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Ceramics are widely perceived as brittle. Recent research showed that the deformability of brittle ceramics
can be improved by introducing defects, e.g., dislocations and stacking faults, into the ceramics using
flash sintering. However, many ceramic materials, including TiO,, have limited room-temperature dis-
location mobility. In this work, we explored a potential route to toughen ceramic materials by introducing
oxygen vacancies into rutile TiO,. Nanoindentation method was employed to investigate the deformation
behavior of the oxygen-deficient TiO,_,. Detailed post-deformation transmission electron microscopy
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analyses revealed a significant increase in dislocation density. The improved fracture toughness is attribu-
ted to the abundant dislocation plasticity in reduced TiO, with abundant oxygen vacancies. This study
provides insight into understanding the influence of point defects and dislocations on the deformation
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1 Introduction

Oxide materials widely employed in many industrial appli-
cations are known for their high strength but low fracture
toughness. In contrast, in metallic materials, dislocations act
as the primary plasticity carriers, allowing plastic deformation
to occur without catastrophic failure." Compared to metals,
the dislocation density is often low in ceramic materials due to
the prolonged high-temperature sintering process required for
their densification.>™ In addition, dislocation nucleation and
dislocation mobility are highly restricted due to their rigid
ionic and covalent bonding and large Burgers vector.” The
limited pre-existing dislocation population and the difficulty
in dislocation nucleation during deformation lead to limited
plasticity in ceramics. One method to alleviate this dilemma is
by introducing pre-existing defects into ceramic materials.
Numerous studies have shown that flash-sintered ceramics
contain abundant dislocations.”™" Li et al. showed using the
in situ micropillar compression technique in a scanning elec-
tron microscope that flash-sintered TiO, has substantial room-
temperature plasticity.'"’ Porz et al. demonstrated that an
enhancement in fracture toughness in both single crystalline
and polycrystalline SrTiO; can be achieved by the introduction
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behavior of ceramic materials towards the future designs of ductile ceramics at room temperature.

of high-density pre-existing dislocations (pgis; > 10'* m™2).*

Another factor contributing to this toughening behavior is the
room temperature dislocation mobility in SrTiO;. The intro-
duction of high-density pre-existing dislocations allows dis-
locations to move at a shear stress as low as 60 MPa without
the necessity to reach 17 GPa in the case of dislocation
nucleation.”'? This phenomenon can potentially be replicated
in many other ceramic systems with perovskites, wurtzite, and
sphalerite structures to enable room-temperature dislocation
mobility.>***** As a result, most explorations of dislocation-
based ceramic plasticity have focused on the aforementioned
categories.*™® The introduction of dislocations is typically
achieved by severe mechanical deformation.****>*”

The recent progress in the rapid densification of ceramics
using flash sintering has led to the ability to introduce mul-
tiple classes of defects such as oxygen vacancies,'®>?
dislocations,® ' planar faults,®'"** and secondary phases.
Extensive microscale deformation studies have revealed that
the pre-existing defects introduced during the rapid densifica-
tion process can effectively enhance the deformability of
ceramic materials even at room temperature.” " Intriguingly,
ceramic materials such as rutile TiO,, which were previously
believed to have very limited dislocation mobility at room
temperature, exhibit enhanced deformability after flash
sintering.>'»*® In flash-sintered oxides, another important
type of defect besides dislocation is point defects, such as
oxygen vacancies, which are formed through the electro-
chemical reduction reaction.'®'*?**?¢%  Pprevious investi-
gations on oxygen-deficient TiO, suggest that oxygen vacancies
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can potentially reduce the critical resolved shear stress (zcrss)
in TiO, and lead to higher hardness owing to work-hardening
compared to its stoichiometric counterpart.’*>* A similar
effect in reducing shear stress due to oxygen vacancy was
recently reported by Stich et al. on single crystalline SrTiO;.*
However, to date, systematic investigation on the deformation
behavior of oxygen-deficient ceramic materials is still lacking,
which is essential for the exploration of defect-enabled plas-
ticity in ceramic materials.

Rutile TiO, is chosen here as the model system for investi-
gating the influence of oxygen vacancy on the deformation be-
havior because of the following considerations: (1) TiO, and its

substoichiometric forms are technologically important
materials serving in broad fields including
microelectronics,>*” photocatalysis,**™** batteries,”*™*> and

photovoltaics.*® (2) Oxygen vacancy is one of the key defects in
many of the aforementioned applications.****%” (3) The influ-
ence of oxygen vacancy on the lattice structure of TiO, has
been well studied.*®*>> (4) There are limited studies on the
deformation behavior of rutile TiO,.2°**** Understanding the
deformation behavior of TiO,, especially under the influence
of oxygen vacancies, is essential because mechanical stress
often occurs during the fabrication, integration, or operation
of devices in real-world applications.” For instance, in micro-
electronics and battery electrodes, stress-induced deformation
can lead to cracking, delamination, or performance
degradation.’®"" Oxygen vacancies not only affect the electrical
and catalytic properties of TiO,, but may also influence its dis-
location motion and plasticity.”> Therefore, studying the
mechanical response of oxygen-deficient TiO, provides valu-
able insights into its structural stability and reliability in
service environments.'” The solubility limit of O vacancy in
rutile TiO,_, is x ~ 0.005.*° Before the concentration of O
vacancy reaches the solubility limit, the rutile lattice initially
expands due to the transformation of Ti** ions to Ti** ions and
increase in the Ti-O bond length.*®

After the oxygen concentration exceeds the solubility limit,
oxygen vacancies coalesce and form crystallographic shear
planes (CSP) locally, leading to contraction of the lattice
parameters.*®*>** The primary slip system for rutile TiO, is
{101}(101) and occasionally {110}[001].>* The previous litera-
ture has shown the strong correlation of pop-in events with the
pressure-displacement (P-h) curves from nanoindentation
experiments in ceramic materials. One of the concerns for
using pop-in events to investigate the slip occurrence in cer-
amics is that they can also be caused by crack formation.>
Therefore, the calculated z¢grgg for a specimen under each con-
dition has to be compared to the theoretical shear strength
(zen) of the material, which can be estimated as follow:”

G E
Tth & — & — (1)
2r 16

where G and E are the shear modulus and Young’s modulus of

the crystal, respectively, which can be measured by nanoinden-
tation experiments.

This journal is © The Royal Society of Chemistry 2025
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In this work, a (001) rutile TiO, single crystal was used to
investigate the deformation behavior of a crystal with two
levels of oxygen deficiency. The employment of a single crystal
grown by the floating zone method with the typical pgis < 10"°
m~2 (ref. 4) combined with annealing before treatment rules
out the effect of pre-existing dislocations in the crystals. The
mechanical strength and toughness of TiO, can be tailored by
varying the O stoichiometry. This study provides insights into
a potential method to toughen brittle ceramic materials
through defect engineering.

2 Materials and methods

2.1 Material preparation

The (001) rutile TiO, single crystal specimens (99.99%, MTI
Corporation) were grown via the floating zone method, and
subsequently EPI polished to have a surface roughness smaller
than 5 A. The single crystal substrate was sectioned into three
pieces along the [100] direction. The rutile TiO, single crystal
specimens used in this study are commercial single crystal
substrates and their thickness is 0.5 mm. The sectioned speci-
mens were subjected to heat treatment using an OTF-1200X
furnace (MTI Corporation). A schematic illustration of the heat
treatment history for the three specimens is shown in Fig. 1(a).
All specimens were annealed at 600 °C for 300 min under
atmosphere to remove potential preexisting oxygen vacancies
from the product, and then the specimens were allowed to
cool in the furnace. The specimen that was annealed only
under atmosphere was labeled as pristine (PR) condition. The
other two specimens were annealed at 700 °C for 60 min (R1)
and 450 min (R2), respectively, with a constant flow of ultra-
high purity 5% H, and 95% Ar gas mixture.

The transmittance spectra of the heat-treated specimens
were collected using a Lambda 1050 with a 3D detector in the
wavelength range of 240 to 1500 nm. X-ray diffraction (XRD)
analyses were carried out using a PANalytical Empyrean X’pert
PRO MRD diffractometer with a 2 x Ge (220) hybrid monochro-
mator to select Cu Ko;.

2.2 Mechanical property measurement

A Brucker TI premier nanoindenter equipped with a Berkovich
indenter tip with an effective tip radius of 500 nm was
employed to perform the indentation experiments along the
[001] direction of the single crystal specimens under load-
control mode. The maximum load (Py,,,) for each indent was
15 mN. A schematic of the indentation setup can be found in
Fig. 1(b). 25 indents were performed on each specimen to
ensure reproducibility. The fracture toughness was calculated
based on the crack lengths measured from the SEM images of
the indents. For each sample, 50 cracks were analyzed to
ensure statistical reliability. The crack length was defined as
the straight-line distance between the two tips of each radial
crack emanating from the indent. The Oliver-Pharr method
was employed to perform tip calibration on fused quartz
before the indentations.>®

Nanoscale, 2025,17, 20338-20350 | 20339


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02684a

Open Access Article. Published on 12 August 2025. Downloaded on 4/4/2026 1:12:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

—_
)
-

Air Ar+5%H, ——> (b)

700 °C

600 °C

Berkovich indentation

TiO,, Rutile, tetragonal

\4

Temperature (°C)

= :
60 mins 450 mins
R1 R2

1 Room temperature

Time (min)

Fig. 1

Nanoscale
(c) prR (f) 7o} ;
i : : PR
fio: _« = B
r E
(d) B : LR ! Reduction time
I.O g ! ! increase
102 £ 30 :
s i i
R2 = 20 | :
(e) ol 08
—
'lOZ . !
250 500 750 1000 1250 1500

Wavelength (nm)

(a) Schematic of the heat treatment history of each specimen. (b) Schematic of the nanoindentation experiment design. (c—e) Optical images

of the pristine (PR) single crystal TiO,, R1 (700 °C per 60 min) and R2 (700 °C per 450 min) specimens, respectively. (f) Transmittance profile of the

specimens in the wavelength range of 240 to 1500 nm.

2.3. Microstructure characterization

Scanning electron microscopy (SEM) analysis was performed
using a Thermo Fisher FEI Quanta 3D scanning electron micro-
scope to examine the indents on each specimen. Furthermore,
transmission electron microscopy (TEM) experiments were con-
ducted to aid the understanding of the deformation behaviors
of TiO,. The preparation of the post-deformation TEM sample
was performed using a Thermo Fisher Helios G4 Duo-beam
SEM. Fig. S1 demonstrates a schematic illustration of the TEM
sample lift-out region with respect to the indent. Bright-field
(BF) and dark-field (DF) TEM experiments were conducted by
using a Thermo Fisher Talos 200X TEM microscope operated at
200 kv, while high-resolution scanning TEM (HRSTEM) imaging
was carried out using a Thermo Fisher Themis-Z operated at
300 kV equipped with a spherical aberration corrector. Crystal
misorientation angles were collected with an automated crystal
orientation mapping system, ASTAR, a precession electron diffr-
action-based technique developed by NanoMEGAS.

3 Results

3.1 Sub-stoichiometric TiO, produced by hydrogen reduction

Fig. 1c-e display the optical images of the PR, R1, and R2
specimens, respectively. An obvious color change (blackening)
can be seen in the hydrogen-reduced R1 and R2 specimens.
Fig. 1f shows the transmittance spectra of the three specimens
in the wavelength range of 250 to 1500 nm. The transmittance
spectrum of PR exhibits an average transmittance of 65% over
the range of 380 to 1500 nm (visible and near infrared range).
After hydrogen reduction, both the R1 and R2 specimens exhibi-
ted a sharp decrease in transmittance in the visible wavelength
range. The R2 specimen shows a peak transmittance of 20%
compared to that of ~30% for the R1 specimen in the same
wavelength range. The transmittance of both R1 and R2 dimin-
ished significantly in the near infrared wavelength range.

The inverse fast Fourier transform of the high-resolution
TEM (HRTEM) micrographs and corresponding FFTs of the
undeformed PR, R1, and R2 specimens in Fig. 2a-c were used

20340 | Nanoscale, 2025, 17, 20338-20350

to measure the interplanar spacing of their {200} planes (d,g)
and {002} planes (dgoz). The calculated lattice parameters for
each specimen are shown in Fig. 2d. After reduction in hydro-
gen for 60 min (R1), both lattice parameters along the a and ¢
axes expanded. The specimen that underwent longer reduction
treatment (R2) shows evident lattice contraction. In the unde-
formed lattice of PR (Fig. 2a) and R1 (Fig. 2b), no obvious
defect can be detected. The XRD patterns shown in Fig. 2(e)
reveal that the (002) diffraction peaks of the PR, R1, and R2
samples appear at different positions. Using the Bragg
equation, the corresponding lattice constants (c-values) were
calculated and presented in Fig. 2(f). As the reduction time
increases, the lattice constant c¢ first increases, and then
decreases, exhibiting a trend that is consistent with the inverse
FFT-based lattice measurements shown in Fig. 2(d).

3.2 Mechanical properties of TiO, prepared under different
reduction conditions

To introduce dislocations in the samples, we used a relatively
small load of 15 mN at a small indentation depth of 150 nm.
The load and depth were selected to ensure that the indenta-
tion marks were visible in the following SEM and TEM study
of the indented areas. 25 indents at the peak load of 15 mN
were performed on each specimen. Fig. 3a shows the load-
depth (P-h) curves for the three specimens. In Fig. 3(a), only
one representative P-h curve is shown for each condition. The
hardness values presented in Fig. 3(b) are the average values
calculated from 25 measurements. Fig. 3b and ¢ summarize
the average hardness and average first pop-in loads (P;;) for
the specimens, respectively. The lightly reduced R1 exhibits an
obvious increase in hardness compared to the stoichiometric
PR. The heavily reduced R2 does not show a significant
increase in hardness compared to the R1 condition, although
it was reduced for a much longer time. Fig. 3c shows that
hydrogen reduction can effectively reduce P... The 60 min
reduction treatment was able to reduce the P, from 5.05 +
0.6 mN for the stoichiometric PR to 2.55 + 0.8 mN for the
slightly reduced R1. The P increased slightly to 3.48 +
0.5 mN for the heavily reduced R2 specimen.

This journal is © The Royal Society of Chemistry 2025
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(a) P—h curves for PR (black), R1 (blue), and R2 (red) specimens deformed to a Pnax of 15 mN. (b) Plot of the average hardness at different

oxygen concentrations. (c) Average first Poop.in @s a function of reduction time. (d) Average fracture toughness at different reduction times. (e—g)
SEM micrographs of the indents in the specimens loaded to the P,,,x of 15 mN with arrows pointing to the deformation-induced cracks.
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The fracture toughness (K.) for each specimen was calcu-
lated using the following equation:

2
a\05 (E\3P
K. = 0.016 (f) ) R (2)
Cc H c2

where a is the length of the vertex of the indent, [ is the length
of the vertex crack, c is the length from the center point of the
indent to the tip of the vertex crack (¢ = a + [), E is the Young’s
modulus of the sample, H is the hardness value, and P is the
max applied load (Ppax = 15 mN). The Young’s modulus and
the hardness values used for calculating K. for each specimen
are summarized in Table S1. As shown in Fig. 3d, after the
60 min reduction treatment, the K. of the single-crystal TiO,
increased from 1.81 + 0.3 MPa m"? to ~2.3 + 0.2 MPa m"2
Albeit having a similar hardness to R1, the R2 specimen
exhibited a further enhancement in fracture toughness (3.0 +
0.2 MPa m"’?) compared to R1. Fig. 3e-g show the SEM micro-
graphs identifying the cracks and measurements of a, ¢, and [
for the PR, R1 and R2 specimens, respectively.

3.3 Post-mortem deformation behavior analyses

To investigate the origin of the increase in hardness and frac-
ture toughness, detailed post-mortem TEM analyses were
carried out to investigate the deformation behavior of the
specimen with hydrogen reduction. Fig. 4a shows a cross-sec-
tional bright-field (BF) TEM micrograph of an indent on the
PR specimen. Immediately underneath the indent, stacking
faults (SF) with {101} and {101} habit planes can be observed.
The two sets of SFs intersect with each other as they propagate
downward. Dislocations that are trailing down from the SF can
be identified at the lower portion of the TEM specimen. The
propagation direction of dislocations is observed to be [002].
Fig. 4b shows the two-beam-dark-field (TBDF) TEM micro-
graph with g = [002] in the same region, which reveals the dis-
locations in bright contrast (labeled by white arrows).
Thorough g‘z? analysis revealed that the dislocations with
bright contrast in Fig. 4b mostly have the common b = [001]

View Article Online
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(an example of the full g - b analysis can be seen in Fig. S3 and
Table S2). The vertical dislocation lines with the line vector of
the [001] direction are screw dislocations with b = [001], while
the horizontal dislocation lines with the line vector of the [100]
direction are edge dislocations with b =[001]. The other
curved dislocations are classified as mixed dislocations with
b = [001]. Fig. 4c is an inverse pole figure (IPF) of the region in
Fig. 4a. The IPF reveals that the region under the indent
mostly has the same out-of-plane orientation. Fig. 4d demon-
strates the point-to-origin misorientation profile along line d
in Fig. 4c. According to Fig. 4d, most of the points crossing the
line have misorientation angles less than 10° with a few excep-
tions showing point-to-origin misorientation angles reaching
~40°. However, since there were no obvious crystallographic
defects detectable at those points, these spotty high misorien-
tation angle data can be attributed to the formation of dis-
locations and stacking faults after indentation.

Fig. 5a shows the cross-sectional BF TEM micrograph of the
indent on the R1 specimen. Similar to PR, intersecting SFs
with {101} and {101} habit planes can be observed. In addition,
thick shear bands (SBs) along {111} can be identified. These
SBs appear as distinct bands within the deformed region.
Notably, these features were not present in the PR or R2
samples. The HRTEM image in Fig. 5b reveals the presence of
(101) and (101) SFs. The corresponding FFT pattern shown in
the inset further confirms this finding, as evidenced by the
presence of two sets of intersecting streaks. Fig. 5¢ shows the
weak-beam DF micrograph of a similar region in Fig. 5a with
& = [002]. Edge, screw, and mixed dislocations with b = [001]
trailing down from the planar faults are evident in Fig. 5d.
Interestingly, in the region above the SBs, most dislocations
are (vertical) screw dislocations, whereas below the SBs, (hori-
zontal) edge dislocations appear to be the dominant dis-
locations. The IPF (Fig. 5d) clearly demonstrates a lattice trans-
formation region (purple color) underneath the indent. The
point-to-origin misorientation profile (Fig. 5e) of line d in
Fig. 5d reveals that the transformed region has a consistent
90° misorientation angle with the matrix. Fig. 6a shows a high-
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Fig. 4

(a) Bright-field (BF) TEM micrograph showing the cross-sectional view of the indent on the PR specimen deformed at a P, of 15 mN. (b)

Dark-field (DF) TEM micrograph of the region in (a) under two-beam condition with the g = [002]. (c) Inverse pole figure (IPF) of the same region in

(a). (d) Point-to-origin misorientation plot along line d in (c).
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(a) BF TEM micrograph showing the cross-sectional view of the indent on the R1 specimen deformed to a P,.x of 15 mN. (b) High-resolution

TEM (HRTEM) image showing the (101) and (101) stacking faults, marked by arrows, respectively. Inset: corresponding FFT pattern with two sets of
diffraction streaks confirming the presence of stacking faults. (c) WBDF TEM micrograph of the region in (a) with g = [002]. (d) IPF map of the region

in (a). (e) Point-to-origin misorientation plot of line d in (d).

Fig. 6 (a) High-resolution scanning transmission electron microscopy
(HRSTEM) micrograph of the R1 specimen in region e in Fig. 5(d), with
insets showing the atomic arrangement in the transformed region and
the matrix region. (b) Selected filtered IFFT micrograph showing the
(112) planes and (112)ghcar planes. (c) Selected filtered IFFT micrograph
showing the (011) planes and (011)hear planes. (d) Selected filtered IFFT
micrograph showing the (121) planes and (121).car planes.

resolution STEM (HRSTEM) micrograph of box e in Fig. 5d,
showing the atomic arrangement transformation from the
matrix to the transformed region. The Ti stacking sequence in
the undeformed matrix along the [311] zone axis is AAA, while
the Ti stacking sequence in the transformed zone shifted to
ACB. Super lattice spots with a periodicity of three that are par-
allel to the [121] diffraction spots can be observed in the
inserted FFT pattern (Fig. 6a). The crystallography analyses
revealed that after deformation, a stress-induced crystal

This journal is © The Royal Society of Chemistry 2025

rotation took place. The transformed region was identified as
rutile TiO, with a zone axis of [012],, which is parallel to the
[311]y, zone axis of the surrounding matrix. The detailed
inverse FFT analyses by selecting a pair of matrix spots and the
corresponding sheared spots are shown in Fig. 6b and c,
respectively. In Fig. 6b, the selected matrix spot corresponds to
the (112) planes and the corresponding sheared planes are
denoted as (112)shear- The sheared transition zone in Fig. 6b
shows an obvious (112) lattice plane shearing operation with
the 1[011] vector in every three atomic layers, which corres-
ponds well with the superlattice with periodicity of three. The
rutile (112) planes gradually deviated from their original orien-
tation as they went through the successive shear operations.
The (112)shear planes have an 8° deviation compared to the
original rutile (112) planes after the shearing deformation.
Fig. 6¢ shows the inverse FFT image of the (011) planes and
(011)shear planes. The lattice gradually rotated to have a 30°
deviation from the original (011) planes through the shear
operations of the (011) planes along the }[011]. Similar shear
operations along 2[011] in Fig. 6b and c can also be identified
for the (121) planes, as shown in Fig. 6d. The deviation of the
(121)shear from the original (121) planes is 3.5°. Furthermore,
interstitial loops can also be observed. The evolution from the
matrix to the transformed region can be attributed to the
result of a series of shear operations of (112), (011) and (121)
planes along the 1[011] vector.

The cross-sectional BF TEM micrograph of the indent for
the R2 specimen is shown in Fig. 7a. SFs with {101} and {101}
habit planes SFs can be found in the region underneath the
indent. Fig. 7b shows the TBDF of the same region in Fig. 6a
with § = [002]. In the deformed R2 specimen, vertical screw
dislocations with b = [001] are dominant, while few horizontal
edge dislocations can be seen. The IPF (Fig. 6¢) shows that the
lattice transformation in the deformed R2 crystal is highly
localized and has various configurations compared with the
continuous and single transformation configuration in the R1
specimen. The point-to-origin misorientation profile of line d
(in Fig. 7c) shown in Fig. 7d confirmed that in contrast to the
primarily 90° misorientation shown in the R1 condition, the
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(a) BF TEM micrograph showing the cross-sectional view of the indent on the R2 specimen deformed at a P, of 15 mN. (b) WBDF TEM

micrograph of the region in (a) with g = [002]. (c) IPF of the same region. (d) Point-to-origin misorientation plot along line d in (c). (e—g) HRTEM
micrographs showing various sub-stoichiometric phases in the corresponding region shown in (c).

lattice transformation has multiple configurations, including
65°, 30°, 45°, and 10°. Fig. 7e-g show HRTEM micrographs of
the boxed regions e, f, and g in Fig. 7c, respectively, showing
the atomistic arrangements of the deformed regions. The
transformed regions consist of highly ordered CSPs with the
habit planes of (110), (111), (201), (132), and (132).

TBDF TEM analyses revealed that the dislocation density
and configuration can vary drastically depending on the
oxygen reduction extent. The line interception method and
convergent beam thickness determination method were used
to estimate the dislocation density in each deformed
specimen.’”*® The dislocation density (p;) was estimated using
the following equation:>®

_Zn
TRt

A1 (3)
where 7 is the number of dislocation interceptions along the
line, R is the length of the line (2 pm), and ¢ is the thickness of
the TEM specimen foil. The thickness measurement for each
TEM specimen is shown in Fig. S4. The estimated dislocation
densities for the deformed PR, R1, and R2 crystals are 4.3 x
10" m™2, 7.5 x 10" m™2, and 6.3 x 10" m™?, respectively
(Fig. 8a). The deformed R1 specimen has the highest dis-
location density, which is a ~78% higher compared to the
deformed PR case. The further reduced R2 specimen shows a
slightly lower dislocation density compared to the R1 case. In
Fig. 4b, 5c, and 7b, dislocations can be observed under the
TBDF imaging conditions with the diffraction vector g = [002].

20344 | Nanoscale, 2025, 17, 20338-20350

Under these conditions, only dislocations with Burgers vector
b = [001] are visible. In the images, the vertical direction
corresponds to [001], while the horizontal direction corres-
ponds to [100]. This orientation arises from the sample prepa-
ration process, in which the FIB lift-out was performed on
single-crystal TiO, by sectioning parallel to the [100] direction,
with the cutting direction oriented along [001].

Therefore, the dislocations aligned along the vertical [001]
direction are parallel to b =[001], indicating that they are screw
dislocations. The dislocations aligned along the horizontal
[100] direction are perpendicular to b = [001], corresponding to
edge dislocations. The dislocations oriented in other direc-
tions are considered mixed-type. Based on these geometric
relationships, the densities of screw and mixed dislocations
were separately quantified. Fig. 8b illustrates the distribution
of the different dislocation types, screw, edge, and mixed, in
each specimen after deformation, and serves to demonstrate
how the variation in oxygen vacancy concentration affects not
only the total dislocation density but also the types of dis-
locations. The observed shift in dominant dislocation type
from screw dislocations in the pristine (PR) specimen to edge
dislocations in the lightly reduced R1 specimen, and back to
screw dislocations in the heavily reduced R2 specimen indi-
cates a clear correlation between the defect chemistry and
deformation mechanism. This variation is critical to under-
stand how oxygen vacancies influence the slip behavior, dis-
location mobility, and ultimately the plasticity and toughening
mechanisms in reduced TiO,. Thus, Fig. 8b is significant in

This journal is © The Royal Society of Chemistry 2025
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Fig. 8

revealing the underlying defect-mediated deformation path-
ways in response to different levels of oxygen deficiency. In the
deformed PR specimen, screw dislocation with b = [001] is the
preferential dislocation configuration, while in the deformed
R1 specimen, edge dislocation with b =[001] is the most
popular dislocation configuration. In the deformed R2 speci-
men, the population of the edge dislocation and mixed dis-
location with b = [001] sharply reduced, while ~80% of the dis-
locations in the deformed R2 specimen are screw dislocations
with b = [001].

4 Discussion

4.1 Microstructure evolution: lattice expansion and
contraction

In this study, O vacancies, Vg, were introduced into rutile TiO,
single crystals by hydrogen reduction. The major difference
between the R1 and R2 specimens is the hydrogen reduction
time. The longer reduction time (450 min) for R2 is expected
to introduce a larger number of oxygen vacancies into the
specimen compared to the 60 min reduction time for R1. The
monotonic reduction in optical transmittance from PR to R1
and R2 confirmed that an increase in the reduction time leads
to a higher defect population in the annealed crystals.*>*"*>
The HRTEM and XRD analyses both demonstrate that initial
hydrogen reduction (R1) led to TiO,_, lattice expansion, while
a longer reduction time (R2) resulted in lattice contraction.
This trend is in good agreement with the literature.*>*® The
FFT pattern shown in Fig. 2b demonstrates superlattice spots
with a periodicity of 3 along the [101] and [101] directions as a
result of the highly ordered Vg at the corresponding crystal
planes.'®>*3%%% The FFT pattern for the undeformed R2 speci-
men shown in Fig. 2c reveals that in the more reduced R2, the
superlattice spots along the [101] and [101] directions do not
appear as discrete spots but emerge as thin streaks, indicating
that the Vg are less ordered in the R2 specimen. Additional
superlattice spots along [002] and [201] can also be observed
in R2 due to the formation of new ordered Vg along those
planes after further reduction. No evidence of the formation of

This journal is © The Royal Society of Chemistry 2025
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(a) Measured total dislocation density vs. reduction time. (b) Comparison of the density of different types of dislocations for each specimen.

Magnéli phases was observed in these three samples, as none of
the SAED patterns or FFT images obtained from various regions
exhibited the characteristic satellite spots or streaks along the
[001] direction that typically arise from periodic shear planes or
planar defects.’>*>®° This suggests that the examined specimens
did not contain obvious Magnéli-type structures. The initial
lattice expansion induced by the reduction reaction can be attrib-
uted to the larger radius of Ti*" ions, which were reduced from
the smaller Ti** ions, the weakened Ti-O bonding strength, and
the increase in average Ti-O bond length.*® Therefore, the value
of x in TiO,_, for the R1 specimens is less than 0.0015, which is
the solubility limit of Vi in rutile TiO,.>" The lattice contraction
in the R2 specimen induced by further reduction can be a result
of the coalescence of Vg, leading to lattice collapse and shear
plane formation as the Vg concentration exceeds the matrix
solubility.”®>* The presence of dislocations in the as-reduced R2
specimen can be an indication of the occurrence of shear events.
Hence, the x value for TiO,_, in the R2 specimen is >0.015, and
thus there are more oxygen vacancies available in the R2 speci-
men than in the R1 specimen.

4.2 Deformation behavior in stoichiometric TiO,

In the case of the rutile TiO, single crystal with the indentation
direction parallel to [001], its primary slip systems are [101]
(101) and [101] (101). To investigate whether the first pop-in
event corresponds to the activation of the slip systems and dis-
location nucleation, the theoretical shear strength of the
crystal (zy,) and the maximum shear strength for the indenta-
tion (zmax) were calculated. The theoretical shear strength
refers to the stress required to activate the primary slip systems
in a defect-free crystal using eqn (1). The measured E for the
PR specimen is 326 GPa. Thus, the 7y, for PR is ~20.4 GPa.
Alternatively, 7,,a refers to the stress to initiate the first pop-in
event, which can be calculated as follows:>”

1
6E;* 3
Tmax = 0.31( —— Perit (4)

3 R2

The calculated 7y,,x for PR is 24.8 GPa, which is on par with
the estimated y,. Therefore, the first pop-in event observed in
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the P-h curve can be correlated to the activation of the primary
slip system. Prior studies have used a similar approach to
probe the nucleation of dislocations from pop-in events
observed in nanoindentation experiments.®*”®* SFs with habit
planes of (101) and (101) can be observed in the deformed PR
specimen. The formation of these SFs can be attributed to the
dissociation of the dislocations generated by the activation of
the [101] (101) and [101] (101) slip systems. The reactions for
full dislocations to dissociate into partial dislocations are as
follows:

[101] — %[101] + % [101] (5)

[fo1] — 1 (fo1] + 1 i01] (6)

The dissociation is energetically favorable as the reaction
can reduce the overall line energy.>">® As shown in Fig. 4b, the
SFs produced by the aforementioned reactions can intersect
and further react to form dislocations with a Burgers vector of
{(001), as described in the following equation:*'

%[101} + % [101] — [001] (7)

In the deformed PR specimen, the screw dislocation with a
Burgers vector of (001) is the more popular dislocation con-
figuration compared to the edge dislocation with the same
Burgers vector. This phenomenon can be attributed to the
lower dislocation energy for the screw (001) dislocation com-
pared to its edge counterpart.>® The deformation behaviors of
the PR stoichiometric TiO, specimen discussed in this section
serve as the baseline to understand the effect of oxygen
vacancies on the deformation behavior in sub-stoichiometric
TiO,_,.

4.3 Deformation behavior in sub-stoichiometric TiO,_,

As discussed in the result section, the major differences
between the deformation behavior in the reduced R1 and R2
specimens compared to the stochiometric PR specimen are (1)
hardness, (2) first pop-in stress, (3) lattice distortion, and (4)
dominant dislocation configuration and density. As shown in
Fig. 3(c), both R1 and R2 possess higher hardness compared
to the stoichiometric PR specimen. The same observation has
been reported by Dellacorte et al. In their report, the hardness
of the single crystalline TiO,_, specimen increases monotoni-
cally as x increases until x is greater than 0.15.% In this case,
as both the R1 and R2 specimens have x smaller than 0.015,
the higher the extent of reduction, the greater the hardness.
Therefore, the heavily reduced R2 has the highest hardness
among the three specimens. DellaCorte et al. theorized that
the increasing hardness in reduced TiO,_, can arise from the
activation of its low shear strength slip planes through the
solid lubrication effect from the creation of oxygen vacancies.*
However, due to technology limitation, they were not able to
estimate the zgrss for the specimens. In this work, the 7cgrss
for R1 and R2 were calculated to be 19.5 GPa and 21.0 GPa,
respectively. Both reduced specimens exhibit noticeably lower
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Tcrss compared to the PR specimen (24.8 GPa). This obser-
vation validated the hypothesis that the zcrss of the rutile
crystal can be reduced by introducing a small amount of
oxygen vacancies. A similar trend has recently been reported
by Stich et al. for H,-reduced single-crystal SrTiO3, confirming
that this trend can be applicable to other ceramic materials as
well.>® The reduction in 7crgs can be a result of the weakened
Ti-O bonds due to the introduction of oxygen vacancies.*®
Ashbee et al. ascribed the origin of the oxygen deficiency-
induced hardening effect to the work hardening from the acti-
vation of the extra {110}[001] slip system due to the reduced
tcrss and the aggregation of point defects along
dislocations.’®>? In our study, the detailed TEM analyses
revealed that dislocations with g = [001] can be observed in all
three specimens. However, the dislocation density with g =
[001] in the R1 and R2 specimens is much higher than that in
the PR specimen, and thus provides more work hardening.
The formation of dislocations with g = [001] can be a result of
the reaction of the partial dislocations [101] and 3[101], which
are dissociated from dislocations from the primary slip
system.*" In addition, Li et al. reported that oxygen vacancy
can effectively reduce the stacking fault energy in TiO,, which
can facilitate full dislocation dissociation.'' In summary,
oxygen vacancies can reduce the zcrgs and stacking fault
energy, allowing easy slip along the primary slip system, and
facilitate the dissociation of full dislocations into partial dis-
locations. The increase in these partial dislocations and their
interactions lead to the elevation of the [001] dislocations. The
[001] dislocations can further react with the (101) dislocations,
leading to work hardening in reduced TiO,.*" As deformation
progressed, these two types of dislocations were frequently
found to intersect or interact within the shear transition
zones. These interactions can result in the formation of dis-
location junctions, entanglements, or barriers that hinder
further dislocation motion. This accumulation and interaction
of dislocations contribute to strain hardening by increasing
the resistance to plastic deformation. Therefore, the observed
hardening behavior can be attributed to the interactions
between the primary (101) dislocations and the [001] dis-
locations. Interestingly, in the PR TiO,, edge, screw and mixed
dislocations with § = [001] coexist. The screw dislocation has
the highest population in the PR TiO,. In the R1 specimen, all
three dislocation configurations are detected, and the domi-
nant dislocation configuration is the edge dislocation. In the
R2 specimen, the population of edge dislocations is low, while
the screw dislocation becomes the dominant configuration.
Motohashi et al. reported that in rutile TiO,, edge dislocation
for the {110}{001] slip system has a higher energy factor com-
pared to mixed dislocations and screw dislocations, making
the edge dislocations energetically unfavorable.>

In both R1 and R2, crystal rotation can be observed. In the
R1 specimen, the {121} and {110} lattice planes sheared along
the 1[011] direction. The formation of shear bands exclusively
in the R1 sample is likely related to the specific defect struc-
ture induced by the intermediate reduction in Fig. 5(a). At this
reduction level, the concentration of oxygen vacancies may be

This journal is © The Royal Society of Chemistry 2025
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optimal for activating localized shear deformation along crys-
tallographically favorable planes. In contrast, the PR sample
lacks sufficient lattice defects to facilitate shear band for-
mation. The alignment of the SBs with the {111} planes
suggests that these features are not random but are governed
by the crystallographic slip mechanisms inherent to the rutile
structure. The shear operations lead to local crystal lattice
rotation (Fig. 6). In R2, CSP formation along multiple planes,
{132}, {110}, {111} and {201}, can be observed in Fig. 7e-g. The
superlattices with a periodicity of 3 indicate the transform-
ation from a rutile TiO,_, structure to Ti;05.°*®* These shear
operations have been extensively reported in the formation of
a Magnéli phase due to the local coalescence of oxygen
vacancies.>®*%307323464 The higher number of planes available
for shear operation in the more reduced R2 is correlated to the
superlattices induced by ordering of the oxygen vacancies in
these planes before deformation. It is worth noting that in the
undeformed R1 specimen, the oxygen vacancy concentration is
low due to its short reduction time. No CSP formation took
place before deformation. The lattice distortion and phase
transformation observed in the post-deformation specimens in
R1 indicate that an external drive may drive the diffusion of
oxygen vacancies from the vicinity of the strained region to
increase the local oxygen deficiency. The increase in local
oxygen deficiencies facilitates the formation of CSP due to the
coalescence of the excessive oxygen vacancies.’®"' Li et al
observed the formation of a metastable substoichiometric
CuO;_, phase due to the diffusion of oxygen vacancies driven
by external stress at room temperature. They reported that
oxygen vacancies diffuse from the regions under tension to the
regions under compression.®>®® The prevalence of edge dis-
location with b = [001] in R1 can also be related to the for-
mation of a continuously transformed region (purple region in
Fig. 5d). As shown in Fig. 5a, the horizontal edge dislocations
mostly exist under the (011) CSPs, at the end of the trans-
formed region. This observation indicates that the edge dis-
locations were emitted from the interface between CSPs and
the matrix. The exact mechanism for the formation of the
[001] screw dislocations is still unclear. To further understand
this phenomenon, detailed calculation and atomistic simu-
lation can be beneficial in the future.

Finally, as shown in Fig. 3d, an increase in the fracture
toughness for the reduced R1 and R2 specimens compared to
the pristine PR specimen can be observed. Despite their com-
parable hardness and dislocation density, the R2 specimen
shows a higher fracture toughness than the R1 specimen. The
increasing toughness for both reduced specimens (than the
PR TiO,) can be attributed to their higher dislocation density
and the shear operation induced by the annihilation of oxygen
vacancies. Porz et al. reported that high density pre-existing
dislocations can effectively toughen single-crystal SrTiO;. They
attributed the toughening to the room temperature dislocation
mobility in SrTiO;. The pre-existing dislocations can carry plas-
ticity at low stress (~60 MPa) without the necessity to reach
extremely high stress (17 GPa) to nucleate dislocations.***"
TiO, is believed to have no room temperature dislocation
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mobility.> However, Moon et al. reported the observation of
dislocation toughening in Al,O3, which is also believed to have
no dislocation mobility at room temperature.>"> Therefore, the
increase in dislocation density induced by the reduced zcgrss
and stacking faults can be one of the contributing factors to
the toughening mechanism in oxygen-deficient TiO,. In
addition, deformation can be accommodated by a phase trans-
formation induced by oxygen vacancy coalescence in oxygen-
deficient TiO,. Furthermore, the Magnéli phases formed by
the coalescence of oxygen vacancies can further toughen the
crystal.>>*>®” The higher concentration of oxygen vacancies
and the Tiz;Os phase transformation may contribute to the
higher fracture toughness in R2 than the R1 specimen.

5. Conclusion

The deformation behaviors of oxygen-deficient rutile TiO,_,
single crystals modified by hydrogen reduction were investi-
gated in detail in this study. Nanoindentation experiments
revealed that oxygen deficiency is effective to reduce 7cgss,
leading to easier slip occurrence and activation of the second-
ary {110}{001] slip systems. The interactions between the
primary (101) dislocations and the [001] dislocations lead to
hardening in the oxygen-deficient TiO,_, specimens through
work hardening. Post-deformation analyses demonstrated that
oxygen vacancies can be aligned by external stress, resulting in
local oxygen vacancy coalescence and shear plane formation.
In the slightly reduced R1 specimen, deformation is assisted
by crystal rotation enabled by successive shear of the {121}
planes. In the heavily reduced R2 specimen, a phase trans-
formation from rutile TiO, to TizOs took place along several
shear planes. Oxygen vacancies can toughen TiO, by reducing
the dislocation nucleation barrier, activation of additional slip
systems, increasing the dislocation density, grain fragmenta-
tion and rotation, and local phase transformation through the
coalescence of oxygen vacancies. These findings provide
general guidelines and approaches for the future designs of
room temperature ductile ceramics.
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