| 48 % &% 22 #1/2021 £ 11 B/ EML

My B IBOCH TR B UL LY 58
L2810t
SRR IREY BRT, BT TAR, BE S8

MR A NIRRT, 91dE st 430074 ;
AR R R R 5 T AR ERE, W1k 3L 430074

WE BN RE S, RN F SR BRI AZ R S R PR . OGN
VER— BT Bk P ot e il T 5 B3R T AT 2 09 0 1, B R B Mk AT M Ar S O OIS A S s il
FRA A R TR AR A I AR Ak, WS S0 T R OR35S A WEE I, PR T 6061 (RGO iR ETEN
FAR AR IR ST T R AR AL M BOGIEVE T 2% O 3 T Ie s O A T 6061 5754 4 3 1 LR 5245 1k oF
BORL 6 T ESEOA TR . G5 R R I SE I T s i I 0 46 A A8 A0 R ST, 8 T o AR 9 T KRS 32 L B 5 TSR |
15 W THRI 2 75 W, DR 8 320 S 14 DK 5 00 o /R 445 [ B 55 v K 08 [T 0 A 8 42 T 50 a0 1T e 23 MRS 32 5 0 4 ol
BEH1 2000 mm/s TFE % 6000 mm/s, ZREIFE T 0. 02 mm FHE 2 0. 06 mm, HUEE BE 2634 KW/, 6061 4264 H
SREALE I BOGIEVE T A8 O WSE0h - E I ZEK 30~60 W, 4333 4 3000~5000 mm/s. 2B FEH 0. 03~
0. 05 mm, R HME H 1) T ESEGHTHOEEES HRE B Ry 1. 584 pm,

KR BOCHEAR: BOGHIE s BOLWEBE: B854, RETEN; MR TZS8b

hE SRS TN249 XERET A

15 =

A e HA S AR i B e SR L
FAFALA MR AR E SR, A S RmA
Gy E R i A2 S 7 T R M SR R
PR R — Bl AT PR R . OB T A A
kb ORI AR 2% B0 A S R A AL =
SRGEE BT 12 LI T AL~ eSO A LE 8
JCIE VEETR BRACR . T 255 T 1 HA W] B A 1
ST RN TR T T TR

WOLTH VAL 2 W 0 U AR 5 4 A R T E A
RELRE JE2 . DA T 7 522 W) A 4 L O 2 A5 I I T
Yousaf 55 & BLBOETE VG A 4 R ST
“RGTIRAR AT A B HOCRE R T
“ KBTI R T e KRN, Zheng AR
POCAE FHALBLRT M ST S0 AE K OL 4R IR X )

doi: 10.3788/CJL202148. 2202016

I3 et X A IX IR X AE 5 ARy, I 0 25 XCH
WIS AR AL AL EA T T BRI 40T, Zhu %5 & 31
WOGTE VR RE 08 W 48 T+ SAL12 SR 6 4 1Y 3R HDRS
JEE AR 22 50 b B R RS B2 PR 728 LA . Shi 5
K BHOCH AL BERERS AL 4R & S R IR I 9~30 pm
JERIBEILIZ  Z AR RO B T A BB P RE
FEPERE. Zhang S HEN T RPRHA) AR,
YO ZE AT 5 16 B i O S 80T MSTE S IE
. Liu SR T2 900 R IR S M T2
SHROAE VG R A AR A A HLRE B2 n] LA B —E A
JE ARG  AE TR MDA 2 P AR B B I . SR 15+
17 @ e MR T RS OB TE e T 2%
H L EFEREE & T i — I T2

L5 BNAR, — S B AU L T OB BERT IS BR
BERIEHIIZE 5 HIFR RGBS L
FIHERE EE AR IR . ARSCRL 6061 FR5 G 42

Wi HE: 2021-05-31; B BHER: 2021-06-17; A HHA: 2021-06-30
HEHEWME . FRARFFEE (52075201, 51861165202) . HE i+ [F R4 I 4 (2020M682407) . B i b & S H A E

N S E P H (DMETKF2018001)
BIS1EE : Yjiangping@hust. edu. cn

2202016-1



£ 48% 522 H1/2021 £ 11 A/HERx

FFRT 255, W% THOLER T 2S5 £1HE
SORTHURE FE G R B2 T 6061 SA e Rm HRE
R BOCH R T A 0, ETdE o, T
6061 FAA 4 HELRE i AR Ak pR BB RS, X T. 2 S 80
FIARAL s OIS e 45 AR G 4 3 HE i 4R AL B0
FRb T 28 %
2 SLETITE
2.1 LBEFSHE

il R IIR A 100 Wk vh 062 CYDFLP-
100-LMD #ATHOGTH VR SE 55, X MRBEA Y FRBE 1) =
HHZ SO RE DL R HEA I8 R TR R
T O E T VB S AR 1 PR, ORI KN
1064 nm, I KHNKIPBERE N 1. 5 m], JGEEEE D K
70 pm, [EERKTE N 100 ns, EEHE K 100 kHz.,

computer

Y galvanometer focus field lens

K1 O TER E
Fig. 1 Structure of laser cleaning equipment
AR 2 mm (1 6061 FR G 4 HAA %
R Ui B i S0 AR R B AR 1
PSR A 0% I W P
16061 FAE e A iR AL

Table 1 Mass fraction of each component for 6061 aluminum alloy
Element Cu Mn Mg Zn Cr Ti Si Fe Al
Mass fraction /% 0.15-0.4  0.15 0.8-1.2 0.25 0.04-0.35 0.15 0.4-0.8 <0.7 Balance
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Fig. 2 Schematic diagram of spot arrangement during

laser cleaning
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Fig. 3 Surface morphology of 6061 aluminum alloy after laser cleaning with different power. (a) 15 W; (b) 30 W;
(c) 45 W; (d) 60 W; (e) 75 W
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Fig. 5 Surface roughness of 6061 aluminum alloy after

laser cleaning with different power
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Fig. 6 Change process of aluminum alloy surface morphology varying with laser power. (a)—(d) Stage 1—stage 4
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Fig. 7 Surface morphology of 6061 aluminum alloy after laser cleaning with different scanning speed. (a) 2000 mm/s;
(b) 3000 mm/s; (¢) 4000 mm/s; (d) 5000 mm/s; (e) 6000 mm/s
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Fig. 8 Surface morphology of 6061 aluminum alloy after laser cleaning with different line spacing. (a) 0.02 mm;

(b) 0.03 mm; (c) 0.04 mm; (d) 0.05 mm; (e) 0.06 mm
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Fig. 9 Surface roughness of 6061 aluminum alloy after laser cleaning with different scanning speed and line spacing.
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Fig. 10 Change process of surface morphology varying with spot spacing. (a)—(c) Stage 1—stage 3
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Table 2 Mass fraction of elements in micro-area on surface of aluminum alloy after laser cleaning with different power

unit: %
15W 30 W 45 W 60 W 75 W
Element
£1 £2 #1 #2 #1 #2 #1 £2 #1 £2
O 7.28 1. 68 0.48 0. 60 0. 86 0. 93 0.78 1. 11 2.90 4. 10
Mg 4.70 1. 95 1.62 1. 49 1.52 1. 55 1. 47 1. 67 1.77 3.37
Al 87. 80 95. 42 97. 29 97. 39 97. 10 97.02 97.19 96. 47 94. 68 92.53
Si 0. 22 0.95 0. 62 0.51 0.52 0. 50 0. 56 0.75 0. 65 0. 00
3 RFEFAREEHOCH RS iR A 4 R I RUX TR Bt 7048
Table 3 Mass fraction of elements in micro-area on surface of aluminum alloy after laser cleaning with
different scanning speed unit: %
2000 mm/s 3000 mm/s 4000 mm/s 5000 mm/s 6000 mm/s
Element
#1 #2 #1 #2 #1 #2 #1 £2 #1 #2
O 5. 61 23.44 0.74 0. 57 0. 86 0.93 0. 00 1. 10 0. 49 4. 60
Mg 3.51 2. 48 1. 50 4. 74 1.52 1.55 0.11 1. 55 0. 56 4,56
Al 90. 54 70. 49 97. 22 94. 35 97.10 97.02 99. 89 96. 43 98. 30 90. 14
Si 0.35 3.958 0.53 0. 34 0.52 0. 50 0. 00 0. 91 0. 65 0. 69

A RFLR I EEHOEHT VRS 505 4 R M iUX T R B R /35K

Table 4 Mass fraction of elements in micro-area on surface of aluminum alloy after laser cleaning with different line spacing

unit: %
0. 02 mm 0. 03 mm 0. 04 mm 0. 05 mm 0. 06 mm
Element
£1 B2 #1 #2 #1 H2 #1 H2 #1 H2
O 3.17 14. 45 0. 00 0. 94 0. 86 0.93 0. 00 1. 05 0. 87 7.99
Mg 4. 26 4.02 4. 15 3.85 1.52 1. 55 3. 89 4. 27 4. 24 4. 84
Al 92.52 81. 08 95. 85 95.13 97.10 97.02 96. 11 94. 59 94. 81 86. 87
Si 0. 06 0. 46 0. 00 0. 08 0.52 0. 50 0. 00 0. 09 0.08 0. 30

MR 2 RRTLAE P TE R 156 W B, Jovk BETFSCIRCIS-17 MRS R, DA TR & Ri5 5
SEARPRRIMEZ MR 75 WE T 2% RV RAE RS #3727 6061 404 41 H IR EA
JRE R A, YR 2000 mm/s. 28] AREREOBIE R T2 E 1. BIRSEON YRR
#E K 0. 02 mm B, AHSROCHFRER PR 24 HU™  30~60 W, F3 3 B 4 3000~5000 mm/s. £k i) #5
EA AL, T E N 6000 mm/s, £ 8] 5 K 4 0.03~0. 05 mm,

0. 06 mm B, FHAR YCBE A 58 FLAL 15 5% B AT E AL )2 .
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Table 5 Experimental design and roughness test results of 6061 aluminum alloy using laser cleaning
o, Laser power Scanning speed Line spacing Surface roughness /

Level Value /W Level Value /(mmes ') Level Value /mm pm
1 —1 30 0 4000 —1 0.03 1. 048
2 1 60 —1 3000 0 0. 04 1. 377
3 1 60 1 5000 0 0. 04 1. 586
4 0 45 1 5000 1 0. 05 1. 176
) 0 45 0 4000 0 0. 04 1. 364
6 1 60 0 4000 —1 0.03 1. 296
7 —1 30 0 4000 1 0. 05 0. 957
8 —1 30 —1 3000 0 0. 04 1. 063
9 0 45 0 4000 0 0. 04 1. 338
10 —1 30 1 5000 0 0. 04 0. 995
11 0 45 0 4000 0 0. 04 1. 349
12 0 45 —1 3000 —1 0.03 1. 024
13 1 60 0 4000 1 0. 05 1. 480
14 0 45 —1 3000 1 0. 05 1. 190
15 0 45 1 5000 —1 0.03 1. 294

XF SEG IR A TR S SR I () R By —K 0410527 X[, +4.62X10° X P X v+0. 46 X
Z I A AN g SR pR B T AL B A5 Y 6061 PXI,—7.1X10°X0X1,—1.57x10" X

A GABOCTEYE G R RS RE Sa 5 [ i R A

BT A

P?—5.97 X 10 * X v* —1196.67 X [,*, (4)
AR AR ARG TR0 L 12 B v 7 T A5 8 114 7 2

@="2.22—8.67X10° X P +6.03x10" X a3 6 TR,

6 WOCTHURSE G 4 R LA BE 19 ZBirmw 13 T A2 (1 5 22 404
Table 6 Variance analysis of the second-order response surface model of aluminum alloy surface roughness after laser cleaning
Source Sum of squares  Degree of freedom Mean square F Py Significance
Model 0. 50 9 0. 055 61.33 0. 0001 Significant
P 0. 35 1 0. 35 390. 88 <<0. 0001
v 0. 020 1 0. 020 21.93 0. 0054
L, 2.485%107° 1 2.485x107° 2.77 0. 1571
PXv 0.019 1 0.019 21.35 0. 0057
P X, 0.019 1 0.019 21. 05 0. 0059
v X[, 0. 020 1 0. 020 22.45 0. 0052
P’ 4.631X10°° 1 4,631X10° 5.16 0.0724
v° 0.013 1 0.013 14. 63 0.0123
Zi 0. 053 1 0. 053 58. 86 0. 0006
Residual 4,491<10°° 5 8.983x10*
Lack of fit 4,151x107° 3 1.384x107° 8. 12 0.1116 Not significant
Pure error 3.407X107" 2 1.703X107"
Sum 0. 50 14
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Table 7 Optimal laser cleaning process for 6061 aluminum alloy

4950 mm/s, and line spacing is 0.04 mm

Verification experiment Laser power /W

Scanning speed /(mmes™ ")

Line spacing /mm

Roughness /pm

1 60 4900 0. 04 1. 584
2 60 4950 0. 04 1.592
3 60 5000 0. 04 1. 580
Theoretical value 60 4950 0. 041 1. 584
@ 56 AIK . Atomic ®) 44 AIK . Atomic
Element | Mass fraction 2% | fraction /% Element | Mass fraction 2% | fraction /%
45 0 0.76 1.26 3.6 ] 0.99 1.65
Mg 498 4.70 Mg 3.68 4.05
_ Al 94.97 94.04 = 27F Al 94.94 93.93
2 Si 0 0 2 Si 0.39 0.37
22 | 1.8
1.1F 0.9 1
EJE'K 0] KM IS{iK
1.
0 1 2 é 4 5 6 7 é g; lb lll 1I2 1I3 121 0 J—l‘ 2 é 4 5 6 ; g 9 1I0 lll 1I2 113 ll4

Energy /keV
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(DfLE #1 4bs

(i & # 2 4b

Fig. 12 Relative content of surface elements of 6061 aluminum alloy when power is 60 W, scanning speed is 4950 mm/s,

and line spacing is 0.04 mm. (a) Location # 1; (b) location # 2
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Abstract

Objective Aluminum alloy is widely used in aerospace, automobile manufacturing, and other fields. An oxide layer
easily forms on the surface of aluminum alloy, which seriously affects the welding quality. As a result, there is an
urgent need for high-quality removal technology. Compared with traditional cleaning methods, laser cleaning has
obvious advantages in cleaning effect and process flexibility. Laser cleaning changes the surface morphology and
roughness of aluminum alloy and seriously affects subsequent processing, such as welding and painting. At present,
most researchers have only compared the differences in the surface morphology of aluminum alloy before and after
laser cleaning. However, they have not systematically explained the reasons for the changes in morphology and
roughness. Therefore, this article investigates aluminum alloy to explore the correlation between laser cleaning
process parameters and surface morphology and roughness. A laser cleaning process window for the natural oxide
layer on the surface of 6061 aluminum alloy was established. Based on this window, the process parameters were
optimized to maximize surface roughness, which provides process guidance for adjusting the surface morphology of
aluminum alloy.

Methods This article uses a pulsed laser with a maximum power of 100 W (YDFLP-100-LM1) for laser cleaning
experiments. The laser wavelength is 1064 nm, and the spot diameter is 70 pm. In this article, the fixed pulse width
is 100 ns and the repetition frequency is 100 kHz. This paper uses 6061 aluminum alloy with a thickness of 2 mm as
the substrate. Single-factor experiments are used to study the influence of average power, scanning speed, and line
spacing on the laser cleaning effect. After laser cleaning, the FEI Sirion 200 scanning electron microscope was used
to characterize the surface morphology, the energy spectrometer was utilized to test the changes in surface element
content, and the OLYMPUS DSX 510 three-dimensional microscope was employed to test the changes in surface
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roughness. Furthermore, this paper uses the response surface analysis method to optimize the process parameters
within the established process window.

Results and Discussions When the average power is 15 W, only small craters are formed on the surface. Most
areas do not have ablation craters of the same size. With an increase in power, apparent crater overlap morphology is
gradually formed. When the power is increased to 75 W, the laser energy is too large, resulting in severe thermal
ablation, and a large amount of metal splash destroys the lap morphology of the craters. As the power increases from
15 W to 75 W, the roughness increases from 0. 608 pum to 1.636 um. Consequently, the variation in aluminum alloy
surface morphology with power can be divided into four stages (Fig.6). Since the scanning speed and line spacing
change the positioning between adjacent laser spots, the changes in their surface topography exhibit similar laws.
When the scanning speed is 2000 mm/'s, and the line spacing is 0. 02 mm, the surface is relatively flat, and the
overlap marks of the craters are not noticeable. With increased scanning speed and line spacing, the crater
morphology with regular arrangement can be observed with an increased degree of morphology fluctuation. As the
scanning speed and line spacing increase, the roughness first increases and then decreases. As a result, the change in
aluminum alloy surface morphology can be divided into three stages (Fig. 10). Through the element content test,
with the oxygen content below 2% as the indicator, the laser cleaning process window for the natural oxide layer on
the surface of 6061 aluminum alloy is established as follows: the average power is between 30 W and 60 W, the
scanning speed is between 3000 mm/s and 5000 mm/s, and the line spacing is between 0. 03 mm and 0. 05 mm.
Based on the response surface analysis method, the function of the surface roughness change after laser cleaning is
formulated. According to the analysis of variance results, average power, scanning speed, and line spacing influence
roughness in the increasing order of significance. The optimal process parameters obtained theoretically include a
laser power of 60 W, a scanning speed of 4950 mm/s, and a line spacing of 0. 041 mm. The three verification
experiments confirm that the results have high credibility.

Conclusions In this paper, the influence of laser cleaning on the surface morphology of 6061 aluminum alloy was
studied. The average power affects the crater morphology, which in turn changes the surface roughness. As the
laser power increases, the roughness gradually increases. The scanning speed and line spacing affect the lap
morphology of adjacent craters, thereby changing the roughness. As the scanning speed and line spacing increase,
the roughness first increases and then decreases. According to the results of the elemental energy spectrum test, it
is found that the process parameter window for laser cleaning the natural oxide layer on the surface of 6061 aluminum
alloy is as follows: the average power is between 30 W and 60 W, the scanning speed is between 3000 mm/s and
5000 mm/'s, and the line spacing is between 0.03 mm and 0.05 mm. Based on this window, a function model for the
surface roughness change of 6061 aluminum alloy was established. The process parameters are as follows when the
surface roughness reaches the maximum: the average power is 60 W, the scanning speed is 4950 mm/’s, and the line
spacing is 0. 041 mm. Elemental energy spectrum test results demonstrate that the relative content of surface oxygen
is less than 1%, which meets industrial application requirements.

Key words laser technology; laser manufacturing; laser cleaning; aluminum alloy; surface morphology;
roughness; process parameter optimization
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