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Abstract: Carbon fibre-reinforced polymers (CFRP), thanks to their properties such as lightness,
resistance to corrosion and fatigue, are emerging composite materials in the aeronautic fields, guar-
anteeing to reduce weight and costs by maintaining high performances in terms of strength and
security. For preventing fluid damage and freezing, in aeronautic applications, CFRP parts need to
be coated by painting. However, the paint/coating adhesion on CFRP composites is generally poor
and affected by surface conditions. In this work, femtosecond laser texturing was investigated as an
approach to improve adhesion of superhydrophobic coatings (SHC) to CFRP substrates. The laser
textured surfaces show, after coating, a more lasting superhydrophobic behaviour compared to the as
received sample, even after several cleaning cycles, demonstrating that the laser pre-treatment is a
reliable and green method to enhance the adhesion of the SHC to the composite substrate.

Keywords: carbon fibre-reinforced composites; fs-laser; texturing; superhydrophobic coatings;
adhesion; aerospace

1. Introduction

Carbon fibre-reinforced polymers (CFRP) offer significant advantages over metals in
that they are lightweight, have high strength and stiffness, and are resistant to corrosion
and fatigue [1]. These foretold properties make CFRPs favourable for a wide range of
applications such as aerospace, automotive, electronics, rail transport, infrastructure, and
renewable energy applications [2]. For aerospace, the two most recent long-range aircraft,
the Airbus A350 and the Boeing 787, made extensive use of CFRPs in the airframe, over
50 wt%, in components such as wings, control elements, and fuselage parts [2]. The main
advantage of using CFRP-based materials is connected to the possibility of deeply reducing
weight and costs by maintaining high performances in terms of strength and security. The
second major advantage depends on the possibility that they could be proper designed to
guarantee the services they are made to [3].

To make the most of the peculiarities of these materials, carbon fibre composite parts
need to be coated by paint [4]. In addition to aesthetics, image, and camouflage reasons,
one of the most important reasons for painting, in particular in aeronautic applications, is
the prevention of fluid damage [5]. Some resins are affected by prolonged water contact
and freeze/thaw action can be damaging to the composite structure. The right paint
system will provide a moisture barrier and protect the composite from damaging fluids
such as hydraulic fluid and fuel [6]. Moreover, for CFRP composite, painting is often
required to protect the surface from long-term UV irradiation that may decompose the
polymeric matrix [7], resulting in exposure of carbon fibres which contributes to the failure
of the composite. In addition to traditional paints [8,9], other functional coatings are
emerging in aeronautic [10,11]. Recently, the use of passive ice protection systems (IPS) [12]
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in combination with active ones, such as electro-mechanic [13], electro-thermal [14], or
pneumatic [15], represents a promising solution to reduce the power supply of active IPS or
limit the negative effect of icing conditions for drone applications [16]. Despite the main role
in aeronautic application as passive ice protection is certainly that of the coating, a better
adhesion of the coating to the surface is mandatory for preserving its properties as long as
possible also in extreme conditions such as those encountered in flight with exposure to
the elements. Unfortunately, the paint/coating adhesion on CFRP composites is generally
poor and affected by surface conditions [17]. For example, the parts can be contaminated
by mould release agents which frequently contain silicones. In order to ensure reliable
painting, these contaminants must be removed completely. Only then, it is guaranteed that
subsequent painting or bonding tasks will meet the highest standards of quality [18]. In
addition to that, the mechanisms of paint/coatings adhesion are essentially connected to
the concepts of surface roughness and surface wettability. Paint and coatings adhere to
rougher surfaces more strongly because of the increased contact area and of an interlocking
effect which holds paint/coating trapped. On the other hand, the improvement of adhesion
between a paint/coating and a substrate at the interface is critically dependent on the
improvement in wettability, and so, the surface wettability must be high to guarantee a
good paint adhesion. This is because solids with high wettability, i.e., low water contact
angles, have high surface free energy (e.g., metals) and tend to promote the adhesion of
paints and better adsorb chemical coatings [19–21].

There are many surface treatment methods available for improving adhesion perfor-
mance of composites. Such methods include sand-papering, corona discharge [22], plasma
treatment [18], peel ply [23], grit blasting [24], and chemical cleaning. These techniques
present several limitations. For example, sand-papering is a manual process that has poor
control on the removal depth risking delamination defects and damaging the fibres and the
bulk composite. Chemical methods with solvents, strong acids or bases, or ammonia treat-
ment result in safety and environmental risks. Corona discharge and plasma treatments
remove surface contaminants, roughen the surface, and introduce oxygen functional groups
onto the composite surface, resulting in improved wettability of the surface. However,
plasma treatment requires vacuum chambers that limit the size of the components to be
treated. Thus, as each of these treatments have limitations, an alternative treatment should
be provided.

Laser surface treatment became an important alternative to most traditional techniques
and was accepted by many industries, due to ease of automation, reliability, high precision,
process flexibility, non-contact, and environmental friendliness [25]. In particular, laser
texturing was demonstrated to be an excellent method to modify surface wettability of
many different materials, from polymers [26,27] to metals [28,29], by changing the surface
topography and/or chemistry [30]. Laser technique is able to create a wide variety of
surface topographies, both at the micro and nanoscales [31,32], with large repeatability,
with excellent control of the surface features shape and size, and with a minimum affectation
of the bulk material, then, making this technique attractive to treat materials sensitive to
mechanical damage [33].

Although the effects of laser surface treatment in paint adhesion on CFRP surface
was investigated by the point of view of changing in contact angle and chemical composi-
tion [17]; so far, no work was reported on the improvement of the lasting of coatings on
laser-treated surfaces as cleaning cycles increase. In this contest, the aim of the present
work is to study the effect of femtosecond laser (fs-laser) surface micromachining on the
evolution of the adhesion of a superhydrophobic coating (SHC) applied on CFRP. Firstly,
the influence of the fs-laser texturing on the wettability of the CFRP substrate was investi-
gated. Then, the coating was applied to all samples. The adhesion of SHC was evaluated in
static and dynamic mode as the cleaning steps increased and compared with the untreated
surface. The coated laser-treated surfaces exhibited a more durable and reliable superhy-
drophobic behaviour than the non-textured one after several cleaning steps, representing a
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promising green alternative to traditional methods for the enhancement of paint adhesion
on CFRP materials.

2. Materials and Methods
2.1. Laser Texturing Apparatus

The laser processing apparatus used in this work is represented in Figure 1. The
laser source employed was a Pharos SP 1.5 from Light Conversion. This source (M2 = 1.3,
certified by the producing company) emitted 200 fs pulses centred around a wavelength
of λ = 1030 nm. The maximum average power was of 6 W, resulting in a maximum pulse
energy of EP = 1.5 mJ and the pulse repetition rate was tuneable from single pulse to
1 MHz. The power of the linearly polarized laser beam was finely tuned by a half-wave
plate coupled with a polarizer. The beam was then sent to a PC-controlled galvo scanner
(SCANLAB intelliSCANSE 14, SCAN-LAB, Puchheim, Germany) on which a 100 mm
F-theta lens was mounted. The upper surface of the sample was placed on the focal plane
of this lens and the estimated beam waist w in air was 30 µm.
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Figure 1. Setup for sample micromachining. The femtosecond laser beam was moved over the sample
through a galvo scanner provided of a f-theta lens.

Immediately after laser processing and without other treatments, the samples were
characterized using a scanning electron microscope (SEM) from Zeiss (Mod Sigma, Ger-
many), which was used to both acquire images of the processed area and to perform an
energy-dispersive x-ray analysis (EDX). The latter was used to obtain information about
the chemical composition of the un-textured and textured surfaces.

Finally, the surface roughness of both the pristine and processed material was mea-
sured using an optical microscope (ContourGT-I 3D, Bruker, MA, USA) in profilome-
try mode.

2.2. Coating

A nanostructured superhydrophobic coating (SHC) was applied with an aerograph
using de-humified air at 3 bars, with a layer-by-layer technique on flat CFRP, and cured
at 80 ◦C. The distance between the aerograph and samples were optimized in order to
guarantee uniformity in the coating’s thickness and weight. The exploited SHC was
developed at CIRA starting from the formulation described in a previous work [34] and
modified in order to improve its durability. In this regard, other details about the performed
changes cannot be disseminated in this manuscript, as covered by patents [35,36].

The SHC was applied on the pristine sample (hereafter labelled as P), providing the
coated sample C, and on the laser micromachined samples by means of 1 (L1), 2 (L2) and 3
(L3) loops, giving the L1-C, L2-C, and L3-C coated samples, respectively.

The optical images were acquired with a microscope USB Dino-Lite AM4815ZTL
(Dino-Lite Europe, Almere, The Netherlands) at 40×.
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The contact angle (CA) measurements were performed at 23 ◦C in compliance with
the ASTM D7490–13 [37] standard, with 3 µL of water (H2O), diiodomethane (D), and
formamide (F) [38]. Contact angles were rapidly acquired, within 30 s of depositing the
drop, to avoid changes in angles. At least 6 measurements were acquired and average
values and standard deviations were reported. Therefore, the surface free energy (SFE) was
calculated as sum of the polar and dispersive components. The detailed procedure of the
calculation of SFE values was described by Piscitelli et al. in [38].

Cleaning of coated surfaces was performed with a tissue embedded of ethyl alcohol.
At each step, a new tissue was employed. Wettability was measured after 5, 10, and
20 cleaning steps.

An estimation of the dynamic wettability was performed on C and L3-C samples
installed on a 30◦ tilted support by falling down a distillated water droplet having a
volume of 20 µL at 23 ◦C.

3. Results and Discussion

Figure 2a,c shows the pictures of pristine (P) and coated samples (C), respectively,
along with the images of 3 µL water droplets and the measured values of water contact
angles (WCA). It highlights that after the application of the SHC the WCA increased from
52 to 165◦, the wettability of surface was consequently reduced. The optical images at 40×
of magnification show that the weave of CFRP substrates remained visible also after the
application of the coating (Figure 2b,d).
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Figure 2. Pictures of pristine (a) and coated (c) samples; in the inserts the corresponding values of
the WCAs were shown. The optical images at 40× of magnification of untreated (b) and coated
(d) samples.

In Table 1, the laser parameters exploited for the texturing of the pristine substrate are
reported. Three different samples were texturized, keeping fix all the parameters except for
the number of consecutive loops. The beam was moved through the scanner following the
cross-hatched path in Figure 3.

Table 1. Laser and process parameters involved in the production of the textured samples.

Wavelength Pulse Duration Pulse Energy Scan Speed Repetition Rate Hatch d Loops L

1030 nm 190 fs 12.5 µJ 0.5 m/s 200 kHz 10 µm 1-2-3
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Figure 3. Crosshatch strategy. In the insert, the abbreviations for the machined samples are indicated.

In Figure 4, the SEM images of the samples after laser micromachining are compared
with the pristine one. As can be seen from Figure 1b, a single loop was not enough to obtain
a homogeneous surface, as residues of the epoxy resin layer remain. On the contrary, two
and three loops allowed to completely uncover the texture of the fibres (Figure 4c,d). In
Figure 4e,f, the surfaces machined after three laser passages were reported at two different
magnifications. Although some more superficial fibres were broken, their surface structure
was not affected by the passage of the laser.
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In Table 2, the corresponding roughness Ra and content of C and O obtained by optical
profilometer and EDX analysis, respectively, are stated for each sample.

Table 2. Roughness values and C/O ratio of pristine and machined samples.

P L1 L2 L3

Ra (µm) 1.5 ± 0.2 4.8 ± 0.3 5.0 ± 0.2 5.3 ± 0.3
C/O (%) 2.9 ± 0.3 11.7 ± 0.2 23.7 ± 0.2 23.7 ± 0.2

The treated samples had an average roughness, Ra, more than three times higher
than the untreated sample P. This can be ascribed to the ablation of the epoxy resin,
leaving the structure of the carbon fibers uncovered. Moreover, the C/O ratio in all laser-
treated samples was higher than the P surface, and the higher the laser loops number,
the higher the C/O ratio, confirming that during the laser machining, the carbon fibres
emerged. Meanwhile, epoxy resin was abraded, except for one loop where some epoxy
resin remained [39].

In Table 3, the contact angles and the surface free energies of uncoated surfaces are
reported. Compared to the pristine sample P, for which a WCA of 52◦ was measured, the
laser micromachined samples L1, L2, and L3 showed lower WCA, which gradually reduced
as the number of laser micromachining increased. In fact, average WCA values of 45◦, 31◦,
and 25◦ were measured for L1, L2 and L3, respectively.

Table 3. Contact angles measured with water (H2O), diiodomethane (D) and formamide (F) on
pristine P and L1, L2, L3 laser-treated samples.

P L1 L2 L3

H2O D F H2O D F H2O D F H2O D F

CONTACT
ANGLE [◦] 52 ± 4 28 ± 3 35 ± 3 45 ± 10 17 ± 3 29 ± 8 31 ± 4 13 ± 3 22 ± 5 25 ± 6 13 ± 3 22 ± 1

SFE [mN/m] 57.0 68.1 73.3 74.0

As a consequence of the increased wettability, the SFE gradually increased from
68 to 74 mN/m as the number of laser micromachining increased. So, generally speaking,
after the laser texturing, a hydrophilicity enhancement was reported. This effect was more
evident for surfaces treated with two and three loops because, in the case of one loop,
the epoxy resin was not homogeneously removed (see Figure 2b). An enhancement of
the surface hydrophilicity after texturing, namely increasing the roughness, was in agree-
ment with to the Wenzel equation [40]. For inherently smooth hydrophilic materials, i.e.,
at contact angles below 90◦, it was demonstrated that, according to the principle that
both hydrophobicity and hydrophilicity are reinforced by roughness [41], the increase
in surface roughness was conducive to the wettability of water on the surface [42]. In
fact, a rough material has a larger total surface area than a smooth one, due to the tiny
depressions, and thus, in the Wenzel regime, offers a larger wetting area, with an increasing
in wettability [43].

Afterwards, the coating was applied on L1, L2, and L3 laser micromachined samples,
which from now on will be referred to as L1-C, L2-C, and L3-C samples, respectively.

Pictures of CFRP substrates L1, L2, and L3 prepared through laser ablation with 1,
2, or 3 loops are shown in Figure 5a–c and compared with same substrates after coating
(Figure 5d–f). The laser micromachined area is the darker inner squares.
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Figure 5. Samples after the laser micromachining: L1 (a), L2 (b) and L3 (c). Samples after the
application of the SHC L1-C (d), L2-C (e), L3-C (f); in the inserts, images of water droplets and values
of the contact angles are displayed; (g–i): corresponding optical images at 40× of magnification.

As shown in the insert of Figure 5d–f, after coating, all the surfaces became superhy-
drophobic with a measured WCAs between 158◦ and 161◦.

In order to study the effect of the laser micromachining on the coating adhesion, all
the samples were cleaned with tissue and ethyl alcohol up to 20 times.

In Table 4, the contact angles measured with water (H2O), diiodomethane (D) and
formamide (F) were reported at 23 ◦C before and after 5, 10, and 20 cycles of cleaning. Before
cleaning, no significant difference in CA between untextured and textured coated samples was
found. This effect can be ascribed to the uniformity of the applied coating, as displayed by the
optical images in Figure 5g–i. So, it can be assessed that before cleaning, the roughness of the
material on which the paint was applied did not influence the CA measurement. Conversely,
a reduction in the CA with the cleaning can be observed for all samples. Figure 6 reports
the percentage variation of water contact angles with respect to the uncleaned surfaces as
a function of the cleaning cycles. The reduction was more pronounced for the C sample,
i.e., −16, −20, and −24% at 5, 10, and 20 cleaning cycles, and less pronounced for the L3-C
sample, for which reductions in the WCA of −6, −7, and −9%, respectively, were measured,
proving a superior resistance of the SHC to cleaning on the laser-treated sample.

Table 4. Contact angles measured with water (H2O), diiodomethane (D) and formamide (F) on
pristine coated sample (C), and coated samples after laser micromachining (L1-C, L2-C, and L3-C).

# CLEANING STEP

0 5 10 20

CONTACT
ANGLE
[DEG]

H2O D F H2O D F H2O D F H2O D F

C 165 ± 3 137 ± 8 141 ± 8 139 ± 7 89 ± 8 126 ± 6 132 ± 2 88 ± 3 128 ± 2 126 ± 5 86 ± 7 125 ± 8
L1-C 161 ± 3 136 ± 6 150 ± 5 144 ± 7 105 ± 9 134 ± 7 140 ± 1 111 ± 6 127 ± 3 133 ± 1 110 ± 12 120 ± 2
L2-C 156 ± 5 130 ± 8 147 ± 7 137 ± 3 111 ± 7 140 ± 6 142 ± 4 104 ± 2 126 ± 5 134 ± 3 101 ± 12 123 ± 4
L3-C 155 ± 8 125 ± 7 144 ± 8 146 ± 4 97 ± 12 138 ± 3 144 ± 6 111 ± 14 128 ± 5 140 ± 3 96 ± 7 133 ± 6
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Figure 6. Percentage variations of the measured WCAs with respect the as-prepared samples.

Table 5 reports the calculated values of SFE for untreated and laser-treated coated
samples, plotted in Figure 7 as percentage variations with respect to the uncleaned samples.
According to the wettability trend, it highlights that for all samples, the SFE increased as
the number of cleaning steps increased, especially for the L1-C and L2-C samples. The
variations of SFE remained poor for C and, most of all, for L3-C sample. Additionally, it
must be noted that the values of SFE assessed for all laser-treated samples, i.e., L1-C, L2-C,
and L3-C, remained lower than that observed for the untreated coated sample C.

Table 5. SFE measured as-prepared and after 5, 10, and 20 cleaning steps on C, L1-C, L2-C, and
L3-C samples.

# CLEANING STEP 0 5 10 20

SFE [m/N/m]

C 2.0 6.5 6.5 11.4
L1-C 0.5 4.0 5.5 7.5
L2-C 0.8 3.2 5.0 5.8
L3-C 1.5 3.0 4.2 5.5
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Figure 8 shows the optical images of samples after 20 cycles of cleaning along with
the measurements of wettability in terms of WCA, highlighted in the inserts. From here,
it emerged even more clearly how after cleaning the samples treated with the laser (L1-C,
L2-C, and L3-C) retained their hydrophobic behaviour better than C. It is worth noting that
after 20 cleaning cycles, the weave of composites became visible also for the laser-treated
coated samples.
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Figure 8. Microscope images at 40× of magnifications of C (a), L1-C (b), L2-C (c), and L3-C (d) samples
after 20 cleaning steps. In the insert, images of water droplets along with the corresponding values of
WCAs are reported.

To have an assessment of the dynamic wettability of the surfaces after the cleaning
cycles, and then an estimation of the surface to repel impacting water droplets, the samples
were positioned on a support tilted at 30◦and allowing a water droplet with a volume of
20 µL to drop down on the surfaces. Figure 8 shows the image frames acquired before
the cleaning cycles during the test performed on C sample (Figure 9a–c) and on L3-C
sample (Figure 9d–f). In both cases, the characteristic behaviour of the water droplets
impacting a superhydrophobic surface can be observed [44,45]. In fact, the water impacting
the tilted surface assumed a pancake shape and rebound after the impact. The same
behaviour was observed for the L1-C and L2-C samples; data are not shown here for brevity.
Figure 10 shows the sequence of images acquired after 20 cycles of cleaning performed on
the C (Figure 10a–c) and on L3-C (Figure 10e–g) samples. This highlights that after the
20 cleaning cycles, the water droplet impacting the tilted C sample adhered to the surface
after impact; differently, the water droplet slid/rolled when it impacted the tilted L3-C
sample. This means that the L3-C preserved the surface superhydrophobicity, unlike the
C sample. Hence, for C sample, after 20 cleaning cycles, the wetting state changed from
Cassie–Baxter to Wenzel state, due to local liquid penetration into the surface cavities, a
phenomenon typically referred to as impalement [46]. On the contrary, for laser-treated
samples, the Cassie–Baxter state was preserved, meaning that the pre-treatment of the
composite surface with laser improved the adhesion of the coating to the substrate, so
preserving the coating’s functionality after surface cleaning. This effect can be ascribed to
the increased surface roughness of the CFRP substrate after laser treatment. Indeed, surface
roughness/texturing can provide increased surface area, promoting bonding strength
through mechanical interlocking of paint to composite. Moreover, a role in paint adhesion
can be also attributed to an increasing in surface active functional groups. As previously
stated in [17], from the XPS surface analysis, it emerged that, during the laser treatment,
CFRP surface chemically reacted with other elements such as oxygen and nitrogen from
air forming active functional groups. The existence of active functional groups on the
laser-textured CFRP surfaces improved paint adhesion [47], contributing, with the increase
in roughness, to enhance the resistance of the coating to cleaning.
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4. Conclusions

In this work, the enhancement of the adhesion of a superhydrophobic coating (SHC)
on CFRP through fs-laser micromachining was investigated. Three CFRP samples (L1-L2-
L3) were textured using the same crosshatch strategy, differentiating only in the number of
consecutive applications of the laser pattern, from 1 to 3. All the textured samples showed
an increased surface roughness, with a reduction in CA and an increasing in SFE than
the pristine material. An SHC was then applied on the textured samples. The coating
adhesion was investigated by measuring the variations in WCA and SFE of the samples
after increasing numbers of cleaning cycles (from 5 to 20), founding a lower percentage
variation of both values, for the sample treated with 3 laser passages. Moreover, we found
that, after 20 cleaning cycles, the water droplets slid/rolled when impacting the tilted
textured sample, but adhered to the untextured one, proving the longest duration of the
coating on the laser-treated sample.

These results demonstrate the fs-laser texturing is an effective tool for enhancing
the adhesion between CFRP and SHC, so preserving the coating’s functionality also after
cleaning, offering a reliable and environmentally friendly solution, as it does not require
additional chemical, to surface pre-treatment.
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5. Patents

Data reported in this manuscript refer to coatings for which the formulation is protected
by the patent submission: F. Piscitelli, Italian Patent Application N. IT102021000032444,
“Rivestimento superidrofobico e ghiacciofobico di un substrato, metodo per il suo otten-
imento e substrato così rivestito”, 23 December 2021, and F. Piscitelli, F. Substrate super-
hydrophobic and icephobic coating, method for obtaining it and substrate thus coated,
International Patent Application N◦ PCT/IB2022/062672 22 December 2022.
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