO-H, and STO-N, almost overlap with each other
(Figure 7B). As discussed above, the mobility of disloca-
tions during the creep tests can be a collective and aver-
aged outcome of the interaction of dislocation-dislocation

and dislocation- point defects, which is different from the
stage of dislocation nucleation as the incipient or onset of
plasticity during indentation pop-in.

4.3 | Yield strength of bulk deformation
At first glance, the negligible difference in the yield
strength of bulk deformation for reference and reduced
(forming gas) samples seems to contradict the pop-in data
from large indenter tip radius.!® However, a closer exami-
nation of the bulk compression samples suggests two pos-
sible reasons that might have smeared out the effect of
oxygen vacancies on the bulk deformation for the reduced
samples.

First of all, the results in Figure S4 (Supplementary
Materials) confirm that a gradient of oxygen vacancy con-
centration in the bulk sample is created by the reduc-
tion treatment. The effect of reduction treatment on the
pop-in stress decrease is most evident in the near-surface
region. While approaching the center of the bulk sample,
the effect diminishes and resembles that of the reference
sample. Therefore, unlike the large indenter (R = 25 um)
that probed the more strongly reduced near-surface region
(about several um beneath the surface, see Section S4 in
Supplementary Materials), the reduction effect for the uni-
axial bulk compression tests may well have been averaged
out.

Second, the bulk samples (about 2 X 2 X 4 mm? in
dimension) were prepared by cutting an as-received
crystal with a dimension of about 4 X 4 x 8 mm? using a
diamond wire saw. Although the cut surfaces were sub-
sequently polished to reduce the major surface damage
from cutting as well as the surface dislocation densities,
yet the cutting traces on the sample edges are still visible
(Figure S2 in Supplementary Materials). Such cutting
traces have been found to be mainly accommodated by
dislocations as evidenced by the etch pits after chemically
etching the surface perpendicular to the cutting plane
(Figure S5 in Supplementary Materials). In addition, fresh
dislocations induced by sprinkling the surfaces with fine
particles have been found to significantly influence the
yield strength in single-crystal MgO (another well-studied
ductile oxide)."” The effect of pre-existing dislocation
density on the yield strength of SrTiO; was also indicated
in Table 1 in Section 3, where Yang et al.”’ reported
a much lower yield strength due to the much higher
pre-existing dislocation density. Considering that both
MgO and SrTiO; have cubic structures and have the same
slip systems {110} < 110 > at room temperature,*% it
is reasonable to assume that the newly induced surface
dislocations on the surface of bulk samples from cutting
(yet not completely removed during subsequent polishing)
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are playing a more dominant role than that of the oxygen
vacancies in the bulk deformation. While for the inden-
tation tests, due to the near-surface probed volume and
hence limited number of dislocations (see evaluation in
Figure S3), the vacancies are playing a more evident role in
affecting the dislocation behavior. Such a gap between the
nanoindentation and bulk tests has been discussed to be
attributed to the different dominating dislocation activities
at the nano-/microscale (dislocation nucleation/motion)
and the macroscale (dislocation motion/multiplication).’’

5 | CONCLUSION

The tunable nano-/microscale yielding behavior (i.e., the
incipient plasticity) of single-crystal SrTiO; is demon-
strated by defect chemistry engineering and nanoindenta-
tion tests. The reduction treatment for SrTiO; increases
the oxygen vacancy concentration, which promotes dis-
location nucleation at the nanoscale as evidenced by the
lower pop-in stress using a sharp indenter (tip radius
R = 80 nm). On the other hand, the nanoindentation
creep tests suggest that the dislocation mobility in the oxy-
gen vacancy-rich samples is decreased, most likely due
to a solute drag effect of the oxygen vacancies acting
on the dislocations. Contrary to the evident change of
the dislocation-based mechanical properties at the nano-
/microscale, the yield strength for samples in bulk com-
pression exhibits a negligible difference in the current
experiment. Such a gap may be attributed to the different
dominating dislocation activities at the nano-/microscale
(dislocation nucleation/motion) and the macroscale (dis-
location motion/multiplication). Contrasting the notice-
able change of the yield strength due to the simultane-
ous modification of both dislocation density and point
defect concentration,”!” the effect of point defects in the
current reduction treatment is most evident at the nano-
/microscale but negligible for macroscale deformation.
Our work suggests that the reduction treatment may be a
more effective approach for tuning the dislocation plastic-
ity at a small scale for potential nano-/microscale devices.
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