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Fig. 1 Schematics of laser cleaning device and cleaning method. (a) Schematic of laser cleaning device; (b) cleaning

method of paint removal
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Table 1 Main parameters of optical fiber laser
Wavelength/nm Maximum power/ W Pulse width/ps Pulse frequency/kHz Trigger mode
1064 30 1 20-100 Pulsed
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Fig. 2 Three-dimensional finite element model for laser cleaning
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Fig. 3 Three-dimensional morphologies of the surface cleaned at different scanning speeds. (a) 200 mm/s; (b) 400 mm/s;

(¢) 600 mm/s; (d) 800 mm/s; (e) 1000 mm/s; (f) 1200 mm/s
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Table 2 Spot overlap rate and surface roughness of the

surface cleaned at different scanning speeds

Scanning speeds Surface roughness

0
/(mm s 1) Un/ % /pm
200 91. 50 4.602
400 8§2.90 1. 575
600 74.40 1. 205
800 65. 80 2.530
1000 57.30 3.456
1200 48.72 4.204

320
g, 480
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P A4 AT Bk o R A AT TR I S4B . (220 kHzs ()25 kHz; ()30 kHzs (d)35 kHz; ()40 kHzs (D45 kHz
Fig. 4 Three-dimensional morphologies of the surface cleaned at different pulse frequencies. (a) 20 kHz; (b) 25 kHz;

(c¢) 30 kHz; (d) 35 kHz; (e) 40 kHz; (f) 45 kHz
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Table 3 Surface roughness of the surface cleaned at different pulse frequencies

Pulse frequency Surface roughness

U,/ %

Pulse frequency Surface roughness

U,/ %

/kHz /pm /kHz /pm
20 61.54 2.270 35 78.02 1.053
25 69. 23 2.059 40 80. 77 2.396
30 74.40 1. 205 45 82.91 2.712
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Fig. 5 Three-dimensional morphologies of the surface cleaned at different powers. (a) 10.5 W; (b) 13.5 W; (¢) 16.5 W;
(d) 19.5W; (e) 22.5W; (f) 25.5 W
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Table 4 Surface roughness of the surface cleaned at

different laser powers

Power /W Surface roughness /pm
10.5 3.422
13.5 2.976
16.5 1. 205
19.5 1.615
22.5 1. 890
25.5 2.289
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Fig. 6 Morphologies of the surface cleaned at different parameters. (a) SEM morphology, v = 200 mm/s; (b) SEM

morphology, f = 25 kHz; (¢) SEM morphology, v = 1000 mm/s; (d) three-dimensional morphology, v =
1000 mm/s; (e)(f) SEM morphology, f=40 kHz
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Table 5 EDS results of different areas in Fig. 6

Atomic fraction/ %

Region
C O Al Ti Si
Original paint  68.17 30.93 0.12 0.46 0.31
Region 1 36.09  49.70 6.79 4.23 3.19
Region 2 56.63 36. 81 3.81 1.99 0.76
Region 3 61.19 34. 85 0.27 2.73 0.96
Region 4 58.77  37.59 1. 30 1.72  0.62
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Fig. 7 XPS C 1s and O 1s spectra of the paint surface. (a)(b) Original surface; (c)(d) surface after cleaning with the

frequency of 40 kHz
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Table 6 Results of the peak separation of XPS C 1s, O 1s spectra, together with the binding energy

Original surface Cleaned surface
Element Bonding Assi . Bonding Assi .
energy/ev ssignmen energy/ev ssignmen
C—H
283. 97 o e 284. 32 C
284. 44 —CH— 284. 70 ¢
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. 1V, . ~ ~/ ~
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531.92 (—CH,C(CH,) (C(O)OCH,)—), 531. 65 (—CH,C(CH,) (C(O)OCH,)—),
—C=0 .
534. 25 o0 532. 26 Si0, Al O,
535.41 —C=0 532. 94 (—CH,CH(C(O)OH)—),

< = .
78 S y £ S ¢ L SNV 50 . R
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o o N
S b

S ) It 3 oS L
100 nm EHT=5.00kV  Singal A=InLens 200 nm EHT=5.00kV  Singal A=InLens
o WD=4.6 mm Mag=50.00 KX H WD=4.6 mm Mag=20.00 KX

B8 FREEEBE R SEM B4 (f=40 kHz). (a) 2000 X ;(b) 10000X ; (c) 50000 X ;(d) 20000 X
Fig. 3 Cross-section SEM images of residual paint( f =40 kHz). (a) 2000X; (b) 10000X; (c) 50000X ; (d) 20000 X
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Abstract

Objective A paint layer can be applied to metals to enhance their surface characteristics. However, in many cases,
paint often needs to be removed from the metal surface because of its potential damage to the environment. Paint
removal using laser provides several advantages over the conventional techniques such as mechanical or chemical
cleaning. Specifically, an accurate removal area, minimal detrimental effects to the substrate, reduction in
contaminated waste, and fast cleaning rate are the key favorable factors in paint removal using laser. Several studies
have been published in the literature that dealt with the effect of different process parameters for paint removal
including the change of the temperature. Other processes that affect the relationship between the laser beam and
paint have not been determined. In the present study, we report a novel type of research methods to understand the
detailed micro process of paint removal, such as the plasma effect near the paint surface and the microscopic
destruction process in the paint. We expect that our basic strategy and findings can help in understanding the
characteristics and mechanisms of paint removal.

Methods In this work, 2024 aluminum alloy and polyacrylate resin-based paint were employed. A laser paint-
cleaning test was carried out using pulsed laser with a wavelength of 1064 nm and a pulse width of 1 ps. In the
experiment, the focal spot diameter of the Gaussian beam was approximately 78 pm. The whole apparatus was
completely automatic, that is, a computer controlled the laser power, repetition rate, and scanning speed. The
cleaning residues were deposited on a silicon wafer, which was located 17 mm from the surface of the sample, as
shown in Fig.1. The effects of scanning speed, pulse frequency, and laser power on the laser-cleaning quality were
investigated. According to the morphology and element-valence changes in the cleaned surface and by combining the
morphology of the cross section of the paint and particles generated during the cleaning process, the underlying
process and mechanisms of the paint removal using pulsed laser were thoroughly investigated. Simultaneously, the
temperature and stress-field distributions of the finite-element simulation using COMSOL Multiphysics software were
also used for the auxiliary analysis.

Results and Discussions The paint in the experiments could be removed using pulsed laser. The laser-cleaning
quality first increased and then decreased (Fig. 3, Fig. 4) and the surface roughness first decreased and then
increased (Table 2, Table 3) with the increase in the scanning speed and pulse frequency. Furthermore, the laser-
cleaning quality increased (Fig.5) and the surface roughness first decreased and then increased (Table.4) when the
laser power increased. The morphologies and elements of the cleaned-surface study illustrate that the laser plasma
and thermal combustion were affected by the absorption of laser energy by the paint during the laser-cleaning process
(Fig.6). In addition, the X-ray photoelectron spectroscopy analysis indicates that C—H, C—C, O—H, C=0, C—
O, and other covalent bonds in the polymer molecular chain of the paint were broken under the action of the pulsed
laser (Fig.7). During the cleaning process, a layered structure was formed in the paint. Obvious cracks appeared
that were parallel to the surface of the paint at the fracture section, which extended inside the paint. This result
indicates the presence of a mechanical effect perpendicular to the surface of the paint. The cohesion of the lacquer
was destroyed, which damaged the paint between the layers, and the paint layer was ejected (Fig.8). The study of
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the collected particles illustrates that the presence of mechanical mechanisms in the paint-damage process, such as
vibration and impact, and the vaporized paint nucleated and grew in the high-energy limited area formed by the

pulsed laser, which resulted in the formation of nanoparticles (Fig.9).

Conclusions In the present study, three different process parameters, namely, scanning speed, pulse frequency,
and laser power, influence the laser paint-cleaning quality at different levels. The laser-cleaning quality first
increases and then decreases with the increase in the scanning speed and pulse frequency and increases as the laser
power increases. The laser-cleaning quality is good when the process parameters are as follows: laser power =
16.5 W, scanning speed = 600 mm/s, and pulse frequency = 30 kHz. Under different process parameters, the main
mechanism of the laser paint removal is different. With regard to the analysis characterization, we conclude that the
effect of the cohesive-failure and crack-propagation-fracture mechanisms is more efficient than the chemical bond-

fracture combustion.
Key words laser technique; pulsed laser; paint removal; aluminum alloy; process parameter; mechanism
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