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paints used for graffiti. Flat test samples were painted using four different spray paints (red, blue,
black and silver). All paints had an organic base but different physicochemical properties. For
each paint, the ablation process was characterized using confocal microscopy, determining the
threshold fluence and the penetration depth of the laser radiation at normal incidence. For
different sample tilt angles in the range of 0°-60°, the effect of oblique incidence was analysed in
terms of its effect on the ablation rate and the geometric properties (depth and width) of the
ablation grooves on each paint. The results show a clear decrease in the ablation rate as the angle
of incidence moves away from normal incidence. Moreover, it can also be observed that for a
given angle, groove depth is the property most affected by beam tilt. These results represent a
necessary step in addressing both cleaning and other laser ablation processes on non-flat surfaces
in a controlled and reproducible manner.

1. Introduction

Laser cleaning is a technique that allows the controlled removal of surface contaminants from the bulk of a material [1]. Since the
1980 s, it has been applied in different industrial fields, such as aerospace, automotive, tool/die and nuclear industries[2], as well as in
Heritage Conservation[3-5] or biomedicine [6], among others. In comparison with conventional surface cleaning methods such as
mechanical cleaning, chemical cleaning and ultrasonic cleaning, laser cleaning has the advantage of being a non-contact selective and
environmentally friendly technique [7]. Additionally, combined with industrial robots, laser cleaning technology can accurately clean
pollutants on large and complex structures, greatly improving quality and efficiency ([8] and references therein).

Ultrashort pulse lasers (picosecond and femtosecond length pulses) have been considered highly effective, non-thermal sources for
cleaning and decoating purposes[9] and, although ultrafast lasers are currently used widely for both fundamental research and
practical applications [10,11], their use for cleaning is rarely reported. In industrial settings, high power picosecond pulsed lasers have
been used to remove coatings from tungsten carbide tool inserts [12]; the feasibility of the femtosecond laser as a tool for surface
cleaning of aerospace components and for surface cleaning of commercial Ti-6A1-4V alloys [13,14] has also been investigated. In the
field of Cultural Heritage, there are more examples of ultrashort pulsed lasers for the removal of different crusts or coatings in a variety
of materials like stones, parchment, paint, wood or metal [15-24]. On the other hand, some works have been reported on femtosecond
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laser ablation for the functionalization of paint layers to control wettability [25] and to improve paint adhesion in automotive ap-
plications [26], but research on femtosecond laser ablation for paint stripping remains significantly unexplored. Considering that the
composition of paints is a mixture of different pigments, resins and other additives designed to enhance specific properties, their
complex chemical nature and, consequently, the response of different types of paints to femtosecond laser irradiation can be
challenging.

Moreover, almost all previous studies on laser cleaning have been carried out in cases where the ablative laser pulse hits the surface
of the material at normal incidence, but in the case of non-planar surfaces or 3D objects, it is necessary to analyse the effects that the
oblique incidence has on ablation [27]. In this sense, the ablation threshold fluence with incidence angle for dielectric (soda-lime
glass), semiconductor (Si) and metallic (Au) targets have been investigated [28], and it has been found that threshold laser fluence
increases with the angle of incidence for polyimide targets [29] and that the ablation threshold depends on both polarization and the
incident angle of the laser beam [30]. A numerical model describing the femtosecond laser ablation of copper at an oblique angle of
incidence, taking into account the dynamic properties of reflectivity at high temperatures and the changes of laser fluence and spot size
depending on the angle, has also been proposed [31]. Recently, [32], an angle-dependent ablation process model for picosecond pulsed
laser ablation of dielectric rods was introduced; this model predicts macroscopic ablation volumes and ablation efficiencies of
dielectric materials as a result of the incidence angle, which leads to greater coherence with experimental results.

When it comes to laser paint stripping, combining optimized laser parameters with proper scanning configuration is of vital
importance in order to ensure successful results and, thus, set the foundations for applying the technique to a broader range of sce-
narios. In this sense, our group’s previous research has looked at the process of the nanosecond pulse laser removal of graffiti paint
from ornamental granitic stones by analysing the influence of paint and rock properties on cleaning efficacy [33-35], and has provided
a systematic analysis of the effects of different irradiation parameters in the goal of optimizing the cleaning process [36], comparing
the results obtained from laser methods with those from other conventional cleaning techniques [37,38]. The aforementioned studies
were performed on flat test samples; however, the application of robotic laser systems to 3D surface cleaning [39,40] has highlighted
the need to analyse the paint removal process at oblique angles of incidence in order to ensure satisfactory results.

This paper studies how oblique incidence affects the ablation process when a pulsed femtosecond laser with a wavelength of 1040
nm and a high repetition rate is applied to spray paint (graffiti paint). Four different types of spray paint were used, all of which had
been previously employed by us during prior research. They are produced by the same brand but have different physicochemical
properties. For each paint, the ablation process was analysed by determining the threshold fluence and the penetration depth of the
laser radiation at normal incidence. Subsequently, the effect of oblique incidence was studied by analysing both the ablation rate and
geometric features (depth and width) of the ablation grooves created on each paint at different angles of incidence. To the best of our
knowledge, this is the first research looking at ultrashort pulse laser paint removal at an oblique incidence. The results of our research
show a clear decrease in the ablation rate as the incidence moves away from normal incidence. Moreover, they also show that the depth
of ablation grooves is the property most affected by beam tilt.

2. Materials and methods
2.1. Laser system
The laser used was the Spirit system from Spectra Physics with emission wavelength 1040 nm and pulse width < 400 fs. The in-

tensity profile at the laser output was near-Gaussian (M2 < 1.2) and the beam diameter at the exit of the laser head was 1.5 mm. The
laser beam presents horizontal polarization (> 100:1). Pulse rate can be selected from single shot to 1 MHz, with maximum pulse

galvanometric
head

Zw

Fig. 1. Diagram of the sample stand with a micrometer screw allowing to adjust the sample tilt angle with respect to the laser beam. The reference
systems for the sample (Yp, Zp) and the galvanometer scanner head (Yw, Zw) are also represented.



A. Moreno et al. Optik 264 (2022) 169428

energy of 40 pJ at 100 kHz. The maximum mean power output is > 4 W. A two-mirror galvanometric scanner (Raylase SuperscanlII-15)
was used and scanned the laser beam in X-Y directions. The beam was focused by means of a F-theta objective lens, 160 mm focal
length, up to a diameter of 30 um. At the working plane, the beam polarization is parallel to Y direction. All the processing experiments
were performed in ambient air and off-line control of the ablation process was accomplished by optical microscopy (Nikon Eclipse
L150) and digital image processing software.

A sample holder was included on the worktable and contained a micrometre screw that allowed us to vary the sample tilt angle with
respect to the laser beam, in such a way that the value corresponding to the laser beam at an angle perpendicular to the sample piece
was adopted as the initial value (angle of inclination = 0°). Fig. 1 contains a diagram of the standing device, indicating the different
reference systems: Coordinates Yw and Zw refer to the worktable and Yp and Zp refer to the plane of the plate. Ablation was performed
following parallel lines in the Xp direction. The necessary coordinate transformations were carried out in order to maintain a consistent
distance to the beam’s focal point along each line.

2.2. Evaluation of the laser effects

A Sensofar Plu 2300 confocal microscope with a XY motorized stage and using a 10x EPI objective (Field of View (1270 x 960) pm?,
resolution 768 x 576 pixels, Z-scan resolution 0.1 pm) was used to evaluate the results of the ablation process. The same device as in
Fig. 1 was used to position the samples at an appropriate tilt in order to take measurements. Data processing, analysis and visualization
were implemented by using Scientific Phyton. The same equipment was used to characterize the surface roughness of samples prior to
laser processing; the surface roughness parameters were determined in accordance with standard UNE-EN ISO 25178-2 [41].

Confocal topographies, obtained by fitting groove profiles to a Gaussian curve, were used to obtain the geometric properties of the
structures generated during ablation in terms of their depth and width [42,43].

2.3. Samples description and characterization

Four different Mtn®classic spray paints, specifically Ultramarine Blue (RAL code R-5002), Devil Red (R-3027), Graphite Black (R-
9011) and Chrome Silver (hereinafter blue, red, black and silver, respectively), were selected to be studied. These paints have already
been used in previous research on graffiti removal using a short-pulse (nanosecond) high-repetition-rate Nd:YVO4 laser operating at
wavelength of 355 nm [33]. The aforementioned previous research carried out a physicochemical characterization of the paints,
detecting different organic bases in their composition (an alkyd base in the case of the red, blue and black paints, and a polyethylene
polyalkyd base in the case of the silver paint). Moreover, different extenders and opacifiers (mostly TiO2) were identified in the red and
blue paints; in the case of the silver paint, the existence of metallic aluminium particles was detected; in the black paint, no crystalline
phase was detected. Furthermore, the diffuse reflectance spectrum in the interval of 200-2000 nm was also obtained and we observe
that at the ultrashort pulse laser wavelength used in this research (A = 1040 nm), the diffuse reflectance spectrum values are very high
(around 90%) for the red, blue and silver paints. In fact, the silver paint maintains the aforementioned reflectance value throughout the
wavelength interval analysed due to its high aluminium content, while, on the contrary, the black paint behaves like a good absorbing
medium (very low reflectance) across the entire wavelength interval.

The paints were applied to flat 2 mm-thick pieces of commercial steel measuring (50 x 50) mm?, ensuring complete coverage of the
steel sheet surface with a paint layer approximately 35 pm thick. Following painting, the sheets were left to dry in a laboratory
environment for one week. Subsequently, their surface texture was characterized using the parameters of areal roughness; S,, the
arithmetic mean value and S, the root mean square roughness. Table 1 presents the values obtained for each of the samples:

As we see, the highest roughness values are found in the silver paint, with S,= (1.61 + 0.21) pm and S;= (2.11 % 0.27) pm, which
also has (as will be discussed later) the most irregular surface, reflected by a greater dispersion in the results; it is followed by the red
paint with S;= (0.71 £ 0.12) pm and Sg= (0.91 + 0.14) pm; consecutively, the black paint with S,= (0.32 + 0.04) pm and S;= (0.43

+ 0.05) pym; and, last of all, the blue paint, with values of S,= (0.24 & 0.05) pm and S;= (0.34 £ 0.15) pm.
3. Results and discussion
3.1. Ablation thresholds

Estimates of the threshold fluence values F;, for the different paints were obtained by fitting to the Beer-Lambert law of radiation

absorption via the experimental determination of the ablation depth Az produced at a given fluence F;Az = al—ff In (%) , Where ap s

Table 1

Arithmetic mean roughness (S,) and root-mean-square roughness (S;) for spray paintings.
Spray painting S, [pum] S;  [um]
blue 0.24 + 0.05 0.34 £ 0.15
red 0.71 £0.12 0.91 £ 0.14
black 0.32 £ 0.04 0.43 £ 0.05
silver 1.61 +0.21 2.11 £0.27
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the effective absorption coefficient. It is possible to determine the ablation threshold of a material by studying the ablation rate or
depth per pulse; however, it is not easy to measure in single pulse ablation craters due to their small dimensions, which usually exceeds
the diffraction limits of optical instruments [44], so that, small cavities of (0.5 x 0.5) mm?2 were made on the painted surface by
generating parallel grooves. This scanning scheme was repeated several times until a depth enabling measurement with a confocal
microscope was obtained. The tests were performed at normal laser incidence (9 = 0°) with the beam defocused in order to achieve
sufficiently low fluence values and to, thus, estimate the threshold value more accurately. Irradiation parameters were selected based
on the aforementioned experience with short-pulse laser paint removal and in view of the goal of the research. Consequently, the
values selected were the following: repetition rate f = 5 kHz; working distance w; = 1.5 mm; scan speed v = 150 mm-s '; and
line-to-line displacement 30 um. The beam diameter was D = 60 pm and the overlap between consecutive pulses was Op = 50%. The
fluence F was changing by means of the variation in energy per pulse Ep.

Since results obtained using a short-pulse laser have already demonstrated that these spray paints were ablated at different rates,
this research conducted a series of preliminary tests to determine the appropriate number of laser passes in order to obtain cavities with
adequate dimensions in each paint. These tests were performed by maintaining Ep = 40 pJ at 100% power and increasing the number
of laser passes. Fig. 2 presents the confocal image and topographic reconstruction of the cavities created on the red paint and silver
paint, respectively. Greater roughness can be clearly seen in the silver paint (d) when compared to the red paint (b), which, as pre-
viously mentioned, results in a higher dispersion in roughness values in the case of the silver paint. Moreover, there are more ir-
regularities visible at the bottom of the cavities (d), which also results in greater dispersion in the average cavity depth for this paint.

For each of the paints, cavity depth as a function of the number of laser passes is presented in Fig. 3. We observe that a single pass
resulted in depth values ranging from 4.0 ym (red) to 11.8 pym (silver). As the number of passes increased, we clearly see different
behaviour in each paint: the silver paint has the highest growth rate (slope), followed by the black, blue and red paints, respectively.
Moreover, in the case of the blue and red paints, despite initially having the same slopes, the depth reached saturated at around 12 pm
for the blue paint and 20 um for the red paint, at 4 and 6 passes, respectively.

Therefore, to determine threshold fluence, the average cavity depth divided by the number of laser beam passes was adopted as the
ablation depth, Az. Moreover, fluence values were corrected by taking into account the absorbance of each paint at the laser wave-
length (A = 1040 nm), so that the fluence available for ablation Fgyguepe = (1 —R) - F, where R is the reflectance value [3].

By fitting these values to the Beer-Lambert law using a nonlinear regression model, both the peak threshold fluence F, and agy
were obtained for each paint. Fig. 4 presents the results of curve fitting for the different paints. Extrapolation to ablation depth Az = 0
gives the threshold fluence value Fy . In addition, the average threshold fluence < Fy > delivered at each point on the surface was
calculated to account for the overlap between pulses in the longitudinal and transverse directions (spot-to-spot and line-to-line). The

(a)

(b) CAVITY: power=100% v=150 mm/s pass=8

(d ) CAVITY: power=100% v=150 mm/s pass=2

x um]

Fig. 2. Confocal image (a, c) of the red (a) and silver (c) paints and topographic reconstruction of the cavities created on the red (b) and silver
(d) paints.
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Fig. 3. Average cavity depth as a function of the number of laser passes for each paint.
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parameters determining this average fluence are the scan speed, v, the pulse repetition frequency f and the line-to-line spacing.

Table 2 summarizes the values obtained via curve fitting for peak threshold fluence Fy,, average threshold fluence < Fy > and ay,
as well as the effective penetration depth values &5 (6o = 1/aeg) for each of the paints.

As the data in Table 2 shows, the silver paint has the lowest average threshold fluence < Fy;, >; therefore, less energy is required to
start ablation. On the other hand, the black paint has the highest value, while the red and blue paints have similar values of < Fy, >.
Regarding the penetration depth & the silver paint once again has the highest value, in this case followed by the black, blue and red
paints, respectively. The penetration depth values (6, = 1/a.) are between (1.71 & 0.06) pm for the red paint and (5.21 + 0.22) pm
for the silver paint.

The silver paint’s behaviour (lower threshold fluence and higher penetration depth) can be attributed to its different physico-
chemical properties, which are a result of its high aluminium content and polyalkyd base, plus the fact that it has higher surface
roughness S, and S, values compared to the other paints. We also observe that, with respect to the blue and red paints, both of which
have an organic alkyd base and similar reflectance values, the red paint has a lower roughness value than the blue paint, whereas the
blue paint has a higher effective penetration value than the red paint. In this sense, different studies have shown that the ablation
threshold and etching rates are dependent on polymer molecular weight [45] but also on the surface roughness; since the absorption of
light depends not only on the optical properties of the material, but also on its initial surface condition[46], a higher surface roughness
typically results in higher absorption of laser energy through scattering phenomena from surface irregularities, such as multiple
reflection, shadowing, and back and side scattering [47]. In the case of ultrashort pulsed laser, the effect of roughness in ablation
threshold in metals was also analysed and showed increased absorptivity with increasing surface roughness [48].

On the other hand, it should be noted that this behaviour observed during the ablation of the silver paint compared to the other
paints clearly differs from that observed in previous research using short-pulse (ns) lasers in the UV range [33], in which the ablation
efficiency for the silver paint was markedly lower than that of the other three paints.

3.2. Effect of the angle of incidence

The effect of the beam incidence angle on the efficiency of paint ablation was studied via two components: 1) the ablation rate (i.e.,
the ablation depth per laser pulse delivered), and 2) the size and shape (aspect ratio) of the structures generated at different angles of
incidence 6 = 0°,30°,45°y60°. To do so, ablation grooves were created, varying the scanning speed and irradiating with the beam
focused (working distance wg; = 0, corresponding to a beam diameter D = 40 um) in order to remove the largest possible amount of
paint. The grooves were generated in a single laser beam pass with a pulse repetition rate f = 5 kHz and reducing the scan speed v
applied to each paint from the same maximum value (Vs = 100 mm s~ 1) to a minimum value that varied as a function of each paint.
As a result, the values of vy, range from 5 mm s~ ! (red and blue) to 7 mm s~ ! (black) and 10 mm s ! (silver). Under these conditions,
the ratio f/v (i.e. the number of pulses per unit of length) varied, with a minimum value (expressed in pulses/pm) of 0.05, 0.35 and
0.25 for the red/blue, black and silver paints, respectively. For example, Fig. 5(a) shows the profiles of the grooves created in the red
paint at oblique incidence 6 = 30°, at scan speeds ranging from 8.3 mm-s~! to 5.0 mm-s~. The average profile of each groove was
fitted to a Gaussian curve, as shown in Fig. 5(b). Fitting allowed to obtain the depth and width values at oblique incidence for each of
the paints.

The groove depth as a function of the number of laser pulses at normal incidence § = 0° was analyzed first. The results are presented
in Fig. 6, which shows that the depth increases linearly as a function of the number of pulses, with the silver paint having a significantly
steeper slope (ablation rate) than the other paints. Specifically, the ablation rate values (expressed in pm/pulse) are: 1.4 (red), 1.6
(blue), 2.4 (black) and 3.8 (silver). These results are in line with those obtained when determining the effective penetration depth,
presented in Table 2.

Fig. 7 below presents, for each paint, the groove depth as a function of the number of laser pulses at oblique incidence § = 30°,
45°y60°. The results for normal incidence, § = 0°, have also been included in the figure for reference purposes. We observe that, for
each paint, the ablation rate decreases as the angle of incidence moves away from normal incidence. Therefore, at oblique incidence,
for the same number of laser pulses delivered, n,, the groove depth decreases; in other words, to obtain the same groove depth, it is
necessary to increase n,. We also see that the ablation rate at oblique incidence increases following the same order as in the case of
normal incidence (as presented in Fig. 6: red/blue < black < silver).

Regarding groove width, at normal incidence, the ablation width is approximately equal to the spot size[42,49]. Therefore, for a
Gaussian beam at normal incidence (¢ = 0°), the spot is circular and has a diameter 2wy. By varying the angle of incidence, the spot
transforms into an ellipse [28,50], in such a way that as @ increases, the major axis of the ellipse grows following the ratio 2wq /cos6, as
demonstrated in Fig. 8.

Fig. 9(a) plots average groove width values as a function of 1/cosf. We observe that, for all paints, the groove width grows linearly

Table 2

Peak (Fy,) and average (< Fy, >) ablation threshold, effective absorption coefficient (a.y) and effective penetration depth (J4) for spray paintings.
Spray painting Fy  [J/cm2] < Fy > [J/em2] gy [1/pm] Oefr [pm]
blue 0.096 + 0.004 0.164 + 0.008 0.397 + 0.031 2.52 £ 0.20
red 0.033 £ 0.001 0.079 + 0.003 0.587 + 0.020 1.71 + 0.06
black 0.220 + 0.007 0.780 + 0.024 0.306 + 0.010 3.27 £ 0.10
silver 0.012 + 0.001 0.047 + 0.003 0.192 + 0.008 5.21 £ 0.22
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Fig. 5. (a) Profiles of the grooves created in the red paint at oblique incidence, § = 30°, at scanning speeds ranging from 8.3 mm-s~! to 5.0 mm-s~'.

(b) Example of fitting one of the profiles to a Gaussian curve.
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Fig. 6. Groove depth, at a 0° tilt angle, as a function of the number of laser pulses for each paint.

along with the major axis of the elliptical spot. On the other hand, an increase in spot size causes a decrease in fluence at the base of the
groove following the ratio F = (2Ep/aw3)cos, resulting in shallower grooves as the tilt angle increases. This is clearly observable in
Fig. 9(b), which plots the ablation rate against cosf. The ablation rate grows in a linear fashion along with cos6; in other words, the
ablation rate, and, therefore, the ablation depth, decreases as the angle of incidence moves away from normal incidence.

On the other hand, independent of the angle of incidence, the variation in groove width as a function of depth is minimal, as
observable in Fig. 10, which plots width against depth for red paint for different values of 6. This behavior was observed in all paints
tested. We have also included images of the grooves for each tilt angle, obtained via confocal microscopy. It is clear that for § = 60°,
wider and less well-defined grooves are obtained: this is why we observe more dispersion in width values at this tilt angle. As we can
see, for a given angle of incidence, the groove width remains practically constant, independent of the depth obtained.

Therefore, these results show that, for each angle of incidence 6, groove depth is the property affected. Furthermore, the ablation
rate (and, therefore, the amount of material removed) decreases along with this parameter; in other words, varying the angle of
incidence with respect to normal incidence results in a decrease in the efficiency of paint ablation. Consequently, in the case of tilted or
non-flat surfaces, the results obtained indicate a need to adjust the beam’s angle of incidence at each point on the surface profile in
order to achieve effective and uniform paint removal across the surface as a whole.
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Fig. 8. Representation of ablation at oblique incidence angle 6. The circular spot of the Gaussian beam with radius w, at normal incidence is
transformed into a ellipse with half-axis wo/cosf in the direction perpendicular to the scanning direction.
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4. Conclusions

This research looks at the effect of the angle of incidence of the laser beam on paint ablation using a femtosecond pulsed laser at a
wavelength of 1040 nm. Both normal incidence (angle of incidence # = 0) and oblique incidence for angles 8 = 30°,45°y60° were
analysed.

Four spray paint colours were considered: black, blue, red and silver. Each had different physicochemical properties and different
surface roughness values, resulting in different values for threshold fluence and effective penetration depth at normal incidence, which
range from (1.71 + 0.06) pm in the case of the red paint to (5.21 + 0.22) pm in the case of the silver paint. As a result, the ablation rate
varied from 1.4 pm/pulse for the red paint to 3.8 um/pulse for the silver paint, with the paint order in terms of ablation rate consisting
of red-blue-black-silver. This outcome contrasts with that previously obtained for silver paint using a short-pulse laser in the UV
regime.

At oblique incidence, the ablation rate decreases as the tilt angle increases, or, in other words, as the incidence moves away from
normal incidence. In addition, the ablation rate is different for each paint, but follows the same increasing order as for normal inci-
dence # = 0°. Regarding the geometric properties of the grooves generated (depth and width), we observe that, as 0 increases, the
groove depth decreases; meanwhile, the groove width increases. On the other hand, we observe that, for a given angle of incidence, the
variation in groove width as a function of depth is minimal.

To the best of our knowledge, this is the first research looking at paint removal using an ultrashort pulse laser at oblique incidence.
Its results are a necessary step in addressing the topic of the laser ablation cleaning of non-flat or 3D surfaces, since they allow to
quantify the effect of oblique incidence on the femtosecond laser ablation process. Moreover, it highlights the need to develop
positioning and orientation systems that make it possible to adjust the angle of incidence of the laser beam at each point on the surface,
in order to both optimize cleaning (maximizing the amount of material removed) and achieve uniform cleaning of 3D surfaces or
surfaces with a complex geometry.

Last of all, these results can be applied to other processes based on laser ablation, such as micromachining or surface texturing,
enabling advancement in the use of ultrashort pulse lasers for the processing of non-flat surfaces.
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