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Abstract

Many methods have been proposed to enhance the surface wettability of stainless steel to improve its wear and corrosion-
resistant properties. However, these methods are often expensive and time-consuming. Accordingly, this study presents a
straightforward approach for improving the surface wettability of 316L stainless steel using UV laser patterning at a wave-
length of 355 nm, followed by heat treatment. The effects of the laser power (0.3—1.0 W), scanning speed (100-900 mm/s),
heat treatment temperature (100-200 °C), and heat treatment duration (0—12 h) on the surface roughness, wettability, wear
resistance, and corrosion resistance are systematically explored. The experimental results show that laser treatment at a
scanning speed of 500 mm/s followed by heat treatment at 150 °C for 6 h produced a hydrophobic surface with a contact
angle of 138.0°. The wear resistance of the sample was significantly improved, with a reduction in the friction coefficient
from 0.075 to 0.059. The electrochemical tests showed that the hydrophobic surface reduced the corrosion current from
7.89E—8 to 5.11E —8 A/cm?. Overall, the optimal laser modification (1 W- 500 mm/s) and post-heat treatment (150 °C)
provide an effective approach for enhancing the hydrophobicity, wear resistance, and corrosion resistance of 316L stainless

steel, thereby offering an efficient alternative to existing surface modification methods.
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1 Introduction

316L stainless steel is used in many industrial applications
and plays a crucial role in aerospace, medical devices, and
chemical equipment [1, 2]. However, 316L stainless steel
surfaces are susceptible to wear and corrosion, which limit
their long-term stability, performance, and broader appli-
cations. Consequently, improving the wear and corrosion
resistance of 316L stainless steel through surface modifica-
tion has emerged as a key challenge. Traditional methods
for enhancing the surface properties, such as chemical treat-
ment and coatings, often face limitations related to durabil-
ity, cost, and environmental impact. In contrast, hydropho-
bic surfaces offer significant advantages, including superior
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corrosion resistance and self-cleaning properties [3]. Among
the advanced techniques available for creating such surfaces,
laser patterning technology has found extensive applications
owing to its efficiency, versatility, and precision [4—11].

Wettability refers to the interaction between a liquid
droplet and a material surface. For a liquid droplet in equi-
librium on a surface, the wettability can be characterized
by the magnitude of the contact angle of the droplet on the
surface. Three models can be used to explain the wettability.
Young’s model [12] describes the ideal surface wettability
and is given as.

o058
Y = Yev_YsL (1

where y; v, 7sy»> and yg; are the liquid—gas, solid—gas, and
solid-liquid surface tensions, respectively, and 6., is the equi-
librium contact angle.

However, Young’s model is applicable only to perfectly
flat and homogeneous surfaces. Thus, for non-smooth
surfaces, it is replaced by the Wenzel model [13], which
accounts for the surface roughness by assuming that the lig-
uid fills the surface pores. The Wenzel model is formulated
as follows:
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cos 0, =rcos 0, )

where 6, is the contact angle of the droplet on the rough
surface, and r is the surface roughness factor (defined as the
ratio of the actual contact area of the droplet on the surface
to the projected contact area). Surfaces with a contact angle
of 6.>90° are defined as hydrophobic, whereas those with
0. <90° are defined as hydrophilic.

The Cassie-Baxter model [14] introduces the concept of
a gas layer between the liquid and the surface and treats
the surface as a solid—gas mixture. Thus, it is particularly
suitable for superhydrophobic surfaces (i.e., surfaces with
contact angles greater than 150°), such as solar panels, self-
cleaning windows, anti-icing coatings, and medical devices
[15]. Mathematically, the Cassie-Baxter model is written as.

cos O, =f,cosf —f, 3

where 6 is the contact angle of the droplet on the sur-
face and f| and f, are the fractions of the surface in contact
with solid and gas, respectively. If there are no gas pock-
ets (f,=0), the Cassie-Baxter model reduces to the Wenzel
model.

Surface modification technologies such as laser pat-
terning and electrodeposition, which produce high-energy
metal oxides, cause the wettability of the surface to gradu-
ally change from hydrophilic to superhydrophobic over time
[3, 16]. For example, Lin et al. [17] reported that pure Ti
samples processed by high-pressure torsion, followed by
annealing and laser surface treatment, underwent a hydro-
philic-to-hydrophobic transformation during aging under
ambient conditions, and reached a contact angle as high as
129° after 13 days. In a recent study [18], the same group
showed that Ti and Ti64 samples processed using HPT fol-
lowed by laser surface treatment initially exhibited a hydro-
philic surface with a contact angle of approximately 10-13°,
but transitioned to a hydrophobic surface with a contact
angle of 120-126° after a holding time of 27 days. Several
studies have reported that laser-textured surfaces initially
exhibit hydrophilicity [17-20]. However, after a period of
static placement or treatments such as silanization, oxygen
plasma, or low-temperature annealing, the number of active
functional groups reduces, thereby lowering the surface
energy and enhancing the hydrophobicity [21]. Zhou et al.
[22] investigated the use of femtosecond laser texturing to
create micro-nano hybrid structures on titanium alloy, focus-
ing on their effects on mechanical properties, wettability,
and anti-reflective performance. It emphasized the critical
role of the depth-to-width aspect ratio (D/W) in optimizing
surface characteristics. The findings showed that femtosec-
ond laser texturing minimally affects the alloy’s ultimate
tensile strength (UTS), with reductions ranging from only
0.16 to 3.27%, demonstrating excellent material stability.
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Moreover, an increase in the D/W ratio was associated with
higher coefficients of friction and frictional forces, high-
lighting the influence of surface morphology on tribologi-
cal performance. Enhanced D/W ratios also improve wet-
tability and anti-reflective properties by increasing surface
area, resulting in greater hydrophobicity and more effective
internal reflections. Zhai et al. [23] explored the enhance-
ment of hydrophobicity and tribological properties of 304
stainless steel through laser surface texturing (LST). Sur-
face roughness measurements revealed that the CSA sample
had a roughness of 13.893 um, the CMS5 sample exhibited
9.138 pm, and the CM2 sample showed the finest roughness
at 3.212 um. Wettability tests indicated that the CM2 sam-
ple displayed superior hydrophobicity, with a significantly
higher contact angle than the CSA sample, demonstrating
better water repellency. Tribological tests conducted under
oil lubrication conditions revealed that the laser-treated sam-
ples had considerably lower friction coefficients compared
to the untreated sample. Among them, the CM2 sample
achieved the best tribological performance, with the low-
est friction coefficient observed. These findings suggest that
laser surface texturing is a highly effective technique for
enhancing both hydrophobicity and tribological properties of
304 stainless steel, with the CM2 treatment offering the most
optimized surface morphology for superior performance.
Several studies have shown that heat treatment acceler-
ates the hydrophilic-to-hydrophobic transition. For example,
Ngo et al. [24] reported that low-temperature annealing of a
laser-patterned surface at 100 °C reduced the transition time
from hydrophilic to hydrophobic from a couple of months
to just several hours. Li et al. [8] showed that laser texturing
of brass surfaces followed by heat treatment prompted the
formation of a superhydrophobic surface as a result of the
micro-/nanostructures produced by the laser texturing and
adsorption of organic matter from the ambient air during
heat treatment. Wang [25] similarly combined laser texturing
and heat treatment to create Ti6Al4V samples with super-
hydrophobic surfaces. The results showed that the treatment
process increased the contact angle from 64.8° (hydrophilic)
to 155° (superhydrophobic). Notably, the superhydrophobic
surface showed a greatly improved anti-corrosion perfor-
mance compared to the original hydrophilic surface.
Residual stress is influenced by the heat input during pro-
cessing [26]. Increasing the volumetric energy input, such
as laser power or scan speed, generally results in higher
residual stresses in materials. However, laser surface tex-
turing (LST) requires lower power compared to other laser
manufacturing processes, such as powder bed fusion or
laser selective melting. As a result, it seldom requires post-
treatment to eliminate residual stresses, nor is it typically
discussed in related articles. Santos et al. [27] found that
in the case of Ti-6Al-4 V alloy after LST, no significant
residual tensile stresses were observed, with the stresses
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even lower than those of untreated surfaces. Ahmed et al.
[28] found that laser surface treatment applied to AISI
304 induces topographic changes and modifies the surface
microstructure, while also creating oxide layers between the
laser grooves due to the thermal effects. Following LST, no
evidence of ferrite precipitates or phase transformation was
detected, indicating that LST does not affect the phase trans-
formation of the textured samples. The friction coefficient
could be improved in the hard coatings. Li [29] reported that
the coefficient of friction of uncoated Al,O5-TiC substrate
is 0.07 and it decreases to 0.04 under optimal conditions.
The uncoated silicon substrate has a coefficient of friction
of about 0.4. However, with optimal coating parameters, a
significant improvement is observed, reducing the coefficient
of friction to 0.2 [30].

In general, the above studies demonstrate the effective-
ness of laser surface modification followed by heat treatment
in driving the hydrophilic-to-hydrophobic transition in vari-
ous common engineering metals and alloys. Hydrophobic
surfaces offer several key advantages, including enhanced
corrosion resistance and reduced friction, which are par-
ticularly beneficial for materials such as 316L stainless
steel, which is commonly used in demanding environments.
Accordingly, this study evaluated the effects of laser surface
modification and post-heat treatment on the surface proper-
ties, corrosion resistance, and wear performance of 316L
stainless steel specimens. The experimental results demon-
strated that laser treatment at 500 mm/s, followed by heat
treatment at 150 °C for 6 h, produced a hydrophobic surface
with a contact angle of 138.0°, superior wear resistance, and
enhanced corrosion resistance.

2 Experimental material and procedures

The 316L stainless steel with a composition, in wt.%, of
steel-16% Cr-14% Ni-3% Mo-2% Mn was obtained from
Yong-Xu Machinery Corporation, Taiwan. 316L stainless
steel (PM2-200SA) plates were ground sequentially with
120-grit to 1500-grit sandpaper to remove surface oxides
and then polished using a suspension of aluminum oxide
powder with a particle size of 1 pm. After polishing, the
samples were treated using a UV laser (Coherent AVIA
355-7000, USA) with a wavelength of 355 nm, a beam
quality factor (M?) of 1.3, and a spot diameter of 16 um.
The treatment process was performed using a repetition rate
of 25 kHz, laser powers ranging from 0.3 to 1 W, scanning
speeds ranging from 100 to 900 mm/s, and a scan pitch of
8 um. The laser-treated samples were then heated at 150 °C
on a hot plate (HP-20D, Shin Kwang Machinery Industry
Co., Ltd., Taiwan) for 2 to 12 h or aged under ambient con-
ditions for O to 14 days. The surface morphologies of the
various samples were observed using an optical microscope

(OM; HUVITZ HRM-300). The surface roughness was
measured using an Alpha-Step profiler (D-300, KLLA, USA).
The parameter was set at a speed of 0.1 mm/s and meas-
uring length at 1 mm, and the applied load was 0.15 mg.
The wettability was evaluated using deionized water drop-
lets with a volume of 1 pL and a contact angle measuring
system (OCA-15EC, Germany). The wear resistance was
assessed using an abrasion testing machine (POD FM800
10 NT, FULI-FENG Precision Machinery Co., Ltd., Taiwan)
with a stainless steel wear wheel. The tests were conducted
under wet conditions (water) with a normal load of 1 kg,
a rotational speed of 100 rpm, and 1000 wear cycles. The
electrochemical characteristics and corrosion behavior of
the samples were evaluated in 0.9% NaCl solution using
an electrochemical analyzer (CHI 614E, CH Instruments,
USA). The tests were performed at 37 °C with a potential
range of — 1 to 1 V and a scan rate of 1 mV/s.

3 Results and discussion

Figure 1 presents the surface morphologies of the specimens
treated with different laser powers (0.3, 0.5, and 1 W) and
scanning speeds (100, 500, and 900 mm/s). Figure 2 shows
the surface roughness values of the nine samples. For laser
powers of 0.3 W and 0.5 W, all of the samples had a similar
low roughness. However, at the highest laser power of 1 W,
the surface roughness increased significantly, particularly at
the lowest scan speed of 100 mm/s. Figure 3 shows the con-
tact angle measurements of the nine samples immediately
after the laser patterning process. Before the laser treatment,
the polished specimens showed an average contact angle
of approximately 70°. However, after laser processing, all
the samples exhibited hydrophilic properties, with contact
angles less than 30°. The contact angle decreased (i.e., the
surface became more hydrophilic) as the scanning speed
decreased because the greater laser input energy increased
the surface roughness, which expanded the effective surface
area and strengthened the effects of capillary action. For
all values of the scanning speed, the contact angle reduced
with an increasing laser power due to a further increase in
the laser input energy.

To further investigate the hydrophilic-to-hydrophobic
transition, the laser-processed samples were subjected to
either ambient air exposure or heat treatment. In the former
case, the contact angles of the samples were measured daily
over a 14-day holding period in air. As shown in Fig. 4, all
the samples underwent a change from a hydrophilic surface
to a hydrophobic surface after approximately 6 days. The
samples processed with lower laser powers (0.3 and 0.5 W)
and a scan speed of 500 mm/s showed a hydrophobic sur-
face with a contact angle of approximately 100-110° after
6 days. For the highest laser power of 1 W, the contact angle
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Fig. 1 Optical microscope
images showing surface mor-
phologies of 316L specimens
following laser modification
with different laser powers and
scan speeds
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Fig.2 Surface roughness of 316L specimens following laser modifi-
cation with different laser powers and scan speeds

reached 130.0° after 10 days. In other words, the transition to
a steady-state hydrophobic condition took place more slowly
than that for the samples processed at a lower laser power,
but the final wettability of the surface increased. The initial
hydrophilicity of the samples after laser treatment can be
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Fig.3 Variation in contact angle with laser power and scan speed

attributed to the formation of reactive oxides on the surface.
Over time, these oxides react with the water vapor and oxy-
gen content in the ambient air, together with carbon dioxide
and organic contaminants, to produce a lower surface energy
and hence a greater contact angle [21].
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Fig.4 Variation in contact angle with holding time under ambient
conditions for 316L specimens processed using laser powers of a 0.3
W,b0.5W,andec 1 W

Figure 5 shows the contact angles of the samples pro-
cessed using laser powers of 0.3, 0.5, and 1 W and a scanning
speed of 500 mm/s, followed by annealing at 100-200 °C
for 2 to 12 h. For all values of the laser power, the con-
tact angle increased as the temperature increased from 100
to 150 °C. However, at 200°C, the phase changes and the
static contact angle becomes stable early [31]. Thus, 150 °C
was determined to be the optimal annealing temperature for
all three laser powers. The contact angles of the annealed
samples increased slightly in the samples processed using a
higher laser power in the initial treatment process. Thus, the
maximum contact angle of 138.0° was obtained for the laser
sample processed at 1 W. Notably, for this sample, the con-
tact angle reduced slightly as the annealing time increased
beyond 6 h as a result of micro-burr structure and surface
chemistry. In general, the present findings are consistent with
those reported in [7, 9—11, 32], which showed that post-pro-
cessing techniques such as natural aging, surface chemical
modification, and heat treatment can expedite the transition
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from hydrophilic to hydrophobic surface properties. Figure
6 compares the contact angles of the specimens processed
using laser powers of 0.3 W, 0.5 W, and 1.0 W and a scan-
ning speed of 500 mm/s, followed by either aging in air for
14 days or heating at 150 °C for 12 h. The natural aging and
heat treatment processes both improved the hydrophobicity
of the laser-treated surfaces. However, the annealing process
resulted in both a slightly higher contact angle (138.0° vs.
132.5°) and a significantly reduced processing time (12 h vs.
14 days). Therefore, heat treatment offers a more efficient
alternative to natural aging for enhancing the wettability
of laser-treated 316L stainless steel samples. Accordingly,
the wear resistance and electrochemical properties of the
samples were investigated for a constant scanning speed of
500 mm/s, an annealing time and temperature of 12 h and
150 °C, and laser powers of 0.3 W, 0.5 W, and 1 W.

Figure 7 shows the variation in the friction coefficients
of the various samples over the 1000 cycles of the abra-
sion wear test. The original polished sample exhibited an
average friction coefficient of 0.076. By contrast, the laser-
treated samples showed friction coefficients ranging from
0.095 (1 W) to 0.077 (0.3 W). In other words, a higher laser
power resulted in a greater friction coefficient, indicating
a poorer wear resistance. The 0.3-W sample had a contact
angle of 27.3°, while the 1-W sample had a contact angle of
14.3° (Fig. 3). Hence, the wear resistance of the laser-treated
samples was positively correlated with the contact angle.
Overall, the laser-treated samples exhibited a higher friction
coefficient than the polished samples, indicating a reduction
in the wear resistance following laser modification. How-
ever, the wear resistance was substantially improved in the
subsequent heat treatment process. For example, as shown
in Fig. 8 for the 1-W sample, the contact angle increased to
138.0°, while the friction coefficient decreased to 0.059. A
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Fig.9 Tafel plots for a polished and laser-treated specimens and b laser-treated and heat-treated specimens

similar inverse trend was observed for the 0.3-W and 0.5-W
samples. The improvement in the wear resistance can be
attributed to the effects of the hydrophobic surface, which
creates a thin liquid film at the wear interface. This film
provides a lubricating effect that reduces the contact force
and friction between the sample surface and the abrasive
particles and therefore lowers the coefficient of friction [21,
33-37].

Figure 9a presents the Tafel plots for the polished and
laser-treated 316L stainless steel samples. The polished
sample exhibited a corrosion current density of 2.98E —7
A/cm?. For the laser-treated samples, the corrosion current
density increased from 9.60E — 8 to 2.95E —7 A/cm? as the
laser power increased from 0.3 to 1 W. In other words, the
corrosion resistance decreased as the laser power increased.
As stated above, the contact angle reduced from 27.3° to
14.3° as the laser power increased from 0.3 to 1 W. Hence, it
is inferred that a higher contact angle results in an enhanced
corrosion resistance in the laser-treated samples. All of the
laser-treated samples show lower corrosion current densities,
and hence improved corrosion resistance, than the original
polished sample.

Figure 9b compares the Tafel plots of the laser-treated
samples with those of the annealed samples. As the laser
power increased from 0.3 to 1 W, the contact angle of the
annealed samples rose from 133.0° to 138.0° (Fig. 6) and
the corrosion current density decreased from 7.89E — 8§ to
5.11E—8 A/cm?. Thus, from Eq. (4), the annealed 1-W sam-
ple achieved a maximum corrosion inhibition efficiency of
82.8% compared to the original polished sample.

nlE = (Iy —1.,,.) + I, x 100% )

where [ is the corrosion current of the initial sample and

1., 1s the corrosion current of the treated sample.
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Fig. 10 Relationship between contact angle and corrosion current for
samples processed using different laser powers

Overall, the results indicate that combining laser pattern-
ing with heat treatment significantly improved the corrosion
resistance of the 316L specimens. The enhanced corrosion
resistance is most likely due to the more hierarchical surface
structure, which includes an air layer that reduces direct con-
tact between the surface and the corrosive agent [38—44].

Figure 10 shows the correlation between the contact angle
and the corrosion current density in the sample annealed at
150 °C for 12 h. It can be observed that the contact angle
and corrosion current are inversely related. In particular,
as the laser power increased from 0.3 to 1 W, the contact
angle increased from 133.0° to 138.0° and the corrosion
current density decreased from 7.89E—8 to 5.11E -8 A/
cm?. Meanwhile, the friction coefficient reduced from 0.075
to 0.059 (Fig. 7). In other words, a positive correlation was
observed between the contact angle, wear resistance, and
corrosion resistance of the annealed samples. Overall, the
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Table 1 Contact angle and corrosion inhibition efficiencies of metal surfaces with various surface treatments

Materials Laser types Laser pattern Post- Max contact angle Inhibition  Ref
treatment efficiency
(%)

Ti-6Al-4V Ti:sapphire laser sys-  Periodic structure - 124.6° - [14]

and tem (fs) 116.5°

316L

stainless

steel

304L stainless steel Nd:YAG laser (ns) Grid pattern - 110° 92.0% [31]

AISI 4140 mold steel ~ Ytterbium pulsed laser Groove structure PDMS base curing 152.5° 29.5% [33]

(ns) agent + silicone oil

1095 carbon steel Nanosecond laser Concentric circles FOTS silane reagent 158.9° 95% [34]
marking machine pattern
(ns)

316L stainless steel Ytterbium pulsed laser Hexagon shape struc- ~ Bioactive glass coat- - 90.0% [35]
(ns) ture ings

Aluminum alloy 7075 1030 ultrafast laser Star structure Natural aging Above 150.0° 21.4% [24]
source (fs)

316L stainless steel Picosecond laser (ps) ~ Dimple structure Poly-perfluoro acrylate 166.5° 74.2% [25]

with Fe-based amor-
phous alloy coatings
316L stainless steel UV laser (ns) Groove structure Natural aging 132.5° 82.8% This work
Heat treatment 138.0°

sample treated with a laser power of 1 W showed the highest
contact angle (138.0°), lowest friction coefficient (0.059),
and best wear resistance (5.11E — 8 A/cm?).

Table 1 shows the contact angles and corrosion inhibi-
tion efficiencies of metal surfaces processed by various
treatments. The results confirm that the proposed UV laser
modification process followed by annealing treatment yields
a contact angle (138.0°) and inhibition efficiency (82.8%)
comparable to (or better than) those of the surfaces pro-
cessed using alternative approaches.

4 Conclusion

This study has examined the surface roughness, wettability,
wear resistance, and anti-corrosion properties of 316L stain-
less steel specimens processed by laser treatment followed
by either aging in air or annealing at temperatures in the
range of 100-200 °C. The experimental results support the
following conclusions:

1. The increased laser energy produced during laser pat-
terning with either a higher laser power or a slower scan-
ning speed resulted in a greater surface roughness and
the formation of a hydrophilic surface with a contact
angle of less than 30°.

2. Laser powers of 0.3 W, 0.5 W, and 1 W, combined with
a scanning speed of 500 mm/s, followed by heat treat-
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ment at 150 °C for 6 h, led to stabilized contact angles
of 133.0°, 136.0°, and 138.0°, respectively.

3. After laser patterning and subsequent heat treatment,
the friction coefficient of the sample processed with a
laser power of 1 W and scanning speed of 500 mm/s
decreased from 0.095 to 0.059, indicating a significant
improvement in the wear resistance.

4. Laser treatment led to a reduction in the corrosion cur-
rent. The current was further reduced following subse-
quent heat treatment. For the sample processed with a
laser power of 1 W and scanning speed of 500 mm/s, the
current density decreased from 2.95E —7 A/cm? after
laser treatment to 5.11E — 8 A/cm? after heat treatment,
indicating a superior corrosion resistance.

Overall, the results presented in this study demonstrate
that laser treatment at a power of 1 W followed by annealing
at 150 °C for 6 h enhances the hydrophobicity, wear resist-
ance, and corrosion resistance of 316L.
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