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Abstract: Paint removal is an important part of ship and marine engineering ship processing.
Aluminum alloy is extremely vital in the field of shipbuilding, due to its high strength and strong
corrosion resistance ability. Therefore, the cleaning quality of aluminum alloy is a key factor in
the service life of the ship. In this paper, the research about continuous wave (CW) laser cleaning
technique is employed to clean the paint on the substrate of aluminum alloy. The track width and
depth of laser ablated craters are measured to study the removal rates. The analysis of CW laser
cleaning is performed to explain the removal process that is theoretically based on the cleaning model,
temperature, and the thermal stress profiles. The parametric and morphological studies indicate that
the cleaned surface of aluminum alloy could be achieved at proper parameters. The performance of
the laser cleaned surface at an intensity of 11.9 W/cm2 has better corrosion resistance and surface
roughness. Therefore, the experimental results were considered to provide more completed and
further understandings of interaction mechanism between the laser and paint on the aluminum alloy
substrate, which could make some contributions to the development of laser manufacturing.

Keywords: CW Laser cleaning; parametric and morphological studies; laser-paint interaction
mechanism; temperature profiles; thermal stress profiles; corrosion resistance

1. Introduction

Corrosion is a serious problem for ships and offshore structures operating in seawater. It is
reported that the ship corrosion gives rise to billions of dollars in damage each year [1]. It is obvious
that the serious corrosion could cause damage and accidents on the ship. It is essential to have a
good surface finish before applying the marine coating to prevent corrosion on the hull surface. It is
common that the paint film forms a barrier to prevent the seawater directly contacting the ship surface.
Paint quality, the coating process, and related pre-painting works also play an indispensable role in
preventing corrosion [2]. In particular, the surface cleaning of aluminum alloy sheets are essential steps
in the painting process and they have considerable influence on the protective properties.

Stripping the paint layer from the ship substrate surface after sailing is an essential process
in prolonging the service life of the ship [3]. Laser cleaning paint layer provides an efficient and
environmental friendly surface cleaning technology when compared to the conventional cleaning
methods, such as mechanical wiping and wet chemical cleaning. The most popular method of surface
cleaning is dry blasting, which is often carried out by spraying abrasives (such as grit) from copper slag
or similar abrasives and reusable steel shots against work pieces to achieve the blasting standard [2].
However, it is well known that the dry blasting processes always produce air pollution and secondary
wastes [4]. The use of abrasive materials and their disposals cost millions of dollars annually for
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shipyards. In addition, the operators and the general public are often faced with the health risks
due to the dirty environment, while the laser cleaning is an environmental friendly surface cleaning
technology. The laser cleaning technology has been developed and used for ship repair for a long
time. Furthermore, laser cleaning is a selective, precise, and non-contact method, which limits the
environmental or health-related side effects, and it can be controlled to prevent ablation from the
substrate [5]. Therefore, laser cleaning technology has aroused increasing attention.

5A06 aluminum alloy has broad application in the fields of ship, automotive, and military industry
due to its good strength, ductility, toughness, weldability, and fatigue resistance [6,7]. Due to the
application of this hull material widely in the sea, it is very necessary to enhance its corrosion resistance.
As the laser cleaned surface has good corrosion resistance [8–10], the performance and the durability
of the ship can be enhanced by the laser cleaning the paint layer of the surface thoroughly.

There are many experimental and theoretical researches on laser cleaning that have been carried out
in the past years [3–13]. Most parts of the applied techniques were based upon pulsed system, making
use of the photolytic and photoacoustic effects [5–10]. There have been very few relevant applications
of laser continuous sources reported in the literature [11–13]. Turner et al. have investigated cleaning of
contaminated titanium alloy aerospace components using Continuous wave (CW) CO2 laser and found
that the paint removal rate increase linearly with the laser power [13]. Barletta et al. used a CW diode
laser and observed that the lower laser power and shorter interaction time leads to the inadequate
removal of epoxy polyester lacquer, whereas there is an optimum zone for the efficient removal of paint
without surface damage [14]. In addition, Chen et al. compared the performance of CO2 laser, YAG
laser, and abrasive polishing techniques in the removal of marine paint [14]. When the operator cleaned
the paint, the YAG laser ablation produced relatively high surface roughness. Schmidt et al. have
presented the suitability and characteristics of a 2.5 kW CW high power diode laser for the removal of
chlorinated rubber and epoxy resin type paints from steel and concrete surfaces. It shows that the
CW high power laser could thoroughly strip the paint on the surface of the substrate. The detailed
fundamental mechanisms of the laser ablation process have not been fully understood, although some
application examples for laser removal coatings exist [15]. In fact, when a laser beam irradiates the
surface of the paint layer, it can not only remove the coatings, but also affect the performance of
the cleaned surface, just like the surface roughness, hardness, and corrosion resistance. Hence, it is
essential to do some research on the effects of the performance after the laser cleaned surface.

There have been few reports on the quantitative analysis of the theoretical mechanism of cleaning
paint layer with a CW laser on the surface of aluminum alloy, in view of the results of literature
review. Moreover, researches regarding the corrosion resistance properties of the laser completely
cleaned surface are partially discussed in the ship and military industry area. In this paper, the CW
laser cleaning technique is employed to strip the paint on the substrate of aluminum alloy. The track
width and depth of laser ablated craters are measured to experimentally study the removal depth
and the removal rates. In addition, the analysis of CW laser cleaning is performed to explain the
removal process that is theoretically based on the temperature and the thermal stress profiles as the
functions of the surface temperature. Furthermore, the optimized parametric and morphological
studies indicate that the cleaned surface of aluminum alloy could be achieved at the proper parameters.
The performance of laser cleaned surface, especially the roughness, hardness, and corrosion resistance
are discussed in detail through the experiments. This method can promote environmentally friendly,
cost-effective, and fast processing CW laser cleaning in industrial applications.

2. Background

2.1. Experiment Setup

The sample surfaces are irradiated while utilizing a CW fiber laser (YLS-2000, IPG Photonics,
Oxford, MA, USA) with a maximum average power of 2 kW, wavelength of 1070 nm. The laser beam
spot is perpendicular to the substrate surface and the laser spot size is 5.0 mm. The beam quality
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factor (M2) is 1.2 measured by a laser beam quality analyzer (SP620U). The laser head is installed on a
six-axis robot arm (ABB, Zürich, Switzerland). The auxiliary device includes a water-cooled chassis
for the laser and an argon canister, which serves to protect the laser head lens. Argon process gas is
blown over the surface in this case, in order to minimize the combustive effects. The nozzle assembly
protects the system optics that allows for protective airflow through the lens to prevent combustion
products from depositing on the front surface (Figure 1b). Figure 1a presents a schematic diagram of
the experimental setup.
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substrate arrangement used in the experiments.

In this experiment, a 5A06 aluminum alloy substrate with the size of 40 × 20 × 2 mm3 is utilized
as the samples. The main elementary composition is tested by X-ray fluorescence spectrometer
(AXIOS-PW4400, Panaly, Dutch), as shown in Table 1. A unique treatment is taken to prepare the
‘man-made’ paint layer. Specimens of 40 mm × 20 mm dimensions were first polished with 1000
grade emery paper and then cleaned with ethyl alcohol before coating. Spray painting placed epoxy
polyester (EP) paint and the paint thickness was checked while using the MEGACHECK 5FN-5F-ST
instrument (Milliguang International Trading Co. Ltd, Munich, Germany). It was found to be a
thickness of around 200 µm for protection. Optical microscopes examined the cleaned samples (Stemi
2000-C, Zeiss, Atlanta, GA, USA) and scanning electron microscopy characterized the surface images
(SU3000, Hitachi, Japan). In addition, the Surftest SJ-210 instrument (Sanfeng, Tokyo, Japan) was used
to evaluate the roughness of the laser cleaned surfaces. The micro hardness of the cleaned surfaces was
measured by a HVS-1000 micro hardness tester (Weiyi, China).

Table 1. Chemical components of ANSI 5A06 material (wt %).

Al Si Cu Zn Mg Mn Ti

Ballance ≤0.4 ≤0.1 ≤0.2 5.8~6.8 0.5~0.8 0.02~0.1

2.2. Theoretical Background

2.2.1. Cleaning Model

From the Zou’s research [16], it is demonstrated that thermal stress is the main mechanism in the CW
laser process for paint removal. Thermal expansion generates the thermal stress and the temperatures of
different samples are calculated based on the one-dimensional (1D) heat conduction equation. When
the CW laser irradiates the paint layer of the surface, the adhesion of the paint and metal substrate in
the model is affected by many factors [17]. The adhesion between the paint layer and the substrate
can be regarded as the force between two parallel planes in order to simplify the model. According to
Tam et al. [18] and Kelley [19], the adhesion of paint to metal was calculated as the Lifshitz–van der
Waals force [20], which corresponded with the simplified model. Although the amount of deformation
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depends on the hardness of the paint and surface of the substrate, the strong adhesion force can cause
most substances to deform [18–20]. The adhesion between two parallel planes is

f =
h

8π2z3 (1)

In Equation (1), h is the Lifshitz–van der Waals constant [17]. z is the atomic separation between
the bottom surface of the particle and the substrate surface. The Lifshitz–van der Waals constant h is
related to the Hamaker coefficient, by equation h = 4πA/3 [18,20].

2.2.2. Temperature Profiles

The first law of thermodynamics gives a general governing equation in the form of a differential
equation that describes the temperature distribution of time and space functions, as shown in
Equation (2). The one-dimensional finite difference thermal model is developed in parallel with
experimental work for the evaluation of temperature history and the postulating laser interaction
mechanism. The time-dependent temperature distribution is explicitly calculated according to the
central difference discretized formula [21] of Fourier’s second law, i.e., from:

dT
dt

=
k
ρCp

×
∂2T(z, t)
∂z2 (2)

where T is temperature, z the depth, k the thermal conductivity, Cp the specific heat, and ρ is the
density. This is the more convenient form when addressing phase change [22], and it is in line with
the derivation of the equation. Assuming constant CW laser irradiation and no radiant heat loss,
the boundary conditions are:

− k
dT
dz
|z=0 =

P(1−R)
A

(3)

dT
dz
|z=∞ = 0 (4)

At T(z, 0) = 298 (K) (5)

where P is the input laser power, A is the beam area, and R is the reflectivity. A solution is:

T(z, t) =
2I0

R
(αt)1/2ier f c(

z

2
√
αt

) (6)

where α is the thermal diffusivity, ierfc is the so-called integral of the complementary error function [21].
The change in temperature can be computed while using Equation (7).

∆T = T(z, t) − T(z, 0) (7)

2.2.3. Thermal Stress Profiles

As the substrate absorbed the laser energy, it is apparent that the temperature of it increases
during the laser interaction time, which causes the surface of the substrate to thermally expand. Hence,
the stress and strain are generated. In general, the substrate is regarded as an isotropic elastomer [22],
and the stress per unit area of the isotropic elastomer is:

σ = Yε = Yγ∆T (8)

where Y is the elastic modulus, ε is strain, and γ is thermal expansion coefficient.
When the laser irradiates on the surface of the paint, it will be reflected, absorbed, and transmitted.
It is shown that the irradiation of the paint and substrate with a laser beam and the Cartesian

coordinate systems are set up on the paint (x, y, z) and the substrate (x’, y’, z’), as shown in Figure 2.
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The following heat conduction equation is established under the following assumptions: (i) the
laser intensity is Gaussian shape in the x–y plane, (ii) the laser intensity in the z direction follows the
law of absorption, (iii) the x–y plane is approximately infinite plane, and (iv) both sides of paint and
substrate are insulated.
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For the laser stripping the paint, the thermal stress causes the paint to fall off is mainly composed of
the thermal stress of the paint at z =−l (σP) and the substrate’s thermal stress at z’ = 0 (σS). The thickness
of the paint is assumed to be l. The total thermal stress [23] is:

σA = σP + σS (9)

In most cases, the total thermal stress is divided into two parts, the paint stress and the substrate
stress. The object is considered as a homogeneous elastic mass, so the thermal stress per unit area of
paint at z = −l is given by

σP = YPεP = YP
∆lP
lP

= YPγP∆TP(−l, t) (10)

The thermal stress that arise by the thermal expansion of the substrate at the z’ = 0 position is as
follows:

σS = YSεS = YS
∆lS
lS

= YSγS∆TS(0, t) (11)

The force making the paint separate is mainly the thermal stress at the interface between the paint
and substrate. If the paints want to be cleaned completely, which needs to meet:

σA = σP + σS ≥ fA (12)

where fA is the adhesion between the substrate and the paint.

2.3. Calculation of the Adhesion and the Cleaning Force

For one thing, the adhesion between the paint layer and the substrate can be obtained from
Equation (1), Al substrate’s the Hamaker coefficient A11 is 35 × 10−20 J, the paint layer’s Hamaker
coefficient A22 is about 8 × 10−20 J, and the Hamaker coefficient A12 is approximately 16.73 × 10−20 J,
according to the formula A12 =

√
A11A22. Thus, the Lifshitz–van der Waals constant h on Al alloy

substrate is 70.08 × 10−20 J. According to Equation (1), the adhesion force per unit area is 1.34 × 108 Pa
between the Al substrate and paint surface.

For another, in order to get the cleaning force, if the solutions for the temperature distributions
have been measured, the accompanied thermal stress distributions can be derived from Equations (10)
and (11). The temperature of the paint and the substrate is monitored by an infra-red thermometer (E75
Series, FLIR, Yishun, Atlanta, GA, USA). It is found that the paint, substrate, and room temperature are
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the same at 27 ◦C, while TP and TS are 59 and 90 ◦C, respectively. It is apparent that the ∆TP = 32 K
the ∆TS = 63 K. The value of elasticity modulus YP and YS are 1.0 × 1010 N·m−2 and 7.0 × 1010 N·m−2

correspondingly, due to the physical parameters of 5A06 aluminum alloy and paint, as shown in
Table 1. From the Table 2, the linear expansion coefficient γP and γS are 1 × 10−6 K−1 and 30 × 10−6 K−1,
respectively. According to the Equations (10) and (11), the thermal stress is σP = 3.2 × 105 Pa and
σS = 2.52 × 108 Pa, correspondingly. The necessary condition for stripping the paint layer can be
obtained by the Equation (12). From it, the total cleaning force in per unit area is 2.52 × 108 Pa, which is
about twice larger than the adhesion force (1.34 × 108 Pa), which makes it possible that paint can
be thoroughly removed. In addition, the advantage of Equation (6), rather than their temperature
based counterparts, is that they easily ignore phase change, which is a crucial component in laser
processing [21,22].

Table 2 lists all of the physical parameters, including thermal and optical properties of 5A06
aluminum alloy and paint applied in the profiles. The values of reflectivity and transmissibility of
paint and substrate are obtained by the device of double integrating sphere at a wavelength of 1064 nm.

Table 2. Physical parameters of 5A06 aluminum alloy and paint [16,24,25].

Properties 5A06 Aluminum Alloy Paint

Thermal Conductivity (W/m·K) 238 0.3
Density (kg/m3) 2700 1300

Specific Heat Capacity (J/kg·K) 1000 2510
Thermal Diffusivity (m2/s) 8.8 × 10−8 9.19 × 10−8

Linear Expansion Coefficient (K−1) 30 × 10−6 [25] 1.00 × 10−6

Absorption Rate 0.642 0.614
Reflectivity 0.358 [16] 0.193

Transmittance – 0.193
Absorption Coefficient (m−1) 10000 × 104 2.27 × 104

Elasticity Modulus (N·m−2) 7 × 1010 [24] 1.0 × 1010

3. Results and Discussion

3.1. Removal Depth Rate

The removal depth rate in different intensity is an essential laser cleaning process parameter to
ensure the surface of the substrate without ablation. It has been measured and analyzed to determine
the ablation condition of the material, as shown in Figure 3. From it, it can be found the intensity
and depth have a nearly linear relationship with the laser intensity increasing, which corresponds
with the Beer–Lambert law [13]. It is conspicuous to find that the depth rate has a slight increase
with the laser intensity increasing. It is because the higher the laser intensity is, the more likely it
is to lead to the vaporization of the paint surface. Furthermore, as a result of the CW laser ablation
the paint layer, it easily results in a significant dominance of the optical dissociation process during
thermal dissociation [26]. The authors rely on the similarity of the ablation depth of the laser-induced
combustion to the intensity although the residence time is in the region of a few hundred milliseconds
or more [22,23,26].
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Figure 3. The relationship between the removal depth rate and the intensity for epoxy polyester
(EP) coatings.

3.2. Removal Rates

The removal rate is evaluated by a Taylor Hobson “Talysurf” surface profiling system for
quantitative description of laser cleaning. The removed volume is then determined based on the lateral
scanning speed over the coated surface, the width of the removed track and its depth, via:

R = ωvd (13)

where R is the removal rate, v the transverse scanning speed, w the track width, and d the depth of the
track in equation. As some paints could not be thoroughly cleaned, the error margin is estimated to be
approximately 10% on the depth measurements.

It is the removal rate versus the CW laser output powers, as shown in Figure 4. It can be seen that
the removal rate linearly varies with the CW laser output power. It is also shown in the process of
using a low power pulse laser system [11–13], hence a similar removal process is proposed.
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Figure 4. The removal rate of the EP paint achieved with the laser output power.

3.3. Optimization of Parameters on Laser Cleaning

Figure 5 shows the laser power versus scanning speed process window of the ablation area,
completely cleaned area, and incompletely cleaned area parameters, respectively. The plane of
coordinates of Figure 5 is divided into three regions, insufficient parameters region I, available
parameters region II, as well as excessive parameters region III. The insufficient parameters region I are
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on the left, the parameters of which could make the incompletely cleaned area. The excessive parameters
region III is on the right, parameters in which would make the substrate ablation. The available
parameters region II is in the middle, the parameters of which would make the surface smooth and
completely cleaned area.Coatings 2019, 9, x FOR PEER REVIEW 8 of 17 
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3.4. The Analysis of CW Laser Cleaning Process

The dry laser cleaning mode relies on the laser-induced generation of acoustic shocks, photochemical
and photo thermal bond-breaking, or ablative removal of the contaminants on the surface [27]. For the CW
laser ablation, there have been various models, including photochemical, photothermal, or a combination
of photochemical and photothermal ablation mechanisms proposed to study the mechanism of it.

When the surface is treated with a CW laser with wavelengths 1070 nm, the laser beam will pass
through the contamination layer and absorb large amount of energy in the layer itself. According
to the high absorbance, the laser will couple into the coating that is near the surface and the energy
will be converted into chemical and thermal ablation of the paint and cause local sublimation.
This decomposition is accompanied by the formation of local plasma. The local pressure will enhance
for the sublimation of the paint and the lower density of the generated vapor [28,29]. This will result in
a pressure differential between the decomposition and the atmosphere above the contaminated layer.
Finally, it will trigger a local burst of the covering contaminated layer and the residues will break and
peel off the surface. Detailed information regarding the thermal ablation is discussed below.

Figure 6 presents the underlying ablation mechanism for CW laser cleaning. Firstly, as the initial
stage of laser ablation, vaporization and phase explosion will occur during the low intensity cleaning
process. In addition, the ablation depth of paint layer will be restricted due to the effect of multiple
reflections (Figure 6a) on the incident laser intensity distribution on the surface of the paint layer. It is
well known that vaporization is the primary mechanism at low incident intensity. Secondly, it shows
the heat conduction during the ablation process in Figure 6b. The temperature at bottom of the crater
declines due to the thermal diffusion, thus inhibiting the ablation rate [30,31]. Thirdly, the atmospheric
plasma is easily caused by laser-induced air breakdown at higher incident laser intensity during the CW
laser ablation process, as shown in Figure 6d. A material vapor-plasma is generated near the bottom
of the crater, which can only be produced where material vapor is present. In addition, the particles
ignited atmospheric plasma is at some distance from the bottom of the crater, and the particles that are
still present in the crater after the previous laser irradiation promote its formation. In fact, during the
entire ablation process, the laser induced plasma also produces an enormous pressure gradient, along
with the direction of crater depth, as shown in Figure 6c. Additionally, the outflow of the gaseous or
liquid material from the hole is achieved by pressure gradients that are within the crater. The formation
of the plasma inside the crater at a distance from the bottom will locally increase the pressure strongly
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and create a pressure gradient that enforces the material to flow in a direction towards the bottom,
which thus causes agglomeration on the surface of the crater [32].Coatings 2019, 9, x FOR PEER REVIEW 9 of 17 
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Figure 6. Schematic illustration (a–d) of the thermal ablation mechanism for Continuous wave (CW)
laser cleaning.

3.5. Morphology Analysis of the Cleaned Surfaces

Figure 7 exhibits the photomicrograph of the uncleaned area and the laser cleaned surface.
The SEM images of the laser remelted surface layer are shown in Figure 7b–d. We decide to focus on the
areas (black ellipse in Figure 7a) and the (white ellipse in Figure 7a) in order to investigate the surface
laser remelting the microstructure in detail, which are attributed to the fact that it is easy to form the
laser remelted microstructure at the edge of the cleaned area. From Figure 7b, it can be seen that there
are some protrusions and microstructure on the surface, due to surface laser remelting. In Figure 7c,
their surfaces are comprised of volcano-like microsized aggregates as a result of the laser ablation
and Figure 7d illustrates the magnification image of black box area in Figure 7c). After laser melting,
solidification began with epitaxial growth on the substrate to produce resolidified grains. From the
black ellipse in Figure 7e, a significant amount of cellular dendrites were developed within the grains,
resulting in a very fine microstructure with β-phase Al3Mg2. It is corresponded with the researcher
focusing on the microstructure of an Al alloy that was treated by laser surface remelting [33–39]. From
the previous research, the microstructure become cellular dendritic with precipitation of β-phase
Al3Mg2 in the interdendritic region, which start to precipitate along the grain boundaries due to fast
cooling rate of laser processing [33–36,38–40].

Although the microstructural refinement is hardly desired by major foundry industries in order
to increase the mechanical properties, the corrosion resistance can be significantly affected [33]. In this
particular case, such a tendency of enhancement on the corrosion resistance that is induced by the
LSR process is associated with an increase of boundaries between the β-phase Al3Mg2 that have
similar growth behaviors [33–37]. The boundaries are conformed due to a certain deformation on
the atomic level, mainly on the β-phase Al3Mg2 side of the interface. Such localized deformation on
the β-phase Al3Mg2 induces an increase on the corrosion action for very fine microstructures (laser
remelted samples). Recent studies [3,17,33–42] dealing with the corrosion resistance of Al alloys have
reported a similar result, with β-phase Al3Mg2 refined microstructures being connected to an increase
in the corrosion resistance. The corrosion resistance of the laser cleaned surface will be discussed in
detail in Section 3.6.3.
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Figure 8 illustrates the SEM images of the CW laser cleaned surface at different intensities. The CW
laser treated surface morphology is quite different from the as-received surfaces, which contain uneven
and porous structures, as shown in (Figure 8a). It is noteworthy that it has a rough surface with
micro-cracks and a great number of protrusions, on the surface morphology in the paint layer (white
ellipse in Figure 8a). Furthermore, laser cleaning includes complex physical and chemical effects,
which lead to the formation of local cracks and other craters (Figure 8b). It could be seen that there
are some uncleaned areas (black ellipse in Figure 8b), which are attributed to the threshold of the
laser cleaning that could not be achieved. After reaching the threshold of laser cleaning, it can be
seen that there is a relatively even surface at laser intensity 11.9 W/cm2 and it contains few cracks and
craters in some particular areas, as shown in Figure 8c. Except for the microsized structures, their
surfaces are comprised of volcanic microscopic aggregates due to the excessive ablation in Figure 8d.
With increasing laser intensity, the width and depth of the melted layer increased, and the grain size of
the melted layer became coarser due to the higher heat input [43–46]. Section 3.4 illustrated the detailed
multiple physical procedures. The detailed relationship between laser parameters and performance is
shown in the laser cleaning to completely remove the EP paint layer.
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Figure 8. SEM images of paint and laser treated surface at different intensity (a) paint layer, (b) 6.2
W/cm2, (c) 11.9 W/cm2, and (d) 19.1 W/cm2.

Figure 9 shows the EDS spectrums of aluminum alloy sheets with the paints, which are incompletely
cleaned samples and cleaned samples, as shown in Figure 9a,b. The parameters of the incompletely
cleaned sample are a laser intensity of 6.2 W/cm2 and a scanning speed 300 mm/s. The parameters
of the completely cleaned sample are laser intensity 11.9 W/cm2 and the scanning speed 300 mm/s.
Both are scanned once. The cleanliness of the laser cleaned sample is characterized by the EDS
spectrums, as shown in Figure 9. From it, the EDS spectrums of the incompletely cleaned sample
show the characteristic peaks of aluminum, carbon and a minor peak of oxygen, magnesium, silicon,
and calcium. From the Table 1, the percentage of the Al element accounts for about 91.6% in the Al
alloy substrate. When the laser intensity is 11.9 W/cm2, the aluminum element accounts for 85.96% in
the EDS spectrums, which is about 1.5 times larger than that in Figure 9a. However, the O content
(6.01 at.%) in the incompletely cleaned surface is ranking first, which is about two times larger than that
in completely cleaned surface (3.75 at.%). It is indicated that a relatively cleaned surface is obtained
from the result. In conclusion, we get the laser completely cleaned surface through the SEM images
and the EDS analysis, and after that we will investigate the performance of the 5A06 aluminum alloy
to obtain better surface roughness, microhardness, and corrosion resistance.
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Figure 9. SEM micrographs and EDS spectrums of samples (a) incompletely cleaned sample and
(b) completely cleaned sample.

3.6. Performance of the Laser Cleaned Surface

3.6.1. Surface Roughness

Surface roughness is a critical parameter in evaluating the cleaned quality [31,32,40]. It does not
only affect the appearance and the surface accuracy, but it also directly influences the service life of the
work piece. Tables 3 and 4 list data on the effects of laser processing parameters on the cleaned surface
roughness. It is indicated that roughness of the laser cleaned surface decreases firstly, while it increases
with the laser intensity enhancing, as shown in Table 3.

As can be seen from the data in Table 4, the roughness of the laser cleaned surface increases with
the scanning speed enhancing. The fact is that the CW laser cannot adequately irradiate the paint layer
at a faster scanning speed. Furthermore, it can be found that the roughness of laser cleaned surfaces
can remain unchanged by coordinating different laser cleaning parameters.

Table 3. The relationship between laser intensity and roughness on the cleaned surface.

Sample No. A1 A2 A3 A4 A5 A6 A7

I (W/cm2) 3.3 6.2 7.0 11.9 13.6 15.3 19.1
Ra (µm) 1.247 1.373 1.291 0.967 1.308 1.461 2.394

Other parameters: Vs = 300 mm/s; N = 1; D = 5 mm.

Table 4. The relationship between scanning velocity and the roughness on the cleaned surface.

Sample No. B1 B2 B3 B4 B5 B6 B7

Vs (mm/s) 50 100 200 300 400 500 600
Ra (µm) 3.251 2.533 3.254 3.525 4.061 4.335 5.042

Other parameters: I = 11.9 W/cm2; N = 1; D = 5 mm.

3.6.2. Surface Microhardness

Figure 10 draws data regarding the Vickers microhardness (with the load of 100 g) of samples.
After the laser cleaning the lacquered sheet, multiple points are selected on the upper surface and the
cross section of the scan line for hardness measurement. The parameters of the completely cleaned
sample are a laser power of 800 W, scanning speed of 150 mm/s, and spot diameter of 8 mm. The micro
hardness of the cleaned surfaces increases faster near the center of the scan line, as can be seen from
Figure 9. In addition, it can be found that the closer to the surface of the substrate, the higher micro
hardness value is on the cross section of the scan line. It can be deduced that the farther distance from
the upper surface is substantially unaffected with the HV hardness, as can be seen from the Figure 11.
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In conclusion, there are two possible reasons that would enhance the hardness: (1) rapid melting
and then quenching produce dense strip-shaped Micro-nano groove and the periodic microstructures
(especially the relatively small grain size) during CW laser irradiation. (2) The CW laser induces
the dislocation density of the cleaned surface [40,43]. This is a unique advantage of laser cleaning
technology as compared to other traditional cleaning methods.

3.6.3. Corrosion Resistance

The metal surface will be damaged if the metal is constantly immersed in a liquid environment
for a long time and it causes continuous corrosion, and it is very necessary to improve the corrosion
resistance of the metal for marine applications [47]. After the ship has sailing in the sea a long time, the
paint layer is damaged as a result of the sea corrosion. The metal substrate would directly contact the
seawater, so it is essential to enhance the corrosion resistance of it, which is good for prolonging the
service life of the ship, followed by the re-painting work. For 5A06 aluminum, when the paint layer is
partially damaged, the corrosion resistance of the surface will not enhance, and it will accelerate the
electrochemical corrosion reversely. It is apparent that the laser cleaned surface can effectively improve
the corrosion resistance of the material surface, so the use of this method on 5A06 aluminum products
is of great significance. We decide to conduct an electrochemical corrosion resistance analysis of the
surface to test the corrosion resistance of the prepared samples and measure the Tafel curve and EIS of
the sample in a 3.5 wt % NaCl solution at room temperature. The Tafel curves of the polished 5A06
aluminum block, partially damaged paint layer and the laser treated 5A06 aluminum surface at an
intensity of 11.9 W/cm2 are shown in Figure 12. Some of the parameters related to the Tafel curves are
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listed in Table 5, such as corrosion potential (Ecorr), corrosion current density (icorr), and the inhibition
efficiency (ηIE), where ηIE can be obtained by the formula [48]:

ηIE =
i0 − icorr

i0
× 100%

where i0 and icorr are the current density of the polished 5A06 aluminum block and laser treated
surface respectively.
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Generally, higher corrosion potential and lower corrosion current density represent better
corrosion resistance [49]. The data shows that, after laser cleaned surface, the anticorrosion potential of
is improved when compared with the polished 5A06 aluminum block surface, while the corrosion
current density reduced. The previous research shows the thickness of the rust layer has great
influence on the corrosion current density [50]. The Ecorr of the polished 5A06 aluminum block
surface was −9.03 × 10−1 V, in contrast, the Ecorr of the partially damaged paint layer and the laser
treated 5A06 aluminum surface at an intensity of 11.9 W/cm2 were −8.61 × 10−1 and −6.39 ×10−1 V,
correspondingly. The icorr of the polished 5A06 aluminum block surface was 3.538 × 10−4 A cm−2,
partially damaged paint layer was 7.42 × 10−5 A cm−2, the laser cleaned surface at an intensity 11.9
W/cm2 was 5.145 × 10−5 A cm−2, and the corrosion current density of laser cleaned surfaces reduced so
much. As for ηIE, they were calculated that partially damaged paint layer was 79.02% and laser cleaned
surface at an intensity of 11.9 W/cm2 was 85.46%. It is indicated that the CW laser cleaned surface
has better corrosion resistance, while the partially damaged paint layer is not as well. It is because
the paint layer has been stripped completely and the laser cleaned surface is quite flat with compact
micro- or nanostructure, which makes some contributions for enhancing the corrosion resistance
significantly [40]. Thus, the laser cleaned surfaces performs with better corrosion resistance.

As the laser surface treatment is characterized by rapid heating and cooling of the laser,
which makes the surface structure, composition and stress of the material uniform, which thereby
reduces the difference in surface free energy, declining the electromotive force of the local galvanic cell
and finally achieving the goal of better corrosion resistance. According to Escudero et al. and Van
Ingelgem et al. [51,52], they have investigated the structure of the material and fine-grained cementite
and austenite areas, which enhances the corrosion resistance of the material. It corresponded with the
experimental results, like Figure 8c, which has fine-grained and uniform surface structure as compared
with the other laser cleaned surface. Thus, it is very significant to clean the partially damaged paint
layer of the ship in order to prolong the lifetime of the ship.
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Table 5. Electrochemical parameters of the Tafel curves on the polished 5A06 block, partially damaged
paint layer, and laser cleaned surface at 11.9 W/cm2.

Sample Ecorr (V) icorr (A·cm−2) ηIE (%)

Polished 5A06 block −9.03 × 10−1 3.538 × 10−4 –
Partially damaged paint layer −8.61 × 10−1 7.42 × 10−5 79.02%
Laser cleaning at 11.9 W/cm2

−6.39 × 10−1 5.145 × 10−5 85.46%

4. Conclusions

In this work, investigation regarding the CW laser cleaning the aluminum alloy substrate covered
with the paints is carried out. The removal rates linearly increase with the CW laser output power.
The optimization of the parameters on laser cleaning would modify the surface smoothly and cleanly
from the experiment. The experiment result is in reasonable accordance with theoretical model and the
analysis of CW laser cleaning process, which proves the rationality of it. The morphology analysis of
the cleaned surfaces demonstrates that the cleaned surface of 5A06 aluminum alloy substrate could
be achieved at suitable laser cleaning parameters. The results in our study can provide a theoretical
foundation for the investigation of a laser–paint interaction mechanism and the evaluation of the
performance characteristic at different parameters. From the experimental result, it shows that the laser
cleaned surface at an intensity of 11.9 W/cm2 has better corrosion resistance when compared with the
polished 5A06 block. Therefore, it is suggested that there is great potential to use this method to clean
the paint layer on the surface of the ship in order to prolong the lifetime of the ship. In addition, further
work still needs to be paid attention to the relationship between the parameters of the laser cleaning
and the morphology of the Micro-nano groove microstructure followed by the adhesion of the paint.
The CW laser cleaning would be a promising technology for applications of the marine ship industrial.
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