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Abstract In this study, the paint layer was removed on the surface of 5083 aluminum
alloy using laser cleaning and mechanical grinding. The microstructure and performance of
experimental samples were carefully investigated using scanning electron microscope, energy
disperse spectroscopy and other methodologies. The results showed that compared with me-
chanical grinding, laser cleaning can improve the surface paint coating of aluminum alloy more
effectively. The surface of the matrix formed uniformly distributed volcanic craters and small
holes emerged at the spot junction after laser cleaning. The carbon and oxygen content on the
substrate surface after laser cleaning was much lower than that after mechanical grinding. In
addition, the corrosion resistance and coating adhesion of the substrate were obviously im-
proved using laser cleaning. It was closely associated with refinement of the grains and reduc-
tion in surface roughness. We concluded that laser cleaning can be widely used to replace
mechanical grinding in manufacturing on the premise of meeting industrial needs.

1. Introduction

5083 aluminum alloy is widely used in ships, aircraft parts and missile parts due to its me-
dium strength, good corrosion resistance, excellent welding performance, low density and good
cold workability [1, 2]. In view of complicated service environment, it is very necessary to paint
the surface of aluminum alloy to extend the service life of parts [3]. However, with increasing
the service time, local peeling or discoloration occurred in the paint layer, seriously affecting the
service of parts. Therefore, it is imperative to remove the old paint layer and recoat the alumi-
num alloy surface, aiming at extending the service life of components [4].

Traditional paint removal methods consist mainly of sandblasting, chemical paint removal
and mechanical paint removal [5]. During the removal process, it is easy to cause environ-
mental pollution, endanger human health and damage metal substrates. Thus, in order to solve
these problems [6], a new approach to remove old coatings becomes an urgent need.

Laser cleaning is a new technology based on the interaction between laser and matter [7].
During this process, the surface dirt, rust or coating can absorb the laser and instantly evapo-
rate so as to achieve surface dirt removal. Compared with traditional cleaning methods, it has
attracted the attention of many scholars because it has the advantages of non-contact and no
pollution to the environment [8, 9]. The initial cost of laser cleaning is higher compared with
mechanical grinding. Its average cost will be reduced because of its high efficiency, low main-
tenance cost and long service life. The mechanical grinding requires frequent replacement of
parts and additional manpower investment. The price advantage of laser cleaning will become
greater and greater under the current situation of increasingly expensive manpower employ-
ment. Based on these advantages, laser cleaning technology has been widely applied in the
restoration of cultural relics [10, 11], mold cleaning [12] and removal of aircraft skins [13].

In the past years, many investigations reported paint removal using laser cleaning. Tsereve-
lakisa et al. [14] used acousto-optic monitoring technology to monitor the process of laser
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cleaning black paint layer on marble and predicted laser clean-
ing effect based on the statistical data. Schweizer et al. [15]
conducted laser cleaning the skin of an aircraft and the effi-
ciency reached 7.4 m%h. Iwahori et al. [16] performed perform-
ance tests of composite materials via removing the surface
paint layer. The results showed that the tensile and compres-
sive strength of composite materials did not change after laser
cleaning. Jiang et al. [17] researched the change of substrate
properties after laser cleaning pipeline paint layers, and found
that band-shaped and cracked areas emerged on the cross
section of the substrate, and the hardness slightly increased in
the surface layer. Wang et al.[18] analyzed the products in the
process of laser paint removal. The composition of micron-level
particles was similar to that of lacquer, which was closely re-
lated to the vibration mechanism. The carbon content in nano-
level particles has decreased by 50 %. Tan et al. [19] studied
the effect of laser removal on the mechanical properties of the
substrate, and found that the tensile properties of the samples
did not change. Most researches on laser cleaning paint coat-
ings focused on the influence of laser cleaning on the tensile
strength, surface hardness of the substrate and the analysis of
paint removal products. However, few researches on the bond
between the substrate and the coating after paint removal have
been reported.

In this study, two cleaning methods, including laser cleaning
and mechanical grinding, were used to remove paint coating of
5083 alloy. The surface morphology and element distribution of
the substrate were carefully investigated using scanning elec-
tron microscope together with energy disperse spectroscopy.
Moreover, the surface roughness, corrosion resistance and
coating adhesion were further researched to evaluate feasibility
and verify advantages of laser cleaning.

2. Experimental procedure

In this study, 5083 aluminum alloy sheets with a thickness of
4 mm were used as experimental samples. The alloy surface
was covered with a layer of black epoxy paint by manual spray-
ing. It is allowed to stand for 24 hours in a 25 °C environment
to obtain a dried paint layer. The thickness of paint coating was
about 30 pm. The chemical compositions of aluminum alloy
and epoxy paint are shown in Table 1.

Fig. 1 shows laser cleaning system. The system platform in-
cluded a fiber laser source, a workbench and a motion control
system. The motion control system can alter the scanning
mode and scanning speed of the pulsed laser. The laser
source used in the experiment was a pulsed laser with a wave-
length of 1064 nm. The cleaning head involved a collimator
and X-Y axis-linked high-speed scanning galvanometer. The
main characteristics of laser source are shown in Table 2.

The experimental plates were cut into samples of 10.10 mm
size by a wire cutting machine for subsequent processing and
related properties testing. In a laser cleaning process, a single
laser pulse was used to irradiate the surface of the paint layer
and induce the paint layer to separate from the substrate due

Table 1. Chemical composition of 5083 aluminum alloy and epoxy paint
(wt %).

Element Mg Si Fe Cu Mn
5083 49 0.04 04 0.1 04
Element Cr Ti Zn Al
5083 0.05 0.15 0.25 Bal
Element C 0] P S
Paint 54.60 39.14 0.35 491

Table 2. Laser source characteristics.

Characteristic Symbol Value Units
Source _ Fiber Ial\:grpe:\:loptlng
Wavelength A 1064 nm
Nominal average power P 120 W
Pulse frequency F 1-2000 kHz
Pulse duration T 10-400 ns
Maximum pulse energy Pe 1.8 mJ
Mode TEM 00
M <16
Focused spot diameter D =40 pm

Litting ‘k% Cleaning head

I[’

Fig. 1. Laser cleaning system.

to vaporization and thermal stress vibration. Fig. 2 shows the
arrangement of laser spots along a certain direction. The dis-
tance d between two adjacent spots was determined by spot
scanning speed v and laser repetition frequency f. The dis-
tance I between two adjacent linear spots equaled 0.03 mm.

As shown in Table 3, the main processing parameters con-
tained average power P, spot diameter D, pulse width 7, laser
repetition frequency f, spot moving speed v and number of
scans n. In order to prove the effects of laser cleaning, com-
parative experiments were also performed on the experimental
plates using mechanical grinding (180 molybdenum sandpa-
per).

The surface morphology of paint-removing samples was
characterized by scanning electron microscope (SEM). EPMA-
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Table 3. Experimental parameters.

P (W) D (um) T(ns) f(kHz) | v(mmi/s) n
36 40 350 100 4000 3

Single pulse One-dimensional scanning

e
D d
Dot Pitch

Spot diameter

!

Two-dimensional scanning

/

Line spacing

Fig. 2. Laser scanning and spot arrangement.

8050G electronic probe microanalyzer was also used to ascer-
tain the elemental distribution of cleaned samples. The surface
roughness of cleaned samples was determined using Form
Talysurf PGl 830 surface profile comprehensive measuring
instrument. The CS electrochemical workstation was used to
characterize the corrosion resistance of cleaned samples. In
addition, the bonding force between the coating and the sub-
strate was tested by a multifunctional friction and wear tester.

3. Results and discussion
3.1 Microstructure of samples

Fig. 3 shows the micro-morphology of samples using laser
cleaning and mechanical grinding. The surface of mechanical
grinding sample mainly formed some defects including furrows,
cracks and pits. During the grinding process, the furrow is gen-
erated parallel to the grinding direction because of the plough-
ing effect of silicon carbide particles on the surface of samples.
Under the action of alternating contact pressure, the surface
material gradually disappeared. Joining of silicon carbide parti-
cles and part of the matrix can be successfully achieved by the
generated heat during this process. Part of the substrate can
be taken away, resulting in forming pits [20].

After laser cleaning, the surface of the matrix had a uniformly
distributed volcanic crater shape with some tiny holes. These
holes were formed at the overlap of two light spots. Moreover,
the number of holes in the longitudinal direction was more than
that in the horizontal direction. The reason was that during
laser irradiating process, high-density energy made the matrix
melt and vaporize rapidly, leading the occurrence of splash on
the surface of molten pool [21]. The action time of pulsed laser
is so short that the molten pool rapidly cooled and solidified. It
had solidified before the splashed metal liquid spread on the
metal surface, which formed a surface hole.

Fig. 4. Distribution of C and O elements on the surface of substrate and
lower oxygen content after laser cleaning: (a) laser cleaning; (b) grinding.

3.2 The element distribution of samples

Fig. 4 shows the distribution of C and O elements on the sur-
face of cleaned samples. After laser cleaning, the carbon con-
tent of the matrix surface was basically zero. Only a small
amount of carbon was present at the longitudinal overlap of
light spot.

There are two types of laser cleaning paint mechanisms in-
volving the ablation mechanism and the vibration peeling
mechanism. The ablation mechanism mainly uses high energy
of the laser to vaporize the paint layer from the surface of the
substrate. The vibration peeling mechanism is the thermal
stress generated by the laser acting on the paint surface, caus-
ing the film to break and buckle away from the substrate sur-
face [22]. The product is mainly micron particles. The low en-
ergy at the edge of laser spot prompts the emergence of the
particle product, resulting increasing the carbon content. A
small amount of carbon elements remains on the surface of the
aluminum alloy after mechanical grinding. Grinded paint pow-
der particles are detained in the cracks and pits, so the surface
carbon elements present a discrete distribution.

The oxygen element distribution of the matrix surface is af-
fected by laser scanning method. In a laser cleaning process,
part of laser energy removes the paint layer and excess energy
acts on the surface of the aluminum alloy substrate so as to
remove part of the oxide layer on the surface. The energy of
the pulse laser is the Gaussian distribution. The center energy
is higher than that at the edge, so the aluminum oxide layer at
the center of the laser spot is almost completely removed while
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Table 4. Aluminum alloy surface roughness after grinding and laser clean-
ing.

Table 5. Corrosion resistance of aluminum alloy using different cleaning
methods.

Surface roughness (Ra)
Sample 1 2 3 4 5 Average
Grinding 114 | 136 | 1.70 126 | 1.03 1.30
Lasercleaning | 0.94 | 0.86 1.25 1.18 1.09 1.06

250.0 S00.0 705. 1

0. Opm —

0. Opm 250.0 500.0 70S. 1

Fig. 5. The 3D morphology of aluminum alloy: (a) laser cleaning; (b) grind-
ing.

the oxide layer at the spot overlap is only partially removed.
Therefore, the distribution of oxygen element on the surface of
the matrix is distributed in a parallel band shape. It can be also
found that the oxygen content in the center of the spot is lower
than that in the spot overlap. The reason is that the occurrence
of higher oxygen content on the surface using mechanical
grinding is the incomplete removal of oxide film.

3.3 Surface roughness of samples

Table 4 shows the surface roughness of the aluminum alloy
after two different methods of paint removal. The value using
mechanical grinding was Ra1.30, while the value employing
laser cleaning was Ra1.06.

Compared with laser cleaning, the roughness amplitude of
the aluminum alloy surface greatly fluctuated using mechanical
grinding. Fig. 5 shows the 3D morphology of the cleaned and
grinded aluminum alloy surface. When the laser acts on the
aluminum alloy surface, a trough formed at the center of the
spot because of higher energy while a wave peak appeared at
the edge of the spot on account of lower energy. The rough-
ness in cleaned surface had no significant fluctuations because
the distance between adjacent peaks and valleys was almost
constant. It mainly the ascribed same size and overlap rate of
laser spot during the laser cleaning process. The furrows pre-

Self-corrosion  |Self-corrosion current| Corrosion rate
potential (V) density (A/cmz) (mm/a)
Untreated -1.35 1.64x10* 1.79
Grinding -1.26 1.03x10* 1.12
Laser cleaning -1.32 353x10° 0.386

sented a chaotic distribution in cleaned samples after me-
chanical cleaning. The deep furrow indicated that the aluminum
alloy substrate has damaged. The silicon carbide particles had
different forces on the surface of the aluminum alloy during
grinding, resulting in an unevenly distribution on the aluminum
alloy surface. After laser cleaning, the maximum height differ-
ence between the peak and the trough was 35.1 pm. However,
the maximum height difference between the peak and the
trough after mechanical grinding was 28.9 um. In the laser
cleaning process, larger splashes are occasionally generated
after the substrate melts. These splash liquids solidify quickly
and form higher peaks on the surface of the sample, but in
most cases such splashes will not occur. So it is not contradic-
tory to have a smaller surface roughness Ra and a larger max-
imum height difference after laser cleaning.

3.4 Corrosion resistance of samples

The corrosion resistance has a great impact on the service
time of aluminum alloy in harsh environments. The electro-
chemical experiments were carried out to compare the corro-
sion resistance of cleaned samples with different treatment
methods. Table 5 and Fig. 6 show the self-corrosion current
density and corrosion rate of the aluminum alloy including raw
materials, mechanical grinding and laser cleaning. The self-
corrosion potential reflects the tendency of materials to corrode.
The large negative the self-corrosion potential can mean that
the material corroded easily. The self-corrosion current density
reflected the corrosion rate of the material. The greater the self-
corrosion current density, the higher the corrosion rate of the
material.

It can be seen that the self-corrosion potentials of the un-
treated, mechanically grinded, and laser-cleaned substrates
were -1.35'V, -1.26 V, and -1.32 V, respectively. Considering
the test error, we considered that the corrosion tendency of the
later material has not changed using mechanical grinding and
laser cleaning. The corresponding self-corrosion current densi-
ties of these three samples were 1.63x10° A/cm?, 1.03x
10 *Alem? and 3.53x10°° Alem?, using laser cleaning and me-
chanical grinding, improving the corrosion resistance of the
aluminum alloy substrate to varying degrees.

According to the self-corrosion current density, the annual
corrosion rate of the material can be obtained:

MxS%OO(mm/a) ™
nxFxp

Annual corrosion rate =
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Fig. 6. Tafel curve of aluminum alloy using different paint removal methods
in corrosion experiment.

where A is the relative atomic mass, Icorr(A/cmz) is the self-
corrosion current density, n is the number of electrons trans-
ferred by the electrochemical reaction, F is the Faraday con-
stant (1 F = 26.8 A-h) and p(g/cm’) is the density of the metal.

The corrosion rate of untreated aluminum alloy was
1.79 mm/a. After mechanical grinding, the corrosion rate of
aluminum alloy was reduced to 1.12 mm/a, and the corrosion
resistance was increased by 37 %. The reason was that me-
chanical grinding can remove the original defects such as pit-
ting corrosion on the aluminum alloy surface while removing
the paint layer, reducing the surface defects of the material and
improving the corrosion resistance. The corrosion rate of alu-
minum alloy after laser cleaning was 0.386 mm/a. Compared
with untreated samples, the corrosion resistance improved by
78 %. The surface grain size of the aluminum alloy decreased
after laser cleaning. The grain size of aluminum alloy was re-
fined and the number of active atoms inside the material in-
creased. A passivation fim was formed on the surface of the
material, leading to the enhancement of the corrosion resis-
tance of the material [23]. The surface roughness of the mate-
rial also affected its corrosion resistance. The higher the sur-
face roughness of the material, the smaller the electronic work
function (EWF). The electrons were easily released on the
surface of the material, leading to a higher corrosion rate [24].
Therefore, the corrosion resistance of the aluminum alloy sub-
strate after laser cleaning was stronger than that after me-
chanical grinding.

In order to verify surface grain refinement after laser cleaning,
EBSD test was performed on the aluminum alloy substrate.
The average grain sizes were counted in the upper region and
the entire region, respectively.

As shown in Fig. 7(b), the average grain size of entire region
was 7.98 um and the number of grains with less than 15 ym

}Avcragc:7.98pm
|Max:32.49um
|Diameter<10pum:65%

e e e
o W 'S
.

Diameter-Weighted Fraction
e

0 5 10 15 20 25 30 35
Grain diameter

‘ Average:7.30um
04} Max:22.01pm
|Diameter<10pm:73%

w
T

Diameter-Weighted Fraction ___
e
[

e

54
=)

0 5 10 15 20 25 30 35
Grain diameter

Fig. 7. Statistics of grain size of aluminum alloy substrate after laser clean-
ing: (a) EBSD results; (b) entire region; (c) upper region.

accounted for 65 % of the total. As shown in Fig. 7(c), the av-
erage grain size of upper region was 7.30 ym and the number
of grains with less than 15 pm in diameter reached 73 % of the
total. It proved that there was a certain grain refinement in the
upper region.

3.5 Coating adhesion of samples

Fig. 8 shows the surface microstructure after scratch test. As
the load increased, the groove width on the coating surface
increased. In the initial stage, the surface coating damaged
under the action of the indenter, but it did not break away from
the surface of the substrate. As the load increased further, the
coating completely separated from the surface of the substrate,
exposing the bright white aluminum alloy substrate. We ob-
served that comparing with mechanical grinding, the coating
was separated from the surface using laser cleaning than. The
bonding force between the surface and the coating using laser
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Fig. 8. The scratched position of coating in scratch test: (a) laser cleaning;
(b) grinding.

treatment became higher.

The critical load was the load force when the paint layer
broke. The coating adhesion can be obtained according to the
formula.

L K(H,)a 2
CJR -

£
“" z(H,) @)

where 1, MPa was the coating adhesion in, P, was the critical
load in N, H, was the substrate hardness in MPa, R was the
scribing needle radius in mm, a was the scratch half width in
mm and K was the constant, between 0.2 and 1.0.

After laser cleaning, the distance between the scratched po-
sition of the paint layer and the starting point was 1699.80 pm,
corresponding to a critical load of 2.70 N. After mechanical
grinding, the distance between the scratched position of the
paint layer and the starting point was 879.12 ym, correspond-
ing to a critical load of 1.88 N. Taking K = 0.2 [25], it was calcu-
lated that the adhesion force of the paint layer using laser
cleaning was 14.18 MPa, and the adhesion force of the paint
layer after mechanical grinding was 11.63 MPa. Comparing
with mechanical grinding, the coating adhesion increased by
about 22 % using laser cleaning.

The bonding strength between the substrate and the coating
was related to the surface roughness of the substrate. A larger
surface roughness induced the stress concentration more eas-
ily. The interface between the coating and the substrate sub-
jected to greater shear force. The shear force can cause
cracks in the surface coating. As the load increased, the coat-
ing layer cracks propagated. Finally, the coating was com-
pletely destroyed and separated from the surface of the sub-
strate [26]. The surface roughness of the sample after laser
cleaning is smaller. The coating is subjected to less shearing
force when loaded with the same load, it is less prone to inter-
nal cracks and damage. The surface of the sample after laser
cleaning has a stronger coating adhesion.

4. Conclusions

In this study, the microstructure and performance of 5083
aluminum alloys were carefully investigated using different

cleaning methods. The experimental results can be achieved
as follows:

1) The surface of the aluminum alloy substrate formed uni-
formly distributed volcanic craters after laser cleaning. The
small holes emerged at the spot junction because molten alu-
minum alloy liquid spatter failed to spread completely out over
the surface under the action of the pulse laser.

2) After laser cleaning, the carbon element on the surface of
the aluminum alloy had a small amount of residue at the longi-
tudinal overlap of light spot and the distribution of oxygen ele-
ment emerged in parallel bands.

3) Comparing with mechanical grinding, the corrosion resis-
tance of the aluminum alloy substrate was obviously improved
using laser cleaning. Increased corrosion resistance was
closely associated with refinement of the grains and reduction
in surface roughness.

4) The coating adhesion of samples was significantly in-
creased using laser cleaning rather than mechanical grinding.
It means that laser cleaning can completely replace mechani-
cal grinding to remove paint in industrial production.
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