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Fig. 1 Schematic of experimental setup
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Fig. 2 Original morphologies of 7075 aluminum alloy after anodic oxidation. (a) Original morphology under optical microscope;

(b) original microscopic morphology and elemental content
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Fig. 3 Arrangement diagram of laser cleaning spot
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Fig. 4 Principle diagram of removing anodic oxidation film

by laser cleaning
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Fig. 5 Morphologies of sample surfaces after cleaning under different average powers by optical microscope.
(a) 175 W; (b) 200 W; (c) 225 W; (d) 250 W
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Fig. 6 Microscopic morphologies of sample surfaces after cleaning under different average powers by SEM. (a) 175 W;
(b) 200 W3 (c¢) 225 W; (d) 250 W
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Fig. 7 Morphologies of sample surfaces after cleaning under different scanning speeds by optical microscope. (a) 1500 mm/s;

(b) 2000 mm/s; (c¢) 2500 mm/s; (d) 3000 mm/s
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Fig. 8 Microscopic morphologies of sample surfaces after cleaning under different scanning speeds by SEM. (a) 1500 mm/s;
(b) 2000 mm/s; (¢) 2500 mm/s; (d) 3000 mm/s
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Fig. 9 Morphologies of sample surfaces after cleaning under different pulse frequencies by optical microscope. (a) 2.5 kHz;

(b) 3.0 kHz; (c¢) 3.5 kHz; (d) 4.0 kHz
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Fig. 10 Microscopic morphologies of sample surfaces after cleaning under different pulse frequencies by SEM. (a) 2.5 kHz;
(b) 3.0 kHz; (¢) 3.5 kHz; (d) 4.0 kHz
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Fig. 11 Principle diagrams of laser cleaning of anodic oxidation film. (a) Schematic of laser energy diffusion inside sample;

(b) schematic of oxide film removal mechanism on sample surface
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Fig. 12 Morphology and elemental content of surface after laser cleaning anodic oxidation film when P=250 W, f=3.5 kHz,
and v=2500 mm/s

mE 10 iR R R PR P =250 W 1 H
W ©=2500 mm/s FKHHHR f=2.5 kHz 35 2k
o 2% THT I, A 3 T 1 O R 4 35 AN A v v L R R 1
KM ER A A b F w0 A B S 00 0 AR T 1 B4 e b TR
FERF T AR LI 8 Ca) | (b) I 71 By I JBE 85 K 1 e
i, MWE 10C) AT LR B, BR A 4 kb1 2% 11 45 #2 HE 51
E R S BRI LB S, R IE S TR P =
250 W. . H i B F v = 2500 mm/s FlJk th i & fF =
2.5 kHz B}, 340635 Y6 FHAR S84k R Y 25 bR AL 32 22
SACERIE
3.2 BAIZSHENTESENEE

& 13 7 i AS R S350 ) 238 71 3 R i e 2 1T 19 410
THSmTENEAME. SAR1 5B B3 UE
M EOGIH VDR 175 W A S & 250 W A, i
FESRTE EDS 8 Hr s R R, B | 5SmSR 2 3
BT S, TR E] 250 W B, FE %R
MRS E SRS &R R R, Y FHTRM 175 W

FhrE] 225 W B, S8 F i 5 0 S i 00 R AR R 4 K5
ST R I AR Ak AT AR P I TR RN 32, 2 %0 TR
96. 1% TBVEFRIETE T 66. 5% 7E BLIX [A] P4 L 3 K1 3y
0] W] PR T A AP A U TR ROR . YO I TR gk ST
A 250 W B BB 55 & E NS TR 4k s
RSB % T VRACR AR TR L S T R P =
250 W IR S0 A 4 7 Uk R Ry 98. 7 %0, B AL T OF ¥ T R
P =225 W B i FHAR A AL BT Ve 5

B 14 SN [) A 40 4 B R 9 Uk X RR 5 2R T AR
THRSHmEEMWALIE AR 14 5% 2 0]
B YA EE M 1500 mm/s ETFF] 3000 mm/s B,
AR T Y AR B R R e BRI T )
PO REMATES RS EERMEE o=
2500 mm/s B BRUAR ARG {E o b o) 304 3R 1T 1) 4604k 0 35 ok
HON 98, 6%, BRALYITE VN 92. 9%, A A T H A
JE v=2000 mm/s B} (ALY IE VERET T 14. 2%,
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Fig. 13 Variation curves of oxygen content with average power
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Table 1 Elemental contents of aluminum alloy surfaces after cleaning under different average powers

Average power of 175 W Average power of 200 W Average power of 225 W Average power of 250 W
Element Mass Atomic Mass Atomic Mass Atomic Mass Atomic
fraction /% fraction /% fraction /% fraction /% fraction /% fraction /% fraction /%  fraction /%
C 16. 47 29.38 9. 47 19.02 4.72 10. 33 4.55 10. 04
(0] 12. 90 17. 26 5.33 8. 04 0.75 1.23 0. 24 0. 40
Mg 1.02 0. 90 1.58 1.57 1.91 2.07 1.91 2.08
Al 62.50 49. 61 76.57 68.43 85.62 83.45 86. 09 84.49
S 1.49 1. 00 0. 84 0.63 0. 20 0.17 0.13 0. 10
Cu 0.97 0.33 1. 69 0. 64 1. 84 0.76 2.01 0. 84
Zn 4. 65 1.52 4.50 1. 66 4. 96 1.99 5.07 2.05
7

—=—— oxygen

Mass fraction /%

0F

1 1 1 1 1 1 1 1 1
1400 1600 1800 2000 2200 2400 . 2600 2800 3000 3200
Speed /(mm -+ 87)

P 14 S A A 3 B 10 2 Al 2

Fig. 14 Variation curves of oxygen content with scanning speed
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Table 2 Elemental contents of aluminum alloy surfaces after cleaning under different scanning speeds

Scanning speed of 1500 mm/s Scanning speed of 2000 mm/s Scanning speed of 2500 mm/s Scanning speed of 3000 mm/s

Element Mass Atomic Mass Atomic Mass Atomic Mass Atomic
fraction /%  fraction /%  fraction /%  fraction /%  fraction /%  fraction /%  fraction /%  fraction /%
C 14. 04 26.79 11.68 23.20 3.79 8.47 9.26 18. 65
O 5.99 8.58 3.43 5.11 0. 26 0. 44 5.40 8.16
Mg 1. 56 1. 47 1. 66 1.63 1. 97 2.18 2.57 2.56
Al 70.72 60. 07 75.90 67.14 85.93 85.51 75.35 67.54
S 1. 05 0.75 0.59 0. 44 0.19 0.16 0. 87 0. 66
Cu 1. 54 0. 55 1. 44 0.54 1. 80 0.76 1. 46 0. 56
Zn 5.11 1.79 5. 31 1. 94 6.07 2.49 5.09 1. 88

AN TR) Jok w45 2R T T R R I 3 1A AR A AR A f=3.0~4.0 kHz WM b, 0% B 5 60 & R0 O 30
LRANE 15 B T LLE L G KPR M 2.5 kHz T 0, 8 4bW 5 vk 5 5] 98. 2%, Bi Ak W0 15 vk 26 35 %)
BERE 4.0 kHz, iR B WA S RS/ S A&, 94. 7%, W PRI B Ik B B K
FRAEZ 3 Al M Pk b £=2.5 kHz i, I FE R 1 mFE 1~3 fim, YRAFH R P=250 W.H
FIE S 0. 35% B & & R 0. 14% . 5 ik ol 45 2R i E v=2500 mm/s FIJK 4R f=2.5 kHz %k

—= oxygen ——e—— sulfur

12 |

10 -

Mass fraction /%
(o]
1

4
2
ok
1 1 1 1 1 1 1 1 1
24 2.6 2.8 3.0 3.2 34 3.6 3.8 4.0 4.2
Frequency /kHz

PR 15 S B Dk R B A A il 2k

Fig. 15 Variation curves of oxygen content with pulse frequency

F 3 AR O AR S S R T IT R

Table 3 Elemental contents of aluminum alloy surfaces after cleaning under different pulse {requencies

Pulse frequency of 2.5 kHz  Pulse frequency of 3.0 kHz  Pulse frequency of 3.5 kHz  Pulse frequency of 4. 0 kHz

Element Mass Atomic Mass Atomic Mass Atomic Mass Atomic
fraction /% fraction /% fraction /% fraction /% fraction /% fraction /% fraction /%  fraction /%

C 2.43 5.52 2. 36 5. 31 13. 15 24. 87 16. 46 29. 60
O 0.35 0. 66 2.02 3.41 9.03 12.82 11.46 15. 47
Mg 1.94 2.17 1. 84 2.05 2.15 2.01 1.78 1.58
Al 87.18 88.18 85. 41 85.57 67.65 56.97 62.7 50. 18
S 0.14 0.12 0.42 0. 36 1. 45 1.03 1. 90 1. 28
Cu 1. 85 0. 80 1.76 0.75 1.68 0. 60 1.22 0.41
Zn 6.11 2.55 6.19 2.56 4. 89 1.70 4,47 1.48
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2 TH I VB A 2R T A 1Y T R R AT DLk F
98. 2% ~ 98. 7%, i b ¥ I VE Ik ] 92. 9% ~
95.1% . Z5&CHk[22-24 JTMMF R S5 3 . AR XDV E T R
B IC 2 1Y% &2 5 & 20 B0 038 v 2 0 AR 3 L JF
PIETCE M7 RESFO®E 0. 5% L FIERTE.
B 13~15 4 #r Al 0, R HAE ¥ 0% P =250 W.
i v=2500 mm/s FIPk MR f=2.5 kHz % ik
RGN AERAMATESmE RN O ®E
F 0, B, AT DL R 3 R 2% 1 A PH AR SR AL IR E 28 Bk
EH
3.3 BAIZTSHEREHEEER=ZSHHFEMNIM
TR B 2 TRDRLRS B2 % 3R T = 28 JE 30 7 A 0 AT 4] 41
T Bh R 2352 W AR A 4 M R A8 S 0 1 & AL i
% T KRS B2 S0 107 R T 6 4 30T 9% o U Rk R
BOURPEFRTE 1285 pm X 1285 pm K/ X 8, 5% FH 3%
A B AR I B DN R 2R T ) LR B e = 4R S,
T A A5 0 AN TR) e { R ok R AE AR i 2 T Y R R A
Roughness /um

13.257
@ ®)

lo

l —2.968

it & 16 FT s AN [R] 7 38 Ty 71 3 vk 5 3R 38 1w Y
SN, MBI RE %R P =200 W B, 0
P16 Ca) T, aT LAAE HY , 30500 5 &2, 908 vk i 40
1 b 3R 18T L 4003 AT B 43 X I AE A 2T 65 B IR 58
LTS 33 0 43 DX 3 1 4 Ab P A e kv . DA 3R 4 TT L
BB IR P =200 W B K RE 32 TOHLES
0.524 pm, PBPRMG K E 225 W B, R R T 7Y
1T H i B a2, B IR 28R HR AH EE R BOR AR Sy
AT Y BRI S AR A B G , 3 TR R
TR 0.495 pm, MFE IR GG R 225 W HI
250 W B IR FE R 1 A = 4B R O SF L A S
BN =4I 28/, W 16 (o) AT LLE H,
IR P =250 W B A9 = 48 S A A8 O B o R
P =225 W B B €6t 5 a8 5], Btk 28 8 i i b .
MR 200 WK 2 250 W I, 6 10 HLURE FE
M 0.524 pm FREZE 0. 450 pm, 3 RE 2 10 HLAE BE A P
g

Roughness /um Roughness /um
1 3.696 ' 3.834
(©
o B
l -4.636 | -4.639

B 16 ANEER TR T VRS R =45, (2)200 W;(b)225 W;(0)250 W
Fig. 16 Three-dimensional morphologies of sample surfaces after cleaning under different average powers. (a) 200 W;

(b) 225 W; (c) 250 W

4 ATF V2 LI e R S 1 2 LS B
Table 4  Surface roughnesses of sample after cleaning

under different average powers

Average power /W 200 225 250

Surface roughness /pm 0.524 0.495 0. 450

AN TR 9 5 T T Uk 1RE S R T Y = 4 JE B An
K17 Pis . 4R 3 © = 2000 mm/s i PE i
BERT, R MOHURERE R 0. 769 pom, X FE 18 = 28 B 55 4n
Bl 17 Ca) s, Al LAR Y, o 18] 057 B A7 — B U s X3l
I HalRE R A KA nUR R AR SR B . I

Roughness /um
| 4.738

@ (L))

0

MHEFESE v=2000 mm/s B, 2 H IR VG XI5
1o B 58 ok DX SR A7 A4 O L R B R T VR R R A R
ORI REGE BE 0 = 2500 mm/s 3 2E ik AL 22 A, 32
T HLEE B2 0.6 pm, ANIE 17 (b) FIr7Rs . B 7 i ke 36 1
FEAE — Qb HOR 96T 30 A1 FAth X800 B3 €5 43 A7 L 3K
BI5), WA R R S, M TR 0=
2000 mm/s B, W =45 A B ek, MRHHA
B 0 =3000 mm/s T P& A 3 1 B, 3% TR RS B
0.6 pm, WIE 17 Co) iR IRBER T A IF 2 HEMN
RURI AR 2 I S0, 2R MR TE 5 2 AR 4 A . O
B4 1 DX 3 1) B o A L T VR IR B TR G B R 5 42

Roughness /um Roughness /um
I 4.360 1 4.181
(©
o [0

|—5.619 - | 4253 - |_5_951

P17 A [ 43 40 T R R IR R AT B = AR TE A

(a)2000 mm/s;(b)2500 mm/s; (¢)3000 mm/s

Fig. 17 Three-dimensional morphologies of sample surfaces after cleaning under different scanning speeds. (a) 2000 mm/s;
(b) 2500 mm/s; (c) 3000 mm/s
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DX T 8 TR B AR R 450 o TR e A 1R SR TR 78 1 R )
VR ERIE S . NZR 5 AT, 24 454 2 A 2000 mm/s
AR 2 3000 mm/s I, 3% THHLAS B 56 /N 5 18 Ok, 3
A E v =2500 mm/s I RTEHIKERE Hy 0.6 pm, R
HLRE B2 520N
F 5 AN TE Al R R 0 R AR R ) 2 DML
Table 5 Surface roughnesses of sample after cleaning

under different scanning speeds

Scanning speed /(mmes ") 2000 2500 3000
Surface roughness /pm 0.769 0. 600 0.749
Roughness /um
|3.111
®)
1o
|—3.876

AN TR Jok b B 23 e AR RE S R T A 4R TR S N
K18 Fias . M 6 ATLLAE L Yk i A 2. 5 kHz
IR % 3.5 kHz B, iRE A% 2 Th MR 3 5 B 0 KR
N R S S KA AR f=2.5 kHz W], 3 TR B
/NN 0. 526 pm. KL, 76 ik oh B R f =2, 5~
3.5 kHz WyE N, Yk p 4l % f=2. 5 kHz i}, il FE
FKMIES &R P 3 e/, 456 B 18(a) ~ (o) Al DL
KB, SRR f=3~3.5 kHz RIS %
T B = 4ETE A EL L SR FH Bk oh AR £ =2. 5 kHz 1 ¥
AR S 2 T A 6 IR 28 ke B o /D L g B ARG KA
FU SRS BE SN 5 6 RN 25 R

Roughness /um Roughness /um
15.733 13489
©
o o
I -6.915 |—4.173

Pl 18 AT ik o 3 52 T it R BRI 0 =B TE AR . (2)2.5 kHz;(b)3.0 kHz; (0)3. 5 kHz
Fig. 18 Three-dimensional morphologies of sample surfaces after cleaning under different pulse frequencies. (a) 2.5 kHz;

(b) 3.0 kHz; (c) 3.5 kHz

6 AR kAR TR SRR S R 2R R RS B
Table 6 Surface roughnesses of sample after cleaning

under different pulse frequencies

Pulse frequency /kHz 2.5 3.0 3.5

Surface roughness /pm 0.526 0.672 0.552

WK 16~18 i, ¥R FEH IR P =250 W,
HAHEF v=2500 mm/s Mk s %K f=2.5 kHz

Roughness /um
| 3.071

o

l -3.884

(@)

PORE W = S TIR RV A IR o = S 1T | T A
INo GG 4~6 4 B AT, AR SR TR RS BE SR )
0.45~0. 60 pum, 5K 19 Ca) fr /8 B J57 4 3% FE X
I, 8 P =250 W HH 8 v =2500 mm/s
Fk iR f=2.5 kHz W, 328 0 26 1 KL RS )% R &
AR AR AL, L, 7E Ut 2 80T 1R T U X 3R TR
B BE By 2 ma A/, AT LR IE SR & & E M a R
BT
Roughness /um
3834

o

| -4.369

(®)

Bl 19 R RM M =4I . () W UERT A9 B AR IR SR = 48T 40 5 (b) 75 P =225 W,0v=2500 mm/s, f=2.5 kHz T 1§ UEJ5 1
FE R = 4B S

Fig. 19 Three-dimensional morphologies of sample surfaces. (a) Three-dimensional morphology of original sample surface before

cleaning; (b) three-dimensional morphology of sample surface after cleaning when P =225 W, v=2500 mm/s, and f=

4 4k 1w

i X 7075 4545 A i RE 2 T B AR SR E HE AT
JEIEVE - BFIT T OGN V- 249 D) 25 47 40 3 12 LIk 33
R A SRR VRS B OB S o0 R & B A GR W
HURE B A9 S2 00 LA 1 T DU 2538,

1) P42 Ty A8 A 4 LRI b 31 3R B 2 e R 3
T 4P 58 1) T D 3™ AR B T L [ 2 P 2 D) R A 4 L fiE
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TSR DN 7 5 N SR ST BUY N E DN
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2) SR T AR A 0K e A AR A 2 5 ) R T
RUREJE . il P 249 2 S5 0 18 O 4 36 T RS 32 28 i
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IR N i B = QUL TR (U NI P e 2 S T oo
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Effect of Laser Cleaning Process Parameters on Surface Quality of 7075
Aluminum Alloy Anodic Oxidation Film

Wang Wei, Li Xiangjin, Liu Weijun , Xing Fei, Bian Hongyou
School of Mechanical Engineering, Shenyang University of Technology, Shengyang 110870, Liaoning, China

Abstract

Objective The 7075 aluminum alloy material is widely used in stress structural parts such as the spacer frame and wing
beams of a large passenger aircraft. The surface of these structural parts is coated with a protective anodic oxidation film.
However, with the increase of the service life of the passenger aircraft, this anodic oxidation layer is worn or partially
peeled off. Therefore, it is necessary to remove the anodic oxidation layer on these structural parts to facilitate the
damage detection or apply a new anodic oxidation layer. Laser cleaning can improve the cleaning quality of aircraft
structural parts because of its friendly environment, wide application, high cleaning precision, and good cleaning effect.
At the same time, the process parameters for laser cleaning have an important impact on the cleaning effect and surface
quality. However there is little research on the process for cleaning the anodic oxidation film of the 7075 aluminum alloy
by an Yb-doped pulsed fiber laser. Therefore, the influence of process parameters on the surface morphology, elemental
content, and surface roughness of the 7075 aluminum alloy after cleaning is explored here. The process parameters for
cleaning the anodic oxidation film on the sample surface are obtained without influencing the surface roughness, which
provides process guidance for ensuring the safety of aircraft structural parts after laser cleaning.

Methods The 7075 aluminum alloy plate coated with an anodic oxidation film is used here. First, the IPG Yb-doped
pulsed fiber laser is used, and the anodic oxidation film on the 7075 aluminum alloy surface is cleaned under different
average powers, scanning speeds, and pulse frequencies. Then, the surface morphology of the 7075 aluminum alloy after
cleaning is observed by optical microscope, scanning electron microscope (SEM), and laser confocal microscope, and the
elemental content of the sample surface is analyzed by X-ray energy spectrum (EDS). Finally, the effects of pulsed laser
cleaning average power, scanning speed, and pulse frequency on the surface morphology, microstructure, roughness, and
elemental content of the 7075 aluminum alloy are analyzed. At the same time, the removal mechanism of the anodic
oxidation film on the 7075 aluminum alloy surface by laser cleaning is also studied.

Results and Discussions  With the increase of the average power, the energy density increases, the molten pool
formed by single laser pulse cleaning deepens, and the cleaning depth of the oxidation film increases (Fig. 5). When the
average power increases from 175 W to 225 W, the energy density increases and the cleaning depth of the oxidation film
becomes deeper. When the average power is 250 W and the energy density reaches 4.44 J/cm®, laser cleaning can make
the morphology of the sample surface more uniform (Fig. 6). Scanning speed influences the spot bonding rate. When the
scanning speed is too small, the spot bonding area is too large, the energy is too dense, and the sample surface remelts
seriously and produces secondary oxidation [Fig. 7(a)]. When the scanning speed is too high, the spot overlap rate is too
small, only the oxidation film in the spot lap area is cleaned, and the residual oxidation film increases [Fig. 7(d)]. When
the scanning speed is 2500 mm/s, the spot overlap rate is 33.3%, and the oxidation film can be cleaned with good surface
quality [Fig. 8(c)]. Pulse frequency influences the spot overlap rate and the energy density. When the pulse frequency
increases, the overlap rate increases, the energy density decreases, and the cleaning rate of the oxidation film on the
sample surface decreases (Fig. 9). When the pulse frequency is 2.5 kHz, the energy density is 4.44 J/cm”, and the spot
overlap rate is 33.3%. The laser energy distribution is uniform, no large ablative pit appears after cleaning, and no
obvious oxide film remains on the sample surface [Fig. 10 (a)]. Combined with the microscopic morphology of the sample
surface after laser cleaning and the EDS analysis, the laser cleaning of the 7075 anodic oxidation film has the gasification
mechanism and the elastic vibration peeling mechanism (Fig. 12). When the average power is 250 W, the scanning speed
is 2500 mm/s and the pulse frequency is 2.5 kHz, the oxygen content on the sample surface is nearly close to 0.
Therefore, it is considered that the anodic oxidation film on the sample surface has been cleaned (Figs. 13—15). When the
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average power is 250 W, the scanning speed is 2500 mm/s, and the pulse frequency is 2.5 kHz, the three-dimensional
topography of the sample surface fluctuates a little, and the roughness of the sample surface reaches 0.45-0.6 pm.
Compared with that of the original sample, the roughness of the sample surface does not change significantly (Fig. 19).

Conclusions The effects of laser cleaning process parameters on the microstructure, element content and surface
roughness of the 7075 aluminum alloy are studied. With the increase of the average power, the energy density increases
gradually, and the cleaning rate increases. With the increase of the scanning speed, the spot overlap rate decreases
gradually, and the cleaning rate first increases and then decreases. With the increase of the pulse frequency, the spot
overlap rate increases, the energy density decreases, and the cleaning rate decreases. With the increase of the average
power, the roughness of the sample surface decreases gradually. With the increase of the scanning speed, the roughness
of the sample surface decreases first and then increases. With the increase of the pulse frequency, the surface roughness
increases first and then decreases. When the average power P = 250 W, the scanning speed v = 2500 mm/s, and the
pulse frequency F = 2.5 kHz, the energy density is 4.44 J/cm® and the spot overlap rate is 33.3% . The highest cleaning
rate is 98.7% and the minimum surface roughness is 0.45 pm. The removal mechanism of anodic oxidation film on the
7075 aluminum alloy surface is mainly the gasification mechanism and the elastic vibration stripping mechanism.

Key words laser technique; laser cleaning; aluminum alloy; anodic oxidation film; process parameters; cleaning
mechanism
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