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Abstract

Resin coating films are extensively used for aesthetic improvement and preventing deterioration of metal surfaces. Some
of the films contain fine metal particles for the purpose of coloring. For such films, surface waviness with millimeter-scale
wavelength is a significant problem because it induces visible irregularities on the surface. Conventionally, man-powered
polishing has been used to planarize the waviness. However, it is labor-intensive and leads to other problems such as waste
slurry disposal and embedment of abrasive grains in the film. Hence, a new method is required to eliminate the surface
waviness. In this study, ultrashort pulsed laser irradiation on resin coating films is proposed. By controlling the focal posi-
tion and/or scanning speed of the laser beam along the surface, protrusions are preferentially removed. Firstly, the effects of
pulse width, laser fluence, and scanning speed on surface morphology were clarified. Next, the material removal mechanism
was examined by elemental analysis of the surface and its cross section after irradiation. Finally, as a preliminary result of
surface flattening, the arithmetic mean waviness in the wavelength range of 2.4-5.0 mm was reduced by 45.3%. This study
demonstrated the feasibility of selectively removing and flattening of resin coating films by substituting laser processing for

man-powered polishing.
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1 Introduction

Resin coating films containing fine metal particles are exten-
sively used for aesthetic improvement and preventing deteri-
oration of metal surfaces [1-3]. The coating films are mainly
composed of a resin component and a pigment component.
The resin component provides uniform properties such as
protection and adherence to the substrate. It also works as a
carrier and suspending agent for the pigment component [4].
The pigment component includes fine metal or metal oxide
particles with sizes of tens to hundreds of nanometers for the
purpose of coloring [5].

One of the quantitative evaluation methods for aesthet-
ics of a surface is waviness measurement [6, 7]. For resin
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coating films, surface waviness with a millimeter-scale
wavelength is a significant problem because it induces vis-
ible irregularities on the surface [8]. This kind of surface
with visible irregularities is called orange peel because of its
visual similarity to the skin of an orange [9—-12]. Orange peel
makes the reflection from the surface blurrier and reduces
its aesthetic appeal. Orange peel appears when resin coating
films are applied to the surface with a spray gun [13]. The
irregularities depend mainly on the viscosity, paint flow, and
droplet size of the paint when it is sprayed [8, 14].
Conventionally, polishing has been performed by man
power to reduce the waviness on curved surfaces, but this
polishing method is a labor-intensive and skill-based pro-
cess because operators adjust the polishing motion and force
according to the surface condition [15]. Although research
has been performed on automatic polishing technology, it
requires complex control of tool trajectory, tool posture and
polishing force, etc. to realize the polishing motion of skilled
people [15, 16]. Moreover, it induces other problems such
as waste slurry disposal and adhesion/embedment of abra-
sive grains to the surface. Hence, an alternative method that
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does not require disposal of liquid waste and skilled labors
is needed.

In this study, ultrashort pulsed laser irradiation is pro-
posed to reduce the surface waviness on resin coating films.
Laser processing is a non-contact method, and it is possible
to remove materials locally and selectively by simple auto-
matic operation. Besides, it has advantages of low environ-
mental pollution, thus contributes to the realization of green
manufacturing. Various pulsed laser processing methods
of polymers have been investigated [17-20], for example,
removal of coatings [21-24] and surface modification [25].
However, surface flattening of resin coatings containing
fine metal particles has hardly been reported before, and the
ultrashort pulsed laser processing characteristics and mecha-
nisms of resin coating films containing fine metal particles
have not been clarified [18].

It has been reported that for metallic materials [26] and
semiconductors [27], nanosecond pulsed laser irradiation
causes melting and surface tension leads to flattening. On the
other hand, a recent study showed that selective and local-
ized removal of surface protrusions by using picosecond
pulsed laser irradiation also enabled metal surface flattening
[28]. For this reason, it is essential to identify a suitable laser
pulse width for surface flattening of a new material. In this
work, firstly, basic laser processing characteristics of resin
coating films containing fine metal particles were investi-
gated by using nanosecond and femtosecond pulsed lasers to
determine whether melting or preferential removal of surface
protrusions was more appropriate for surface flattening by
comparing the material’s responses to different pulse widths.
Secondly, the effects of laser fluence and scanning speed on
processing depth and surface morphology were clarified.
Thirdly, the material removal mechanism was examined by
elemental analysis of the surface and its cross section after
irradiation. Finally, surface flattening tests using the femto-
second pulsed laser were performed to examine the feasibil-
ity of the proposed method.

2 Surface Flattening Mechanism

A schematic diagram of the expected surface flattening
mechanism using a femtosecond pulsed laser is shown in
Fig. 1. In ultrashort pulsed laser processing, as the laser
fluence gradually concentrates toward the focal point, as
shown in Fig. 1a, the amount of material removal increases
as the distance of the surface from the focal point decreases.
Only the region where the laser fluence exceeds the abla-
tion threshold is selectively removed. Therefore, as shown
in Fig. 1b, by controlling the focal point and scanning the
laser beam along the surface, surface protrusions near the
focal point will be preferentially removed. This mechanism
has made it possible to obtain a flat surface on metals [28],
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Fig. 1 Schematic diagrams of surface flattening mechanism of resin
coating films containing fine metal particles by ultrashort pulsed laser
irradiation: a laser fluence distribution within a laser beam, b selec-
tive removing surface protrusions by beam scanning

but it has not been applied to resin materials. In this study,
the fundamental laser processing and flattening characteris-
tics of resin coatings with metal particles were investigated.

3 Experiments

In this study, two types of lasers were used. The first one was
Super Pulse 532-30, a nanosecond pulsed laser manufac-
tured by Inngu Laser Co., Ltd., China. The laser wavelength
was 532 nm and the repetition frequency was 100 kHz.
The laser spot size (D) was 85 um. The second one was
PHAROS-08-600-PP, a femtosecond pulsed laser manu-
factured by Light Conversion, Lithuania. The laser wave-
length was switchable between 514 and 1030 nm, and the
repetition frequency was 100 kHz. The laser spot size was
15 um. The laser fluence for both laser beams had a Gauss-
ian distribution.

Resin coating films composed of polyester resin and mel-
amine resin, and Ba- and Ti-based fine metal particles with
sizes of tens to hundreds of nanometers were used as work-
pieces. Figure 2 shows an optical image, a scanning electron
microscope (SEM) image, and a cross-sectional profile of a
workpiece surface. To prepare the samples, a primer coating
film was electrodeposited on a steel plate with a thickness of
about 20 um. Then, a resin coating film containing fine metal
particles was electrostatically coated on the primer coating
film with a thickness of about 40 um, as schematically shown
in Fig. 1b. Table 1 shows the experimental conditions. The
distance between the lowest position of the resin coating
film and the focal point was defined as the defocus length.
The experimental setup and irradiation schemes are shown
in Fig. 3. The size of area of irradiation was 5 mm X 20 mm.
The laser beams were scanned by a Galvanometer scanner
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Fig.2 Image of workpiece surface with orange peel: a optical image
with the reflection of a light source, b SEM image, ¢ cross-sectional
profile

in X, Y directions. The workpiece height in Z direction was
adjusted using a height-adjustable stage.

After the laser irradiation, the cross-sectional profile for
evaluation of groove structures was measured by a laser
microscope, OLS4100, made by Olympus Corporation,

Japan. The 15 mm long cross-sectional profile for the wavi-
ness evaluation was measured by a two-dimensional laser
probe surface profilometer, MP-3, made by Mitaka Kohki
Co., Ltd., Japan. From the profile, only the waviness at the
wavelength of 2.4 to 5.0 mm was extracted using the three-
dimensional area measurement and analysis software Taly-
map Platinum 7.3, and the arithmetic mean waviness was
calculated. The surface morphologies of the workpieces
were observed by a SEM, Inspect F50, made by FEI Com-
pany, U.S. The cross-sectional morphologies of the work-
pieces were observed by another SEM, MERLIN Compact,
made by Carl Zeiss, Germany. For cross-sectional SEM
sample preparation, the irradiated surface was protected by
another layer of resin containing Cl, and mechanical pol-
ishing was performed in a direction perpendicular to the
surface. The elemental ratio was analyzed by an energy dis-
persive X-ray, EDAX, made by EDAX Inc., U.S.

4 Results and Discussion

4.1 Change of Surface Morphology with Pulse
Width

Line irradiation was performed at a pulse width of 26 ns
(laser wavelength: 532 nm) and 256 fs (laser wavelength:
514 nm), and a laser fluence of 0.5 J/cm?. The SEM images
of groove bottom surfaces irradiated with different pulse
widths are shown in Fig. 4. Several holes with a diameter of
about 1 um were distributed on the surfaces for both pulse
widths. When the pulse width was 26 ns, the molten resin
adhered to the surface and formed irregularities. On the
other hand, when the pulse width was 256 fs, particles with
a diameter of approximately 1 um were observed without
adhesion of molten resin.

The change in the surface morphology with different
pulse widths might be due to the difference in thermal effects
[29]. When the pulse width is 26 ns, melting occurs inside
the resin coating films. Heat is conducted from the laser

Table 1 Laser irradiation
conditions

Laser medium

Line irradiation Area irradiation

Nd: YVO, Yb: KGW Yb: KGW
Wavelength (nm) 532 514 514, 1030
Spot size D (um) 85 15 15
Pulse width 26 ns 256 fs 256 fs
Repetition frequency (kHz) 100 100 100
Scanning speed V (mm/s) 200 10, 15, 30, 50, 75, 150, 300 50
Laser fluence (J/cmz) 0.5 0.1,0.3,0.5,1.0, 1.5 0.5
Number of scans 1 1 1
Defocus length (pm) 0 0 0-700
Area irradiation pitch P (um) - - 10

@ Springer KEFE
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Fig.3 Schematic diagram of experimental setup and irradiation
schemes: a experimental setup, b line irradiation, ¢ area irradiation

o

sion of

L’

Fig.4 SEM images of groove bottom surfaces irradiated at different
pulse widths: a 26 ns (Scanning speed: 200 mm/s), b 256 fs (Scan-
ning speed: 50 mm/s)

irradiation part to the surroundings. The heat causes partial
evaporation of the pigment component including fine metal
particles and thermal decomposition of the resin component.
As aresult, irregularities form due to adhesion of remaining
molten resin. On the other hand, when the pulse width is
256 fs, the pulse duration is so short that it does not inter-
act much with the bulk material but just with the outmost
surface layer [30]. Thus, heat conduction is limited within a
small area. The pigment component and the resin component
are momentarily scattered and decomposed before the heat
conduction spreads from the laser irradiation part to the sur-
roundings. As a result, the molten resin does not stick to the
surface because the material melting occurs only within the
removed surface layer.

@ Springer KE;E

Compared to the nanosecond pulsed laser (26 ns), the
femtosecond pulsed laser (256 fs) was found to be suitable
for removing surface waviness with smaller thermal effects.
Therefore, the femtosecond pulsed laser was selected in the
subsequent experiments.

4.2 Change of Surface Morphology with Laser
Fluence and Scanning Speed

Line irradiation was performed at a pulse width of 256 fs,
and a laser wavelength of 514 nm. The SEM images of
groove bottom surfaces irradiated at different laser flu-
ence are shown in Fig. 5 (scanning speed: 50 mm/s). As the
laser fluence increased, the groove width increased and the
number of small holes on the groove bottoms decreased.
The reason for this is that the processable area where the
laser fluence exceeds the ablation threshold expands in the
horizontal direction and the amount of material melting
increases due to the increase in laser fluence.

The cross-sectional profiles of groove bottom surfaces
irradiated at different laser fluence are shown in Fig. 6. The
edge of the groove was raised higher as the laser fluence
increased. This is because the molten material was swept

Fig.5 SEM images of groove bottom surfaces irradiated at different
laser fluence (Pulse width: 256 fs, scanning speed: 50 mm/s): a 0.3 J/
em?, b 0.5 J/em?, ¢ 1.0 J/em?
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Fig.6 The cross-sectional profiles of groove bottom surfaces irradi-
ated at different laser fluence
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Fig.7 The processing depth of grooves at different laser fluence and
scanning speeds

outward by the recoil pressure of the material scattering near
the center of the groove and then resolidified.

The processing depth of grooves irradiated at differ-
ent laser fluence and scanning speeds is shown in Fig. 7.
When the scanning speed was less than 50 mm/s, the depth
could not be measured accurately because a large amount of
debris was accumulated in the groove. As the laser fluence
increased, the processing depth increased. This is because
the laser beam penetrated deeper into the material as the
laser fluence increased, and the ablation range became wider
and the processing depth increased. In addition, the process-
ing depth increased as the scanning speed decreased since
the number of pulses per unit area increases as the scanning
speed decreases.

4.3 Material Removal Mechanism

The material removal mechanism was proposed based on
the observation from line irradiation results conducted at

sScan nin direction

Fig.8 SEM image of a surface irradiated at low laser fluence (0.1 J/
2
cm®)

Resin for sample
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coating films °
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Fig.9 Cross-sectional SEM image of a surface irradiated at low laser
fluence (0.1 J/cm?)

extremely low fluence. The irradiation was performed at a
pulse width of 256 fs, a laser wavelength of 514 nm, a scan-
ning speed of 10 mm/s, and a laser fluence of 0.1 J/cm?.
The SEM images of the irradiated surface and its cross sec-
tion are shown in Figs. 8 and 9, respectively. Multiple holes
were found on the irradiated surface (Fig. 8). At low laser
fluence, a groove like that in Fig. 4b was not formed, but an
expanded area with a height of about 3 um was formed on
the surface (Fig. 9). It was found that the fine particles that
were contained in the resin coating films were not seen in
the expanded area. The EDX analysis of the cross section for
elements Ba and Cl is shown in Fig. 10. Inside the expanded
area, there was almost no Ba that was contained in the resin
coating films. Instead, a large amount of Cl was observed
in the expanded area. From this result, it is presumable that
the resin for the sample surface protection entered inside
the expanded area through the surface holes formed by laser
irradiation. In other words, a cavity was formed by laser
irradiation at low laser fluence.

Next, area irradiation was performed to see the change
in surface elemental ratio due to irradiation at a laser

@ Springer KE;E
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Expanded area

5um

Fig. 10 EDX analysis of a cross-sectional sample of a surface irradi-
ated at low laser fluence (0.1 J/cm?): a Ba, b Cl

wavelength of 514 nm, a pulse width of 256 fs, a scanning
speed of 50 mm/s, a laser fluence of 0.5 J/em?, and a defocus
length of 500 pm. The EDX analysis result of the surface
before and after irradiation is shown in Fig. 11. After irra-
diation, the proportion of C decreased, and the proportion
of other elements increased. In particular, the proportion of
metallic elements included in the pigment component such
as Ba and Ti increased significantly. This might be because
the thermal decomposition temperature of the resin compo-
nent is much lower than the melting point of the pigment
component, so that the resin component is preferentially
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Fig. 11 EDX analysis of the surface before and after irradiation
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Fig. 12 Schematic of material removal mechanism for resin coating
film containing fine metal particles by femtosecond pulsed laser irra-
diation: (3a) low fluence (0.1 J/cm?), (3b) high fluence (> 0.5 J/em?)

removed, resulting in an increase in the proportion of metal-
lic elements.

Based on these results, the material removal mechanism
of the resin coating film containing fine metal particles by
femtosecond pulsed laser irradiation was discussed as shown
in Fig. 12. The response of the coating film to laser irradia-
tion is dependent on the difference in thermal conductivity
and specific heat capacity between the resin coating film
and the fine metal particles. The thermal conductivity of
the resin is lower than that of the metal, and the specific
heat capacity of the metal is smaller than that of the resin.
Consequently, the surface temperature of fine metal particles
will rise higher than that of the resin during laser irradia-
tion. The temperature of the resin near the metal particles
rises rapidly and the resin near the particles expands and
decomposes into polymer fragments easier than other parts
of resin. Hence, holes are formed near the metal particles. At
low laser fluence (0.1 J/cm?), the internal material escapes
as polymer fragments from the holes on the surface, and a
cavity is formed by cooling without removing the surface
layer [Fig. 12(3a)]. There is insufficient internal pressure
to remove the surface layer since the laser fluence is low.
On the other hand, at a high laser fluence (>0.5 J/cm?), the
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irradiated part expands more rapidly to a larger size, the
entire expanded part including the surface layer is removed
since there is enough internal pressure. Then a groove like
that in Fig. 4b is formed and particles with a diameter of
approximately 1 um are deposited as debris on the surface
[Fig. 12(3b)]. It is thought that this debris is composed
mainly of fine metal particles.

4.4 Reduction of Waviness by Defocusing

Based on the investigation of the laser processing charac-
teristics of resin coating films, surface flattening was per-
formed. As the Rayleigh length is shorter, the gradient of
the laser fluence is larger in the beam and more effective
reduction of waviness might be performed due to the mecha-
nism mentioned in Sect. 2. Therefore, a laser wavelength of
1030 nm was used in the surface flattening tests because the
Rayleigh length halves when the laser wavelength doubles.
In order to find the effect of defocusing on surface flattening,
the defocus length was changed from 0 to 700 um, and laser
fluence was set to 0.5 J/cm?. Area irradiation was performed
at a pulse width of 256 fs, a scanning speed of 50 mm/s to
remove surface protrusions. The processing depths of the
surfaces irradiated at different defocus lengths are shown
in Fig. 13. In the figure, the processing depths for defocus
lengths 0-500 pm were the averages of six cross-sectional
profiles, while those for defocus lengths 600 and 700 pm
were the averages of three cross-sectional profiles, respec-
tively. The processing depth decreased as the defocus length
increased due to the energy distribution in the laser beam.
In the laser beam, the laser fluence is highest at the focal
point where the beam diameter is smallest. As the defocus
length increases, the beam diameter increases and the laser
fluence at the processing point decreases, so that the amount
of removed material decreases.

Next, the arithmetic mean waviness of the surface was
measured at the wavelength of 2.4 to 5.0 mm which is related
to orange peel. The arithmetic mean waviness at different
defocus lengths is shown in Fig. 14. At a defocus length of
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Fig. 14 Arithmetic mean waviness at different defocus lengths

500-700 pm, the reduction of waviness was confirmed as
compared to the unprocessed surface (159.1 nm). In particu-
lar, the waviness was minimum (87.0 nm) and 45.3% lower
than that of the unprocessed surface when the defocus length
was 700 um. This result demonstrates that by controlling the
focal position, the surface protrusions were preferentially
removed, as schematically shown in Fig. 1b.

The SEM images of a laser-irradiated surface with wavi-
ness removed at a defocus length of 600 pm are shown in
Fig. 15 at different magnifications. On the irradiated sur-
face, there were no marks of sprayed paint droplets that were
observed on the original surface (Fig. 2b). Although small
holes with a size of ~ 1 um were seen on the surface, and the
surface roughness in microscale wavelength still exists, they
will not affect the aesthetic property of the surface.

5 Conclusions

Pulsed laser irradiation was performed on resin coating films
containing fine metal particles to investigate the fundamental
processing characteristics, mechanisms, and optimal condi-
tions to reduce the surface waviness with a millimeter-scale
wavelength.

Fig. 15 SEM image of the surface after surface flattening

@ Springer KEFE
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(1) Compared to nanosecond (26 ns) pulsed laser, femto-
second (256 fs) pulsed laser was found to be more suit-
able for removing the surface waviness with smaller
thermal effects. At a pulse width of 256 fs, the molten
material adhesion phenomenon that was observed at a
pulse width of 26 ns did not occur.

(2) The effects of laser fluence and scanning speed on the
processing depth, width, and surface morphology were
clarified by line irradiation experiments.

(3) The elemental analysis of the sample surface and cross
section after laser irradiation confirmed the expansion
of the resin coating film and preferential removal of the
resin component while the metal particles were depos-
ited on the surface.

(4) The effect of defocusing on reducing the waviness
was confirmed at a defocus length of 500-700 pm.
The arithmetic mean waviness was reduced by 45.3%
when irradiation was performed at a laser wavelength
of 1030 nm, a pulse width of 256 fs, a scanning speed
of 50 mm/s, laser fluence of 0.5 J/cmz, and a defocus
length of 700 um.

Resin coating films containing fine metal particles are
composite materials composed of resin and pigment, the
laser processing mechanism of which is very complicated.
However, the results from this study demonstrated the pos-
sibility of surface flattening by optimizing the irradiation
conditions of a femtosecond pulsed laser. In this study, the
Rayleigh length of the laser beam used was quite long and
the waviness reduction effect was not fully exerted. Future
work requires the optimization of laser beam profile and
Rayleigh length as well as precise control of local dwelling
time of the laser spot over the surface.
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