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Abstract

The removal of paint as an industrial requirement is still a significant issue in the fields of ship and aircraft skins. How to
judge the effect of laser cleaning after the removal of paint on the substrate is a tough problem. The effect is evaluated pri-
marily by considering the amount of paint residue and the extent of substrate surface damage. The amount of paint residue
is analyzed by field emission scanning electron microscopy (FE-SEM), energy-dispersive spectroscopy (EDS), Fourier-
transform infrared spectrum (FTIR), and photothermal conversion performance. The damage to the substrate surface is
assessed utilizing an X-ray diffractometer (XRD) and true color confocal microscope (TCCM). The results manifest that the
paint can be completely removed at a laser energy density of 1.66 J/cm?. When laser energy density is 1.78 J/cm?, the surface
of Al alloy appears some nanostructures. This work offers fundamental research and practical guidance for laser cleaning of

paint on an aluminum alloy surface.
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1 Introduction

Aluminum (Al) alloy, because of its excellent properties
including high strength, good toughness, and corrosion
resistance, is playing an important role in various fields
such as high-speed rail, ship, spacecraft, and aircraft [1-3].
Al alloy is commonly designed in the manufacture of these
facilities’ skin. Lifetime service for Al alloy can make
these properties decline [4]. To prolong the lifetime, paint
is always coated on the surface of Al alloy. Many practi-
cal results manifest that Al alloy coating used for disparate
working environments performs serious durability problems
because of the inherent structural features giving rise to
damage in various ways, such as aging, cracking, functional
failure, and shedding [5, 6]. Just because of this, it is neces-
sary to remove periodically paint coating after applying Al
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alloy paint coating as facilities skin for some time. There
have been several methods to remove paint on the surface
of Al alloy, such as mechanical cleaning, chemical solvent
cleaning, water-jet assisted cleaning, and ultrasonic clean-
ing technologies [7-9]. Although great breakthroughs have
been made in removal methods of paint in the past years,
some drawbacks are remained to be solved including envi-
ronmental pollution, low efficiency, secondary damage, and
poor surface integrity.

Recently, non-contact laser cleaning with the advantages
of being environmentally friendly and high cleaning preci-
sion and efficiency has been considered to be a promising
laser material treatment technology for achieving high-
quality and non-destructive removal of paint [10, 11]. The
preliminary investigation on the interaction between laser
irradiation and paint derives from the 1990s. Tsunemi et al.
confirmed the removal of a paint film thickness of 80 pm
from the Al substrate surface by CO, pulse laser irradiation
in a short time [12]. As a result, through the optimization
of laser parameters and repeated laser irradiation, excellent
removal characteristics were obtained. The laser cleaning
process depends on many factors. The laser source (e.g.,
output power, wavelength, and pulse duration) plays a sig-
nificant role in the laser cleaning. The high photon energy
of UV laser leads to direct intermolecular bond breaking of
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paint [13]. However, due to some disadvantages of low effi-
ciency and high cost, UV laser is seldom used in industrial
cleaning applications [14]. The nanosecond Nd: YAG laser,
due to its outstanding characteristic of short pulse dura-
tion, limited expansion of heat-affected zone, and higher
peak power, has become the mainstream equipment in this
field. An increasing number of researchers investigate the
removal of paint using a nanosecond Nd:YAG laser based
on a combination of experiment and theory [15, 16]. Song
et al. utilized Q-switched Nd: YAG laser with the wavelength
of 1064 nm to remove paint from the iron substrate, and the
results showed that single-pass laser irradiation gave rise
to complete paint removal and low-damage substrate in the
two-layer coating—substrate system [17]. To achieve accurate
paint stripping, Han et al. numerically evaluated the spatial
distribution of the temperature as well as thermal stress in
terms of the thermodynamic equations, providing curves of
paint thickness versus threshold fluences as the reference
standard of laser parameter selection [18]. Lu et al. devel-
oped a 2D finite-element model to describe in detail physi-
cal and chemical processes. The paint removal mechanisms
were thermal ablation and vibration effect [19]. Zhao et al.
selected the appropriate combination of the overlap amount
between laser spots and other laser parameters to improve the
removal effect of paint [20]. Despite the thriving research on
laser cleaning of paint, the evaluation of the laser cleaning
effect of paint from the surface of Al alloy is rarely reported
in the field of laser cleaning. For laser cleaning of paint on
Al alloy substrate surface, it is well known that there are
two possible emergent outcomes which are paint residue
and substrate surface damage, respectively. As an important
consideration, the suitable evaluation approaches of laser
cleaning effect are equally crucial for beneficial properties’
performance in the fields of facilities skin. In addition, the
laser energy density is sufficient to make substrate surface
damage. The high energy can lead to the formation of nano-
structures on the surface of the substrate. However, there
is a lack of observation and analysis of the nanostructures.
Whether laser cleaning as a paint removal technology can
achieve surface nanofabrication is worth discussing. Thus,
it is essential to further explore this content.

The main work of the study is to discuss the effect of dif-
ferent laser energy densities on the removal of paint on the
surface of Al alloy. In this work, we emphatically analyze
how to judge the effect of laser cleaning after the removal
of paint on the substrate. Different analytical techniques are
adopted to acquire some insight into the evaluation of the
laser cleaning effect. The amount of paint residue is analyzed
by field emission scanning electron microscopy (FE-SEM),
energy-dispersive spectroscopy (EDS), Fourier-transform
infrared spectrum (FTIR), and photothermal conversion
performance. Furthermore, the damage to the substrate sur-
face is assessed utilizing an X-ray diffractometer (XRD) and
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true color confocal microscope (TCCM). After laser clean-
ing, the nanostructures are created on the Al alloy surface.
The formation of such nanostructures is analyzed in detail.
Finally, the removal mechanism is preliminarily discussed.

2 Experimental section
2.1 Sample material preparation

In the technological design of re-spraying aircraft surface
coating, the aircraft skin is usually coated with the paint as
primer with a thickness of 2040 pm. The primer is directly
coated on the surface of the aircraft. We choose a paint
layer with a thickness of 30 pm on the substrate surface
for our research. The 2A12-T4 Al alloy (Shenzhen Hong-
wang Mould Co., Ltd) is cut into substrate samples with a
dimension of 10 mm X 10 mm X 3 mm. The samples are pol-
ished through emery paper with 1500 mesh and sequentially
washed with deionized water and acetone (Tianjin Sanjiang
Co., Ltd) three times to remove impurities (Fig. 1a, b, d).
Then, the paint mainly composed of epoxy resin (Xiamen
Hawk New Material Technology Co., Ltd) is sprayed on the
surface of Al alloy to obtain a paint layer with a thickness
of 30 um (Fig. 1c, e, f). The epoxy resin is composed of the
epoxy emulsion and cationic curing agent. After that, the
prepared samples are dried in the surrounding air and stored
in an airtight bag for subsequent experiments. The composi-
tion of 2A12-T4 Al alloy is shown in Table 1.

2.2 Experimental setup

The schematic diagram of the laser cleaning system in
the experiment is shown in Fig. 2a. The process of paint
removal is directly carried out in an ambient atmosphere
using a nanosecond pulsed width Nd:YAG laser (Institute
of Semiconductors, Chinese Academy of Sciences) with an
average maximum power of 600 W. The detailed experimen-
tal parameters are shown in Table 2.

The laser beam is moved using a one-dimensional gal-
vanometric mirror scanning head and focused on sample
surface using F-theta lenses. The distance between F-theta
and the sample is adjusted to 15 cm. The laser beam trans-
mission system is installed on the computer numerically
controlled workstation. The scanning path of laser cleaning
is z-shaped; to achieve a symmetrical overlap rate of spots,
the light spots located in the direction of the X-scanning path
are treated equivalent, as shown in Fig. 2b. The clamping
angle (0) between the light spot and the horizontal direction
is 0.16°. Then, the equivalent spot width (d) is 0.99 mm.
The overlap rates of X direction (7y) and Y direction #,) are
expressed by Formula (1) and Formula (2):
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Fig. 1 Photographs of Al alloy (a), Al alloy after polishing (b), and Al alloy-paint (c) and SEM images of the surface of Al alloy after polishing
(d), the surface of Al alloy-paint (e), and the cross-section of Al alloy-paint (f)
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spot is 198, as shown in Fig. 2c. The paint is scanned once
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Table 2 Laser beam and scanning parameters

Parameter Symbol Value Unit
Wavelength A 1064 nm
Outpower P 60-320 W
Laser spot diameter D 1 mm
Pulsed width T 140 ns
Pulsed frequency f 20 kHz
Scanning speed (stage) Vy 6-16 mm/s
Galvanometer speed Vy 3200 mm/s
Line width (galvanometer) H 10 mm

in the scanning mode. The laser energy density can be
calculated from Formula (3) [5, 21]:

4P
- frD? 3

where F, P, f, and D are laser energy density, average output
power, pulse frequency, and laser spot diameter, respectively.

2.3 Characterization

The surface morphology and elemental composition before
and after laser cleaning are analyzed using a field emission
scanning electron microscopy (FE-SEM; JEOL JMS-7500F,
Japan) with an attached energy-dispersive spectroscopy
(EDS). The metalloscope (DMM-480AC, China) is used to
observe microscopic morphology. The surface roughness
of the micro-areas (328 um x 328 pm) is detected using a
true color confocal microscope (TCCM, CSM 700, Ger-
many). The crystal structure is examined using a Bruker D8
Advance X-ray diffractometer (XRD) with Cu Ka radiation
(k=1.5418 A) in the 20 range from 10 to 90° at 40 mA and
40 kV. Surface chemical composition is detected by Fourier-
transform infrared spectrum (FTIR) spectrometer (Thermo
Fisher Scientific, Nicolet iS50, America) with variable angle
reflection attachment. The transparency and reflectance are
recorded using a Shimadzu UV3600 spectrophotometer
attached to an integrating sphere (ISR-3100). Atomic force
microscopy (AFM) (Bruker, Dimension Icon) is used to ana-
lyze surface morphology. Thermogravimetric analysis (TG)
is used to analyze the thermal decomposition behavior of
paint. The paint is heated from 20 to 800 °C in the air and
the speed of temperature increase is 10 K/min.

3 Results and discussion
To preliminarily observe the microscopic appearance evo-

lution of laser irradiation areas, Fig. 3 presents the overall
process window of laser irradiation areas as a function of
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Fig.3 (a) Process window—upper left: ablation area, middle: com-
pletely cleaned area, bottom right: incompletely cleaned area. (b)
The micrograph images corresponding to A (9 mm/s, 0.89 J/cm?), B
(9 mm/s, 1.66 J/cm?), and C (9 mm/s, 1.78 J/cm?) from (a)

stage scanning speed (6—12 mm/s) and laser energy density
(0.765-2.035 J/cm?). According to microscopic morphol-
ogy, the coordinate plane is divided into the incompletely
cleaned area, the completely cleaned area, and the ablation
area, as shown in Fig. 3a. It is seen that both laser energy
density and stage scanning speed jointly determine the laser
cleaning effect. In general, the lower the scanning speed,
the lower the energy density required for complete clean-
ing. Selecting appropriate parameters enables the surface to
reach a preferable cleaning effect. Considering the cleaning
effect and cleaning efficiency, we investigate the effect of the
energy densities range of 0.89—1.78 J/cm? on the removal of
paint under the scanning speed of 9 mm/s. Figure 3b shows
the micrograph images of laser irradiation areas (A, B, and
C). With the laser condition of 0.89 J/cm? and 9 mm/s (A),
the paint is unable to be completely removed. In the case of
the laser energy density of 1.66 J/cm? and stage scanning
speed of 9 mm/s (B), the paint is completely removed. For
the laser energy density of 1.78 J/cm? and stage scanning
speed of 9 mm/s (C), the ablation phenomenon begins to
appear in the ablation area.

Figure 4 shows SEM images of Al alloy, Al alloy-paint,
and laser cleaned paint. It is seen from Fig. 4a that there
are some distinct scratches on the surface of Al alloy. After
spraying paint, the surface is flat and pyknotic, indicating
the formation of a certain thickness paint layer (Fig. 4b).
The surface morphologies of laser cleaned paint with differ-
ent energy densities are shown in Fig. 4c—i. As the energy
density increases, the surface of laser cleaned paint gets
rough. Also, the surface of Al alloy substrate is gradually
exposed and forming a discontinued residuum on the sur-
face of Al alloy, as shown in Fig. 4c—h. At a laser energy
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Fig.4 SEM images of (a) Al alloy, (b) Al alloy-paint, and (c—i) laser cleaned paint at different energy densities: 0.89—1.66 J/cm?

density is 1.66 J/cm?, the whole Al alloy surface is observed
(Fig. 41). The result indicates that the paint layer is com-
pletely removed, while some obvious craters appear on the
surface of Al alloy. It is likely to be due to the recoil pressure
generated by the vaporization of the heated paint.

The laser irradiating the paint layer on the surface of Al
alloy in the air is a complex process. To compare the laser
cleaning effect, mapping images as an intuitional way play
a crucial role in the analysis of element distribution. Due to
the existence of abundant Al element and low content of Zn
element in the Al alloy matrix, it is suitable for laser cleaned
surface to detect the distribution of elements (Al and Zn).
Figure 5a is the SEM image of the laser cleaned surface at
the energy density of 1.53 J/cm?. The distribution of Al and
Zn elements mainly concentrates on the Al alloy surface,
while partial regions display obvious shadows arising from
the existence of paint residues, as shown in Fig. 5b and c.
Figure 5d is the SEM image of the laser cleaned surface
with an energy density of 1.66 J/cm?. It is seen that Al and
Zn elements are uniformly distributed on the laser cleaned
surface (Fig. Se, f). This indicates the inexistence of paint
residues and a clean surface on the surface of Al alloy. Fig-
ure 5g shows the variation trend of mass percentage of Al

and oxygen before and after laser cleaning. The original Al
alloy surface (reference sample) mainly consists of Al (~78
wt.%). After spraying paint, the Al content for Al alloy-paint
is zero. With the increase of laser energy density in the range
of 0.89—1.66 J/cm?, Al content presents an upward tendency,
and oxygen content decreases. This implies that the paint
is gradually removed and the Al alloy substrate is exposed.
It can be seen that the Al content of the laser cleaned sur-
face with the energy density of 1.66 J/cm? reaches up to 72
wt.%, which is near that of the original Al alloy surface. This
proves that the paint on the surface of Al alloy is completely
removed at the energy density of 1.66 J/cm?. However, with
the energy density of 1.78 J/cm?, Al content decreases, and
the content of oxygen increases. It is deduced that the laser
energy makes the surface temperature of Al alloy rise and
causes Al alloy to melt [22].

Figure 5h shows the FT-IR spectra of Al alloy-paint and
laser cleaned paint with the laser energy density of 1.66 J/
cm?. The FTIR spectra of Al alloy-paint exhibit the bands
at 3406, 2975, 1741, and 884 cm™!, which are the charac-
teristic peaks for O—H stretching vibration, C—H stretching
vibration, C-O stretching vibration, and epoxy group sym-
metric stretching vibration, respectively [23, 24]. For the
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Fig.5 SEM and mapping
images with laser energy densi-
ties of 1.53 J/cm? (a—c) and
1.66 J/cm? (d—f). Diagram of
element contents (g) and FT-IR
spectra (h)
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laser cleaned surface with the energy density of 1.66 J/cm?,
these characteristic peaks disappear and get smooth owing
to the thermal splitting of intricate functional group chains
in the process of laser cleaning [25], which manifests a clean
Al alloy surface.

To meet the cleaning effect requirements in the actual
application, photothermal detection as a feasible non-
destructive measurement technology is put forward to
assess the amount of paint residue on Al alloy surface. It
is easy to operate, convenient carrying, and suitable for
large equipment. Figure 6a shows the schematic diagram
of the measurement method. An 808-nm laser with a spot
size of 25 mm? is used to directly irradiate the surface of
samples. To observe apparent temperature change in the
process of laser irradiation, laser power is adjusted to 1
W. The temperature is recorded by a temperature sensor
with an accuracy of +0.1 °C tilted 45° relative to the path
of the laser beam. An infrared temperature sensor is used
to measure the temperature response of the laser irradia-
tion area. The object diameter (s) is 10 mm, according to
optical resolution (d/s, 20:1), and the measuring distance
(d) is 200 mm. Figure 6b shows the relationship between
the temperature as a function of laser irradiation time with
data measured every second. The temperature responses
of Al alloy-paint and laser cleaned surface with the energy
densities of 0.89—1.27 J/cm? rapidly increase in the range
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from O to 30 s, and the temperatures corresponded equilib-
rium states are 27.3, 29.6, 24.8, 26.5, and 25.6 °C, respec-
tively. The temperatures corresponded equilibrium state of
Al alloy and laser cleaned surface with energy densities of
1.40-1.78 J/cm? are 20.4, 22.1, 21.3, 20.4, and 21.6 °C,
respectively. Despite appearing certain temperature fluc-
tuations in the process of laser irradiation, the fluctuation
range is negligible (£ 0.5 °C).

The results indicate that temperature response might
be concerned with paint thickness and surface structures
(Fig. 4). It is seen from Fig. 6¢ that laser cleaned surface
with the energy density of 0.89 J/cm? has a better photother-
mal conversion ability than Al alloy-paint owing to strong
light absorption. With the increase of laser energy density,
the equilibrium temperature of the laser cleaned surface
decreases gradually. The result is primarily because the
continuous vaporization of paint by thermal decomposition
enables the thickness of paint to become thinner. When laser
energy density is 1.66 J/cm?, the equilibrium temperature
of the laser cleaned surface is the same as Al alloy, which
indicates that the paint is completely removed. After laser
irradiation (laser energy density: 1.78 J/cm?), the equilib-
rium temperature of the laser cleaned surface has visibly
turned up. This means that the laser energy density not only
removes paint but also affects the substrate surface. The
conclusion agrees with the former characterization results.
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Fig.6 (a) Schematic diagram
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Apart from paint residue on the surface of Al alloy sub-
strate considerations, the extent of substrate surface damage
is also an important aspect for the evaluation of the laser
cleaning effect. The effect of the surface quality of material
on geometric features and physical properties is crucial for
further application. XRD analysis phase characteristics of
Al alloy, Al alloy-paint, and laser cleaned surface are shown
in Fig. 7a. It is observed for Al alloy-paint that no obvious
diffraction peaks are detected, which further indicates that
paint on the surface of Al alloy has a certain thickness. For
Al alloy, the diffraction peaks corresponding to (220) and
(311) planes of a-Al phase are observed. After laser clean-
ing of paint with the energy density of 1.66 J/cm?, the dif-
fraction peak intensity of laser cleaned surface is the same
as Al alloy. The a-Al phase hardly is changed by the laser
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energy density. To uncover micro-topographical changes of
laser cleaned surface, the surface roughness of the micro-
areas on the laser cleaned surface as a function of different
laser energy density is shown in Fig. 7b. When laser energy
density is 0.89 J/cm?, the surface roughness of laser cleaned
surface directly rises to 1.82 um. With the consideration of
the preceding analysis results from SEM and EDS, the arisen
reason is attributed to the formation of irregular structure
owing to the melted paint surface and solidification again
in the laser cleaned area. With the increase of laser energy
densities ranging from 1.02 to 1.53 J/cm?, the surface rough-
ness of laser cleaned surfaces declines slowly. At the energy
density of 1.66 J/cm?, the surface roughness of the laser
cleaned surface is close to Al alloy, which indicates that
the paint layer is completely removed. When laser energy

Fig.7 XRD results (a) and the
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density reaches 1.78 J/cm?, the surface roughness of the Al
alloy substrate increases again which is likely to be associ-
ated with the newly generated structures.

The mechanisms of pulsed laser cleaning of paint in the
previous literature include ablation and vibration. In the
present experiment as shown in Fig. 8a, at 1064 nm, the
absorptivity of paint is about 91%, and the transmittance is
very small. According to Beer—Lambert law, the absorption
coefficient of paint can be 200/mm. Therefore, the paint can
be regarded as opaque at 1064 nm wavelength. The abla-
tion process is mainly considered. The TG as an effective
thermo-analysis technology is used to research the relation-
ship between physical characteristics and temperature, as
shown in Fig. 8b. The results show that the paint begins to
melt at 171 °C, and thermal decomposition temperature is
370 °C.

Combined with the above analysis, it is essential to con-
sider the model based on laser energy distribution in the
thickness direction of paint for the understanding of the
mechanism, as shown in Fig. 9a. The model geometry con-
sists of a 30-pm-thick paint film on the surface of Al alloy
substrate. The following assumptions are met in the model:

1. The heat transfer in the form of convection, heat conduc-
tion, and thermal conduction is ignored.

2. The distribution of laser energy is homogeneous, only
considering the temperature change of the paint.

As noted in Fig. 9a, the energy absorbed (dE) by the paint
with thickness dz at the depth of z, is shown in Formula
(4) based on Beer-Lambert law, where E|, E,, and E,; are
the incident laser energy of the paint layer, the transmission
laser energy of the paint layer, and the laser pulse energy,
respectively. R and a indicate the reflectivity and the laser
absorption coefficients of paint. The detailed equations are

Ep

e | [

: E dz
Al alloy substrate
b 2b00o|L ——0.89 (J/em®)
——1.66 (J/em®)
<
5
S
=
= 10000 |
o
‘é& ~ 744 K
e Thermal (lccmn[msilion e
1000 | Mel‘tmg \'\1;\‘
A.,,,.,..,,,,,,,..,,..:, ,,,,,,,,,,,,,,,, i i ,\’(
1 1 1 4-44 l(< \fl

0.000 0.005 0.010 0.015 0.020 0.025 0.030
Paint depth (mm)

Fig.9 (a) Diagram of laser energy distribution model. (b) The tem-
perature of the paint varies with the paint depth

With the consideration of the effect of laser spot overlap rates,
the total number of pulses irradiated on per unit area of the
paint surface is 198. According to the relationship between the
temperature and energy [26], the temperature can be deduced
under different conditions:
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198(1 = R)(1 —e™*®)e™“FM  AH,, AH,

h =

+ T,
(N

where T, T, p, and c indicate the initial temperature, final
temperature, density, and heat capacity. F and M stand for
laser energy density and molar mass. AH,,; and AHy, indicate
molar enthalpy of fusion and molar enthalpy of vaporization.

By substituting the physical parameters of paint in
Table 3, the relationship between paint temperature and
paint depth can be obtained, and the result is shown in
Fig. 9b. When laser energy density is 0.89 J/cm?, the tem-
perature at the depth of 28 um is 653 K, which has reached
the thermal decomposition temperature of paint. The rema-
nent paint on the laser cleaned surface can appear as fusion,
which agrees with the result in Fig. 4c. At 1.66 J/cm?, the
temperature at the depth of 30 pm is 774 K, which reaches
the thermal decomposition temperature. For the Al alloy
substrate, the melting point is 933 K. Therefore, with the
laser energy density of 1.66 J/cm?, the 30 pm of paint can
be completely removed through instantaneous decomposi-
tion gasifying, which is consistent with the result of SEM
(Fig. 41). From the above result observation, because of the
strong absorption capacity of paint in 1064 nm wavelength,
local high heat generated (the thermal diffusivity, 8 = k/pc,
2.47 x 107 m%s™") on the surface layer of paint results in the
rise in temperature. When the paint temperature reaches the
thermal decomposition temperature, the paint is vaporized
and removed. With the increase of laser energy densities,
the thickness of paint on the surface of Al alloy gradually
decreases. Within a certain laser energy density control
range, the paint can be completely removed, however, Al
alloy substrate still maintains intrinsic thermodynamic prop-
erties owing to the high melting point.

In addition, basing on the above analysis, when a laser
energy density is 1.78 J/cm?, the surface characteristics of Al
alloy experience some changes. It is essential to discuss the
case. Figure 10a shows the SEM image of the laser cleaned
paint at laser energy densities of 1.78 J/cm?. The paint is not

cpdz c c

Table 3 Physical parameters of paint

Physical parameters Paint
Density (p, g/mm?) 12x10°
Reflectivity (R) 8.7%
Absorption coefficient (a, /mm) 200

Molar heat capacity (c, J/(moleK)) 379 [27, 28]
Molar mass (M, g/mol) 151 [26]
Molar enthalpy of fusion (AH,,, J/mol) 14,560 [29]
Molar enthalpy of vaporization (AH,, J/mol) 62,300 [30]
Melting point (K) 444
Thermal decomposition temperature (K) 744

only completely removed but the newly formed cracks also
appear on the surface of Al alloy. These cracks propagate
along the different directions. In order to clearly observe the
structures marked by the red circle in Fig. 10a, AFM with
nanometer resolution is applied to analyze the morphology.
The cracks at two locations are selected in the AFM image,
as shown in Fig. 10b. The sectional line at location 1 shows
that the depth of the cracks is about 100 nm (Fig. 10c). Loca-
tion 2 also presents similar results. The results indicate that
the nanostructures with a V-shape are generated on the sur-
face of the Al alloy. The surface temperature calculation
is conducted based on the model from Fig. 9a. Figure 10d
shows that the temperature on the surface of Al alloy at the
paint depth of 30 pm is 935.8 K, which is higher than the
melting temperature of Al alloy (933 K). It means that the
surface of Al alloy experiences the melting state, as shown
in Fig. 10e. The chemical bonds (Al-Al) in the melting state
rapidly break due to the thermal fluctuation. In this stage,
the atomic repulsion can be generated, which is conducive
to crack formation [31]. Furthermore, surface tension has
a direct relationship with temperature. When the surface
of the melting layer is not at a uniform temperature, the
surface tension has a remarkable difference. When the sur-
face temperature in the melting layer decreases, the surface
tension will increase [32, 33]. Because the laser energy for
laser paint stripping is in a Gaussian distribution, and with
the superposition of multiple pulses, temperature gradients
on the surface of the melting layer can be developed. The
liquid in the high-temperature region on the surface of the
melting layer is pulled to the low-temperature region due
to the difference of surface tension, as shown in Fig. 10f.
With decreasing temperature, the number of covalent bonds
gradually increases, and the melting material will be solidi-
fied. The V-shape nanostructures on Al alloy surface can be
ascribed to action of high-energy laser. These nanostructures
may give the surface with new physical properties, such as
the anti-reflection, corrosion resistance, and hydrophobic
ability [34-36].

4 Conclusions

In this study, the effect of different laser energy densities
on the removal of paint on the surface of Al alloy is inves-
tigated by an environment-friendly nanosecond pulsed
laser. Different analytical techniques (FE-SEM, EDS,
FTIR, photothermal conversion performance, XRD, and
TCCM) are adopted to evaluate the laser cleaning effect.
Key laser energy nodes are given; one is the critical point
for effective paint removal, and the other is the critical
point for the morphology change of the substrate surface.
As laser energy density increases, the removal thickness of
paint gradually increases. With the laser energy density of
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Fig. 10 (a) The SEM image
with laser energy density of
1.78 J/em?. (b) The AFM image
of the structures marked by the
red circle in (a). (¢) The image
of the section lines of location

1 and location 2 marked by the
red lines in (b). (d) The tem-
perature of the paint varies with
the paint depth. (e, f) Schematic
of nanostructures formation
mechanism on the surface of

Al alloy
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1.66 J/cm?, the cleaning effect can reach the best. Al content
and the roughness are close to those of the original Al alloy
surface. Some characteristic peaks of paint disappear in the
FT-IR spectra. The relationship between temperature and
energy shows that the mechanism of paint removal is mainly
the thermal decomposition. When laser energy density
increases to 1.78 J/cm?, the surface of Al alloy forms some
nanostructures. The laser cleaning technology can achieve
an excellent effect in paint removal to form a new surface
morphology with such physical properties as the corrosion
resistance, anti-reflection, and hydrophobic ability.
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