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A B S T R A C T

Laser shock peening (LSP) is a preeminent surface treatment technique that can surpass many of the modern
surface modification processes. Though the wear and surface hardening behavior of the LSP treated surfaces has
been extensively investigated, the friction behavior and surface morphological changes due to LSP are not well
explored. Hence, the present study focuses on the effect of LSP process parameters on surface morphology and
tribological behavior of 1045 steel surfaces. More specifically, the influence of laser intensity on surface
roughness and its effect on the coefficient of friction (COF) and transfer layer formation were investigated. The
results show that the COF decreased with increasing laser intensity up to a threshold intensity, thereafter, the
COF increased with increasing laser intensity. These variation in COF was attributed to the change in surface
morphology as a result of applied laser intensity. As the laser intensity increased to a threshold value, the COF
decreased as a result of surface strengthening and roughening effects. Beyond the threshold laser intensity, the
COF increased as a result of the dominant surface roughening effect.

1. Introduction

Laser shock peening (LSP) is a laser-based surface engineering
process, which has been used for widespread industrial applications
[1–4]. LSP utilizes laser-induced shock wave to introduce compressive
stresses as well as surface hardening effect on the target surface. The
basic process of LSP is illustrated in Fig. 1, where the target material is
covered with an ablative coating to absorb laser energy. During the LSP
process, the laser-matter interaction results in the formation of laser-
induced plasma whose expansion is constrained by a transparent con-
finement. Due to this confinement, a laser-induced shockwave with a
high peak pressure (in the order of GPa) propagates into the surface of
the target material, leading to an ultrahigh strain rate plastic de-
formation (105/s–106/s) [2]. As a result, near-surface compressive re-
sidual stresses and work-hardened layers are introduced. These surface
alterations play an important role in defining the tribological properties
of a surface [5–11].

As compared to other surface treatment techniques such as shot
peening [12, 13], ultrasonic impact treatment [14, 15], laser surface
melting [16, 17], and surface coating deposition [18], LSP provides
advantages such as higher flexibility and accuracy, deeper compressive
residual stress, and less damage to the initial surface [19, 20]. These
characteristics of LSP have encouraged tribologists to envision LSP as a

sustainable surface treatment technique to control the tribological
properties of metallic surfaces. The LSP on brass material surface was
studied by Wang et al. [21], where it was shown to enhance the mi-
crohardness by 28.3% and reduce the wear mass loss by 31.78%. This
enhanced microhardness and wear resistance was attributed to the laser
beam overlapping ratio which defines a specific peak pressure during
LSP. The LSP on 7075‑aluminum alloy surface was studied by Wang
et al. [22], where the authors concluded that LSP is an effective ap-
proach to decrease the depth and width of wear scars, and to reduce the
abrasion loss in seawater environment. These observations were at-
tributed to the grain refinement during LSP which increases the surfaces
hardness and abrasion resistance. Similarly, the LSP of duplex stainless
steel surfaces was studied by Lim et al. [23] where it was shown that a
high laser intensity of 10 GW/cm2 can be used to reduce the wear vo-
lume and corrosion in seawater by 39% and 74.2%, respectively. These
enhancements were achieved though optimization of LSP process
parameters which aided in reducing the number of corrosion pits on the
wear track. In another study, the influence of LSP on the wear and
degradation performance of AZ31B magnesium alloy surface was in-
vestigated by Zhang et al. [11]. Based on the observed changes in
surface hardness, it was reported that the LSP increased the yield
strength of magnesium alloy surface from 128 to 152MPa along with
significant wear resistance enhancements.
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Although most of tribological studies on LSP have focused on the
enhanced surface hardness and wear resistance [8, 24–27], the friction
behavior and surface morphological changes due to LSP are not well
explored. This might be attributed to the complexity of combined sur-
face strengthening and roughening effects introduced by LSP. The in-
vestigations conducted by Petan et al. [28, 29] on the effects of laser
intensity and spot size for LSP of maraging steel surface indicate that
the LSP performed without an ablative coating can generate a relatively
low surface roughness. Investigation conducted by Ren et al. [30] using
Ti-6Al-4V alloy shows that LSP with a low laser intensity could reduce
the surface roughness considerably. Similarly, Zhang et al. [11] showed
that a low laser intensity treatment of AZ31B magnesium alloy surface
produces dimple effects with a low average surface roughness as com-
pared to the dimple effects observed at a high laser intensities. These
reports have studied the effect of LSP on surface morphology, but there
is an insufficient use of surface roughness parameters to define the ef-
fect of LSP on surface morphology. Most of these studies consider 2D
and 3D surface roughness parameters of average roughness (Ra/Sa),
maximum height of the profile (Rz/Sz), and root mean square roughness
(Rq/Sq). However, tribological studies concerning surface roughness
have shown that different textured surfaces with a similar average
surface roughness (Ra) can exhibit varying tribological properties in
terms of the COF and the amount of transfer layer formation [31–33].
This indicates that one or two surface roughness parameter are in-
sufficient to quantify the topographical changes observed on a given
surface and to describe the functional characteristic like friction [34,
35]. Menezes et al. [34, 36] conducted a series of investigations con-
cerning the influence of surface texture and surface roughness on the
COF. In these studies, different surface textures were characterized by
25 roughness parameters including hybrid and non-dimensional
roughness parameters. These roughness parameters were then corre-
lated to the friction behavior of the surface textures. It was shown that
the variations in COF for different surface textures (with similar surface
roughness) was due to dominant influence of plowing component of
friction at the asperity contact. Since, the plowing component is defined
by the asperity slope on the harder substrate surface it is necessary to
study the dominant surface roughness parameters affected by LSP
process and its influence on the friction behavior.

The present study aims to characterize the effect of LSP on surface
morphology and friction behavior of metallic surfaces, with specific

focus on the influence of laser intensity on surface roughness, coeffi-
cient of friction (COF), and transfer layer formation. As a result of this
investigation a surface behavior model describing the effect of laser
intensity on surface morphology has been developed. The study also
demonstrates the use of an effective surface modification technique to
control the tribological properties of a surface.

2. Materials and methods

The experimental work design of the current study is schematically
represented in Fig. 2. The materials and methods are detailed in this
section.

2.1. Materials

High strength 1045 medium carbon steel (ASTM A108) of
30mm×12mm×10mm were used as the plate material on which
LSP was performed. In order to perform the scratch test on these steel
plate surfaces, 6061-T6 aluminum alloy (ASTM B211) of 3mm dia-
meter was used as the counterpart pin material. The material compo-
sition and physical properties of the tribo-pair (pin and plate) is de-
tailed in Table 1. The tribo-pair used in the present study has
widespread applications in overhead power lines as Aluminum Con-
ductor Steel-Reinforced cables (ACSR), electrical connectors involving
aluminum connections with steel, aircraft fittings, marine fittings and
hardware, valves and valve parts.

2.2. LSP of steel surfaces

The initial preparation of the steel surfaces before LSP, involved
rough polishing using sand papers of grit sizes 100, 320, 600, 800 and
1200. This was followed by a fine wet polishing using 3 μm, 0.5 μm
diamond slurry, and 0.06 μm colloidal silica suspension. Five steel
specimen surfaces were polished in this manner to have an average
surface roughness (Sa) of 0.1 ± 0.03 μm. After the initial surface pre-
paration, the LSP was performed on four steel specimen surfaces at
specific laser intensities, as indicated in Table 2. The remaining one
untreated steel surface was considered as the reference surface. The LSP
was performed using a nanosecond pulsed Nd-YAG laser with a wave-
length of 1064 nm and a pulse duration time (t) of 5 ns. The laser beam
diameter (d) was maintained at 1.5 mm. A black tape with a thickness
of 0.132 μm and BK7 (borosilicate) glass were used as the ablative
coating and confinement media, respectively. The black tape was
carefully peeled off after processing, and the specimens were cleaned in
an ultrasonic cleaner using N-hexane solution to remove the adhesive
remnants of the black tape. Further, the specimens were ultrasonically
cleaned in soap water and acetone before being stored in a desiccator.

2.3. Surface characterization

The surface topography of each specimen was characterized before
and after the LSP using Rtec 3D optical profilometer which has a re-
solution of 50 nm. As an example, the surface profiles before and after
the LSP treatment is shown in Fig. 3. An area of 1.11× 0.89mm2 was
profiled at five random locations on the sample surface and an average
of these roughness value has been reported. During this surface char-
acterization, various 3D surface roughness parameters were recorded to
investigate the surface morphological changes due to LSP. Further,
Vickers microhardness test (HV) was conducted to study the effect of
LSP on the surface hardness. The HV values were measured using a
diamond tip indenter with a load of 500 g and a dwell time of 10 s. The
hardness value of untreated specimen was considered as the baseline,
against which the hardness of LSP treated samples were compared and
analyzed.

Nomenclature

Sa 3D average roughness amplitude
Ra 2D average roughness amplitude
Sq 3D root mean square roughness amplitude
Sku 3D Kurtosis
Ssk 3D Skewness

Fig. 1. Schematic of Laser shock peening Process.
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2.4. Tribological performance

The tribological properties, such as friction, and transfer layer for-
mation were investigated using a scratch test. The scratch tests were
performed as per ASTM G133 on each of the five steel surfaces (four

LSP treated and one untreated surfaces) using aluminum alloy pins as
shown schematically in Fig. 4. The scratch tests were performed using
an Rtec multi-function tribometer 5000 which is equipped with a high-
resolution 1D normal force load cell (15mN resolution) and a 1D
friction force load cell (6 mN resolution). The test conditions for the
scratch experiments are detailed in Table 3. These test conditions were
determined based on previous investigations that considered similar
applicability of the steel substrate [37, 38]. Before each test, the pin and
steel surface were thoroughly cleaned in an aqueous soap solution
followed by ultrasonic cleaning in acetone. The repeatability and con-
sistency of the results was verified by performing each scratch test three
times.

After the tests, Scanning electron microscope (SEM) was used to
analyze the transfer layer formation on the steel surfaces. Backscattered
scanning electron microscopy (BSE) coupled with energy dispersive
spectroscopy (EDS) was used to obtain data on the composition of
transfer layer formed on the wear tracks. Furthermore, the wear tracks
were phase mapped to quantify the amount of aluminum transfer layer
formed on the steel surfaces.

3. Results and discussion

3.1. Surface characterization

3.1.1. Surface roughness
The 3D surface roughness profiles were recorded before and after

LSP of each steel surface. The roughness parameters of the profile that
are discussed in this study have been described in detail by Menezes
et al. [39]. The surface roughness parameters discussed in this study are
– average surface roughness (Ra, Sa), root mean square surface rough-
ness (Rq, Sq), skewness (Rsk, Ssk), kurtosis (Rku, Sku), average maximum
height of valley depth (Rvm) and peak height (Rpm), average maximum
height of the profile (Rz), average wavelength of the profile (λa), and
average absolute slope (Δa). Among the various surface roughness
parameters investigated in the present study, it was found that the
skewness (Ssk) and the kurtosis (Sku) roughness values were

Fig. 2. Experimental work scheme.

Table 1
Material composition and physical properties of 1045 medium carbon steel and
6061-T6 aluminum alloy.

Properties 1045 medium carbon steel
(ASTM A108)

6061-T6 aluminum alloy
(ASTM B211)

Material composition Aluminum 95.1–98.2%
Chromium 0.4–0.8%

Iron 98.21–98.85% Copper 0.05–0.4%
Carbon 0.43–0.50% Iron 0–0.7%
Manganese 0.60–0.90% Magnesium 0.8–1.2%
Phosphorus 0–0.04% Manganese 0–0.15%
Silicon 0.15–0.30% Nickel 0–0.05%
Sulfur 0–0.05% Silicon 0.4–0.8%

Titanium 0–0.15%
Zinc 0–0.25%
Zirconium 0–0.25%
Other 0.15%

Yield strength 530MPa 241.32MPa
Hardness 190HV0.5 107HV0.5
Hardness rating Medium Soft
Melting point 1427 °C 582.22 °C
Elongation 19% 12.5%

Table 2
LSP process parameters for different specimens.

Specimen number Laser intensity, I (GW/cm2)

#1 (untreated) 0
#2 1.68
#3 3.46
#4 4.40
#5 6.00
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significantly affected by the change in laser intensity of the LSP as
shown in Fig. 5. The figure shows the observed change in surface
roughness amplitudes due to LSP when compared against the most
commonly used surface roughness parameters- average surface rough-
ness (Sa) and RMS surface roughness (Sq). It can be observed that as the
laser intensity increases, the Sa and Sq show a variation<0.2, while Ssk
shows a variation ranging between 0.89 and 2.86 (42.18% to 188%)
and Sku shows a variation ranging between 1.9 and 3.32 (61.09% to
92.46%). The Ssk and Sku values at each laser intensity of the LSP has
been tabulated in Table 4. These variations in 3D roughness values
indicate that the traditional methodology of quantifying the changes in
surface roughness after the LSP using Sa and Sq [29, 30, 40] is in-
sufficient to describe the changes in surface morphology. It was found
that the effect of LSP on surface roughness can be quantified appro-
priately by using more than one roughness parameter [31, 33, 41, 42].
The roughness parameters Ssk and Sku are found to be good re-
presentation of the changes in surface roughness as a function of laser
intensity.

3.1.2. Surface profile
Investigations were performed to analyze the effect of laser intensity

on the surface profile of the LSP treated steel surfaces as shown in
Fig. 6. The Fig. 6(a) shows 2D surface profile of the untreated steel
surface (I1= 0 GW/cm2) while the Fig. 6(b)–(e) represent the 2D sur-
face profiles of steel surfaces treated at various laser intensities
(I2= 1.68 GW/cm2, I3= 3.46 GW/cm2, I4= 4.4 GW/cm2, and
I5= 6.0 GW/cm2). It can be clearly observed that as the laser intensity
increases the asperities are accordingly compressed to be closer to the
mean surface line of the profile. This indicates that there is a negative
skewing effect on the surface profile as the laser intensity increases. It
can be observed in Fig. 6(b) and (c) that for lower intensity treatments a
platykurtic form of asperities with low degree of sharpness were
formed. Whereas, in case of high laser intensity treatment seen in
Fig. 6(d) and (e) symmetric-small sharp asperities were formed. Com-
pared to the untreated surface profile seen in Fig. 6(a) the asperities are
observed to undergo a progressively increasing degree of plastic de-
formation as a function of laser intensity.

The observed changes in the asperity profiles are better understood
when analyzed with their respective laser shockwave pressures during
the LSP. The laser shockwave pressure as a function of time observed at
each laser intensity treatment is shown in Fig. 7. The peak pressures
were calculated using the relationship between the laser intensity (I),
and the laser shock peak pressure (P) which is expressed as Eq. (1):

= + × ×P α α I0.01 ( /2 3) Z (1)

where α is the efficiency of the interaction, Z is the combined shock

Fig. 3. 3D-Surface topography (a) Before LSP (b) After LSP at I= 1.68 GW/cm2.

Fig. 4. Schematic diagram of scratch test when Al 6061-T6 pin slides against
1045 steel plate.

Table 3
Scratch test conditions.

Experiment parameters Values

Specimen surface condition Dry
Temperature 24 °C
Humidity 30% RH
Load (constant) 50 N
Sliding distance 10mm
Sliding speed 2mm/s

Fig. 5. Change of various roughness parameters as a function of laser intensity.
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impedance defined as Eq. (2):

= +Z 2/((1/Z ) (1/Z ))1 2 (2)

where Z1 and Z2 are the shock impedance of the material and the
confining media, respectively. The estimations shown in Fig. 7 are
based on the well-accepted LSP model proposed by Fabbro et al. [43]. It
can be observed that as the laser intensity is increased from 1.68 to
6.0 GW/cm2, the laser shockwave peak pressure increases from 2.9 to
5.6 GPa. This laser shockwave pressure introduces a compressive

loading effect on the asperities leading to the observed surface plastic
deformation. The gradient of asperity restructuring at various laser
intensities can be attributed to the magnitude of laser shock loading
during the LSP. At low laser intensity treatments there was a low gra-
dient of the shockwave pressure that generated asperities with platy-
kurtic form of peaks having low sharpness. Whereas, at high laser in-
tensities a lager gradient of the shockwave pressure was observed
resulting in high degree of surface plastic deformation that generates
sharp asperities [28].

Table 4
3D Skewness and Kurtosis amplitudes before and after LSP treatment.

3D Skewness (Ssk) 3D Kurtosis (Sku)

Laser intensity
(GW/cm2)

Before LSP After LSP Change due to LSP Before LSP After LSP Change due to LSP

I1=0 −1.22 −1.22 0.00 3.08 3.08 0
I2= 1.68 −2.11 −1.21 0.89 3.11 1.21 1.90
I3= 3.46 −1.80 −0.22 1.57 3.67 0.59 3.08
I4= 4.40 −2.08 0.34 2.43 3.58 0.26 3.31
I5= 6.00 −1.52 0.76 2.86 3.59 0.81 2.78

Fig. 6. Effect of laser intensity on surface profile: (a) Untreated Surface (I1= 0GW/cm2) (b) LSP at I2= 1.68 GW/cm2 (c) LSP at I3= 3.46 GW/cm2 (d) LSP at
I4= 4.4 GW/cm2 (e) LSP at I5= 6.0 GW/cm2.
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3.2. Tribological performance

3.2.1. Friction behavior
The effect of LSP on the COF is shown in Fig. 8. It can be observed

that as the laser intensity increases there is a decrease in the COF. The
untreated steel surface exhibits a COF of 0.4 and as the laser intensity
increases to 4.4 GW/cm2 the COF decreases to 0.067. Upon further
increasing the laser intensity to 6.0 GW/cm2, the magnitude of COF
increases to 0.112. Depending on the applied laser intensity the COF
can be reduced by 17.5%–83.25% with reference to the untreated steel
surface. This decrease in the COF due to LSP can be attributed to the
changes in surface morphology discussed in Section 3.2. As observed in
Fig. 6, the process of LSP causes deformation and restructuring of the
asperities depending on the applied laser intensity. Fig. 6(a) which
corresponds to the untreated steel surface exhibits a COF of 0.4 and
when the surface was treated with a laser intensity of 1.68 GW/cm2 the
COF decreased by 17.5%. This can be attributed to the plastic de-
formation of asperities due to LSP which results in smaller peaks and
valleys as compared to the untreated steel surface. In a similar manner,
as the laser intensity was further increased to 3.46 GW/cm2 (Fig. 6(c))
and 4.4 GW/cm2 (Fig. 6(d)) the asperity size decreased to create a
surface of platykurtic form with low sharpness. At these two laser in-
tensity treatments the COF was observed to decrease by 50% and
83.25%, respectively. It is also important to note that as the laser in-
tensity increased there was a decrease in the peak-valley distance re-
lative to the mean surface line and this distance was minimal when
treated at 4.4 GW/cm2. Similar effects of LSP have been indicated by
Prabhakaran et al. [44] and Trdan et al. [45].

Further, when the laser intensity was increased to 6.0 GW/cm2 the
COF was found to increase to a value of 0.112 as compared to a COF of
0.067 at 4.4 GW/cm2. This change in the COF can be attributed to the
change in surface morphology from a valley dominant profile to a peak
dominant profile with small asperities (Fig. 6(e)). It can be observed
that more sharp peaks are formed due to the high-density plastic de-
formation of asperities during LSP at 6.0 GW/cm2. This observation
corresponds to the change in kurtosis values for the surface treated at
6.0 GW/cm2 as seen in Table 4. The surface treated at 6.0 GW/cm2

exhibits a higher kurtosis value of 0.81 as compared to 0.26 for 4.4 GW/
cm2.

The observed trend in COF as a function of laser intensity indicates
that the COF for a given surface can be precisely varied using LSP. In
order to understand the relevance of the observed change in COF, the
results from the present study have been compared with other similar
studies and is shown in Table 5 [10, 46–48]. It is to be noted that, even
though similar laser intensity treatments have been considered in these
studies, the material properties and tribological test parameters (such
as, load, velocity, and surface roughness) are different. It is also im-
portant to note that the other studies listed in Table 5 did not consider
the effect of surface morphology on the COF. The present work was able
to achieve the lowest COF when the 1045 steel surface was treated at

Fig. 7. Laser shockwave pressure as a function of time with respect to different
laser intensities.

Fig. 8. Effect of laser intensity on coefficient of friction.

Table 5
Comparison of coefficient of friction values before and after LSP treatments.

Materials LSP parameters COF
before LSP

COF
after LSP

Reference

Ti6Al4V 4.25 GW/cm2 0.435 0.451 [46]
Ti6Al4V 10W, 5mm/s 0.92 0.22 [47]
Al 6061-T6 5.3 GW/cm2 1.0 1.3 [48]
100Cr6 rolling steel 5.5 GW/cm2 0.55 0.45 [10]
AISI 1045 steel 4.4 GW/cm2 0.40 0.067 Present work

6.0 GW/cm2 0.40 0.12

Fig. 9. Wear track on steel surfaces treated at various laser intensities.
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laser intensities of 4.4 and 6.0 GW/cm2. This study demonstrates that it
is possible to identify an optimum laser intensity which would produce
a surface morphology that exhibits a low COF during sliding. Hence, it
is necessary to consider the effect of surface morphology in defining the
tribological behavior of LSP surfaces.

3.2.2. Transfer layer formation
The wear tracks observed after the scratch tests at various laser

intensities are shown in Fig. 9. These wear tracks were analyzed under

SEM to investigate the morphology of transfer layer formation. The BSE
coupled with phase mapped EDS images of wear tracks are shown in
Fig. 10. The figure shows aluminum transfer layer formed during
scratch test along the wear tracks. It can be observed that as laser in-
tensity increases there is a significant reduction in the amount of
transfer layer formed on the wear tracks. Though, Fig. 10 represents a
small section of the wear track, phase mapping was performed on the
entire length of the wear track to quantify the exact amount of alu-
minum transfer layer. The observed trend in transfer layer formation

Fig. 10. SEM backscattered images coupled with phase mapped EDS images of Al transfer layer formed on Laser Shock Peened surfaces at laser intensities of (a)
I= 0GW/cm2 (untreated surface); (b) I= 1.68 GW/cm2; (c) I= 3.46 GW/cm2; (d) I= 4.4 GW/cm2; (e) I= 6 GW/cm2.
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was compared with the corresponding COF values and laser intensities
as shown in Fig. 11. It can be observed that the weight percentage of
aluminum transfer layer as a function of laser intensity exhibits a si-
milar trend as the COF. This indicates that the change in surface mor-
phology due to LSP not only decreases the COF but also reduces the
amount of transfer layer formed on the steel surfaces. The untreated
steel surface exhibits a transfer layer of 17% and as the laser intensity
increases to 4.4 GW/cm2 the transfer layer decreases to 5.4%. This is
due to the small asperities formed during LSP at 4.4 GW/cm2 which
reduces the amount of shear stresses experienced by the asperities at the
tribo-pair interface. This in-turn results in low weight percentage of
transfer layer formation. Upon further increasing the laser intensity to
6.0 GW/cm2, the transfer layer increases slightly, to 6.5%. At this laser
intensity, small asperities with sharp peaks can be observed which in-
creases the plowing effect by the asperities at the contact interface and
thus increases the transfer layer formation. It can also be inferred that
the same mechanism lead to a 67.2% increase in the COF at LSP of
6.0 GW/cm2 as compared to the COF at 4.4 GW/cm2.

3.2.3. Surface hardness
Microhardness tests were carried out on LSP surfaces to investigate

the surface strengthening effect by the LSP. It was found that the sur-
face hardness increases progressively with laser intensity as shown in
Fig. 12. This is mainly attributed to the strain hardening effect

introduced by the LSP [24–27]. Even though it is intrinsic for the COF
to decrease as the hardness of the surface increases, an 83.25% drop in
COF cannot be attributed only to the change in surface hardness. It can
be observed in Fig. 12 that when the laser intensity was increased from
0 to 1.68 GW/cm2, the COF decreased from 0.4 to 0.33 (17.5% de-
crease) with an increase in the surface hardness from 190 to 225 HV
(18.4% increase). Increasing the laser intensity from 1.68 GW/cm2 to
4.4 GW/cm2 lead to a decrease in COF from 0.33 to 0.067 (79.7% de-
crease) and an increase in the surface hardness from 225 to 234 HV (4%
increase). When the laser intensity was further increased from 4.4 GW/
cm2 to 6.0 GW/cm2, the COF increased from 0.067 to 0.112 (67.2%
increase), respectively. Additionally, for the same increase in laser in-
tensity (4.4 GW/cm2 to 6.0 GW/cm2) the surface hardness increased by
only 4 HV (1.71% increase), which is negligible as compared to the
observed increase in COF. This indicates a dominant effect of the sur-
face roughening at higher laser intensities. Similar roughening effects at
high laser intensity treatments have been recently reported [44]. These
results indicate that for a low laser intensity range of LSP, both surface
strengthening and roughening effects contribute to the decrease in COF.
Whereas, for a high laser intensity range of LSP, the surface strength-
ening effect reaches a saturation point and the surface roughening will
have a dominant effect on the COF.

3.3. Surface behavior model

The effect of laser intensity on the surface profile as shown in Fig. 6
indicated that the surface morphology varies with laser intensity. Ad-
ditionally, the formation of transfer layer during sliding also varied as a
function of the applied laser intensity (Fig. 10). Based on these findings
and the observed COF, a surface behavior model for LSP treated sur-
faces was developed as shown in Fig. 13. The model represents a direct
proportionality between the laser intensity and change in surface
morphology due to plastic deformation of asperities. At low laser in-
tensities, the asperity peaks were found to be plastically deformed
(“squashed”) reducing the overall kurtosis (sharpness) of the surface
profile. As a result, the surface experienced a lower shear force during
sliding leading to a 17.5% decrease in COF as compared to the un-
treated surface. When the surface was treated at an optimum laser in-
tensity the asperities undergo plastic deformation to yield a profile with
minimum kurtosis and skewness. This optimum change in surface
morphology minimizes the shear force during sliding providing an
83.5% decrease in COF as compared to the untreated surface. At high
laser intensities, the asperities undergo extreme plastic deformation
leading to restructuring of the asperities. This results in small-sharp
asperities on the surface. Even though, the surfaces treated at high and
optimum laser intensities experience a low shear force due to small
asperities, the sharp asperities on surface treated at high laser intensity
lead to a 67.2% increase in COF as compared to the surface treated at
optimum laser intensity. This can be attributed to the increase in
plowing effect as a result of the sharp asperities on the surfaces treated
at high laser intensities. The high laser intensity treated surface can still
provide a 72% decrease in COF as compared to the untreated surface.
This behavior of friction with respect to the laser intensity and surface
morphology indicates that COF can be controlled using appropriate laser
intensity to suitably modify the surface morphology.

The present study shows that LSP can be used as an effective surface
modification tool to enhance not only the wear resistance and surface
hardness but also to control the friction behavior of the surface. The
study also shows that a fundamental understanding of the friction be-
havior and surface morphology for LSP treated surface is necessary to
maximize the effectiveness of the surface modification technique.

4. Conclusions

The present study aimed to investigating the effects of LSP on the
tribological properties of the steel surfaces. More specifically, the study

Fig. 11. Effect of LSP on weight percentage of Al transfer layer formation
compared with COF.

Fig. 12. Effect of LSP on surface hardness compared with COF.
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investigated the effects of laser intensity on the surface roughness,
surface profile, COF, transfer layer formation, and surface hardness.
The study also investigated the interdependency of surface morphology
and COF followed by interdependency of surface morphology and
surface hardness to clearly discern the effects of LSP. Some of the major
findings of the study are as follows:

• The roughness parameters Ssk and Sku were found to be good re-
presentations of the changes in surface roughness as a function of
laser intensity.

• The gradient of restructuring the asperities at various laser in-
tensities was attributed to the magnitude of laser shock loading
during LSP.

• At low laser intensity treatments there was a low gradient of the
shockwave pressure that generated asperities with platykurtic form
of peaks having low sharpness. Whereas, at high laser intensities a
lager gradient of the shockwave pressure was observed resulting in
high degree of surface plastic deformation with sharp asperities.

• Depending on the applied laser intensity the COF can be reduced by
a range of 17.5% - 83.25% with reference to the untreated steel
surface.

• The change in surface morphology due to LSP not only decreases the
COF but also reduces the amount of transfer layer formed on the
steel surface.

• The aluminum transfer layer formation as a function of laser in-
tensity exhibits a similar trend as the COF.

• The observed trend in COF as a function of laser intensity indicates
that the COF for a given surface can be precisely varied using LSP.

• For a low laser intensity range of LSP, both surface strengthening
and roughening effects contribute to the decrease in COF.

• For a high laser intensity range of LSP, the surface strengthening
effect reaches a saturation point and the surface roughening will
have the dominant effect on the COF.
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