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ARTICLE INFO ABSTRACT

Keywords: Today, the automotive industry is undergoing rapid change. While manufacturers are constantly switching to
Wetting fully or semi-electric hybrid models, the weight of the vehicles also increases significantly due to the extra weight
Surface treatment of the batteries. Since the weight of vehicles has the most significant influence on their consumption and, with it,
Laser P s 1. . .

DPE00 harmful emissions (even indirectly far from the place of use), manufacturers strive to keep weight under control

with continuous improvements. One of the main directions of the developments is the use of new light but at the
same time heavy-duty materials with a wide variety of material combinations. These new material pairings pose
challenges to knitting technology solutions, which need to be developed similarly. In the course of our research,
we are investigating how the surface properties can be optimized in the case of steel with increased strength for
the automotive industry, without additional added material and changes visible to the naked eye. We subject the
examined DP600 material to a short-pulse laser beam treatment, and we manage to change the surface structure
so that the interface properties measured by wetting are significantly improved. The results are confirmed by

electron microscopic examinations.

1. Introduction

In the automotive industry, the greening of reducing consumption
and thus emissions, is also emerging [1-3]. One of the most tangible
ways to achieve this is through lightweight vehicles. Reducing the curb
weight of vehicles significantly reduces the energy demand for propul-
sion, fuel consumption, and therefore emissions [1,3]. One suitable way
to achieve this could be to use high-strength steels and advanced poly-
mer materials in potential applications [4-7]. However, the design of
joints between elements with different properties still poses problems
and challenges for vehicle manufacturers [8-12].

In our opinion, it is advisable to concentrate on developing a bonding
method that can be used on all types of materials at the same time
without increasing the mass [13]. One such timely and economical way
of non-solvent bonding of different materials is adhesive bonding
[14-19]. The higher the surface energy of our material of interest, the
higher will be the strength of the adhesion technology applied to the
surface. In most cases, the materials used in the modern automotive
industry have poor wetting properties [20]. Bonding them in the base
state would lead to strength limits and barriers [21]. However, by using
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the proper preparation and surface treatment process, we can influence
the wettability values in a way that is favourable to us [22-24].

The most common and widely used surface energy calculation theory
is the Fowkes method [25-28]. By measuring the wetting contact angle
and then calculating the Fowkes surface energy, the wetting property of
a material can be determined. However, it is expected that this can be
varied. This can be achieved by different surface treatment methods.
There are emerging technologies that have not yet been widely used for
this type of wettability-enhancing surface modification, but have great
potential, and are emerging from traditional mechanic-chemical surface
treatments, such as plasma and laser beam surface treatment [29,30].

The essence of laser surface treatment is to modify the surface
properties - and their variation with layer depth - to achieve the opti-
mum combination of properties required for the technical objective to
be achieved, while leaving the properties of the workpiece almost un-
changed [31]. In general, the treatment aims is increase the strength and
load-bearing capacity of the surface [32] create more favourable friction
conditions, improve wear resistance, to increase fatigue resistance by
optimizing residual stresses, to increase corrosion resistance, improve
cleaning, increase adhesion by using an adhesion technology [33-35].
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The use of laser beams as a full mass property modification technology
would not be efficient, but it offers an ideal opportunity to achieve
highly versatile, highly accurate and productive, well-controlled surface
treatment processes [36].

High-energy photons in laser light are always partially absorbed,
reflected, or even passed through the material when they meet the
substrate [37]. The photons transfer their energy to the top layer of the
material, at a depth of about 2 nm, by exciting the atoms and electrons or
molecules of the material through their resonance frequency. The en-
ergy of the surface treatment can therefore only be transferred to the
deeper layers by thermal conduction, which requires high-intensity laser
radiation.

In various modern short-pulse surface treatments, the thermal
interaction of the laser beam with the workpiece converts the absorbed
energy into thermal energy in the material [38]. As a consequence, we
can typically speak of the evaporation of the material and finally its
transition to a plasma state. In the case of high-energy coupling, the
surface heats up, producing first a melt and then a vapour. At sufficiently
high energy density levels, plasma can also be formed. By setting the
right technological parameters, it is possible to modify only the surface
of the material to be treated by the laser beam, leaving the material
properties of the array and the deeper parts of the material, the surface
aesthetics, intact [39-41].

Based on these considerations, the solid-state modification category
of conventional surface treatments and a commonly used procedure to
remove unwanted material particles on the surface with a laser beam is
laser surface cleaning. As the laser beam reaches the surface, the dirt
layer, and typically the oxide layer beneath it, absorbs the energy of the
beam. As a result, these layers are completely evaporated and separated
from the clean metal or polymer surface. Ultrashort pulse lasers, such as
picosecond (ps, 1 ps = 10-12 s), femtosecond (fs, 1 fs = 10-15 s), and
attosecond (as, 1 as = 10-18 s) systems. In the case of femtosecond
pulsed laser radiation in the matter, a time of a few hundred femtosec-
onds to a few picoseconds is required for the electrons to equalize their
energy. Furthermore, electrons need 1-10 ps to transfer their energy to
atoms or ions, which store the excess energy by the amplitude of the
motion around the lattice point. This time is much longer than the time it
takes for the free electrons to equilibrate in the surface layer. So, the
very short pulses only increase the energy of the electrons, heating them,
and creating a very hot electron cloud that is not in equilibrium with the
crystal lattice because of the large difference in temperature between the
two. Due to the short time required, the surface of the material typically
changes from solid to plasma state instantaneously during the process
and hyper sublimation occurs. In femtosecond pulsed surface treat-
ments, the heat-affected zone is thus very small, leading to more accu-
rate and better machining. The use of ultrashort laser beams opens the
possibility of micro- and nano-scale surface modification of various
materials, which can be interpreted both in terms of geometry and
surface activation [42,43].

In the former case, by increasing the power density of the laser beam,
a technology can be achieved whereby the topography of the materials
can be modified at will by material removal [44,45]. This technique is
laser surface texturing, a widely used method for creating micro- and
nano-scale patterns with unique topographical features, which can be
applied to almost any material. Laser surface texturing has many ad-
vantages over other commonly used mechanical surface texturing
methods, such as high dimensional accuracy with an order of magnitude
smaller structure size realization, high scanning speed and better
repeatability, unlike machining and chemical etching [46-48]. In
addition, ultrashort pulse material removal requires no chemicals or
other consumables and produces no waste. However, to increase the
resolution of the laser beam textured surface modification, it was
necessary to reduce the laser beam pulse length, which was reduced to
the micro, nano, and femtosecond level through continuous operation.
Initially, topographic improvement of surface properties in many ma-
terials applications was aimed at improving tribological performance.
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Another innovative application of ultrashort laser pulsed surface
treatments is their wetting enhancement. Giorano et al. have studied the
wettability of titanium and mild steels using ps pulses, testing several
different ps lasers where only partial wettability enhancement was
achieved [49].

Other studies have investigated the effects on the wetting properties
of mild steels using lasers of different wavelengths such as COg, Nd:YAG,
excimer, and high-power diode lasers [50]. These have achieved im-
provements in wetting where they have halved the initial wetting con-
tact angle. Hao et al. investigated stainless steel surface treatment where
they used bio-grade materials for wetting. With these liquids, they
succeeded in achieving a 24° contact angle on stainless steel by ps laser
beam surface treatment [51]. Zhao et al. used a pulsed Nd:YAG laser to
improve the wetting properties of copper. In their results, the surface
energy of copper was improved to 55 mN/m by laser beam treatment an
average power of 1500 W and 2000 W. In the best case, the wetting
contact angle was reduced from 42° to 31° on the surface treated with a
2000 W laser [52]. Some studies have reported on the improvement of
wettability characteristics of Al-Mg alloys by laser treatment, in which
Guan et al. determined a significant improvement in the surface energy
of laser-melted AZ91D, increasing it from 26 mN/m to 40.7 mN/m in
their experiments [53]. Demir et al. studied the wettability of AZ31
magnesium alloy with water. They concluded that increasing the size of
the oxidized surface by laser surface treatment allows a decrease in the
wetting contact angle [49].

Several authors, such as Ngo and Chun, have proposed in their
research a method for the low-temperature annealing of metals to form
hydrophobic surfaces [54,55]. This was also observed by Kietzig et al.
who found that the formation of a hydrophobic wetting state is related to
the change in carbon molecular groups due to the slow decomposition of
CO3 at room temperature [56]. Ngo and Chun supported this theory and
showed that low-temperature annealing accelerated this transition due
to the more intense decomposition of CO, [36,54,55]. Bizi-Bandoki et al.
determined that the improvement in wettability could be explained by
the appearance of new functional molecular groups. Thus, different heat
treatments on the surface achieved wettability-enhancing effects
through heat-induced changes in surface molecular groups [57].

Various studies have also been carried out on the application of ul-
trashort pulses for bonding enhancement. A similar experiment was
carried out by Li H and his team, who also performed XPS on the cleaned
and modified surfaces, where they found that the cleaning process
resulted in a reduction of the oxide layer thickness [58]. L. Hao et al.
performed CO; laser surface treatment on corrosion-resistant steel and
found that the O, concentration in the steel interface layer nearly
doubled and the surface energy increased by 10% [51]. Indira et al. used
an Nd:YAG laser to perform surface treatment on magnesium alloy and
studied the effect of this treatment with distilled water. The treatment
reduced the contact angle of the distilled water dropped on the surface
from 81° to 41° [59]. Giovanna and his team treated DP500 high-
strength and AISI 304 corrosion-resistant steel with a transporter
laser. They aimed to improve the wetting, with which they achieved an
improvement in the shear strength of the bond. In their results, they
were able to reduce the untreated 50° wetting edge angle of the sub-
strate to 10°, and with the improvement in wetting, they also experi-
enced an intense roughening of the surface roughness [60].

The effect of changing the surface wetting phenomena on the per-
formance of bonding technologies (expected increase in shear strength),
however, the effect of different surface treatments on the surface energy
is not sufficiently well understood. Recent advancements in beam
technologies are facilitating innovative approaches to modify surface
energies, subsequently impacting surface wettability and, in turn,
influencing bond strength. Knowledge of the surface energy of radiation
technology processes is less studied and therefore there is little reference
to the relationship between wetting properties and bond strengths. The
uptake of the laser beam processes for surface treatment could be greatly
aided if systematic research can demonstrate that the mechanisms of
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action of the treatments significantly affect the bond strength properties
of adhesion bonds through changes in surface energies. Which, in turn,
are essential for the uptake of practical applications. The results of the
literature survey show that high strength steels have become the ma-
terials of choice for modern vehicle structures. On this material, we plan
to investigate the effect of laser beam processes on surface energy, the
wettability. Accordingly, the research will focus on:

1. Determining laser surface treatment processes based on their
mechanism of action with respect to surface energies. To identify the
technological data sets that can be used for optimization preparation.

2. To investigate the temporal effects of the time elapsed after the laser
beam surface treatments until the formation of bonded joints (envi-
ronmental effects) on properties important for bonding technology,
such as wetting.

2. Material and methods
2.1. Test materials

Among the metals we used for the investigations is DP600-type un-
coated steel, which is also widely used as a vehicle body material. Dual
Phase steels (DP600) consist of hard martensite islands embedded in
soft, malleable ferrite, depending on the desired mechanical properties.
In the experiments, we used a 1 mm thick cold rolled DP600 steel plate.

The area of the test specimens was defined as 25 x 55 mm?2. This is
sufficient for surface treatment, wetting, microscopy, and adhesive
technology tests. For the surface treatment, wetting and adhesive tech-
nology tests, we used a standard geometry that we defined to stan-
dardise the experiments. For the DP600 materials, we used a hydraulic
board shear to cut them into pieces to completely avoid thermal loading
and thus changes in surface texture. The test specimen footprint was
defined as 25 x 55 mm?. This geometry is suitable for surface treatment,
wetting, microscopy, and adhesive technology tests. The plates were cut
in such a way that the longest side was parallel to the direction of
manufacture and rolling. The edges were sanded by hand with sand-
paper to avoid possible damage, preserving the initial surface condition
for the experiments. The metal specimens were cleaned immediately
before surface treatment with 96% methanol, applied to the surface with
sterile cotton wool and wiped. Immediately after cleaning, we dried the
materials with a hot air dryer. All material treatments and preliminary
surface cleaning were carried out with the maximum effort to ensure the
homogeneity of the specimens about each other, so that the actual
surface treatment effect could be examined later.

2.2. Ultrafast pulsed femtosecond laser system

For innovative, local laser beam surface treatments, we used a

Laser beam power p (W)

Frequency, f (kHz)
Impulse time, iy, (£5)

Scanning speed, v, (m/sec)

Hatch (um)

Fig. 1. The strategy and parameters of femtosecond laser scanning.
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Coherent Monaco 1035 nm laser operating in femtosecond pulse mode
(Fig. 1).

The machine has a maximum power output of 60 W and a wave-
length of 1035 nm. The shortest pulse that can be emitted is 277 fs and
the longest is 10,000 fs. The adjustable frequency can be varied from
188 kHz to 50 MHz. The laser beam is guided by mirrors into the
scanning head, which uses movable mirrors to direct the laser beam to
the desired point. The beam movement is further achieved by a Scanlab
F-theta lens scanning optics, the focal spot beam diameter was 80 um,
and the fill was 60 pm.

2.3. Room-temperature droplet method for measuring the contact angle

Immediately after the surface treatment procedures, we measured
the wetting contact angle on the specimens using the stilling-drop
method. In this method, the droplet does not fall on the surface, so the
liquid droplet is not pressed against the surface with a dynamic move-
ment, but only the released liquid is touched to the surface with a slow
movement. This gives information on the wettability of the surface and
not on how the surface behaves in the face of a drop of liquid falling
dynamically on it. The method of measurement is based on a camera and
a light source in line with the drop. At the focal point of the measuring
system is a stage on which the sample of the surface to be tested is
placed. The central axis of the macro lens of the camera coincides with
the surface to be tested, so that the plane of the surface as seen in the
image and the axis of symmetry of the lens coincide. Above the surface
to be examined, there is an automatic pipette with an adjustable height,
the axis of which is perpendicular to the surface on which the liquid is
placed. In addition, a light source is required which is positioned beyond
the object table and illuminated in the direction of the objective, so that
the contour of the liquid droplet being examined in profile can be
determined on the surface. To perform the measurement, we designed
and built the measurement system. Using a micropipette, we used 5 pl
droplets for the measurement, which is the most accurate way to record
and release the amount of liquid, and similar volume droplets have been
used in international literature for measurements after surface treat-
ments. We used two liquids for the droplet measurement to apply the
Fowkes method. One liquid was distilled water and the other was
ethylene glycol (CoHgO2) of >=99% purity. The drop measurements
were performed at room temperature 20 + 1 °C since the polar and
dispersive components of the surface tension of water and ethylene
glycol are known from literature data at this temperature.

The humidity ranged between 40 and 60%, which is adequate. The
polar and dispersive components of distilled water at 20 °C were 51 mN/
m and 21.8 mN/m, respectively, and the polar and dispersive compo-
nents of ethylene glycol at 20 °C were 19 mN/m and 29 mN/m,
respectively. The photographs were taken using a Nikon D5300 SLR
digital camera. A Tokina AT-X AF 100 mm f{/2.8 macro lens was
attached to the camera. We set the focal length of the macro lens to the
smallest, as this is when the best images are taken with macro lenses and
when the focal length is 1:1, which gives the highest magnification. We
set the ISO sensitivity range to the lowest, 100. The data we could
change was the shutter speed and aperture opening. With the aperture
opening, we could control the depth of field, and with the shutter speed,
we could control how much light entered the sensor during the taking of
the photo. The optimal shooting setting was 1/100th shutter speed and
f10 aperture. The measurement procedure for the wetting angle mea-
surement system is as follows: Placing the plate to be measured at the
marked position on the measuring system’s worktable, placing the
pipette tip on the pipette, drawing 5 pl of distilled water into the pipette
tip, placing the pipette in the holder, squeezing the water into the tip,
lifting the worktable to the drop, returning the worktable to the correct
position, photographing the drop after 3 s, replacing the pipette tip,
aspirate 5 pl of ethylene glycol into the pipette tip, placing the pipette in
the holder, squeezing the ethylene glycol onto the tip, lifting the
worktable to the drop, returning the worktable to the correct position,
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photographing the drop after 3 s, transferring the photographs to the
computer, evaluating the photograph using customized perimeter angle
measurement software. The resulting photographs were opened in a
computer program for measuring perimeters. To measure the drop, first
had to take a good quality, sharp photograph of the drop. Then, using a
computer, we manually marked the two contact points on the right and
left of the liquid droplet and the surface under test. This determined the
plane in focus where the liquid droplet profile could be examined and
measured. On the photo, we drew in the contacts from the contact point,
which should touch the envelope curve of the liquid droplet from the
point, and the program then determines the left-hand wetting boundary
angle ©; and the right-hand wetting boundary angle ®, by angle mea-
surement. This measurement process is illustrated in Fig. 2.

The most widely used and widely applied surface energy calculation
theory is the Fowkes method [28]. The calculation is a two-component
model for determining the surface energy of a solid body. Like Owens/
Wendt, Fowkes separates the surface energy of a solid into two com-
ponents. Fowkes’ method is mathematically identical to Owens/
Wendt’s method, but his philosophy is different. Fowkes’ method is
based on three basic equations that describe the interactions between a
solid surface and a fluid.

These three equations are: Young’s equation, Dupre’s formula for the
adhesion energy (1)

Is =065 +0L —0OsL (@]
where: I SL is the adhesion energy per unit area between the liquid and
the solid surface (J/m?).

The essence of Fowkes’ theory is that the adhesion energy between a

fluid and a solid surface can be decomposed into the interaction of the
dispersive and polar components (9)

ISL =2e [(GLD) 12 L] (GSD) 172 + (GLP) I/ZO(GSP) 1/2:| (2)

The combination of these three equations gives the primary equation
of the Fowkes method, which we have used most often in our research
and which all our surface energy calculation methods refer to (3)

(017)" ¢ (62) 1) Pefo) = PG ®

If we divide both sides of the equation, we obtain the primary

a)

Investigated surface

b)

Contact point of
the liquid with the
test surface
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equation of the Owens/Wendt method, which proves the mathematical
equality between the two methods.

The Fowkes method typically uses the boundary angle values of two
fluids. One fluid that has only a polar component and one fluid that has
both a disperse and a polar component. It is recommended to use a liquid
with only a polar component in the resting drop method for boundary
angle measurements because it simplifies the primary formula to the
following formula (4)

o = oL e (C0489 + 1)2 @

This allows the dispersive component of the solid surface to be
determined directly, from which the total surface tension can be
calculated by substituting the determined values back into Eq. (3). The
recommended test fluids are diiodomethane and distilled water. It
should be noted that international literature and research groups use the
unit mN/m for the determination of surface energy, whereas the Hun-
garian language would prefer to refer to J/m? for surface energy, but
these are equivalent units.

In their research, Siddaiah et al. tested whether the method could be
used with two liquids that have both polar and disperse components,
only to solve a system of two unknown equations. The Fowkes method is
often used for adhesion and coating problems, as Fowkes’ equation is
suitable for calculating the adhesion energy between adhesive and
surface or coating and surface [61]. The fact that according to Fowkes, a
polar component can only interact with a polar component predicts that
the surface and adhesive adhesion energy will be at its maximum when
the surface tension components are polar and dispersive in similar
percentages between the surface and adhesive.

2.4. Scanning electron microscopy investigations

We used scanning electron microscopy (SEM) to investigate the
topography-changing ability of surface treatments. The SEM equipment
used for the studies were Zeiss Sigma 300 Gemini FESEM and Tescan
MIRA 3 SEM systems. In the case of the Zeiss equipment, an InLens SE
detector was used, with an accelerating voltage of 10 kV, in high vacuum
mode, with an aperture of 30 um, the working distance in this case being
3 mm. The images were taken at a resolution of 2048x1536 at a scanning
speed of 8. In the case of the tescan device, an In-Beam SE detector was

5 pl liquid dropplet

/

Tangent pulled
from the point of
contact to the
drop

Investigated surface
plane

Fig. 2. The process of measuring the contact angle of a drop of liquid placed on a surface: a): the position of the droplet of liquid placed on the surface, b): the process

of evaluating the contact angle measurement, determination of theta degree.
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used with an accelerating voltage of 5 kV in high vacuum mode and a
working distance of 5 mm. The images were taken at a resolution of
1536 x 1716.

2.5. Measurement method

We used a femtosecond pulsed laser for irradiation, taking advantage
of the short pulse laser beam’s ability to change the surface due to the
high-power density of the pulses striking the surface. By testing the
process data and controlling the location and number of pulses, we aim
to create a hydrophilic surface.

During the wetting tests, we treated the surface of a 25 x 55 mm?
steel plate with different settings. We treated each specimen with
different process data and after treatment, we investigated its wetting
properties by measuring the contact angle with water and with ethylene
glycol. In the preliminary tests, a total of 4 different scanning speeds
were tested in the range of 0.5 m/min—2400 m/min.

3. Results

In the experiments, we found that at very low speeds up to about 120
m/min scanning speed, too much heat is introduced into the sample,
causing the surface to discolour and burn. At higher speeds of 600-2400
m/min, the wetting properties improve, but banding is observed on the
surface, which is because the acceleration and deceleration of the Galvo
motors moving the mirrors in the scanning optics are not uniform due to
the high speed. Based on preliminary experience, a scanning speed of
300 m/min was chosen as a starting point. Based on these results, the
experimental data range for femtosecond laser alignment is shown in
Table 1.

Preliminary tests showed a significant improvement in wettability
and no visible lesions on the surface. The diameter of the laser beam on
the scanned surface was 80 um. The laser beam source was applied at
188 kHz, with a pulse width of 300 fs and a step size of 60 um to ensure
proper filling of the treated surface.

The variable process data was the average power of the pulsed laser
beam, which was measured at high resolution from 0 to a maximum of
60 W. I performed the wetting tests on the modified surfaces, the results
are shown in Fig. 3.

Using the measured boundary angles, we calculated the energy

Table 1
Constant and variable data for femtosecond laser beam surface treatment
technology.

Relative speed of movement between
laser beam and workpiece, v; (m/min)

300
Average power of the laser beam for the 1.5
tested speed of movement, Pavg (W) 3
4.5
6
7.5
7.8
8.1
8.4
8.7
9
9.3
9.6
9.9
10.2
10.5
10.8
11.4
12
13.5
15
16
increments by 4 up to 60
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change in the boundary surface due to each treatment based on Fowkes’
equation system (Fig. 4). The values measured on the untreated surface
are marked with a horizontal line.

Fig. 4 shows that the total surface energy increases as the laser beam
power increases. Compared to an untreated surface energy of 26 mN/m,
the energy of a plate treated above an average power of 10 W increases
to 85 mN/m. With the treatment, the interfacial energy was increased by
a factor of almost four, which is expected to have a positive effect on the
wetting capacity of the adhesive.

Based on the trend of the results in Figs. 3 and 4, it is possible to
divide the surface wetting changes caused by the different power pulses
into 4 stages. In the first stage, up to an average power of 7.5 W, the
wetting angle does not change much, the reason being that in this case
the even lower power laser beam only scans the surface and performs a
surface cleaning, which removes residual dirt, dust, etc. To get an
explanation of the processes that take place on the surface other than the
surface cleaning and the improvement of the wetting characteristics, we
took SEM images of the treated and untreated test pieces. Fig. 5 shows
the macro topography of the treated and untreated surfaces. This image
was taken at an average treatment power of 7.5 W.

It can be seen in the SEM image that the untreated, inhomogeneous
surface in the upper left half is completely changed by the femtosecond
pulsed surface treatment. The macro topography of the surface has
become more homogeneous, and the surface uniformity is visible.

The image was taken in backscattered electron mode so that the
contrast of the image is caused by different element numbers. From
these results, it can be concluded that the laser beam creates a cleaned
and homogeneous surface layer since the difference between the two
areas is the disappearance of the dark parts.

Examining the surface from the same view, but in secondary imaging
mode, results in the lesion shown in Fig. 6.

The clear appearance of the surface treatment bands can be seen in
the SEM image compared to the base materials. At this magnification, it
is possible to visualise the conditions of overlapping of the scan lines
caused by the lower power surface treatment. This alone is sufficient for
a slight improvement in wetting.

In stage 2, after an average power of 7.5 W, the surface starts to
change and there is a significant, large improvement in surface wetting.
In stage 3, this wetting increases further until the hydrophilic state is
reached, from an average power of 10.5 W onwards, plasma bursts
appear on the surface during the treatment, due to the peak power due to
the high average power and the peak power condensed to a short pulse
duration, which means a power of the order of Megawatts for the small
spot diameter. These plasma bursts also affect the surrounding, already
treated surface, resulting in a simultaneous change in surface micro-
topography, surface activation and cleaning. We have successfully
achieved a hydrophilic state, while no drastic topographical changes can
be detected on the surface by the eye. In the 3rd wetting step, we tested
the areal extent of 0.5 pl of distilled water to find the optimal wetting
direction. Similar to the previous test procedure, we prepared areas
treated with different femtosecond laser beam averaging powers on the
surface of the alcohol-cleaned steel plate, with the largest spreading area
examined by dropping the droplets in the middle. This was done under
the criterion that no severe surface changes affecting aesthetics should
be induced by the laser beam treatment. Thus, when examining the
small amount of liquid, the area treated at an average power of 51 W
showed the greatest spreading of water. In a further phase of the
experiment, this was determined to be the optimum wetting process data
for the DP600 steel femtosecond pulsed laser. In this good wetting
condition, only a small surface change, hardly noticeable to the eye,
occurred on the steel test specimen, which was the aim of our research.
The surface treatment of the sample at an average power of 51 W is
shown in Fig. 7.

At higher average power, a larger area of the 80 um laser spot reaches
the power intensity limit where the incident pulse already affects the
surface. It is possible to see the degree of overlap and the laser beam spot
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propagation along the edge of the treated surface compared to the sur-
face topography of the substrate. The figure shows that (ignoring the
paragraph, runout band) compared to the inhomogeneous structure of
the untreated substrate shown in the top left half, the laser beam has
created a trace, microstructure on the surface per pulse. The periodicity
of the surface is determined by the successive impact and overlap of the
pulses on the surface. A higher magnification of the homogeneous
treated area taken from the centre is shown in Fig. 8.

Observe in the SE detector image that the surface is made up of
regularly repeating pulse traces. The regularity of the pulses concerning
each other is influenced by the scanning speed and the degree of filling.
The reason for the dark ellipsoidal spots seen in the image is that the
laser beam power was at its maximum here, so the surface may have
been slightly melted by the plasma explosion during the removal of the
overlying layer. The ellipsoidal shape is due to the polarisation of the
laser beam exiting the beam source, where the electric and magnetic
waves make the light linearly polarised, and this is the reason for the
shape. What is striking is that the bright bands seen in the image have
formed in areas of lower power intensity and can already be seen in the
image to contain microstructure. For samples surface-treated at the
optimal average power of 51 W, the amount and homogeneity of the

g. 4. Polar, dispersive and total surface energy on DP600 steel as a result of femtosecond laser beam surface treatment.

microstructures in the white band in the previous figure are increased, as
can be seen in Fig. 9 from the BSE detector.

In this case, as the laser beam power increased, a larger area of
apparently more homogeneous periodicity was created, which can be
seen in the right half of the image, while in comparison the untreated
surface of the base material can be seen on the left. However, the ellipse
traces shown in Fig. 8 are still visible in the image, but their frequency
has changed.

The laser surface treatment shows that some of the micro-strain on
the rolled surface of the base material has been removed and homoge-
nised, while the larger 25-30 pm spots have not been removed. Since the
surface was already hydrophilic in this range, the surface deformation
shown in the figure is also the reason for the good wettability of the
surface, and since the treatment was carried out in the air, the surface
could react with the air during the laser treatment and thus the hydro-
philic state could be created.

SE imaging images of the specific surface structure within the elec-
tron column with increasing magnification are shown in Fig. 10.

The Fig. 10 shows the repetitive structure created on the surface by a
femtosecond pulsed laser, called LIPSS (Laser-induced periodic surface
structure). DP600 steel surface by irradiation with a linearly polarized
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Fig. 6. Surface modification effect of fs-laser treatment bands, paths for 7.5
W treatment.

Untreated
surface

Fig. 7. SEM image of the topography-altering effect of femtosecond individual
pulses on DP600 steel at an average power of 51 W.
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LIPSS were formed locally on the surface when the pulses were superimposed.
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Fig. 9. Laser Induced Periodic Surface Structure on the DP600 steel surface at
an average power of 51 W due to femtosecond pulses.

femtosecond laser beam at a power close to the melting threshold and is
formed as a microstructure of the surface topography. As the average
power of the femtosecond laser beam varied during the study, it is clear
that the extent of the LIPSS generated on the surface also varied. The
spatial arrangement and periodicity of this microstructure are typically
smaller than the wavelength of the femtosecond laser beam used, as can
be seen from the scale of the plots, since the equipment used emits light
at a wavelength of 1035 nm, while the SEM images show a smaller
periodicity. The periodicity of the LIPSS generated in our research work
with the current technology parameters is based on the periodicity of a
low spatial frequency LIPSS (Low-Spatial Frequency LIPPS - LSFL). The
most widely accepted theory to explain LSFL formation is based on the
interference of incident laser radiation with surface electromagnetic
waves that are generated by scattering from the surface. The structure
formed by LSFL is typically perpendicular to the polarization of the laser
beam. This can be seen in Fig. 9 and 10, as the LSFLs are formed
perpendicular to the linearly polarized ellipses formed by the laser beam
spots, which are traced by the pulses on the DP600 steel. This
nanometre-scale conformational accuracy greatly increases the bonding
surface area ratio of the DP600 steel, which provides additional adhe-
sion surface area.
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Fig. 10. LIPSS formation on DP60O0 steel at different magnifications: a) group of LIPSS formation, b) four periods of LIPSS, c) longitudinal and cross forming of LIPSS.

In stage 4, with an average power of 55 W, the surface treatment was
converted to surface ablation and a high level of the substrate was
introduced into the plasma state due to hyper sublimation. Note that the
wetting also remained hydrophilic because of this, but the surface
roughness and the material bands removed from the surface changed the
macro topography of the DP600 steel to a large extent, which was an
undesirable process (Fig. 11).

The results show that it was possible to improve the wettability
properties with femtosecond laser beams. The trend of the results shows
that by increasing the amount of energy input, the wetting properties of
the DP600 steel plate can be improved.

The highest energy level achievable by the quiescent drop method
and the Fowkes method was met by the femtosecond laser beam surface
treatment, so this method can be considered effective in improving the
surface energy of DP600 steel without macroscopic topography changes
and any visible aesthetic changes. In a good wetting condition, 3
mechanisms are involved, first, the energy of the laser beam in pulses
cleans the surface, bringing all the grains into a plasma state, and then at
a certain level a specific microtopographic lesion is produced by the
pulses, secondly, during the laser beam-material interaction, a thin layer
of the material is immediately converted into a plasma state and a small
plasma explosion occurs on the surface during the treatment at the point
of pulse impact, accompanied by light and sound, so that it can be easily
detected. And in a third mechanism, the resulting plasma beam may be
able to affect the activation of interfacial molecules.

Fig. 12 shows that the water is fully spread over the surface for 30
min and reaches the 20° contact angle in about 45 min. However,
gradually over time, the good wetting condition is lost. Again, this can
be due to two things, one is the deposition of dust and particles in the air
on the surface and the other is the activated surface reacting with the air
and thus gradually losing its functionality.

90 |untreated surface - distilled water

£ 70

S

0 150 300 450 600 750 900 1050 1200 1350

Time scince fs-laserbeam surface treatment, t (minutes)

Fig. 12. Change in the wetting angle of hydrophilic DP600 steel as a function
of time.

By comparing our results on DP600 steel with those of other re-
searchers, we can say that by using femtosecond lasers, we have estab-
lished the topographical and wetting cause of the changes produced by
the laser beam on the surface with a higher parameter resolution and a
more detailed series of experiments.

Thus, the causes of the light-matter interaction processes have been
explored to a greater extent. Furthermore, in a great deal of research,
research groups only investigate the interfacial energy altered by the
laser beam and do not consider its correlation and applicability in an
adhesion technology such as bonding.

4. Conclusions

We treated a DP600 type steel plate with an ultrashort pulse laser

fs-laser
treated

Fig. 11. Ablation on the steel surface of a DP600 treated with an average power of 55 W: a) macro and b) micro images.
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beam.

We examined how the wetting ability of the material changes as a
result of the laser treatment. We determined the dispersed and polar
components as well as the total surface energies. Based on the perfor-
mance of the laser, we divided the results into four different stages. A
significant wetting improvement starts at a power greater than 7.5 W,
with a power greater than 9 W we speak of good wetting, while with a
power greater than 16 W, perfect wetting is achieved for both processed
liquids.

The treated samples were subjected to scanning electron microscopy
and the following findings were made. The macro topography of the
sample changes because of the laser treatment. Treatment with lower
power (7.5 W) results in a homogeneous clean surface. As a result of
high-performance treatment, a repetitive surface structure is formed,
which we identified as LIPSS. It is clear from the results that the LIPSS
formed on the surface significantly changes the interface properties
without any visible changes occurring with the naked eye. We estab-
lished the optimum process data to achieve hydrophilicity without
aesthetic degradation using a laser beam with a wavelength of 1035 nm,
a diameter of 80 um, a scanning speed of 300 m/min, a fill of 60 ym, a
repetition rate of 188 kHz, impulse time of 300 fs and an average power
of 51 W. The bond strength of adhesive bonding technologies can be
optimized with the method without the use of activating chemicals.

Their experimental results proved that femtosecond laser beam
surface treatment is a suitable solution for creating optimal interface
conditions. By changing the treatment parameters, it was even possible
to create a completely hydrophilic surface, which demonstrates the
potential inherent in the technology.

We managed to implement the interface change in such a way that
there was no change visible to the naked eye on the surface. With SEM
images, it was possible to prove that the nanostructure formed on the
treated surface has a significant effect on the process.

The tested technology may be suitable for application in vehicle in-
dustry bonding technology areas, as evidenced by the time-dependent
tests.
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