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Laser paint removal in a water environment does not diffuse ablation pollution products into air. Characteristics of
water, such as high specific heat and heat flux, generate different effects of the laser paint removal than in an air environment.
In this study, the effects of air and water environments on the mechanism and effect of laser paint removal are analyzed
and compared experimentally and theoretically. In air, thermodynamic ablation causes removal of paint, whereas in water,
stress coupled with plasma shock waves cause tear and splash removal of paint layers after fracture and damage. Fracture
and pressure thresholds of the paint and substrate, respectively, indicate the optimum energy density range for laser paint
removal in water, providing a reference for engineering applications.

Keywords: paint removal by laser, water environment, thermal stress, laser plasma

PACS: 42.62.-b, 79.20.Ap, 81.65.Cf

1. Introduction

In recent years, with the rapid development of optical
technology and improvement of laser performance, removal of
large areas of paint using lasers has become possible. Certain
objects that have been in a water environment for extended
periods of time, such as ships and large bridges, suffer from
surface coatings peeling off due to water erosion, and require
regular maintenance and repair. To avoid affecting the qual-
ity of the new paint layer, the original paint layer needs to be
cleaned; however, the cleanliness of the substrate affects the
service life of steel products. -}

Traditional paint removal methods are primarily mechan-
ical or chemical in nature. Mechanical and physical meth-
ods refer to sand blasting or steel brush polishing, which are
time-consuming and laborious, and often result in irreversible
damage to the substrate. Chemical methods use chemical sol-
vents to cause the paint layer to swell and then dissolve, which
is costly and causes secondary pollution to the environment.
Further, they are unsuitable for partial paint removal.*! Com-
pared to the traditional paint removal methods, the laser paint
removal method eliminates the need for direct mechanical con-
tact with the material, and can be accurately positioned on the
surface of the material to be cleaned, saving time and effort,
realizing zero emission and no pollution.*! Schweizer et al. !
used three CO, lasers to completely remove an aircraft paint
layer with a surface area of 1600 m? and a thickness of 100 wm
in just three days. Jasim et al.!% used ns pulsed fiber laser
to study the laser paint stripping of white polymer paint and
aluminum alloy substrate. The results show that although the
transparency of paint is very high, it can still achieve a high
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percentage of removal. And laser paint removal causes less
damage to the substrate. Zhu et al.!”) studied the cleaning ef-
fect of Nd:YAG laser on BMS10-11 coating of Boeing series
aircraft skin, and proved that laser would not reduce the hard-
ness, corrosion resistance and friction and wear performance
of aircraft skin surface. At the same time, scholars in world-
wide have also conducted in-depth research on adding con-
straint layer in laser paint removal. Fox!®! coated resin glass
and metal substrates with paint, and placed them in a water en-
vironment. When irradiated with a Q-switched neodymium-
doped glass laser, they found that the stress oscillation wave
in the paint layer material was enhanced because the water
layer effectively restrained the shock wave, which could effec-
tively remove the paint layer. Tsunemi et al.!! used a pulsed
TEA CO; laser with a wavelength of 1.06 pum to remove paint
from a metal substrate. They proved that a small amount of
paint/residue layer that still remained on the surface could be
effectively removed by liquid-assisted laser irradiation by us-
ing dimethylformamide. Yuvraj et al.!'%! effectively removed
paint and residual ash by using a high-power fiber laser beam
with a wavelength of 1.07 um coupled with a water jet. Com-
pared to a gas-assisted laser paint removal process, they found
that though the water jet-assisted laser paint removal required
a higher specific energy, it could completely remove the paint
without any ash.

However, most of the current research focuses on the ex-
perimental observation that the pressure applied on the sample
is increased after adding a liquid confinement layer to improve
the cleaning effect, while the theory of paint removal under
laser-induced high temperature and pressure is still relatively
weak. Therefore, in this study, based on the paint removal
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morphology under different laser fluences in water and air en-
vironments, the mechanism of laser action on the paint layer
and substrate in different environments are analyzed. The ther-
modynamic and laser plasma effects, temperature and stress
fields distribution of the laser-cleaning paint layer in different
environments are studied. Further, the propagation process of
shock waves in the paint layer and substrate is simulated, and
thereafter, the best laser fluence range for paint removal in wa-
ter is proposed. This work can provide a reference for the
removal of paint or attachments on large equipment or bridges
underwater.

2. Experiment
2.1. Experimental setup

The experimental setup for the laser paint removal is
shown in Fig. 1. Nd:YAG pulsed laser was used along with a
Gaussian output beam profile with a wavelength of 1064 nm,
pulse width of 12 ns, frequency of 1 Hz, and output energy
stability <3%. Firstly, the pulsed laser was divided into two
beams via a beam splitter (with ratio of transmitted energy to
reflected energy of 8:2), one of which reached the energy me-
ter to monitor the energy of the laser, while the other beam
passed through a total reflection mirror with a wavelength of
1064 nm, and then was focused on the sample at the bottom of
a water sink via a lens with f = 20 cm. The sink was placed on
a three-dimensional mobile platform controlled by a computer
to precisely adjust the working height. The sample surface
was irradiated with a single pulse laser. Thereafter the three-
dimensional platform was moved, while the laser energy was

—
100 pm

—
100 pm

gradually changed, and the material removal morphology was
observed under a microscope.

The sample used in this experiment was a metal alu-
minum plate with a thickness of 1 mm, on which a red acrylic
paint film of thickness approximately 24 pwm was uniformly
sprayed. The energy meter used was from Ophir Company
(model: PE25), with a measurement accuracy of £3%, and
energy measurement range of 200 uJ—10 J. The ablation mor-
phology of paint was observed and recorded via a micro-
scope (Keyence, VHX-2000) or scanning electron microscope
(SEM).

1064 nm holophote

Spectroscope
H \

Energy meter

Energy meter Focal lens

Computer \ //\

Water channel
Sample

Three-dimensional
platform

Fig. 1. Experimental setup.

2.2. Paint removal morphology in air

Figure 2 shows the ablation morphology of the paint layer
under different laser fluences in air. When the laser fluence is
0.13 J/cm?, the central area irradiated by the spot is ablated,

—
100 pm

4 HH
25 ym

— —
100 ym 100 pm

Fig. 2. Paint removal morphology under different laser fluence in air: (a) 0.13 J/cm?; (b) 0.24 J/cm?; (c) 0.37 J/em?; (d) 0.49 J/ecm?; (e) 0.54 J/cm?;

(f) 0.54 J/em?; (g) 1.5 J/em?; (h) 1.9 J/em?; (i) 2.4 J/em?.
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but the ablation is shallow and the paint layer removed is neg-
ligible. For laser fluence of 0.24 J/em?, a small part of the
paint layer at the edge of the irradiated area broke with the
substrate, and the crack is slightly away from the central ab-
lation area. When the laser fluence is 0.37 J/cm?, the deeper
paint layer is removed, and most of the edge of the irradiated
area is cracked with the substrate. Further for laser fluence of
0.49 J/cm?, the paint on the irradiated edge is completely bro-
ken and separated from the substrate, and finally for laser flu-
ence of 0.54 J/cm?, the paint began to fall off along the broken
part, and some paint layers became thinner after vaporization,
however, the substrate was not damaged. Figure 2(f) is an en-
larged view of the fractured edge of the paint layer in Fig. 2(e),
which shows that the paint layer has clear cuts without melt-
ing marks, indicating that the paint layer broke before melting.
When the laser fluence increases from 0.54 J/cm? to 1.5 J/cm?,
the paint layer has been completely removed with substrate not
being damaged. For the laser fluence of 1.9 J/cm?, the sub-
strate in the irradiation center is damaged. Melting occurs, but
the paint layer on the edge of the substrate without damage is
still cracked and removed. Further for 2.4 J/cm?, the substrate
damage is more obvious, and the magnified part of the damage
shows that there is strong ablation and melting phenomenon on
the surface. The molten metal on the surface of the substrate
rapidly cools and solidifies, forming an uneven surface mor-
phology. Considering the fracture mechanics, thermal stress
plays a vital role in the paint removal process, and paint re-
moval can be achieved by using this method. Under laser ir-
radiation, the temperature of the substrate and the paint layer
increases, and the paint layer undergoes phase changes such
as melting and vaporization, resulting in a thermal stress dif-
ference at the interface between them, which eventually leads

to paint layer fracture.

—
100 pm

—
100 um

2.3. Paint removal morphology in water

Figure 3 shows the damage morphology when the sam-
ple is placed 1.6 cm underwater and irradiated with different
laser fluences. It is evident that with the increase of laser flu-
ence, the morphology of the removed paint layer is different:
when the laser fluence is small (0.10 J/cm?), the paint is neg-
ligibly removed, but there are impact marks on the surface;
for the laser fluence of 0.25 J/cm?, the paint in the center of
the irradiated area is slightly removed; further for the laser flu-
ence of 0.49 J/cm? and 0.53 J/em?, the removal area of the
irradiation center gradually increases without damage to the
substrate; and finally for 0.65 J/cm? and 0.8 J/cm?, the paint
removal area continues increasing, while the center of the bare
substrate is damaged and the damage pits gradually increase.

In contrast to the damage pattern in air, when the sample
was placed in water, the surface ablation marks were heavier
than those in air, further the paint layer on the irradiated edge
did not crack, but were only partially removed in the central
area of the spot. When the laser fluence was 0.25 J/cm? in a
water environment, the paint could be removed, while for the
complete separation of paint from the substrate in air, the laser
fluence was 0.49 J/cm?. Thus, the threshold for laser removal
in water is smaller than that in air.

Scanning electron microscopy (SEM) and energy disper-
sive spectrometry (EDS) were used to characterize the mor-
phology and elemental composition of the paint layer after the
laser irradiation. The results are shown in Figs. 4-6, respec-
tively. Figure 4(a) is the SEM images of the overall morphol-
ogy when the paint is removed in the air for the laser fluence
is 1.6 J/cm?. Figures 4(b), 4(c) and 4(d) are the morphology
of part of the paint particles deposited on the substrate when
the laser flux is 1.6 J/cm?2, 1.9 J/cm? and 2.1 J/cm?, respec-
tively. It is evident that the surface contains numerous con-
densed micro-nano particles.

—
100 pm

—
100 pm

— —
100 pm 100 g

Fig. 3. Paint removal morphology under different laser fluences in water environment: (a) 0.10 J/em?; (b) 0.25 J/em?; (¢) 0.49 J/em?; (d) 0.53 J/em?;

(e) 0.65 J/em?2; (f) 0.8 J/cm?.
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200um Electron Image

200urm Electron Image |

Fig. 4. Morphology of paint layer removed in air: (a) overall morphology, 1.6 J/cm?2, (b) part I, (c) 1.9 J/em?, (d) 2.1 J/cm?.

200pm Electron Image 1

200um Electron Image 1

Fig. 5. Morphology of paint layer removed in water: (a) overall morphology, 0.49 J/cm?, (b) part IT, (c) 0.53 J/cm?, (d) 0.65 J/cm?.

Figure 5(a) shows the overall morphology of paint re-
moval in water when the laser fluence is 0.49 J/cm?, and
Figs. 5(b), 5(c) and 5(d) show the morphology details of edge
paint removal when the laser fluence is 0.49 J/cm?, 0.53 J/cm?
and 0.65 J/cm?, respectively. The paint surface is irregular and
presents blocks of different shapes.

The quantitative proportion of paint element composition
after paint removal reflects the basic mechanism of paint re-
moval, and corresponding elemental composition and content
are shown in Fig. 6.

Figures 6 show that the main elements of the paint layer
are C, O, Pb, and Cr, and the atomic number fraction ratio
of each element changes before and after the paint removal,
with the atomic fraction of C in the material accounting for the
larger proportion. Elemental analysis shows that when paint
is removed in air, the atomic number fraction of C decreases
and the atomic number fraction of O increases, while in water,
there is no obvious difference between the content of carbon

and oxygen and the original paint layer.
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Fig. 6. Atomic ratio of elements after paint removal in different environ-
ments: (a) in air and (b) in water.

3. Theoretical analysis

Vibration, ablation, and laser plasma effects primarily oc-
cur during the laser paint removal.!''=13] The vibration effect
indicates that when the pulsed laser irradiates the surface of
the paint layer, the paint layer along with the substrate in-
stantly heat up after absorbing the laser energy and thus pro-
duce thermal expansion, which leads to vibration waves within
the surface of the paint layer and substrate, the stress formed at
the interface overcomes the adhesion between the paint layer
and substrate surface, and then breaks away from the substrate.
Further, the ablation effect indicates that the temperature of the
paint layer rises above the vaporization temperature after being
irradiated by the laser, and thus the paint layer is removed by
vaporization, and simultaneously, the vaporized steam contin-
uously absorbs laser energy to increase its temperature, which
results in the ionization of the paint forming high temperature
and pressure laser plasma. This expands outward to form a
laser plasma shock wave, causing shock damage to the paint,
which is referred as the laser plasma effect. The physical
essence of these three effects is that the laser heats the object
and then produces thermal stress. The following three effects
have been analyzed in the following sections.

3.1. Thermal effect

When the laser is irradiated on the surface of the sam-
ple, the paint and aluminum substrate absorb the laser energy
to generate heat, and the temperature change conforms to the

heat conduction equation. As the temperature increased, the
substrate and paint layer began to expand, and the thermal ex-
pansion caused thermal stress on the sample. In order to an-
alyze the temperature rise of paint and substrate under laser
pulse irradiation, we make the following assumptions based
on the primary process of laser action: (1) the distribution of
laser intensity in the propagation direction follows the law of
light absorption; (2) because the pulse laser irradiates the sam-
ple for a very short time (on the order of ns), the paint layer
and substrate can be simplified as a one-dimensional infinite
plane, and the absorption or diffusion of laser energy is con-
sidered adiabatic; (3) because the depth of heat conduction is
far less than the laser radius, the heat transfer of laser energy
can be regarded as a one-dimensional model; and (4) the heat
conduction between the paint layer and the contact surface of
the substrate is not considered. The effect model is illustrated
in Fig. 7.

z

laser beam

paint coating

Fig. 7. Coordinate diagram of paint layer—substrate structure.

The heat conduction equation based on Fourier law and
energy conservation can be expressed as
aT 14 oT (1,z,t d [, 0T (rz,t
pcdL 10 1otz 9 [ IT(nzn)) -
ot ror ar dz dz
where p, ¢, and k represent the density, heat capacity, and
thermal conductivity of the material, respectively, and T is the

temperature distribution at time ¢.
The boundary conditions and initial conditions of the

model are
T(t)=T, (t=0), 2
oT
kE =h(T, —T), 3)
oT
k—— =oe(Tf - Ty), @)

where Ty is the initial temperature of the material, which is
293 K. Tt is the temperature of the laser action area. 7 is the
temperature of the laser non-action area, h is the convection
heat transfer coefficient, ¢ is Boltzmann constant and € is the
emissivity of the material.

The energy density of Gaussian pulsed laser can be ex-
pressed as! 14!

2 N2
I(r,t) = Ipexp (—;) exp [—2 (q) ] , 5)
0

where I is the initial intensity of the incident laser, 7 is the
pulse width, and ry is the laser spot radius. In the laser paint
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removal process, the incident laser pulse is used as the heat
source, and the paint layer and substrate absorb a part of the
energy. According to the law of light absorption by matter, the
intensity of the light absorbed in each layer can be expressed
as

—k%T (r,z,t) = Al (r,t)exp(—az),

where k is the thermal conductivity of the material, A is the
absorption rate of the material to the 1064 nm laser, and « is
the absorption coefficient of the material.

(6)

The removal of laser paint in the water environment
causes the laser transmission intensity change under water,
which obeys the Beer-Lambert law, and Iy in the above for-
mula becomes 7,

L=Ipexp (—u(A)x). (7

Here I, is the intensity of the laser after transmitting x m un-
derwater, and u(A) is the attenuation coefficient of the beam.
It is known that the attenuation coefficient of the 1064 nm laser
in pure water is about 34.2.11]

A two-dimensional finite element model in COMSOL
multiphysics software was used to simulate the temperature
distribution during the laser paint removal. The size of the
paint layer was 1.2 mm x 24 um. However, because the tem-
perature distribution of the substrate is approximately 3 um

308

304
— 300
296

L |
(©) ‘
]
e

deep on the surface, to reduce the calculation time, the size of
the substrate was set to be 1.2 mm x 5 wum. The Gaussian sur-
face heat source was loaded onto the upper boundary surface
to obtain the distribution of the temperature field in the mate-
rial over time. The physical parameters of the paint layer and
substrate are listed in Table 1.[1¢]

Table 1. Physical parameters of paint film and substrate.

Parameter Paint Al
am™) 2.27 x 104 1.0 x 108
k(W-m1.K™ 1 0.3 236
c(Jkg TK™ 2.51 %103 902
p (kg-m™3) 1300 2710
Y (K1) 106 3.0x 107
¥ (Pa) 1.0 x 1010 7.0 x 10'0

For the paint layer having a thickness of 24 pum in the
experiment, it is evident from Figs. 2 and 3 that when the
laser fluence was 0.49 J/cm? the paint layer was removed in
both the water and air environments, and the substrate was not
damaged. Therefore, under irradiation with a laser fluence of
0.49 J/cm?, based on the thermal deposition effect, the tem-
perature distribution of the paint and substrate along the laser
transmission direction with time was studied in this paper, as
shown in Figs. 8 and 9. However, because the temperature of
the substrate is greater than that of the paint layer, the tem-
perature change of the paint layer is not obvious in the figure,

(b) 330
320

P ——— 310
- = - 300

340

300

Fig. 8. Temperature distribution of samples in air: (a) 3 ns; (b) 6 ns; (c) 9 ns; (d) 12 ns.

300
298
296
2

94

(b) 312
308
—— 304
300
330

320
320

310
310
300 — 300

J E—

Fig. 9. Temperature distribution of samples in water environment: (a) 3 ns; (b) 6 ns; (¢) 9 ns; (d) 12 ns.
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but it is evident from the temperature distribution of the alu-
minum substrate that the temperature in the center of the
laser spot is the highest, and gradually decreases along the
radial distribution with its temperature field conforming to a
Gaussian distribution. As the laser irradiation time increased,
the temperature of the paint layer and the substrate increased
rapidly, and the temperature of the whole sample reached its
highest value at the end of the laser pulse, and the tempera-
ture rise of the center of the target in the air is higher than in
the water. This is because when there is a water layer on the
target surface, the water due to its high heat flux and specific
heat absorbs the excess heat of the sample and causes the en-
ergy deposited on the surface of the sample to diffuse rapidly.
Therefore, the temperature of the paint layer and the metal
substrate in the water was significantly lower than that in the
air.

440
(a) ——t=12 ns
420 ——t=9 ns
—— =6 ns
9 400 ——t=3ns
© 3801
=} . . .
The melting point of paint

45 360 g P p
5]
£ 340
5]
& 320

300 \

0 5 10 15 20 25 30
Depth direction (pm)
340
(b) —t=12 ns
——t=9 ns

330 ——+t=6ns
9 ——t=3 ns
320
5
5
g
o 310
ol
:
E 300

290 1 1 1 1 1

0 5 10 15 20 25 30
Depth direction (pm)
Fig. 10. The temperature of the sample at the center of the laser beam radi-
ation: (a) air, (b) water environment.

To show the variation in the sample temperature with
depth more intuitively, Fig. 10 shows the distribution of the
highest temperature (t = 12 ns at the end of pulse) of the
laser beam radiation center at different depths when the laser
fluence is 0.49 J/cm?. From the spatial distribution of tem-
perature, it is evident that the temperature of the paint layer
gradually decreases along the axial direction from the surface,
but increase sharply to the highest temperature on the surface
of the metal substrate, followed by a rapid drop and finally
falling to room temperature in the range of 2-3 um. Further,
when the temperature exceeds the burning point or vaporiza-
tion temperature of paint, it results in intense combustion or
vaporization, and the vapor quickly condenses into droplets
on the surface forming micro-nano particles of different sizes,

as shown in Fig. 4.1 In this process, the carbon dioxide pro-
duced by the combination of C in the paint layer and oxygen
in the air reduces the content of the remaining C, as shown
in Fig. 6. Further, the substrate temperature changes signifi-
cantly because the absorption coefficient of the metal substrate
is much larger than that of the paint layer, while the specific
heat of the metal substrate is much smaller than that of the
paint layer, which causes the temperature of the metal sub-
strate to increase sharply at the during the irradiation time.
Owing to the strong absorption of light by free electrons in the
metal, the light intensity rapidly decays, resulting in a rapid
drop in temperature.[lg] Thus, it is evident that, relative to the
paint layer, the surface of the metal substrate is the place where
the temperature is highest, and it is also the place most prone
to thermal damage, which determines the removal effect of
the paint layer. Based on whether the substrate is damaged or
not, the damage is mainly caused by the melting of the sub-
strate due to high temperature. After simulation calculation,
the maximum threshold of paint removal under these condi-
tions is 1.5 J/cm?.

3.2. Thermal stress

Considering the sample as an isotropic elastic body, the
temperature of the sample increases because of the absorp-
tion of the laser energy, which causes thermal expansion of
the sample, resulting in strain and stress. The thermodynamic
parameters of the paint layer and substrate are quite different,
specifically in terms of the absorption and thermal expansion
coefficients.!'”] Under irradiation with the same laser fluence,
the temperature rise and thermal stress were quite different.
For the removal of metal surface paint by laser, the force re-
sponsible for removal of the paint from the metal substrate
is primarily the thermal stress produced by the interface be-
tween the paint and metal substrate. At the interface between
the paint and substrate layers, the thermal stress of the paint
bottom layer is opposite to that of the substrate surface, such
that the cleaning force to remove the paint from the substrate
surface should be the difference between these two thermal
stresses. 10! Thus, the cleaning force can be obtained as fol-
lows:

Fe=0,—0p=Ys Y- AT, =Y, Y- AT,. ®)
The subscripts p and s represent the paint layer and the sub-
strate, respectively, Y is the Young’s modulus, 7 is the linear
thermal expansion coefficient, and oy and o, are the thermal
stresses of the substrate and coating layer, respectively.

When the cleaning force between the metal substrate and
paint is greater than the adhesion force (148 MPa), ! the paint
layer can be separated from the surface of the substrate. Here,
it is necessary to consider whether the temperature of the sub-
strate exceeds its melting point to determine whether the metal
substrate will be ablated and damaged. Figure 11 shows the
thermal stress distribution of the laser paint removal in air and
water.
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Fig. 11. Thermal stress distribution of the sample at 12 ns: (a) air; (b) water environment.

Because the temperature of the aluminum surface is much
higher than that of the paint layer, it is primarily dependent on
the stress on the surface of the aluminum substrate in contact
with the paint layer. As shown in Fig. 11, the stress of the
substrate tends to spread at the center of the spot, showing an
obvious stress gradient at the edge of the spot. When paint re-
moval is carried out in air, the stress of the aluminum substrate
reaches 400 MPa, much greater than the adhesion between the
paint layer and the substrate, which causes the paint layer to
crack and realize paint removal, as shown in Fig. 2(d). The
removal range is about the whole spot diameter (1200 um). In
contrast, when removing paint in water, the maximum stress
of the substrate is 140 MPa, which is less than the adhesion
between the paint layer and the substrate. The thermal stress
is not sufficient to separate the paint layer from the substrate.
Therefore, it is necessary to analyze the effect of paint removal
in water via other physical mechanisms.

3.3. Laser plasma effect

In air, under the irradiation of a high-intensity laser pulse,
the high temperature effect of the metal substrate causes the
adjacent paint film polymer to melt and vaporize rapidly, re-
sulting in the generated vapor absorbing the laser energy vio-
lently. However, the continuous increase in temperature ion-
izes the paint and generates laser plasma, which, owing to the
inverse bremsstrahlung effect,?! hinders the propagation of
laser energy to the target. The high temperature and pres-
sure plasma radiates broad-spectrum light, continuously com-
presses the surrounding medium, and expands outward to form
a laser-induced plasma shock wave, which causes significant
damage to the paint and even the substrate. The force of the
shock wave is closely related to the intensity of the incident
laser, which can be described as

0.7
XA (um)

; €))

I
o (GPa) = 0.01 x b x — (GW /em’) 03

x T (ns) "1
where A is the wavelength of the incident laser and b is
a constant related to the material, which is approximately
5.1221 When the laser fluence is 0.49 J/cm?, the peak stress
is 3.48 MPa, which is far less than the adhesion between the
paint layer and the substrate. Therefore, the removal of the

paint layer in the air is primarily due to the energy deposition
under laser irradiation, thus, the thermal stress plays a major
role when the paint layer is removed from the air. Based on
the criterion that the difference of thermal stress between paint
layer and substrate is higher than the adhesion between them,
the minimum threshold of paint removal in air is 0.17 J/cm?.
Therefore, the range of paint removal in air is from 0.17 J/cm?
to 1.5 J/cm?.

In contrast, when the laser irradiates the target in water,
owing to the restriction of water, the expansion of plasma is
limited, so the plasma shock wave is mainly concentrated in
the center of the spot, and a large amount of laser energy is
coupled in the plasma shock wave on the water—paint con-
tact surface. Here, the shock wave pressure is significantly
increased compared to that of air. The peak impact force of

the laser pulse in water can be expressed as>*!

a
Pa) = 0.01 .cm—2.5~
o (GPa) = 0.01 x 2013 z(g-em=2.s71)
1
X/ 2 (GW/em?), (10)
2 1 1
. 11
Zz ZA  ZC (n

where a is the proportional coefficient of plasma heat energy
to internal energy, taken as 0.1, and zs and zc are the acous-
Here, the
impedance of paint z is 0.36x10° g/cm?-s,1**l impedance

tic impedances of paint and water, respectively.

of substrate zg is 1.5x 10 g/cm?-s,!>] impedance of water z¢
is 0.15x 10 g/cm?-s,29 laser fluence is 0.49 J/cm?, and peak
impact force is 166 MPa. Therefore, when paint is removed
in water, the paint is primarily sprayed by the plasma shock
wave, as shown in Fig. 5(b). Moreover, the less oxygen in
the water environment, leads to difficulties in causing ablation
reactions, thus, the contents of carbon and oxygen are not sig-
nificantly different from the original paint layer, as shown in
Fig. 6.

When the shock wave propagates in water, paint, and alu-
minum, it is reflected and transmitted at the both the interfaces
of the paint—aluminum and water—paint because of the differ-
ent impedances of the water, paint film, and substrate. The re-
flection and transmission coefficients can be obtained accord-
ing to the continuous conditions and law of conservation of
momentum.
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The reflection coefficient R and transmission coefficient

T of the contact surface between the paint layer and the sub-

strate can be described as!2¢]
— 2
R_|BA = B | (12)
ZB+2ZA ZB+za

The reflection coefficient R’ and transmission coefficient
T’ of the shock wave on the paint film and the water contact

surface can be described as!2°]
, |2Zc—za , 2z¢
R=|LT8A) o || (13)
Zc+za Zc+za

The plasma shock wave produced by the laser breakdown
of water and paint is considered the incident wave, and is a
compression wave. When the incident wave propagates to the
interface between the paint film and substrate, reflection and
transmission occur. However, because the impedance of the
paint film is less than that of the substrate, the reflected and
transmitted waves are still compression waves, and the trans-
mitted wave increases compared to the incident wave. When
the compression wave reflected to the paint film propagates to
the water—paint interface, the greater impedance of the paint
film than that of water, causes the reflected wave to change
into a tensile wave. Further, when the tensile stress is greater
than the tensile strength of the paint film, the paint film breaks,
causing the high pressure plasma to spray outward and re-
lieve pressure, and thus removing the paint film. Therefore,
to prevent the substrate from being damaged when the paint
is removed, the tensile stress reflected at the water—paint in-
terface should be greater than the tensile strength o}, of the
paint, while the compressive stress transmitted to the substrate
should be less than the compressive strength oy of the sub-

strate, that is,

The range of the laser energy density for optimum paint
removal can be obtained as follows:

2
O'p’C

2 2
10 ( B=2a 2C—ZA ( a ) 2zA2C
ZB+zA zc+za 2a+3 zc+za
2
Oy T

3 .
10 2z ( a ) 2za2C
ZAFZB 2a+3 zc+za

The curves of the tensile stress, compressive stress and

<I< (16)

thermal stress of the paint caused by the laser plasma shock
wave are shown in Fig. 12, all of which increase with the laser
fluence. Point A corresponds to the laser fluence for the ten-
sile stress of the paint reaches the tensile strength (4 MPa),
the laser fluence corresponding to point B is the breakdown
threshold of water, and point C corresponds to the laser flu-
ence for the compressive stress of the substrate reaches the
compressive strength (276 MPa),[?’! while point D is the min-
imum laser fluence to achieve thermal stress removal in water,
which is greater than the compressive threshold of the sub-
strate. Therefore, the maximum threshold of paint removal in

water is 0.53 J/cm?

. Because the theoretical energy density
of just breaking paint is lower than the breakdown threshold
of water, the minimum threshold of paint removal in water is
0.036 J/cm?. Therefore, the optimal energy density range of
underwater paint removal should be 0.036-0.53 J/cm?.
Further, COMSOL multiphysics software was used to
simulate the transmission of shock waves in materials and
the process of stress generation. The size of the paint
was 1.2 mm X 24 um, and the size of the substrate was
1.2 mm x 1 mm. The peak pressure of the laser plasma shock
wave was loaded on the upper boundary of the paint layer, and
the side surface was set as a non-reflective boundary. Figure 13
shows the evolution process of the stress distribution changing

with time during the transmission of the shock waves in the

. ) wm—zallzc—2a paint layer and aluminum substrate. It is evident from the pres-
Op =RR'0 = B4z | |zo+2A G>0p, (4 Sure distribution diagram of the shock wave that the pressure in
B the center area of the laser spot is the largest during the down-
or=To= a+z8 0<0s (15 ward transmission of the shock wave, and decreases in turn
12
B (0.036,11.2) 300F— Compressive stress of substrate
—— Thermal stress of substrate
wr | == Ténsile stress of paint !
;«; . 250 (0.534276
= 200k |
2 z 200 |
w 6 = D (0.54,148),
wn ~ LN
3 - 150 .
Aoy 3 i
A (0.0045,4) & 100} i
2 Tensile stress of paint N- i
0 L L L 0 1 1 1 1 1 ::
0 0.01 0.02 0.03 0.04 00 01 02 03 04 05 0.6

Laser fluence (J/cm?)

Laser fluence (J/cm?)

Fig. 12. Tensile stress of paint layer, compressive stress and thermal stress of substrate under different laser fluence.
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Fig. 13. Propagation process of plasma shock wave in the sample: (a) 6.8 ns; (b) 12.3 ns; (c) 16 ns; (d) 21.4 ns; (e) 32.9 ns; () 34.2 ns; (g) 34.6 ns;

(h) 37 ns; (i) 38.1 ns.

along the axial and radial directions. At first, the shock wave is
coupled from the water to the surface of the paint layer (6.8 ns,
Fig. 13(a)), and then gradually propagated downward. Subse-
quently, it begins to propagate through the paint layer to the
substrate (12.3 ns, Fig. 13(b)). When the shock wave propa-
gates to the middle of the paint layer interface, its surface is
spherical, and the shock wave propagating towards the sub-
strate is more than twice as large as that of the paint layer
(16 ns, Fig. 13(c)). At 21.4 ns, the shock wave propagating
to the substrate reaches the maximum (Fig. 13(d)); thereafter,
it starts to reflect at the interface between the paint layer and
substrate (32.9 ns—34.2 ns, Figs. 13(e) and 13(f)), and the re-
flected wave continues to reflect when propagating to the in-
terface between the paint layer and water. Here, the stress
propagating to the paint layer is the tensile stress (34.6 ns—
38.1 ns, Figs. 13(g)-13(i)). When the tensile stress is greater
than the tensile strength of the paint layer (4 MPa), the paint
layer will be sprayed and removed, and the removal range is
only in the center of the spot, which is about 200 pum, far less
than that in air. Compared with the substrate, the stress inten-
sity in the paint layer in Figs. 13(e)-13(i) is too small and the
color change is not obvious; therefore, the stress distributions
of the two layers of materials are shown separately. The color
legend of the paint layer is represented on the left side of the
figure, while the color legend of the substrate is on the right
side.

4. Summary

In this study, the mechanism of paint removal in a wa-
ter environment was studied. The research shows that in wa-
ter, the stress coupled with the plasma shock wave causes the
paint layer to break and be removed; while in air, laser abla-

tion causes a phase change in the paint layer, and the removal
is primarily due to thermal stress. The water absorbs the laser
energy deposited by paint, therefore, the rising temperature of
the sample is greatly reduced compared with that in air, and
thus the ablation effect is reduced. However, compared with
air, the plasma shock wave intensity in the water environment
increase greatly, and the paint is broken and removed after be-
ing coupled into the paint. If the shock wave intensity is too
high, the substrate will be damaged. To find the best laser pa-
rameters for underwater paint removal, the plasma shock wave
pressure must be greater than the tensile strength of the paint
and less than the compressive strength of the substrate, which
will result in the energy density range for paint removal being
obtained.
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