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c Campus Industrial de Ferrol, Escuela Politécnica de Ingeniería de Ferrol, Universidade da Coruña, Spain

A R T I C L E I N F O

Keywords:
Femtosecond laser
Laser cleaning
Antifouling paint
GFRP
Maritime environment

A B S T R A C T

In this work we investigated the use of ultrashort laser pulses to clean antifouling paint from samples of glass
fibre reinforced polymer (GFRP), a composite material widely used in shipbuilding. Samples were prepared with
two types of paint, self-polishing and hard matrix, according to the scheme used in the shipyard. The paints and
the GFRP substrate were characterised by Fourier transform infrared (FTIR) spectroscopy and scanning electron
microscopy (SEM) with energy dispersive X-ray spectrometry (EDS). The effectiveness of the cleaning treatment
and the effects on the substrate were evaluated by optical microscopy, interferometric microscopy, SEM-EDS and
FTIR spectroscopy. The results indicate that satisfactory cleaning was achieved with controlled removal of un-
wanted layers without damaging or chemically altering the polymer bulk. The surfaces were also evaluated by
SEM and interferometric microscopy to characterise morphological changes, and their wettability was charac-
terised by contact angle measurements. In addition, the results were compared with those obtained by the
conventional mechanical method (paint scraping and sanding). A roughening of the laser cleaned surfaces was
observed compared to untreated surfaces as well as compared to mechanically cleaned surfaces. Laser treatment
caused a decrease in wettability; sanded surfaces showed comparable behaviour. This study demonstrates the
potential of femtosecond lasers for safe and effective cleaning of GFRP substrates in a more environmentally
friendly manner.

1. Introduction

Composite materials are extensively used in maritime applications
due to their corrosion resistance, lightweight, and ability to manufacture
complex shapes without expensive tooling, making them advantageous.
Glass fibre reinforced plastics (GFRP) are widely used for the hulls of
pleasure boats, military crafts, fishing boats, and catamarans. They are
also used in Marine Renewable Energy Production for elements such as
turbine blades and propellers [1].

Biofouling is a significant issue for the maritime industry, involving
the attachment of marine flora and fauna to submerged structures [2].
When marine organisms attach to the hull of ships or naval vessels, they
can increase frictional resistance, reducing speed and manoeuvrability,
increasing fuel consumption and corrosion damage, and posing a bio-
security risk. In addition, hull fouling can increase the frequency of dry-
docking, resulting in significant economic losses [3,4]. Therefore, it is

important to prevent such attachments [5,6].
One of the most commonly used preventive methods nowadays is the

application of antifouling paints that contain biocides. These biocides
act as repellents or poisons for potential settling organisms. In the EU,
antifouling products are regulated under the Biocidal Products Regula-
tion (BPR), which stipulates that the recommended dose should be the
minimum necessary to achieve the desired effect. Therefore, periodic
cleaning and repainting of the surface are necessary to maintain anti-
fouling performance. Currently, antifouling paints are typically removed
using mechanical methods such as hydroblasting, sandblasting,
scraping, or sandpapering. However, these methods generate paint
waste and/or wastewater that is highly contaminated with metals and
other biocides; and even biological risks when in-water cleaning systems
remove hull fouling [7–10]. So that, it is important to find alternative
methods that are more environmentally friendly [11–14].

In this context, the laser cleaning technique is presented as a highly
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effective alternative for removing various types of paints and coatings.
Laser cleaning has been applied in various industrial fields, including
aerospace and automotive [15–19], and even for the removal of radio-
active contaminants [20]. It has also been used in fields such as dentistry
[21] and heritage conservation [22–25]. Compared to conventional
cleaning methods, laser cleaning offers several advantages. It is a se-
lective, non-contact, and environmentally friendly technique [26].
When combined with industrial robots, laser technology can accurately
clean contaminants in large and complex structures, which greatly im-
proves quality and efficiency [27–32].

Short pulse lasers with pulse durations in the nanosecond or micro-
second range are commonly used for cleaning, and research on paint
removal has mainly focused on metal matrices [33–38], with relatively
little research reported on fiber reinforced composites [39–41]. The
main challenge in laser processing of composites is the suppression of
thermal damage to the bulk resin or load-bearing fibres [42], because of
the the difference in thermophysical properties of fibres and matrices
[43]. In this sense, studies on the effects of nanosecond lasers with
wavelengh in the IR and UV rarge on fibre reinforced plastics showed
that in both regimes the thermal effect of the laser is the dominant
cleaning mechanism in paint stripping; even in the UV range where
photochemical mechanisms are involved in addition with thermal stress
[44–46]. On the other hand, with ultra-short pulsed lasers (picosecond
or femtosecond range), the interaction between the laser and the ma-
terial is based on electrostatic processes and the pulse duration is shorter
than the time required for heat to diffuse through the material [47]. As a
result, there is minimal heat transfer into the bulk of the material and
they are therefore increasingly used, particularly for processing heat-
sensitive materials such as cultural heritage objects [48–52] or com-
posites [53–56]. Focusing on laser processing of GFRP composites, many
scholars have studied GFRP laser cutting and drilling and found that
thermal damage is reduced by minimisation of irradiation time,
furthermore using ultrashort pulses, the pulse duration and wavelength
had a great impact on the heat-affected zone (see Bhaskar et al. [57] and
references therein); however, to the best of our knowledge, few litera-
tures have reported paint removal on GFRP, and in such cases IR lasers
have been used. [58].

So that, although studies on UV laser surface treatment of composites
have shown promising results [59,60], their use in automation processes
or integration with robots is limited because UV lasers cannot be guided
by conventional silica based optical fibre [61]. Infrared lasers, on the
other hand, can be guided through an optical fibre and are therefore
very suitable for automation [35,62,63]. This aspect is of great impor-
tance when considering the applicability of this study in industrial fields,
given the size and shape of the surfaces to be cleaned, ship hulls and
other elements with very different sizes and shapes, which can, how-
ever, be tackled thanks to the technological advances in high power
ultrafast fiber laser systems [41,64,65].

In the context of maritime applications, there is limited literature on
laser cleaning of paints or coatings, and where such references exist,
they typically involve the use of nanosecond lasers [66–72]. Further-
more, due to the fact that functional paints or coatings are made up of a
combination of different pigments, resins and other additives designed
to improve specific properties, the response of different types of paint to
laser irradiation can be a challenge [24,48,73,74].

This work investigates the use of ultrashort pulse laser cleaning
technology for removing antifouling paints from GFRP surfaces used in
shipbuilding. The study focuses on two commonly used antifouling
coatings: self-polishing and hard matrix. Prior to laser cleaning, the
paints and GFRP surface were characterized, and the efficiency of the
laser ablation process was evaluated. The paint removal efficiency and
effects on the substrate, including its chemical composition, surface
roughness, and wettability, were used to characterize the results. These
factors could potentially impact the repainting procedure. Additionally,
the study compared the results of decoating laser with those of the
conventional mechanical method.

2. Materials and methods

2.1. Samples preparation

The composite samples utilised in this study were prepared in the
shipyard using the manual laminating method, which consists of adding
successive layers of resin and fibre in a mould. The process of con-
structing a hull laminate begins with a mould that has been impregnated
with release agents (wax). Fibreglass mats, which have been impreg-
nated with polyester resin, are then applied layer by layer and welded
together once the resin has cured. To create the external surface of the
hull, a layer of gel-coat was applied before layering the part [75,76]. The
resin used, identified as POLYCOR ISO NPG PA and manufactured by
Polynt Composites, is a white isophthalic neopentylglycol chosen for its
high resistance to water and blistering. After demoulding, the gel-coat
surface was sanded to remove all traces of release agent and achieve
good mechanical anchorage for the painting scheme. A white primer
coat was applied to improve mechanical adhesion for the antifouling
paint application. Additionally, the primer provides protection, espe-
cially for boats laminated with polyester. Finally, two coats of anti-
fouling paint were applied. All coats were applied using a roller.

Two types of Hempel antifouling coatings were used in this study: a
red self-polishing coating, referred to as ’red-SP’, and a hard or insoluble
matrix antifouling white paint, identified as ’white-HM’. After the
painting process was completed, the glass fibre reinforced plastic
(GFRP) laminate, which was approximately 8 mm thick, was cut into flat
sheets measuring (100 × 100) mm2.

To be used as a reference, unpainted gel-coat samples were also
available. Prior to applying analytical techniques, the gel-coat surfaces
were cleaned with detergent-based cleaners and a special solvent to
remove all traces of the release agent.

To compare the effects of laser treatments with those of the con-
ventional mechanical method, we reproduced the manual process in the
laboratory. We used a paint scraper to clean the gel-coat surfaces and
then abraded them with 120 grit sandpaper using an orbital sander to
obtain a good mechanical grip for the application of the new paint.
Finally, we rinsed the prepared surfaces with fresh water to remove dust
and sandpaper residue.

2.2. Femtosecond laser system

The samples were subjected to laser irradiation to completely
remove the antifouling paint while minimizing damage to the gel-coat
surface. The laser used was the Spirit system from Spectra Physics,
emitting at a wavelength of 1040 nm and with a pulse width of less than
400 fs. The laser output had a near-Gaussian intensity profile (M2 < 1.2)
and a beam diameter of 1.5 mm at the laser head exit. The laser beam has
a horizontal polarisation (>100:1). The pulse rate can be adjusted from a
single shot up to 1 MHz, with a maximum pulse energy of 40 μJ at 100
kHz. The maximum average output power exceeds 4W. To scan the laser
beam in the X-Y direction, a two-mirror galvanometric scanner (Raylase
SuperscanIII-15) was utilised. The beam was focused to a diameter of 30
μm using an F-theta objective lens with a focal length of 160 mm. At the
working plane, the beam polarisation is parallel to the Y direction.

The samples undergo processing in ambient air, and the laboratory’s
extraction system is utilized to eliminate gases and particles produced
during ablation. A scheme of the experimental setup used is shown in
Fig. 1.

2.3. Analytical techniques

The surfaces were characterized before and after laser processing
using various techniques:

2.3.1. Optical microscopy
To assess the continuity of the coating layers and measure their
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thickness, as well as to obtain a first qualitative assessment of the laser’s
effectiveness in removing paint, we used a Nikon Eclipse L150 on pol-
ished cross-sections of fresh samples.

2.3.2. Scanning electron microscopy (SEM)
The study employed a JEOL JSM-7200F scanning electron micro-

scope (SEM) with energy dispersive X-ray spectrometry (EDS) capabil-
ities in both secondary electrons (SE) and back-scattered electrons (BSE)
modes. The samples were carbon-coated using a Cressintong 208HR
turbo molecular pump. Optimal observation conditions were achieved
with an accelerating voltage of 15 kV and a working distance of 9–10
mm. Analyses were conducted on both the surface and cross-section of
the samples.

2.3.3. Fourier transform infrared spectroscopy FTIR
The Fourier Transformed Infrared (FTIR) data were performed on a

Jasco 4700 spectrometer coupled with an IRT-7100 Microscope equip-
ped with an MCT detector. The spectra were conducted in the Attenu-
ated ReflectanceMode (ATR) by using the ATR-5000-SS Clear-View ATR
objective with a ZnS prism. At least three individual spectra were
collected for each sample area between 3600 and 650 cm− 1. Each
spectrum was compiled from 64 scans with a resolution of 4.0 cm− 1. The
original paints, the gel-coat and a completely cleaned area were also
examined in the conventional ATR spectrometer between 3800 and 550
cm− 1. All the spectra were analysed using the Bruker OPUS® software
version 5.5. They were subjected to baseline, ATR correction and nor-
malised with respect to the C–H stretching bands (3000–2710 cm− 1).

Fig. 1. Scheme of the experimental setup.
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This group of bands has been selected owing to the fact that they are the
least affected by the laser cleaning treatment.

2.3.4. Interferometric microscopy
The surface texture was characterized using a Zygo NewView 600

profilometer with a 20x objective (field of view 349 μm × 262 μm,
resolution 640× 480 pixels, Z-scan resolution 0.1 nm). Scientific Python
was used for data processing, analysis, and visualization. Areal rough-
ness parameters were used to characterize the surface roughness before
and after paint removal, following standard UNE-EN ISO [77].

2.3.5. Contact angle measurement
To assess surface wettability, we measured the static contact angle

using a Krüss Drop Shape Analyzer-DSA25 with an automatic dosage
system and a Guppy PRO F-032B CCD camera. We followed the sessile
drop method outlined in Standard UNE-EN [78] and measured the static
contact angles of four 4 µL deionized water droplets.

3. Results and discussion

3.1. Samples characterization

Fig. 2 displays optical microscope images of the cross sections of the
samples, revealing the distinct layers of the laminate coating system.
The thicker GFRP layer is located at the bottom. It is evident that the
paint layer’s continuity is comparable in both cases, red-SP and white-
HM, but with varying thicknesses. The mean value for the red paint is
(78.9 ± 8.7) µm, while for the white paint, it is (100.0 ± 9.0) µm. The
thickness of the intermediate primer is (29.6 ± 2.5) µm in both cases.
The gel-coat layer has a thickness of (193.7 ± 15.7) µm for the red-SP
sample and (128.1 ± 7.5) µm for the white-HM one.

The composition determination of both the gel-coat and the

antifouling paint was carried out by ATR-FTIR and SEM-EDS. Fig. 3
shows the normalised ATR-FTIR spectra of the gel-coat and the original
red and white paints. The band assignments are described in detail in
Table 1. In coherence with the composition of POLYCOR ISO NPG PA,
the spectral bands of the gel-coat correspond to an aromatic polyester
resin, specifically indicated by the presence of the carbonyl (C=O) and
asymmetric C-O-C stretching bands of the ester groups at 1723 and
1230 cm− 1, respectively. The presence of the isophthalic moiety is

Fig. 2. Optical microscopy images (10x) of cross sections of the red-SP (a) and white-HM (b) samples. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Normalised ATR-FTIR spectra of the gel-coat and the red and white
paints. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

A. Moreno-Madariaga et al.



Optics and Laser Technology 180 (2025) 111479

5

confirmed by the small bands at 3074 and 1610 cm− 1 ascribed to C–H
and C=C stretching in aromatic rings, respectively [79]. Adsorbed water
is revealed by the absorption bands associated with the O–H stretching
and bending vibrations at 3600–3000 cm− 1 and 1646 cm− 1,
respectively.

An FTIR analysis between 4000 and 600 cm− 1 does not unambigu-
ously detect most inorganic elements. The presence of Ti (11.8 %), Si
(3.5 %), Mg (1.7 %) and Al (0.5 %) is revealed by SEM-EDS elemental
analyses. With this fact in mind the medium-intensity band at 727 cm− 1

may be ascribed to the Ti-O stretching of TiO2; this oxide is added as a
white pigment for providing maximum whiteness and opacity, besides
UV protection [80]. Furthermore, although SEM elemental analysis
detects Si, the relatively low intensity of the band at 1027 cm− 1 (nor-
mally a very strong band attributed to O-Si-O stretching vibrations)
[81], may be due to the limitations of the ATR mode in heterogeneous
samples, due to the shallow depth of penetration of the radiation;
therefore, the analysis is limited to the upper few microns of the surface.
The presence of Si may be due to silicate particles (SiO2) frequently
included to enhance the coating’s mechanical properties [81]. At any
rate, these instances highlight the restrictions of FTIR and the need to
combine several techniques in any investigation of complex mixtures of
unknown materials.

Concerning the spectra of the red and white paints compared in
Fig. 3, they consist mostly of the binder plus bands assigned to metal
complexes, pigments used as biocides and other fillers (Table 1). FTIR
spectra reveal that the binders of both paints consist of blends or co-
polymers of acrylate esters and acrylic acid. Both paints exhibit strong
metal carboxylates bands (CO2

–) formed by the reaction of the carboxylic
acid groups of the binder with the metals present in the aforementioned
fillers, often metal oxides such as Cu2O, red colored biocide probably the
main additive in the red paint, and ZnO, frequently synergistically
combined with copper compounds [82,83]. Specifically, the strong

peaks in the region 1585–1540 cm− 1 and the bands in the range
1460–1390 cm− 1 are due to the asymmetric and symmetric stretching
vibrations of the aforementioned CO2

– groups, respectively [81]. These
carboxylate bands are more intense in the red paint than in the white
paint. Besides, the broad bands between 3600–3100 cm− 1, due to the
stretching of hydroxyl groups, is shifted to lower wavenumbers in the
red-SP compared to the white-HM, indicating stronger hydrogen-
bonding.

Further, the red paint spectrum exhibits stronger bands in the range
between 1094–1010 and 974 cm− 1 which can be assigned the stretching
of O-Si-O bonds of silicate (SiO2) [84]. Nevertheless, copper oxide
(Cu2O) also contributes to the 974 cm− 1 band intensity [85,86]. In
addition, the spectrum of the red paint exhibits a strong band centered at
604 cm− 1, which may be allotted to the Cu-bond in Cu2O, although this
band is shifted to lower wavenumbers compared to literature [87]. By
contrast, the main absorption of ZnO occurs below 600 cm− 1, which is
out of the detection range of the FTIR spectrometer [88]. Finally, the
biocide Copper(I) thiocyanate (CuSCN) is unambiguously identified in
spectrum of the white paint due to the band at 2155 cm− 1, ascribed to
the stretching vibration of the SCN- group [89]. This band is absent in
the red paint.

To complete the identification of the paint compositions, the SEM-
EDS elemental analyses of the red paint detected Cu (4.5 %), Zn (3.9
%), Si (0.8 %) and S (0.8 %). These results confirm the synergistic
combination of the biocides Cu2O and ZnO, being S a frequent impurity
present in ZnO. In relation with the white paint, the elemental analysis
revealed Cu (3.8 %), S (2.2 %), Zn (12.1 %), Ti (9.9 %) and Si (1.1 %).
Further, the coincidence of the color mapping distributions of Cu and S
elements ratify the presence of Copper(I) thiocyanate as biocide; similar
to the red paint, ZnO is combined with a copper compound to syner-
gistically increase antifouling effects and TiO2 is added to provide
whiteness, opacity and UV protection [80]. Finally, Si is present in both
the red and white paints, probably as SiO2, to improve mechanical
properties and/or to the silanes used in the primer coat [81]. SEM mi-
crographs (BSE) at different magnifications together with composition
maps of the red and white paints are available in supplementary mate-
rial (Fig. S1).

3.2. Laser paint removal

3.2.1. Efficiency of paint removal
Laser ablation tests were conducted on a (10 × 10) mm2 surface

using parallel sweeps separated by a distance that ensured a clean zone.
The tests were performed with the laser beam focused at the sample
surface at normal incidence. Decisions on the most appropriate values
for efficient paint removal (higher extraction) were made through a
series of exploratory experiments, taking into paint removal were made
through a series of exploratory experiments, taking into account previ-
ous studies on the removal of spray paint using ultrashort pulse lasers.
The parameters involved in laser treatments, such as repetition fre-
quency, fluence, scan speed, and laser trajectories, were considered
[90].

The preliminary test results were evaluated through visual inspec-
tion using an optical microscope. The selected irradiation conditions for
this study were those that produced a clean surface with no significant
paint residue and no visible damage to the gel-coat. Therefore, the
values used were: average powerP = 4 W; repetition frequencyf = 50
kHz; working distancewd = 0; scan speedv = 750 mm•s− 1; and line-to-
line displacement of 15 μm. The applied fluence was 10 J•cm− 2. With
these parameters, successive horizontal and vertical scans were per-
formed until the treated area was free of paint.

Fig. 4 displays optical microscope images of the laser-treated areas as
the number of laser passes increases. For the red-SP sample (Fig. 4a), the
degree of paint removal is low after 2 passes, and a darkening of the
remaining paint is visible. After 5 passes, the paint is entirely removed,
and the intermediate primer layer (dark grey) becomes visible. At 6

Table 1
Assignment of the infrared absorption bands of the normalised spectra of the
original materials.

Wavenumber (cm− 1) Group vibration Origin

3600–3100 OH stretching Water molecules
3074 aryl CH stretching Aromatic rings, Gel-coat
2954 CH3 asym. stretching Polyester and

polyacrylic resin
2926 CH2 asym. stretching Polyester and

polyacrylic resin
2854 CH3 CH2 sym. stretching Polyester resin, Gel-coat
2155 SCN stretching Copper(I) thiocyanate

biocide
1723 C=O stretching Polyester and

polyacrylic resin
1646 OH bending Water molecules
1610 C=C aromatic stretching Aromatic rings, Gel-coat
1583/1542*, 1578/

1536**
Metal carboxylate COO–
asym. stretching

Metal complex,
polyacrylic resin

1457 C–H scissoring of CH2 Polyester and
polyacrylic resin

1405*, 1397** Metal carboxylate COO-sym.
stretching

Metal complex,
polyacrylic resin

1230 C-O-C asymmetric stretching Polyester and
polyacrylic resin

1230 Si-CH3 bending Silanes, imprinting layer
1145 C-O-C symmetric stretching Polyester and

polyacrylic resin
1015 Si-O-Si stretching SiO2, silanes
973 Si-O-C, Cu–O SiO2, Cu2O
821 Si(CH3)2 rocking Silanes, imprinting layer
804 Skeletal vibrations Polyester and

polyacrylic resin
727 Ti-O stretching Gel-coat
676 Pigment
604** Cu–O bond Cu2O Biocide pigment
red ** and white* paint
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passes, most of the substrate is clean (lighter areas). Finally, after 7
passes, the surface achieves a satisfactory level of cleanliness. At this
microscope magnification, no traces of coating, paint or primer can be
detected. The images of the white-HM sample (Fig. 4b) indicate a slower
transition between the different layers. Therefore, after 3 passes, the
degree of paint removal is low and the darkening of the antifouling paint
is visible. After 6 passes, the substrate is still partially coated with
antifouling paint, while most of it is covered by the primer film. By the
7th pass, the paint is almost completely removed, and the substrate is
almost entirely covered by the primer film. After 9 passes, the paint is
satisfactorily removed. It is important to note that achieving a total and
uniform cleaning of the red and white painted surfaces required 7 and 9
passes, respectively. This was due to the non-uniformity of the layers.

To measure the ablation rate of both antifouling paints, we analysed
the laser-generated cavities using microscope interferometry and
measured their depth as the number of laser passes increased. Fig. 5
displays the topographic reconstruction of the well-defined structures in
the red-SP (Fig. 5a) and white-HM (Fig. 5b) paints after 6 and 7 passes,
respectively, as well as the cavity depth as a function of the number of
laser passes for each sample (Fig. 5c). The data show that the ablation
depth increases in a nearly linear manner with the number of laser
passes. The slopes obtained from the linear fit indicate a lower ablation
rate (17.87 μm⋅pass− 1) for the hard matrix paint, white-HM, compared
to the self-polishing, red-SP (21.76 μm⋅pass− 1), which is expected due to
the good mechanical resistance of the hard matrix antifouling. Both
removal rate, expressed in mm3⋅min− 1, and removal efficiencies
expressed in mm3⋅(min⋅W)–1, were also calculated and the results are
shown in Table 2. The correlation coefficient R2 of the fitted model is
given in parentheses.

3.2.2. SEM-EDS and ATR analysis
SEM-EDS and FTIR-ATR were utilised to assess the effectiveness of

the laser in removing the antifouling paints and to analyse the chemical
composition of the gel-coat surface exposed after laser cleaning. The
analysis focused on areas without paint and those with paint residues
under the optical microscope. Specifically, for the red-SP sample, the
areas treated with 2, 4, and 5 laser passes were examined, while for the
white-HM sample, the areas treated with 3, 4, and 6 laser passes were
analysed. Fig. 6 displays SEM images collected using the backscattered
electron detector (BSE, 50x) alongside the composition maps for areas

treated with 4 passes for the red SP sample (Fig. 6a, b) and 6 passes for
the white-HM sample (Fig. 6d, e). The analysis focused on an area where
the different layers (traces of paint, primer and gel-coat) were visible.

It can be seen from the micrographs that the composition of each
layer is clearly distinguishable thanks to their particular textures; so that
in the area with red antifouling paint (Fig. 6a), the markers are the high
contrast grains composed of Cu (CuO2) and Zn (ZnO). EDS elemental
analysis indicated the presence of Cu (11.4 %), Zn (10.3 %), Si (1.7 %)
and S (1.3 %) in this zone, as shown in the corresponding composition
map (Fig. 6b). In the white antifouling zone (Fig. 6d), the markers are
the high-contrast coarser grains composed of Cu and S (CuSCN), as well
as the finer and evenly distributed particles of Zn (ZnO) and Ti (TiO2),
both with strong contrasts. EDS elemental analysis revealed the presence
of Cu (4.4 %), S (2.5 %), Zn (9.2 %), Ti (9.0 %) and Si (1.3 %) (Fig. 6e).
The results of the SEM-EDS analyses showed that the composition of the
primer and gel-coat layers is the same for the red-SP and white-HM
samples; therefore, they are described together (EDS spectra data
correspond to the red-SP sample). With respect to the primer layer
(Fig. 6a, d), the marker is Si in the form of large particles of intermediate
contrast on the surface and Ti is also present in the form of small par-
ticles of high contrast. The spectrum collected in this area indicates that
the primer contains Si (7.0 %), Ti (4.9 %) and Mg (3.5 %) as major el-
ements and Fe (0.6 %) and Al (0.5 %) in smaller amounts (Fig. 6b, e).
The presence of Si may be due to the silane coupling agents used to
improve the adhesion on the substrate (gel-coat) [91]. Finally, the gel-
coat zone (Fig. 6a, d) is distinguished by its dark contrast; the pres-
ence of high-contrast Ti particles is also observed in this layer. EDS
analysis revealed that the dark contrast zone is due to C enrichment; in
addition, Ti (9.2 %), Si (3.5 %), Mg (1.6 %) and Al (0.4 %) were detected
(Fig. 6b, e).

By SEM-EDS, no traces of antifouling paints or primer were detected
on the revealed gel-coat surface after laser treatment. Indeed, the gel-
coat layer is easily identified by its low contrast in BSE mode and its C
and Ti content in the micrographs corresponding to the red-SP (Fig. 6c)
and white-HM (Fig. 6f) samples.

The spectra obtained by FTIR microscopy in the ATR mode for both
red and white paints and the corresponding treated surfaces upon
increasing laser passes are plotted in Fig. 7. The spectra of two different
areas after 4 and 6 passes in Fig. 7a and b, respectively, have been
included in order to show the heterogeneity of the surface at these stages

Fig. 4. Optical microscope images of the red-SP (a) and white-HM (b) samples after laser cleaning with increasing number of passes (indicated by the number in the
box). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A. Moreno-Madariaga et al.
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of the cleaning process. The corresponding spectra are noted as 4.1, 4.2
passes and 6.1, 6.2 passes for the red-SP and white-HM samples,
respectively.

In relation with the red-SP sample (Fig. 7a), increasing the number of
laser passes leads to the progressive decrease of the bands assigned to
the metal carboxylate complexes at around 1585–1540 cm− 1 and 1390
cm− 1, asymmetric and symmetric stretching vibrations of the CO2

–

groups, respectively. These bands disappeared completely after 5 passes
and in the most part of the treated surface after 4 passes (Fig. 7a,
spectrum noted as 4.2). Additionally, the ATR conventional spectrum of
a totally cleaned area (see Fig. S2 in supplementary data) showed the
complete disappearance of the strong band at 604 cm− 1 allotted to the

Cu–O bond. These spectral alterations agree with the SEM-EDS
elemental analyses which demonstrate the absence of Zn and Cu ele-
ments and therefore, the complete paint removal in the areas identified
as primer and gel-coat. Concerning the white-HM sample (Fig. 7b), the
most noticeable changes in the infrared spectra from the first laser
passes are the progressive reduction of the band assigned to the thio-
cyanate at 2155 cm− 1, along with the bands attributed to the metal
carboxylate complexes at around 1585–1540 cm− 1 and 1390 cm− 1

(υCOO
– asymmetric and symmetric, respectively) until their complete

disappearance in most spots after 6 passes (Fig. 7b, spectrum noted as
6.2 in contrast with spectrum 6.1, showing the SCN band indicative of
paint residues) and on the cleaned surface. As well as in the red-SP
sample, these spectral modifications support the results obtained by
SEM-elemental analysis in the areas identified as primer and gel-coat, in
which no Zn, Cu or S are detected, ratifying the efficiency of the cleaning
treatment.

The rest of the spectral changes observed are very similar in the red-
SP and white-HM samples, thus they are described together. Parallel to
the disappearances of the aforementioned bands, the progressive
appearance of new strong bands is detected. The most intense one is the
broad band spanning from 1063 to 840 cm− 1, centered at 1000 cm− 1

and with some shoulders in the lower frequency region. These features
reveal the presence of several asymmetric Si-O-Si stretching modes

Fig. 5. Topographic reconstruction of the cavities created on the red-painted (a) and white-painted (b) samples at 6 and 7 passes, respectively. (c) Cavity depth as a
function of the number of laser passes for each sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Depth per pass and R2 (in parentheses), material removal rate and ablation ef-
ficiency for each sample.

Sample Depth
[µm pass− 1]

Removal rate [mm3

min− 1]
Efficiency [mm3 (min W)-
1]

red-SP 21.76
(0.93)

7.12 1.78

white-
HM

17.87
(0.99)

5.84 1.46
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[92,93]. Further, the new peaks centered at 1230 and 821 cm− 1 can be
assigned to the bending and rocking vibrations of Si-CH3 and Si-(CH3)2
groups, respectively. Simultaneously, the increase of the broad band
between 3600–3000 cm− 1 (νOH) may be caused by the occurrence of –Si-
OH groups. These bands can be mainly ascribed to the silicate filler
(SiO2) and even to traces of the silanes in the primer [93]. Only in the
red-SP sample and in some areas after 4 or 5 passes, the band assigned to
the stretching of Ti-O bond at 727 cm− 1 (clearly detected in the original
gel-coat spectrum) reappears [80]. The changes just described, together

with the results of SEM-EDS analysis, can be explained by the progres-
sive exposure of the primer layer and gel-coat after paint removal.

Further, additional new bands are detected at around 1643 and 1506
cm− 1 from 4 and 6 passes for the red-SP and white-HM samples,
respectively. These bands are not present in the original gel-coat spec-
trum and their origin could be ascribed to the bending of OH groups
from water molecules hydrogen bonded to the Si-O-Si structure, and to
the appearance of negatively charged silane groups (− SiO-), respec-
tively [92]. Another possible origin of these bands is the increasing

Fig. 6. SEM micrographs (BSE, 50x) together with composition maps of the surface after laser cleaning with different number of passes. (a-c) red-SP sample and (d-f)
white-HM sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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presence of aromatic moieties, which together with the decrease in the
carbonyl stretching band centered at 1723 cm− 1, may be due to the
chemical degradation of the polyester resin produced by laser radiation
[94,95]. The latter degradation reactions might explain the change in
coloration to a greyer and darker appearance of the gel-coat after the
laser treatment. Similar changes in coloration and increasing darkness
have been described by previous authors in laser cleaning of spray paints
[74,96]. Further, using optical microscopy and SEM of cross-sections of
the laser-treated samples (see Fig. S3 in supplementary data), it was
possible to estimate the thickness of the altered gel-coat layer to be
about 10 − 15 μm i.e. the laser alteration effects are confined to the
outermost layers of the gel-coat and do not affect the polymer bulk.

3.3. Surface morphology characterization

The morphology of the laser cleaned surfaces was observed by both
electron microscopy and interferometric microscopy.

SEM images in secondary electron mode of the surfaces before and
after laser cleaning are shown in Fig. 8. Areas with residues of paint were
also analyzed, the corresponding micrographs are provided in supple-
mentary material (Fig. S4). As can be seen, superimposed to the laser
generated crosshacht pattern, small bumps appear, not noticeable in BSE
mode, and the surfaces become rough after processing of both red-SP
(Fig. 8a, b) and white-HM (Fig. 8a, d) samples. It can be observed that
the femtosecond pulses generated a micrometer-scale (<10 µm) a
granulate or globularpattern on the surfaces (Fig. 8c, e).

Interferometric microscopy corroborates the SEM observations as
can be seen in Fig. 9 where topographies of the pristine gel-coat surface
(Fig. 9a) and the laser-treated surfaces (Fig. 9b, c) are shown. As can be
seen, the resulting surface is rougher after laser cleaning. As mentioned
previously, surface roughness could play a crucial role in the repainting
procedure, owing to the fact that suitable roughness favours the bonding
performance between coatings.

Roughness is typically characterised by the mean roughness Sa and
root mean square roughness Sq. However, these amplitude parameters
alone are insufficient to describe the complexity of the surface. There-
fore, this work includes parameters that evaluate the shape of the height
distribution, namely the skewness Ssk and the kurtosis Sku. In addition,
we have included the developed interfacial area ratio Sdr, which is a
significant parameter for surface wettability. Table 3 depicts the values
of these areal roughness parameters, measured before and after laser
treatment, in addition with those of the mechanically cleaned surface. It
can be seen that both Sa and Sq of the laser cleaned surface are about
twice the values of the untreated gel-coat. As for the parameters eval-
uating the shape of the height distribution, the skewness Ssk, is around

zero; which results congruent with the applied laser scanning scheme
(crosshatch) and the kurtosis Sku, around 3, indicating a more homo-
geneous height distribution and less pronounced surface peaks after
laser processing compared to the untreated gel-coat surface (reference
surface). With respect to the gel-coat after conventional mechanical
paint removing, Sa and Sq also increase, but unlike the laser treatment in
this case the distribution of heights is no longer symmetrical, with a
negative skewness Ssk and a kurtosis Sku above 3; which indicates the
presence of sharp peaks.

The developed interfacial area ratio, Sdr expressed as the percentage
of the definition area’s additional surface area contributed by the
texture as compared to the planar definition, experiments an important
increase with respect to the untreated gel-coat after laser paints removal,
so that Sdr = 0.10 ± 0.01 in the pristine gel-coat andSdr = 0.78 ± 0.00
andSdr = 0.68 ± 0.01 for removed red-SP and white-HM, respectively.
On the other hand, after mechanical cleaning, the resulting gel-coat
surfaces are more irregular (Fig. 9d, e) and with lower values of Sa
and Sq than the laser-treated ones, and consequently the developed area
Sdr is lower; resultingSdr = 0.38 for both red-SP and white-HM cleaned
samples.

3.4. Wettability evaluation

The behaviour of solid surfaces in a wide range of applications de-
pends on the wetting response; so that it is important to evaluate how
the surface modifications in the gel-coat layer after femtosecond laser
paint removal affects its wetting characteristics. The wettability is usu-
ally characterised in terms of the static contact angle, θ, that describes
the behaviour of a liquid droplet on a solid surface in air, and is defined
as the angle between the tangent at the three-phase point and the solid
surface. Solid surfaces with θ < 90◦ are considered hydrophilic, while
surfaces with θ ≥ 90◦ are considered hydrophobic. Fig. 10 shows the
contact angle values of the antifouling painted surfaces and the gel-coat,
obtained both for the pristine sample and for the samples cleaned by the
laser and mechanical methods; the contact angle values have been
calculated with 95 % confidence. As can be observed, the self-polishing
coating (red-SP) with θ = 92.8◦ ± 0.1◦ shows hydrophobic behaviour
(θ > 90◦ ) while the hard matrix one (white-HM) with θ = 78.3◦ ± 0.5◦

has hydrophilic character (θ < 90◦ ), in agreement with other reported
results [97].

With respect to the uncoated gel-coat surface (reference surface), the
contact angle is θ = 79.2◦ ± 0.2◦, corresponding to a hydrophilic char-
acter. After laser paint removal, the contact angle of the gel-coat in-
creases to θ = 112.7◦ ± 0.3◦ (red-SP) and θ = 112.2◦ ± 0.2◦ (white-HM),
so that the fs laser treated surface acquires a hydrophobic behaviour. In

Fig. 7. Normalised ATR-FTIR spectra of the red-SP (a) and white-HM (b) samples before cleaning and laser treated areas upon increasing laser passes. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the case of the abraded surfaces, the contact angle also increases,
although to slightly lower values than for the laser method, being θ =

111.1◦ ± 0.6◦ for the red SP andθ = 109.7◦ ± 0.4◦ for the white-HM. The
greater dispersion of these values compared to those obtained with the
laser method is due to the lower uniformity of the surface finish obtained
with the mechanical method, as mentioned above, which makes the
measurement more difficult.

Thus, despite the significant increase in gel-coat surface roughness
after the femtosecond laser process, the wettability of the surface

decreases; the same is observed when applying the conventional me-
chanical technique.

The wettability of a surface depends on its chemical composition and
morphology. The changes in chemical composition observed by FTIR
indicate a partial degradation of the gel-coat polyester resin with an
increase in aromatic moieties, which could enhance hydrophobicity
[94]. Although to a lesser extent than changes in surface roughness,
these chemical modifications could contribute to the transition from a
hydrophilic to a hydrophobic surface. Due to the greater importance of

Fig. 8. SEM micrographs (SE) at different magnifications of surfaces before and after laser cleaning. (a) untreated gel-coat; (b, c) red-SP sample and (d, e) white-
HM sample.
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roughness, the study focuses on this property in the following
paragraphs.

To explain the effect of surface roughness induced by the femto-
second laser on wettability, we must consider the Sdr parameter. This
parameter is the roughness parameter that best approximates the in-
crease in solid surface area in both the Wenzel and Cassie-Baxter
wettability models [98]. The Wenzel theory implies that a hydrophilic
surface (θ0 < 90◦ ) will become more hydrophilic as the surface rough-
ness increases. The Wenzel contact angle (θW) varies according to the
equation, equation (Eq. (1))

cosθW = rcosθ0 (1)

where the roughness ratio r is defined as the ratio of the actual surface
area wetted by the liquid and the projected planar area (r = 1 + Sdr).
Wenzel equation is based on the hypothesis that liquid enters irregu-
larities present on the surface, leading to a homogeneous wetting regime
with an increased contact area [99]. In the wetting regime given by the
Cassie-Baxter model (Eq. (2)), it is energetically favourable for the liquid
to form a droplet that rests on the edges of the surface while air fills the
space between solid and liquid, forming air pockets [99]. Consequently,

Fig. 9. Reconstruction of the surface topography of the samples before and after laser and mechanical cleaning: (a) untreated gel-coat; (b, c) laser cleaned red-SP and
white-HM samples and (d, e) mechanically cleaned red-SP and white-HM samples. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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only a small fraction of the solid surface is in contact with the liquid. The
Cassie-Baxter contact angle θCB can be calculated as:

cosθCB = − 1+ f + rf fcosθ0

or

cosθCB = rfcosθ0 − fG
(
rfcosθ0 +1

)
(2)

where f is the fraction of the projected area of the solid surface under the
drop that is wetted by the liquid (solid–liquid fraction), fG is the liq-
uid–air fraction (f +fG= 1) and rf is the roughness ratio of the wetted
area. When f = 1, rf = r and the Cassie-Baxter equation is equivalent to
the Wenzel equation. It is important to note that both equations are
correct only if the drop is sufficiently large in relation to the typical
roughness scale [100].

In this theoretical framework, the Cassie-Baxter model would explain
the behaviour of the gel- coat surface observed after the application of
laser and mechanical cleaning methods. By increasing the liquid–air
fraction fG, an initially hydrophilic surface can become hydrophobic
[101]. For this change in surface behaviour to take place,fG must have a
minimum value and, in addition, it must be higher the rougher the
surface is (increase of rf ) [102].

In previous work on femtosecond laser texturing [103,104] we have
found that the morphology and scale of roughness are influenced by a
variety of parameters, of which material properties and laser parameters
are themost important. Thus, for a givenmaterial, it might be possible to
modify its surface morphology to tailor its wettability by selecting the
appropriate laser processing parameters. However, in this work we have
focused on analysing the feasibility of the fs laser for the removal of
antifouling paints on a polymeric material, choosing the process pa-
rameters according to complete paint removal and minimal thermal
damage to the substrate gel-coat. Based on the results obtained, further
analysis of the irradiation parameters would be required to explore the
possibility of selectively roughening the gel-coat substrate to increase its
wettability.

4. Conclusions

In this paper we present what we consider to be, to the best of our
knowledge, a novel femtosecond laser cleaning method for the removal
of surface coatings of antifouling paints on GFRP laminates used in
maritime applications. The paints used in this study correspond to the
most common types in this field, referred to as hard matrix and self-
polishing antifouling paints, respectively. Prior to laser cleaning, the
paints and the GFRP surface were characterised and the efficiency of the
laser ablation process was evaluated in terms of paint removal and ef-
fects on the polymer substrate. The results were compared with those
obtained by the conventional mechanical method. The main conclusions
of this study are as follows:

• Characterisation of the different layers of the samples, i.e. gel-coat,
primer and antifouling paints was first carried by FTIR and SEM-
EDS. The gel-coat consists of an aromatic polyester resin, plus a
relatively high content of TiO2 and SiO2 added as fillers. Both anti-
fouling paints comprise a similar acrylic binder plus biocides and
other inorganic fillers. Especifically, the synergistic combination of
the biocides Cu2O and ZnO was proved in the red-SP, whereas
Copper(I) thiocyanate and ZnO have been detected in the white-HM.
The hard matrix paint further contains a relatively high amount of
TiO2. Lastly, Si (around 1%) was identified in both antifouling paints
and assigned to SiO2 and/or to the silanes used in the primer coat.

• The femtosecond pulsed laser can effectively clean the multi-layer
coating on the top surface of the GFRP with minimal thermal ef-
fects on the GFRP substrate by selecting the appropriate process
parameters. Complementary analyses by optical microscopy, SEM-
EDS and FTIR performed after successive passes of the laser,
allowed us to evaluate the effectiveness of the treatment. The

Table 3
Sa (arithmetic mean value), Sq (root mean square roughness), Ssk (skewness), Sku

(kurtosis) and Sdr (developed interfacial area ratio) for untreated and cleaned
samples.

Sa[µm] Sq[µm] Ssk Sku Sdr

UNTREATED SURFACES
red-SP 0.70 ±

0.18
0.87 ±

0.22
0.19 ± 0.32 3.48 ±

0.62
0.08 ±

0.01
white-

HM
0.91 ±

0.15
1.15 ±

0.22
0.28 ± 0.30 3.37 ±

0.34
0.13 ±

0.03
gel-coat 1.01 ±

0.15
1.31 ±

0.20
− 0.12 ±

0.27
3.85 ±

0.58
0.10 ±

0.01

LASER CLEANING
red-SP 2.05 ±

0.30
2.55 ±

0.38
0.01 ± 0.19 2.91 ±

0.01
0.78 ±

0.00
white-

HM
1.92 ±

0.25
2.38 ±

0.29
− 0.09 ±

0.01
2.88 ±

0.15
0.68 ±

0.01

MECHANICAL CLEANING
red-SP 1.51 ±

0.10
1.82 ±

0.13
− 0.41 ±

0.08
3.59 ±

0.17
0.38 ±

0.02
white-

HM
1.37 ±

0.09
1.74 ±

0.09
− 0.50 ±

0.11
3.62 ±

0.48
0.38 ±

0.01

Fig. 10. Contact angle θ [◦] for untreated and cleaned samples (reference surface contact angle has been repeated for easy reading).
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complete paint removal was achieved after 7 passes and 9 passes on
the red-SP and white-HM samples, respectively.

• The ablation rate values obtained for both coatings demonstrate the
feasibility of the fs laser to remove, layer by layer, a typical coating
thickness of about 100 μm. In this sense, an ablation rate of 17.87
μm⋅pass− 1 was obtained for the hard matrix antifouling paint and
21.76 μm⋅pass− 1 for the self-polishing paint.

• Chemical changes have been detected in the gel-coat after laser
treatment. The darkening of the gel-coat is parallel to the variation in
the elemental composition (enrichment in C, decrease in TiO2) and
the appearance of new bands in the FTIR spectrum (assigned to ar-
omatic groups due to partial degradation of the polyester resin).
Nevertheless, the alteration effects are limited to the outermost
layers of the gel-coat (10–15 μm) and do not affect the mass of the
polymer bulk.

• The morphology of the gel-coat surface after laser cleaning changes
and becomes rougher, with mean roughness values almost double
those of the uncoated gel-coat and also higher than those obtained by
the conventional mechanical method. In addition, the surface texture
produced by the fs laser has a regular pattern, with a more homo-
geneous height distribution and less pronounced surface peaks than
the mechanically treated surface. In addition, the fs laser gives a
significant increase in the developed area Sdr.

• The untreated gel-coat surface has a hydrophilic character with a
contact angle of 79.2◦. The laser treatment results in an increase in
the initial contact angle to a value of approximately 112◦; which
corresponds to the Casie-Baxter wettability model. Similar results
were obtained for the mechanically cleaned surfaces.

In conclusion, this work demonstrates the validity and efficiency of
the femtosecond laser cleaning method for paint removal on GFRP with
minimal thermal damage to the substrate. Furthermore, given that the
surface roughness can be controlled by tuning the laser parameters,
further work is required to optimise the irradiation parameters to
remove the paint and produce a texture that increases the wettability of
the surface.
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