% 50% % 16 #1/2023 £ 8 B/HEH

y IR 2 300 10 4 8 i 52 5 B2 IO T DE G 52 M

KRM, BEA, KA, GRE, KEE

R R R = AT AE T AR 22 Be, K 300300

BE RN OE I SOE AR 2A12 514 4 b 4 10 7 40 W 3 A B 2 TR AT T OGS Ve S L BF5E T R
I B () AP BR AR B0 S5 SR g, S O 1 20%% I, T 08 4 22 R G 90 48 2B 5 ¥4 9, =40 B (X
IR AR B LA M MR IR 36 R s 24 5, =60 %% I 5 A S22 W8 2 B S BB, ST 2 B B o, (0
2 M1 5 0 AT 5 T 5 96 0 U2 e A A 5 A 4 7 €6 3000 0 A B T 6 8 DA i 1 3 2%
T 7 2 A A A 2 R T 1 -5 5 5 A5 25 0 7 e 2 o B -2 B b e O )+ o 5 B0 7
i 5258 5 T ot 5492 S 2 T AR L S 00 A U5 A B Y o B 8 0L L RO
S AR 7 A A ) B L+ O 258 8 T o ot AN ) R S 5 B R 1 B A 2 40 U2 B 0

HERUA

REWR OBOLHOR; BOLHEYE; iaas AR yREE BRELH

FESFES TN249 XHkARERD A

I G

RACHIRKEHIRE 22T  HEEROE GE
JEAE RN G Fh 55 I8 bk U I AR Dl D R ok 4 22
HEHRBEMWLEEEW T % S I B F R 16 55 2k
) L R, 58 R 3R AR AR R Y R R u A R v
B4 e i 50 T RALAL 55 5 B4R A /9 C K A1 D &S 36
o CRE BRI M 4E A& 5 A 8 3400 4~ RATHR IR, B4
XEHL B B A s ML R B X R TT s D K BRI e s £
KATHF R 10000 h A A R RHL, WA E 2 KK
T AR ALBR R . B AT, N T R A Ak 2 25 7
R UL PR R EEEARFB . AN TATE
FB D 3 B AR HE R (B RORAR R BEAR 5 5 5
Bz A2 2 AR SOR I e 3 T T B (H 3 2 IR
TR S AR, HBR WIS Y O Aok 2 H 2
JBT 18 P HE AR o

Bl o A T e AR I AN W o 3 R kR R AR LR
o ARl i OGBRIE B R E A T AR LS, I 3%
KIERAEGEREE T N ARERERZ — )2
A3 I T 1 N = 7 SO | £ A s T
B PO BRI R R R B ik S BT b AR
PR3 3¢ HARR A BR B T AR R 37 T HAb AL S bR R 7
K — D EBERE MR HREZ - TfER
S AN D Bk o SO BRI B T TR R T 35 B Rl o 1E
T THEGE 50BN R W Ve it B 5 1 I ) iR 3l Fn ke

DOI: 10.3788/CJL221339

ol o B AR ML 5 B L R A R 2 R S AR
DGR BR A A 2 T A SRR i R B AT T W R SE G B ST
R IR HOGWE e LR ISR BR B O L RO
e LA 1 4R 2 bR 3 500 3 5 Ansari BRI L
JERR AR ML 2 EALRE AN 4k 8 AR ) vhily (AR
T o R ARORE Ik S H IR X R AL RS A AT o HE
FTF 58 U8 B 5 Roberts A A 3806 Bk B 7E I ML ) 3 22
AL FE 5 Il RN AR ) 4R B R 2 IR S O RO K
JEE 1 AL G RO P E BOEBRIR ML O R L
FRFRAT UK, RE KR ERFHELZRE ZME
W) RE T SO BR R AL 00 5 A5 (R R R LR LR 9 3¢ B
FALPNE e Y P E 1 E7

ZE B, R SCEF X 2A12 S AR A e R |
ALO, B SR MENR AN E A RIZ RS, Uy 1)
PR S A R R G R K v AR O S
HEAT T ROGERIR 28 . R OG2 B EE (OM) (4
HLF B (SEM) X I 2k BB 54X (EDS) i B i 21
ARG (FT-IR) F1 X 4% i F RIS AL (XPS) 55 2
FRE AR F B 6 58 T R[] y 1) 5 2 R % 2 5 3 )2
PO VR RCR B R R 38 14 W T Uk 2 1 Bk B A
SURRAE AR5 AR AL, I T AR A 2 I IR fR L EE L
R T ORE BREAE AL 2 B RS E AT R, R
TEHLSE R FOGBRER 1 Tk Al fE B4R T — 5 1 S50 AN
BB (e

WRBH: 2022-10-19; 1EEIBEH: 2022-11-28; FABH.: 2022-12-12; MEHEEXHE: 2022-12-22
HETB: EEAKPERES(U2033211) Hr e 5 8 LA B IL 45 3% 515,700 H (3122022104)

BIS1EE . zqzhang@cauc.edu.com

1602204-1


https://dx.doi.org/10.3788/CJL221339
mailto:E-mail:zqzhang@cauc.edu.com
mailto:E-mail:zqzhang@cauc.edu.com

Rt

#50% £ 6H1/2023 £ 8 A/ E#N

2 SRR R

21 K

B2 I0 F 2A 1248 A 4 3R M VI A K T8 RS 4
%ﬁSmﬂ%mﬁOMm%ﬁmIﬁﬂMNI%ﬁﬁ
mE 1w,

BIE RS ME KB & Ak A R, Horb o

B B TR BB S AR AR R, BB 2
ALO,, JEEZ) 0 10 pm. B2 R G EDS K I 45

1R 2 B s RO TE YR A Jm 2 T B AT 2R
A AL TR T IS A T B A C Sk 3
Bros o o BT ANER 2 AT LUFE Y T IR R Y 3 2
a3 B b ) B A R ), ALO, %8k B 32 i W2 FH i 4 1k
R oEK A F R AL O R F R A

N .{?ﬁﬂﬂjﬂﬂéﬂﬁj\ﬁ‘fﬁ MR AR, A N N2
F1 2A12808 2R 0Y
Table 1 Chemical compositions of 2A12 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.

Energy /keV

Energy /keV

Energy /keV

1 BERGEDS KM 2558 (a) F ALK ; (b) FEEE; (o) 03
Fig. 1 EDS test results for paint layer systems. (a) Oxide film; (b) primer; (¢) topcoat

F2 WE EEAE

(LB EDS 1oy R 78050482, %0)

Table 2 EDS compositions of topcoat, primer, and oxide film (atomic fraction, %)

Sample C O Ti Mg Ba Pt Al S

Topcoat 79.01 19.00 0.13 0.63 0.38 0.35 0.50 - -

Primer 79.14 19.05 0.45 0.29 0.35 0.08 0.64 - -
Anodic oxide film 4.73 61.70 - - - - 30.22 3.35

X3 EABEETEASMMHLSH

Table 3 Main components and related parameters of composite paint layer

Sample Base 1 Base 2 Functional oxide particle Color Film thickness
Topcoat HydroxyA Hexamelhyle‘ne Navy blue (B-lyp‘e copper 65 um
acrylate resins  diisocyanate diurea ) - phthalocyanine)
| | MgO, Si0,, TiO,, BaSO,, etc.
Primer Po Zs:ﬁ;dte Polyisocyanate Milky yellow (ZnCrO,) 55 pm
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Fig. 2 Cross-section OM morphology of composite paint layer system and SEM morphology of oxide film surface. (a) Cross-section

OM morphology of composite paint layer system; (b) SEM morphology of surface of oxide film

22 XBHRE5EE li] A0 . R TE AN SE IS S BN K 4 TR 5 SR
S SR A O TE Ve R A R A TR RS B el AR R A BRI PN AN 5 TR

64T oL #s GO I K A=1024 nm) , 14k BR A2 4% 18

HOBAHE M S T, E 3R, ok Vo a

W %

Fa TRBH

Table 4 Experimental parameters

Parameter Value

Power (P) 30 W

Pulse width 200 ns

Frequency (f) 30 kHz

Spot diameter (D) 30 pm

Scanning speed (V) 720 mm-s "
x-direction overlap rate (7,) 20%
3 HOCE B o A y-direction overlap rate (7,) 0%, 20%, 40%, 60%

Fig. 3 Schematic of laser scanning path
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Table 5 Experimental equipments and test contents

Equipment Detect content
OM Macro-morphologies of surface and cross section before and after laser cleaning
SEM Surface microstructure characteristics after laser cleaning
EDS Compositions of surface elements before and after laser cleaning
FT-IR Changes in polymer functional groups before and after laser cleaning
XPS Changes in surface compositions and contents before and after laser cleaning
3 ST B e b, ‘ i
Kl 4(a) ((c) . Ce)  (g) a5l o VU A [6) y ) 5 42 R
3 BRERRBEERSNT T T BRE G # i OMIES, K1 4(b) ((d) (1)

Pe i BOE T TR WA IIALH Z — L R A () AR SRTE OMIJESR . 4, 18] 4(a) AR AR I3
SCH R NG TR R AR A B E R UL e B2 AR JREE N 10~40 pm, B 2/0 T IRIR KB R BE Ui y
e FE JK i O AR AT B R UM i DT 2 4R o] 542 R O O I T 8 B 42 AR DL bR IR R o &5
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B-type copper phthalocyanine deposition
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Fig.4 OM morphologies of surface and cross section after paint removal under different 7,. (a)(b) 5,=0%; (c)(d) 7,=20%; (e)(f) p,=40%%;
(g)h) n,=60%
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Fig. 5 Change in y-direction overlap area. (a) ,=0%; (b) ,=20%
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partially enlarged image

Bl 6 ANIF g, T BREE G R IEH A ML (a) (b) 7,=0% ;(c)(d) n,=20%;(e) (D) n,=40%;(g)(h) n,=60%
Fig. 6 Macro-microscopic topographies of surfaces after paint removal under different #,. (a)(b) ,=0%; (c)(d) ,=20%; (e)(I) n,=40%;
(g)(h) »,=60%
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K6 AIA] g, T BRE G I R AY EDS Al 45 2R

Table 6 EDS test results for cleaned surfaces after paint removal under different »,

Atomic fraction /%

Point No.

C O Mg Si Ti Ba Pt S Al Cu Mn
Al 65.29 28.8 1.11 1.32 1.19 1.57 0.72 - - - -
A2 79.27 18.90 0.20 0.52 0.34 0.13 0.64 - - - -
Bl 29.90 40.02 1.82 1.84 1.26 1.70 0.59 2.00 20.87 - -
B2 50.46 30.37 1.79 1.83 1.57 1.89 0.73 0.59 10.77 - -
B3 70.82 24.57 0.99 1.01 0.97 1.03 0.61 - - - -
C1 17.07 11.73 1.87 3.43 2.43 1.45 0.74 0.34 58.90 1.74 0.30
Cc2 37.46 38.43 1.70 2.36 2.07 0.95 0.82 0.63 15.58
D1 13.34 5.73 1.16 0.36 0.43 0.41 0.65 0.09 74.40 2.97 0.46

facula  heat-affected zone

heat-affected zone

topcoat

. ash Sio,

primer|

BaSO, TiO,
anodic

oxide film

substrate

7 el U1 870 2 ThT A o 45 44 4]

Fig. 7 Composition structure diagram of surface of ablation pit
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Fig. 8 Surface infrared spectroscopy analysis before paint

removal and after paint removal under different 7,
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Table 7 Surface infrared spectroscopy analysis results before

paint removal and after paint removal under different 5,

Wave

number /  Band assignment Chemical compound
cm
3362 OH Acrylates
2925 CH, Isocyanate
2855 CH, Isocyanate
1725 C=0 Acrylates
1449 CH, Acrylates
1163 C—0—C Acrylates
1118 C—N Isocyanate, associated urethane
1066 C—OH Acrylates
1017 C—0—C Acrylates
876 C—H Xylene(solvent)
756 N—H Associated urethane
701 C—H Xylene (solvent)
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Fig.9 Surface XPS analysis results before paint removal and

after paint removal under different 7,
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Bindin Spectral
Condition ) Composition peak area
energy /eV ratio /%

283.83 C—H, C—=C 8.73

284.48 —CH,—, C—C, CH; 26.12
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(—CH,C(CH,) (C(0)OCH,CH,OH)—),

285.35 (—CH,C(CH,)(C(O)OCH,)—), 30.58
288.38 0—C—0, O—C—N, C—N 5.63
284.38 i-CH,, C—H, —CH,— 22.74

C graphite, C, C—C, C—H,(—CH,C(CH,)(C(0)OH)—),
284.81 (—CH,C(CH,)(C(O)OCH,)—), 40.57
(—CH,CH(C(0)OCH,)—),

After paint removal when 7,=20% (—CH,CH(C(O)OCH,CH,)—)
286.25 (—CH,CH(C(O)OCH;)—), 25.43
(—CH,C(CH,) (C(O)OCH,CH,)—),
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Bindin Spectral
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(—CH,C(CH,) (C(0)OH)—),
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Effect of y-direction Overlap Rate on Laser Cleaning of Composite Paint
Layer on Aluminum Alloy Surface

Zhang Tiangang, Duan Junjie, Liu Tianxiang, Hou Xiaoyun, Zhang Zhiqiang

School of Aviation Engineering, China Civil Aviation University, Tianjin 300300, China

Abstract

Objective The service environment of composite paint layer on civil aircraft skin is severe, making local and overall paint removal
become necessary steps for routine maintenance of civil aircraft. Currently, manual grinding and chemical stripping are main technical
means for paint removal of civil aircraft. Manual grinding is inefficient and easy to damage aircraft skin. Although chemical stripping
has higher efficiency, the serious waste pollution can not meet increasingly stringent environmental protection requirements.
Therefore, laser cleaning technology with low cost, high efficiency and minimal pollution has entered vision fields of researchers.
However, the interaction and coupling effects among ablation, plasma shock (shielding), and thermal stress mechanisms during the
cleaning have not been deeply understood at present. In this paper, effects of different laser overlap rates in y direction on cleaning
quality are investigated using high-repetition-rate pulsed fiber laser cleaning system. By analyzing macro-micro morphological
characteristics and composition changes of cleaned surface, mutual effect and coupling behaviors of different paint removal
mechanisms and thermal degradation principle of residual paint layer are elucidated. We hope that the above researches can provide

theoretical and experimental support for industrial application of laser-cleaned aluminum alloy composite paint layer.

Methods In this paper, the laser cleaning experiment of composite paint layers of 2A12 aircraft aluminum alloy is performed using
the high-repetition-rate pulsed fiber laser complete processing equipment under process conditions of four different laser overlap rates
in y direction (n}‘Z()V, 20%, 40%, 60%). Firstly, optical microscope (OM) is used to observe the states of cleaned surfaces and
sections. Then, morphological characteristics of macro- and micro-structures as well as compositions and element contents on cleaned
surface are further investigated by scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). Furthermore,
Fourier transform infrared spectroscopy (FT-IR) is adopted to study the change of functional groups in acrylic-polyurethane composite
paint layer. At last, the composition change and content of cleaned surface are analyzed by X-ray photoelectron spectroscopy (XPS).

Results and Discussions Laser cleaning experiments are carried out with y-direction overlap rates as variables, in which
composite paint layer systems exhibit various removal degrees. Overall, with the y-direction overlap rate increases, effects of laser
plasma shock and shielding are weakened and the ablation and gasification of composite paint layer are strengthened (Figs.4 and 6).
Obviously, there are ablation-plasma shock and shielding-ablation circular paint removal mechanisms during the cleaning process
[Figs.6(a) and (b)]. Main components of the crater surface formed by ablation include thermal degradation product of paint layer, ash,
fixed carbon, topcoat colorants, and functional oxide particles (Fig.7). By analyzing the action characteristics of different paint removal
mechanisms, it is found that the residual paint layer appears delamination and fragmentation, which is mainly caused by plasma shock
and thermal stress [Figs.6(a)-(d)]. The changes of functional groups and components in residual paint layer show that the free radicals
in acrylic resin chain segments are replaced and rearranged (Fig.8 and Table 8), which is due to the thermal effect of ablation and

plasma shock.

Conclusions Laser paint removal experiments on 2A12 aluminum alloy surfaces are performed under different laser overlap rates in
y direction. Results demonstrate that the topcoat is removed completely and the primer is removed partially when the overlap rate is
20%; the residual primer exists barely with the destroyed oxide film and exposed aluminum alloy substrate when the overlap rate is
40%; the paint layer is completely removed and the substrate is damaged when the overlap rate is 60%. The research shows that there
are three paint removal mechanisms of ablation, plasma shock (shielding), and thermal stress during the paint removal, in which the
ablation leads to the stripping and deposition of the B -type copper phthalocyanine in primer and functional oxidation particles in
composite paint layer and plasma and thermal stress cause physical damage of the paint layer. The appearance of crater-spacing-crater
cleaning feature on cleaned surface demonstrates that the paint removal mechanisms of ablation and plasma shock (shielding) occur
alternatively. At the same time, the heat affected zone forms on the surface of residual paint layer, which induces thermal stress paint
removal during the cleaning. The thermal degradation mechanism is revealed by analyzing the changes of functional groups and

components in residual paint layer.

Key words laser technique; laser cleaning; aluminum alloy; composite paint layer; y-direction overlap rate; paint removal mechanism
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