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ABSTRACT

We report a novel laser-based surface processing process,
laser shock surface patterning (LSSP) integrating both surface
strengthening and patterning effects might lead to broader
impacts in tribology research and applications. This process
utilizes the laser-induced shockwave loadings to introduce the
surface strengthening and patterning effects simultaneously,
leading to the fabrication of arrays of micro-indentations or
protrusions for the enhanced wear resistance and manipulated
friction values. Two process designs, direct-LSSP and indirect-
LSSP were proposed and carried out on AZ31B Mg alloys and
AISI 1045 steels, respectively. The 3D surface profiles of the
samples after LSSP were characterized. The hardness of
surface patterns prepared by laser processing was measured.
The friction values as affected by laser processing parameters
were measured by sliding tests.  The relationships among laser
processing parameters, micro-feature characteristics, and COF
were discussed.

Keywords: Laser Shock Processing; Coefficient of Friction;
Surface Strengthening; Surface Patterning.

INTRODUCTION

Friction and wear are two major concerns in various
engineering applications where surface interactions exist [1].
Extensive research efforts have been paid in tribology research
which emphasizes on improving the wear resistance and
manipulating the friction value. The wear resistance
determines the durability and reliability of engineering
components.  In the metal forming process, like extrusion,
rolling, the friction force between the ingot and forming tools
plays an important role on the process performance and final
product properties [2].

A variety of surface modification methods, such as plasma
electrolytic oxidation [3], thermal oxidation [4], anodizing [5],
and laser cladding [6], have been developed to improve their

tribological performance. For instance, Rapheal et al. [3]
reduced the coefficient of friction (COF) of MRI 230D Mg alloy
by 50% using plasma electrolytic oxidation to fabricate a surface
layer of hard crystalline ceramic. Fabre et al. [6] produced a
Al-Si coating on ZE41 Mg alloy by laser cladding, and found
that the COF was increased by 67% and the wear resistance was
2.5 times higher than that of the as-cast sample. However, most
of these methods focus on developing a hard surface coating and
are typically cost- and time- consuming. Moreover, unsatisfied
bonding strength at interface and some environmental issues are
associated with these processes.

Surface texturing or patterning has been proved to be
another effective surface modification approach for improving
the tribological properties of metallic materials [7-14]. The
texture features can be utilized to control the contacting areas,
trap wear debris and lubricants during sliding, and therefore
manipulate the COF and improve the wear resistance of
processed materials [15, 16]. For instance, Walker et al. [17]
applied electrochemical machining to a hypereutectic Al-Si alloy
surface to generate dimple-decorated texture. It was found that
the COF was reduced by up to 38.5% and the wear debris was
effectively removed during sliding.  Yuan et al. [18] fabricated
micro-grooves on the surface of boron-copper alloy cast iron
using photolithography. It was found that the COF can be tuned
by adjusting the angle between the grooves and sliding direction.
Hu et al. [19] reported that the COF and wear of Ti-6Al-4V under
lubrication condition were both reduced by producing dimple
texture on the surfaces using laser surface texturing (LST).
Among various surface texturing approaches, LST has gained
much more interests due to its high flexibility, good
controllability, and superior texturing accuracy. It has been
applied to many engineering fields including bearings, sliding
seals, and gears [20-24]. However, the surface patterns
generated by LST are mostly through laser ablation, which might
introduce the undesirable tensile residual stresses and surface
softening effect on the processed surface [25].

In this paper, a novel laser-based surface processing
process, named laser shock surface patterning (LSSP) is
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developed. Two process designs named direct-LSSP and
indirect-LSSP were proposed. This approach utilizes laser
shock processing instead of laser ablation to introduce surface
hardening and surface texturing effect, both of which contribute
to improving tribological properties. The direct-LSSP
experiments were performed on an AZ31B Mg alloy and
indirect-LSSP experiments were performed on AlSI 1045 steels
to fabricate surface textures of micro-indentations with various
depths.  The surface morphology and the microstructure
evolution of the samples during LSSP process were
characterized. The surface hardening effect induced by LSSP
process was analyzed. The tribological performance of the
processed samples were evaluated.

EXPERIMENTAL PROCEDURE

Materials

LSSP experiments were carried out on AISI 1045 carbon
steel square plates and AZ31B Mg alloys blocks with 1 inch
width and 0.5 inch thickness. Prior to LSSP, the samples were
ground using SiC sand paper (up to 1200 grit), followed by fine
polishing with 1 pm diamond suspension to obtain a random
surface texture with a roughness of ~ 20 nm.

LSSP process

The schematic configurations of the sample assembly and
LSSP process are illustrated in Figure 1. During the direct-
LSSP process (Figure 1(a)), a reflective coating was put on the
surface of the sample. A mold with micro-features is applied to
the top surface of the reflective coating. A transparent
confinement is applied as the uppermost component of the
sample assembly. When the high-energy laser pulse is directed
onto the target surface, this micro-feature materials will be
instantaneously vaporized and ionized, leading to the formation
of plasma with high temperature and high pressure [26] . The
expansion of the plasma is confined by the transparent
confinement and resulting the high shockwave pressure, which
propels the mold into the substrate material to generate protruded
micro-features. The configuration of indirect-LSSP process is
illustrated in Figure 1b. In the indirect-LSSP process, a micro-
mold with micro-features is placed on the target surface. The
absorptive coating material is evenly sprayed or coated on top of
the micro-mold to absorb the laser energy and protect micro-
molds and target surfaces from undesired laser damages. On
top of the absorptive coating, a transparent confinement is placed
to constrain the hydrodynamic expansion of laser-induced
plasma for the generation of laser-induced shockwave with a
high peak pressure. Once the peak pressure of laser-induced
shockwave is higher than the dynamic yield strength of the target
material, the high strain rate surface plastic deformation is
induced, leading to the fabrication of anti-skew surfaces with
arrays of micro-indentations [27]. In this process, the micro-
mold serves as a mask and a cushion for patterning, and does not
directly interact with laser energy. As compared with LST by

direct laser ablation, during LSSP process, the laser energy does
not directly interact with the substrate material, thus avoiding
heating-induced tensile residual stress and softening effect.
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Figure 1: A schematic illustration of LSSP process: (a) direct-
LSSP and (b) indirect-LSSP.

In this study, a Surelite 111 Q-switched Nd:YAG laser
(Continuum Inc.) with a wavelength of 1064 nm and a pulse
duration of 5 ns was used to deliver the laser energy. The laser
beam diameter was adjusted to 3 mm, and each surface pattern
was obtained by LSSP with five pulses to reduce the error
introduced by the beam energy variance. A copper grid (G400,
Ted Pella Inc.) with a diameter of 3.05 mm was used as the mold.
The BK7 glass was used as the confining medium. Graphite
and aluminum foil were used as absorptive layer and reflective
layer materials respectively. Finally, the patterned substrate
was ultrasonically cleaned with ethanol after peeling off the
coating and mold.

Characterization and Mechanical Property Testing

The surface morphology of the Mg alloy and steels
samples processed by LSSP was characterized by a scanning
electron microscope (SEM, JEOL-2100) and a 3D optical
profilometer (Rtec Instruments). Hardness measurements were
conducted on unprocessed and patterned surfaces using a Wilson
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hardness tester operated with a 100g load (for Mg alloy sample)
and 300 g (for steel sample) and a 10s holding time. The
tribological tests were performed with an Rtec Multi-function
tribometer 5000 using a ball-on-plate sliding configuration in
ambient environment.  Samples before and after LSSP
processing were fixed on the lower stage, while AA3003
aluminum alloy ball (McMaster-Carr) with a diameter of 6.35
mm was mounted as the upper sample. The sliding condition
for steel samples are 50 N in load and 2 mm/s in sliding velocity.
While they are 5 N for Mg alloy and 0.1 mm/s for Mg alloy
samples. The variation of COF with sliding distance was
recorded in each test.

RESULTS AND DISCUSSION
Surface micro-patterns prepared by LSSP

Figure 2 shows an optical image of the copper grid used as the
mold during the LSSP process. It has a bar width of 12 um, hole
width of 50 um, and pitch width of 62 um. Figure 2(b) shows
a SEM image of patterned surface produced by LSSP with a laser
intensity of 1.47 GW/cm?. It is evident that the micro-feature
from the mold have been successfully transferred to the surface
of Mg alloy sample substrate. Figure 2(c) and 2(d) are the 3D
optical image and one-dimensional profile of the surface pattern,
respectively. It can be observed that the micro-grooves have a
width of ~ 10 um and the square bumps have a width of ~ 50 um,
which have similar dimensions to the bars and holes of the grid,
respectively. The average depth of micro-grooves is measured
to be 2.02 £0.17 um in this case, and it is expected to be adjusted
by changing the laser intensity. During the LSSP experiment in
our study, the copper grid was punched into the Mg alloy sample
substrate by laser-induced shockwave pressure. The substrate
surface areas underneath the bars of the grid thus experienced
plastic deformation, while the areas underneath the holes of the
grid were not directly subject to this shock loading. As a result,
the surface with protruded micro-features was generated, i.e., the
micro-grooves was formed and the square bumps were left on
the surface.

Figure 3 shows the surface morphology of the specimen
generated by LSSP with a laser intensity of 0.554 GW/cm?.  As
observed in Figure 3, the shape of the mold (TEM copper grid)
is well taken by the substrate, showing array of squared
indentations with a width of 37 um. The observed micro-
indentations indicate that a severe plastic deformation is induced
by laser shock loadings in the hole areas of TEM grid. On the
other hand, in the bar areas of TEM grid, no significant
deformation is observed as the mechanical energy of laser
shockwave is absorbed by the copper grid, which serves as a
cushion layer. Figure 3(b) and 3(c) show a 3-D image and a 1-
D profile of micro-indentations, respectively. It is observed
that the indentation depth generated by LSSP is around
0.4340.07 pm.

Binlalelainaal
T T TN
aUR RIS s
Ialalsls cizinils
o islmiminiainke s
valslinizhiaie iz g
PRI T

0.0 0.1 0.3

0.2
X (mm)
Figure 2: (a) An optical image of the copper grid used in this
study, (b) a SEM image of the patterned surface of Mg alloy
sample processed by direct-LSSP with a laser intensity of 1.47
GW/cm?, (c) a 3D image of the patterned surface of Mg alloy
sample, (d) a 1D profile of the micro-grooves and square
bumps of Mg alloy sample.
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Figure 3: (a) A SEM image and a 2-D optical image of the
patterned surface of steel sample processed by in-direct LSSP
with a laser intensity of 0.554 GW/cm?, (b) a 3-D image of
patterned micro-indentations, and (c) a 1-D profile of micro-
indentations.

Surface hardening induced by LSSP

Figure 4 presents the micro-hardness of patterned surfaces
produced by LSSP with different laser intensities. For the Mg
alloy samples processed by direct-LSSP, it is found that for LSSP
with a laser intensity less than 1.92 GW/cm?, the micro-hardness
of patterned surface increases with the increase of laser intensity.
For instance, the surface hardness increases from 81 to 72.9 HV
as the laser intensity increases from 1.47 to 1.12 GW/cm?. At

Copyright © 2019 ASME



a laser intensity of 1.92 GW/cm?, the surface hardness reaches a
maximum value of 88 HV. Further increasing laser intensity
led to the surface hardening saturation phenomenon and has been
observed in previous studies [28, 29].  For Mg alloys, surface
hardening effect induced by by LSSP is attributed to the twinning
microstructure, which has been reported in the literature via two
major mechanisms: (1) Hall-Petch effect caused by twinning-
induced grain refinement [30], and (2) texture hardening induced
by crystal lattice reorienting like deformation twinning from a
softer orientation to a harder orientation [31]. For the steel
samples processed by indirect-LSSP. It can be seen that the
hardness value increases by increasing the laser power intensity
(Figure 4(b)). For instance, the hardness increases from 212
VHN (Vickers Hardness Number) for the untreated specimen to
238 VHN for the specimen processed by LSSP with a laser
intensity of 0.890 GW/cm?.  The hardness improvement is
attributed to the work hardening effect induced by laser shock
loading, and is expected to lead to enhanced wear resistance of
the LSSP treated specimen.
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Figure 4: Variation of surface hardness of samples with laser
intensity: (a) AZ31B Mg alloy sample processed by direct-
LSSP and (b) AlS14140 steel sample processed by indirect-

LSSP.

Tribological properties as affected by LSSP
Cross-over scratch tests were carried out to study the

patterning effect introduced by LSSP on the friction value.
Particular focus is put on the transition from unprocessed area

(marked as smooth surface) to the processed area (marked as
patterned surface). For the Mg alloy samples processed by
direct-LSSP, it is found that the average COF is 0.151 for the
smooth surface, and reduced to 0.124 for the patterned surface
(Figure 5(a)). For the steel samples processed by indirect-
LSSP, it is observed that the COF is dramatically reduced from
0.36 to 0.28 from the base surface to the laser-patterned surface
(Figure 5(b)).  This reduction of COF by surface patterning was
also reported in a few other work [32, 33], which is typically
explained by the reduction of real are of contact. For example,
Rosenkranz et al. [32] fabricated various textures on 42CrMo4
steel using laser ablation. It was found that the COF is reduced
from 0.118 to 0.108 for line-like pattern with a periodicity of 15
um. Byun et al. [34] produced micro-dimples on the surface of
AISI 440C steel with electrochemical machining, and reported a
significant reduction of COF at low-speed condition. Li et al.
[35] showed that the hot-embossed patterned micro-features on
a bulk metallic glass could reduce its COF from 1.05 to 0.45.
Bathe et al. [36] reported that a dramatic drop of COF on the
surface of a gray cast iron was achieved by laser surface
texturing. They both attributed the reduction of COF to the
decrease of contact area during the sliding due to the existence
of skew micro-patterns. Further, Menezes et al. [37] reported that
the COF can be manipulated over 200% by patterning the
surfaces.
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Figure 5: Cross-over scratch tests under a dry condition. (a) The
COF of Mg alloy samples on base and patterned surfaces
prepared by direct-LSSP with a laser intensity of 1.70 GW/cm?
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and (b) the COF of steel sample processed by indirect-LSSP
with a laser intensity of 0.554 GW/cm?,

The COF of patterned surface of the Mg alloy samples
processed by direct-LSSP as affected by laser intensity was
measured and depicted in Figure 6. It is observed that the COF
of all patterned surfaces are lower than that of the smooth surface
(unprocessed). However, the COF decreases first, and then
reaches a saturation value with increasing laser intensity. For
example, COF decreases to 0.143, 0.134 and 0.124 at laser
intensity of 1.18, 1.47 and 1.70 GW/cm?, respectively. Further
increasing the laser intensity shows negative effects on the
reduction of COF. It is observed that the COF reduces to a
minimum value of 0.118 at laser intensity of 1.92 GW/cm?, and
slightly increases to 0.125 when laser intensity reaches 2.12
GW/cm?,

The value of COF is generally determined by friction force
Fs resulting from sliding and normal force F, through: u = F¢/
Fn.  The total friction force Fr is consisted of adhesion friction
force Fag and friction force responsible for mechanical
deformation Fg. As reported by Bowden et al. [38], the
adhesion component is proportional to the real contact area A,
by: Fag = Ar x 1, where 7 is the interfacial shear strength. The
mechanical deformation component F. is strongly related to the
degree of plastic deformation. By producing surface pattern on
Mg alloys with LSSP, the real contact area is reduced, leading to
the decrease of adhesion force. In addition, the laser shock
induced surface hardening effect may alleviate the plastic
deformation during sliding test [39-41], thus decreasing the
deformation force. Therefore, the COF is reduced after LSSP
processing as a result of the decreased total friction force.
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Figure 6: The COF of patterned surface of Mg alloy samples
produced by direct-LSSP with various laser intensities.

Indirect-LSSP experiments were conducted with various
laser intensities to study the effect of laser intensity on COF of
steel samples, as shown in Figure 7. It can be seen that the
friction value of laser patterned surface can be manipulated by

adjusting the laser intensity. As an example, given a low laser
intensity of 0.484 and 0.554 GW/cm?, the COF was reduced by
55% and 26% from 0.38 to 0.17 and 0.28, respectively. On the
other hand, given a high laser intensity of 0.778 and 0.890
GW/cm?, the COF was increased by 45% and 87% from 0.38 to
0.55 and 0.71, respectively.

0.9 T T T T
0.8

- 0.7 F
= 3

<
‘s 0.6

@ 0.5
z 04}

5 03H

T

£ o2 Q -
\\ &%&

0.0
Untreated 0.484 0.554 0.778 0.89

=

7
%/////"

(2]

Laser intensity (GW/cm~™)

Figure 7: The COF of patterned surface of steel samples
produced by indirect-LSSP with various laser intensities.

This relationship between COF and laser intensity results
from the combination effect of surface patterning surface
hardening effect. For the direct-LSSP process, the surface
protrusions were fabricated. At low laser intensities, the plastic
deformation only takes place in a very small area. Hence, the
surface hardening effect is almost negligible and only patterning
effect dominates the reduction of friction coefficient, which can
be explained by the decrease of contact area due to the micro-
grooves [16]. As laser intensity increases, further reduction of
COF is mainly attributed to the increased plastic deformation and
surface crystallographic texture change. The increase of
groove depth may have a minimal effect on the friction
performance since dry scratch test is applied in this study [42].
As the plastic deformation approaches its saturation point at high
laser intensities, the surface hardness increases to a maximum
value (88 HV at 1.92 GW/cm? in this study), and hence the COF
is reduced to a minimum value. Further increasing the laser
intensity leads to the twinning saturation, which weakens the
efficiency for reducing COF.  On the other hand, with the grid
being punched into the target, part of the deformed substrate
material tends to pile up at the edges of square bumps, generating
bulges higher than the initial substrate surface [43]. As shown
in Figure 8, these bugles become obvious for pattered surface
with high laser intensities, resulting in the surface roughening
effect. For example, the surface roughness increased from 167
nm to 456 nm as the laser intensity increased from 1.18 to 2.12
GW/cm?  The roughed surface tend to hinder the relative
movement between tribo-pairs, thus increasing the friction force.
Therefore, a slightly increase of COF at laser intensity higher
than 1.92 GW/cm? was identified in Figure 8.
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Figure 9 schematically illustrates the laser intensity effect on
the contact conditions between the pin and patterned substrate of
steel samples prepared by indirect-LSSP. At a high laser
intensity as 0.890 GW/cm?, due to the deeper indentation depth
and the narrower bands, the penetration depth of the sliding pin
at the tribo-pair interface is deeper, as compared to it is under the
condition sliding against the patterned surface prepared by LSSP
with a low laser intensity such as 0.448 GW/cm?.  This deeper
penetration is attributed to more stress concentration induced by
the sharper edge geometry, which leads to that a greater shear
stress is needed to sustain sliding. Moreover, as the surface
roughening effect increases with the increased laser intensity,
there might be more asperities interlocking at the indentation
bottom areas. These changes of surface morphology lead to the
increase of COF with the increased laser intensity. According
to experimental results and analysis, it can be seen that for a
patterned surface, the determination of the COF is much more
complex than an untreated flat surface. It involves mechanisms
including the resistance force from the indentation edge, the
interlocking of asperities at the tribo-pair interfaces, and the
change of surface strength [1]. A quantitative relationship
between the COF and the surface patterning parameters needs to
be further investigated.
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Figure 8: Surface morphologies of square bumps protruded
with laser intensity of (a) 1.18, (b) 1.70, and (c) 2.12 GW/cm?.

Aluminum alloy pin
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Patterned steel substrate
Figure 9: Schematic illustration of contact conditions between
the aluminum alloy pin and the patterned steel substrate
processed by LSSP with a laser intensity of (a) 0.448 GW/cm?
and (b) 0.890 GW/cm?.

CONCLUSIONS

In this paper, a novel laser-based surface patterning process,
named LSSP, is proposed and studied in this paper. This process
utilizes the laser-induced shockwave loadings to introduce the
surface strengthening and patterning effects simultaneously.
Moreover, two process designs, direct-LSSP and indirect-LSSP
were realized and carried on AZ31B Mg alloys and AISI 4140
steels, respectively.  The direct-LSSP process resulted in
surface patterns with protrusions and indirect-LSSP process
resulted in surface indentations. Both processes were able to
improve the surface hardness of the studied materials. The
surface COF as affected by laser intensities in LSSP process was
studied. It was found that both direct and indirect-LSSP
process brought a lowered COF at low laser intensity as
compared with unprocessed surface, while further increasing the
laser intensity resulted in elevated COF due to surface
roughening effect. We envision that further investigation and
development of LSSP process will lead to the fabrication of
patterned surfaces with desired tribology properties, in particular
the manipulated COF and the enhanced wear resistance.
Therefore, LSSP has a great potential in widespread industrial
applications.
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