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Abstract
The increasing demand for manufacturing, processing, and utilizing ceramic
materials necessitates a deeper understanding of their mechanical properties,
particularly plasticity. In this study, the nanoindentation responses of rutile tita-
nium dioxide (TiO2) were investigated using bicrystal samples. Two types of
TiO2 bicrystals with symmetric 10◦ tilt grain boundaries were fabricated by dif-
fusion bonding: one with a (001) tilt grain boundary around the [110] rotation
axis, and the other with a (010) tilt grain boundary around the [001] rotation
axis. High-resolution transmission electron microscopy observations showed
that both bicrystals contained a low-angle grain boundary composed of periodic
dislocations. Nanoindentation experiments were conducted in the single-crystal
regions to characterize the mechanical properties of rutile TiO2, as well as
near the grain boundary to evaluate its influence on hardness. Nanoindentation
results from the single-crystal regions showed that the (001) plane exhibited sig-
nificantly higher hardness and elastic modulus than the {110} and (100) planes,
indicating the anisotropic mechanical behavior of TiO2. The (010) and (100)
planes are two equivalent crystallographic planes in rutile TiO2, but the (001)
plane differs from them. Scanning probe microscopy revealed clear slip traces
near the indents without accompanying cracks, indicating that nanoindentation
at 5 mN achieved dislocation-mediated plasticity in rutile TiO2 at room tempera-
ture. For nanoindentations on the {110} and (001) planes, plastic deformationwas
governed by the {101}<101̄> slip system, while the (100)[010] slip system domi-
nated the plasticity for nanoindentations on the (100) plane. Nanoindentation
experiments near grain boundaries revealed a pronounced hardness peak at the
(001) grain boundary, whereas aminor hardening effect was observed at the (010)
grain boundary. These findings provide new insights into the room-temperature
plasticity, mechanical anisotropy, and grain boundary hardening effects in rutile
crystals.
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1 INTRODUCTION

In contrast to metals and metallic alloys, which can
undergo extensive plastic deformation, most ceramics
are brittle and exhibit little or no plasticity at low-
to-moderate temperatures.1–3 This brittleness inherently
originates from the strong ionic and covalent bonds in
ceramics.1,4 The complex crystal structure and pronounced
anisotropy inmany ceramics further restrict their ability to
accommodate plastic deformation. Hence, crystal defects,
represented by dislocations, have attracted increasing
research interest as they play a critical role in determining
the mechanical properties of ceramics5–7 and have a broad
impact on a wide range of functional characteristics.8–10
Nanoindentation has emerged as an effective tech-

nique for inducing dislocations into ceramics at room
temperature.11–15 Under uniaxial compression, most
ceramic materials are known to fail prematurely below the
elastic strain limit, leaving no opportunity for dislocation
glide or nucleation. In contrast, nanoindentation creates a
localized, non-uniform high-stress field that can approach
the theoretical strength of the material,12,14,15 enabling
dislocation nucleation, multiplication, and glide within
the stressed volume without triggering crack initiation.
Furthermore, the high spatial resolution and positional
accuracy of nanoindentation promote the investigation
of local plasticity, particularly near the grain boundary
(GB).16–19 When the indenter tip radius and the applied
load are reduced, the resulting plastic zone becomes
sufficiently small, thereby increasing the proportion of the
GB within the stressed volume. Under such conditions,
the nanoindentation response is more likely to reflect the
characteristics of a single GB. On the other hand, if the
plastic zone is too large, the influence of the GB will be
masked by the bulk response. Therefore, the impact of
a single GB can be effectively investigated by selecting
an appropriate combination of indenter tip radius and
applied load. For instance, Soer and De Hosson reported
a significant hardness peak near a high-angle GB in a
Fe-14%Si bicrystal,20 while Nakamura et al. observed
negligible hardness changes at the single 20◦ YSZ GB
and Σ5 SrTiO3 GB.11 Nanoindentation has proven to be
a powerful tool for studying deformation mechanisms
involving dislocations and GBs in ceramics.
Titanium dioxide (TiO2), widely used in

photocatalysis,21 solar cells,22 and gas sensors,23 has
mechanical properties that remain insufficiently under-

stood. Previous studies have reported that rutile TiO2
single crystals were brittle under uniaxial compression
at temperatures below 600◦C.24–26 At elevated tempera-
tures (>600◦C), plastic deformation can occur through
activation of the {101}<101̄> and {110}<001> slip sys-
tems. The lack of room-temperature plasticity in rutile
TiO2 has led to a scarcity of subsequent research on
its mechanical behavior under ambient conditions. In
2012, Basu et al. investigated the indentation stress-strain
responses of TiO2 at room temperature and performed
microscopic postindentation observations.27 However, the
high indentation load inevitably caused surface cracks,27
complicating the interpretation of indentation plasticity.
More recently, Bishara et al. employed a nanoindentation
“pop-in stop” method to locally introduce dislocations
into rutile TiO2 at room temperature without crack
formation.28 These dislocations were found to signif-
icantly enhance the electrical conductivity of TiO2,28
demonstrating the important role of defects in modulating
functional properties.29 Therefore, investigations into the
room-temperature dislocation-based plasticity in TiO2
are essential for both advancing the fundamental under-
standing of rutile crystals and unlocking the application
potential.
In this study, two types of TiO2 bicrystals featuring

different 10◦ tilt grain boundaries were fabricated to inves-
tigate the nanoindentation responses of rutile TiO2. The
GB structures were characterized using high-resolution
transmission electron microscopy (HRTEM). Nanoinden-
tation experimentswere conducted at room temperature in
the single-crystal regions (far from the GB) and in the GB
vicinity, respectively. In the single-crystal regions, nanoin-
dentation experiments were conducted on the {110}, (001),
and (100) planes to examine the anisotropic mechani-
cal properties of rutile TiO2. Scanning probe microscopy
(SPM) observations confirmed that no crackswere induced
by the room-temperature nanoindentation tests. Further-
more, the nanoindentation plasticity of rutile TiO2 was
governed by the {101}<101̄> and (100)[010] slip sys-
tems. Nanoindentation tests performed in the GB vicinity
showed a pronounced increase in hardness at the (001)
GB, while a slight increase in hardness was observed at
the (010) GB. These findings enrich the understanding of
room-temperature plasticity, anisotropy, and dislocation–
GB interactions in rutile ceramics, contributing to optimiz-
ing their properties and functionalities through targeted
defect engineering.
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F IGURE 1 (A) The crystal structure of rutile TiO2. Schematics of (B) the (001)[110] bicrystal and (C) the (010)[001] bicrystal. The grain
boundaries (GBs) are represented by gray quadrangles. Colored arrows indicate conditions: (i) [110], (ii) [11̄0], (iii) [001], and (iv) [100] in the
single-crystal region far from the GB; (v) [110]-(001)GB, and (vi) [001]-(010)GB in the GB vicinity. (D) Top view of the (010)[001] bicrystal,
with dimensions 10 mm × 10 mm × 2 mm. (E) 45◦ view of the sample subjected to nanoindentation along the [110] axis, the size of the sample
is 10 mm × 2 mm × 2 mm. In (D) and (E), the GB was highlighted by a white dashed line.

2 EXPERIMENTALMETHODS

2.1 Sample preparation

The crystal structure of rutile TiO2 (space ground:
P42/mnm) is displayed in Figure 1A. The lattice constants
are 𝑐[001] = 0.296 nm and 𝑎[100] = 𝑎[010] = 0.460 nm.30
The (100) and (010) planes are two equivalent crystal-
lographic planes, whereas the (001) plane differs from
them. Two different types of TiO2 bicrystals were pro-
duced by diffusion bonding of single crystal substrates
(10 mm × 10 mm × 1 mm, Shinkosha Co., Ltd.). Both
bicrystals had a symmetric 10◦ tilt GB. For the first bicrys-
tal, the bonding interface, which formed the GB plane,
was the (001) plane. As illustrated in Figure 1B, the (001)
planes of the two constituent single crystals were rotated
in opposite directions by 5◦ along the [110] axis, result-
ing in a total 10◦ tilt GB. The GB is delineated by the
gray quadrangle. For the second bicrystal, the GB plane
was (010) and the rotation axis was [001], as illustrated in
Figure 1C. In the following, the bicrystals will be referred
to as (001)[110] and (010)[001]. The diffusion bonding
was conducted at 900◦C for 5 h, followed by 1100◦C for
5 h, under a pressure of approximately 0.1 MPa in air.
The camera images of the fabricated bicrystals (001)[110]
and (010)[001] are shown in Figure S1 and Figure 1D,
respectively.

TABLE 1 Details of the six testing conditions.

Condition
Loading
direction

Indentation
plane

Indentation
region

(i) [110] [110] (110) Single crystal
(ii) [11̄0] [11̄0]a (11̄0)a Single crystal
(iii) [001] [001] (001) Single crystal
(iv) [100] [100]a (100)a Single crystal
(v) [110]-(001)GB [110] (110) (001) GB vicinity
(vi) [001]-(010)GB [001] (001) (010) GB vicinity

aThere is a 5◦ offset from the crystal orientation or crystal plane.

Six testing conditions were achieved by appropri-
ately selecting the nanoindentation loading direction and
region, as listed in Table 1. Taking the (001)[110] bicrystal
in Figure 1B as an example, if nanoindentation tests are
performed along the [110] axis in a single-crystal region far
from theGB, as indicated by the blue arrow (i) in Figure 1B,
the results reflect the mechanical properties of the (110)
plane. This testing condition is designated as condition (i)
[110]. Nanoindentation tests conducted along the [11̄0] axis
in a single-crystal region far from the GB, as indicated by
the green arrow (ii) in Figure 1B, provide insights into the
mechanical responses of the (11̄0) plane. Thus, the condi-
tion is labeled as condition (ii) [11̄0]. It should benoted that
due to the bicrystal geometry, nanoindentation tests in this
case are conducted with a 5◦ offset from the [11̄0] axis. For
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the (100)[001] bicrystal in Figure 1C, conditions (iii) [001]
and (iv) [100] were defined analogously, as marked by the
black arrow (iii) and red arrow (iv) in Figure 1C.
When nanoindentation tests are performed along the

[110] axis in the vicinity of the (001) bicrystal GB, as indi-
cated by the orange arrow (v) in Figure 1B, the results
characterize the local mechanical properties of the (110)
plane affected by possible dislocation–GB interactions.
This condition is termed condition (v) [110]-(001)GB. Sim-
ilarly, condition (vi) [001]-(010)GB, indicated by the pink
arrow (vi) in Figure 1C, is defined to study the local
mechanical responses near the (010) bicrystal GB. Bicrys-
tals used in this work, which allow for precise design and
control of GB structures,31–34 serve as ideal model systems
for investigating the effect of GBs on plastic deformation in
ceramics.11,35
Nanoindentation experiments under conditions (i) and

(v) were conducted on the same sample, as shown in
Figure 1E. The bar-shaped sample with the (110) plane as
its upper and lower surfaces was cut from the (001)[110]
bicrystal. The GB plane (white dashed line) was located
in the middle of the sample and perpendicular to the
(110) surface. This sample was subjected to nanoindenta-
tion tests along the [110] axis, with indentation regions for
conditions (i) and (v) indicated by the blue and orange
strips, respectively. Samples required for the other test-
ing conditions were also prepared from the bicrystals. All
samples were mechanically polished using diamond sus-
pensions with particle sizes of 3 µm and 0.5 µm, followed
by chemical mechanical polishing with colloidal silica to
ensure sufficient surface flatness. The samples underwent
thoroughultrasonic cleaning before nanoindentation tests.

2.2 Nanoindentation experiments

Nanoindentation tests were conducted in load-controlled
mode using the instrumented nanoindentation platform
ENT-NEXUS (ELIONIX Inc.). A maximum load of 5 mN
was applied with a loading rate of 0.5 mN/s, followed by
unloading at the same rate after a 0.5-s hold. The spacing
between adjacent indentations was set to 10 µm. A dia-
mond Berkovich indenter was used, and the entire setup
was maintained at a constant temperature of 30◦C. It is
noteworthy that all nanoindentation tests were performed
in darkness, as light illumination has been shown to signif-
icantly impact the dislocation behavior of semiconducting
ceramics.6,13–15,36
Nanoindentation experiments under conditions (i)–(iv)

were conducted in the single-crystal regions far from GBs,
as illustrated in Figure 1B,C. Specifically, 20 indentations
were performed for conditions (i) and (iii), and 50 inden-
tations were performed for conditions (ii) and (iv). Under

conditions (v) and (vi), nanoindentation tests were carried
out within 5 µm of the GB. For condition (v), the number
of indentations per given distance exceeded 30, while for
condition (vi), it was 20.

2.3 Characterization methods

The GBs in the bicrystals were examined using a HRTEM
(JEOL JEM-1000K RS) operated at 1 MV. Specimens for
HRTEM observation were prepared by a standard tech-
nique involving mechanical grinding and Ar+ ion milling.
Before and after the nanoindentation trials, the surface
topography was mapped with SPM (SPM-8100FM, Shi-
madzu). The arithmetic roughness prior to the indentation
tests was Ra ≤ 0.2 nm on all samples, ensuring the flat-
ness required for nanoscale experiments. Postindentation
observations were focused on residual indent marks. The
slip traces were analyzed to confirm possible activated
slip systems. For conditions (v) and (vi), the position
and distance of each indent relative to the GB were
inspected using a confocal laser microscope (VK-X100
series, Keyence), please refer to the laser optical images in
Figure S2.

3 RESULTS AND DISCUSSION

3.1 Microstructure of the bicrystals

Figure 2 displays cross-sectional edge-on HRTEM images
and the corresponding zone axis diffraction patterns of
the (001)[110] and (010)[001] bicrystals. In Figure 2A, the
GB is horizontally located at the center of the image,
and periodic bright regions are visible between the two
rotated single crystals. The perfect single-crystal regions
in the upper and lower sections, separated by the bright
regions at the boundary, are continuous within their
respective areas. In low-angle GBs, it is well established
that GB structures can be described by a periodic array of
dislocations.35 The positions of the GB dislocations, which
correspond to the bright regions in Figure 2A, are indi-
cated by white arrows. The average distance between two
dislocations is L1 = 1.72 nm. In Figure 2B, the correspond-
ing diffraction pattern is displayed. All reflections appear
in pairs with an angular distance of approximately 10◦,
which is equal to the designed tilt angle. The diffraction
patterns also did not indicate the formation of any sec-
ondary phase. It can be thus said that the bonding of the
(001)[110] bicrystal’s GB has been achieved at the atomic
level.
Figure 2Cdisplays theGB region of the (010)[001] bicrys-

tal. At the position of the GB, white arrows mark the
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F IGURE 2 Low-magnification high-resolution transmission
electron microscopy (HRTEM) images to show the bonding
conditions of the grain boundaries (GBs) and corresponding zone
diffraction patterns. For (001)[110] bicrystal: (A) the HRTEM image,
(B) the [110] zone axis diffraction pattern. For (010)[001] bicrystal:
(C) the HRTEM image, (D) the [001] zone axis diffraction pattern.

periodic array of blurry regions caused by a misalign-
ment of the atomic arrangement. The observed regions
are related to structural defects, specifically dislocations, at
the GB. The average distance between two dislocations is
L2 = 2.45 nm. The GB bonding is good and shows no other
defects. In the diffraction pattern in Figure 2D, the reflec-
tions are paired and their angular distance is on average
10◦. The angular distance of the diffraction spots and rota-
tion of the single crystals both indicate that the intended
bicrystal geometry was achieved.
The interval of boundary dislocations is related to

the misorientation angle between adjacent single crystals
and the Burgers vector of GB dislocations. According to
Frank’s formula,37 the spacing between adjacent boundary
dislocations L in a tilt GB can be expressed by:

𝐿 =
𝑏

sin(2𝜃)
, (1)

where b is the magnitude of the Burgers vector of the
boundary dislocation, and 2𝜃 is the total tilt angle. Substi-
tuting the interval and tilt angle from the HRTEM image
in Figure 2A,C into Frank’s formula yields Burgers vector
magnitudes of b1 = 0.299 nm in the (001)[110] bicrystal,
and b2 = 0.425 nm in the (010)[001] bicrystal. The lat-
tice constants for rutile TiO2 are 𝑐[001] = 0.296 nm and
𝑎[100] = 𝑎[010] = 0.460 nm.30 The approximation between
the calculated Burgers vector magnitudes and the lattice
constants suggests that dislocations with a Burgers vector
of b1 = [001] were introduced at the (001)[110] bicrystal GB,

TABLE 2 Hardness and elastic modulus values under
conditions (i)–(iv).

Condition Hardness [GPa] Elastic modulus [GPa]
(i) [110] 12.38 ± 0.16 252.95 ± 5.42
(ii) [11̄0] 12.34 ± 0.16 255.11 ± 4.91
(iii) [001] 13.26 ± 0.25 328.81 ± 10.91
(iv) [100] 12.20 ± 0.16 250.29 ± 5.96

while dislocations with a Burgers vector of b2 = [010] were
introduced at the (010)[001] bicrystal GB.

3.2 Anisotropic mechanical properties

Figure 3A displays the representative load-depth curves for
the nanoindentation tests conducted under conditions (i)–
(iv). The curves corresponding to conditions (i), (ii), (iii),
and (iv) are depicted as blue, green, black, and red solid
lines, respectively. As explained in Section 2.1, the results
obtained in conditions (i), (ii), (iii), and (iv) reflect the
mechanical properties of the (110) plane, the (11̄0) plane,
the (001) plane, and the (100) plane, respectively. Under an
indentation load of 5mN, the indentation depth at the peak
load in condition (iii) is the smallest at 120 nm, whereas
for the other three conditions, the depth at the peak load is
approximately 130 nm.
Nanoindentation hardness (H) and elastic modulus (E)

valueswere extracted from the load–depth curves using the
Oliver–Pharr method.38 The measurement results for dif-
ferent conditions are summarized in Figure 3B andTable 2.
The average values and standard deviations for conditions
(i), (ii), (iii), and (iv) are represented by blue, green, black,
and red scatters with corresponding error bars, respec-
tively. The average values for conditions (i) and (iii) were
calculated from 20 data points, and 50 data points were
used for conditions (ii) and (iv). The average hardness val-
ues for the (110), (11̄0), (001), and (100) planes are 12.38,
12.34, 13.26, 12.20 GPa, respectively. The standard deviation
of hardness is less than 2% of the average, demonstrat-
ing the high reproducibility of the obtained data. For the
TiO2 (110) plane, the measured hardness value agrees with
the nanoindentation hardness reported byKurosaki et al.39
Notably, the hardness of the (001) plane is significantly
higher than the other three planes. This trend is consis-
tent with the observations by Basu et al.27 The average
elastic modulus values are 252.95 GPa for the (110) plane,
255.11 GPa for the (11̄0) plane, 328.81 GPa for the (001)
plane, and 250.29 GPa for the (100) plane. The elastic mod-
ulus for the (001) plane is approximately 30% higher than
that of the other three planes. The standard deviation of
elastic modulus is less than 4% of the average. The elastic
anisotropy is evident, with the highest modulus observed
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F IGURE 3 (A) Representative nanoindentation load-depth curves under conditions (i) [110], (ii) [11̄0], (iii) [001], and (iv) [100]. (B)
Nanoindentation hardness (H) and elastic modulus (E) values measured in nanoindentation experiments under conditions (i)–(iv).

for the (001) plane. The high elastic modulus of the (001)
plane partly contributes to its high hardness. In addition,
the (110) plane in condition (i) and the (11̄0) plane are
two equivalent {110} crystal planes. The nearly identical
modulus and hardness values for conditions (i) and (ii)
demonstrate the negligible influence of the 5◦ offset from
the (11̄0) plane in condition (ii) on the measurement.

3.3 Slip system analysis

SPM was used to examine the topography near the resid-
ual indent pits and to identify the possible slip systems
activated by nanoindentation. For conditions (i) to (iv),
the SPM gradient topography images of the indent pits
are presented in Figure 4, with the corresponding SPM
height images shown in Figure S3. As seen in Figure 4A–D,
no detectable cracks were observed under any of the four
conditions, indicating that nanoindentation at 5 mN in
this study successfully induced local plasticity in rutile
TiO2 at room temperature. The side length of the resid-
ual indentation triangle is less than 0.9 µm, demonstrating
that the 10 µm spacing is sufficient to avoid interac-
tions between adjacent indentations. The SPM images
in Figure 4A–D show no evidence of pile-up or sink-in
around the residual indentations, contrastingwith nanoin-
dentation behaviors in most metals and alloys.40,41 Such
a feature is increasingly recognized in ceramics with lim-
ited room-temperature plasticity.13,15 Moreover, clear line
features around the indent in Figure 4A–D suggest the
occurrence of dislocation-mediated plasticity. The likely
most active slip planes for each condition are illustrated
in schematics beneath the SPM images. The color coding
in Figure 3 is maintained in Figure 4 for consistency.
Figure 4A,B shows the SPM images corresponding to

conditions (i) [110] and (ii) [11̄0], respectively. In both
images, the surfaced slip traces align with the rhombus-

F IGURE 4 Topography gradient scanning probe microscopy
(SPM) images of indentation pits introduced by 5 mN load
nanoindentation corresponding to (A) (i) [110], (B) (ii) [11̄0], (C)
(iii) [001], and (D) (iv) [100] with a cartesian coordinate system and
rotation indicating arrow (orange), and schematic 3D models of the
projection of the {101}<101̄> (light blue) and (100)[010] slip system
planes (orange) below the nanoindent pits (triangles). The black and
white contrast in SPM images symbolizes a change in height signal.

shaped projection of the {101} planes on the surface. Thus,
the mainly activated slip system under both conditions
is the {101}<101̄> slip system. The two indentation direc-
tions, (i) [110] and (ii) [11̄0], are nearly equivalent in the
rutile crystal structure. This equivalence is reflected not
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only in the nearly identical hardness and modulus values
discussed in Section 3.2, but also in the activation of the
same slip system.
Figure 4C,D displays the SPM images for conditions (iii)

[001], and (iv) [100], respectively. In Figure 4C, slip traces
are mainly oriented parallel to the [100] axis. In an addi-
tional SPM image shown in Figure S4, slip traces parallel to
the [010] axis also faintly emerged. The best matching slip
system is hence the {101}<101̄> slip system. It is notewor-
thy that the load-depth curve for the [001] nanoindentation
in Figure 3A (represented by the black line) exhibits a slope
change at a depth of approximately 55 nm. The increase in
slope suggests a hardening effect, which may be related to
the motion and interaction of dislocations associated with
the four equivalent slip systems. For condition (iv) [100],
no slip traces are visible outside the indent pit in Figure 4D.
However, traces parallel to the [001] axis appear inside the
pit. According to Basu et al.,27 such a pattern does not coin-
cidewith the {101}<101̄> but ratherwith the (100)[010] slip
system.
Previously, Basu et al. reported that indentation on the

(001) plane in the 80–150 mN range would activate four
equivalent {101}<101̄> slip systems, contributing to the
high hardness of this orientation.27 Meanwhile, indenta-
tion on the (100) plane in the 80–150 mN range could
activate both {101}<101̄> and (100)[010] slip systems.27
Our experiments, conducted at a much lower load of 5
mN, capture the early stages of plastic deformation. For
the (001) plane, the SPM results in Figure 4C and Figure
S4 confirmed the activation of the {101}<101̄> slip sys-
tem, consistent with the high-load indentation tests by
Basu et al. However, observations on the (100) plane
revealed the presence of (100)[010] slip and absence of
the {101}<101̄> slip, suggesting the significant role of the
(100)[010] slip system in the early-stage plastic deforma-
tion of rutile (100) TiO2. Hirthe and Brittain proposed the
activation of (100)[010] slip system by observations of slip
traces and slip lines in their etch-pit study.42 Hence, it is
plausible that the (100)[010] dislocations can be predomi-
nately activated in the low-load indentation along the [001]
axis.

3.4 Effects of GB on nanoindentation
hardness

Figure 5 presents the nanoindentation hardness plots as
a function of the distance from the GB for conditions
(v) [110]-(001)GB and (vi) [001]-(010)GB. The number of
indents per given distance N is > 30 for condition (v),
and N = 20 for condition (vi). For ease of comparison,
the hardness value for conditions (i) [110] and (iii) [001]
obtained in the single-crystal regions are also included in

F IGURE 5 Nanoindentation hardness versus grain boundary
(GB) distance diagram under conditions (v) [110]-(001)GB and (vi)
[001]-(010)GB. The number of indents per given distance N is > 30
for condition (v), and N = 20 for condition (vi).

Figure 5, represented by the blue and black scatter points,
respectively.
For condition (v) [110]-(001)GB, depicted by the orange

data points in Figure 5, the hardness gradually increases
as the GB is approached, reaching a peak value of
12.75 ± 0.17 GPa at nearly zero distance. After crossing
the GB, the hardness decreases again. The hardness mea-
sured far from the GB, obtained under condition (i), is
12.38 ± 0.16 GPa. The hardness at the GB is approximately
3% higher than that in the single-crystal region. Given
the high repeatability and small standard deviation of the
nanoindentation hardness tests, the GB hardening effect is
statistically significant. It is worth noting that the asymme-
try in hardness values around zero distancemay arise from
the non-symmetric stress field induced by the pyramidal
Berkovich indenter.43 This asymmetry was also observed
in previous research using a Berkovich indenter to map
nanoindentation hardness crossing the GB.20,44
For condition (vi) [001]-(010)GB, represented by the

pink data points in Figure 5, the hardness exhibits a minor
increase towards the GB. The maximum hardness value
near the GB is 13.41 ± 0.35 GPa, which is slightly higher
than the hardness measured under condition (iii) without
any GB influence (13.26 ± 0.25 GPa). The minor change in
hardness suggests that the hardening effect of the (100) GB
is relatively limited.
In ceramics, the low-angle tilt GB can act as an obstacle

to impede dislocation motion, leading to increased hard-
ness in close proximity to the GB. Dislocation pileups may
occur at the GB.11,35 In addition, nanoindentation-induced
dislocations can interactwith theGBdislocations.35 Kondo
et al. conducted in-situ TEMnanoindentation near a single
low-angle tilt GB in the SrTiO3 bicrystal.35 Their observa-
tions revealed that the intersection of indentation-induced
screw dislocations with GB edge dislocations resulted in
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the formation of kinks on the screw dislocations and jogs
on theGB dislocations, thereby hindering dislocation glide
across the GB.35
In conditions (v) and (vi), the activated slip system by

nanoindentation is the same as that in conditions (i) and
(iii), respectively. As shown in Figure 4A,C, the {101}<101̄>
slip system was activated in both conditions. However, the
interaction of indentation-induced dislocations with dif-
ferent GBs shall result in different hardening effects. In
condition (i), the (001) GB consists of dislocations with a
Burgers vector of b1 = [001], while in condition (ii), dislo-
cations with a Burgers vector of b2 = [010] were present
at the (010) GB. When indentation-induced dislocations
are to cross the GB, the Burgers vector have to undergo
rotation.30,35 Since the Burgers vector must be conserved
within a crystal, this rotation inevitably leaves a residual
dislocation at the GB.45 The formation of the residual dis-
location strongly depends on the nature of the existing GB
dislocations, which may explain why the hardening effect
in condition (v) is more significant than that in condition
(vi). Furthermore, in condition (v), the spacing between
GB dislocations is only 1.72 nm, whereas on the (010) GB
in condition (vi), the spacing is 2.45 nm. The higher dislo-
cation density in condition (v) may also contribute to the
more pronouncedGBhardening effect.More delicate char-
acterizations, including cross-sectional TEM observations,
will be needed to further elucidate the GB–dislocation
interactions underlying the observed GB hardening effect.
In this study, the nanoindentation experiments were

conducted with a peak load of only 5 mN. Such a low load
not only allows for the introduction of local plasticity with-
out crack formation but also creates a suitable plastic zone,
enabling the examination of the GB hardening effect in
rutile TiO2. Due to the low load, the stress field beneath
the indenter remains confined to a small deformation vol-
ume. A higher load would generate a higher stress field
and a larger deformation volume, making it difficult to
resolve localized hardness variations affected by the GB.
In addition, the characteristics of GB itself plays a crucial
role in determining the GB hardening effect in ceramics.
For instance, Nakamura et al. detected negligible hardness
changes near single GBs of Y2O3-stabilized ZrO2 bicrystal
and SrTiO3 bicrystal,11 while Lian et al. reported a hardness
decrease at the F-YSZ GB.44

4 CONCLUSION

The room-temperaturemechanical properties of rutile tita-
nium dioxide were investigated using bicrystal fabrication,
nanoindentation technique and SPM observations. Two
types of TiO2 bicrystals with symmetric 10◦ tilt GBs were
fabricated using a diffusion bonding method: one with a

(001) tilt GB around the [110] rotation axis, and the other
with a (010) tilt GB around the [001] rotation axis. HRTEM
observations revealed that the symmetric 10◦ tilt GBs con-
sist of periodically arranged dislocation lines, and the
bonding at the GBs was intact. By designing the nanoin-
dentation loading direction and region, we measured the
mechanical properties of TiO2 single crystals, and also
evaluated the GB effect on nanoindentation responses.
The hardness values for the {110}, (001), and (100) planes
were measured as 12.38 ± 0.16 GPa, 13.26 ± 0.25 GPa, and
12.20 ± 0.16 GPa, respectively. The elastic modulus values
for the {110}, (001), and (100) planeswere 252.95± 5.42GPa,
328.81± 10.91 GPa, and 250.29± 5.96 GPa, respectively. The
results demonstrated anisotropy in the mechanical prop-
erties of rutile TiO2, with the (001) plane exhibiting the
highest hardness and elastic modulus. Moreover, nanoin-
dentation at 5 mN successfully induced local plasticity in
rutile TiO2 at room temperature without crack initiation.
SPM observations showed that the {101}<101̄> slip sys-
tem was predominately activated during indentations on
the {110} plane and the (001) plane, while the (100)[010]
slip system was activated during indentations on the (100)
plane. The bicrystal GB was found to influence the mea-
sured hardness values: a significant increase in hardness,
approximately 3%, was observed at the (001) GB when
indenting along the [110] axis. However, only aminor hard-
ening effect was detected at the (010) GB when indenting
along the [001] axis.
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