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Fig. 1 Schematic of optical path of dual-wavelength coaxial system
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Fig. 2 Welding spots arrangement and welding cycle. (a) Four welding spots arrangement for tensile test; (b) working

sequence of dual-wavelength laser during single spot welding
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Table 1 Laser parameters used in dependence experiments of welding tension on blue light preheating and holding time
Sample P,/W Pu/W T /ms tv/ns F\/kHz v, /(mmes )
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Fig. 3 Dependence of welding tension on blue laser preheating and holding time. (a) Dependence of welding tension on

preheating time; (b) dependence of welding tension on holding time
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Table 2 Laser parameters used in dependence experiment of welding tension on blue and infrared (IR) MOPA laser powers

Sample T,/ms T,/ms T /ms tv/ns Fy/kHz v, /(mmes )
1% 50 50 25 350 100 130
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Fig. 4 Dependence of welding tension on blue laser and MOPA laser powers. (a) Dependence of welding tension on blue laser

power; (b) dependence of welding tension on MOPA laser power
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Table 3 Laser parameters used in only MOPA laser welding and blue-assisted MOPA laser welding experiments

Light source P,/W T,/ms T,/ms T /ms Lyv/ns Fy/kHz v,/(mmes ")
MOPA 50 350 100 50
Blue-+ MOPA 30 30 70 50 350 100 50
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Fig. 5 Tension comparison of copper sheets welded by IR
MOPA fiber laser with and without blue laser
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Fig. 6 Surface quality comparison of welding spots with and without blue laser assistance. (a) Photographs of welding spots

surface; (b) measured surface topography of welding spots
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Fig. 7 Cross-sections of molten pools. (a) Only 70 W MOPA laser welding; (b) only 110 W MOPA laser welding; (c¢) 30 W
blue laser-assisted 70 W MOPA laser welding
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Fig. 8 Metallographic microscopy and scanning electron
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microscopy pictures of bottom edge of molten pools

g7

AR URA 2 2R e DA TIURRCRI £ il 14 77 XA Bl 2 4k

MOPA St 27 0% 52 3046 1 ) K82, 5 B ali i 2104
MOPA 645 38006 K 42 A Eb A5 22 0 o I 8 o438«
PR 5 B R T O 0T G R LG I L L R
R R A S A (XS AR T O A iR s £
1A b T R A Tt PSS A R R B FL S DAY R (X
F P F 8RR HE R D . B2, BB
MOPA £LAM8O6 17 3 0 ok 38 7 0 500 R 1w B 50 L i
FIRN R L B AL

(1]

(2]

(3]

(4]

5 F X M
Mattern M, Weigel T, Ostendorf A. Temporal temperature
evolution in laser micro-spot welding of copper considering
temperature-dependent material parameters [ ] ]. Materials
Research Express, 2018, 5(6): 066545.
Riittimann C, Diirr U, Moalem A. Reliable laser micro-welding
of copper[J/OL]. ICALEO, 2010: 95-100. https: //doi. org/
10.2351/1.5062145.
Franco D, Oliveira J P, Santos T G, et al. Analysis of copper
sheets welded by fiber laser with beam oscillation[J]. Optics &
Laser Technology, 2021, 133: 106563.
Wrofie, Eber, 8L, 5. BOGHE SR AR B9 4R 4 3k
HAVR 2 ERe U] P ER#OL, 2020, 47(3): 0302006.

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

(16]

[17]

(18]

[19]

[20]

[21]

(22]

[23]

1602008-7

$£49% F£ 16 /2022 £ 8 /R EH

Chen J Y, Wang X N, Lt F, et al. Microstructure and
mechanical properties of welded joints of low carbon steels
welded by laser beam oscillating welding[J]. Chinese Journal of
Lasers, 2020, 47(3): 0302006.

ZEIK, N, INETE, . OGRS AR AR R Sk
IRIERRE B 4 2L 3R B R SE i (0], EOE, 2020, 47 (4):
0402010.

LiJ Z, LiuY B, Sun QJ, et al. Effects of laser beam wobble on
weld formation characteristics, microstructure, and strength of
aluminum alloy/steel joints [J]. Chinese Journal of Lasers,
2020, 47(4): 0402010.

Helm J, Schulz A, Olowinsky A, et al. Laser welding of laser-
structured copper connectors for battery applications and power
electronics[J]. Welding in the World, 2020, 64(4): 611-622.
Kaierle S, Overmeyer L, Hoff C, et al. Conditioning of copper
material surfaces increasing the efficiency of continuous wave
laser microwelding[J]. CIRP Journal of Manufacturing Science
and Technology, 2016, 14: 66-70.

Chen HC, BiG]J, Nai M LS, et al. Enhanced welding efficiency in
laser welding of highly reflective pure copper[]]. Journal of Materials
Processing Technology, 2015, 216: 287-293.

Heider A, Stritt P, Hess A,
welding copper by laser power modulation[J]. Physics Procedia,
2011, 12: 81-87.

Reisgen U, Olschok S, Turner C. Welding of thick plate copper
with laser beam welding under vacuum [J]. Journal of Laser
Applications, 2017, 29(2): 022402.
Reisgen U, Olschok S, Jakobs S,
copper: laser beam welding in vacuum [J]. Physics Procedia,
2016, 83: 447-454.

Gabzdyl J, Capostagno D. Pulsed nanosecond fiber lasers can

et al. Process stabilization at

et al. Sound welding of

join dissimilar materials[J]. Industrial Laser Solutions, 2017,
32(1): 24-26.

Berndt M, Danner M, Treffers E. Dissimilar metal welding
with advanced laser beam control [ ] ].
Solutions, 2020, 35 (3): 13-15.

Nakashiba S I, Okamoto Y, Sakagawa T, et al. Micro-welding
of copper plate by frequency doubled diode pumped pulsed
Nd: YAG laser[J]. Physics Procedia, 2012, 39: 577-584.

Alter L,
welding using a frequency-doubled disk laser and high welding
speeds[J]. Procedia CIRP, 2018, 74: 12-16.

Haubold M, Ganser A, Eder T, et al. Laser welding of copper

Industrial Laser

Heider A, Bergmann ] P. Investigations on copper

using a high power disc laser at green wavelength[J]. Procedia
CIRP, 2018, 74: 446-449.

PR, kA, E B, A MR SR fb X A/ AR OGRSk
PRS2 RE R [J] . HhE O, 2020, 47(9): 0902004.
Shang D Z, Zhang J, Feng A X, Effect of surface

texturization on microstructure and mechanical properties of

et al.

laser welded copper/steel joint[J]. Chinese Journal of Lasers,
2020, 47(9): 0902004 .

Wang H Z, Kawahito Y, Yoshida R, et al. Development of a
high-power blue laser (445 nm) for material processing [J].
Optics Letters, 2017, 42(12): 2251-2254.

Pelaprat J, Finuf M, Boese E, et al. High-power blue laser
improves fabrication throughput[J]. Industrial Laser Solutions,
2018, 33(1): 17-19.

Britten S, Krause V. Project working towards blue high-power
diode laser[J]. Industrial Laser Solutions, 2018, 33(6): 1-4.
A, SkEE, SRR, GF. B BOE IR F N E AR R SR
SR, HEW#OL, 2017, 44(6): 0602007.

Zhang J, Zhang J C, Zhang Q M, et al. Experimental study and
design of dual-wavelength coaxial hybrid laser welding system
[J7]. Chinese Journal of Lasers, 2017, 44(6): 0602007.
Riittimann C, Holtz R. Reliable laser welding of highly reflective
materials[J]. Proceedings of SPIE, 2011, 8065: 80650X.

Ishige Y, Hashimoto H, Hayamizu N, et al. Blue laser-assisted
kW-class CW NIR fiber laser system for high-quality copper



R £ 49% £ 16 #5/2022 £ 8 A/ E#¢

welding[J]. Proceedings of SPIE, 2021, 11668: 116680M. laser[J]. Proceedings of SPIE, 2021, 11673: 116731D.
[24] Fujio S, Sato Y, Hori E, et al. Effect of preheating on pure [25] Kou S. Welding metallurgy[M]. 2nd ed. Hoboken: John Wiley
copper welding by hybrid laser system with blue laser and IR &. Sons, Inc., 2002: 199-209.

Blue Laser-Assisted Infrared MOPA Fiber Laser Spot Welding of
Pure Copper Sheets

Wang Chenyang"?, Lin Qin', Lii Chao', Wang Fangwei', Lii Liu*, Wang Feng'?, Yuan Xiao”
' Lingyun Photoelectronic System Co. , Ltd., Wuhan 430205, Hubei, China;
* School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, Jiangsu, China;

* School of Optoelectronic Science and Engineering, Soochow University, Suzhow 215006, Jiangsu, China

Abstract

Objective Due to the dependence of absorption on wavelength and temperature as well as the high thermal conductivity
of copper, the laser welding of copper with a 1 pm infrared (IR) laser beam generally shows clear instability, splashes,
and poor surface morphology. Thus, blue and green lasers were used to weld copper and excellent welding quality were
obtained for the high absorption of copper in short wavelength. Currently, the cost of the red and green lasers is
significantly high. Hence, considering the cost and welding quality, we employed an IR nanosecond MOPA fiber laser with
a power and wavelength of 120 W and 1.07 pm, respectively, to weld the copper sheets using a fiber-coupled blue diode
laser with a power and wavelength of 100 W and 450 nm, respectively. The function of the blue laser is to preheat the
surface of the copper sample to increase the effective absorption of the IR laser and slow the cooling process to help the
expulsion of bubbles. As expected, surface morphology and tensile force of welded copper sheets are improved, and almost
no splashes and microholes can be observed inside the pool in the welding area.

Methods A dual-wavelength coaxial beam-welding system was designed. Two collimated beams from an IR MOPA fiber
laser and a fiber-coupled blue diode laser were coaxially combined using a dichroic mirror, and further were focused on the
workpiece using a galvanometer scanner and a dedispersive telecentric f-0 lens. The weld position on the workpiece was
controlled by scanner 2. Another galvanometer scanner, scanner 1, was inserted between the collimator of the IR MOPA
beam and the dichroic mirror to control the movement of the MOPA beam inside the blue spot to achieve different welding
modes, such as swing and spiral. In the experiments related to the tensile test, each workpiece sample was welded to four
spots in a square-like pattern with a 2 mm pitch. The diameter of each welding spot is about 350 pm. Copper sheets with
a thickness of 100 and 200 pm were welded onto a copper sheet with a thickness of 250 pm, which were marked as
samples 1 # and 2 #, respectively. The welding process is as follows. (1) Turn on the blue laser to start the preheating
process. (2) After the preheating time ( T;), turn on the IR MOPA laser to start the welding process. The MOPA beam
was scanned along a spiral line to form a 350 pm welding spot, which was then turned off. (3) Keep the blue laser on a
warm-holding time, T,, to maintain the molten pool at a relatively high temperature, and cool it down naturally further.
The preheating and warm-holding time dependencies and the blue and IR laser power dependencies of the joint tension
were measured. The IR power dependency of the joint tension with and without blue-assistant welding was also compared.
Finally, the surface quality of the weld spots and the microstructure of the molten pools were observed, compared, and
explained.

Results and Discussions The optimal preheat time, T, is approximately 20 and 30 ms for samples 1 # and 2# at the
blue laser power of 50 and 60 W, respectively; the optimal warm-holding time, T,, for both samples 1 # and 2# is
50 ms. A proper warm-holding time is essential for expelling bubbles from the molten pool, which increases tension.
However, an excessive preheating or holding time will slightly decrease the welding tension due to the coarsening of
grains in the molten pool. A 30 W blue laser-assisted 70 W IR MOPA laser welding process achieves the best tensile force
(76.5 N), whereas a 110 W MOPA laser welding process achieves a tensile force of only 58.6 N. The blue-assisted MOPA
laser welding shows higher welding strength and laser efficiency than the only IR MOPA laser welding. Moreover, the
blue-assisted welding significantly improved the splash and surface quality (Fig. 6). From the observation of the cross-
section of the blue-assistant welding molten pool using metallographic and scanning electron microscopy (Figs. 7 and 8),
we can obtain the following results: (1) the zigzag shape of the molten pool of the blue-assisted welding is not obvious;
(2) the internal holes of molten pool are significantly reduced; and (3) the grains in the molten pool are slightly
coarsened.
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Conclusions The blue laser assists the IR MOPA fiber laser to weld pure copper sheets through the preheating and
warm-holding processes. The welding quality is significantly improved compared with the only IR MOPA fiber-laser
welding. The welding strength is increased to 1.31 times. There are no splashes and obvious surface voids on the weld
spot surface, and the surface granularity is considerably improved, which benefits from the effective preheating using blue
light. The multi-sawtooth molten pools tend to fuse, and the widespread and numerous micropores in the interior are
eliminated, which is attributed to the exhaust effect during the warm-holding process using the blue light. The blue laser-
assisted IR MOPA laser welding can significantly improve the welding quality of copper sheets.

Key words laser technology; pure copper sheets; laser spot welding; blue laser; MOPA fiber laser; dual-wavelength
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