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As an important type of functional material, nanocrystalline TiO, with anatase phase has been used
for solar energy conversion and photocatalysis. However, there have been only a few limited studies
on the mechanical behaviors of nanocrystalline anatase. We performed a series of large-scale atomistic
simulations to investigate the deformation of nanocrystalline anatase with mean grain sizes varying from
2 nm to 6 nm and amorphous TiO, under uniaxial tension and compression at room temperature. The
simulation results showed that for uniaxial tension, the fracture strains of simulated samples increase
as the mean grain size decreases, and a superplastic deformation occurred in the nanocrystalline sample
with a grain size of 2 nm. Such superplasticity of nanocrystalline anatase is attributed to the dominance
of grain boundary sliding and nanoscale cavitation during deformation. The simulation results also
showed that during uniaxial compression, the amorphization induced by high local compressive stress
is the controlling plastic deformation mechanism, resulting in a good compressibility of nanocrystalline
TiO,. During both tension and compression, nanocrystalline TiO, exhibited good deformability, which is
attributed to the fact that the grain boundaries with high volume fractions and disordered structures
accommodated large plastic strains. Our present study provides a fundamental understanding of the
plastic deformation of nanocrystalline anatase TiO,, as well as a route for enhancing the tensile and
compressive deformability of nanostructured ceramics.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

of polycrystalline ceramics is reduced to a few nanometers, the in-
trinsically brittle ceramics became ductile and are able to sustain a

As an important functional semiconductor, titanium dioxide
(TiO,) has broad applications in photovoltaics, photocatalysis,
memristors, optical coatings and mixed conductors [ 1,2]. However,
like typical inorganic ceramics, coarse-grained TiO, is intrinsically
brittle, restricting its practical applications. It has been recognized
that the refinement of the grains of polycrystalline ceramics to
several microns and even smaller scales tends to significantly
increase their ductility [3-11]. In particular, when the grain size
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large plastic deformation strain of approximately 100% at tempera-
tures of approximately 200 °C [3], indicating superplastic behavior.
Therefore, to avoid the intrinsic brittleness, various nanocrystalline
TiO, materials have been synthesized. TiO, nanowires/nanofibers
with anatase phase have been successfully fabricated through
electrospinning or blow-spinning [12,13]. The diameters of these
TiO, nanowires/nanofibers could be controlled in the range from
20 to 200 nm [12], enabling a grain size of tens of nanometers.
Nanocrystalline TiO, films have also been manufactured by com-
pressing TiO, nanoparticles at room temperature or high tem-
peratures and combining some chemical processes [12,13]. These
nanocrystalline TiO, exhibited excellent optical properties, good
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mechanical stability and flexibility [ 14]. However, it remains chal-
lenging to fabricate the fully dense and defect-free nanocrys-
talline TiO, by compressing nanoparticles [12,13]. The defects
(such as voids and interfaces) [12] generated during processing
have significant influence on the mechanical properties of fab-
ricated nanocrystalline TiO,. Recently, Wang et al. used a blow-
spinning solution to fabricate TiO, nanofibers with a mean grain
size below 10 nm, while simultaneously collecting the nanofibers
ejected during blow-spinning through an air-permeable cage-like
collector [15]. As a result, a large number of TiO, nanofibers
tangled together to form a three-dimensional (3D) highly porous
sponge [ 15]. In situ mechanical testing showed that such nanofiber
sponges exhibited excellent resilience at both room temperature
and high temperatures of 400-800 °C [15]. The resilience of these
TiO, nanofiber sponges is associated with the high porosity of the
overall structure and the microstructures (such as diameter and
grain size) of the constituent nanofibers. More detailed experimen-
tal studies indicated that as the grain size of nanofibers decreased,
the nanofiber sponges became more resilient and deformable [15].

In nature, TiO, exists in three different phases, namely, anatase,
rutile and brookite [16]. The rutile phase is generally used as a
white pigment and opacifier [16], while the brookite phase is
not used commercially due to its relatively rare reserves [16].
In recent years, nanocrystalline anatase has been widely applied
in solar cells and photocatalysts [1,2,14]. Therefore, the photo-
voltaic and photocatalytic properties of nanocrystalline anatase
have been extensively studied. Mechanical behaviors and proper-
ties of nanocrystalline anatase are crucial for its industrial appli-
cations. However, there have been only a few limited studies on
these issues. These studies mainly focused on the elastic properties
and phase transition of nanocrystalline anatase under extreme hy-
drostatic pressure conditions [16-20]. It was experimentally dis-
covered that the bulk modulus of nanocrystalline anatase depends
on the grain size [17]. More interestingly, a few experimental and
computational studies [ 18-20] showed that the application of high
pressure can induce a phase transition of nanocrystalline anatase
that also shows a significant dependence on the grain size. When
the grain size is below 10 nm, nanocrystalline anatase transforms
to the amorphous phase at high pressure [18]. Nanocrystalline
anatase with a grain size of 12-50 nm transforms to the monoclinic
baddeleyite-structured phase under the pressure of 12-20 GPa
and then transforms into the TiO,-II structure during further de-
compression [ 18]. Nanocrystalline anatase with a grain size above
50 nm directly transforms to the TiO,-II structure at pressures
beyond 5 GPa [18]. However, to date, there have been few studies
on the mechanical deformation of nanocrystalline anatase under
common mechanical loading. Thus, a fundamental understanding
of the deformation mechanisms of nanocrystalline anatase is cur-
rently lacking. In this paper, we investigated the deformation of
nanocrystalline anatase with a mean grain size of 2-6 nm under
uniaxial tension and compression by using large-scale atomistic
simulations. Our simulation results showed superplasticity and
amorphization of nanocrystalline anatase under uniaxial tension
and compression, respectively. Our results further revealed the
underlying deformation mechanisms responsible for the super-
plasticity and amorphization, as well as the influence of the grain
size on the deformation behaviors and mechanisms. These results
provide an insightful understanding of the plastic deformation
of nanocrystalline anatase, as well as a guide for applications of
nanocrystalline anatase.

2. Materials and methods
To investigate the mechanical behaviors and properties of

nanocrystalline TiO, anatase, we carried out a series of large-
scale molecular dynamics (MD) simulations using the large-scale
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Fig. 1. (a) Atomic configuration of anatase unit cell. Ti and O atoms are shown in red
and silver, respectively. (b) Atomic configuration of typical nanocrystalline anatase
TiO, with mean grain size of 6 nm. (c) Atomic configuration of amorphous TiO,. (d)
RDF of amorphous TiO,.

atomistic/molecular massively parallel simulator (LAMMPS) [21].
The anatase unit cell is shown in Fig. 1(a). Two types of simulated
samples were used: the first is the nanocrystalline cubic sample
with 64 grains (Fig. 1(b)) (with dimensions of 24 x 24 x24~8x8x 8
nm?), and the second is an amorphous cubic sample with dimen-
sions of 8 x8 x8 nm?>. The largest sample contains 1,680,400 atoms.
For nanocrystalline samples, polycrystalline configurations were
generated according to the Voronoi method [22]. The mean grain
size of the nanocrystalline sample varies from 2 nm to 6 nm, but
the grain shape and orientation remain the same for different
nanocrystalline samples. The amorphous sample was generated by
a melting-and-quenching process reported previously [23]. During
this process, the temperature was controlled to increase from 1
K to 2500 K within 200 ps, then remained at 2500 K for 100 ps,
finally decreasing to 300 K within 400 ps. The amorphous sample
can be regarded as a limiting case, i.e., a nanocrystalline sample
with a mean grain size approaching atomic size. Fig. 1(c) shows the
atomic configuration of the amorphous sample after equilibration.
Its corresponding radial distribution function (RDF) is shown in
Fig. 1(d), indicating the amorphous structure. During our simula-
tions, the time step for integration was set as 1 fs. All simulated
samples were initially equilibrated by energy minimization, then
freely relaxed for 100 ps, and then stretched or compressed along
the z-axis under a constant strain rate of 5x 108 s~!. During free
relaxation, the temperature was kept at 300 K, and the pressures
in all three directions were controlled to be zero via a NPT ensem-
ble [24]. During loading, the temperature remained at 300 K, and
the pressures along the two non-loading directions were set to zero
via the NPT ensemble [24]. Throughout the simulations, periodic
boundary conditions were imposed on all three directions of the
simulated samples.

To date, several interatomic potentials have been developed for
TiO, [25-30]. Of these potentials, the pairwise potential proposed
by Matsui and Akaogi (MA) [27] and the variable charge potential
proposed by Swamy and Gale [30] are the most popular potentials
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Fig. 2. Uniaxial tensile stress-strain curves of nanocrystalline anatase TiO, with
different grain sizes from MD simulations. The fracture strain significantly increases
with the reduction in grain size. The nanocrystalline sample with grain size of 2 nm
and the amorphous sample can survive tensile strains over 90%.

and have been widely used for TiO, in MD simulations. The MA
potential is composed of the pairwise additive Coulomb, disper-
sion and repulsion interactions [27], while the potential devel-
oped by Swamy and Gale involves a quantum charge equilibration
scheme on the basis of the pairwise Morse potential and is gen-
erally referred to as MS-Q potential. This interatomic interaction
is described by a transferable variable-charge potential [30] and
composed of pairwise Coulomb interactions and non-electrostatic
interactions that are subsumed into a two-body Morse poten-
tial [30]. Due to its introduction of the quantum charge equili-
bration scheme, the MS-Q potential is more complicated than the
MA potential, so it is computationally much more expensive than
the MA potential. The MS-Q potential can reproduce the crystal
structures of almost all Ti-O compounds, the elastic properties and
relative stability of various TiO, polymorphs, and the formation
energy of the (100) rutile surface [30]. A comprehensive compar-
ison of the MS-Q with the MA potentials has been conducted in
the literature [31], with results showing that the MS-Q potential
is more successful in predicting the bulk moduli of low-pressure
polymorphs (including rutile, anatase, and brookite) than the MA
potential. The phase stabilities of both low-pressure and high-
pressure phase diagrams obtained with the MS-Q potential are in
broad agreement with the available calorimetric, phase equilib-
rium, and other simulation data [31]. Therefore, the MS-Q poten-
tial was adopted in the present work to describe the interatomic
interaction due to its good accuracy and reliability despite its
computational cost.

To further confirm the effectiveness and accuracy of the MS-Q
potential, we calculated the elastic properties of nanocrystalline
anatase and its compressibility under hydrostatic pressure using
the MS-Q potential model. We performed MD simulations for uni-
axial tension of nanocrystalline anatase with a mean grain size of
2-6 nm. By fitting the linear regime of uniaxial tensile stress-strain
curves, the Young’s modulus was obtained as 201.5-169.7 GPa,
comparable to experimental nanoindentation measurement (170
GPa) for nanocrystalline anatase thin films with mean grain size
of 100-200 nm [32]. We also conducted MD simulations for hy-
drostatic compression on nanocrystalline anatase with a mean
grain size of 4 nm. By fitting the linear part of the hydrostatic
stress-volumetric strain curve, the bulk modulus was obtained
as 166.2 £+ 3.0 GPa, in good agreement with the 165-185 GPa
obtained experimentally for nanocrystalline specimens with grain
sizes of 4-6 nm [17].

During the simulations, the atomic strains were calculated by
a local transformation matrix between the current and reference
configurations [33]. The reference configuration is taken as the ini-
tial configuration after equilibrium and prior to mechanical load-
ing. The local transformation matrix J; of atom i is given by [33],
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where dﬁ. and d;; represent the vector separation between atom j
and i of the reference and current configurations, respectively, j is
one of the nearest neighbors of atom i and Ni0 is the total number of
nearest neighbors of atom i at the reference configuration. For each
Ji, the local Lagrangian strain tensor #; (i.e atomic strain tensor) is
calculated as [33],

1
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where I is the unit tensor. Such method for calculation of atomic
strains has been widely used to characterize the large plastic
deformation of various amorphous and crystalline nanostructured
materials [34-37]. The atomic stresses were calculated based on
the Virial theorem. The stress of the overall sample was taken as
the average over the atomic stresses of all atoms in the sample.

3. Results and discussion
3.1. Superplasticity of nanocrystalline TiO, under uniaxial tension

Fig. 2 shows the uniaxial tensile stress—strain curves for
nanocrystalline anatase with mean grain sizes of 2-6 nm and for
amorphous TiO,. It can be seen from these stress-strain curves
that with the increase in applied strain, all samples first underwent
a linear elastic deformation with ~3% strain, followed by a plas-
tic hardening regime where the stress continuously increased up
to a maximum. Subsequently, the stresses of the nanocrystalline
samples (with grain sizes of 4 nm and 6 nm) rapidly dropped to
zero so that their fracture strains were only approximately 30%.
However, the stresses of the sample with a grain size of 2 nm
and the amorphous sample gradually saturated to a constant level
after 20% tensile strain. These two samples were stretched into
90% strain without fracture, indicating a superplastic deformation
at room temperature. These simulation results showed that as
the grain size decreases, the fracture strain (or elongation) of
the nanocrystalline samples increases significantly and that there
exists a brittle-to-ductile transition for the grain sizes in the range
of 2-4 nm. It is noted that the maximum tensile stress of the
amorphous sample is higher than that of the nanocrystalline sam-
ples. This is related to the apparent stress overshooting of the
amorphous sample shown in Fig. 2, which originates from delayed
free volume activation for plastic deformation in amorphous ma-
terials [38].

Fig. 3 depicts a sequence of snapshots of stretched nanocrys-
talline anatase with grain sizes of 4 nm and 6 nm at different
tensile strains. At the initial stage, large shear strains were pri-
marily localized at the grain boundaries (GBs) due to local stress
concentrations, as shown in Fig. 3(a) and (d). As the applied strain
increased, several nanocracks nucleated at the GBs (Fig. 3(b) and
(e), and then propagated along the GBs and merged into an inter-
connected channel in the direction normal to the tensile direction,
eventually resulting in inter-granular brittle fracture (Fig. 3(¢) and
(f)). Thus, the fracture strains (or elongations) of the samples with
grain sizes of 6 nm and 4 nm are only approximately 20% and
30%, respectively. Movie 1 shows the evolution of a nanocrystalline
sample with a grain size of 6 nm under uniaxial tension.
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Fig. 3. (a)-(c) Atomic configurations of the sample with a grain size of 6 nm under different tensile strains. (d)-(f) Atomic configurations of the sample with a grain size
of 4 nm under different tensile strains. During deformation of these two samples, a few nano-cracks nucleate at GBs and then merge into larger cracks, leading to brittle
intergranular fracture of samples at higher strains. All atoms are colored based on their atomic von Mises strains.
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Fig. 4. (a)-(c) Atomic configurations of the sample with a grain size of 2 nm under different tensile strains. (d)-(f) Atomic configurations of the amorphous sample under
different tensile strains. As the grain size is reduced to 2 nm, GB sliding and nano-cavitation exert an effect during tensile deformation, resulting in fracture strain beyond 90%.
For the amorphous sample, nano-cavitation serves as the dominant deformation mechanism, also showing fracture strain greater than 90%. All atoms are colored according
to their atomic von Mises strains.

For the nanocrystalline sample with a grain size of 2 nm, large grain size of 2 nm is relatively uniform. As the applied strain
shear strains were still initially distributed at the GBs, as shown increased, the shear strain accumulated around the GBs. When the
in Fig. 4(a). Compared to the samples with larger grain sizes, the applied strain reached 30%, the samples with grain sizes of 4-6 nm
sample with a grain size of 2 nm has a much larger GB fraction. failed due to intergranular fracture (Fig. 3(c) and (f), but no crack
As a result, the shear strain distribution in the sample with a nucleation occurred in the sample with a grain size of 2 nm. The
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Fig. 5. Uniaxial compressive stress-strain curves of nanocrystalline TiO, with
different grain sizes from MD simulations.

accumulation of the shear strain at GBs indicated the activation of
GB sliding [39,40]. As the strain increased further, some nanoscale
cavities nucleated, as illustrated by Fig. 4(a) and (b). These nano-
cavities were distributed uniformly throughout the whole sample
instead of coalescing into nano-cracks, as shown in Fig. 4(c). Such
nano-cavitation contributes to a stable plastic flow and therefore
facilitates the improvement in the ductility of the nanocrystalline
sample. Similar nano-cavitation has also been reported in recent
MD simulations of superplastic deformation of nanocrystalline SiC
with a grain size of 2 nm [11]. For the nanocrystalline sample
with a grain size of 2 nm, GB sliding and nano-cavitation re-
sult in superplastic deformation under tension. More details of
this process are shown in Movie 2. For the amorphous sample,

a

£=0.0% £=15.9%

nano-cavitation serves as the dominant deformation mechanism,
leading to a fracture strain higher than 90%, as evidenced by
Fig. 4(d)-(f). In amorphous materials, nucleation of nanoscale cavi-
ties is usually related to free volume activation. In addition to nano-
cavitation, it was observed that some atom clusters experienced
large shear strains, as shown in Fig. 4(e). For the stress-strain
curves shown in Fig. 2, the amorphous sample shows a more
apparent strain softening (i.e., stress drop) than the nanocrystalline
samples after reaching maximum stress, which is attributed to a
complex interaction between the shear of the atom cluster and the
nano-cavitation [38].

3.2. Amorphization of nanocrystalline TiO, under uniaxial compres-
sion

Fig. 5 show the uniaxial compressive stress-strain curves for
nanocrystalline samples with grain sizes of 2-6 nm and for the
amorphous sample. After the linear elastic deformation, all sam-
ples underwent pronounced plastic deformation. For nanocrys-
talline samples with grain sizes of 4 and 6 nm, the stress first
increased to a peak value, indicating strain hardening, and then
decreased slightly. However, for the nanocrystalline sample with
a grain size of 2 nm and for the amorphous sample, the stress
saturated to a plateau after the plastic yielding. All samples were
compressed to 30% strain without failure, indicating good com-
pressibility whose origin is further explored below.

Fig. 6(a) and (b) show the atomic compressive strain &,, and
stress o,, contours of the nanocrystalline sample with a grain size
of 6 nm at the applied strain of 15.9%. To eliminate the effects of
thermal fluctuations, the atomic stress of each atom in Fig. 6(b) is
obtained as an average over all atoms in a sphere with a radius
of 1 nm centered at this atom. It was found that within regions
with high compressive strains, there were many disordered atoms
distributed along the GBs, as indicated by the black lines in Fig. 6(a).
We further examined the atomic configurations of two sites near
GBs at compressive strains of 0 and 15.9%. It can be seen in Fig. 6(c)
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Fig. 6. (a,b) Atomic compressive strain and stress contours of nanocrystalline anatase with grain size of 6 nm at an applied strain of 15.9%. GBs are indicated by the black lines.
(c) Atomic configurations of two specific sites of nanocrystalline anatase at compressive strains of 0% and 15.9%, demonstrating that crystalline-to-amorphous transition
initiates from GBs. GBs are indicated by the black lines, while the regions outlined by the green lines contain the amorphous phase after transition. (d) RDF curves of
nanocrystalline anatase with a grain size of 6 nm during uniaxial compression.
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that the crystal lattices near the GBs (as marked by green lines)
transformed into completely disordered structures after the com-
pression. These results suggest that a crystalline-to-amorphous
transition (i.e., amorphization) of anatase was initiated from GBs
during the compression. Fig. 6(d) shows the RDFs of the nanocrys-
talline sample with a grain size of 6 nm at different compressive
strains. The intensity of peaks attenuates as the compressive strain
increases. Notably, some of the peaks reflecting long-range order
even disappear at higher strain levels (marked by black arrows in
Fig. 6(d)), further demonstrating the occurrence of amorphization
under large compression. Previous experimental studies [18-20]
have shown that when the grain size is below 10 nm, nanocrys-
talline anatase can transform into the amorphous phase at a high
pressure of 10-25 GPa. As shown in Fig. 6(b), local compressive
stresses in the nanocrystalline sample are usually as high as 18
GPa, consistent with previous experimental measurements of the
critical pressure (10-25 GPa) for amorphization. This indicated that
the amorphization observed in the nanocrystalline samples is in-
duced by the high compressive stress. It is noted in Fig. 6(b) that be-
cause the regions near GBs have transformed into the amorphous
phase, high local compressive stresses are mainly distributed in the
grain interiors. This implies that high local compressive stresses
extended from GBs into grain interiors, leading to an extension
of amorphization from the GBs to grain interiors. A compression
process of the nanocrystalline sample with a grain size of 6 nm is
shown in detail in Movie 3. At the initial stage of compression, high
compressive strain/stress initially localized at the GBs composed
of disordered atoms. When the local compressive stresses near
the GBs reach a critical value, high local stresses gradually drive
the crystalline-to-amorphous transformation. As the applied strain
increased, the amorphous regions gradually extended from the GBs
to grain interiors. High compressive strains always localized on the
transformed amorphous phases, contributing to the plastic flow
and compressibility of the overall sample as observed in the stress—
strain curves presented in Fig. 5.

Our MD simulations provided the mechanistic details of the
plastic deformation of nanocrystalline anatase under tension and
compression. During tension, high shear strains mainly local-
ized at the GBs, leading to the occurrence of sliding and nano-
cavitation near the GBs. During compression, high compressive
strains/stresses were initially generated near the GBs, initiat-
ing amorphization from the GBs. These results indicated that in
nanocrystalline samples, GBs play an important role in uniaxial
tensile and compressive deformation. In nanocrystalline materials,
GBs are usually regarded as disordered structures (similar to the
amorphous phase), compared to the grain interior with ordered
lattices [39,41]. Our MD simulations showed that the amorphous
sample can sustain larger fracture strain than the nanocrystalline
samples under both tension and compression. Therefore, in the
nanocrystalline samples, GBs with disordered structures bear large
strains during both tension and compression, which is also evi-
denced by Figs. 3, 4 and 6(a)-(b). Based on a previous theoretical
model [41], if the GB thickness is set as 0.75 nm, the volume
fraction of the GBs of the nanocrystalline samples increases from
30% to 71%, as the grain size is reduced from 6 nm to 2 nm. This
implies that as the grain size decreases, GB-related processes such
as GB sliding, nano-cavitation and amorphization become more
dominant during the deformation, leading to the tensile superplas-
ticity and good compressibility of the nanocrystalline samples.

Our MD simulations showed that in contrast to nanocrystalline
anatase phases, amorphous phases have comparable strength
and better deformability under both tension and compression.
These differences in mechanical properties between nanocrys-
talline and amorphous TiO, are attributed to their distinct differ-
ence in the microstructure. Due to the better mechanical proper-
ties/performance, amorphous TiO, might have a wider application

in optical coatings and mixed conductors. Moreover, it is noted that
the critical stress for amorphization of nanocrystalline TiO, from
our MD simulations is relatively higher than that from experimen-
tal measurements [ 18-20], and their fracture strain from MD sim-
ulations is relatively large. These differences are mainly attributed
to a fact that our MD simulations used much higher strain rate
than experiments. It might be also associated with the accuracy of
the interatomic potential used for modeling large deformation and
fracture, which involve some critical events, such as the breakage
and formation of ionic bonds and the occurrence of multiple oxide
states. The current empirical potential cannot capture these critical
events as accurate as ab-initio calculations [30].

4. Conclusions

In summary, we have studied the tensile and compressive de-
formations of nanocrystalline anatase TiO, using large-scale MD
simulations. Our MD simulations showed that during uniaxial ten-
sion, nanocrystalline samples with a grain size of 2 nm under-
went superplastic deformation, leading to a fracture strain greater
than 90%. During uniaxial compression, nanocrystalline samples
exhibited good compressibility. Our simulations further revealed
that the observed tensile superplasticity is attributed to the dom-
inance of GB sliding and nano-cavitation during the deformation,
while the good compressibility is associated with amorphization
induced by high compressive stress. These unique tensile and
compressive behaviors are related to high volume fractions of
GBs with disordered structures, which can accommodate large
strains during both tension and compression. Our current work
provides a fundamental understanding of plastic deformation of
nanocrystalline anatase TiO,, as well as mechanistic insights into
the enhancement of the tensile and compressive deformability of
ceramics by refining the grains.
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