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Abstract: The loss of spontaneous liquid repellency on the surface of AISI 304 stainless steel under
UV irradiation has been investigated depending on the textures formed by femtosecond laser pulses
using Owens-Wendt plot analysis. Laser-induced periodic surface structures (LIPSS) have shown less
liquid repellency compared to microgrooves. The polarity of the super-hydrophobic non-polar layer
increased under UV irradiation to a super-hydrophilic state. The rate of this transition is determined
by the surface topography and was faster for LIPSS compared to the bihierarchical textures formed
by LIPSS in combination with microgrooves. The applicability of the Owens-Wendt approach for the
numerical comparison of the achievable liquid repellency of textured surfaces in the Cassie state and
the degree of polarity reversal of the hydrophobic layer was shown.

Keywords: UV irradiation; functional materials; superhydrophobic surface; LIPSS; laser micro-texturing;
contact angle; Owens-Wendt approach

1. Introduction

The exceptional water repellency inherent in many natural surfaces, such as lotus
petals and the shells of some insects, served as an example for the study of artificial
bioinspired surfaces of this class [1]. Water wetting is often critical for such natural surfaces.
For example, the surface tension of water is a lethal force for light insects. Therefore, a water-
repellency mechanism has evolved in the course of evolution based on a special surface
texture and a reduced surface energy of the material. The first factor was implemented due
to special villi or outgrowths, and the second due to waxy substances with low polarity,
causing an increase in the wetting angle with polar liquids, such as water. The same
principle is now in the spotlight of synthetic materials development. Increased water
repellency is highly desirable for anti-icing, self-cleaning, antibacterial, anti-corrosion, and
oil-cleaning properties [2].

To date, various methods have been developed for obtaining surface textures, includ-
ing chemical vapor deposition [3-5], electrochemical deposition [6,7], and layer-by-layer
deposition [8-12]. However, the inherent disadvantages were poor scalability and the high
cost of surface modification [13]. Laser processing has proven to be a promising way to
solve these problems in the surface texturing of materials [14,15], such as structural metals.
It is known [16,17] that ablation of a metal surface by femtosecond laser pulses is the least
destructive method due to the short interaction time. This makes it possible to reproduce
not only micron but also submicron patterns [18,19] formed by laser-induced periodic
surface structures (LIPSS). The successful formation of such patterns on steel to control wet-
ting was demonstrated in [20], and the dependence of water repellency on microstructure
parameters (line-to-line spacing) was studied in [21]. Micropatterns in combination with
LIPSS were considered in [22]. The material of these textures was subjected to additional
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hydrophobization to reduce the surface energy [23], which ensured a contact angle of more
than 150°, corresponding to the super-hydrophobic state [24]. To reduce the surface energy
of such textures, chemical vapor deposition [25] or wet chemical treatment [26] can be used.

The phenomenon of spontaneous hydrophobization that occurs on metal surfaces
is also known [27]. Prolonged exposure to ambient air leads to spontaneous hydropho-
bization with a water contact angle of more than 155° [28] due to the action of water [29],
hydrocarbons [30], and carbon dioxide [31-33]. Nevertheless, the observed decrease in
the surface polarity [34] remains unclear. A hydrophobic layer was formed even in a vac-
uum [35] and remained after treatment with a solvent [36]. This effect has great potential in
terms of eliminating the need for post-treatment. However, a thin organic layer is vulnera-
ble to high-energy solar UV photons [37], which may limit the outdoor stability of such
surfaces. On the other hand, self-hydrophobization is undesirable in other applications
where increased wettability is required, or post-treatment is expected. Therefore, the study
of the wetting stability of self-hydrophobized femtosecond-laser-textured surfaces under
UV irradiation is of great importance for improving the liquid-repellent properties and
cleaning the surface.

The main indicator for evaluating the water-repellent properties of textured surfaces is
usually the static contact angle, although the hysteresis of the contact angle, the advancing
and receding angles, and the sliding angle are also used [38]. In some studies, the bouncing
droplet technique is used to assess the wetting dynamics [39]. The goal of the current study
was to characterize the stability of a spontaneous hydrophobized layer on the surface of
widely used AISI 304 stainless steel [40,41] under UV irradiation with respect to a pattern
textured by femtosecond laser pulses. Accordingly, an adapted Owens-Wendt approach
was chosen as a tool to characterize the change in surface energy during photodegrada-
tion. Its sensitivity to the polarity of the material of textured surfaces has already been
shown [42].

2. Materials and Methods
2.1. Sample Processing

Both LIPSS patterns and microgrooves were formed with an air-cooled femtosecond
laser (Carbide from Light Conversion, Vilnius, Lithuania) on a smooth surface of 20 x 20 mm?
AISI 304 stainless steel specimens 2 mm thick. Prior to laser processing, metal surfaces
were degreased and cleaned with isopropyl alcohol. When operating at a repetition rate
of 60 kHz, the average laser power was limited to ~3 W at a fundamental wavelength
of 1030 nm, and the pulse width was ~360 fs. All textures were processed at a sample
speed of 60 mm/s using X-Y precision linear stages (lower PRO165LM-0500 and upper
PRO165LM-0300 from Aerotech, Inc., Pittsburgh, PA, USA). The definition of “sample
speed” is identical to the more commonly used term “scanning speed” and is intended
to clarify that instead of using a Galvo scanner, the sample was moved relative to the
laser beam.

When forming LIPSS patterns, the laser beam was focused with a spot diameter of
~80 um (at 1/€? level) onto the sample surface, and the pulse energy was 46 uJ, which
corresponded to an energy density of ~0.9 J/cm?. The laser spots overlapped on the sample
by 59% during continuous scanning and a step between adjacent passes of 30 um. A
spherical lens with a focal length of 100 mm was used for focusing.

To engrave microgrooves, the output laser beam was expanded by a factor of 4 using
a Galilean telescope and focused by a lens with a focal length of 1 inch into a spot with a
diameter of ~5 um (at 1/e? level). In this case, the laser pulse energy varied from 21 pJ
to 35 yJ, which corresponded to the energy density from ~107 J/cm? to ~178 J/cm?. All
microgrooves studied in this work were 20 um deep, which was achieved in 15 successive
passes of the laser beam. Narrower grooves 30 um wide on samples “I” and “J” were
machined at a laser pulse energy of 21 pJ, and grooves 45 um wide on samples “K” and
“L” at an energy of 35 yJ, respectively. The laser-processing parameters (Table 1) were
optimized for best performance and minimum sample contamination under laser power
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and energy limitations. The experimental scheme was presented and described in more
detail in a previous publication [43].

Table 1. Laser texturing parameters.

Parameter LIPSS Microgrooves
Average laser power 276 W 126 and 2.1 W
Laser wavelength 1030 nm
Laser repetition rate 60 kHz
Laser pulse width ~360 fs
Sample movement speed 60 mm/s
Beam spot diameter at 1/e? level ~80 um ~5 um
Laser pulse energy 46 uJ 21 and 35 1
Energy density ~0.9]/cm? 107 and 178 J/cm?

After laser texturing, the samples were sequentially washed in ultrasonic baths with
distilled water and then with ethanol for 10 min and heated in an oven at 160 °C for
90 min. Then, the samples were stored for 3 months at a room temperature of 22 °C. A
blank stainless steel sample (with a smooth, flat surface) was used as a reference.

2.2. Surface Characterization

The surface topography of textured samples was studied using a MIRA3 LMU scan-
ning electron microscope (Tescan, s.r.0., Brno, Czech Republic). Contact angles were
determined by the sessile drop technique using an optical microscope and H5D digital
camera (Delta Optical, Shanghai, China) with “ScopeTek View” software (ScopeTek Optics
Electronics, Hangzhou, China). Measurements were taken at five different spots on the
sample surface. Drops with a volume of 5 £ 0.5 pL were applied to the surface with a
micropipette at a temperature of 22 °C and a humidity of ~50%. After applying each
probe liquid, the samples were dried in an oven for 1 min at a temperature of 60 °C. The
contact angle was measured along the microgrooves. Water—ethanol mixtures were used
as probe liquids to improve the measurement resolution. The surface tension values of
the water—ethanol probe liquids were measured individually, and the decomposition was
carried out by paraffin calibration. The surface tension of probe liquids was calculated from
the dependences [44]. The elemental composition of the surface was determined using an
INCA X-ACT X-ray energy dispersive spectrometer (EDS) (Oxford Instruments, Abingdon,
UK). For each type of pattern, at least three measurements were taken on different areas of
the textured surface. The elemental composition was calculated as an average value.

2.3. UV Resistance Testing

The method of UV surface aging was based on the assumption that during self-
hydrophobization, an adsorbed organic layer is formed on the surface of the texture, which,
due to its non-polarity, provides an increase in water repellency. Therefore, for accelerated
aging of organic surfaces, the ASTM D 4329 process (cycle A) and the standard practice
of ASTM G 154, which includes the use of a 400 W UVA 340 fluorescent lamp (with a
wavelength of 340 nm and an irradiance of 0.7 W/m?) were chosen as the UV source. These
standard procedures have been modified to eliminate the influence of environmental factors
such as humidity and alternating dark/irradiation periods and focus only on surface-layer
photoresistance. Since the lamp also emits in the IR range, to prevent heating of the
surface of textured samples above 40 °C, the plates were placed on a steel substrate with
a thermocouple. To ensure the stability of irradiation, the lamp was preheated for 5 min
before loading the samples into the chamber. The distance between the sample and the UV
lamp was 170 mm. The contact angle was measured after the samples were cooled to room
temperature for 5 min (25 °C at 50% relative humidity).
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2.4. Owens—Wendt Characterization Technique

The wetting process of the textured surfaces under consideration, which is affected by
the roughness morphology, is described by the classical Wenzel (1) and Cassie (2) equations.
These equations were used to predict the apparent surface contact angle 64 and its ratio
to the intrinsic contact angle 6 for a chemically equivalent reference (flat) surface. For the
Wenzel case, the liquid only contacts the solid surface, while in the case of Cassie, the air
trapped in the texture creates a wetting state of the composite surface.

cosfp = r-cosb €))

where 0, is the contact angle of the liquid with the textured surface, cosf is the contact
angle of the equivalent reference (flat) surface, and r is the roughness, which is expressed
as the ratio of the total surface area to the area of its projection.

cosOapp = f1c0s01 + facosth (2)

where 0,pp is the contact angle of a two-phase heterogeneous surface, 04 is the contact
angle of the liquid with the surface texture, f; and cosf; are the surface fraction and contact
angle of the solid, and f, and cos6, are the surface fraction and contact angle of the air,
which is assumed to be 360°.

Thus, for the laser-processed surfaces with LIPSS patterns and microgroooves consid-
ered in the current work, increased wetting angles corresponding to the Wentzel and Cassie
states are formed due to only partial contact of the probe liquid droplet with the surface.
The contact fraction is determined both by the dimensions of the surface and its geometry.

The classical Owens-Wendt approach is based on the free surface energy equation [45] (3):

0'5L=0'5+0'L2(\/0’?0’5%»\/0’50’5) 3)

where og; is the surface energy at the solid-liquid interface, os is the surface energy at
the solid-air interface, o7 is the surface tension of the liquid, and the indices D and P
correspond to the dispersed and polar components of the surface energy. Combining
this equation with Young’s equation and converting it to a linear form gives us the most
practical Owens—Wendt Equation (4):

op(1+cosf) \/E\/%_F oD 4)

where 0 is the contact angle of the probe liquid (for certain o7, P, and o7) with the
tested surface.

Obviously, the classical approach does not take into account distortions caused by the
surface roughness. However, such distortions of the classical linear form of the Owens—
Wendt line can potentially serve as a tool for characterizing the Cassie state, the stability of
surface wetting, and the boundaries of the wetting transition [42].

3. Results and Discussion
3.1. Features of the LIPSS Pattern and Microgrooves

The surface of the sample “H”, shown in Figure 1a, contains a LIPSS pattern with a
pitch of approximately 150-250 nm. On the surface of samples “I1”, “J”, and “K”, after the
formation of a fine-scale LIPSS pattern identical to the sample “H”, microgrooves were
processed. The parameters of the obtained large-scale and fine-scale textures on the steel
surface are given in Table 2. Although samples “K” and “L” (Figure 2) appear to exhibit
the same microtexture with a groove period of 60 um and a width of 45 pm, sample “L”,
nevertheless, does not contain a fine-scale LIPSS pattern on the top surface.
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Figure 1. Sample surface topography under SEM: (a) LIPSS pattern on sample “H”; (b) LIPSS pattern
and microgrooves with a period of 60 um and a width of 30 pm on sample “I”; (c) LIPSS pattern and
microgrooves with a period of 100 pm and a width of 30 um on sample “J”.

Table 2. Texture parameters on the sample surface.

Sample Microgrooves Fine-Scale Pattern
Blank (reference) - -
H _ LIPSS
I Period 60 um Width 30 pm LIPSS
] Period 100 um Width 30 pm LIPSS
K Period 60 um Width 45 um LIPSS
L Period 60 um Width 45 pm -

Figure 2. Sample surface topography under SEM: (a) LIPSS pattern and microgrooves with a period
of 60 pum and a width of 45 um on sample “K”; (b) microgrooves with a period of 60 pm and a width
of 45 um on sample “L”; (c) crystal-like texture on sample “L” at higher magnification.

At higher magnification (Figure 2c), on the side slopes of the grooves of the microtex-
tured sample “L”, a fine-scale pattern is also visible, not as ordered as on the top surface
of the sample “H” (Figure 1a). Such a grid-like pattern was explained by the defocus-
ing of overlapping spots of the peripheral part of the laser beam after several successive
passes when the laser-processing conditions approached those required for the formation
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of LIPSS. [46]. Metal buildup was also observed along the edges of the groove, which
increased the surface roughness. A significant difference between the topographies was
crystal-like fragments embedded on the upper surface of sample “L” (Figure 2c), which
could not be removed after washing in an ultrasonic bath. These random crystals were
associated with the resolidification of evaporated metal on a smooth surface during laser
ablation. Interestingly, the LIPSS pattern that formed on the surface of the “K” sample
(Figure 3a) prevents the formation of such “acicular” textures.
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Figure 3. Texture scan areas for EDS analysis: (a) sample “K” and (b) sample “L”.

3.2. Surface Composition

According to the EDS analysis data (Figure 3 and Table 3), textured surfaces contain an
increased amount of carbon compared to the reference (0.08% [47]). As mentioned above,
this fact can be explained by the absorption of atmospheric carbon or other carbonaceous
substances.

Table 3. EDS analysis of the content of elements in the sample textures (wt. %).

Area C () Cr Fe Ni
K1 3.29 15.51 14.78 58.30 8.13
K2 3.28 3.45 19.37 66.37 7.54
L1 9.76 19.39 14.02 47.54 9.28
L2 4.38 3.94 18.21 68.23 5.24

The oxygen content is also higher than expected, which may be due to surface oxida-
tion of the steel. Moreover, it can be seen that the protrusions (sections “K1” and “L1” in
Figure 3) oxidized more noticeably than the grooves, probably due to the more developed
specific surface area of these sections. Interestingly, oxygen content and carbon content are
not related and, therefore, are not part of the same substance (probably an adsorbate). It is
also worth noting that the carbon content in sample “L” is higher than in sample “K”, and
on the protrusions, it is three times higher, which indicates greater contamination during
spontaneous hydrophobization without a LIPSS pattern on the surface.
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3.3. Wetting of Textured Surfaces

The static water contact angle for the obtained textures after spontaneous hydropho-
bization was in the range of 107-157° and significantly exceeded the figure for the reference
sample of 71° (denoted in Figure 4 as flat steel—“Flat St”). Unexpectedly, the textures of
samples “L” and “K” were the most effective, especially since the first did not contain
an additional LIPSS pattern. This may be partly due to the formation of elevations along
the edges of the protrusions visible in Figure 3 and the “acicular” crystal-like texture em-
bedded into the surface of the sample “L” (Figure 2c). Sample “H”, containing only the
LIPSS pattern, shows the lowest static water contact angle. UV irradiation leads to the
loss of water-repellent properties of all samples (Figure 4). Wettability increases fastest
for sample H, the only sample that achieved complete wetting after one hour of exposure.
For the reference sample (denoted in Figure 4 as flat steel—"Flat S5t”) during this time, the
values decreased insignificantly from 72° to 60°. Samples “K” and “J” demonstrated the
best stability, maintaining hydrophobicity during 30 min of exposure. Sample “L” lost its
superhydrophobicity after only 15 min and showed poor stability. Thus, the surfaces after
spontaneous hydrophobization were vulnerable to ultraviolet irradiation. The samples
containing bihierarchical LIPSS patterns in combination with microgrooves proved to be
the most stable.
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Figure 4. Water contact angle, depending on the duration of UV irradiation.

3.4. Wetting Samples with Liquids of Different Polarity and Owens—Wendt Plots

The Owens-Wendt plot of the reference surface (denoted in Figure 5a as flat steel —
“Flat St”) can be approximated by a straight line, which makes it possible to determine the
polar (¢f = 5.8 mN/m) and dispersive (¢} = 33.6 mN/m) components of the sample surface
energy before UV irradiation. During aging, o)’ remained unchanged within the error, and
the polar one increased to 8.5, 11.7, and 12.8 mN/m for 15, 30, and 60 min of UV exposure,
respectively. This can be explained either by the oxidation of surface contaminants or by the
thinning of their layer and the approach of a probe liquid droplet to the metal surface [48].
Similar processes can be expected for a textured surface (Figure 5b—f) when considering the
increase in the specific surface (and, consequently, the ability to absorb contaminants) and
the possible inhibition of some elements by the inner surface.
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Figure 5. Owens-Wendt plots for samples with spontaneous hydrophobization under UV irradiation:
(a) reference sample; (b) sample “H”; (c) sample “I”; (d) sample “J”; (e) sample “K”; and (f) sample “L”.
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Sample “H”, containing only the LIPSS pattern, lost liquid repellency after 30 min
of exposure to UV radiation, as seen from the “linearization” of the curve, indicating no
wetting transition due to increased surface polarity. Its ¢f = 38.3 mN/m, which makes the
total surface energy close to that of water and, therefore, close to complete wetting by this
probe liquid. For other surfaces, the linearization increased in the series K—J—L—1I, which
indicates the degree of surface stability of each sample to UV radiation. These changes
are due to the same processes of transformation of the outer adsorption layer as in the
case of the reference surface but are much more pronounced in terms of an increase in
polarity and wettability. This can be explained by the fact that with a slight decrease in
the intrinsic contact angle of the material according to the Cassie Equation (2), the fraction
of the surface wetted by the liquid can increase significantly, and as a result, cos6* will
decrease significantly.

A numerical description of the differences between these graphs is possible using the
parameters of the characteristic curve:

1. ok /oP—describes the ratio of the dispersion component of the texture surface energy
(¢5;) to the dispersion component of the energy of the corresponding reference surface
(02 =33.6 mN/m);

2. ol —equal to the minimum polar component of the surface energy of the probe liquid,

which causes a wetting transition.

Both parameters are related to the topography and chemistry of the surface, but the
second one is more sensitive to the polarity of the hydrophobizer layer [42]. However, the
second parameter is quite difficult to determine from the Owens-Wendt plots in the case
of significantly oxidized surfaces with increased wettability. Therefore, to characterize it,
this paper proposes to use the position of the transition point from the curve to the linear
form o7’} The physical meaning of this point can be considered as the completion of the
transient wetting process. At the same time, it would be wrong to state that the wetting of a
textured surface is equivalent to the wetting of the corresponding reference surface due to the
distortion introduced by the surface roughness in accordance with Wenzel’s Equation (1).

It can be noted that the parameter (T%)S / (TSD for textures increases under the action of
UV radiation and makes it possible to numerically compare the resistance of textures to the
action of this factor. The minimum value of the parameter before exposure corresponded
to sample “L” (Table 4), but after 15 min, it was already higher than that of samples “]” and
“K”, which indicates their greater stability. This was unexpected given that “L” contains
more surface contaminants than “K”, as shown in Section 3.2. Sample “K” also had the
lowest o&; /oD parameter at the end of the test, while sample “H”, which contained a pure
LIPSS pattern, had the highest value.

Table 4. The O'ITDS / (TSD parameters of textures.

Time, min H I J K L
0 0.15 0.10 0.08 0.04 0.02
15 0.24 0.19 0.09 0.05 0.16
30 0.38 0.26 0.16 0.13 0.25
60 0.42 0.33 0.24 0.18 0.28

The change in the parameter o}, with time for all textures (Table 5) indicates a
significant increase in their wettability with respect to liquids with reduced surface tension.
It is noteworthy that the initial value of the parameter o7’} for most of the samples (except
for the sample “H”) was close, which can be explained by the similarity of the degradation
processes of the organic layer. This parameter, as expected, increased with time, which
was associated with surface hydrophilization. This process proceeded at approximately
the same rate in all microstructured samples (slowest for samples “J” and “K”), except
for sample “H”, containing the LIPSS pattern, for which hydrophilization occurred the
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fastest. The slowest hydrophilization after an hour of UV irradiation was observed for the
bihierarchical textures “J” and “K”.

Table 5. The Uf 7N parameters of textures.

Time, min H I J K L
0 259 9.7 13.2 13.2 13.2
15 29.1 22.3 17.2 20.4 259
30 38.8 25.3 23.8 233 24.8
60 - 35.0 26.9 259 259

Thus, it has been shown that the organic layer formed during self-hydrophobization
on the surface of textures after laser processing is unstable under UV irradiation. This
could potentially be used to clean up such textures before post-treatment, but it points to
problems when deploying spontaneously hydrophobized water-repellent surfaces outdoors.
Nevertheless, to improve the stability of the hydrophobizer layer, one can switch from
hydrocarbon chemistry to more stable organosilicon and organofluorine compounds. This
will be one of the directions of our further research.

4. Conclusions

It has been shown that the liquid repellency of spontaneously hydrophobized AISI 304
steel surfaces textured by femtosecond laser pulses is largely determined by their topog-
raphy. In particular, LIPSS patterns showed surprisingly low liquid repellency compared
to textures containing microgrooves. The non-polar surface layer on such a texture was
sensitive to ultraviolet radiation and increased the polarity to a super-hydrophilic state.
In addition to the radiation dose, the rate of such a transition was largely determined by
the surface texture. It was demonstrated that the degradation rate was higher on surfaces
containing LIPSS and lower on bihierarchical textures containing microgrooves. It has been
shown that the Owens-Wendt method can be successfully used to compare the polarity of
textured surfaces and, in particular, to compare their degradation rate under UV irradiation
by comparing the 02 /0L and o, values from the plot.
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