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Femtosecond laser shock peening (FsLSP) is performed on engineering alloys to improve their wear resistance in
dry and oil-lubricated sliding conditions. In this study, the influence of FsLSP on the fretting wear behavior of
Ti6Al4V alloy is studied. For this purpose, FSLSP treatment, with laser energies of 50, 100, 150, and 200 pJ, is
performed on a Ti6Al4V sample which mainly consists of a-phase. Topographical investigations using white light
interferometry reveal that with increase in the laser energy, the coverage area of laser-induced periodic surface
structures (LIPSSs) decreases, and the extent of surface pitting damage increases, leading to higher surface
roughness. While surface hardness also initially increases with increasing laser energy, it remains invariant when
the energy is increased beyond 150 pJ. Sub-surface microstructural investigations and kernel average misori-
entation maps obtained from electron backscatter diffraction reveal that FSLSP treatment leads to the formation
of severely deformed and mildly deformed layers along the depth of the alloy surface. Surface hardening due to
FsLSP is attributed to the activation of prismatic <a>, basal <a> slip systems, and {1012}, {112 3} tensile
twins in the severely deformed zone along with grain refinement, which is an outcome of dynamic recrystalli-
zation. Fretting wear tests indicate that the coefficient of friction (CoF) of FsLSP treated alloys is consistently
lesser than that of its as-received counterpart, whose CoF is 0.38. In contrast, the wear resistance, quantified by
the wear rate, wear volume and wear depth, is highest in the sample treated with laser energy of 100 pJ but
lower for the as-received as well as 150 and 200 pJ laser treated samples. These results are explained on the basis
of the differences in the contact area, formation of surface hardening layer and the size and integrity of asperities
on the surface, which in turn influences the dominant fretting wear mechanism.

1. Introduction stress concentrator and promote the initiation of cracks, leading to its

premature fracture, which, in turn, could lead to a catastrophic failure of

The titanium alloy, Ti-6Al-4V (Ti64), is extensively used for fabri-
cating aeroengine components as it has high specific strength, superior
intermediate temperature performance, and remarkable corrosion
resistance [1,2]. One such critical component is the blade damping boss,
which ensures the safe operation of the engine by absorbing the vibra-
tional energy emitted by the turbine blades [3]. Since the blade damping
boss is in close contact with the adjacent turbine blade during operation,
it has a tendency to undergo micro-slip and fretting wear damage.
Moreover, any fretting wear scars on the top surface of the boss act as a
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the engine. Additionally, any wear-induced geometry changes in the
boss surface can result in excessive blade vibrations, compromising the
engine performance. To enhance the fretting wear resistance of Ti64,
various surface strengthening methods such as the ultrasonic nano-
crystalline surface modification, shot peening, and surface coatings have
been explored [4-7]. Mechanical techniques, like shot peening, are
particularly effective in increasing the wear resistance as they introduce
compressive residual stress and work hardening on the surface. How-
ever, these methods often compromise the surface integrity, as they
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increase its roughness that could compromise the fatigue performance
by facilitating easy crack nucleation. While surface coatings such as Al-
Bronze or Cu-Ni-In [8] may reduce the coefficient of friction (CoF), their
relatively poor durability and weaker bonding strength with the un-
derlying alloy limits their effectiveness. Therefore, neither shot peening
nor surface coatings are ideal solutions for significantly enhancing the
fretting wear resistance of components such as the blade damping boss.

A novel surface treatment, femtosecond laser shock peening (FsLSP),
which employs femtosecond pulse lasers to irradiate metal surfaces in
atmospheric conditions, has been developed in recent years to facilitate
surface strengthening. This process generates shock waves, whose peak
pressures range between 102 and 10° GPa [91, which deform the surface
layers and induce residual compressive stresses within them [10-12].
Compared to nanosecond laser shock peening (NsLSP), which produces
1500 pm strain hardened layer, FsLSP introduces a layer that has a
thickness of the order of a hundred micrometers [11,12]. A thinner
hardened layer is favorable for surface treatment of relatively thin
airplane components. This is because for components that have thick-
ness < 6 mm, undergo considerable bending if the hardened surface
layer is of the order of 1000 pm [13]. The effect of shot peening, NsLSP,
and FsLSP on the roughness, residual stresses, hardened layer thickness
and hardness of the surface of Ti64 are listed in Table 1.

Additionally, the ultra-short laser pulses interact with the metal
surface to create laser-induced periodic surface structures (LIPSSs),
which has a profound effect on the frictional properties of the metal
[12,21-24]. For instance, Mizuno et al. [25] reported a decrease in the
lateral force on the surface of diamond-like carbon films that contain
LIPSS, when the normal loads are of the order of a few nN. Alternately,
Eichstadt et al. [26] performed ball-on-disk tests at normal loads of the
order of a few mN and concluded that the friction force on the surface of
silicon is higher on a LIPSS covered surface compared to that of its un-
treated counterpart. For Ti alloys, Bonse and co-workers [22,24] per-
formed reciprocating sliding wear tests on Ti64 covered with LIPSSs in
oil-lubricated conditions and observed that the LIPSSs formed on the
surface remained almost intact throughout the tests. They attributed the
preservation of LIPSSs to the interaction between laser induced oxides
on the surface of Ti64 with the anti-wear additive zinc dialkyl dithio-
phosphate, which is present in the engine oil, which forms a thin surface
tribo-layer. This surface tribo-layer significantly reduces the CoF and
improves the wear resistance of Ti64. Some studies [12] have also noted
that the FSLSP treatment can enhance the wear resistance of Ti64 in dry
sliding conditions, which was attributed to the introduction of LIPSSs, Ti
oxide formation, and the presence of compressive residual stresses on
the surface.

Although FsLSP has proven to be effective in enhancing the tribo-
logical performance of Ti alloys in both dry and oil-lubricated sliding
wear conditions [12,22-24], its effectiveness in improving the fretting
wear resistance has not been studied in detail. Fretting wear is distinct
from dry sliding wear as it involves small amplitude displacements, of
the order of micron to sub-millimeter scale, of an abrasive medium over
the surface. Moreover, it could lead to crack initiation on the worn
surface under cyclic stress. In contrast, sliding wear is characterized by
material loss as the mating surfaces continuously slide over each other,
which leads to surface material removal before crack initiation can

Table 1
Comparison of shot peening, NsLSP, and FsLSP on Ti alloy.
Shot peening NsLSP [16-20] FsLSP [12]
[7,14,15]
Surface roughness 1.7 £ 0.5 1.3+0.2 1.2 +0.1
(pm)
Surface residual stress —702.0 + 138.6 —592.3+ 653 —-746.3+7.4
(MPa)
Surface hardness (HV) 393.3 +40.1 381.7 £ 26.9 391.3 £ 14.6
Hardened layer 112.5 + 31.8 1550.0 + 70.7 91.5 +12.0

thickness (pm)

Surface & Coatings Technology 494 (2024) 131353

occur. Therefore, understanding the effects of FsLSP treatment on the
fretting wear resistance of Ti alloys is crucial for extending the service
life of components like the blade damping boss. Fretting wear is closely
associated with factors like frictional shear stresses, residual stresses,
and surface roughness and texture [27,28]. Prior studies have shown
that the surface microstructures of Ti64 alloy evolve from LIPSSs to
groove and spike structures as the laser energy density increases [24].
Moreover, the surface roughness initially increases and then decreases
as the laser energy increases [11]. Since laser energy has a significant
influence on the surface morphology and roughness, it emerges as a vital
parameter in assessing the influence of FsSLSP treatment on the fretting
wear resistance of Ti alloys.

With the motivation to explore the influence of FSLSP on the fretting
wear resistance of Ti64, we performed fretting wear experiments on
Ti64, which is treated with different femtosecond laser energies.
Following detailed assessments of surface characteristics, material
hardness, and performance in fretting wear tests, the most effective
femtosecond laser energy is identified. The study also elucidates the
mechanisms of fretting wear in both FsLSP treated and as-received
samples and investigates the plastic deformation behavior along the
shock wave propagation direction.

2. Materials and methods
2.1. Materials

The 3 mm thick as-received Ti64 plate has a chemical composition
(by weight) of 6.16 % Al, 3.95 % V, 0.03 % Fe, 0.04 % C, 0.06 % O,
0.014 % N, and 89.74 % Ti [11]. Prior to FsLSP treatment, it is ground
and polished to a mirror finish, resulting in an areal average surface
roughness, Sa, of around 0.15 pm, then cleaned in ethanol for 10 min.

2.2. FsLSP treatment

Four samples, with length, width, and thickness of 35, 15, and 3 mm,
respectively, are sectioned from the Ti64 plate for performing the FsLSP
treatment. A schematic illustration of the FsLSP process is shown in
Fig. 1. In the same figure, a Cartesian coordinate system is included for
reference. Fig. 1(a) illustrates the FsLSP setup, where the sample surface
(x-y plane) is irradiated by a laser beam along y axis at a frequency of 50
kHz and scanning speed of 250 mm/s in standard atmospheric condi-
tions, without the use of a sacrificial or confining layer. The laser has a
pulse duration, spot diameter and wavelength of 290 fs, 20 pm and 1030
nm, respectively. A 5 pm gap between each adjacent scan is maintained.
The four samples are treated with laser energies of 50, 100, 150, and
200 pJ. The corresponding laser fluences are 15.9, 31.8, 47.7 and 63.7 J/

cm?, respectively.

(a)

Fretting direction

o&; -‘ — /

Nanoindentation

TEM thin foil

<) lift-out (d) test
d

Fig. 1. Schematic illustration of (a) femtosecond LSP processing, (b) fretting
wear tests, (c) TEM specimen preparations, EBSD characterization and (d)
nanoindentation measurements.
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2.3. Fretting wear tests

Tangential fretting wear tests, schematically illustrated in Fig. 1(b),
are performed along the x-axis on the x-y plane of the as-received and
FsLSP treated Ti64 samples, using a SigN4 ball which has a diameter of 8
mm as the counterpart. The imposed normal load of 15 N and
displacement amplitude of 100 pm are achieved by the weight and voice
coil motor [29], respectively. Based on the Hertzian contact model of a
ball (SisN4) in contact with a flat surface (Ti64) [30,31], the average and
maximum contact pressures are ~460 MPa and 689 MPa, respectively.
To evaluate fretting regimes of different samples, the measured friction
force and displacement of them are plotted as the hysteresis loops. Each
sample is involved in 5 x 10* cycles at a frequency of 10 Hz to obtain the
wear morphology, wear volume and wear rate. At least three tests are
performed on each sample to ensure the repeatability of the experi-
ments. All the fretting tests are conducted at room temperature in a dry
condition under ambient atmosphere.

2.4. Materials characterization

The microstructure and morphology of FsLSP treated surface before
and after performing the fretting wear tests were examined using a
scanning electron microscope (SEM, Hitachi SU8230). A white light
interferometer (Contour, Bruker), equipped with Vision software, is
used for measuring the surface roughness, surface profile, wear scar
profile, and wear volume.

Fig. 1(c) schematically illustrates the locations at which EBSD scans
and TEM imaging are performed on the samples. For EBSD, a coupon is
extracted from the x-z plane and scanned along the z-axis, with a step
size of 0.1 pm, covering the top of the peened surface, and at locations
beneath it up to a depth of 180 pm. Scanning is performed in an electron-
ion dual beam system (Helios Nanolab 600), which has an electron-
beam acceleration voltage of 20 kV and is equipped with an area de-
tector to record the Kikuchi patterns. Data is acquired using the Aztec
module (developed by Oxford Instruments) and then analyzed using an
in-house developed software package XtalCAMP [32]. Thin foils were
lifted out from the FsLSP treated surface, in the x-y plane, and imaged
using a JEM-2100F transmission electron microscope (TEM).

Nanoindentation (TI950 nanoindenter), which is equipped with a
Triboscanner control system and a Berkovich indenter, is used to obtain
the surface hardness of the as-received and FsLSP treated Ti64 samples
and the cross-sectional hardness of the 100 pJ sample. For the 100 pJ
sample, nanoindentation measurements are performed along the z-axis
on the x-z plane, as shown in Fig. 1(d). The imposed peak load is 5000

a phase
e

(d)
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pN and the dwell time is 2 s. And the loading rate and unloading rate are
both 1000 puN/s. Besides, the separation between two indentations along
the z-axis is maintained at ~20 pm and at least five nanoindentation
measurements are performed at each depth.

3. Results
3.1. Microstructural characterization of as-received Ti64

The phase maps obtained on the as-received Ti64 are displayed in
Fig. 2(a). From this, it was determined that the volume fractions of a and
f phases are 98.6 % and 1.4 %, respectively. Since a has a significantly
higher volume fraction in the as-received alloy, it will be the primary
focus of this study. A histogram of the « grain size distribution, shown in
Fig. 2(b), reveals that the average « grain size is 2.43 &+ 1.77 pm. Fig. 2
(c) and (d) show the corresponding inverse pole figure (IPF-Z) maps and
pole figures of the as-received Ti64. Note that the c-axis of most of the a
grains is parallel to the y-axis, their {1010} plane normal is parallel to
the x-axis and their {2318} plane normal is parallel to the z-axis.

3.2. Surface morphology and hardness of as-received and FsLSP treated
samples

Low and high magnification SEM images of the surfaces of all the
four FsLSP treated samples are displayed in Fig. 3. In the 50 pJ sample
(see Fig. 3(al) and (a2)), while laser feeding traces are not visible on the
surface at a low magnification, higher magnification images reveal the
presence of LIPSSs, which have a period of ~0.3-0.5 pm. LIPSSs, whose
period is considerably smaller than the wavelength of the incident laser
beam, is referred to as high-spatial-frequency LIPSS (HSFL) [33]. While
the formation mechanism of HSFL is still not well-established, it is likely
to manifest from the interaction between the laser and surface scattered
electromagnetic/surface plasmon polarization. The repetitive pattern of
these HSFL is well described by a self-organization model [34,35]. As the
laser increases, the LIPSSs become discontinuous and are interrupted by
wavy trenches, which have a slightly darker contrast and are oriented
roughly along the x-axis (see dotted lines in Fig. 3(a2-d2)). These
trenches are also called micro-spaced grooves in the literature and are
attributed to electromagnetic scattering, heat transfer and hydrody-
namic effects originating from laser interaction with metal surface [36].
Additionally, some white particles are observed on the surface of the
LIPSS, which are likely to be condensates of the alloy that evaporated
and sublimated during the FsLSP process [37,38]. When the laser energy
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Fig. 2. EBSD maps of the as-received Ti64 plate: (a) phase map; (b) the histogram of « grain size distribution; (c) inverse pole figure (IPF) along the z-axis and (d)

pole figure based on a phase.
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Fig. 3. Representative low and high magnification SEM images of samples treated with (al)-(a2) 50, (b1)-(b2) 100, (c1)-(c2) 150 and (d1)-(d2) 200 pJ femtosecond

laser, respectively.

is increased to 100 pJ (see Fig. 3(b1) and (b2)), the laser feeding traces
on the surface become more prominent, the trenches become more
distinct, and the size of the splashed white condensate particles in-
creases. With further increase in the laser energy to 150 pJ (see Fig. 3
(c1)), the treated surface exhibits a fish-scale appearance owing to
intensified ablation of the surface. Furthermore, a portion of the LIPSSs
is obscured by large condensate particles that have dimensions of ~2 pm
(see Fig. 3(c2)). In the 200 pJ sample, along with the laser feeding traces,
pits that have a diameter of ~40 pm appear on the surface (see Fig. 3
(d1)). It is also evident that the area covered by LIPSSs diminishes and is
instead overlaid with large irregular particles ((see Fig. 3(d2))). Such
pits have also been observed in other studies involving FsLSP treatment
on metals [36,39]. Pit formation is attributed to preferential valley
ablation with increasing laser energy. During the initial stages of FSLSP
treatment, trenches form on the surface of the alloy. However, since the
intensity of fluence is significantly higher at higher laser energies, there
is localized and concentrated ablation within the surface trenches which
transform to these large pits.

Fig. 4(a) shows the surface profiles along the x-axis of the as-received
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and FsLSP treated samples. On all the treated sample surfaces, periodic
undulations with distinct wavelengths and amplitudes are observed. The
undulations on the sample exposed to laser energies of 50 pJ have a
wavelength of ~8 pm, which is almost equal to the spacing between two
adjacent laser scans. As the laser energy increases to 100 and 150 pJ, the
undulation wavelength increases to ~12 pm, and the undulation
wavelength of the 200 pJ sample is up to 20 pm, which is attributed to
greater ablation of the surface. Similarly, there is a progressive increase
in the amplitude of the undulations from 2.9 to 22.3 pm when the laser
energy increases from 50 to 200 pJ. The surface roughness Sa of the as-
received and FsLSP treated samples are shown in Fig. 4(b). While the
surface roughness of the as-received sample is 0.15 + 0.05 pm, that of
the 50 and 100 pJ sample is two-fold higher. Further increase in the laser
power to 150 and 200 pJ, increases the roughness to 1.50 + 0.37 and
3.32 4+ 0.91 pm, respectively. These trends suggest that increasing laser
energy leads to greater ablation and plastic deformation of the surface.

To understand the effect of laser energy on the mechanical properties
of the surface, the hardness, H, of the as-received and FsLSP-treated
samples is assessed. Note that direct measurement of H by indenting

(b) ©
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As-received 50 100 150
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Fig. 4. (a) Surface profiles along the x-axis of different samples and (b) the corresponding surface roughness.
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the FsLSP treated surfaces is impractical as their surface roughness in-
terferes with the measurement of indentation diagonal lengths, which is
of the order of a few pm. Alternately, nanoindentation tests are con-
ducted on the x-z planes of as-received and FsLSP treated samples at a
depth of 5 pm below the surface. Fig. 5(a) shows the plot of the measured
H test data. While the H of the as-received sample is about 4.5 + 0.2
GPa, that of 50 pJ sample is 4.6 &= 0.2 GPa, which is only marginally
higher. For samples treated with higher laser energy, a steady increase in
H is observed. For instance, H of the 100 and 150 pJ sample are 4.7 = 0.3
and 5.0 + 0.2 GPa, respectively. However, H of the 200 pJ sample is
similar to that of the 150 pJ sample, which indicates that H does not
increase further with increasing laser energy. Fig. 5(c) and (d) show the
corresponding indentation modulus (E) and H3/E? ratio [40,41] for all
the samples. Note that H3/E? is a measure of the resistance to plastic
deformation. While the H3/E? ratio of the as-received and 50 pJ samples
are 0.0053 + 0.0008 and 0.0054 + 0.0006, it increases marginally to
0.0058 + 0.0006 when the laser energies are increased to 100 pJ.
However, further increase in laser energy leads to a dramatic increase in
the H3/E? ratio, which suggests that there is a significant increase in the
surface resistance to plastic deformation.

3.3. Fretting wear behavior

The plots of the friction force and displacement as a function at
different fretting cycles of the as-received and FsLSP treated samples are
shown in Fig. 6. In the as-received sample, the height of the hysteresis
loop increases abruptly after 50 cycles (see Fig. 6(a)), which indicates
that the wear on the fretting surface gets aggravated. Beyond 900th
cycles, the shape of hysteresis loop unchanged. In contrast, for the
samples treated with 50, 100 and 150 pJ, there is a slow increase in the
friction force in the first 900 cycles, and then starts increasing sharply
after the 900th fretting cycle (see Fig. 6(b), (c) and (d)). For the sample
treated with 200 pJ, the friction force increases continuously all the time
and remains stable since the 3000th cycle (see Fig. 6(e)).

According to the hysteresis loops, the CoF of various specimens can
be calculated by quadrupling the product of the normal load and

(a) 5.6 - |Hardness
5.4
w 5.2
950 -
0 J l
$as-
Tas
T T |
4.4
4.2+
4.0
As-received 50 100 150 200
Laser energy (pJ)
(c)150
Modulus
145
& 140 -
e
ﬁ 135
= -
.g 130 ‘
s \ J
125 - \ l
120 T T T T T
As-received 50 100 150 200
Laser energy (uJ)

Surface & Coatings Technology 494 (2024) 131353

theoretical displacement and then dividing by the area enclosed by the
hysteresis loop in one fretting cycle [42]. The variations of CoF as a
function of the number of fretting cycles, obtained from the fretting
wear tests, on the as-received and FsLSP treated samples are shown in
Fig. 7(a). A magnified portion of the curves, shown in Fig. 7(b), reveals
that the variations in CoF can be categorized into three distinct stages,
which are the initial, the escalation, and the dynamic equilibrium stages.
In the initial stage, which encompasses the first 900 cycles, CoF in-
creases with increasing number of cycles, in all samples. However, the
rate of increase in CoF with the number of cycles is generally lower for
the FsLSP treated samples compared to that of its as-received counter-
part. In fact, CoF is roughly constant for the 50 pJ sample in the entire
initial stage. However, for samples treated with higher laser energies,
there is a steady increase in CoF. For instance, CoF increases from 0.125
to 0.225 in the 100 and 150 pJ samples, whereas it increases from 0.125
to 0.325 in the 200 pJ sample during the first 900 cycles. In contrast,
within the same duration, CoF for the as-received sample increases from
0.10 to 0.40. These observations suggest that while FSLSP treatment
limits the increase in CoF of the Ti64 surface, the rate of increase in CoF
increases with the laser energy, in the initial stage of fretting.

During the escalation stage, which spans from the 900-3000 cycles,
while CoF of the as-received sample is invariant, that of all the FsLSP
treated samples increases further. Beyond 3000 cycles, in the dynamic
equilibrium stage, CoF of the as-received and FsLSP treated samples
remain broadly constant. The average CoF values of various samples are
shown in Fig. 7(c). At this stage, CoF of the FsLSP treated samples is
lower compared to that of the as-received sample counterparts. In fact,
the 200 pJ sample exhibits a constant CoF of ~0.31 whereas that of the
as-received sample is 0.38, which suggests that the FsLSP treatment
improves the wear resistance of Ti64.

Worn morphologies of the as-received and treated samples after
fretting wear test are shown in Fig. 8. For the as-received sample, except
for several peel offs at the periphery of the worn surface, the whole
fretting area is covered by hard oxide shell induced by oxide wear (see
Fig. 8(al) and (a2)). After the FsLSP treatment, the total area suffered
from oxide wear is reduced markedly. For the sample treated with 50 pJ,
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Fig. 5. (a) Surface hardness, (b) corresponding loading and unloading curves, (¢) Modulus and (d) H3/E? ratio of the as-received and FsLSP treated samples.
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150, 200 pJ femtosecond laser, respectively.

the oxide wear is almost occurred on the most fretting surface, while a
large area of oxide shell is located at the center of the fretting area and
the area of peel offs is reduced (see Fig. 8(b1) and (b2)). As the laser
energy increases, the area suffering from oxide wear decreases and peel
offs appear at the center of the worn morphology.

Worn morphologies of various samples at higher magnification are
shown in Fig. 9. For the as-received sample, the whole fretting surface
consists of oxide shells induced by oxide wear and pits caused by peeling
off. The area between the oxide shells enclosed in the rectangular box
labelled ‘b’ in Fig. 9(a) is shown in Fig. 9(b). It indicates that the oxide
shell is easy to break and thus induces micro cracks near it. Moreover,
the edges of the pits, enclosed in the rectangular box labelled ‘d’ in Fig. 9
(c), exhibit the plastic deformation traces perpendicular to the fretting
direction (see Fig. 9(d)), indicating the poor wear resistance of the as-
received Ti64. Different from the as-received sample, the pits in the
sample treated with 100 and 200 pJ show no plastic deformation traces
but considerable wear debris (see Fig. 9(f) and (h)), which is attributed
to the increased H3/E? ratio after the FsLSP treatment. Specifically, the
sample treated with 200 pJ exhibits the highest H3/E? ratio (see Fig. 5
(d)), which indicates that it undergoes minimal plastic deformation. Due
to the dramatically decreased plasticity of the surface layer, excessive
strain accumulates within the hardened layer. Consequently, the layer
delaminates at the edges of pits in the sample treated with 200 pJ.
Therefore, it is concluded that with increasing laser energy, the FsLSP
treated surfaces are unable to accommodate plastic deformation and

become more susceptible to delamination, which facilitates enhanced
debris formation, which in turn, leads to more intense abrasive wear.

The wear scar profiles of all samples perpendicular to the fretting
direction are shown in Fig. 10(a). The maximum wear depth in the as-
received and FsLSP treated samples, with the exception of the 200 pJ
sample, are ~10 pm. In the as-received sample, the wear scar is rela-
tively shallow and flat in the center, which suggests the occurrence of
severe abrasive wear in the peripheral area. Similar wear scar profiles on
titanium alloys have been reported previously [43]. In contrast, the wear
scar profiles of samples treated with 50, 100, and 150 pJ laser energies
have a wave-like shape, which suggests that they undergo relatively
uniform fretting wear. Finally, in the 200 pJ sample, the wear scar has a
maximum depth of 14 pm and a V-shaped profile, which is indicative of
pronounced abrasive wear on the whole fretting surface. The wear
volumes and wear rates of different samples are shown in Fig. 10(b).
Note that the wear volume of the as-received sample is 13.8 + 1.0 x 10°
um®, whereas that of the 50 pJ sample is lesser. On samples that are
treated with higher laser energies, the wear volume first decreases and
then dramatically increases. In fact, the wear volume of the 100 pJ
sample is only approximately 11.9 + 0.1 x 10° um®, which is around 80
% and 70 % of that of the 150 and 200 pJ samples. The variations in
wear rate and wear volume with increasing laser energy have identical
trends. Therefore, the FsLSP treatment with 100 pJ laser of Ti64 limits
the depth of the wear scar and also reduces the overall wear volume and
wear rate.
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samples in the dynamic equilibrium stage.

Overall, there are three stages of wear, characterized by distinct
changes in the frictional force and CoF. In all the three stages, CoF of the
as-received sample is the highest, whereas that of the FsLSP treated
samples is lower. Of the FsLSP treated samples, the rate of increase in
CoF increases with increasing laser energy employed for performing
FsLSP. Fretting damage occurs via a mixture of oxide and abrasive wear
mechanisms that are active in the as-received sample. However, with
increasing laser energy employed for FsLSP, the abrasive wear mecha-
nism becomes dominant. Finally, the wear volume after the end of the
test is lowest for the 100 pJ sample followed by the 50 pJ sample.
However, samples treated with higher laser energy, have higher wear
volume.

3.4. Microstructural evolution and hardness of the FsLSP treated sample

Considering that the 100 pJ sample exhibits the best fretting wear
resistance amongst others, its sub-surface microstructure and hardness
are further investigated. Fig. 11 shows H variations of the sample as a
function of the distance from the surface of the sample, d;. As mentioned
earlier (see Fig. 5), H near the surface is 4.7 &+ 0.3 GPa. As d; increases
from 5 to 35 pm, H first increases with increasing d;, i.e. it is 5.8 + 0.3
GPa at dg ~15 pm, and then decreases to 4.6 + 0.2 GPa at d; ~35 pm. In
contrast, as ds increases from ~35 to 100 pm, H monotonically increases
with increasing depth and is 5.2 + 0.3 GPa at a depth of 100 pm. Finally
at ds ~120 pm, H drops to 4.5 £ 0.2 GPa and remains almost invariant
with further increase in ds. Since H of as-received Ti64 is 4.5 £ 0.2 GPa
(see Fig. 5), an approximate estimate of the laser affected depth in the
100 pJ sample is ~120 pm. Moreover, on the basis of H variations at
different intervals of d;, the laser affected layer can be further divided
into two zones. The region that extends from the surface to ds ~35 pm,
since the hardness is 29 % higher than that of the matrix, is expected to
have undergone intense plastic deformation. Therefore, this is referred
to as a severe plastic deformation (SPD) zone. The region extending from
ds ~ 35 pm to 100 pm has intermediate H and, hence, is referred to as the

mild plastic deformation (MPD) zone. Note that the depth of the laser
affected zone in conventional nanosecond laser shock peening is >1 mm,
which is much higher than that occurs in FsLSP processing [18,44]. This
is attributed to the shorter pulse duration of the laser, that results in a
smaller duration for the laser-induced shockwave to interact with the
metal, which in turn reduces the depth of the laser-affected region.

The inverse pole figure (IPF-X) map of the x-z plane of the 100 pJ
treated specimen is shown in Fig. 12(a). For the SPD zone, which is
exposed to FsSLSP, the average grain size is 2.26 + 1.71 pm, which is 7 %
finer than that in the bulk (see Fig. 2). Kernel average misorientation
(KAM) maps, which provide the average misorientation angle between
the crystallographic orientation of each pixel and those of its eight
nearest neighbors [45,46], shown in Fig. 12(b), is a qualitative measure
of the local defect mediated plastic deformation in alloys. The KAM is
highest at the top of the FsLSPed surface and decreases with increasing
distance from it, which implies that the extent of strain hardening also
decreases from the surface to the interior of the sample.

Fig. 13 shows the grain boundary misorientation angle distributions
in the SPD, MPD and matrix zones. In the grain boundary misorientation
angle distribution of the SPD zone, distinct peaks are observed at 2.5°,
73.5°, 89.5°, and 93.5°. These peaks are significantly weaker in the
matrix and MPD zones. These specific misorientation angles are linked
to the crystallographic rotation of adjacent grains, with the Taylor axes
of misorientation serving as indicators of active slip systems [47,48].
Table 2 lists the Taylor axes for various slip systems in a-Ti. Fig. 14(a) to
(c) show the misorientation-axis maps in the range of ~2-5° range in
different zones. In the matrix and MPD zones, the highest misorientation
axis density is ~5.6 and 5.7 near the {0001} plane normal. Alter-
nately, in the SPD zone, while the axis density near the {0 0 0 1} plane
normal decreases to 3.3, the axis density near the {1 1 0 0} plane normal
is 1.2. In comparison, the axis density near the {1 1 0 0} plane normal in
the MPD and matrix zones are only 0.9 and 0.8, respectively. This sug-
gests that both basal <a> and prismatic <a> slip systems are active in



X. Huang et al. Surface & Coatings Technology 494 (2024) 131353

@Y Pusioff = As-received

e

Oxide wear

e ]

50 pd

Peel off

S 0Oxide wear

Oxide wear

Oxide wear

Fig. 8. (al-el) worn morphologies of various samples and (a2-e2) corresponding EDS mapping superimposed with the elements of oxygen and titanium. (a) indicates
the as-received sample, while (b-e) denote the samples treated with 50, 100, 150, 200 pJ femtosecond laser, respectively.



X. Huang et al.

~ Wear debris

Al

Surface & Coatings Technology 494 (2024) 131353

d). Fretting. .

3

Fig. 9. Worn morphologies of various samples at high magnification. (a-d) are denoted as the as-received sample, while (e-f) and (g-h) are the sample treated with

100 and 200 pJ, respectively.

(@ Sf

6L
12+
6_

—150 pJ
0_
6

N
o

T
N

Height (um)
£
Wear volume (x 105 pm3)

6 — As-received

12 +
-600 -400 -200 0 200 400 600
Width (um)

~
o

N
o
1

-
(3}
1

=
o
1

(3]
1

[ Iwear volume
[ IWear rate

8 8 5 g 3
Wear rate (x 102 ym®/ Nm)

T
-
o

0 L 0
o W As-received 50

T
o

100 150
Laser energy (uJ)

200

Fig. 10. (a) Wear scar profiles and (b) wear volume, wear rates of various samples after 50,000 fretting cycles.

the SPD zone whereas only prismatic <a > slip is active in the matrix
and MPD zone.

Misorientation-axis maps in the range of 70-75°, 81-91° and 91-94°
in the SPD zone are shown in Fig. 14(d), (e) and (f). The axis density is
maximum at 73.5° near the {1 21 0} plane normal and also at 93.5°
near the (9123 5) plane normal. Additionally, in the misorientation-
axis map for the SPD zone at the angle of 89.5° (see Fig. 14(e)), the
prominent peaks cluster around the {110 0} and {1 21 0} plane nor-
mals. Analysis of this map, in conjunction with the misorientation
angle/axis pairs of twin systems in a-Ti, listed in Table 3 [49], indicates
that the {1012} and {112 3} twin systems are activated within the
SPD zone. Note that the c-axes of most o-Ti grains are parallel to the y-
direction in the as-received sample (see Fig. 2) and the laser shock wave
applies compression along the z-direction. In this orientation, Ti64 is
predisposed to nucleate {1 01 2} and {11 2 3} tension twins [50].

Next, H variations of the 200 pJ sample as a function of d; is shown in

Fig. 15. His ~5.6 £ 0.7 GPa close to the surface but decreases to 5.1 +
0.6 GPa with increasing ds (~20 pm). Thereafter, up to d; ~160 pm, H
remains broadly constant, barring some minor fluctuations. In regions
where ds > 160 pm, H decreases further, which indicates that the laser
affected layer depth of the 200 pJ sample is ~160 pm. Note that the laser
affected depth of 200 pJ sample is 40 pm higher than that of 100 pJ
sample. From the hardness measurements, the laser effected zone is
further divided into SPD zone (0-20 pm), MPD zone (20-160 pm) and
unaffected matrix (160-200 pm).

Comparing the IPF and KAM maps of the 200 pJ sample to the 100 pJ
one (Fig. 16), is it evident that the surface roughness, KAM (up to 3°),
and the extent of plastic deformation is higher in the former.

Fig. 17 shows the Grain boundary misorientation angle distribution
in the a phase at different zones. Similar to that observed in the 100 pJ
sample, the grain boundary misorientation angle distribution of the SPD
zone in 200 pJ sample shows distinct peaks at 2.5°, 73.5°, 89.5°, and
93.5°. To ascertain the dominant slip systems in 200 pJ sample, the
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misorientation-axis maps in the range of ~2-5° range in different zones
are shown in Fig. 18(a) to (c). Both prismatic <a> and basal <a> slip
systems are activated in the SPD zone and the prismatic <a> slip system
become dominant as the depth increases. Local maxima are also
observed near the 75°/{1 21 0} and 93.5°/{9 12 3 5} poles (Fig. 18 (d)
and (f)). Moreover, the prominent peaks around the {1100} and
{121 0} plane normals indicate that the {101 2} and {11 2 3} twin
systems are activated in the SPD zone (see Fig. 18(e)). Overall, the
microstructural evolution of the 200 pJ sample is similar to that
observed in the 100 pJ sample.

To obtain more high-resolution microstructural details of the top
surface in the FsLSP treated sample, TEM analysis is performed on the
100 pJ sample. In the TEM image of the top surface, shown in Fig. 19(a),
the top-most layer, which has a bright contrast, is the protective carbon
film that is deposited on the surface before the TEM specimen lift-out
process. A portion of the top surface, which is enclosed within the
rectangular box labelled ‘b’ in Fig. 19(a), is magnified, and shown in
Fig. 19(b). As was observed earlier in the SEM images (see Fig. 4(a)), the
top surface, which is below the protective carbon film, of the FsLSP
treated Ti64 is undulated. Moreover, there are several regions within the
top surface, which have a brighter contrast. To analyze the composition
in this layer, energy dispersive X-ray spectroscopy (EDX) was per-
formed, and the corresponding Ti, C and O maps are shown in Fig. 19(c)-
(e). It was determined that the top layer (below the carbon film), whose
thickness varies from 540 to 1000 nm, is uneven and rich in oxygen,
which implies that it has transformed to a metal oxide. Since the regions
with brighter contrast do not contain Ti or O (see Fig. 19(b)), they are
likely to be pores or voids. These pores have sizes that range from 40 to
250 nm and are mostly concentrated at the interface between the metal
oxide layer and the unoxidized metal substrate. Previous studies on
ultra-short duration laser treatment of metals have suggested that the
formation of such nanocavities below the surface [51-53] are an
outcome of implosion of bubble clusters that form during ablation. Also,
the HRTEM image obtained from the region enclosed in the rectangular
box labelled ‘f* in Fig. 19(a), shown in Fig. 19(f), reveals that a few tens
of nm thick nanocrystalline layer exists at the interface of the metal-
oxide interface.
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4. Discussion
4.1. Deformation mechanisms in Ti64 during FSLSP treatment

In the FsLSP treatment, laser induced shock waves create a rapid
increase in pressure to ~10%-10% GPa over a sample within a few pi-
coseconds, which then decays over tens of picoseconds [54]. Within this
duration, the surface layer of the sample deforms at a strain rate of ~10°
s ! [55-57], and the peak pressure generated by the laser induced shock
wave causes strain hardening [58]. Since the intensity of the laser shock
wave pressure is proportional to the laser energy, FSLSP performed with
higher laser energy leads to enhancement in surface hardening, which
was indeed observed in this study (see Fig. 5). And the increased laser
shock wave pressure is beneficial to increase the laser effective depth
(see Fig. 11 and Fig. 15). However, beyond a certain energy threshold,
the laser ionizes the surrounding air medium, which leads to the for-
mation of plasma. The subsequent absorption and scattering of laser
energy by plasma due to dielectric breakdown reduces the amount of
laser energy reaching the surface, which in turn diminishes the laser
shock wave pressure. Moreover, increased laser energy intensifies
ablation, which generates heat on the surface layer. This heat can anneal
and relax the shock wave induced compressive residual stresses on the
surface. The invariance in hardness when laser energy >150 pJ (see
Fig. 5) is attributed to these effects.

Laser shock wave induced strain hardening and plastic deformation
in Ti64, which is mediated by dislocations and twins, also leads to a
significant change in the microstructure, as is seen in the SPD zone (see
Fig. 13, Fig. 17 and Table 2). Previous studies have indicated that the
high misorientation density along 30°/{0001}, 75°/{121 0}, and
93.5°/{9 123 5} axes [18,59] are an indication of recrystallization in
a-Ti. However, this dynamic recrystallization is not likely to be driven by
laser heating as the radial extent of the heat-affected zone in the FSLSP
treatment is <2 pm [60], whereas dynamic recrystallization is observed
up to a depth of 35 pm in the SPD zone of 100 pJ sample. We believe that
the observed dynamic recrystallization is attributed to the high strain
rate deformation induced temperature rise (AT) during FsLSP. AT due to
high-strain-rate deformation can be estimated using the equation [61],

p

AT ~—_pe
pCy

(€8]
where f is the heat-work conversion coefficient, which is ~0.9, p ~4.43
g/cm? is the density of Ti64, Cy ~0.5263 Jeg~' e C! is the specific
heat capacity, P ~102 GPa is the pressure of the laser shock wave, and ¢
is the strain induced by FsLSP. ¢ is calculated from [61],

(2

e=¢xt,

where ¢ ~10° s7! is the strain rate of FsLSP, and t is the duration time of
femto-second laser shock wave. For FsLSP treated with 100 pJ, the pulse
width of the shock wave is approximately a hundred times that of the
laser pulse width [62], which translates to a shock wave duration of
100 x 290 fs = 29 ps. Using Eq. (2), the calculated ¢ during FsLSP is
~0.029. Substituting these in Eq. (1), the calculated AT is ~1119 'C.
Considering that the FsLSP treatment was performed in ambient con-
ditions, the peak temperature within the surface during FsLSP is 1144
°C, which is considerably higher than the recrystallization temperature
of Ti64, which is ~664 °C [63,64]. This implies that the dynamic
recrystallization observed in the SPD zone is a consequence of the shock
wave generated by the femtosecond laser.

Since the SPD zone is in the closest proximity to the surface, the
material within it undergoes more intense plastic deformation than that
in the MPD zone. Prismatic <a> slip is easily activated due to its lowest
critical resolved shear stress (CRSS) [65-67], and the basal <a> slip
systems, with the second lowest CRSS, are also activated owing to the
considerably high stresses and strains that develop during FsLSP.
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Fig. 12. EBSD maps of the cross-sectional xz-plane near the shocked surface of 100 pJ sample. (a) Inverse pole figure map along the x-axis, with the peak arrows

denoting the laser irradiation direction; (b) KAM map.

However, note that these systems account for only four independent slip
systems, whereas the von Mises criterion asserts that for homogeneous
plastic deformation, at least five independent slip systems must be
activated [67]. We believe that the requirement of an additional avenue
for deformation is fulfilled by the formation of tension {101 2} and
{11 2 3} twins (see Fig. 14(e), Fig. 18 (e) and Table 3). The rationale
behind the formation of twins is as follows. Note that the shock wave
induced strain rate is highest at the top surface of the alloy but di-
minishes rapidly with the increasing distance from it [68]. Therefore,
the strain rate is highest in the SPD zone but lower in the MPD zone and
lowest in the underlying matrix. Considering that the CRSS for Prismatic
<a> slip increases with increasing strain rate [69], there is a high
likelihood that other slip and twin systems may instead occur in the SPD
zone. To accommodate the plastic deformation, basal <a> slip and
{1072} and {11 2 3} tension twins are generated within the SPD zone.
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Also, note that, in the SPD zone, the occurrence of laser shock wave
induced recrystallization also leads to grain refinement. In fact, besides
strain hardening, the Hall-Petch strengthening from this grain refine-
ment is an additional contribution to the hardness of the SPD zone (see
Fig. 11). In contrast, in the MPD zone, plastic deformation is mitigated as
the intensity of the laser shock wave diminishes with depth. Since this
zone is not deformed severely as that of SPD zone at an ultra-high strain
rate, prismatic <a> slip becomes the dominant mode of plastic defor-
mation. This leads to moderate strain hardening, which, in turn, mani-
fests as a slight increase in the hardness of the MPD zone compared to
that of the underlying matrix (see Fig. 11).

4.2. Fretting wear mechanism

The variations in CoF in the initial, escalation, and dynamic equi-
librium stages of fretting wear dictate the overall wear behavior of the as
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Table 2
The slip systems in « Ti and corresponding Taylor axes [47,48].

Slip systems Taylor axis

Basal <a> {0001}(1120) (10710)
Prismatic <a> {10T0}(1120) (0001)
Pyramid <a> {1011}(1120) (1012)
Pyramid (1st) < a + c> {1011}(1123) (13853)
Pyramid (2st) < a + ¢> {1121}(1123) (6153)
Pyramid (3st) < a + ¢> {1122}(1123) (1010)

received and FsLSP treated samples. In the initial stage, the surface
roughness, and hence the effective contact area between the SisN4 ball
and the sample surface, determines CoF. Since the as-received sample is
flat whereas that of the FsLSP treated samples contain undulations or
asperities on the surface, the contact area of the latter with the SigNy4 ball
is lesser than that of the former. In fretting, a higher contact area leads to
greater surface adhesion and an increase in CoF [12,70]. This explains
the low CoF and frictional force in the FsLSP treated samples compared

(a)
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to that of the as-received sample in the initial stage of fretting (see
Fig. 6). As suggested by Zhou and Vincent [71,72], a change in the shape
of the parallelogram-shaped hysteresis loop (see Fig. 6) is indicative of
deformation occurring in the gross slip regime, where the top surface of
the sample gets worn out. The reason this transition occurs at 50 cycles
in the as-received sample, but much later in the FsLSP treated samples
(see Fig. 6), is that the latter is covered with metal oxide asperities (see
Fig. 8). However, since the tips of asperities contain several nanocavities
(see Fig. 19), it is vulnerable to undergo degradation over time. There-
fore, in the escalation stage, asperities on the FsLSP treated samples
begin to break extensively due to the ongoing fretting wear. Such
disintegration of asperities leads to direct contact between the SizsNy4 ball
and sample surface, resulting in surface scratches and thus an increase in
CoF of the FsLSP treated samples (see Fig. 7(b)). Since the size of as-
perities are larger in the 150 and 200 pJ samples, only parts of asperities
are destroyed during the dynamic equilibrium stage of wear. Due to the
relatively decreased contact area with the SigNy4 ball and the existence of
wear debris layer [42,73], the samples treated with higher laser energies
exhibit lower CoF. Though the asperities of the 50 and 100 pJ samples
are nearly wiped out during the dynamic equilibrium stage, CoF of them
is still lesser than the as-received sample because of the surface strain
hardened layer [11,74].

According to the Archard's law [75], the wear rate is inversely pro-
portional to the hardness. Since the hardness of the 100 pJ sample is
higher than that of the as received and 50 pJ sample, it has a lower wear
volume and wear rate (see Fig. 10(b)). However, the wear rates of the
150 and 200 pJ samples which have higher hardness than the 100 pJ
sample, do not appear to follow the above-expected correlation. Note
that Archard law is formulated on the basis of the flattened asperity
model [75], which implies that for the FsLSP treated, rough surface, the
total wear volume is the summation of the material wear at all asperities.

Table 3
The misorientation angle/axis pairs of the tension and compression twin systems
in Ti [49].

Twin mode System Misorientation angle/axis
Tension twin 1 {1012}(1011) 85.49° along (112 0)
Tension twin 2 {1121}(1126) 34.69° along (101 0)
Tension twin 3 {1123}(1122) 86.27 ° along (101 0)
Compression twin 1 {1122}(1123) 63.98° along (101 0)
Compression twin 2 {10T1}(1012) 56.82° along (112 0)
Compression twin 3 {1124}(2243) 77.35° along (1 01 0)
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Fig. 17. Grain boundary misorientation angle distribution of o phase at
different zones in the 200 pJ sample.

While the surface asperities on the 150 and 200 pJ samples are more
prominent than that on the 100 pJ sample, they are more fragile owing
to the formation of larger laser ablation induced voids [76]. Therefore,
during the wear of the 150 and 200 pJ samples, comparatively more
debris is produced, which acts as abrasive media. We believe that the
increased wear rate in the 150 and 200 pJ samples are an outcome of the
formation of excessive debris, which enhances abrasive wear of their
surfaces.

Based on the above analysis, the schematic diagram of fretting wear
mechanism of various specimens is shown in Fig. 20. In the as-received
sample, the top surface is contact with SisN4 ball directly at the initiation
of the fretting wear (see Fig. 20(a)). Due to its low hardness, the fretting
surface of the as-received sample gets worn fast and produces wear
debris. Under the influence of frictional heat produced by fretting wear,
these wear debris form the oxide shell covered on the fretting surface.
However, the oxide shell is so brittle that it is easy to break. Once the
outer oxide shell gets destroyed, the inner Ti64 matrix is exposed. With
the grinding of the hard debris, the fretting surface is worn further and
plastic deformation traces perpendicular to the fretting direction occur
at the pits where the Ti64 matrix is exposed. Therefore, oxide wear and
abrasive wear are the dominant fretting wear mechanism in the as-
received sample.

In the sample treated with a lower laser energy, the top surface is
covered with asperities with a height of ~5 pm and thus results in the
reduced CoF due to the decreased contact area at the initial stage of
wear. However, the tip of asperities contains a few nanocavities, which
make it fragile. With the progress of fretting wear, the whole asperities
are wiped out and the SigN4 ball comes into direct contact with the
surface strain hardened layer (see Fig. 20(b)). It has been reported that a
significant microstructural refinement can result in a higher resistance
to its oxidation [10]. Thus, the reduced area covered by oxide shell is
attributed to the grain refinement of the surface after the FsLSP treat-
ment. The surface strain hardened layer improves its wear resistance and
thus results in reduced wear volume. So, for the sample treated with
lower laser energy, the oxide wear contribution decreases, making the
abrasive wear the dominant fretting wear mechanism.

For the sample treated with higher laser energies, the height of as-
perities increases and could be up to ~22 pm. Like the sample treated
with lower laser energy, the SigN4 ball comes into contact with the tip of
asperities initially. However, since the pores inside the asperities are
larger (due to increased laser fluence [53]), the asperities are more
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(e)

Fig. 19. TEM characterization of the 100 pJ sample surface. (a) the overall view of the top surface parallel to the xz-plane; (b-e) the enlarged image of area marked as
b in (a) and the corresponding EDX analysis; (f) the high-resolution TEM image of the area marked as f in (a).

(a) As-received

D

Fretting

(b) Low laser energy

Strain hardening
I yer

D

Fretting

High laser energy

Strain hardening Asperity
layer

Fretting

Fig. 20. Schematic diagram of the fretting wear mechanism in the as-received sample and the samples treated with lower and higher femtosecond laser energy.
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susceptible to destruction. This rationalizes the increasing rate of CoF in
the sample treated with 200 pJ at the initial stage of wear. With the tips
of asperity worn out, the SigN4 ball continues to be contact with the
remains of asperities (see Fig. 20(c)). Due to the reduced contact area
and wear debris interlayer, CoF in the dynamic equilibrium stage re-
mains relatively lower. However, the hard debris from the asperities
keeps grinding on the fretting surface. Besides, the surfaces treated with
higher laser energies have an increased tendency for delamination
owing to the significantly increased H®/E? ratio. Owing to these factors,
a large amount of wear volume is produced. Therefore, abrasive wear is
the dominant fretting wear mechanism of the sample treated with higher
laser energy.

5. Conclusion

In this study, fretting wear tests followed by microstructural, topo-
graphical and mechanical characterization are performed on as-received
and FsLSP treated Ti64 alloy samples. The key conclusions of this study
are as follows. An increase in the FsLSP laser energy decreases the sur-
face coverage of LIPSSs, but increases the surface roughness and broadly
the surface hardness of Ti64. Surface hardening is attributed to the se-
vere plastic deformation initiated by the laser shock wave, which acti-
vates the prismatic <a> and basal <a> slip systems in the alloy.
Furthermore, dynamic recrystallization, triggered by the temperature
elevation from the ultra-high pressure of the laser shock wave, results in
grain refinement within the surface layer, which supplements surface
hardening via the Hall-Petch effect. A submicron-thick oxide layer and
asperities form on the top layer of FsLSP treated samples, which reduces
contact area and decreases the friction force and CoF during the initial
stages of fretting wear. Nonetheless, these asperities, which contain
nanocavities underneath, are susceptible to rapid degradation.
Following degradation of the asperities, samples treated with laser en-
ergies of 50 and 100 pJ exhibit enhanced wear resistance as they have
higher surface hardness. In contrast, despite having a hard surface layer,
samples treated with 150 and 200 pJ undergo considerable abrasive
wear, which is attributed to the generation of a higher volume of wear
debris. This particular caveat suggests that the optimization of laser
energy is critical in ensuring the successful implementation of FsSLSP
treatment for improving the fretting wear resistance of Ti64.
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