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Wetting Properties of Steel Surfaces Modified by Laser
Interference Metallurgy**
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The wetting properties of 100Cr6 bearing steel surfaces modified using laser interference metallurgy
(LIMET) are analyzed. The steel surfaces are structured with line-like patterns with line-spacing. The
topography of the ridged surface is analyzed by means of white light interferometry and scanning electron
microscopy and surface chemistry of the different topographic regions by Raman spectroscopy. Contact
angle (CA) measurements are performed on modified and non-irradiated surfaces, using bi-distilled water
and FVA2 industrial oil. The angles are measured parallel and perpendicular to the line-pattern
orientation. The topographical analysis shows steep line-pattern produced by laser. Raman analysis
indicates that the laser irradiation does not significantly change the chemical species of the modified
surfaces. The CA measurements elucidates that the parallel orientation provides a better wetting of the
surface, because the laser line-pattern acts as capillary flow channels, whereas the perpendicular
orientation imposes energy barrier thus preventing wetting. As expected, the wetting coverage is more
effective for larger than for smaller periodic structures, due to the larger area of flat contact. These novel

results highlight the relevant use of LIMET to tailor the wetting properties of steel surfaces.

The tailoring of wettability is a worldwide exciting topic,
which represents significant investments for the pharma-
ceutical, food, petroleum, and automotive industries."™
Depending on the application domain, two options are
available to control and tailor the wetting. First, the wetting
properties of a fluid can be changed by adding surfactants® or
particles. For example, Tanvir and Qiao'”' found that high
concentrations of Al and Al,O; nanoparticles increased the
surface tension of liquid ethanol and fuels. Second, the surface
modification also allows for the control of the wetting
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properties. Most of the current functional systems that are
based in liquid-solid interfaces are inspired by nature,® !
and required the modification of the surface properties.
Among others, the sharkskin can be mentioned being efficient
in reducing drag and which was already industrially adapted
as body swimsuits."?' In particular, the laser interference
metallurgy (LIMET) technique allows for regular and periodic
patterns on the micrometer scale.” In the case of bulk
metallic samples,™*! or silicon,”® the laser structuring is
governed by the Marangoni convection, which represents a
thermocapillary flow of a fluid. Due to the laser irradiation,
the molten metal flows from low to high surface tension
regions.“("m Through this technique, fundamental material
properties such as wear resistance,'®'"! electric properties,*”!
and wetting'*'*?! can be modified. Gachot et al. "' studied the
effect of laser structuring on the hydrophobic behavior of
polyimide and gold thin films. They observed that the laser
patterns induced the formation of a composite surface
according to the model of Cassie-Baxter increasing the contact
angles (CA). Hans et al.®" also tuned the wettability of
polyimide and titanium surfaces by laser interference
structuring. They found that less relevant chemical modifica-
tion was detected after laser irradiation and affirmed that the
wetting behavior was mainly governed by the topography
and geometrical parameters (periodicity and depth) of the
samples.
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In the present work, we used the LIMET technique in order
to study the wetting properties of a typical bearing steel 100Cr6
depending on the geometrical parameters of the laser structure.
The hydrophobic and oleophilic behavior of bulk samples were
controlled by functionalizing their surfaces. Distilled water
and FVAZ2 oil were used to study this behavior. The FVA2 oil
and the 100Cr6 steel were chosen because of their industrial
applications. White light interferometry (WLI) and scanning
electron microscopy (SEM) were used to study the topography
of the modified surfaces. The chemical composition was
studied by Raman spectroscopy and the CA was measured
according to the sessile drop method. Our novel results
highlight the control of the wettability on steel surfaces, which
can benefit self-cleaning applications and lubrications.

1. Experimental

All the samples were prepared by grinding and polishing
methods. The LIMET technique was performed as described
in a previous work.""® The samples were irradiated using a
high-energy pulsed Nd:YAG laser working at a wavelength
355 nm with a pulse duration of 10ns and a repetition rate of
10 Hz. The primary beam was directed through an attenuator,
a square-shaped mask and a lens with a focal length of 2m.
The beam was divided using a beam splitter and interfered at
the surface of the sample in order to create line-like patterns
with controlled periodicity.

The topography of the samples was analyzed using a WLI
provided by Zygo (New View 7300) and a SEM (FEI Strata DB
235).

Raman spectroscopy was performed with a LabRAM
ARAMIS instrument from HORIBA using a 532nm laser
beam without a filter. The Raman microscope uses a
back-scattering geometry, where the incident beam is linearly
polarized and the spectral detection unpolarized. The slit and
hole size were 100 and 1000 wm, respectively. The objective
lenses used in the microscope were 100 to minimize the laser
spot size. In order to obtain representative and reliable Raman
information, the analysis was repeated five times for each
configuration at different positions.

The CA and interfacial tension (IFT) measurements were
performed with a standard drop shape analyzer (Kriiss DSA
100). CA experiments were conducted in static and dynamic
modes for distilled water and FVA2 oil, respectively. The
values of CA were estimated by calculating the average of the
CA measured at both sides of the drop profile. Figure 1
schematically represents the CA measurement in the case of
the parallel (a) and perpendicular (b) structure orientation.
The parallel (a) and perpendicular (b) configurations corre-
spond to the relative orientation between the propagation
direction of the fluid and the pattern lines. Room temperature
(=20+£2°C) and relative humidity (=50+5%) were stable
and constant during the experiments. The water and oil drop
volumes were chosen between 6 and 7 pl. Before the drop
deposition, the samples were all ultrasonically cleaned in
cyclohexane, acetone, and ethanol. Once the droplet was

(b)

| Digital
Camera

Fig. 1. Schematic representation of the CA measurement in the case of the parallel (a)
and perpendicular (b) structure orientation. The values of CA were estimated by
calculating the average of the CA on the both sides of the drop profile.

deposited on the sample, videos of the drop propagation were
recorded. In both cases (distilled water and oil), the CA was
calculated for each second within an interval of 6s. The
measurement duration was decided after experimental con-
siderations: it could be observed that the water droplets were in
a steady state after 6 s and it was almost impossible to determine
the drop-profile of the oil after 6 s. Indeed, due to the spreading
of the oil on the surface, the software was not able to detect the
profile of the droplet and then no CA measurement could
be achieved The IFT of FVA 2 oil was estimated: IFT =
30.01 mN m™ . Each measurement (CA and IFT) was repeated
at least six times in order to obtain statistic representative
results, in which errors lower than 5° were registered. It is
important to note that the water and oil measurements were
performed on the same samples (i.e. exactly the same
topography) after cleaning the samples. In order to study
the effects of the structure orientation, the CAs were measured
for the parallel and perpendicular configurations.

2. Results

2.1. Topographical Analysis

A three-dimensional WLI picture presented in Figure 2
shows the sample surface before the laser patterning. It is
worth to note that the metallographic preparation resulted in a
flat surface with no preferential orientation, no significant
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Fig. 2. WLI picture of the grinded and polished steel surfaces prior to LIMET
modification. The metallographic preparation resulted in a flat surface with a roughness
of 50nm (R,).

topographic artefacts, and around 50 nm (root-mean-square
roughness (R).

In order to study the effects of the pattern periodicity on the
wetting behavior, several patterns with seven different
periodicities were fabricated with fluence about 2Jcm 2
The irradiated area of each sample was approximately 1cm?
and composed of several adjacent spots of 3mm? The
laser-structured surfaces presented an averaged R4 value of
around 580nm. Figure 3 shows SEM images and depth
profiles of the patterns produced on the flat surfaces after
LIMET modification using 3.5, 13, and 22 wm of period.

The tallest topographic structures (peaks) of each sample
were found to have similar height (=1 pm) related to the

L L . 400
20 40

Distance [pm]

Fig. 3. SEM pictures (left) and WLI depth profiles (right) of the laser line patterns with
3.5 (a), 13 (b), and 22 um (c) periodicities (P). The 3.5 um profile is very regular; the
13 pm presents numerous irregularities and a “‘shallow” peaks. They both have rough
patterns. The 22 pm structure is more regular and provides the lowest slope of all the
patterns.

[wri] wbreH

Table 1. Geometrical parameters of the LIMET structures used for the CA measurements.

Period [um] 35 5 7.5 10 13 155 22

Slope 0.83 0.81 0.36 0.35 0.36 0.3 0.11

The height was kept constant around 1 pum for all the structured
samples.

lowest topographical regions (valleys) independant of
the periodicity. The slope of the structures was measured
as the distance from the highest point of the peak to the valleys
and divided by the corresponding horizontal distance. The
periodicity and slopes of the different patterns are resumed in
Table 1. As presented in the SEM pictures and WLI depth
profiles (Figure 3), the pattern with 3.5 period is very regular
in height and width. The peak pattern is rough and presents
the highest slope. The 13 um periodicity pattern shows
irregular structures that present two distinct parts: a small
and a big peak (Figure 3b). Their height and width vary along
the line-patterns, and also present topographical “‘ramifica-
tions”” or “bridges” between them. The 22 pm sample is
homogeneous, with only one peak induced by the
laser irradiation, and the line structure provides the lowest
slope of all the patterns (Table 1).

2.2. Chemical Analysis: Raman Spectroscopy

Raman analysis was performed on the unstructured and
irradiated samples in order to observe if the patterned laser
surfaces were chemically altered and if the surface chemistry
could have a role regarding the wetting behavior. The
measurements were performed only on the 22 um period
sample because the laser spot size (=5 pm at full width at half
maximum) was not small enough to distinguish between
peaks and valleys for the samples with lower periodicity. The
information depth was around 1 um due to the confocality of
the equipment and the optical oculars used (100x). As showed
in Figure 4, the Raman-laser spot was focused on the maximum
(peak) and minimum (valley) positions of the pattern structure,
which correspond to the locations were the pattern irradiation
was minimum and maximum, respectively.

As showed in the spectrum of Figure 4, the same Raman
modes were found in the reference, peaks and valleys. The
low-frequency peak located at ~300cm™' corresponds to
vibrations observed in Fe;Oz;, whereas the peaks located at
~530 and ~ 660 cm ™' have been observed in Raman spectra of
FeO, Fe;0,, and Fe,05.1%%?41 Moreover, the peak located at
~810cm ! was assigned to chromium oxide species, since
Cr-O stretching vibrations located around the same frequency
have been observed in compounds containing chromium
oxide.”>?71 Although the chemical species found in the
different topographical events are the same, it is worth to
note that the increase of the intensity of the peaks located at
~530 and ~660cm ' indicates that the abundance of iron
oxides is slightly higher in the peaks than in the valleys and
unstructured zones.
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Fig. 4. Raman spectra of the unstructured, valley, and peak zones performed onto
22 um period structured sample. The inset shows the Raman laser spot size where the

spectra were measured using a 100x ocular. The abundance of iron oxides is higher in
the peaks than in the valleys and unstructured zones.

2.3. Wetting Analysis: Distilled Water

The temporal evolution of the CA of a distilled water
droplet onto the non-irradiated and structured surface was
measured as a function of the pattern orientation and
periodicity. The non-irradiated surface showed a decrease
of the CA from 99.2° to 87.8° at six seconds (Figure 5a and b).
As observed in Figure 5c and d, the perpendicular line
patterns induce the smallest CA at 6s (59.2°) and provide
the most stabilized wetting configuration, due to the small
change in the CA at 65 (61.4-59.2°).

The effect of the pattern periodicity and orientation on the
CA is presented in Figure 6. The behavior of the CA measured
at 6s on the parallel and perpendicular patterns show a
similar tendency as the period of the laser pattern increases.
Independent of the structuring direction, the laser patterns with
periods lower than 16 um present a hydrophobic behavior
(CA >90°). Independent on the periodicity of the laser pattern,
the CA measured in the parallel configuration is always lower
or similar than the perpendicular orientation. The patterned
structures with 22 pm line spacing always present hydrophilic
behavior in opposition to the non-irradiated surface, which
present hydrophobic-hydrophilic transition.

(a) )]

Non-irradiated: t =0 s Non-irradiated: t=6s
CA=992° CA=87.8°

(© (d)

Perpendicular t =0 s Perpendicular t=6s

P =22 um: CA=614°P=22um: CA=59.2°

“

Fig. 5. Temporal evolution of CA measurements using water droplets on non-irradiated
(a and b) and laser structured surfaces (c and d). On the unstructured surfaces, a
reduction from 99.2° (a) to 87.8° (b) regime is observed at 6s. The perpendicular
structure with 22 pwm period has a hydrophilic behavior and tends also to minimize the
CA.
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Fig. 6. CA of the water droplets (at 65) as a function of the structure periodicity. The
structure orientation does not have a significant effect on the hydrophobic behavior while
the CA decreases as the period increases.

Three distinct zones can be distinguished in the CA
curves: the small (3.5-5 wm), middle (7.5-13.5 pm), and large
(15.5-22 pm) periods. The highest CA was 106.3° and was
measured in the small period patterns. The CA has a local
maximum at 13.5 um of period, showing a value of 101.8° and
95.1° for perpendicular and parallel orientations, respectively.
It is worth to mention that the structures with 22 pm provide a
significant smaller CA than the patterns with lower periodicity.

2.4. Wetting Analysis: FVA2 Oil

The CA measurements using FVA2 oil droplets on the
surface of non-irradiated and laser structured samples are
shown in Figure 7. A reduction of 82% of the CA is observed
after the stabilization of the drop on the non-irradiated
surface. The parallel orientation with 22 um period leads to
the smallest CA compared to the perpendicular orientation
and the non-irradiated state.

In Figure 8, the CA of a FVA2 oil droplet at 65 is plotted
against the patterns periodicity. Although the parallel and
perpendicular structured surfaces show a similar tendency as
a function of the patterns periodicity, a significant difference
of CA between different orientations is observed. For small

(a) (b)

t =0 s Non-irradiated:
CA=T77.3°

t=6s
CA=136°

Non-irradiated:

(c) (d)
Parallel t=0s Parallel t=6s
P=22um: CA=741° P=22pum: CA=10.0°

Fig. 7. Temporal evolution of CA measurements using FVA2 oil droplet on non-
irradiated (a and b) and 22 um period parallel structured surfaces (c and d). Both

surfaces show oleophilic behavior and the wetting of the non-irradiated surface leads to
82% of reduction in the CA value.
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Fig. 8. CA of the FVA2 oil droplets (at 65) as a function of the structure periodicity.
The structure orientation has a significant effect on wetting behavior. The parallel line
pattern provides always a lower CA compared to the perpendicular orientation.

patterns periodicity, the perpendicular orientation shows an
increase of the CA, while in the parallel orientation the CA
stays stable. Independently on the orientation, a maximum
value of the CA is reached for patterns with 13 um period.
The perpendicular line-pattern provides always a similar or
higher CA compared to the parallel line orientation. The
perpendicular pattern configurations with periods of 10, 13,
and 15.5 pm have a CA higher than the unstructured state.
Moreover, independently of the period, the parallel structure
always provides the smallest CA except for the 13 um period,
which is similar as the unstructured surface.

3. Discussion

Raman spectroscopy analyses performed on the 22 um
samples revealed that the same species were detected in the
non-irradiated, structured-maxima (laser-minima) and struc-
tured-minima (laser-maxima) regions. Thus, the chemical
compositions of the peak/liquid and valley/liquid interfaces
are similar. The high concentration of oxides and carbides
in the peak regions can be explained by the formation of the
laser line structures. This phenomenon is governed by the
Marangoni convection, which is explained as follows. By
interacting with the metallic surface, the laser beam induces
molten material, which is transferred to the “hottest” region
and then solidifies in the “coldest” region. Lu et al."® used
direct laser patterning method in order to structure silicon
samples. The Gaussian profile of the laser intensity distribu-
tion induced a Marangoni effect in the molten area. Two
effects were observed, a thermocapillary effect, which drives
the matter from the hot center to the border of the irradiated
zone, and a chemicapillary effect that moves the material
towards the center. In this work, the laser irradiation was
not performed under controlled gas atmosphere but under
atmospheric conditions (about 25+ 2 °C and 50 4+ 5% relative
humidity). The molten metal is highly reactive and the
oxygen is strongly adsorbed at the surface.”®?°! For this

reason, we consider our structured samples as chemically
homogeneous. Thus, the control of the topography is the key
parameter to study the wetting phenomena. Considering
that the behavior of a perfectly flat surface is hydrophilic
(Figure 5b), the generation of roughness by laser texturing
(Rq non-irradiated ~ 50 nm, Rq laser-irradiated ~~ 580 nm) should lead
to a more hydrophilic behavior, according to the model of
Wenzel.®”! However, this assumption is not completely valid
for all our structures and the wetting behavior shows to
be dependent on the laser periodicity. The Cassie-Baxter
model explains the wetting behavior of rough surfaces,"®"! by
assuming that the droplet deposited on a rough surface cannot
completely wet the surface and leads to the formation of
composite surfaces. The composite air-solid surfaces are
the results of a non-complete wetting, which leads to the
superhydrophobic behavior of micro-*?' and nano-pillars.”*”
The hydrophobic behavior observed for almost all the
laser-irradiated samples may be explained by this hypothesis.
Nevertheless, differential interference contrast (DIC) experi-
ments were performed on the wet surfaces and no difference
in contrast between the peaks and valleys could be observed.
Thus, we conclude that there is no composite surface and that
the Cassie-Baxter model does not explain our results.

In contrast to water, the wetting behavior of the FVA2 oil
presents a significant dependence of the pattern-orientation.
De Gennes, based on the work of Mason®! and Cox,*™
proposed to explain the anisotropy showed by the periodical
line-patterns in “Wetting: statics and dynamics”.*®) He
affirmed that in the case of parallel orientation (triple-line
perpendicular to the grooves), the fluid would be free to flow
inside the groove acting as a capillary channel. This effect was
previously observed by Shuttleworth® and Oliver et al. ** In
the case of perpendicular orientation (triple line parallel to the
grooves), the droplet is pinned by the grooves, acting as a
physical barrier. De Gennes proposed that the overlapping of
these energy barriers'* is not an “overall jump’ of the line but
a jump in a single point. After having passed these barriers,
the liquid flows inside the grooves. These phenomena justify
our observations that the parallel orientation provides a better
wetting of the surface because the laser line pattern act as
capillary flow channel, while the perpendicular orientation
requests more energy to cover the same distance.

The CA of the water droplet on the structured surfaces
shows a strong dependency on the pattern periodicity
(Figure 8). This phenomenon is correlated with the “effect
of the edge”*”! as found by Oliver et al. after measuring the
wetting behavior of a droplet on triangle and sinusoidal
profiles.Bs] The configurations of 13 and 15.5um of period
showed higher CA for both perpendicular and parallel
orientations. In Figure 3, we clearly observed that the
13 pm patterns present irregularities comparing to the other
structures. Even if these topographical faults are smaller than
the regular peaks (around 0.5 wm), they increase the number
of energy barriers and prevent wetting. Moreover, the
heterogeneities in the 13 wm patterns act as a reservoir by
retaining oil in all the topographical ““cavities and ramifica-
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tions” leading to the CA maxima observed in both parallel and
perpendicular configurations.

4. Conclusions

We demonstrated that the wetting behavior of 100Cr6
industrial steel surfaces can be tailored by designing precise
interference patterns using nanosecond-laser radiation.
Raman spectroscopy showed that the chemical species of
the laser irradiated and non-irradiated surfaces are similar. A
difference in iron oxides concentrations was found depending
on the laser intensity distribution due to the Marangoni
convection phenomenon. Depending on the pattern orienta-
tion and periodicity, the surface modification can lead to
hydrophobic and/or hydrophilic behavior. The parallel
orientation provides a better wetting of the surface because
the laser line-patterns act as capillary flow channels, while
the perpendicular orientation imposes energy barriers that
prevent wetting. The wetting coverage is more effective for
large than for small period structures. This effect leads to tailor
the hydrophobic (small periods) or hydrophilic (large periods)
behavior, depending on the kind of liquid to be used. Similar
wetting effects occur for oil after laser structuring, but no
transition from oleophilic to oleophobic was observed. The
hydrophobic behavior could be benefit for self-cleaning
applications and the olephilic behavior for controlling the
lubrication phenomena on the 100Cr6 surfaces.
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