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Table 1 Laser parameters

No. Core diameter of fiber /um ~ Welding power /kW ~ Beam quality factor M* Output mode Beam spot size /mm
1 100 2.8 11.60 Multimode 0.364
2 100 2.8 6.76 Multimode 0.215
3 50 2.8 6.60 Multimode 0.109
4 50 2.8 2.45 Multimode 0.092
5 20 2.8 1.25 Single mode 0.046
6 20 2.8 1.18 Single mode 0.044

swing mode Y A welding path
beam spot
circular swing N
0.25
FUT OG0B 12 Bl T i i R 3 B AR 1 7R
Fig. 1 Schematic of welding path formed by circular swing of beam
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Table 2 Main chemical compositions of 3003 aluminum alloy

Chemical composition Mn Si

Fe Cu 7n Al

Mass fraction /% 1.00-1.50 0.60

0.70 0.05-0.20 0.10 Bal.
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Table 3 Parameters for testing CPK in laser welding of aluminum alloy

No.  Beam quality fator M*

Sample number  Upper limit /mm  Lower limit /mm

Subgroup size  Welding speed /(mm/s)

1 11.60 32 3
2 6.76 32 3
3 6.60 32 3
4 2.45 32 3
5 1.25 32 3
6 1.18 32 3

2.5 5 40
2.5 5 60
2.5 5 84
2.5 5 175
2.5 5 262
2.5 5 228
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increasing M*
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Fig. 2

increasing welding speed

v=255 mm/s

V=228 111111/\

=40 mm/s ‘ v=40"mm/s
5 L R M X 4 R TR S R AT S SR . R IEE AR : (a) M'=1.18,v=228 mm/s; (¢) M*=1.18,v=255 mm/s;
(e) M°=1.25,v=228 mm/s;(g) M*=1.25,v=262 mm/s; (i) M’=2.39,v=175 mm/s; (k) M*=2.39,v=215 mm/s; (m) M*=
6.6,v=77 mm/s; (0) M°=6.6,v=84 mm/s; (q) M’=6.74,v=60 mm/s; (s) M’=6.74,v=120 mm/s; (u) M*=11.6,v=
40 mm/s; (w) M*=11.6,v=67 mm/s., ERMIETE . (b) M°=1.18,v=228 mm/s;(d) M*=1.18,v=255 mm/s; (f) M*=1.25,
v=228 mm/s; (h) M*=1.25,v=262 mm/s; (j) M*=2.39,v=175 mm/s; (1) M*=2.39,v=215 mm/s; (n) M*=6.6,v=
77 mm/s; (p) M*=6.6,v=84 mm/s; (r) M°’=6.74,v=60 mm/s; (1) M*=6.74,v=120 mm/s; (v) M*=11.6,v=40 mm/s;
(x) M°’=11.6,v=67 mm/s
Influence of welding speed and M* on weld surface morphology and weld morphology. Surface morphology: (a) M°=1.18, v=
228 mm/s; (c) M*=1.18, v=255 mm/s; (e) M°=1.25, v=228 mm/s; (g) M*=1.25, v=262 mm/s; (1) M*=2.39, v=
175 mm/s; (k) M*=2.39, v=215 mm/s; (m) M*=6.6, v=77 mm/s; (o) M*=6.6, v=84 mm/s; (q) M°=6.74, v=060 mm/s-
(s) M*=6.74, v=120 mm/s; (u) M*= 11.6, v=40 mm/s; (w) M*=11.6, v=67 mm/s. Melting depth and width: (b) M
1.18, v=228 mm/s; (d) M°=1.18, v=255 mm/s; () M'=1.25, v=228 mm/s; (h) M’=1.25, v=262 mm/s; (j) M°=2.39,
v=175mm/s; (1) M’=2.39, v=215 mm/s; (n) M’=6.6, v=77 mm/s; (p) M*=6.6, v=384 mm/s; (r) M*=6.74, v=60 mm/s;
() M*=6.74, v=120 mm/s; (v) M*=11.6, v=40 mm/s; (x) M*=11.6, v=67 mm/s

BT &5 TN R 42 Bl 06 1 B AR R 4 A Y R AE W = S B . 7E XOZTH b, 24 1.18<<M*<C1.25
B, A A& AE XOY 1 b, B R Ak 1Y 30k g I, 6 o 25 W A5 A il AN 3 5 24 2.39<<M°<C
B T ) DX, b a] X A SRR 40 A R B 11.60 W}, GE 1 25 & M (B A5 4 Ao il 8 BH S 3 . 7

HHEOEAR MR, 31 2% 1) i MR T, i 8] X YOZ T L, B HOCE MBS, Ze 47 W BE & %

1202101-4



£ 51% F 12 H1/2024 £ 6 B/ EHN:

8 8
(a) fiber core diameter of 20 pm (b) fiber core diameter of 20 pm
= —o— M=1.18 —@— M’=118
£ 6| A MP=1.95 E 6 —A— MP=125
=1 =
g =
b= =
g 4+ § 4+
g m 3
g 2TF-=-=-—=---=-= o
g 2 : " St N
= |
1
0 i i 1 N . O " " L L
180 200 220 228 240 260 280 180 200 220 240 260 280
Welding speed /(mm/s) Welding speed /(mm/s)
8 8
(c) fiber core diameter of 50 pm (d) fiber core diameter of 50 um
E gl —o—°=2.39 6l —o—M*=2.39
£ —A— M*=6.6 : —A— =66
o ~
g =
] =
4 4
: :
=)
g 27 —M. )
2 2t I B 2l
o 1
= : %’\."——‘\‘
I
0 " " 1 L O L " L
50 84 100 150 175 200 50 100 150 200
Welding speed /(mm/s) Welding speed /(mm/s)
8 8
(e) fiber core diameter of 100 um (®) fiber core diameter of 100 um
E —o—M*=6.74 —O&— M'=6.74
g 6f —A— =116 : 6r —A— M-11.6
g &
b= =
8 S 4}
g E
g =
(%}
% B ol
B
A | L . 0 . L A .
30 40.3 60 90 120 30 60 90 120
Welding speed /(mm/s) Welding speed /(mm/s)
PSR R K 0 7
Fig. 3 Influence of M* on weld penetration and weld width
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Fig. 4 Influence of M” on laser welding efficiency and CPK value. (a) Welding speed; (b) CPK value
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Fig. 5 Influence of M’ on energy distribution characteristic in laser welding of aluminum. XOY plane: (a) M°=1.18; (d) M*=1.25;
(g) M*=2.39; (j) M*=6.60; (m) M°=6.74; (p) M*=11.6. XOZ plane: (b) M*=1.18; (e) M’=1.25; (h) M*=2.39; (k) M°=6.60;
(n) M’=6.74; (@) M’=11.6. YOZ plane: (c) M°=1.18; () M*=1.25; (i) M*=2.39; (1) M°=6.60; (0) M*=6.74; (r) M*=11.6
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Fig. 6 Influence of M” on extreme difference in energy density
and occupied space line density. (a) Extreme difference;

(b) occupied space line density
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Abstract

Objective

To achieve carbon neutrality, lithium batteries, as a new generation of green energy products, are poised to enter the

terawatt-hour (TW+h, equivalent to 1000 GW +h) era. Currently, mainstream manufacturers of state-of-the-art energy batteries have

reached a production capacity of 200 pieces per minute (PPM), and there are plans to increase the production capacity of cylindrical

batteries to 300 PPM. Consequently, extremely high-speed production lines present substantial challenges to the welding process.
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Therefore, the development of highly efficient and reliable battery-welding technologies and processes has become an urgent concern
for the automobile manufacturing industry. Laser welding, with its small laser spot, high energy density, efficient welding, precise
energy control, automation capabilities, and safety features, has been widely used in the field of new energy battery welding,
including vehicle manufacturing. Recent research has primarily focused on enhancing the welding quality of aluminum alloys by
optimizing laser welding process parameters and beam shaping. However, as the demand for higher welding efficiency in power
battery welding increases, the scope for ensuring both welding quality and speed becomes constrained, making it increasingly
challenging to identify suitable process parameters. Considering that lasers, as a new type of welding light source, exhibit
characteristics distinct from those of the arc light sources generated by arc welding machines, research has primarily focused on laser
power. The impact of laser light source characteristics on welding quality and efficiency, particularly the influence of laser beam
quality, has received limited attention. To meet the demands of high-speed production lines for new energy power batteries, the effect
of the beam quality from fiber lasers in aluminum alloy laser welding is systematically analyzed in this study based on the energy
distribution characteristics within the laser welding process. The quantitative relationship between beam quality and welding stability,
as well as welding efficiency, is also explored.

Methods An industrial-grade 3-kW continuous fiber laser is used in the experiment. The laser employs a circular swing path for
welding with a swing amplitude of 0.6 mm and spacing of 0.25 mm. The upper-layer material consists of a 1.5-mm-thick 3003
aluminum alloy plate, while the lower-layer material is a 3-mm-thick 3003 aluminum alloy plate.

Results and Discussions With a decrease in the laser beam quality factor (M*), the welding speed increases, corresponding to the
same weld penetration (2.7 mm), and the complex process capability index (CPK) value of weld penetration also increases. When the
M? is reduced from 11.6 to 1.25, the welding speed increases by 5.5 times, and the CPK value of the weld penetration increases by
2.3 times, corresponding to the same weld penetration (2.7 mm) (Fig. 4). Analyzing the energy distribution of postlaser welding
oscillations on the YOZ surface reveals that, as the M* improves, there is a consistent downward trend in the maximum value of the
laser energy density. In addition, the area between the two maximum values decreases. For instance, the maximum energy density at
M’=1.18 is 1.4 times higher than that at M°=11.6 (Fig. 5). To gauge the influence of the laser energy density on the welding
efficiency, a factor derived from the product of the maximum laser energy density and the difference in the maximum value of the
energy density is introduced. Calculations demonstrate that, at M°*=1.18, this influence factor for laser energy density welding
efficiency is 5.2 times higher compared with that at M°=11.6 (Fig. 6). To facilitate the assessment of the area disparities between the
maximum peak and intermediate minimum at both ends of the weld, the region between these points on the energy distribution map is
defined as the laser energy occupied space line density. Remarkably, when M” is 1.18, the laser energy occupied space line density is
10.7 times greater than that when M” is 11.6 (Fig. 6).

Conclusions The influence of the beam quality from fiber lasers on aluminum alloy welding is systematically analyzed by
considering the energy distribution characteristics during the welding process. A quantitative relationship between beam quality and
welding stability, as well as welding efficiency, is established. The improvement mechanism for the laser beam quality effect is as
follows. When the M* decreases while retaining the same penetration depth, the maximum value of the energy density increases, and
the energy density between the edge of the weld bead and the middle interval also increases. The higher the energy absorption
efficiency of the workpiece material, the higher the welding efficiency of the laser. The product of the maximum value of the laser
energy density and the difference in the maximum value of the energy density is used as a factor influencing the laser energy density
welding efficiency. The theoretical calculations show that, when M” is 1.18, the influence factor of the laser energy density welding
efficiency is 5.2 times higher than that when M”is 11.6, which is basically consistent with the experimental results.

Key words laser technique; laser welding; beam quality; energy distribution; aluminum alloy
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