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Table 1 Main chemical compositions of aluminum alloy cover

plate and shell””

Mass fraction /%

Material

Al Si Fe Cu Mn Zn Mg
Al13003 >96.7 0.60 0.70 0.13 1.30 0.10 -
A11060 99.60 0.25 0.35 0.05 0.03 0.05 0.03

X2 LRTLEH

Table 2 Experimental process parameters

Core Ring Defocusing Weld Argon
power /  power / amount / speed / flow /
w w mm (mm/s) (I./min)
600 1200 0 150 25
600 1500 0 150 25
600 1800 0 150 25
800 1800 0 150 25
1000 1800 0 150 25
1200 600 0 150 25
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Fig. 2 Design of experimental parameters and metallographic

diagrams of weld appearance
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Fig. 3 Process window contour maps. (a) Weld width; (b) penetration
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M 2o e R LSRN i A, AT LR B, RE AL
DR 2 T BURIR K A B B DR R ol TR AL B A A
FRFRE AL T BE B e sl A ¢, HL & Az Rl £L 34 3 Rk AL Y
TR 23 R I/0N | iRT LA  ao S5 i  FL TR R Y 9
3y R ) W7 L AL B AR E T, HE T AL ARM SO AR $2 T

32 EFOoCTHIT EMHhik

ARSI 55 45 A 65 T S R ARG 0 352 o) AR L R R R AT M
W o OB TR I (LDD) #5534 5 388 40 5 & 06 —
B (SLD) DL G A .S H 0 S At i {5 5
gy, Ho 220 32 2 ol O R 4 T A OGEF R BLAR AR
#MZ R B R AR B, TRE R AR E AR ST

1202104-4



£ 51% F 12 H1/2024 £ 6 B/ EHN:

DGR B A TRV tRS B, A R I 5 i T B0OG
O[] B X, A6 T 7 R 2 Ao R v e A /DN LS X L £L
TR FE 4700 &

6 W 7x T LDD #5383 45+ Fn il i s 3
LDD R4 A9 EAR BN . SLD & Y 56 3% 6 IR 2 5
KA ERIE R, — /it ASHE 4R HH5R5A
SR AR 1, 55— PR HE ARE G G 2R o B AR LS i
AR, G B BB 50 THOob & 3 R
Nt Mk BT, A A R AR B TR s i T
JEAE T AR B FT AL, 0 RE S 6 AL LS & AR 1

reference arm  mirror

.{\41'[‘:4 I:I -_'
SLD " /J ¢
/ collimator
5 coupler I laser

N

U

sample arm

1 1
e,

[
)
collimator

welding head

spectrometer

keyhole < \
molten pool
Base matenéi

F6 1LDDJRFLE
Fig. 6 Schematic of LDD

penetration

spatter image

AR5 R AR 0], 28k A VRN S 8 R S AR ] O
FECEF R A A b & AR T W, 63k {4k B AR AL 5615 21
JRG 6T 1 T 9 A 80 EG il 2 % i AR IR AT e F
A g, RIVRT A 2 RE R A S 2 TR AR S B AL
HI IR FE A B .

LDD A5 He 5 B 4 i 2485 S <] 7 e o X L S 56
i Rk R AL E S LDD BB R4 i B LIRS
S R B R ALY 5 |k G B e e, REFLIR B AR fR Y
I FRUNR ¢ 8 S E W R AL TR, DU B A I e 4T 7 &b
FLIEHEB W £ 1R 0 IF B 0 BRAE 1.4 mm B3 SR ) &
LR EFF R ATRE W 3 GRS 0.8 mm A4, Z )5
A RCALYTE WS A B B R AL Oy BT O P E A
SCE BEBT RO TR B AL EEEEH
T YIRS & T8, 55 A I 45 5 R 9 R IR % )
0.5 mm 2247 5 B H A WOGCAE FHAEIHS 0 BLfL b7 i
A&E b WA A ROt R ZIZE & OGS %
PR E SR, R BIE RS ELFL, LDD #
B I 25 Sk 52 R IE AR (0.8~1.4 mm) , # ik —
A REFLYHS S BORIIE 8 A4S . fE LY
A IR R A, X R e R R
B ) I B o AR (B 5) AHAF , S0 E T AL fL IR &
O AR LB

’ i |
T TR
{ 1§

7 OCT WLINT CITE iid 278 2 K
Fig. 7 Schematics of formation process of spatter under OCT observation

X Al e = T EOE (1200 W) AT ARM #0k
(800 W /1800 W) #4223 2 rf LDD e R 45 Ay b £L A5
= B (& 8) , AT T ARM O RE % 7 — 2 R B il &
W KA o P8 (a) BT Sk 4l vpts 8 i O il ARM
WOCYER TR L SLIT O 5 = |, n] LB B F #) ARM
WOGAE R R FLIF 10 i R Al b = O Y 4 f

P8 () i F5 O R B W] T X i 181 8(b) BTz 9 7
FROEAE T REFL NG 3D s = B, AT LA s i
JCVE T R R AL S 40K , ARM BOGHE TR /9 L &2
ESETFAERCYIE . B 8(d) R i EWIEs: 7 —
Y D] R AL PN ES B A, R LT R R L3 5 R

1202104-5



pure core

£ 51% F 12 H1/2024 £ 6 B/ EH*;

keyhole surface 1

point cloud diagram

keyhole contour

K8 4t w5 B OG5 ARM BOGIR H2 ok 72 b ity 2 AL BT S Ca) RESLIF FUBAR A2 18T 5 (b) REFL AR = L5 (o) L AL 5 (d) 42 AH I

Fig. 8 Keyhole images in pure center Gaussian laser welding process and ARM laser welding process. (a) Point cloud images of keyhole

opening shape; (b) keyhole internal point cloud images; (c) keyhole; (d) metallographic images
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Fig. 9 Curves of keyhole depth under different power ratios of inner ring laser to outer ring laser
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keyhole depth fluctuation
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Abstract

Objective

With the development of the new energy vehicle industry, laser welding has become increasingly popular in the

manufacturing of power batteries because of its high welding speed, small heat-affected zones, and high degree of automation.
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However, as the laser involves high-energy beam, its interaction with materials is often intense. This can easily lead to defects, such
as spatters and explosion points, thus compromising the quality of battery welding. In the field of power batteries, the adjustable ring-
mode (ARM) laser has emerged as a high-speed low-spatter laser welding tool, gaining attention from both academia and industry.
However, the spatter suppression mechanism of the ARM laser during high-speed welding remains unclear. This limitation hinders
theoretical guidance and process optimization for industrial applications. Thus, in this study, the complete welding of an aluminum
alloy roof is considered and how the core ring power ratio affects the penetration and width is analyzed. Moreover, how the ARM laser
effectively curbs the metal spatter is elucidated by examining the dynamic behavior of the keyhole in the molten pool. Optical
coherence tomography (OCT) measurement technology is used to monitor keyhole depth fluctuations in real time, providing a

quantitative assessment of welding stability and identifying the optimal process window.

Methods A synchronous-sensing monitoring platform (Fig. 1) is established by integrating high-speed visual shooting with
penetration detection. For the visual sensing component, a high-speed camera is utilized to capture sharp keyhole images of the molten
pool. For penetration detection, the platform is merged with an OCT-based monitoring module to acquire real-time keyhole depth
information during the welding process. Initially, the process window of the ARM laser welding is determined by conducting an
orthogonal experiment, as shown in Fig. 3. The keyhole images under different parameters are obtained, and the changes in the
keyhole depth are recorded. Comparisons of the keyhole opening and depth reveal the mechanism behind the spatter suppression
during ARM laser welding. To identify the best low-spatter process window, keyhole volatility is introduced as a variable. The
variance in the keyhole depth, measured by applying OCT in real time, is calculated. This variance is used to assess the depth
fluctuations of the keyhole and, consequently, the stability of the welding process. The relationship between the welding process
stability and the power ratios of inner ring laser to outer ring laser is then established by using a contour map, resulting in the

identification of optimal process window parameters (Fig. 10).

Results and Discussions The spatter formation mechanism in the ARM laser high-speed (150 mm/s) welding is analyzed. The
spatter formation process and suppression methods are elucidated, demonstrating that the ARM laser can indeed diminish the spatter
occurrence rate by enlarging the keyhole opening. The effect of the power ratio of inner ring laser to outer ring laser on the keyhole
stability is verified. First, a traditional orthogonal experiment is conducted to determine the process window for melting width when
the inner ring laser power ranges from 600 W to 1300 W and the outer ring laser power ranges from 800 W to 1800 W. The process
window for the penetration is determined for an inner ring laser power of 500-1150 W and outer ring laser power of 800-1800 W.
Subsequently, the optical coherence scanning technology is employed to acquire the keyhole depth information. This information
enables a qualitative evaluation of the welding process stability, facilitating the process optimization of the ARM laser welding. The
findings suggest that a higher outer ring laser power is better for achieving a suitable penetration. A higher outer laser ring power
stabilizes molten pool fluctuations and enlarges the keyhole opening.

Conclusions This study presents a process optimization scheme combined with real-time monitoring of the laser welding depth.
The theory that spatter is mainly caused by keyhole collapse is verified. The laser welding process is further optimized based on the
standard deviation of keyhole depth fluctuations. The final process window that satisfies both the traditional process window and
keyhole fluctuation stability analysis window 1s identified: the core laser power ranges from 800 W to 1000 W, ring laser power is
between 1200 W and 1600 W, and welding speed is set at 150 mm/s. The optimal power ratio of inner ring laser to outer ring laser for
welding aluminum alloys typically lies between 1:2 and 1:3. Within this range, the keyhole achieves maximum stability and the defect

occurrence rate is the smallest.

Key words laser technique; laser welding; aluminum alloy; adjustable ring-mode laser; penetration detection; spatter mechanism;

optical coherence tomography
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