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ABSTRACT 

Most ceramics have low fracture toughness ( < 5 MPa 
√

𝑚 ) at room temperature. This work explores the feasibility of toughening 
TiO2 via femtosecond laser shock peening (fs-LSP). Transmission electron microscopy (TEM) analyses reveal LSP-induced the 
creation of high-density stacking faults, dislocation structures, and twin boundaries in the LSP-treated surface layer ( ∼ 55 µm thick) 
of single-crystal rutile TiO2 . Meanwhile, oxygen vacancies were introduced into TiO2 via the LSP treatment, as evidenced by X-ray 
photoelectron spectroscopy (XPS) results and the red peak shifts in Raman spectra. In addition, X-ray diffraction scans show in- 
plane compressive residual stress ( − 61 to − 306 MPa) built in LSP-processed TiO2. The indentation fracture resistance ( KIFR ) of TiO2 

is enhanced from 2.8 MPa 
√

𝑚 to 6.8–8.2 MPa 
√

𝑚 . The role of compressive residual stress, oxygen vacancy, dislocations, stacking 
faults, and twins are discussed using atomistic simulations, semiquantitative and qualitative analyses. This study demonstrates the 
remarkable synergistic effects of defect networks and residual compressive stress in toughening TiO2 and possibly other ceramic 
materials. Our work also qualifies the fs-LSP as an effective and scalable method to toughen ceramic materials. 
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 Introduction 

eramic materials have a broad range of applications across
arious industrial sectors due to their functional versatility
 1–8 ], exceptional mechanical strength [ 3, 9, 10 ], outstanding
ear resistance [ 11, 12 ], and extraordinary thermal stability [ 12,
3 ]. Nonetheless, most ceramic materials are brittle at room
emperature [ 14–16 ] with fracture toughness below 5 MPa 

√
m ,

hich is notably inferior to common structural metallic materials
 > 20 MPa 

√
m ) [ 17 ]. Due to compact charged cores [ 18 ] and

igh Peierls stress incurred by their strong and directional
onic/covalent bonds [ 16 ], most ceramics have high dislocation
ucleation energy barriers (1–10 eV) [ 19 ], low dislocation mobil-
ty, and limited slip systems. Therefore, crack formation prevails
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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over dislocation-mediated plasticity in many ceramic materials
deformed at room temperature. 

Enhancing the toughness of ceramic materials is a long-lasting
and challenging goal for the material research community. Prior
studies have been inspired by nature in developing damage-
tolerant ceramic materials that employ both extrinsic and
intrinsic toughening mechanisms. The hierarchical “brick-and-
mortar” composite structures [ 20, 21 ] and the high-density
of growth nanotwins confer impressive fracture toughness in
seashells [ 22–24 ] composed of CaCO3 and Al2 O3 . Viable and
established toughening methods for ceramics include bridging,
deflecting, and branching cracks at layer interfaces, as well
as at second-phase particles and grain boundaries [ 17 ]. Phase
se, which permits use, distribution and reproduction in any medium, provided the 

icals LLC on behalf of The American Ceramic Society. 
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ransformation toughening in Yttria-stabilized ZrO2 (YSZ) is
nother successful effort in toughening ceramics [ 25, 26 ]. 

evertheless, achieving intrinsic toughening in ceramics via
icrostructural defects remains challenging. Some recent studies
ave sought to enhance dislocation nucleation and density
n ceramics via high-temperature preloading [ 10 ], mechanical
eeding [ 27–29 ], nonequilibrium processing [ 13, 30–32 ], the con-
truction of coherent ceramic-based hetero-phase interfaces [ 33,
4 ], and the introduction of vacancies [ 35, 36 ] and dopants [ 37, 38 ].
hese research efforts help reduce the energy barriers for disloca-
ion nucleation and facilitate the dislocation-induced toughening
echanism. Apart from dislocations, complementary deforma-
ion mechanisms, including twinning [ 31, 39, 40 ], stacking fault
ormation [ 31, 32 ], kink banding [ 41 ], microcracking [ 42 ], and
ocal atom [ 43 ] and vacancy rearrangement [ 44, 45 ], have been
hown to enhance plasticity and toughness in ceramic materials.

aser shock peening (LSP) has demonstrated significant poten-
ial to enhance strength, wear resistance, and fatigue limit of
etallic materials [ 46–49 ]. During LSP, a short laser pulse creates
igh-temperature plasma and a high-pressure shock wave [ 50 ],
roducing localized plastic deformation at extremely high strain
ates. Currently, most LSP studies adopt nanosecond laser pulses
ns-LSP), which requires a confining medium (water or glass),
eading to a peak shock pressure of ∼ 10–20 GPa and significant
hermal damage [ 51, 52 ]. In contrast, femtosecond laser shock
eening, with a laser pulse duration of 200 fs can generate peak
hock wave pressures up to hundreds of GPa and significantly
educe thermal damage due to its ultra-high laser intensity and
mall heat-affected zone [ 46, 53, 54 ]. 

n contrast to the large number of LSP studies on metals, much
ewer efforts have been made to treat ceramics with LSP. Prior
tudies focus primarily on nanosecond LSP (ns-LSP) treatment
f SiC [ 55 ], Al2 O3 [ 56, 57 ], Si3 N4 [ 14 ], and ZrO2 [ 58 ], which have
hown only limited improvements in hardness and indentation
racture resistance after LSP processing. Nonetheless, the effect
f fs-LSP on the mechanical properties of ceramics remains
nexplored. It remains unknown how fs-LSP would differ from
s-LSP in toughening ceramics. In this regard, this study seeks
o advance our understanding of this field by investigating the
ffects of fs-LSP on the microstructure and mechanical properties
f rutile TiO2 using advanced characterization and computa-
ional material science techniques. Our findings demonstrate
emarkable toughening effects of hierarchical defects, including
acancies, dislocations, stacking faults, and twins introduced by
s-LSP. 

 Materials and Methods 

.1 Fs Laser Shock Peening 

he fs-LSP experiments were conducted on (001) single-crystal
utile TiO2 samples polished by EPI method (99.99%, MTI Corpo-
ation) under ambient atmospheric conditions. The surface was
ltrasonically cleaned with 99.9% isopropyl alcohol for 5 minutes
nd subsequently dried on a hot plate at 400◦C prior to the
aser processing. A Yb:KGW femtosecond laser source (Pharos,
ight Conversion) was configured to generate high-energy laser
of 18
pulses at a central wavelength of 1030 nm with a pulse duration
of 165 fs. The laser source was delivering linearly polarized
Gaussian-shaped beams at a fixed repetition rate of 3 kHz with
a beam diameter of 34 µm at focus and approximately 5 mm
before focusing. The laser beam was focused perpendicularly on
the sample surface using an f -theta lens mounted in the scan
head (IntelliScan, ScanLab). The input power of the laser was
controlled by a half-wave plate and a polarizer, as shown in
Figure 1 . 

During laser processing, the sample was mounted on a linear
translational stage that could move along the vertical direction.
A uniform scanning strategy was implemented by maintain-
ing equal spacing between two consecutive pulses in both
lateral and transverse directions. The overlapping ratio was
predetermined as shown in Table 1 , and the corresponding
scanning speed was calculated based on the overlapping ratio.
The overlapping ratio ( ϕ(%)) and the hatching distance ( D ) are
expressed as: 

𝜙 =
( 

1 − 𝑣 

𝑤𝑜 𝑓 

) 

× 100 (1)

𝐷 =
( 

1 −
𝜙

100 

) 

× 𝑤0 (2)

where, v is the scanning speed, w0 is the spot diameter, and
f is the repetition rate. The fs-LSP system configurations and
other parameters are included in Figure 1a . Three TiO2 samples,
referred to as LSP TiO2 - x ( x = 1, 2, 3), were processed using
different laser parameter combinations, which are shown in
Figures 1b–d and Table 1 . 

2.2 Microstructure Characterization 

The surface roughness and morphology of the as-LSP-processed
TiO2 (AP LSP TiO2 ) samples were examined using an Olympus
LEXT Optical Profiler and the Hitachi SU5000 scanning electron
microscope using BSE detectors under low vacuum mode. AP LSP
TiO2 samples were slightly polished using 1000-grit SiC paper to
remove nanoporous layers. Raman backscattering spectroscopy
was performed on both AP and polished LSP TiO2 samples
with a Horiba LabRAM HR Evolution confocal microscope
equipped with an 800 mm focal length spectrograph and an
air-cooled (-60◦C) back-illuminated deep-depleted CCD detector.
A 100 mW, 532 nm laser (no neutral density filter was used),
50 × magnification objective, and 1800 groves/mm diffraction
grating were used in the measurements. Spectra were corrected by
the pre-recorded instrument-specific intensity correction system
(ICS). X-ray diffraction (XRD) measurements were conducted on
SmartLab automated multipurpose X ‑ray diffractometer using a
Cu K α source. 

Surface oxygen vacancies in rutile TiO2 were evaluated using X-
ray photoelectron spectroscopy (XPS) on a PHI 5000 VersaProbe
III system (Physical Electronics, ULVAC-PHI) equipped with a
monochromatic Al K α X-ray source (1486.7 eV). The measure-
ments were conducted at room temperature with an X-ray power
of 50 W and an incidence angle of 90◦. The XPS spectra were col-
lected using three sweeps with a pass energy of 69 eV. The analysis
chamber was maintained at a ∼ 10− 7 Pa, and a low-energy electron
Journal of the American Ceramic Society, 2026
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FIGURE 1 (a) A schematic illustrating the ultrafast laser shock peening system. (b–d) Back- scattered- electron scanning electron microscopy (BSE- 
SEM) images showing the surface morphologies of TiO2 samples processed by fs-LSP. Surface roughness values (Sa) and corresponding laser processing 
parameters for each sample are included. (e–h) Optical images collected by an Olympus LEXT optical profiler showing the color and surface morphology 
of as-received (AR) TiO2 and LSP-processed TiO2 samples. 

TABLE 1 Laser shock peening parameters. 

Repetition 

rate (kHz) Sample 
Peak fluence 

(J/cm2 ) 
Average fluence 

(J/cm2 ) 
Overlapping 
ratio (%) 

Hatch distance 
( µm) 

Scanning speed 
(mm/s) 

3 LSP TiO2 -1 66 33 70 10.2 30.6 
LSP TiO2 -2 110 55 50 10.2 51.0 
LSP TiO2 -3 110 55 70 17.0 30.6 
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un was used for dual-beam charge neutralization during data
cquisition. The X-ray beam spot size was 200 µm, with a raster
rea of 500 × 500 µm2 . Prior to spectral acquisition, all samples
ere subjected to Ar+ sputtering cleaning at an accelerating
oltage of 2 kV for 12 s. All binding energies were calibrated
sing the C 1s peak at 284.8 eV. The XPS spectra and binding
nergy profiles were analyzed using the CasaXPS software. It
hould be aware that Ar+ sputtering may induce partial surface
eduction in TiO2 . Therefore, identical sputtering conditions
ere applied to all samples to enable a consistent comparative
nalysis. 
ournal of the American Ceramic Society, 2026
The Thermo Fisher Helios G4 UX dual-beam SEM, equipped
with a focused ion beam (FIB) and an Omniprobe manipulator,
was used to fabricate a 100-nm-thick sample from LSP TiO2 -1
using a Ga+ ion source. Microstructure and crystal orientation
of the LSP TiO2 were examined using transmission electron
microscope (TEM), scanning transmission electron microscopy
(STEM), and pression electron diffraction (PED) experiments on a
FEI Talos 200X TEM equipped with Nano Megas ASTAR system.
Inverse pole figure orientation (IPF) maps and kernel average
misorientation (KAM) map were extracted from the PED dataset
via the EDAX/TSL OIM analysis software. 
3 of 18
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.3 Vickers Indentation 

icrohardness and indentation fracture resistance (KIFR ) of as-
eceived (AR) and polished LSP TiO2 samples were measured
sing Vickers hardness tests with loads ranging from 0.05 Kilo-
ram force (kgf) to 1 kgf and a dwell time of 15 s. To probe the
enetration depth of LSP-affected layer, Vickers hardness tests
ere also performed on the cross-section of LSP TiO2 -2 sample
t varying distances to the LSP-treated surface using a load of
.05 kgf. Indents on TiO2 samples were examined using the JCM-
000 NeoScope Benchtop SEM using BSE detectors. Diagonal
ength ( d ) of indents and crack length statistics were measured
sing ImageJ software. The indentation depth ( h ) of the indent
s estimated to be 1/7 d , considering the square-based pyramid
ip used in our Vickers hardness tests. At least 8–10 indents were
onducted under each load to ensure data reproducibility. 

.4 Atomistic Simulation 

tomistic simulations are used to estimate the single-crystal
lastic constants and generalized stacking fault energy (GSFE)
f pristine rutile TiO2 and TiO2 with different oxygen vacancy
oncentrations (1–5 at.%) using the SevenNet [ 59 ] universal ML
nteratomic potential. The stiffness tensor, 𝐶𝑖𝑗 [ 60 ], is calculated
sing the stress-strain method [ 61 ] at 300 K via the molecular
ynamics simulation. Effective elastic constants were obtained
or the six independent components 𝐶11 , 𝐶12 , 𝐶13 , 𝐶33 , 𝐶44 , and 𝐶66

n a 2058-atom supercell. 

oigt average bulk modulus ( KV ), shear modulus ( GV ), and elastic
odulus ( EV ) were calculated based on simulated effective elastic
onstants ( 𝑪∗ 

𝒊𝒋 
) using the following Equations ( 3 )–( 5 ) [ 62 ]: 

𝐾𝑉 =
1 

9 

[
2
(
𝐶∗ 

11 + 𝐶∗ 
12 

)
+ 4 𝐶∗ 

13 + 𝐶∗ 
33 

]
(3)

𝐺𝑉 =
1 

15 

[
𝐶∗ 

11 + 𝐶∗ 
12 + 2 𝐶∗ 

33 − 4 𝐶∗ 
13 + 6 𝐶∗ 

44 + 3 𝐶∗ 
66 

]
(4)

𝐸𝑉 =
9 𝐾𝑉 𝐺𝑉 

3 𝐾𝑉 + 𝐺𝑉 

(5)

here effective elastic constants ( 𝑪∗ 
𝒊𝒋 
) are calculated from the raw

lastic constants ( 𝑪𝒊𝒋 ) using the following equations: 

𝐶∗ 
11 =

𝐶11 + 𝐶22 

2 
, 𝐶∗ 

12 = 𝐶12 (6)

𝐶∗ 
13 =

𝐶13 + 𝐶23 

2 
, 𝐶∗ 

33 = 𝐶33 (7)

𝐶∗ 
44 =

𝐶44 + 𝐶55 

2 
, 𝐶∗ 

66 = 𝐶66 (8)

here the raw elastic constants (𝐶𝑖𝑗 ) describe the configuration-
pecif ic elastic response of a material and reflect the actual
ymmetry and local disorder of the simulated or measured
tructure. Effective elastic constants ( 𝐶∗ 

𝑖𝑗 
) obtained by averaging

nd enforcing an appropriate macroscopic symmetry represent
he continuum-scale elastic behavior of the material. 

he GSFE provides an essential landscape for assessing mechani-
al stability and slip behavior. The unstable stacking-fault energy
of 18
( γusf ) is the local maximum on the GSFE curve and quantifies the
barrier to nucleating a partial slip/dislocation. For rutile TiO2 , we
used the molecular static simulation to compute GSFE at 0 K on
the (101) plane using a supercell-oriented x ∥ [010], y ∥ [ ̄1 01], and
z ∥ [101]. The GSFE curve was generated by rigidly translating
the upper half of the crystal relative to the lower half along the
in-plane [ ̄1 01] direction over one periodic repeat (one Burgers-
vector period), relaxing atoms along the plane normal direction
at each increment under in-plane periodic boundary conditions.
Our GSFE supercell contains 4116 atoms. 

3 Results 

3.1 SEM and Optical Images 

Figures 1b–d show SEM images for the AP LSP TiO2 samples.
The surface roughness increases from 30 nm (AR TiO2 ) to 278–
378 nm after LSP treatment. The LSP-induced surface roughening
likely stems from the formation of nanopores and nanoparticles
on LSP-processed TiO2 . Surface morphologies vary among the
three LSP TiO2 samples, exhibiting different sizes and density of
nanoparticles. LSP TiO2 -3 has the least number of nanoparticles
on its surface (Figure 1d ). Notably, low-magnification optical
images in Figures 1e–h show significant blackening on surfaces
of LSP-processed TiO2 samples, implying introduction of oxygen
vacancies. 

3.2 Raman Spectroscopy 

Figure 2 summarizes the Raman spectroscopy profiles for the
AR (unprocessed), AP LSP, and polished LSP TiO2 samples.
Compared to AR counterparts, A1g , Eg , B1g , and R peaks shift to
lower wavelength numbers in LSP TiO2 samples. For instance,
the position of A1g peak shifts from 612 cm− 1 (AR TiO2 ) to 603
cm− 1 (AP LSP TiO2 -1), 607 cm− 1 (AP LSP TiO2 -2), and 601 cm− 1 (AP
LSP TiO2 -3) after LSP treatments. The left (red) peak shifts in
the Raman spectra of TiO2 strongly indicate weakened Ti–O
bonds and oxygen vacancies [ 2, 63 ]. The removal of the surface
nanoporous layer leads to smaller red-shift values in polished
LSP TiO2 -1 and LSP TiO2 -3 samples. Compared to AR TiO2 ,
the multi-phonon peaks (226–242 cm− 1 ) in LSP TiO2 samples
are notably stronger and broader, which suggests the formation
of high-density microstructural defects and local microstruc-
tural modifications induced by fs-LSP [ 64 ]. The oxygen-deficient
Magnéli phase was not detected in LSP-processed TiO2 samples. 

3.3 X-ray Diffraction 

AR rutile TiO2 samples after fs-LSP treatments exhibit surface
roughening with the formation of nanopores (Figure 4a ) and
nanoparticles (Figures 1b–d ). The thickness of these nanoporous
layers is below 500 nm (Figure 4a ), which is comparable to the
surface roughness (Sa = 278–378 nm) of LSP-treated surfaces.
Noticeably, the LSP TiO2 -3 sample surface (Figure 1d ) has a
significantly lower density of nanoparticles than the other two
samples (Figures 1b,c ). Raman spectroscopy results for AP LSP
TiO2 samples in Figure 2 show anatase peaks in LSP TiO2 -1
(Figure 2f ) and LSP TiO2 -2 (Figure 2d ), but not in LSP TiO2 -3.
Journal of the American Ceramic Society, 2026

e C
om

m
ons L

icense



FIGURE 2 Raman spectra for the as-received (AR), as-processed (AP) LSP TiO2 , and polished LSP TiO2 samples. 
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EM (Figures 1b–d ) and Raman spectroscopy results (Figure 2 )
mply that nanoparticles are likely to be anatase TiO2 induced
y fs-LSP. XRD scans (Figure 3a ) show a shift of out-of-plane
rientation from < 001 > in AR TiO2 to < 101 > in AP LSP TiO2 sam-
les. Interestingly, the out-of-plane orientation of the polished
SP TiO2 samples is < 001 > (Figure 3a ). 

efined XRD scans show the peak broadening and left peak shifts
f the (002) peaks in polished LSP TiO2 samples (Figure 3b ).
he full width at half maximum (FWHM) for the AR TiO2 is
.03◦, which is significantly smaller than those of the LSP TiO2
amples (0.10–0.18◦), suggesting the existence of LSP-induced
efects and variations in micro strains. Moreover, 0.01–0.05◦
ower 2 θ angle peak shifts were observed in the rutile (002) peaks
f LSP TiO2 samples, indicating the tensile out-of-plane strain and
ompressive in-plane strain. The corresponding in-plane residual
tress ( 𝜎𝑟 ) can be estimated: 

𝜎𝑟 = − 𝐸′
𝐶33 

2 𝐶13 

( 

sin 𝜃0 − sin 𝜃1 

sin 𝜃1 

) 

(9)

here, Cij is elastic constant, 𝜃0 and 𝜃1 are Bragg’s angles before
nd after LSP treatment, 𝐸′ is the biaxial modulus [ 65 ] and can be
stimated as 𝐸′ = 𝐶11 + 𝐶12 − 2(𝐶13 ) 

2 
∕𝐶33 . The 𝐸′ is estimated to

e ∼ 307.8 GPa using our calculated effective elastic constants as
hown in Table 3 . Based on this corrected anisotropic equation,
ournal of the American Ceramic Society, 2026
the estimated in-plane compressive residual stress is ∼ -183 MPa
(LSP TiO2 -1), − 61 MPa (LSP TiO2 -2), and − 306 MPa (LSP TiO2 -
3), where negative sign indicates compressive residual stress.
Notably, these residual stress values should be interpreted as
an order-of-magnitude estimation rather than accurate direct
measurements because the measured peak position may also
be affected by fs-LSP-induced micro strain, defects, and peak
broadening [ 66 ]. The local microstrain and defect formation
could change the shape, width, symmetry of XRD peaks, making
the peak position sensitive to fitting procedure. In addition,
conventional XRD sin2 ψ stress analysis is not applicable to our
single-crystal TiO2 sample because tilting the sample will cause
the loss of selected diffraction condition [ 67 ]. Raman spectroscopy
stress analysis is suitable for measuring residual stress in LSP
TiO2 as Raman peak shifts in TiO2 are strongly correlated with
formation of oxygen vacancies [ 68 ] as shown in Figure 2 . More
accurate residual stress measurement might be achieved via X-ray
synchrotron diffraction in our prospective study [ 69 ]. 

3.4 X-ray Photoelectron Spectroscopy (XPS) 

Figure 3c shows the Ti 2p XPS spectra of AR and LSP-treated
TiO2 after polishing. Clear Ti3 + (Ti2p) features are observed
in LSP-treated TiO2 samples, whereas the Ti3 + (Ti2p) signal is
negligible in the AR TiO2 samples prior to the LSP treatments.
5 of 18
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FIGURE 3 (a) X-ray profiles of the LSP-processed TiO2 in the AP and polished state. (b) Magnified XRD profiles showing the position and profiles 
of the (002) peaks in AR and polished LSP TiO2 samples. (c) Ti 2p XPS spectra of the as-received (AR) and LSP-treated TiO2 samples after polishing. 
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he presence of Ti3 + suggests partial reduction of TiO2 and
s commonly associated with the formation of oxygen-vacancy-
elated defects [ 70, 71 ]. Based on the fitted Ti3 + fractions, the
tomic fraction of Ti3 + is 14.6 at. %, 10.0% and 9.8 at. % for the
SP-treated samples, respectively. Assuming that each oxygen
acancy contributes to electrons that reduce two Ti4 + ions to
i3 + ions [ 72 ], the corresponding oxygen vacancy concentrations
re estimated to be approximately 7.3 at.%, 5.0 at.% and 4.9
t.% in the near-surface (top 5–10 nm) region of the LSP-treated
iO2 samples [ 73 ], respectively. Noticeably, because XPS probes
nly the near-surface region (top 5–10 nm) [ 74 ], the oxygen
acancy concentrations calculated from Ti3 + fractions should be
nterpreted as surface-layer values. The overall oxygen vacancy
oncentration over the full LSP-affected depth is likely to be
ower. 

.5 Scanning/Transmission Electron Microscopy 
S/TEM) Analysis 

igures 4 and 5 show the microstructure, defects, and crystal
rientation of the LSP TiO2 -1 after the fs-LSP treatment. Several
efects, including horizontal stacking fault ribbons on {101}
red arrows in Figure 4a ), inclined stacking fault ribbons on
011} (white arrows in Figures 4a–c ), slip band packets (yellow
of 18

iv
arrows in Figures 4a–c ), dislocation arrays (blue arrows in
Figure 3 ), and nanotwins (Figures 5a,b ), were introduced by LSP
treatments. The diffraction patterns in Figures 4a,b ), HRTEM
images (Figures 4c,d ) with streak-like FFT patterns, and the
inverse pole figure (IPF) orientation map (Figures 5a–c ) confirm
the formation of high-density stacking faults and nano twins.
Notably, stacking faults, twins, and dislocation slip packets in
LSP-processed TiO2 intersect and connect with others, forming
defect networks. Stacking faults and slip packets are dominant
defects induced by LSP. Accumulation of geometrically necessary
dislocations (GNDs) and formation of slip packets has led to a
Kernel average misorientation (KAM) of 0.28◦ in LSP-processed
TiO2 (Figure 5d ) The GND density ( 𝜌𝐺 𝑁 𝐷 ) can be estimated
based on the local misorientation using the strain gradient model
[ 75, 76 ]: 

𝜌𝐺 𝑁 𝐷 =
𝜃𝐾𝐴𝑀 

𝑥𝑠 𝑏 
(10)

where, 𝜃𝐾𝐴𝑀 

is the KAM misorientation angle in radians, xs is the
acquisition step size (10 nm) of the PED experiment, and b is the
magnitude of the Burgers vectors for partial or full dislocations in
rutile TiO2 (0.27–0.55 nm). The estimated GND density is 0.86–
1.79 × 1015 /m2 . 
Journal of the American Ceramic Society, 2026
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FIGURE 4 Microstructure of the LSP TiO2 -1 sample. (a) A high-angle-annular dark field (HAADF) scanning transmission electron microscopy 
(STEM) image shows several slip packets, stacking faults (SFs) ribbons on {101} and {011} planes. (b) A HAADF STEM image shows dislocation arrays, 
slip packets/bands, and SFs. (c) A bright-field TEM (BF-TEM) image shows arrays of slip bands within slip packets. (d) A high-resolution TEM (HRTEM) 
image and fast Fourier transform (FFT) patterns show a twin boundary decorated with SFs in TiO2 . (e) A HRTEM image with FFT pattern demonstrates 
the existence of stacking faults. 

3
R

T  

e

 

w  

l  

o  

F  

i  

k  

t  

∼  

w  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

J

 15512916, 2026, 8, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.71037, W
iley O

nline L
ibrary on [26/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
.6 Vickers Hardness and Indentation Fracture 
esistance ( KIFR ) 

he Vickers hardness ( HV ) of TiO2 samples in GPa can be
stimated as: 

𝐻𝑉 = 0 . 018186 × 𝐹 

𝑑2 
(11)

here, F is the applied load in N , d is the average diagonal
ength in micrometers ( µm). The Vickers hardness values (GPa)
f TiO2 samples are plotted as a function of indentation depth in
igure 7a . Hardness of all TiO2 samples decreases with increasing
ndentation depth and plateaus at a depth of ∼ 4.5 µm, which is
nown as the indentation size effect governed by GND activity in
he case of strain gradient. LSP TiO2 samples show an average of
 7.8% hardness increases in comparison to the AR TiO2 sample
ithin the current indentation depth range ( < 7 µm). The top
ournal of the American Ceramic Society, 2026
2- µm indentation depth has more obvious hardening, especially
in the LSP TiO2 -2 sample. Figure 7b shows the cross-sectional
hardness of LSP TiO2 -2 sample as a function of distance to the
LSP-treated sample surface. As shown in Figure 7b , the cross-
sectional hardness slightly decreases with increasing distance
from the treated surface and reaches a plateau at a depth of
approximately 55 µm. The average hardness within the top 55 µm
region is 12.9 ± 0.6 GPa, whereas the average hardness below
55 µm is 11.2 ± 0.4 GPa. The plateau hardness is nearly identical
to that of the AR TiO2 measured along the in-plane direction.
Considering the strengthening effect induced by LSP treatment,
it is reasonable to conclude that the LSP-modified layer extends
to approximately 55 µm beneath the treated surface. 

Figures 6a–d show indents collected under an applied load of 1
kgf on AR and LSP TiO2 samples. Cracks were nucleating from
the apexes and sides of a single indent in AR TiO2 samples.
7 of 18
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FIGURE 5 (a–c) Inverse pole figure (IPF) orientation maps of LSP TiO2 -1 specimen shown from different axis. (d) The Kernel average 
misorientation (KAM) map shows an average misorientation of 0.28◦. 
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ur SEM images and statistics in Figure 6 show that the crack
ensity and length are significantly reduced in LSP TiO2 . The
ean crack length to the indent center ( c ) for those cracks
ucleating from the indent apexes is about 91.3 ± 7.3 µm, 43.1
 7.2 µm, 45.0 ± 5.9 µm, and 48.6 ± 5.8 µm in AR, LSP TiO2 -
, LSP TiO2 -2, and LSP TiO2 -3, respectively. On average, there
re ∼ 20–30 cracks per indent in AR TiO2 , whereas LSP TiO2
amples have 10–15 cracks per indent. Moreover, most cracks in
nprocessed AR TiO2 are straight. In contrast, many cracks in LSP
iO2 samples are wavy, caused by crack deflection and branching.
he indentation fracture resistance ( KIFR ) can be estimated using
he Anstis equation [ 77, 78 ], and the Lankford equation [ 79 ]
espectively: 

𝐾𝐼 𝐹 𝑅 = 0 . 016
𝐹 

𝑐1 . 5 

( 

𝐸 

𝐻𝑉 

) 0 . 5 

( Anst is ) (12)

𝐾𝐼 𝐹 𝑅 = 0 . 0782
(
𝐻𝑉 𝑎

0 . 5 
)( 

𝐸 

𝐻𝑉 

) 0 . 4 ( 𝑐 

𝑎 

)− 1 . 56 
( Lank ford ) (13)

here, F is the applied load of Vickers indentation in N , a is
he half of the diagonal length of indent, c is the project length
f radial cracks measured from the crack tip to the center of
n indent, HV is the Vickers hardness in GPa, and E is the
oung’s modulus of Rutile TiO2 (270 GPa). It is worth noting that
of 18
only radial cracks nucleating from indent corners are considered
for crack length statistics. Notably, cracks in LSP-processed
TiO2 deviated from ideal median cracks with crack deflection
and crack branching observed. One commonly used empirical
method to distinguish median/half-penny cracks from Palmqvist
cracks is based on the c/a ratio [ 80, 81 ]: cracks are generally
classified as median cracks when c/a > 2.5, whereas cracks with
smaller values c/a < 2.5 are more likely to be Palmqvist-type
cracks. As shown in Table 2 , the cracks in the AR TiO2 are
mostly median cracks, whereas Palmqvist-type cracks are more
prevalent in the LSP-treated TiO2 samples. Compared with the
Anstis model, the Lankford model is less restricted to a single
idealized crack type and has been applied to both median/half-
penny and Palmqvist crack systems [ 80, 82 ]. According to the
Anstis model, the estimated KIFR values ( MPa 

√
𝑚 ) of LSP TiO2 

samples are 8.2 ± 2.1 (LSP TiO2 -1), 7.7 ± 1.6 (LSP TiO2 -2), and 6.8
± 1.3 (LSP TiO2 -3), which are 2.5–3.0 times the KIFR of unprocessed
AR TiO2 (2.8 ± 0.3 MPa 

√
𝑚 ). The indentation fracture resistance

values of LSP TiO2 estimated by Lankford model are slightly
lower than those derived from Anstis model as shown in Table 2 .
Both Anstis and Lankford models show pronounced increase in
indentation fracture resistance. It should be pointed out that KIFR 
derived from Anstis and Lankford equations should be treated
as apparent indentation fracture resistance rather than standard
plane-strain fracture toughness. 
Journal of the American Ceramic Society, 2026
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FIGURE 6 SEM images with corresponding crack length statistics of Vickers hardness indents on AR TiO2 (a) and LSP TiO2 (b–d) surfaces. Radial 
cracks are labeled with yellow arrows, and the LSP scan tracks are outlined with white dash lines. Surface damage layers from LSP were gently removed 
prior to the Vickers hardness tests. 
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 Discussion 

.1 Microstructure Evolutions Induced by Fs 
aser Shock Peening 

ur post-LSP characterization revealed different microstructural
efects and compressive residual stress within the LSP-affected
ayer in LSP-processed TiO2 . As shown in Figure 7b , the estimated
epth of this LSP-affected layer is approximately 55 µm beneath
ournal of the American Ceramic Society, 2026

eativ
the surface, which is shallower than typical affected depth
(hundreds of µm) of nanosecond LSP ceramics [ 14, 15, 55–58, 83 ].
This is mainly due to the ultra-short laser pulse duration (165 fs) of
our femtosecond laser source. Although femtosecond laser source
can generate ultra-high transient pressure of hundreds of GPa
near the surface [ 53 ], the associated pressure pulse duration is
short at the order of 100–200 fs, which is much smaller than those
in conventional nanosecond LSP process [ 51 ]. As a result, shock
stress attenuates rapidly with increasing depth and falls below
9 of 18
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FIGURE 7 (a) Vickers hardness of AR and LSP TiO2 samples collected at different indentation depths using loads ranging from 0.05 kgf to 1 kgf. 
(b) Vickers hardness of the LSP TiO2 -2 sample on its cross-section along the in-plane < 010 > direction using the applied load of 0.05 kgf. (c) Comparison 
of toughening and strengthening effects of LSP in ceramic materials from different studies [ 14, 15, 55–58, 83 ]. Indentation fracture resistance data points 
from literatures and this study (Anstis model) were all collected via Vickers indentation method. 

TABLE 2 Estimated indentation fracture resistance 𝐾𝐼 𝐹 𝑅 with crack length parameters in TiO2 samples. 

Sample c ( µm) c/a Crack type 
KIFR (Anstis) 

𝐌𝐏𝐚 
√

𝒎 

KIFR (Lankford) 
𝐌𝐏𝐚 

√
𝒎 

AR 91.3 ± 7.3 4.0 Median 2.8 ± 0.3 3.0 ± 0.3 
LSP TiO2 -1 43.1 ± 7.2 1.9 Palmqvist 8.2 ± 2.1 6.7 ± 1.2 
LSP TiO2 -2 45.0 ± 5.9 2.0 Palmqvist 7.7 ± 1.6 6.5 ± 0.9 
LSP TiO2 -3 48.6 ± 5.8 2.0 Palmqvist 6.8 ± 1.3 6.0 ± 0.8 
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he critical stress threshold to activate plastic deformation and
efects generation. Consequently, the LSP-induced hardening
nd microstructural modification are confined to the top 55 µm. 

ur post-LSP characterization results show the formation of
ierarchical defects including oxygen vacancies, dislocations,
tacking faults and twins. It assumed that the ultrahigh-transient
ressure/temperature and strain rate facilitate the formation
f complex defects in LSP-treated TiO2 specimens. The for-
ation of oxygen vacancies after fs-LSP can be attributed to
0 of 18
the highly non-equilibrium laser–matter interactions [ 50 ] near
the TiO2 surface. The intense femtosecond laser irradiation
can induce Ti–O bond breaking, surface ablation [ 84, 85 ], and
preferential oxygen loss, leading to local reduction of TiO2 .
The removal of lattice oxygen produces oxygen vacancies and
releases excess electrons, which can reduce neighboring Ti4 + 
to Ti3 + [ 72 ]. Moreover, the ultrashort pulse duration and rapid
cooling may further limit the re-incorporation of oxygen vacancy,
allowing these non-equilibrium defects to be retained near the
surface. 
Journal of the American Ceramic Society, 2026
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part from vacancies, fs-LSP has introduced abundant disloca-
ions and dislocation structures, with a GND density of 0.86–1.79
1015 /m2 . Dislocation slip band packets consisting of array of
icro slip bands are frequently observed in TiO2 . It is assumed
hat nucleation of dislocations is induced by high peak stress
up to hundreds of GPa), high temperature and high strain rate
uring the fs-LSP treatment. Li et al. [ 53 ] demonstrated that
emtosecond laser shock peening can produce extremely strong
hock wave with pressure of hundreds of GPa near the surface.
ur fs-LSP treatment used the same type of femtosecond laser
ource and a comparable laser fluence range to that reported by
i et al. Although this pressure is not directly equivalent to the
esolved shear stress on a specific slip system, it can generate
arge deviatoric stress and resolved shear stress that surpass the
ompressive yield strength (3–4 GPa) and critical resolved shear
tress (CRSS) in rutile TiO2 . 

ithout considering kink pair formation and migration, the
ependence dislocation density ( 𝜌𝑑 ) and dislocation velocity ( 𝑣𝑑 )

n applied shear stress ( 𝜏∗ ) and temperature ( T ) can be described
y using this Arrhenius-type equation [ 19, 86, 87 ]: 

. 
𝜀 = 𝑚𝜌𝑑 𝑣𝑑 𝑏 =

. 
𝜀 0 exp 

( 

−Δ𝐻 − 𝑉𝜏∗ 

𝑘𝐵 𝑇 

) 

(14)

here, 
. 
𝜀 is the strain rate, 

. 
𝜀 0 is the pre-exponential constant, m

s the effective Schmid factor, 𝑘𝐵 is the Boltzmann constant, T is
he deformation temperature in Kelvin, and Δ𝐻 is the activation
nthalpy, which is usually below 0.1 eV for face-centered cubic
FCC) metals, and 0.3–0.8 eV for body-centered cubic (BCC) met-
ls, and 3–10 eV for strongly ionic/covalent ceramics including
l2 O3 and TiO2 and SiC. As described in Equation ( 14 ), increasing
pplied shear stress 𝜏∗ and deformation temperature can facilitate
islocation nucleation and multiplication in TiO2 . Under LSP,
his condition is met by extremely high transient stress and
ocal temperature rise, which can reduce the activation barrier
or dislocation motion and promote rapid dislocation nucleation
nd multiplication. Interestingly, dislocations in TiO2 generated
y fs-LSP treatments are mostly located in slip packets/bands
nd dislocation arrays rather than being randomly distributed,
ndicating localized plasticity in LSP-processed TiO2 . 

igh-density stacking faults are also observed in our LSP TiO2 .
he formation of these stacking faults is attributed to the gliding
< 011 > and ½ < 101 > partial dislocations on {011} and {101}

lanes [ 88, 89 ]. These partial dislocations may originate from
issociation of full dislocations assisted by high local stress
nd high strain rate during LSP. Gliding of partial dislocations
n adjacent {011} and {101} planes can lead to formation of
wins. In addition, the formation of stacking faults and twins is
urther promoted by ultra-high strain rate. As a complementary
eformation mechanism, deformation twinning can be activated
hen dislocation alone is not sufficient to accommodate plasticity
t ultrahigh strain rate [ 90 ]. 

.2 Toughening Mechanisms in LSP-Processed 

iO2 

s shown in Figure 7c , our fs-LSP treatment produces a signif-
cant increase in indentation fracture resistance, outperforming
ournal of the American Ceramic Society, 2026
prior ns-LSP studies [ 14, 15, 55–58, 83 ]. The remarkable enhance-
ment in the KIFR of LSP TiO2 might stem from synergetic
and cooperative effect of compressive residual stress and multi-
dimensional defects, including oxygen vacancies, dislocations,
stacking faults, and twins. 

4.2.1 Impact of Compressive Residual Stress 

Introducing compressive residual stress is an effective toughening
method that can suppress crack opening and crack propagation
by reducing the stress intensity at the crack tips. Compared
to metals, introducing residual stress into ceramics without
breaking their integrity is challenging. Prior studies show that
nanosecond LSP can impart near-surface residual stress in Al2 O3 
[ 15 ], SiC [ 83 ], and Si3 N4 [ 14 ], with magnitudes ranging from − 94
to − 1000 MPa. 

In a layer with uniform residual stress near the surface, the stress
intensity ( 𝐾𝐼 ) of a straight crack is [ 91 ]: 

𝐾𝐼 = 𝐾𝐼 
0 + 2

( 

𝑙 

𝜋

) 0 . 5 
𝑤 

∫
0 

𝜎𝑟 √
( 𝑙2 − 𝑥2 ) 

𝑑𝑥 (15)

where, 𝐾0 
𝐼 is the stress intensity without residual stress, l is the

Griffith flaw size, x is the depth from the surface, 𝜎𝑟 is the
residual stress, and w indicates the thickness of the residual
stress layer. In the case of compressive residual stress, where the
sign of 𝜎𝑟 is negative, the 𝐾𝐼 is smaller than 𝐾0 

𝐼 . Equation ( 15 )
indicates that compressive residual stress can toughen material
by reducing the stress intensity ahead of the crack tip. Compared
to recent nanosecond LSP studies, the estimated residual stress
( − 61 to − 306 MPa) is similar or smaller, with potentially a
smaller residual stress layer thickness ( w ) due to the shallower
penetration depth ( ∼ 55 µm) of the fs laser beam. According to
Equation ( 15 ), residual stress is unlikely to play a dominant role in
toughening LSP-processed TiO2 . Therefore, the more prominent
toughening contribution should be ascribed to microstructural
defects, including oxygen vacancies, dislocations, twins, and
stacking faults. 

4.2.2 Influence of Oxygen Vacancies 

Our Raman results (Figure 2 ), XPS results (Figure 3c ), and
the optical images (Figures 1e–h ) have implied the existence of
oxygen vacancies in LSP-processed TiO2 samples. Oxygen vacan-
cies in our LSP-processed TiO2 samples can lead to significant
increase in toughness by promoting dislocation activity and the
formation of stacking faults. Oxygen vacancies play a critical role
in affecting the nucleation and mobility of dislocations in rutile
TiO2 by modifying local bonding [ 92 ], local charge distribution
[ 93 ], and lattice stiffness [ 94 ]. At the low to intermediate vacancy
concentration, oxygen vacancies weaken the Ti–O bonds and
soften the lattice of rutile TiO2 as evidenced by red shift of A1g and
Eg peaks of rutile TiO2 (Figure 2 ) [ 63 ]. Our atomistic simulation
results (Figures 8a,b , Table 3 ) concur with this argument by
showing decrease of elastic constants, bulk modulus ( KV ), shear
modulus ( GV ), and Young’s modulus ( EV ) with increasing oxygen
concentration up to 5 at.%. Accordingly, it is expected that critical
11 of 18
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FIGURE 8 (a and b) Effective elastic constants ( 𝐶∗ 
𝑖𝑗 
) , bulk modulus ( KV ), shear modulus ( GV ), and Young’s modulus ( EV ), evolving with oxygen 

vacancy concentrations in TiO2 calculated by molecular dynamic simulation. (c) Atomistic simulation model configurations for calculating elastic 
constants and generalized stacking fault energy (GSFE). (d) GSFE profiles for pristine rutile TiO2 and rutile TiO2 with 1 at.% oxygen vacancies calculated 
by static molecular simulations. 

TABLE 3 Effective elastic constants ( 𝑪∗ 
𝒊𝒋 
) obtained from atomistic simulation. 

Vacancy (%) 𝑪∗ 
𝟏𝟏 
(GPa) 𝑪∗ 

𝟏𝟐 
(GPa) 𝑪∗ 

𝟏𝟑 
(GPa) 𝑪∗ 

𝟑𝟑 
(GPa) 𝑪∗ 

𝟒𝟒 
(GPa) 𝑪∗ 

𝟔𝟔 
(GPa) 

0 226.93 ± 0.01 196.21 ± 0.01 160.26 ± 0.00 445.19 ± 0.01 99.33 ± 0.00 176.38 ± 0.00 
1 219.19 ± 1.43 185.26 ± 1.59 155.67 ± 1.10 434.03 ± 2.24 97.59 ± 0.58 165.34 ± 2.02 
2 209.52 ± 0.99 176.98 ± 4.61 147.37 ± 1.25 416.71 ± 2.57 94.25 ± 0.36 154.56 ± 3.74 
3 202.99 ± 3.02 170.79 ± 5.37 144.10 ± 2.29 402.72 ± 4.50 89.63 ± 0.47 148.64 ± 0.75 
4 189.71 ± 6.61 157.28 ± 9.33 131.96 ± 3.78 379.60 ± 2.55 84.81 ± 1.30 133.55 ± 12.35 
5 177.47 ± 1.91 148.65 ± 2.15 130.25 ± 3.18 367.51 ± 5.96 81.44 ± 0.95 123.93 ± 4.23 
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esolved shear stress for dislocation nucleation will be reduced in
urface regions with oxygen deficiency. 

n addition, oxygen vacancies and associated Ti3 + can partially
eutralize the charged dislocation cores, leading to relaxed and
ider dislocation cores. The Peierls–Nabarro stress ( 𝜏𝑝 ) for
islocation gliding is expressed as [ 86, 87 ]: 

𝜏𝑝 =
2 𝐺 

1 − 𝜈
exp 

( 

−2 𝜋ω 

𝑏 

) 

(16)

here, G is the shear modulus, 𝜈 is the Poisson’s ratio, b is the
islocation Burgers vector magnitude and ω is the dislocation
ore width. As Equation ( 16 ) indicates, oxygen vacancy can
2 of 18
reduce 𝜏𝑝 by reducing shear modulus and increasing dislocation
core with, thereby enhancing dislocation mobility in TiO2 . Yang
et al. [ 35 ] reported higher dislocation density in vacancy-rich
TiO2 under nanoindentation. It should be noticed that higher
oxygen vacancy concentration might lead to formation of vacancy
clusters that can pin dislocations and reduce the mobility of
dislocation. 

Moreover, oxygen vacancy could affect stacking fault energy
(SFE) of TiO2 depending on their atomic scale distribution as
demonstrated by Li et al. [ 95 ] in flash sintered TiO2 . Our atomistic
simulation results in Figure 8d suggests that impact of oxygen
vacancy on the SFE of TiO2 is negligible compared to its impact
on elastic constants (Figure 8a ). Adding 1 at.% oxygen vacancies
Journal of the American Ceramic Society, 2026
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lightly lowers the unstable stacking fault energy ( γusf ) of TiO2
rom 4181 to 4143 mJ /m2 while maintain similar stable SFE
 γsf ) (17.6–52.0 vs. 16.0–50.2 mJ/m2 ). The ultra-high γusf indicates
hat partial dislocation nucleation in rutile TiO2 is strongly
indered, whereas the very low γusf suggests that stacking faults
re energetically stable once form. Extreme conditions in fs-LSP
rocess, including ultra-high local stresses and strain rates can
vercome nucleation barrier and enable the formation of stacking
aults and twins. Oxygen-vacancy-induced reductions in both γusf
nd γsf could slightly facilitate their initiation and stabilization. 

SP-induced oxygen vacancies may indirectly enhance the frac-
ure resistance of TiO2 by lowering the energy barrier for
islocation nucleation, increasing dislocation mobility, and facili-
ating the formation of stacking faults and twins. The toughening
ontributions associated with dislocations, twins, and stacking
aults are discussed in detail in the following subsections. 

.2.3 Toughening Effect of Dislocations and 
islocation Structures 

islocations introduced by fs-LSP treatments are likely to
oughen the TiO2 in the following aspects. First, stress fields
ssociated with slip packets and dislocation arrays can shield
he crack and reduce the effective stress intensity ahead of
rack tip. Stress fields generated by dislocation structures, such
s slip packets, slip bands and arrays, are deemed to be more
ong-ranged than those from random dislocations, leading to
tronger crack tip shielding effect [ 96–98 ]. Dislocations included
n these dislocation structures have similar orientation and
urgers vectors, incurring superimposition of elastic field rather
han cancelling out in randomly distributed dislocations [ 97, 99 ].
econd, emission of dislocations from a crack tip can dissipate
lastic energy and generate back stress that can reduce stress
ntensity by blunting crack tip [ 100 ]. The dislocation activity
head of crack tips is promoted by lowered critical resolved
hear stress for dislocation nucleation and smaller Peierls–
abarro stress for gliding at crack tips in LSP TiO2 samples
ith oxygen vacancies. Additionally, the work associated with
islocation glide within the plastic zone ahead of the crack tip can
issipate elastic strain energy and contribute to toughening [ 100 ].
hird, LSP-generated slip packets/bands can toughen the TiO2 by
eflecting crack tips, as demonstrated by those wavy crack paths
n Figure 6b–d . 

.2.4 Toughening Contribution of Stacking Faults and 
wins 

o the best of our knowledge, high-density stacking faults and
wins have not been reported in LSP-processed ceramics in
rior studies. The extraordinary toughening in LSP TiO2 sample
s likely due to high-density stacking faults and some twin
oundaries. Prominent toughening effects from stacking faults
nd twins have been reported in TiN/TaN [ 32 ], CrN [ 39 ], SiC [ 31 ],
nd aragonite [ 22 ]. Stacking faults and twins can toughen the
iO2 by cracks deflection/branching, crack shielding, and crack
lunting. First, crack tips can be arrested by stacking faults and
win boundaries, and be forced to change their paths, thereby
ournal of the American Ceramic Society, 2026
increasing the fracture surface area and energy dissipation [ 101 ].
LSP-induced stacking faults and twins can generate crystallo-
graphic discontinuities that can interfere with crack propagation,
leading to deflection, branching, and arresting of cracks. Second,
local stress fields of twin boundaries/stacking faults can toughen
TiO2 via crack tip shielding. As demonstrated in previous studies
[ 102–104 ], local stress fields can develop near twin boundaries
due to deformation incompatibility and elastic anisotropy. Local
stress fields of twin boundaries and stacking faults can decrease
the stress intensity at the crack tip, resulting in increased fracture
toughness. Third, emissions of partial dislocations from crack
tips generate local back stress that can reduce stress intensity
at the crack tip [ 31, 105 ], thereby further toughening the TiO2 .
In addition, stacking faults and twins are strong barriers for
dislocations. Therefore, dislocations nucleating from crack tips
may pile up against stacking faults and twins, leading to greater
back stress for crack shielding [ 97 ]. 

4.2.5 Cooperative Toughening Mechanisms in 

LSP-treated TiO2 

Overall, the significant increase in the indentation fracture
resistance of TiO2 arises from the synergistic effects of com-
pressive residual stress, oxygen vacancies, dislocation structures,
stacking faults, and twins induced by fs-LSP treatment. However,
separating the relative contribution of each defect type in the
present study is challenging because compressive residual stress,
oxygen vacancies, dislocations, twins, and stacking faults are
introduced simultaneously during LSP treatment and interact
with one another during their formation and subsequent defor-
mation. Therefore, the improved indentation fracture resistance
of LSP-processed TiO2 should be considered the combined result
of cooperative toughening mechanisms. Among these mecha-
nisms, oxygen vacancies may indirectly promote defect-mediated
toughening by facilitating dislocation nucleation and glide, as
well as promoting the formation of twins and stacking faults.
Dislocations and dislocation structures can toughen TiO2 through
crack deflection, crack-tip shielding by their stress fields, crack-
tip blunting through dislocation emission, and strain-energy
dissipation through dislocation glide. Stacking faults and twins
can increase the toughness of TiO2 through crack deflection and
branching, crack-tip shielding by local stress fields, and crack-tip
blunting through the emission of partial dislocations. Addition-
ally, LSP-induced compressive residual stress may partially offset
the tensile opening stress at the crack tip, thereby reducing
the effective stress intensity factor. Among these mechanisms,
dislocations, slip bands/packets, stacking faults, and twins are
expected to provide more dominant toughening contributions.
Although the toughened layer is limited to the top tens of microm-
eters, fs-LSP can potentially improve the damage tolerance of the
bulk structure because most failures and cracks initiate from the
material surface [ 106 ]. 

4.3 Reliability and Limitation of Vickers 
Indentation Fracture Method 

Palmqvist first proposed the idea of applying Vickers indentation
to determine fracture resistance in the 1950s [ 107 ], and it was later
applied by Evans and Charles [ 108 ] in the 1970s to assess fracture
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ehavior. This technique has been widely used to study fracture
ehaviors of brittle material [ 78, 80, 109–112 ]. So far, several
mpirical models have been developed to extract indentation
racture resistance or apparent indentation fracture toughness
 78, 79, 108, 110, 113, 114 ]. This work selected the Anstis equation
 77, 78 ] and the Lankford equation [ 82 ] as a comparison. Anstis
quation is based median crack model, whereas equation is
pplicable to both median and Palmqvist cracks [ 78, 80 ]. 

owever, as a non-traditional method, Vickers indentation
ethod has some inherent limitations due to limitations for
etermining the fracture toughness of brittle materials because
f the ill-defined crack-arrest condition [ 109 ], the formation of
ultiple cracks, and possible deviations from the ideal crack-
eometry assumptions [ 115 ]. Therefore, the Vickers indentation
ethod should be treated as an approach for estimating the
pparent indentation fracture resistance rather than a rigorous
easurement of plane-strain fracture toughness. 

n particular, the Anstis equation assumes a well-defined
adial/median half-penny crack geometry. However, crack
ranching and crack deflection were observed in some of the
ndentation cracks in the LSP-processed TiO2 samples. Such
on-ideal crack morphologies inevitably introduce uncertainty
n the measurement of crack length and, consequently, in
he calculated indentation fracture resistance [ 116, 117 ]. The
nderlying reason for this issue is the presence of microcracks
nd the inherent three-dimensional crack structures under high
ndentation loading. This issue can be minimized by measuring
he average microcrack penetration depth, as demonstrated by
oradkhani et al. [ 118 ]. Therefore, the measured KIFR values are

nfluenced by measurement conditions and should be interpreted
ith caution. 

n LSP-processed TiO2 samples, crack morphologies deviate
rom the standard median/half-penny geometry, resulting in
symmetrical crack morphologies at the four corners of an
ndent. The asymmetrical crack geometries might arise from the
eterogeneous distribution of crystal defects introduced by our
SP scanning strategy. LSP tracks are delineated by horizontal
hite dashed lines as shown in Figure 6 . Accordingly, radial
racks perpendicular to LSP scan tracks are obviously shorter
han those aligning parallel with LSP scan tracks. Despite these
symmetries, radical cracks are still visible at most indent corners
n the LSP-processed TiO2 specimens. Branched/deflected cracks
ere frequently observed in the LSP-processed TiO2 specimen
Figures 6b–d ), which might cause some uncertainties of the
alculated KIFR . 

n this study, the projected straight-line distance from the inden-
ation center to the visible crack tip was adopted as the crack
ength( c ) in the Anstis equation. For branched cracks, the main
rack path was selected for the measurement. We recognize
hat this projected crack length may be shorter than the actual
ortuous crack path, which could lead to an increase in the
alculated apparent indentation fracture resistance. However,
he number of cracks showing branching or deflection accounts
or only approximately 25% – 35% of the total cracks nucleated
rom the indentation corners. Therefore, although these crack
orphologies introduce some uncertainty, they are not expected
o change the overall comparative trend. In our future study,
4 of 18
3D reconstruction of the microcrack networks via synchrotron
radiation X-ray topography (SR-XRT) [ 119, 120 ] or sequential
slicing with focused ion beam [ 121 ] can be pursued to more
accurately capture facture behaviors of brittle ceramics. 

In summary, non-ideal crack morphologies introduce uncertainty
in defining and measuring the representative crack length.
Because the calculated indentation fracture resistance is highly
sensitive to crack length, a shorter projected crack length caused
by crack deflection, branching, or crack arrest may lead to an
overestimation of the apparent toughness. However, our SEM
images with corresponding crack length statistics clearly show
reduced crack length, branched, and deflected crack tips in LSP-
processed TiO2 specimens (Figure 6 ). The crack branching and
deflection observed in LSP TiO2 samples suggest the activation
of extrinsic toughening mechanisms, including crack-path tortu-
osity and crack-tip shielding. These mechanisms can increase the
energy required for crack propagation and therefore contribute to
enhanced resistance to indentation-induced cracking after LSP.
In addition, identical and validated indentation conditions [ 14,
15, 55–58, 83 ] were applied to all samples, the relative changes
in KIFR remain meaningful for comparative evaluation of crack
resistance. 

5 Conclusions 

This work is one of the first studies exploring the surface
toughening of TiO2 via ultrafast femtosecond laser shock peening
treatment (fs-LSP). Compared with limited toughening increase
of ns-LSP ( < 55%), fs-LSP can toughen the surface rutile of TiO2 by
a factor of two to three, increasing indentation fracture resistance
(Anstis model) from 2.8 to 8.2 MPa 

√
𝑚 . Remarkable toughening

effects are attributed to synergetic toughening effects of com-
pressive residual stress and multidimensional defect networks,
including vacancy, dislocation structures, stacking faults, twins.
Our fs-LSP processing recipes can be expanded to other ceramics,
including carbides, nitrides, and oxides. This work provides a
cost-effective and scalable approach to significantly toughen the
surface of brittle ceramics or refractory metals. 
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