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Abstract: A hybrid approach based on laser texturing and surface coating for the combined mod-
ification of surface topography and chemistry has been proposed to provide a versatile approach
for the development of functional surfaces. The experimental procedure comprised nanosecond
pulsed laser texturing of AISI 304 stainless steel substrates followed by the deposition of thin
(<1 um) coatings with two different technologies, sol-gel deposition and PE-CVD, with the aim of
independently modifying the surface topography and chemical composition. Laser texturing with
different scanning strategies achieved a variety of surface morphologies with an arithmetic mean
height (S,) in the range 0.2-6.4 pm. Coatings were then deposited on laser-textured substrates to
quantify the deposition effectiveness and the influence of the coating type and parameters on the
resulting surface topography and chemistry. Sol-gel deposition was found to be more effective with a
polymeric interlayer, improving adhesion between the coating and the textured surface; however, this
also led to an increase in Sa of approximately 0.5 pm. Conversely, PE-CVD was effective in modifying
the surface chemistry while inducing no measurable differences in surface morphology, effectively
decoupling the texturing and coating processes. Analysis of the surface chemistry showed a higher
concentration of silicon for PE-CVD than sol-gel deposition and therefore a more pronounced effect
on the surface chemical composition.

Keywords: surface engineering; surface topography; surface chemistry; laser texturing; sol-gel;
PE-CVD

1. Introduction

Surface engineering has seen a significant uptake over recent years as industry has
sought to improve the functionality, efficiency, safety, and lifespan of products while re-
ducing the consumption of energy and raw materials [1]. Generally speaking, surface
engineering aims to optimize the behavior and functionality of surfaces and substrates
during interaction with the surrounding environment by developing new solutions to
improve functional characteristics in terms of physical [2], chemical [3], mechanical [4],
optical, and electrical [5] properties, as well as wear resistance [1] and wettability [6]. Due to
its versatility, surface engineering has found a wide range of applications in transport, con-
struction, defense, energy, electronics, medicine, food, chemical production, and resource
extraction. Despite significant progress, in which laser technology has played a fundamen-
tal role [7-9], there is continued interest in developing new treatments and coatings that
can achieve higher performance in terms of specific functionalities. One example is the
ongoing development of surfaces with tailored wettability in relation to polar and nonpolar
liquids, with applications including antibacterial [10] and antifouling surfaces [11], chemi-
cal shielding [12], and heat exchangers [13]. Another relevant field in which the synergic
effects of surface morphology and chemistry are of the utmost importance is that related to
tribology, with applications primarily relating to wear resistance [14], lubrication [15], and
the performance of cutting tools [16].
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The two most widely applied approaches to surface engineering are surface texturing
and coating. The former entails modifying the original surface topography in a controlled
manner to produce regular asperities and depressions, while the latter involves altering the
chemical composition via the deposition of a layer of material on the substrate. Amongst the
various applications of surface engineering, texturing and coating have seen widespread
application in the production of hydrophobic surfaces [17,18], which often attempt to mimic
naturally occurring surfaces [18-20]. The development of oleophobic surfaces is also of im-
portance owing to rapidly growing interest in the fields of marine antifouling, oil-resistant
pipelines [21], adhesive joints, lubrication, sealing [22], heat exchangers, and fuel supply
systems [23]. A combination of very low surface energy and adequate surface roughness
is fundamental for the fabrication of such surfaces owing to the low surface tension of oil
and other organic liquids [24]. The Young, Wenzel, and Cassie-Baxter models provide
theoretical bases for the distinct roles of chemical composition and surface topography
in functional surfaces with tailored wettability [25,26]. In relation to wear resistance, the
synergic effects of surface topography and chemistry derive from the capability of the
texture to shield coated regions of the surface from direct contact, protecting them against
damage due to mechanical friction [14]. In addition, the flowing speed of water-based
lubricants over texture surfaces can be increased via superhydrophobic coatings, providing
greater hydrodynamic pressure on the coated surface in severe conditions such as those
related to metal cutting [16].

Numerous methods have been tested for the manufacturing of synthetic surfaces with
tailored surface topography and/or chemistry, including top-down approaches such as
etching, lithography, anodization [27], and laser texturing [28], and bottom-up approaches
such as electrodeposition [29], electrospinning [30], hydrothermal methods [31], spray
coating [32], sol-gel methods [33], and chemical vapor deposition (CVD) [34]. While some
of these approaches modify both the surface topography and the chemistry, these aspects
often depend on one another and require a compromise to achieve the best outcome. For
example, short and ultrashort pulsed laser technology has shown promise in achieving
simultaneous changes to surface topography and chemistry over large areas, leading to
hydrophilic or hydrophobic behavior on titanium and steel [35]; however, chemical changes
induced by laser processing are largely uncontrolled and depend on factors such as the
surrounding atmosphere and temperature during laser exposure, as well as ageing phenom-
ena over subsequent days and weeks [35,36]. Chemical treatment with perfluorooctanoic
acid (PFOA) has also been shown to be highly effective at producing omniphobic sur-
faces [37] but poses major issues in terms of environmental impact, health, and safety.
New approaches are therefore required to improve the performance and flexibility of pro-
cesses for the production of engineered surfaces with independently tailored topography
and chemistry.

The present work proposes a hybrid approach based on laser texturing and surface
coating for the independent modification of surface topography and chemistry with the aim
of providing a versatile approach for the development of new functional surfaces. Nanosec-
ond pulsed laser ablation is combined with sol-gel deposition and plasma-enhanced
chemical vapor deposition (PE-CVD). Given the ability to select specific materials for sol-
gel deposition and PE-CVD processes, as well as differentiate between the two coating
processes based on the industrial requirements at hand, this approach opens up a wide
range of possibilities for improved surface engineering as well as the potential to develop
higher performance, more robust, and more environmentally compatible surfaces with
tailored properties. Laser processing on its own typically leads to precise control over
surface topography but poor control over surface chemistry, while sol-gel deposition and
PE-CVD allow the modification of surface chemistry but very limited control over surface
topography. The hybrid method adopted in the present work therefore provides unique
advantages over other approaches to surface engineering owing to the fact that precise
modification of surface topography and surface chemistry can be performed independently.
The proposed approach therefore represents a feasible pathway to the development of
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oleophobic surfaces, which have very specific requirements in terms of surface topography
and chemistry that are currently difficult to achieve with existing approaches.

2. Materials and Methods

The adopted experimental procedure encompassed nanosecond laser texturing of
metallic substrates followed by the deposition of thin (<1 pm) coatings with the aim of
independently modifying the surface topography and chemical composition of the surface.
Two separate coating technologies were applied, including sol-gel deposition and PE-
CVD. A schematic of the proposed hybrid method is presented in Figure 1. Optimized
and stable conditions for sol-gel and PE-CVD treatments were chosen based on previous
experience and the existing literature. Various laser parameters and scanning strategies
were employed to assess the influence of surface topography on the resulting outcome and
determine whether sol-gel and PE-CVD treatments, further to modifying surface chemistry,
led to appreciable changes in topography.

Laser pulse

Textured profile Original surface \

volume

(a)

Textured profile - Sol-gel

Figure 1. Schematic representation of proposed hybrid method: (a) Laser texturing; (b) subsequent
coating treatment.

2.1. Substrate

AISI 304 stainless steel samples were employed for all experiments, measuring
25 mm x 25 mm X 1.5 mm for sol-gel experiments and 100 mm x 25 mm X 1.5 mm
for PE-CVD experiments. All the samples were cleaned in an ultrasonic bath with distilled
water for 20 min before and after laser texturing.

2.2. Laser Texturing

Laser texturing was performed with a LaserPoint YFL 20P nanosecond pulsed fiber
laser with emission wavelength of 1064 nm, maximum average power of 17 W, and repeti-
tion rate of 20 kHz. Beam movement was achieved with a galvanometric scanning head
and an f-theta lens characterized by a focal length of 160 mm, achieving a focused laser
spot diameter of 60 pm.

Five different scanning strategies were employed, including separate and adjacent
single pulses, parallel lines, crossed lines, and concentric circles. For each scanning strategy,
four tests were carried out over separate 8 mm x 8 mm areas while varying the average
laser power from 2-17 W. Separate identical textured areas were prepared for samples to
be coated with sol-gel and PE-CVD processes. All laser processing parameters employed
during the study are shown in Table 1, while Figure 2 shows schematics of the different
scanning strategies employed.
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Table 1. Summary of laser processing parameters employed for experiments.

Average Pulse Peak Laser Scanning Hatch Total Energy
Name No. Laser Power  Energy (Ep)  Pulse Fluence Speed (v) Distance (d) Dose (Et)
(P) (W] (W] (F) [J/em?] [mm/s] [um] [J/em?]
1 2 100 7.1 2400 0.7
Single Pulses 2 7 350 24.8 2400 120 2.4
(Separate) 3 12 600 424 2400 4.2
4 17 850 60.1 2400 5.9
1 2 100 7.1 300 5.6
: 2 7 350 248 300 194
Parallel Lines 5 12 600 124 300 120 33.3
4 17 850 60.1 300 47.2
1 2 100 7.1 300 11.1
: 2 7 350 248 300 38.9
Crossed Lines 5 12 600 124 300 120 66.7
4 17 850 60.1 300 944
1 2 100 7.1 1200 2.8
Single Pulses 2 7 350 24.8 1200 60 9.7
(Adjacent) 3 12 600 424 1200 16.7
4 17 850 60.1 1200 23.6
1 2 100 7.1 300 5.6
Concentric 2 7 350 24.8 300 120 194
Circles 3 12 600 424 300 0.7
4 17 850 60.1 300 2.4
&
% d % d
Single Pulses Parallel Lines Crossed lines
(Separate)
d
d %
Single Pulses Concentric Circles
(Adjacent)

Figure 2. Schematic representation of scanning strategies employed for laser texturing experiments
(see Table 1).

2.3. Sol-Gel Deposition

A first set of samples was coated by employing the sol-gel process, where a colloidal
solution (sol) containing monomers was made to form a gel through hydrolysis and con-
densation reactions. Subsequently, the liquid component was removed via heat treatment,
giving rise to nanometric agglomerates. This approach represents a versatile method with
which a large range of products can be obtained at a much lower cost than is required for
other coating processes such as CVD, evaporation coating, or sputtering. In addition, the
sol-gel process allows better control of microstructure and porosity over a larger surface
area. Three different sol-gel treatments were performed to determine the effect of the
precursor composition and presence of an interlayer on the effectiveness of deposition
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on laser-textured substrates. A first series of samples, denominated Surf 1, was obtained
by carrying out sol-gel deposition using tetraethyl orthosilicate (TEOS) as a precursor. A
second series, Surf 2, instead employed 3-aminopropyltriethoxysilane (APTES). A third
series, Surf 3, employed the same precursor as Surf 2 but with a spin-coated interlayer of
polyethylene (PE) to promote adhesion between the substrate and nanoparticles during
the process.

The sol-gel treatment was carried out in line with the existing literature [38]. For Surf 1,
a closed beaker containing ethanol (C;HsOH), water (H,O), and ammonium hydroxide
(NH4OH) with a molar ratio of 1/0.26/0.20, respectively, was stirred for 30 min at a
temperature of 40 °C, after which TEOS was added to the solution until a concentration
of 4.0 x 1072 mol dm~2 was obtained. A support holding the laser-textured samples
was then inserted, allowing the magnetic stirrer to rotate beneath the samples as shown
schematically in Figure 3. The solution was stirred at a speed of 400 rpm and a temperature
of 40 °C for 18 h. At the end of the operation, the samples were extracted from the solution,
washed with ethanol, and placed in an oven at 100 °C for 22 h. This final operation was
necessary to eliminate solvent and organic residues from the surface, densifying the film
and thus improving its structural stability and mechanical properties.

__— Stainless steel samples

|- Sample holder

[ (s <
et | Magnetic stir bar
i e

Figure 3. Schematic representation of experimental setup employed for sol-gel process.

The same procedure was carried out for Surf 2 samples but using 3-aminopropy-
ltriethoxysilane (APTES) as a precursor. Surf 3 samples were prepared with the same
method as Surf 2 but with an intermediate spin-coated polymeric film on the laser-textured
substrates. The necessity for such an interlayer was motivated by the requirement to
improve adhesion between the sol-gel coating and the underlying metallic surface. The
adhesion of silica nanoparticles to polymeric surfaces is well-documented in the litera-
ture [39,40]. The molecular chains on the surface of the PE are in fact a good foothold for
the nucleation and growth of silica nanoparticles, improving adhesion of the coating to the
underlying metallic substrate. Spin coating consisted of depositing 0.0284 g of polyethylene
(PE) dissolved in 30 mL of dichloromethane on the surface, as shown in Figure 4, with the
latter placed in rotation to spread the solution over the surface by centrifugal force, thin-
ning the liquid through both the spreading and evaporation of the solvent. The successful
deposition of thin PE films on laser-textured surfaces was verified via infrared spectroscopy,
which highlighted the presence of characteristic peaks directly attributable to the typical
polymeric structure of PE.
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Deposition of Rotational Evaporation of
the solution expansion the solvent

Figure 4. Schematic representation of spin coating process.

2.4. PE-CVD Deposition

A second set of samples was coated using PE-CVD deposition, where specific gases
were ionized and dissociated through plasma energy, reacting to form a thin film. The CVD
technique has progressed enormously over recent years and is now considered one of the
most reliable and effective ways of coating materials. It can be applied to a wide range of
different materials, including plastics, metals, and ceramics, with negligible environmental
impact and virtually no health risk. The main advantage of this technology is the possibility
of obtaining a homogeneous and pure film on the substrate. PE-CVD deposition was
carried out using a Duralar Centurion, shown in Figure 5. Samples were rotated in a
planetary motion while a potential difference was created between the samples and the
chamber to optimize treatment uniformity.

Figure 5. Photograph of Duralar Centurion system employed for PE-CVD deposition.

A single series of samples, denominated Surf 4, was prepared using hexamethyldis-
iloxane (C4H18OSiy) as a precursor for plasma deposition. During the process, helium was
used as a carrier gas to transport the precursor inside the chamber. An initial vacuum and
heating stage was performed to achieve steady-state conditions within the chamber. A
subsequent glow stage was performed to activate and clean the substrates, with Argon
(Ar) gas made to flow into the chamber while a pulsed electric field (bias) was applied
between the frames and walls of the chamber. Plasma in the glow discharge regime devel-
oped around the substrates, with consequent Ar* ion bombardment exploited to remove
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contaminants from the surface. Finally, deposition was performed to deposit a thin film of
SiOx onto the samples. The parameters used for plasma deposition are provided in Table 2.

Table 2. Summary of PE-CVD deposition parameters employed for coating of Surf 4 samples (SiOx
30 g/h, 400 sccm, Oy RF 3 kW).

Process Gas Gas Carrier Sources
Durati o
Phase ur(z)lon T (O P (Pa) Tvpe Scope Tyvpe Scope Type Electrical
P (sccm) P (sccm) P Parameters
Vacuum and heating 900 150 0.05
Glowing 600 120 14 Ar 1500 Bias 630V
1.7 A
50 V
. 09 A
SiOx Bias
deposition 1000 120 1 0, 400 He 250 100 kHz
1us
RF 3 kW

2.5. Surface Characterization

Coherence scanning interferometry (CSI) was used to acquire the surface topography
of samples after laser texturing and again after sol-gel and PE-CVD deposition. A Taylor
Hobson CCI MP-I optical profilometer was employed, equipped with a 50x objective
characterized by a numerical aperture of 0.55 and a working distance of 3.4 mm. With this
setup, a vertical resolution of <1 nm and a horizontal resolution of <1 pm was achieved over
an area of 336 pm x 336 um, corresponding to 1024 x 1024 pixels. Data acquisition and
processing was performed with TalyMap™ software to obtain digital topographic maps,
section profiles, and areal roughness parameters. S, was determined as the peak-to-valley
height over the acquired area, while the arithmetical mean height, S;, skewness, Sg, and
kurtosis, Sy, were calculated in line with ISO 25178:

1 Ny Ny

NN, & L7 M

i=1j=1

Sa:

S SN, oL @

_1 s
~ SEN:N, l; L%, ©)

where z;; is the height of point (i,j) with respect to the mean plane, Ny and N, are the
number of equally-spaced data points in the x and y directions, and S; is the root mean
square height:

1 NZ Ny
NNy (= 5

Sq= z% ; 4)

Scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy (EDX)
were used to perform detailed analysis of the surface morphology and chemical compo-
sition, respectively. A focused ion beam (FIB) with a Gallium source was used to ablate
small areas of the coated surfaces to allow cross-sectional analysis of the surface layers
to be undertaken. SEM, EDX, and FIB were performed with a Zeiss Auriga Compact
SEM-FIB. The instrument was used in cross-beam mode, with the sample positioned at the
intersection between the electron and ion beams to allow the area ablated by the ion beam
to be visualized by SEM imaging. This setup allowed precise identification of the ablated
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area and its evolution over time. Incisions were made via FIB on Surf 3 and Surf 4 samples.
A trapezoidal incision was chosen to maximize the viewing angle of the cross-section,
allowing the morphology and thickness of the deposited films to be evaluated.

3. Results and Discussion
3.1. Morphology and Topography of Laser-Textured Surfaces

Figure 6 shows 3D topography maps of the five textures made by laser texturing at an
average power of 17 W. Laser texturing created grooves and craters by laser ablation, where
absorption of laser energy resulted in a rapid increase in surface temperature leading to the
vaporization and ejection of molten material from the region exposed to the laser beam.
Further to material removal, laser ablation in the nanosecond regime also led to melting
and solidification of material around the edges of grooves, generating irregular bumps and
ridges that increased the surface roughness. Strategies employing a laser scanning speed of
300 mm/s (parallel lines, crossed lines, and concentric circles) led to the creation of grooves
in correspondence with regions exposed to the laser beam due to the relatively high pulse
overlap, 75% of the focused laser spot diameter (60 pm). Strategies employing high scanning
speed (separate and adjacent single pulses) instead led to the generation of individual ablation
craters resulting from material ejection during each laser pulse with no overlap.

o ©

Parallel Lines

I Y

o ©

Crossed lines

’ ; @
: o ° -15

Concentric Circles

Figure 6. Three-dimensional topography maps of laser-textured surfaces without coating obtained
with all scanning strategies and an average laser power of 17 W.
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An example of structures achieved at lower laser power can be seen in Figure 7, which
presents SEM images of samples textured with the parallel lines strategy at 2 W and 7 W. It
can be seen that both the ablation depth and the amount of remelted material increased
with laser power owing to the larger quantity of energy deposited. The surface topography
was not significantly affected by remelted material outside the exposed region at the lowest
tested laser power (Figure 7a), with grains of the original substrate material visible in
regions immediately adjacent to the grooves. At higher power (Figure 7b), a larger ablated
region was evident, while material remelt led to irregular bumps and ridges both within
each groove and in the adjacent area.

100 pm

1 no coat

(b)

100 ym

2 no coat

Figure 7. SEM images of laser-textured surfaces without coating obtained with parallel lines scanning
strategy: (a) 2 W; (b) 7 W.

Figure 8 compares measured values of S;, S;, Sqt, and Sy, for all the scanning strategies
and laser powers. Increasing the laser power led to deeper craters and grooves, which is
reflected in the measured values of both S, and S,. Separate and adjacent single pulses
were nonetheless limited to maximum values of approximately S, =1 um and S, = 14 pm,
while strategies employing a scanning speed of 300 mm /s achieved much higher surface
roughness, up to S; = 6.4 um and S, = 47 pm for the crossed lines strategy with an average
laser power of 17 W. Sy was between —1.5 and —0.5 for all strategies at 2 W owing to the
presence of smaller, separate ablation craters or grooves. This led to a generally flat surface
characterized by discrete, separate valleys. Sy then increased with increasing laser power
to approximately O for single pulses, crossed lines, and concentric circles, and 0.5-1 for
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adjacent single pulses and parallel lines. These outcomes imply that the height distribution
was predominantly symmetrical, with slightly positive skewness in some cases due to
distinct peaks resulting from the presence of remelt adjacent to craters and grooves, which
can be seen in Figure 6. Sy, was in the range 4.5-6.5 for all strategies at 2 W, implying a
slightly leptokurtic height distribution characterized by sharp or indented portions. This
parameter then steadily decreased with increasing laser power to 2—4 for all scanning
strategies, implying that the height distribution was predominantly mesokurtic at high
laser power.
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Parallel Lines Crossed Lines
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Figure 8. Arithmetic mean height, S;, maximum height, S,, skewness, Sy, and kurtosis, Sy, of
laser-textured surfaces without coating as a function scanning strategy and laser power.

3.2. Morphology and Topography of Coated Surfaces

Figures 9 and 10 show 3D topography maps of Surf 1 and Surf 4, where laser texturing
was combined with sol-gel (TEOS) and PE-CVD coatings, respectively. In general, deposi-
tion of the coatings led to no qualitative difference when compared to surfaces subject to
laser texturing alone (Figure 6). It must be noted that the profile corresponding to Surf 1
concentric circles in Figure 9 (laser texturing + sol-gel (TEOS)) was acquired further from
the center of the concentric circles than in the previous case, leading to lower groove curva-
ture within the measured region. This surface was nonetheless qualitatively similar to the
uncoated samples over the entire textured area. The obtained outcomes suggest that the
surface topography obtained with laser ablation remains similar after sol-gel and PE-CVD
deposition, implying that the proposed hybrid approach is feasible in terms of achieving
coated surfaces with well-defined surface topography.
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Figure 9. Three-dimensional topography maps of Surf 1 samples (laser texturing + sol-gel (TEOS))
for all scanning strategies and an average laser power of 17 W.

To confirm this outcome, S;, Sz, Ss, and Sy, were quantified for Surf1, Surf 3, and Surf4,
all subject to laser texturing with the parallel lines scanning strategy and different coating
procedures (Figure 11). As power increased, so too did S; and S; in all cases, with more
intense laser ablation leading to larger craters and ridges. Sy increased from approximately
—1 at 2 W to approximately 0.5 over the same range, while Sy, decreased from 4.5-6 to
approximately 2.5. Sol-gel coating led to an insignificant difference in roughness compared
to surfaces subject to laser texturing alone; however, introduction of the PE interlayer led
to an increase in S, of approximately 0.5 um and S, of approximately 6 um at the highest
tested laser power. Minor differences in Sy and Sy, were also observed at low laser power;
however, these were no longer significant at all other tested power levels. PE-CVD led to
insignificant changes in surface roughness parameters compared to laser texturing alone.
While introduction of the PE interlayer prior to sol-gel deposition clearly led to measurable
effects on the resulting topography, differences in roughness parameters were nonetheless
limited. Sol-gel and PE-CVD alone, on the other hand, led to accurate transfer of the
underlying surface topography obtained by laser ablation. This outcome confirms that the
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approach allows surface topography to be tailored independently via laser ablation, with
subsequent sol-gel or PE-CVD coatings having negligible effect on the resulting arithmetic
mean surface roughness.

o ©

Parallel Lines

3

LABRARAseas Manas aanas T
© = N W & w o N ®F

[ T N Y

Crossed lines Single Pulses (Adjacent)

pm

Concentric Circles

Figure 10. Three-dimensional topography maps of Surf 4 samples (laser texturing + PE-CVD) for all
scanning strategies and an average laser power of 17 W.

Figure 12 displays SEM images of surfaces obtained with the parallel lines strategy
at 7 W without coating (Figure 12a) and after sol-gel coating with TEOS as a precursor
(Surf 1, Figure 12b). At a morphological level there is no visible difference. The lack of
nanoparticles on the coated surface may have been due to lack of adhesion during the
coating process or deposition in the form of a homogeneous layer without the formation
of nanoparticles, indistinguishable from the laser-textured surface. Figures 13 and 14
show SEM images of Surf 3 and Surf 4 samples, respectively, obtained with the parallel
lines strategy at an average laser power of 12 W. At 2,000x and 10,000x magnification,
it is possible to observe the morphology created by laser treatment within the exposed
area, characterized by ripples and protrusions generated by the ablation phenomenon. At
40,000 x magnification, nanoparticles associated with the coatings can be observed in both
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cases. It can be seen that sol-gel deposition with a PE interlay and PE-CVD deposition
took place in a homogeneous and compact manner within features generated by laser
ablation. The roughness generated by laser texturing therefore promoted good adhesion
of the coating in both cases. Figures 15 and 16 present SEM cross-sections of incisions
obtained by FIB machining of the same surfaces. In both cases, it can be observed that the
sol-gel and PE-CVD coatings were in the order of 200400 nm thick with the employed
parameters. The coatings were consolidated and compact, confirming complete coverage
of the underlying laser-textured substrate. The effective coating of laser-textured metallic
surfaces is therefore feasible with both sol-gel and PE-CVD processes.
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Figure 11. Comparison of arithmetic mean height, S;, maximum height, S, skewness, Sy, and
kurtosis, S,,, of laser-textured surfaces without coating and Surf 1 (laser texturing + sol-gel (TEOS)),
Surf 3 (laser texturing + sol-gel (APTES + PE interlayer)), and Surf 4 (laser texturing + PE-CVD)
samples obtained with parallel lines scanning strategy.

3.3. Surface Chemistry

The results of SEM-EDX analyses performed on the same surfaces are shown in
Figures 17 and 18. EDX spectra confirmed the presence of iron (Fe), chromium (Cr), and
nickel (Ni), which can be attributed to the metallic substrate exposed during FIB machining,
as well as silicon (5i), which can be attributed to the applied coatings. Comparing the
spectra for Surf 3 and Surf 4, the presence of Si is much higher in the latter case, suggesting
that PE-CVD exhibited a more pronounced effect on the surface chemical composition than
the sol-gel treatment with a PE interlayer. Further investigation into this aspect is now
required. The color maps of Si provide a qualitative representation of the distribution of
this element on the sample surface. A distribution of particles containing silicon can be
observed on the portion of the surface under examination, while the underlying substrate
exhibits much lower quantities. The presence of Si below the coatings can be attributed to
residual Si within the material itself (<1% for AISI 304), as well as the deposition of ablated
material during FIB machining. The outcomes of SEM-EDX analysis nonetheless confirm
the effective modification of surface chemistry for both sol-gel and PE-CVD treatments, in
line with the presence of silica nanoparticles.
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Figure 12. SEM images of surfaces obtained with parallel lines scanning strategy at 7 W: (a) laser

texturing only; (b) Surf 1 sample (laser texturing + sol-gel (TEOS)).
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Figure 13. SEM images at (a) 2000 %, (b) 10,000 %, and (c) 40,000 x of surfaces obtained with parallel
lines scanning strategy at 12 W: Surf 3 sample (laser texturing + sol-gel (APTES + PE interlayer)).
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Figure 14. SEM images at (a) 2000 %, (b) 10,000 %, and (c) 40,000 x of surfaces obtained with parallel
lines scanning strategy at 12 W: Surf 4 sample (laser texturing + PE-CVD).
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Figure 15. SEM image of cross-section obtained by FIB machining of surface textured with parallel
lines scanning strategy at 12 W: Surf 3 sample (laser texturing + sol-gel (APTES + PE interlayer)).
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Figure 16. SEM image of cross-section obtained by FIB machining of surface textured with parallel

lines scanning strategy at 12 W: Surf 4 sample (laser texturing + PE-CVD).
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Figure 17. EDX spectrum and silicon particle distribution around cross-section obtained by FIB
machining of surface textured with parallel lines scanning strategy at 12 W: Surf 3 sample (laser

texturing + sol-gel (APTES + PE interlayer)).
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Figure 18. EDX spectra and silicon particle distribution around cross-section obtained by FIB machining
of surface textured with parallel lines scanning strategy at 12 W: Surf 4 sample (laser texturing + PE-CVD).

4. Conclusions

A hybrid approach for tailoring surface topography and chemistry has been devel-
oped based on nanosecond pulsed laser texturing and coating with sol-gel and PE-CVD
processes. The aim of this approach was to provide a more effective tool for surface engi-
neering by allowing topography and chemistry to be tailored independently, an outcome
that is currently difficult or slow to achieve with existing methods. By carefully selecting
process parameters to achieve coatings of less than 1 um, it was found that the topogra-
phy of the underlying laser-textured metallic surface could effectively be preserved, with
minimal impact on the surface topography and arithmetic mean surface roughness (S,). It
was nonetheless observed that coating of laser-textured surfaces required careful selection
of process parameters to ensure that adhesion was sufficient to promote deposition, but
thickness was limited to avoid negatively impacting the resulting topography. In the case of
sol-gel deposition, the introduction of a PE interlayer was found to improve adhesion while
increasing the value of S, by approximately 0.5 um compared to the laser-textured substrate.

Further investigation is now required into different laser texturing approaches, in-
cluding smaller features such as submicrometric laser-induced periodic surface structures
(LIPSS) and hierarchical surface structures that can be obtained with ultrashort pulsed laser
irradiation. Furthermore, the mechanical and chemical durability of coatings deposited on
laser-textured substrates must be investigated to ensure adequate longevity of the obtained
surfaces. Finally, the resulting functional properties must be assessed for applications of
surface engineering based on specific requirements in terms of surface topography and
chemistry. With the possibility of selecting materials for sol-gel deposition and PE-CVD
processes, the proposed approach holds promise for tailoring wettability in relation to
non-polar liquids that require specific combinations of surface energy and roughness.



J. Manuf. Mater. Process. 2023, 7, 59 18 of 19

Author Contributions: Conceptualization, A.H.A.L., C.S. and L.R.; methodology, all authors; vali-
dation, all authors; writing—original draft preparation, M.B. and A.H.A L.; writing—review and
editing, all authors; supervision, L.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Holmberg, K.; Matthews, A. Coatings Tribology: Properties, Mechanism, Techniques and Applications in Surface Engineering; Elsevier:
Oxford, UK, 2009.

2. Attinger, D.; Frankiewicz, C.; Betz, A.R.; Schutzius, TM.; Ganguly, R.; Das, A.; Kim, C.-J.; Megaridis, C.M. Surface engineering for
phase change heat transfer: A review. MRS Energy Sustain. 2014, 1, E4. [CrossRef]

3. Nath, N;; Hyun, J.; Ma, H.; Chilkoti, A. Surface engineering strategies for control of protein and cell interactions. Surf. Sci. 2004,
570, 98-110. [CrossRef]

4. Zhecheva, A.; Sha, W.; Malinov, S.; Long, A. Enhancing the microstructure and properties of titanium alloys through nitriding
and other surface engineering methods. Surf. Coatings Technol. 2005, 200, 2192-2207. [CrossRef]

5. Martin, PM. Introduction to Surface Engineering and Functionally Engineered Materials; John Wiley & Sons: Hoboken, NJ, USA, 2011.
[CrossRef]

6. Yao, L.; He, ]. Recent progress in antireflection and self-cleaning technology—From surface engineering to functional surfaces.
Prog. Mater. Sci. 2014, 61, 94-143. [CrossRef]

7. Li, S.; Chen, H.; Luo, T.; Xiao, G.; Yi, M.; Chen, Z.; Zhang, J.; Xu, C. Tribological properties of laser surface texturing modified
GCr15 steel under graphene/5CB lubrication. J. Mater. Res. Technol. 2022, 18, 3598-3611. [CrossRef]

8. Cui, J.; Xia, H.-Y,; Su, C.-W.; Yang, G.-F. Research on ice suppression performance of titanium alloy surface induced by nanosecond
laser. J. Mater. Res. Technol. 2022, 19, 1578-1589. [CrossRef]

9. Zhang, W.; Wu, Y,; Li, J.; Zou, M.; Zheng, H. UV laser-produced copper micro-mesh with superhydrophobic-oleophilic surface for
oil-water separation. J. Mater. Res. Technol. 2021, 15, 5733-5745. [CrossRef]

10. Dou, X.-Q.; Zhang, D.; Feng, C.; Jiang, L. Bioinspired Hierarchical Surface Structures with Tunable Wettability for Regulating
Bacteria Adhesion. ACS Nano 2015, 9, 10664-10672. [CrossRef]

11. Cirisano, F.; Benedetti, A.; Liggieri, L.; Ravera, F; Santini, E.; Ferrari, M. Amphiphobic coatings for antifouling in marine
environment. Colloids Surf. A Physicochem. Eng. Asp. 2016, 505, 158-164. [CrossRef]

12.  Pan, S.; Kota, A.K.; Mabry, ].M.; Tuteja, A. Superomniphobic Surfaces for Effective Chemical Shielding. J. Am. Chem. Soc. 2013,
135, 578-581. [CrossRef]

13. Rykaczewski, K.; Paxson, A.T.; Staymates, M.; Walker, M.L.; Sun, X.; Anand, S.; Srinivasan, S.; McKinley, G.H.; Chinn, J.; Scott,
J.H.]J.; et al. Dropwise Condensation of Low Surface Tension Fluids on Omniphobic Surfaces. Sci. Rep. 2014, 4, 4158. [CrossRef]
[PubMed]

14. Wang, H.; Tian, L.; Zheng, ].; Yang, D.; Zhang, Z. The synergetic effects of laser texturing and super-hydrophobic coatings on
improving wear properties of steel. Tribol. Int. 2022, 173, 107657. [CrossRef]

15.  Yan, H.; Chen, Z.; Zhao, J.; Zhang, P.; Yua, Z.; Lu, Q. Enhancing tribological properties of WS, /NbC/Co-based self-lubricating
coating via laser texturing and laser cladding two-step process. J. Mater. Res. Technol. 2020, 9, 9907-9919. [CrossRef]

16. Jianxin, D.; Yunsong, L.; Ze, W.; Yougiang, X. Performance of femtosecond laser-textured cutting tools deposited with WS, solid
lubricant coatings. Surf. Coat. Technol. 2013, 222, 135-143.

17.  Valipoor Motlagh, M.; Birjandi, E.C.; Sargolzaei, ]. Super-non-wettable surfaces: A review. Colloids Surf. A Physicochem. Eng. Asp.
2014, 448, 93-106. [CrossRef]

18. Zorba, V,; Stratakis, E.; Barberoglou, M.; Spanakis, E.; Tzanetakis, P.; Anastasiadis, S.H.; Fotakis, C. Biomimetic artificial surfaces
quanti-tatively reproduce the water repellency of a lotus leaf. Adv. Mater. 2008, 20, 4049-4054. [CrossRef]

19. Feng, L.; Zhang, Y;; Xi, J.; Zhu, Y.; Wang, N.; Xia, F; Jiang, L. Petal Effect: A Superhydrophobic State with High Adhesive Force.
Langmuir 2008, 24, 4114-4119. [CrossRef]

20. Teisala, H.; Butt, H.-J. Hierarchical Structures for Superhydrophobic and Superoleophobic Surfaces. Langmuir 2019, 35,
10689-10703. [CrossRef]

21. daSilva, R.C.R;; Mohamed, R.S.; Bannwart, A.C. Wettability alteration of internal surfaces of pipelines for use in the transportation
of heavy oil via core-flow. |. Pet. Sci. Eng. 2006, 51, 17-25. [CrossRef]

22. Wang, D.; Wang, X,; Liu, X.; Zhou, F. Engineering a Titanium Surface with Controllable Oleophobicity and Switchable Oil
Adhesion. J. Phys. Chem. C 2010, 114, 9938-9944. [CrossRef]

23. Lutey, A.H.; Romoli, L. Pulsed laser ablation for enhanced liquid spreading. Surf. Coatings Technol. 2018, 360, 358-368. [CrossRef]

24. Yong, ].; Chen, F; Yang, Q.; Hou, J.; Houa, X. Superoleophobic surfaces. Chem. Soc. Rev. 2017, 46, 4113-4376. [CrossRef] [PubMed]

25. de Gennes, P.G. Wetting: Statics and dynamics. Rev. Mod. Phys. 1985, 57, 827-863. [CrossRef]

26. Whyman, G.; Bormashenko, E.; Stein, T. The rigorous derivation of Young, Cassie-Baxter and Wenzel equations and the analysis

of the contact angle hysteresis phenomenon. Chem. Phys. Lett. 2008, 450, 355-359. [CrossRef]


http://doi.org/10.1557/mre.2014.9
http://doi.org/10.1016/j.susc.2004.06.182
http://doi.org/10.1016/j.surfcoat.2004.07.115
http://doi.org/10.1002/9781118171899
http://doi.org/10.1016/j.pmatsci.2013.12.003
http://doi.org/10.1016/j.jmrt.2022.04.030
http://doi.org/10.1016/j.jmrt.2022.05.156
http://doi.org/10.1016/j.jmrt.2021.11.016
http://doi.org/10.1021/acsnano.5b04231
http://doi.org/10.1016/j.colsurfa.2016.03.045
http://doi.org/10.1021/ja310517s
http://doi.org/10.1038/srep04158
http://www.ncbi.nlm.nih.gov/pubmed/24595171
http://doi.org/10.1016/j.triboint.2022.107657
http://doi.org/10.1016/j.jmrt.2020.07.001
http://doi.org/10.1016/j.colsurfa.2014.02.016
http://doi.org/10.1002/adma.200800651
http://doi.org/10.1021/la703821h
http://doi.org/10.1021/acs.langmuir.8b03088
http://doi.org/10.1016/j.petrol.2005.11.016
http://doi.org/10.1021/jp1023185
http://doi.org/10.1016/j.surfcoat.2018.11.012
http://doi.org/10.1039/C6CS00751A
http://www.ncbi.nlm.nih.gov/pubmed/28462414
http://doi.org/10.1103/RevModPhys.57.827
http://doi.org/10.1016/j.cplett.2007.11.033

J. Manuf. Mater. Process. 2023, 7, 59 19 of 19

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jiang, T.; Guo, Z.; Liu, W. Biomimetic superoleophobic surfaces: Focusing on their fabrication and applications. J. Mater. Chem. A
2015, 3, 1811-1827. [CrossRef]

Riveiro, A.; Abalde, T.; Pou, P; Soto, R.; del Val, J.; Comesafia, R.; Badaoui, A.; Boutinguiza, M.; Pou, J. Influence of laser texturing
on the wettability of PTFE. Appl. Surf. Sci. 2020, 515, 145984. [CrossRef]

Darmanin, T.; Guittard, F. Superoleophobic surfaces with short fluorinated chains? Soft Matter 2013, 9, 5982-5990. [CrossRef]
Kota, A K, Li, Y.; Mabry, ] M.; Tuteja, A. Hierarchically structured superoleophobic surfaces with ultralow contact angle hysteresis.
Adv. Mater. 2012, 24, 5838-5843. [CrossRef]

Wang, H.; Guo, Z. Design of underwater superoleophobic TiO; coatings with additional photo-induced self-cleaning properties
by one-step route bio-inspired from fish scales. Appl. Phys. Lett. 2014, 104, 183703. [CrossRef]

Wu, Y,; Yan, K,; Xu, G.; Yang, C.; Wang, D. Facile preparation of super-oleophobic TiO, /SiO, composite coatings by spraying
method. Prog. Org. Coat. 2021, 159, 106411. [CrossRef]

Ghadimi, M.R.; Dolati, A. Preparation and characterization of superhydrophobic and highly oleophobic FEVE-SiO, nano-
composite coatings. Prog. Org. Coat. 2020, 138, 105388. [CrossRef]

Kumar, V.; Pulpytel, J.; Rauscher, H.; Mannelli, I.; Rossi, F.; Arefi-Khonsari, F. Fluorocarbon Coatings Via Plasma Enhanced Chem-
ical Vapor Deposition of 1H,1H,2H,2H-perfluorodecyl Acrylate—2, Morphology, Wettability and Antifouling Characterization.
Plasma Process. Polym. 2010, 7, 926-938. [CrossRef]

Kietzig, A.-M.; Hatzikiriakos, S.G.; Englezos, P. Patterned Superhydrophobic Metallic Surfaces. Langmuir 2009, 25, 4821-4827.
[CrossRef]

Ta, D.V,; Dunn, A.; Wasley, T.J.; Kay, RW.; Stringer, J.; Smith, PJ.; Connaughton, C.; Shephard, ].D. Nanosecond laser textured
superhydrophobic metallic surfaces and their chemical sensing applications. Appl. Surf. Sci. 2015, 357, 248-254. [CrossRef]
Song, J.; Huang, S.; Hu, K; Lu, Y;; Liu, X.; Xu, W. Fabrication of superoleophobic surfaces on Al substrates. J. Mater. Chem. A 2013,
1, 14783-14789. [CrossRef]

Ohmori, M.; Matijevi¢, E. Preparation and properties of uniform coated colloidal particles. VIL Silica on hematite. J. Colloid
Interface Sci. 1992, 150, 594-598. [CrossRef]

Di Maida, P; Radi, E.; Sciancalepore, C.; Bondioli, F. Pullout behavior of polypropylene macro-synthetic fibers treated with
nano-silica. Constr. Build. Mater. 2015, 82, 39—44. [CrossRef]

Di Maida, P.; Sciancalepore, C.; Radi, E.; Bondioli, F. Effects of nano-silica treatment on the flexural post cracking behaviour of
polypropylene macro-synthetic fibre reinforced concrete. Mech. Res. Commun. 2018, 88, 12-18. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1039/C4TA05582A
http://doi.org/10.1016/j.apsusc.2020.145984
http://doi.org/10.1039/c3sm50643f
http://doi.org/10.1002/adma.201202554
http://doi.org/10.1063/1.4876116
http://doi.org/10.1016/j.porgcoat.2021.106411
http://doi.org/10.1016/j.porgcoat.2019.105388
http://doi.org/10.1002/ppap.201000038
http://doi.org/10.1021/la8037582
http://doi.org/10.1016/j.apsusc.2015.09.027
http://doi.org/10.1039/c3ta13807k
http://doi.org/10.1016/0021-9797(92)90229-F
http://doi.org/10.1016/j.conbuildmat.2015.02.047
http://doi.org/10.1016/j.mechrescom.2018.01.004

	Introduction 
	Materials and Methods 
	Substrate 
	Laser Texturing 
	Sol–Gel Deposition 
	PE-CVD Deposition 
	Surface Characterization 

	Results and Discussion 
	Morphology and Topography of Laser-Textured Surfaces 
	Morphology and Topography of Coated Surfaces 
	Surface Chemistry 

	Conclusions 
	References

