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Abstract

Laser surface texturing (LST) is widely explored for modifying the surface topography of various materials. In this
study, a detailed investigation of laser textured surfaces produced on austenitic stainless steel (AISI 304) was carried
out. Three different textures (square, parallel, perpendicular) were produced by a Ti sapphire laser. The processed
surfaces were characterized by surface morphology, phase structure, microhardness, surface roughness, and wettabil-
ity. A ball-on-disk tribometer was used to study the tribological performance of both untextured and textured
samples. The experimental observations demonstrate that LST improves both surface wettability and surface rough-
ness. Average surface roughness (Ra) was increased by 350% and the contact angle was reduced from 43° to 22°.
The textured surfaces show a lower coefficient of friction and better wear resistance than the untextured surface. Out
of the investigated patterns, the square textures exhibited a maximum reduction of 68% in the friction coefficient

and a 50% lower wear rate.
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1 Introduction

Austenitic stainless steels (ASSs) see widespread indus-
trial use due to their excellent corrosion resistance, high
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mechanical properties, and acceptable weldability [1].
They can be used in different applications such as in
medical instruments, aerospace products, and chemical
manufacturing [1, 2]. However, ASS has low thermal
conductivity, high work hardening, and low wear resis-
tance [1-4]. Many attempts have been undertaken to
enhance the tribological properties of ASS. One of the
most promising techniques for enhancing tribological
performance is the surface engineering method, such as
film deposition [5] and surface texturing [6].

Surface texturing can have a significant effect on the
tribological properties of contact surfaces: it can increase
wear resistance and minimize the friction of surfaces. In
literature, many methods have been implemented to create
different textures, such as abrasive water jet machining
[7] and shot peening [8]. Unfortunately, these methods
are costly and are not easy to design textures with differ-
ent sizes. Thus, laser surface texturing (LST) has been
used as a unique method that can fabricate different
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& surface patterns with reasonable cost [9—11]. These pat-
% terns can enhance the tribological performance by creating
g thin lubrication films in the contact zone between the
§ - sliding surfaces [10, 12]. Also, the groves can minimize
the friction between the contact surfaces by entrapping the
wear particles [13—15].
- Several scientists have carried out several studies on
& the tribological properties of different textures’ shapes
E using experimental methodologies under several condi-
% tions. The conclusion made by these experiments has
g yielded varying inferences. For example, Rapoport
_§ s et al. [16] created various textures on stainless steel
aEzS surfaces using a laser system. The author found that
LST generates a bulge, which can prevent the rapid
_ wear-out of surface texture. However, due to the laser’s
%‘ thermal effect, a large amount of molten material and
= residual thermal stress may lead to microcracks on the
3 machined surface. Rosenkranz et al. [17] investigated
% the effect of laser textured samples on tribological be-
E havior under dry sliding conditions. Experimental results
= exhibited a lower coefficient of friction compared to the
g s -3 untextured surface. Tang et al. [18] also showed that
surface texturing played an important role in minimizing
wear rate and friction under sliding contact.
s Plenty of effort was spent on the study to enhance
g § the wear and friction of sliding surfaces. However, a lot
3 % of researches on LST have been performed last 10
g %“ . years, it is still a lack of understanding of the tribolog-
2 B8 w3 ical performance of ASS after LST. It requires further
é exploration. The present study focuses on the friction
E, behavior and wear performance of samples undergoing
g 5l a ball-on-disk test. The experiments were carried out at
gm = room temperature and under dry sliding conditions with
« < different surface texture configurations. The results from
% E three different shapes which include parallel, perpendic-
E é ular, and square textured surfaces are reported in this
£ g g5 2 research. The textures were fabricated on AISI 304
g A stainless steel samples using femtosecond laser technol-
g ogy. The influence of these textured surfaces on surface
E = properties was studied in detail using scanning electron
g £
2 2
= <
= 2
8 % Tabl.e 2 Parameters of textures main features characteristics of LST
E Gy specimens
o gl. .
El & & 23 Specimen Width (um) Pitch (um) Depth (um)
*E E_ ;g Untextured - - -
= g £ Parallel 5 15 23
E E E‘J é Perpendicular 5 15 2-3
E § § g § L& Square 5 15 2-3
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Table 3 The main specifications
of the tribometer Spindle power (kW) Rotational Diameter Sliding
speed (rpm) of disk (mm) speed (m/s)
5.7 0-12.000 20-120 0-50

microscopy (SEM), an atomic force microscope (AFM)
technique, an X-ray diffraction (XRD) technique, a
white light interferometer, and a microhardness tester.

2 Materials and methods
2.1 Materials and laser surface texturing

Four desk specimens made of AISI 304 austenitic stainless
steel were used. The dimensions of the samples are 25 mm
in diameter and 5 mm in thickness. The mechanical properties
and chemical compositions of the samples are shown in
Table 1. Grit papers were used to obtain a surface finish of
20-60 nm for the specimens. The surfaces of the sam-
ples were then laser textured into parallel, perpendicular,
and square patterns. Table 2 shows the main features of
the textured surfaces.

Ti sapphire femtosecond laser was implemented with a
maximum energy of 200 pJ, pulse duration of 30 fs, and
frequency of 10 kHz to fabricate different textures on the
sample’s surface. Once texturing was carried out by the laser
beam, the sample was moved through a CNC 3D stage. The
energy of the laser pulses was attenuated to a few micro-Joules
using a half-wave plate and a polarizer system. The
beam was focused on the surface through a focusing
lens with a focal length of 20 mm. The piece was
moved along with the stage, following the path laid
out by the Mastercam CADCAM program.

2.2 Friction and wear test

A ball-on-disk tribometer (TRB?) was used to perform rotary
sliding experiments to estimate the wear performance and
friction of the samples. The main specifications of the
tribometer are shown in Table 3. YS8 cemented carbide balls
were used in these experiments and the diameter of the ball

was 10 mm. Table 4 shows the mechanical properties of the
used carbide balls.

Tribological tests were conducted at an applied load of 5 N,
a speed of 250 rpm, and a sliding time of 20 s in a dry envi-
ronment. The friction experiments were performed under a
relative humidity of 30—40% at 20 °C. Fig. 1 presents the
schematic diagram of the friction test. The friction test was
conducted three times for each sample.

The relation between the coefficient of friction and sliding time
can be determined from the results displayed by the TRB? ball-on-
disk tribometer’s software. The main purpose of this methodology
was to be able to calculate the friction coefficients’ average from
the values gained from the stage related to the stable curve. Eq. (1)
was used to obtain the wear rate value of each textured sample [9].

A X (D—W D)
N

We te = 1
ear rate L (1)

where A and D are the area (umz) and length (mm) of the wear
scar, respectively. W and P are the channel width (um) and pitch
(um), respectively. F'is the normal load (N) and L is the sliding
length (m).

2.3 Analysis and characterization

Following friction and wear tests, topographies of the patterns
were observed in an optical microscope (VHX-2000,
Keyence) together with a scanning electron microscope
(SEM Vega 3-TESCAN). Furthermore, the profiles and the
three-dimensional (3D) topographies’ surfaces of the wear
scars were measured by a white light interferometer
(Alicona infinite focus G5 microscope) and an atomic force
microscope (AFM TOSCATM 400). The distribution of ele-
ments on the wear scar was evaluated by an energy dispersive
spectrometer (EDS). The microhardness of the textured sur-

faces was measured using a microhardness tester with an ap-
plied load of 0.05 kgf for 20 s.

Table 4 Mechanical properties of

YS8 cemented carbide balls Density (g/cm’)

Bending strength (MPa) Hardness (HRA)

13.9

1720 92.5
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Load=5N

otating speed=250 rp

Fig. 1 Schematic diagram of the friction and wear test

2.4 Contact angle measurements

Wettability measurements were taken under static contact
angles using the sessile drop method. A goniometer was
used with 6 pL droplets of coolant dispensed on the sam-
ple surfaces. Five contact angle measurements were made
at 23 °C and relative humidity of between 30% and 50%.
The mean average of the static contact angle from these 5
measurements was then recorded as the mean contact an-
gle. The measurement method consisted of an apparent
contact angle that measured each frame of the droplet that
lasted for 60 s. To obtain more precise measurements of
the contact angle variations, the videos ran at about 10
frames per second. Once the droplets reached an equilib-
rium state, the contact angle was picked up. This means
that the droplets steadily remained on the surface before
any evaporation took place. This kind of state lasted for
10 s following droplet deposition. A drop shape analysis
was used to calculate the contact angles.
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Fig. 2 Two-dimensional white light interferometry images as well as optical images of textured surfaces after LST

@ Springer



Int J Adv Manuf Technol (2021) 115:1795-1808

1799

3.00
2.50
£
3
= 2.00
o0
%
T
1.50
1.00
10.00 20.00 30.00 40.00 50.00
Position, pm
(d)
3.00
2.50
IS
3
.-Eﬂ 2.00
()]
T
1.50
1.00
10.00 20.00 30.00 40.00 50.00
Position, pm
(e
2.00
1.50
£
3
£ 1.00
20
Q
p
0.50
0.00
20.00 30.00 40.00 50.00 60.00 70.00
Position, pm
© ®

Fig. 3 a—c Atomic force microscope images of surface topography of a square, b parallel, ¢ perpendicular, and d—f corresponding two-dimensional
profile of different textured surfaces of a square, b parallel, and ¢ perpendicular

3 Results and discussions

The morphology of the textures will be presented first
to fully characterize the laser surface texture patterns’
dimensions and properties. Results of the dry sliding

friction test and the wear properties of the textured sam-
ples will be then presented, enabling comparisons to be
made between smooth and textured samples through

output variables.
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Fig. 4 a SEM image of a single micro-groove and b corresponding surface topography

3.1 Examination of laser textured samples
3.1.1 Morphology and characterization

Figure 2 shows the representative two-dimensional (2D) white
light interferometry images and optical micrographs of both
polished and textured surfaces. The polished surface is shown
in Fig. 2a. Fig. 2b—e show the square, parallel, and perpendic-
ular textures, respectively. According to the results found, the
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Fig. 5 Surface roughness values of different laser textured patterns
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surface textures analyzed are arranged regularly and there are
no defects on the surface.

Figure 3a—c and Fig. 3d—f show the 3D surface topogra-
phies and the sectional profile of the textures, respectively. As
shown, the dimensions of the channels are 5 + 0.2 wm width,
20+ 0.3 um pitch, and 1.5 + 1 um depth. The high changes in
depth are because of the existence of carbide particles in the
samples. This caused variations in the laser beam during the
manufacturing operation.

Figure 4a, b show the 2D and 3D micrographs of a single
micro-groove, respectively. The results observed the absence
of re-solidified particles that are substantial enough.
Additionally, the area surrounding the micro-groove relating
to the zone that is affected by heat is narrow. The observation
above is easily explainable using the fact that surfaces related
to AISI 304 are vaporized directly by femtosecond laser
especially during ablation. Since pulses of femtosecond
laser have extremely short time scales, it is easy to see
why consideration of the process of ablation as a solid-
vapor transition is feasible [19].

Figure 5 displays the comparison of surface roughness for
the smooth and textured surfaces. The Ra and Rz of the
smooth surface were about 20 nm and 26 nm, respectively.
As shown, surface roughness increased following the laser
texturing process due to the existence of a textured surface.
In surfaces with parallel and perpendicular patterns, the in-
crease of these two values (Ra, Rz) was lesser than in the
square textured one, whose Ra was 350% and Rz was 1.8
greater than those of the untextured surface.
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Fig. 7 XRD diffractogram analysis for the smooth surface and different
textured surfaces
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Fig. 6 Microscopic side view of coolant droplet resting on the untextured and micro-textured tool rake surfaces, showing the contact angle values

3.1.2 Wettability analysis

Figure 6 shows the contact angles of the coolant droplets
resting on untextured and textured surfaces where the hydro-
philic nature of the initial polished untextured surface with a
contact angle 0of 43.5° is noticed. The contact angle marginally
decreases after laser treatment: 23.2° in the perpendicular tex-
tured surface, 22.8° in the parallel textured surface, and 22.2°
in the square textured surface. This confirms the ability of
laser surface texturing (LST) to improve the wettability of
the surfaces. Results also indicate a greater decrease of contact
angle in all textured surfaces. This is because of the presence
of the grooves which lead to an increase in the average surface
roughness, as can be seen in Fig. 5.

The increase of surface roughness enables greater interac-
tion of the sample with the drop. This causes a reduction in the
contact angles by increasing the droplet diameter and reducing
the height. In the meantime, there is a slight variation in con-
tact angle values between parallel and perpendicular textured
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Fig. 8 a An example of typical optical micrographs of the Vickers indentations and b Vickers hardness values near micro-groove of different textured

surfaces

samples (Fig. 6) since the surface roughness values remain
almost the same (Fig. 5).

3.1.3 Phase structure analysis and microhardness
measurements

Apart from the topographic changes induced by the laser treat-
ment, it is well known that its thermal effect can also alter the
surface’s microstructure [19]. Because LST is a high-energy
technique, it can induce phase transitions on the surface of the
samples. Thus, XRD was performed on both smooth and tex-
tured samples to analyze these changes. Fig. 7 presents a set of
typical XRD patterns of the original and textured samples. It is
known that the microstructure of the original surface is austenite
and by taking a closer look at the XRD pattern, there is a confir-
mation that there is a presence of the austenite (y) phase only.
After conducting an LST, there is a lack of evidence supporting
the presence of ferrite precipitates or phase from the profile
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Fig. 9 Variation of coefficient of friction with sliding time for smooth
and textured surfaces
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gained from diffraction. These results confirm that LST does
not affect the phase transformation of textured samples.

Figure 8a presents the optical images of the indentations
close to the channels as well as the corresponding hardness
values. Fig. 8b shows the changes in hardness values as a
function of the distance from the channels and as shown, the
hardness values close to the channels are lower compared with
the hardness of the surface after LST. For square textures, the
hardness is 490 HV at a distance of 15 um from the channel
edge, which is 30% less than its original hardness. The hard-
ness decreases by a much lower amount in parallel and

Element| O Fe | Cr | Others

A 20.15 | 50.13 | 20.25 | 9.47

B 15.13 | 50.15 | 21.15 | 13.57

C 12.12/| 40.13 | 20.12 | 27.63

-~

Fig. 10 SEM image of worn surfaces of square surface under sliding
friction and EDS analysis of points A, B, and C
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Fig. 11 Wear rate of different laser textured specimens

perpendicular textured surfaces at the same distance, about
26% and 20% less than the original sample.

3.2 Friction properties of the laser textured sample

The results of ball-on-disk tests showed a considerable de-
crease in the coefficient of friction (COF) for textured samples
compared to the smooth specimen. Fig. 9 depicts the

Fig. 12 Optical micrographs of
worn surfaces of smooth and
textured samples after dry sliding
friction: a smooth, b
perpendicular, ¢ parallel, and d
square surfaces

relationship between the COF and the sliding time. As shown,
a sudden increase in the COF was noticed in all test samples at
the initial stage. It gradually became stable after 10 s of slid-
ing. This stable period was used to evaluate the COF of all test
samples. Areas of severe deformation are produced by the
action of entrapped wear debris at the sliding interface.
Thus, minor fluctuations in the COF were indicated for all
textured surfaces. Under the dry sliding condition, the smooth
surface had a COF of 0.22 whereas that of the perpendicular
and parallel textured specimens had COFs of 0.13 and 0.14,
respectively. An even better result was obtained in the square
textured surfaces, where the COF was found to be 0.07.

The smooth surface’s higher COF can be attributed to the
higher material interactions at the microscopic level.
Conversely, in textured surfaces, the reduction of the contact
area improves the sliding performance and mitigates friction.
The smaller contact area of the textured surfaces also accounts
for their lower COF during all tribological tests. Usually, defor-
mation mechanisms and adhesion that occur at microscopic
levels are truly the predominant factors that influence dry fric-
tion. On one hand, deformation takes place because of the
interlocking caused by micro asperities due to the applied load.
On the other hand, adhesion is a result of the bonding that takes
place between the surfaces that slide with each other. Therefore,
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Fig. 13 SEM micrographs of
worn surfaces of smooth surface
after dry sliding friction and EDS
analysis of point A
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Fig. 14 SEM micrographs of worn surfaces of perpindicular surface after dry sliding friction and EDS analysis of points A and B
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an added level of force needs to be used when sliding occurs to
make sure that the force components of both deformation and
force are dealt with. Moreover, studies have shown that the
additional force leads to the generation of wear particles that
occur on the contact interface that usually act as an additional
body that interacts with the surfaces sliding, which in that case
causes the growth of friction even more. The force of deforma-
tion and adhesion are more pronounced in smooth surfaces
because they have a higher rate of sliding and sticking due to
the two forces occurring at the smallest level. However, the
study found out that the reduction in contact length especially
in the surfaces that are textured, the less the generation of fric-
tional force by the relative motion that will occur.
Furthermore, the study found out that wear debris’ entrap-
ment that is done by the channels had a considerable reduction
in COF. This is due to the further elimination of the abrasion
of particles that were entrapped in between the surfaces that
were sliding against each other. This was proved by the results
where COF was reduced by 36% and 40% for perpendicular
and parallel specimens, respectively. An even better COF re-
duction of 68% was observed in the square textured sample.
Figure 10 presents the EDS results of different spots: spot
A between the grooves, spot B inside the groove, and spot C at
the worn surfaces. Spot A contained a high amount of oxygen
compared to the original surface, which means that oxidation had
happened at the surface. This is beneficial as the oxidation can be
used to minimize the contact between the cutting tool and the
chip, which helps reduce the COF [20]. Also, the amount of Fe at

spot C is lower than that at spot B, which indicates that the
textures can trap wear debris. Conversely, on the smooth surface,
the COF rapidly grows due to the lack of such a capability. The
smaller contact area of the textured surfaces also reduces the
resistance during the sliding process [9].

3.3 Wear properties of the laser textured samples

The calculated wear rates of the polished and textured samples
are shown in Fig. 11. The graph showcases the optimal anti-
wear properties of the square textured surface, whose wear
rate is the lowest of all tested samples (the highest was that
of the smooth surface). The wear rate values accord with the
variations in average friction coefficients, demonstrating the
wear resistance improvement that can be achieved by femto-
second LST. The textured samples exhibit a high wear resis-
tance due to the combination of debris entrapment and lower
contact surface. Thus, variation in the wear rates and average
COF are similar.

Optical images of the worn surfaces of the polished and
textured surfaces are shown in Fig. 12. As shown, wear scars
were formed for all surfaces due to the mechanical rubbing
between the ball and the samples. On the smooth surface,
intense scratches and adhesions are visible on the wear surface
(Fig. 12a). In the textured samples, the channels can be seen
clearly on the wear sample and they are covered with wear
debris (Fig. 12b—d).

0 1 2 3 4 5 & 7

ull Scale 14944 cts Cursor: 0,000 ke

0 2 4 6 g 10 12 14 16 18 2

Full Scale 1795 cts Cursor: 0,000 ke

(©)

)

Fig. 15 SEM micrographs of worn surfaces of parallel surface after dry sliding friction and EDS analysis of points A and B
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Figures 13, 14, 15, and 16 show the scratches and adhesion
on the respective worn surfaces of the untextured, perpendic-
ular, parallel, and square textured samples. Fig. 13a, b show
the adhesion of the material to the untextured surface. Deep
marks and adhesion are visible on the surface due to a com-
bination of abrasive and adhesive wear [12, 21-23]. For the
untextured surface, it is difficult to reserve debris. Debris gen-
erated by friction can impact the untextured surface, thereby
causing abrasive wear as confirmed by EDS analysis of point
A in Fig. 13c.

However, Figs. 14, 15, and 16 indicate that the worn
areas are smoother with no evidence of furrowing lines
on the patterns. The channels collect small wear parti-
cles, thereby preventing them from making furrows on
the worn surface [11, 20]. SEM images of worn areas
and EDS analysis at point B of all textured samples
revealed that wear debris fills most of the texture

channels. EDS analyses also show that point A has a
lower amount of W compared to point B.

Figure 17a—d present the cross-sectional profiles of
different wear scars. These profiles are measured on
untextured and textured surfaces using the Alicona mi-
croscope. The wear scar on the textured surfaces has a
lower depth than those on the untextured sample. The
square textured surface has the shallowest wear scar
compared to other surfaces, demonstrating the improve-
ment of wear resistance achieved by femtosecond laser
applied textures.

4 Conclusions

This study examines laser surface texturing (LST) of austenitic
stainless steel (AISI 304) samples with three different texture

0 1 2 3 4
Full Scale 1444 cts Cursor: 0.000

ke's

(c)

Fig. 16 SEM micrographs of worn surfaces of square surface after dry sliding friction and EDS analysis of point B
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Fig. 17 Profiles of the wear tracks on the samples after dry sliding friction detected by a white light interferometer: a smooth, b square, ¢ parallel, and d

perpendicular surfaces

shapes using a Ti: sapphire laser. The textured samples were
characterized in detail. Wear and friction tests were performed
using the ball-on-disk experiments under dry conditions. The key
findings from this investigation can be reported as the following:

1. Laser-assisted periodic textured patterns were applied to
stainless steel samples in the square, parallel, and perpen-
dicular shapes.

* The more hydrophilic surface was obtained after LST
reached approximately 22.2°, 22.8°, 23.2° when the stain-
less steel sample was textured into the respective square,
parallel, and perpendicular shapes.

2. The femtosecond LST exhibited a marked potential to
minimize the wear rate and coefficient of friction (COF).

*  Net COF reductions of 36%, 40%, and 68% were obtained by
perpendicular, parallel, and square patterns, respectively.

» The wear rate of perpendicular, parallel, and square sam-
ples was respectively reduced by about 22%, 37%, and
50% compared to the smooth surface.

3. The adhesion and wear debris on the wear scars of the
textured samples were milder compared to those of the
smooth samples.

4. The wear depth was decreased in the parallel and square
textured samples, with the latter exhibiting the lowest wear
depth.
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