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Fig. 1 Cross-section OM topography and diagram of composite paint layer. (a) OM topography; (b) diagram
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Table 1 Chemical compositions of .Y 12 aluminum alloy

Element Si Fe Cu

Mn Mg Cr Zn Ti Al

Mass fraction /% 0.06 0.18 4.73

0.63 1.65 0.02 0.22 0.04 Bal.
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Table 2 EDS results of oxide films

Element C O Al Si

Atomic fraction /% 17.23 53.18 25.22 4.37
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Table 3 Main components of two-component acrylic polyurethane paint

Component

Topcoat

Primer

First component

Second component

Hydroxy acrylic resin

Hexamethylene diisocyanate biuret

Acrylic resin

Polyisocyanate

4R SIRENEDS 45 R
Table 4 EDS results of primer and topcoat

Atomic fraction /%

Sample

C O Ti Si Mg Pt
Topcoat  78.42 20.32 0.23  0.29 0.15  0.59
Primer 78.36 20.35 0.26  0.31  0.12  0.60
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Fig. 2 Working principle of laser paint removal system
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Fig. 3 Schematics of laser processing. (a) Spot for single-pulse paint removal; (b) paint removal path by multi-pulse surface scanning
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Table 5 Process parameters of single-pulse laser paint removal experiment for composite paint layer system

Parameter Value
Average power (P) /W 100
Pulse width (7) /ns 200
Repetition frequency (f) /kHz 10
Spot diameter (D) /pm 50

*6 HFRZERGEZIKT SR EOCRE SR T E S8

Table 6 Process parameters of multi-pulse surface scanning laser paint removal experiment for composite paint layer system

Parameter Value
Average power (P) /W 100
Pulse width (z) /ns 200
Repetition frequency (/) /kHz 10
Spot diameter (D) /pm 50
Scanning speed (v) /(mm-s™") 1000, 900, 800, 700
Line spacing () /pm 0
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Table 7 Detection contents and characterization devices

Content

Equipment

Gasification point of paint layer

Strength limit of paint layer

Surface and cross-section appearances before and after paint removal

Microstructure of surface after paint removal

Composition of surface after paint removal

Thermal gravimetric analyzer (TGA)

Universal testing machine (UTM)

Optical microscope(OM)
White light interferometer (WLI)

Scanning electron microscope (SEM)

Energy dispersive spectroscope (EDS)
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Fig. 4 Thermal weight loss experiment result of topcoat
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Fig. 5 Finite element mesh model for single pulse laser paint
removal
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Table 8 Thermophysical property parameters of paint layer

Parameter Value
Density (p) /(kg-m™*) 1450
Specific heat (C,) /[J-(kg-K) ] 2500
Thermal conductivity (£) /[ W+(m-K)™'] 0.3
Absorption coefficient (A) 0.8
Young modulus (E)/Pa 1Xx10"
Thermal expansion coefficient (a)/K™' 6x10°°
Poisson ratio (u) 0.17
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Fig. 6 Temperature field cloud map of paint removal surface at
=200 ns
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Fig. 7 Temperature change of paint removal surface
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Fig. 8 Temperature and thermal stress field cloud maps for paint removal surface at /=750 ns. (a) Temperature field cloud map;

(b) thermal stress field cloud map
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Fig. 9 Thermal stress and depth of action of paint removal surface at /=750 ns
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Fig. 10 Experimental equipment and specimens
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Table 9 Stress-strain experimental parameters

Parameter Value
Tensile and compressive speed /(mm-min ") 10
Experimental temperature /C 22

FEL 11 Sk T s T R TR 8 1) I 7 - I A 52 I &5 R RN AN WERE I, AR BT R AR TR S a b
11 Ca) g AR AR R 7 -0 AR SE G 45 5, AT DUA Y Bl N 1R 322.72 N, B JC 3 46 I 2 B 7 - 107 AR B

1602209-6



£ 51% 5§ 16 H1/2024 £ 8 B/ EH*¢

350

800 tensile
250 strength of 26.8 MPa

200
150
100

50

Load /N

322.72N

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 6.45 0.50
Shift /mm

s000f ® /
4500F- - - - ¢
i

40001 no compressiv/

3500 strength
3000
2500 4492 N
2000
1500
1000

Load /N

0 1 2 3 4 5
Shift /mm

P LT TR TR 5 T A 4 o ) - 8 9 A 5 2R () A 52 6 I % 5 (o) T 44 52 4 2k

Fig. 11 Stress-strain test results of acrylic polyurethane paint. (a) Tensile test curve; (b) compression test curve
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Fig. 13 Comparison result of cross-section profile and SEM morphology of single-pulse laser paint removal crater surface. (a) SEM

morphology of crater surface; (b) comparison result of cross-section profile
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Fig. 14 Mechanism of single-pulse laser paint removal. (a) Irradiation and gasification; (b) ablation and plasma cleaning; (c) thermal
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cross section surface
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(g)(h) y=700 mm/s
Fig. 15  OM morphology of paint removal surface by multi-pulse surface scanning laser at different scanning speeds. (a)(b) v=1000 mm/s;
(c)(d) v=900 mm/s; (e)(f) y¥=800 mm/s; (g)(h) v=700 mm/s
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Fig. 16 Comparison of theoretical and experimental laser irradiated areas at different scanning speeds. (a) v=1000 mm/s;
(b) =900 mm/s; (¢) Y=800 mm/s; (d) yY=700 mm/s
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P17 A )43l 3 1 B 3 U 3% 1T 1 BT SEM BOMLIE A . (a) (b) »=1000 mm/s; (¢) (d) v=900 mm/s; (e) (f) =800 mm/s;
(g)(h) v=700 mm/s
Fig. 17 Backscatter SEM microscopic morphology of surface after paint removal at different scanning speeds. (a)(b) v=1000 mm/s;
(c)(d) v=900 mm/s; (e)(f) y¥=800 mm/s; (g)(h) v=700 mm/s
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Table 10 EDS test results of different surface areas after paint removal at different scanning speeds

Atomic fraction /%
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Cl 53.12 25.87 3.34 2.97 3.02 2.78 0.65 8.25
C2 41.42 33.28 0.79 0.70 1.01 4.51 1.12 17.17
- . (12): 1202208.
5 él:[ e [6] GulY,SuX, JinY, etal. Towards low-temperature laser paint
B . stripping by photochemical mechanism on CFRP substrates[J].
* H COMSOL 7’:% M T $‘H7]( ‘(*?W *’J‘b‘%@ﬁ'ﬁ%’fﬂ*ﬁ@ﬁj Journal of Manufacturing Processes, 2023, 85: 272-280.
S (- A R S o TR ,%%%éﬂﬁ ,*/I\Hﬁﬂﬁl“%] [7]  Zhu G D, Wang S R, Cheng W, et al. Corrosion and wear
NI, N formance of aircraft skin after laser cleaning[J]. Optics & Laser
_ ot W oy A= Vs . 44 per 2
,ﬁﬁ(f 200 ns)/ﬁﬁ)ﬁ,}?ﬁ&ﬁb\ W’ft%{fk47j‘73fl:ﬂi7cé/n Technology, 2020, 132: 106475.
W U A T U B R B i R AE K T 550 ns, B (8] VLS, BRIEF, KIBIHE, % . WAL R HOR BB R TR A
R 4L o % B R B BEE 43 5k 38.5 pm 1 100 pm ; 5% 4 ?fJIMAI‘\‘f%%;aﬁﬁ{ﬁé_klmJ.éT,]%'ﬁz%le%I%, 2023, 52(2): 20220780.f
. . N . Jiang , xuJ J, Liu , et al. Current status and prospect o
= A= PESR
% J2 2R RN ) g KT IR J:'Ei\l‘ 'fEP R ’ ﬂﬁi i Yk 2% T engineering application of laser paint removal technology for
YRR A 0.6~2.8 pm F B IR 2 OGS TR aircraft skin (invited)[J]. Infrared and Laser Engineering, 2023, 52
o 5 A B I 6 R e R i 2 1 S B 12 20220780, - .
P . - L ks " [9] Zhao H C, Qiao Y L, Chen S Y, et al. Stripping polyacrylate
% ’ Z‘fff %) ¥‘M§ {Flilfﬁ/ﬂi)fﬁ kR Mm&%& J'_L"Fij(:":$% paint with a pulsed laser: process development and mechanism
WeE R IR s TIRGRIMET T, S MR R /D analysis[J]. Physica Scripta, 2021, 96(12): 125103.
SR TN [N [10]  Shamsujjoha M, Agnew S R, Melia M A, et al. Effects of laser
TG SR e SR KOG BR B A AR b, B ik AN AR R plons 08 .
. o e ‘ - . ablation coating removal (LACR) on a steel substrate: part 1:
A B A F AE BG4 IR 5 T 5 20 1 o, i R 25 R S surface profile, microstructure, hardness, and adhesion[J]. Surface
BT, PO T BRI AR AR RN A L B S e and Coatings Technology, 2015, 281: 193-205.
N NN \ N e [11]  Sun Q, Zhou J Z, Meng X K, et al. Mechanism and threshold
T At BT ’
% ﬂ} B%,TEE ’ % ith [ 3% 1% ﬂ}ia i # & ?‘Miﬂi % ﬂ} I fluence of nanosecond pulsed laser paint removal[J]. Rare Metals,
7w %y 2= Ik =2 7 8k
559,88 2 bR R BE 120 W 4 0, 3 28 R IR RN R 2 T ek 2022, 41(3): 1022-1031.
= Sl = 1 =N N N VN : 7S [12]  Jasim H A, Demir A G, Previtali B, et al. Process development
SE AL KL T DR B Z W 4% 0 5 25 v=1000 mm/s [}, I % P
N N and monitoring in stripping of a highly transparent polymeric paint
DAl ‘?E A= B VO < [y \?5 y i . )
HS O R BRI BRI s 2 v=900 mm /s B , TR R i IR with ns-pulsed fiber laser[J]. Optics &. Laser Technology, 2017,
VRS A 2B 5 2 v=800, 700mm/s i , 5% 4% Ji 3 1 AL 93: 60-66.
T B I 0 AR k2 ek /b L B AL I R [13] A oce, MREEED, B, 45 . BOCS K oM FT R A 32 M 5TE 51
‘ ' BEUIRSE[I]. o [ MOK , 2023, 50(4): 0402016
Yang W F, Lin D H, Zhong M, et al. Simulation of crater
% % Xk morphology of paint at laser single pulse[J]. Chinese Journal of
[1]  Mapari S, Mestry S, Mhaske S T. Developments in pressure- Lﬂs?“' 2023, 59(4):0402016‘ ] A ) i
sensitive adhesives: a review[J]. Polymer Bulletin, 2021, 78(7): (14] SRR, BrfAS, XIKHT, .Y ) B5 B X 55 G R 5 A %
4075-4108. FEHOEHE e m [T]. h EOE, 2023, 50(16): 1602204,
[2]  Peltier F, Thierry D. Review of Cr-free coatings for the corrosion Zhang T G, Duan JJ, Liu T X, et al. Effect of y-direction overlap
protection of aluminum aerospace alloys[J]. Coatings, 2022, 12(4): rate on laser cleaning of composite paint layer on aluminum alloy
518. surface[J]. Chinese Journal of Lasers, 2023, 50(16): 1602204.
(3] B, BEUET, SRAUN, % Bkohot 5 B IR 3k A bR 2 (15 297, wile, T, 5 CHLSE S A0RD Bk rh O BR iR T2 5 LA
v 2], s E#OE, 2019, 46(12): 1202010. WhoE (1], FMmH A, 2022, 51(7): 370-376, 396.
JiaB'S, Tang H P, Su C Z, et al. Removal of surface coating of Qin Z, Gao Q, Wang B, et al. Technology and mechanism of
resin matrix composites by pulsed laser[J]. Chinese Journal of nanosecond pulse laser paint removal of aircraft skin[J]. Surface
Lasers, 2019, 46(12): 1202010. Technology, 2022, 51(7): 370-376, 396.
[4] #SCHE, Wk, WA, S RHLSE A OGRS L b 3 T se i [16] Kittiboonanan P, McWilliams J, Taechamaneesatit P, et al.
PERYSE W [T]. TR EEOE, 2023, 50(8): 0802206. Effects of laser pulse overlap using nanosecond fiber lasers for
Yang W F, Chang X D, Hu Y, et al. Effect of laser paint removal structuring of AA6061-T6 surfaces[J]. Lasers in Manufacturing
of aircraft skin on surface integrity of substrate[J]. Chinese Journal and Materials Processing, 2023, 10(1): 190-203.
of Lasers, 2023, 50(8): 0802206. [17]  Arif S, Armbruster O, Kautek W. Pulse laser particulate
[5] BRI, el byt 3k T N7 T 4 BT A0 B 2T 4 A2 A R R Ik separation from polycarbonate: surface acoustic wave and
PRBOCERE T 2], FhEBOG, 2023, 50(12): 1202208. thermomechanical mechanisms[J]. Applied Physics A, 2013, 111
Chen Y J, Lu W T, Yang Y T. Optimization of laser paint (2): 539-548.
removal process for carbon fiber composite substrate based on [18] ERMHLEERER, BERMEISHZE RS SIS RS S

response surface analysis[J]. Chinese Journal of Lasers, 2023, 50

1602209-12

AR GB/T 3190—2020[S]. dbat: H EARE H AL, 2020.



£ 51% 5§ 16 H1/2024 £ 8 B/ EH*¢

State Administration for Market Regulation, Standardization thermomechanical model for simulating the thermal cracking of
Administration of the People’s Republic of China. Chemical brittle materials[J]. International Journal of Solids and Structures,
composition of wrought aluminium and aluminium alloys: 2021, 229: 111123.

GB/T 3190—2020[S]. Beijing: Standards Press of China, 2020. [27] Zhang J F, Ma R, Zuo W L, et al. Ellipticity-dependent

[19]  F— &, B, ZEREMR, & . RO PR & £ I 50 i 5 ionization/dissociation of carbon dioxide in strong laser fields[J].
FEALAU 5 B [T, s O, 2022, 49(8): 0802008. Chinese Physics B, 2015, 24(3): 033302.

Wang Y F, Yu Z, Li KM, et al. Numerical simulation of micro- [28] Munafo A, Alberti A, Pantano C, et al. A computational model
pit morphology of titanium alloy ablated by nanosecond laser[J]. for nanosecond pulse laser-plasma interactions[J]. Journal of
Chinese Journal of Lasers, 2022, 49(8): 0802008. Computational Physics, 2020, 406: 109190.

[20]  Chattopadhyay D K, Raju K V S N. Structural engineering of [29]  Kruer W L. The physics of laser plasma interactions[M]. Boca
polyurethane coatings for high performance applications[J]. Raton: CRC Press, 2019.

Progress in Polymer Science, 2007, 32(3): 352-418. [30]  #RH:, FEW . WOCHREBERBUER S KU [T] WMot 54

[21]  Yang J N, ZhouJ Z, Sun Q, et al. Digital analysis and prediction Ah, 2021, 51(11): 1417-1424.
of the topography after pulsed laser paint stripping[J]. Journal of Shao Z, Wang T. Numerical simulation and experimental study of
Manufacturing Processes, 2021, 62: 685-694. laser cleaning paint technology[J]. Laser &. Infrared, 2021, 51(11):

[22]  Zhao W Q, Mei X S, Yang Z X. Simulation and experimental 1417-1424.
study on group hole laser ablation on AL,O, ceramics[J]. Ceramics [31]  SRRNI, B, B L, 55 BOBE RS &R ImE 5B ZE
International , 2022, 48(4): 4474-4483. FHHLHILT]. iz 224, 2023, 44(11): 316-329.

[23] LuY, Yang L J, Wang M L, et al. Simulation of nanosecond Zhang T G, Huang J H, Hou X Y, et al. Mechanism for
laser cleaning the paint based on the thermal stress[J]. Optik, composite paint layer on aluminum alloy surface cleaned by laser
2021, 227: 165589. [J]. Acta Aeronautica et Astronautica Sinica, 2023, 44(11): 316-

[24] Das A, Mahanwar P. A brief discussion on advances in 329.
polyurethane applications[J]. Advanced Industrial and Engineering [32] Xu C H, Yuan K K, Jin X T, et al. High-temperature stable
Polymer Research, 2020, 3(3): 93-101. electrospun MgO nanofibers, formation mechanism and thermal

[25]  VUERHE, BEAEAR . AR 2E M db s AR KR I AL, 2004 1- properties[J]. Ceramics International, 2017, 43(18): 16210-16216.
109. [33]  BXUEWI, FrE Ak, RO, SRR elEOLE TR R A K B R 1
Fan Q S, Yin Y J. Mechanics of materialsfM]. Beijing: Tsinghua AWFFE[T]. HhEEOE, 2021, 48(6): 0602121.

University Press, 2004: 1-109. Zhao H C, Qiao Y L, Du X, et al. Research on paint removal

[26] Yan C Z, Wang X, Huang D R, et al. A new 3D continuous- technology for aluminum alloy using pulsed laser[J]. Chinese
discontinuous heat conduction model and coupled Journal of Lasers, 2021, 48(6): 0602121.

Simulation and Experimental Study on Laser Cleaning of Surface Paint
Layer of Aluminum Alloy Skin for Civil Aircraft

Zhang Tiangang', LiYu', ZouJunhao', Zhang Zhigiang', Liu Yanan’
'School of Aviation Engineering, China Civil Aviation University, Tiangin 300300, China;
*School of Mechatronics Engineering, Harbin Institute of Technology, Harbin 150001, Heilongjiang, China

Abstract

Objective Civil aircrafts operate under severe conditions, leading to issues such as peeling and cracking in the aircraft paint layer.
This makes localized or comprehensive paint removal and surface maintenance pivotal during C-check or D-check procedures. Current
paint removal methods, such as manual grinding and chemical stripping, are widely used. However, they have significant
shortcomings. Manual grinding often lacks precision and can damage the aircraft surface, while chemical stripping is complicated and
environmentally detrimental. These challenges hinder sustainable and efficient advancements in the civil aviation industry. Laser paint
removal has emerged as a promising solution, offering high precision, reduced pollution, and automation possibilities. It is rapidly
gaining global attention. However, a knowledge gap exists in understanding the exact mechanism of paint removal during laser
ablation, particularly regarding the impacts of single-pulse thermal stress and plasma-induced removal. This study bridges this gap by
first determining the vaporization point and strength limit of the paint layer. Then, single-pulse laser ablation simulations are compared
with experimental results to better understand thermal stress paint removal during laser cleaning. This research sheds light on paint
removal mechanisms and evaluates the impacts of varying scanning speeds on laser paint removal efficiency. Hence, the aim is to offer

valuable insights and references for enhancing the use and development of laser paint removal techniques on civil aircraft skin.

Methods In this study, the vaporization point and strength limit of the paint layer are first determined via thermogravimetry and
stress-strain experiments. Subsequently, a finite element analysis of the single-pulse laser ablation-thermal stress paint removal

process is conducted using the COMSOL software. Experiments on laser paint removal, both single-pulse and multi-pulse, at varying

1602209-13



£ 51% 5§ 16 H1/2024 £ 8 B/ EH*¢

scanning speeds (v=1000, 900, 800, and 700 mm/s), are performed on the composite paint system of the LY 12 aluminum alloy
substrate using nanosecond pulsed fiber lasers. Then, a white light interferometer (WLI) is employed to inspect and analyze the crater
profile created by the single-pulse laser. An optical microscope (OM) is used to characterize the resulting surface and cross-sectional
morphology from the multi-pulse line scanning laser paint removal. Additionally, a scanning electron microscope (SEM) and an
energy-dispersive X-ray spectroscope (EDS) are utilized to analyze the microstructure and compositional changes on the cleaned

surface after the paint is removed.

Results and Discussions After the completion of single-pulse laser irradiation (=200 ns), the paint ablation process does not
cease. The accumulated heat causes the surface temperature of the residual paint layer to further increase until 7=750 ns. When the
temperature falls below its vaporization point, the ablation paint removal process concludes (Figs. 6 and 7). At this moment, the
action depth of thermal stress generated by the coupling of the temperature field on the surface of the residual paint layer gradually
increases from the bottom to the edge of the crater, while the corresponding values progressively decrease (Fig. 9). The maximum
value (Fig. 9, 6,,=2.7X 10" Pa) approaches the strength limit of the paint layer [Fig. 11(a), 6=2.68 X 10" Pa], leading to a U-shaped
stress-damage zone on the surface of the residual paint layer (Fig. 12). This results in physical damage, such as delamination and
fragmentation of the residual paint layer (Fig. 13). During the laser ablation process, both plasma impact and shielding effects coexist.
The plasma impact causes the actual width of the ablated crater to be larger than the simulated results, while the shielding effect
results in the experimental ablation depth of the crater being smaller than the simulated results (Fig. 14). In the process of single-pulse
laser paint removal, the ablation and plasma paint removal effects gradually intensify before the laser irradiation ends and then
gradually weaken after the irradiation completes. However, the thermal stress paint removal effect remains unchanged (Fig. 15). In the
multi-pulse surface scanning laser paint removal experiments, the actual spot overlap rate is higher than the theoretical value
(Fig. 17), resulting in the removal depth of the paint layer being greater than that of the single-pulse results. As the scanning speed
gradually reduces, the removal effect of the paint layer gradually enhances due to ablation, the plasma effect gradually weakens, and
the depth of paint removal and the deposition amount of B-type copper phthalocyanine along with the functional oxidized particles
gradually increase [Figs. 16(a), (c), (e), and (g), and Table 10].

Conclusions In this study, the single-pulse nanosecond laser thermo-mechanical coupling paint removal transient process is
simulated using the COMSOL software. The results show that the behavior of ablative removal of paint layers does not finish at the
end of one pulse cycle, and the heat accumulated on the cleaning surface extends the ablation process by 550 ns. The simulated
thermal stress value is slightly larger than the experimentally determined tensile limit of the paint layer. This causes the residual paint
layer on the cleaning surface to produce a delamination and cracking zone ranging from 0.6 pm to 2.8 pum. The laser ablation paint
removal process triggers plasma impact and shielding. This makes the experimental crater paint removal width larger and the depth
smaller than the simulation results. In the single pulse laser paint removal process, the ablation and plasma paint removal effects
gradually intensify before the laser irradiation ends and then gradually weaken after the irradiation ends, but the thermal stress paint
removal effect remains unchanged. As the scanning speed gradually decreases, the ablative paint removal effect strengthens, the
plasma effect weakens, the thickness of the paint layer removal increases, and the amount of functionally oxidized particles deposited
on the paint layer also increases. When v=1000 mm/s, the topcoat is partially removed and the primer is slightly damaged. The
topcoat is removed cleanly, and the primer is partially removed when y=900 mm/s. However, for v=800 mm/s and 700 mm/s, the

area and depth of the residual primer continue to decrease with the reduction in the scanning speed, and the oxidized film is exposed.

Key words laser technique; laser cleaning; aluminium alloy; acrylic polyurethane lacquer coating; scanning speed; paint removal

mechanism
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