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Blue Laser Conduction Spot Welding of

Pure Copper Hairpins

Spot welding of copper hairpins by a blue laser was conducted, resulting in
better weld quality and efficiency than with a conventional infrared laser
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Abstract

Joining rectangular copper hairpins significantly
improves the performance of hairpin motors.
Copper welding poses a significant challenge due to
its low laser absorptivity when using conventional
infrared lasers. Although employing keyhole welding
with a high-power and small-spot infrared laser
can increase the absorption rate through multi-
reflections, it introduces instabilities caused by
the multi-recoil forces within the keyhole and the
absorptivity differences among solid, liquid, and
keyhole states of copper. The proposed solution
adopts a 450 nm blue laser, which exhibits a
superior laser absorptivity toward copper and
facilitates stable conduction mode spot welding
with an enlarged laser spot. This research achieved
successful blue laser conduction spot welding of
copper hairpins with a gap and, for the first time,
systematically analyzed the force and instability
factors of a molten pool. The results demonstrated
that with a laser power of 1950 W, laser spot
diameter of 0.6 mm, and defocusing amount of -3
mm, only 0.7 s of welding time was required to join
copper hairpins with a 0.6 mm gap. Notably, there
were no noticeable defects in weld beads during
blue laser welding. Meanwhile, the study identified
recoil force as a significant uncertain factor inducing
defects, particularly in the keyhole mode. Compared
to infrared technology, the blue laser, characterized
by a higher absorption rate and a larger spot
diameter, effectively reduced uncertainty through
conduction welding. This research showcased the
significant potential for blue lasers in manufacturing
copper hairpin motors.
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Introduction

The hairpin motor is an electric motor that uses a hair-
pin-shaped winding to generate torque. It is characterized
by high torque and efficiency and low noise and vibration,
making it suitable for high-power applications. With the rapid
development of new electric vehicles, the automotive indus-
tryislooking for enhanced requirements to produce hairpin
motors with higher power and torque, smaller size, and higher
rotation speed, among otherimproved performance factors.
The rectangular copper wire connection in the hairpin motor
has an essential effect on the final performance.

The leading technologies for joining rectangular copper
wires are electron beam welding and conventional infrared
laser welding. Téth et al. (Ref. 1) tried to join copper wires with
electron beam welding by reciprocating scanning. Though the
electron beam can overcome the low absorption of copper,
its costis high. Dimatteo et al. (Ref. 2) and Glaessel et al. (Ref.
3) applied infrared laser scanner welding to join copper wires
with almost no gap. The weld beads showed some pores, and
the process parameter window was small. Blom et al. (Ref. 4)
presented that copper’s infrared laser absorption rates with
different states were quite different. The absorption rate for
solid copper was very low: about 3%. For liquid copper, the
rate was about15%. After forming a keyhole, the rate suddenly
increased to about 60%. The large variation of absorption rate
in different states makes it difficult to regulate energy input.
Meanwhile, when increasing the absorption rate through the
keyhole, the multi-reflections in the keyhole may also lead to
an unstable molten pool and unreliable qualities.
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Compared to the conventional infrared laser, the blue laser
has a much higher absorption for copper, up to 65% (Refs. 5,
6). The blue laser has been applied in additive manufacturing,
welding, etc. For additive manufacturing, Tang et al. (Ref. 7)
proved that the blue laser allowed for the directed energy
deposition (DED) of aluminum alloys using a lower power supply
and achieved better performance than with an infrared laser.
For welding, Tang et al. (Ref. 8) presented that when a gap
existed between laminated sheets, alarge-spot flat-top blue
laser had an advantage in restabilizing the molten pool. Tang
et al. (Ref. 9) also applied a blue laser for the bead-on-plate
welding of copper and aluminum. The results showed that a
2000 W blue laser could weld conventional high-reflectivity
metals (e.g., copper and aluminum) in conduction mode and
without spatters. Fujio et al. (Ref.10) tried spot welding a single
pure copper wire by combining a blue-infrared hybrid laser. The
spot diameters of the blue laser and infrared laser were 0.055
mm and 0.2 mm. There were no apparent spatters during the
welding process. Zediker et al. (Ref.11) joined two rectangular
copper wiresadoptinga 500 W blue laser, showing promising
results. Thus, the blue laser is a keyhole-free technology with
an improved absorption rate when welding high-reflectivity
materials. Blue laser welding does not rely on the keyhole pro-
duced by high energy density focused in very small spot size
fortheinfrared laser. Larger spot size can stabilize the molten
pool, thus avoiding defects, such as pores. Meanwhile, the
larger spot size allows spot welding, which is more efficient
with simpler welding processes and optical structures.

Zediker et al. confirmed the feasibility of blue laser spot
welding of pure copper hairpins (Ref. 11). However, the welding
ability has not been systematically demonstrated as being
of fundamental importance. Very high process quality must
guarantee stable molten pool dynamics, as Sun et al. (Ref.12)
showed by in-situ monitoring and adaptive control. More-
over, there will be a gap between the hairpins for a surplus
when assembling, unavoidable assembly errors, and enriching
the structural design. The gap may affect the stability of the
molten pool. Tang et al. (Ref. 8) found a self-stabilization of the
molten pool due to surface tension when a gap was found in
conduction welding. Guo et al. (Ref.13) studied the influence
of gaps on the stability of molten pool flow and pore defect
generation in keyhole welding. They could show that a16 pm
gap was enough to block welding continuity. Therefore, when
the blue laser welding copper hairpins have a gap, the dynamic
behavior of the molten pool also needs to be clarified.

Thiswork applied 2000 W blue laser spot welding to rectan-
gular copper wires. First, the molten pool’s dynamic behavior
was shown. Based on this, the welding strategy was optimized.
Next, the metallographic, micro-hardness, and electrical resis-
tance were analyzed. Finally, blue and infrared laser welding
technologies were compared.

Experimental Setup and Methods

Experimental Setup

The experimental setups are shown in Fig. 1. The blue laser
welding system included a blue laser generator (LDMblue
2000-60 VG7H, Laserline GmbH, Miilheim-Karlich, Ger-
many), awelding head (Laserline OTS-5 blue optics—welding),
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Fig. 1 — Experimental setups of the blue laser
welding system with the fixture and the molten pool
monitoring device.

a 3-axis displacement platform (X/Y/Z 400/300/400 mm,
Raycham Co. Ltd., Nanjing, China), and a cooling-water
machine (MCWL-150DTR, Tongfei Co. Ltd., Sanhe, China).
The energy distribution of the blue laser beam was flat-top.
A fiber with a diameter of 0.6 mm was applied to transfer
energy from the blue laser generator to the welding head.
The focal lengths of the collimating and focusing lenses were
112 mm when the laser wavelength was 450 nm. The beam
quality was 60 mm mrad. When the laser defocused on the
surface of the specimen, the spot diameter was about 0.6
mm. Argon as the shielding gas was delivered to the weld
area with a constant value of 900 L/h. A fixture was applied
to fix the samples with a constant gap of 0.6 mm. A high-
speed camera (Revealer X213, AgileDevice Co. Ltd., Hefei,
China) with 3000 FPS and 1.3 Mpix was utilized to obtain
the dynamic behavior. The viewing angle of the high-speed
camerawas about 45 deg. The distance from the lens to the
observed molten pool was about 30 mm. Meanwhile, this
work applied a laser light source and optical filter with 808 nm
wavelength to avoid the interference of complex spectrums
from the molten pool. The camera started collecting1s earlier
than the laser and stopped collecting data 1s after the laser
ended, ensuring the whole dynamic behavior was captured.

Materials and Welding Procedure

This work chose commercial copper (T1), the main material
of copper winding wires in the hairpin motor, as the experi-
mental material. Its chemical composition is listed in Table
1. The specimen dimension was 4 mm X 2 mm x 40 mm. All
specimens were polished to avoid the interference of oxide
scale and greasy dirt. Two specimens were fixed with a 0.6



Table 1 — Chemical Composition of Copper (T1)

Chemical Element Copper Other

Mass Fraction

i >99.95

<0.05

Table 2 — Process Parameter Design of Blue Laser Spot
Welding of Copper Hairpins

Process Parameter Value

Laser Power (W) 1950

Welding Time (s) 0.3,0.5,0.7,0.9,and 1.1

Defocusing Amount (mm) +3,0,-3,-5,and -7

Offset Distance (mm) 0,0.3,0.4,0.5,and 0.6

mm gap by afixture, as shown in Fig.1. The laser irradiated the
upper surface of the specimen vertically. The specimens and
the laser welding head both remained fixed during welding.
The experiment considered four process parameters: laser
power, spot welding time, defocusing amount, and offset dis-
tance. The selected process parameters are listed in Table 2.

The laser power was set to 1950 W, the maximum power
value for the highest processing efficiency, when designing
the process parameters. The welding time was the time of
blue laser radiation. The defocusing amount was the distance
between the specimen’s upper surface and the laser’s focal
point. The focal point was determined by first adjusting the
laser spot to the visual minimum; the height coordinate of
the laser head was z. Then, the laser was turned on to weld
a spot every 0.1 mm in the z- 0.5 to z + 0.5 mm interval.
The laser process time of each spot was 0.2 s. The zvalue
for the smallest and most apparent spot was the position
where the defocus amount was O mm. The offset distance was
the distance between the center of the blue laser beam and
the centerline of the two copper hairpins, as shown in Fig.1.
Based on many preliminary experiments, the welding times
were 0.3, 0.5, 0.7,0.9, and 1.1 s. The defocusing amounts
were +3, 0, -3, -5, and =7 mm. The offset distances were
chosenas0,0.3,0.4,and 0.5 mm. The three parameters were
investigated according to the determination process of each
process parameter in the actual processing. First, different
offset distances were tried to ensure the horizontal position
of the welding head. Second, various defocusing amounts
were researched to determine the height of the welding head.
Last, welding times were adjusted to optimize efficiency.

Characterization Methods

The samples were cut by an electron discharge machining
in the middle of the welded joint perpendicular to the 4 mm
long side. An automatic polishing machine (Saphir 530, ATM
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Fig. 2 — Sketch for measuring resistance and
retained length.

Qness GmbH, Mammelzen, Germany) was applied to ensure
uniform sample removal. The cross section of the welded joint
was ground by 80 to 2500-grade and was polished using 5,
1.5,and 0.5 um diamond suspension solutions. Finally, metal-
lographic corrosion was performed with a ferric chloride (5
g), hydrochloric acid (25 ml), and ethanol (100 ml) solution.
The etching time was about 20 s. The metallographic struc-
ture was analyzed by a laser scanning confocal microscope
(VK-X3000, Keyence Co. Ltd., Shanghai, China). Metallo-
graphic data were collected for three cross sections of each
sample and averaged. Each new cross section was directly
regrounded and repolished without redundant removal.

The measuring positions are shown in Fig. 2. Resistance
valueis acritical electrical property in copper hairpin weld-
ing. The Kelvin four-terminal sensing method was used for
resistance measurement. The measurement sketch for the
resistance and retained length is shown in Fig. 2. All data
were measured three times and averaged.

Results

Molten Pool Characteristics

Accordingto the order of spot welding, the laser spot posi-
tion was the first process parameter. The offset distance,
d, was setas 0, 0.3, 0.4, 0.5, and 0.6 mm, as seen in Table
2.The results showed that offset distance is critical to the
success or failure of welding. There were three main welding
effects under different offset distances. When the offset
distance was 0.6 mm, there was usually only one hairpin
that could be melted, as shown in Fig. 3A. With an offset
distance of 0 mm, almost all the laser beam energy radiated
into the gap. Little metal could be melted, as exhibited in
Fig. 3B. The molten pool characteristics when the offset
distance was 0.3, 0.4, or 0.5 mm are shown in Fig. 4. The
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Fig. 4 — Molten pool dynamic behavior with 1950 W laser power, 0.7 s welding time, -5 mm defocusing amount,
and 0.5 mm laser offset distance (the data acquisition rate was 5000 fps).

difference between different offset distances was mainly
in the success rate of welding and the melting speed of
the copper hairpin. After five experiments for each offset
distance, the 0.5 mm offset distance initially received the
most laser energy while ensuring a more-efficient success
rate. At last, the 0.5 mm offset distance was chosen in the
following research about the welding time and defocusing
amount.

Figure 4 shows the welding process. First, a single copper
hairpin began to melt, as seenin Fig. 4A. Second, two copper
hairpins melted together, as seen in Fig. 4B. Third, the two
molten pools of liquid copper merged into the same one
(Figs.4Cand D). Finally, the molten pool gradually expanded
and formed a weld bead, as shown in Figs. 4E and F. The
dynamic behavior of the molten pool had an obvious signif-
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icance on welding qualities and efficiencies, which will be
discussed in the section “Dynamic Behavior of the Molten
Pool.” The “Process Parameters Optimization Strategy” sec-
tion will show how to optimize the process further according
to dynamic behavior.

Weld Bead Appearance

According to the design sequence of process parameters,
the offset distance determines the horizontal position of the
welding head. The defocusingamount determines the vertical
position of the welding head. The welding time determines
the final laser processing time.

The weld bead appearances with different defocusing
amounts and welding times at the constant offset distance
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Fig. 6 — Cross section pictures with different process parameters. The numbers on the left are the defocusing

amounts and those on the right are the welding times.

of 0.5 mm are shown in Fig. 5. The results showed that the
ideal near-spherical weld bead could not be formed with
too large or too small defocusing amounts. Among them,
the weld bead appearance at the defocusing amount of -5
mm was relatively ideal. A fixed -5 mm defocus amount and
different welding times can clearly show the changing trend
of the weld beads’ appearance and the retained molten pool
characteristics. At 0.3 s, the hairpins on both sides melted,
forming a molten pool to create a weld bead. At 0.5 s, the
weld bead area expanded to cover the surface of the copper
hairpins. The melted copper at 0.7 s increased and formed
a near-spherical weld bead due to surface tension. At 0.9's,
weld bead size increased. At1.1's, the near-spherical molten
pool slipped off and the welding process failed.

Cross Section Image and Dimension

Figure 6 shows the cross section images with different
process parameters. When the welding time was short, or
the defocusing amount was unsuitable for the cross section,
the height difference between the two copper hairpins was
noticeable, as shown in Figs. 6A, D, and F. The welding pro-
cess ended when the two molten pools merged into one, as
seen in Fig. 4. With an increase in the welding time or more
concentrated energy, the heights of the two hairpins gradu-
ally leveled out, as shown in Figs. 6E and G. At that moment,
the molten pool gradually expanded but did not yet form a
near-spherical weld bead. When a more-complete weld bead
was created, the weld beads were near-spherical.

Pores are a key aspect of weld quality. In Fig. 6, the gray-
scale of the pore is large because the pore region was notin
the focal plane and reflected the light. Compared with the
defocusing amount of -3 mm, a defocusing amount of -5 mm
can lead to fewer pores. When the welding time increased,
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Fig. 7 — A — Influence of defocusing amount with a constant welding time of 0.7 s; B — influence of welding
time with the constant defocusing amount of -5 mm on the width and depth of welding beadls.

the solid copper melted more fully, and there were fewer
pores because of the violent flow.

The influence of process parameters on spot weld bead
dimensions is shown in Fig. 7. The results showed that the
variation trends of weld bead widths and depths were con-
sistent. The defocusing amount and the welding time directly
impacted bead dimensions. Corresponding to Fig. 5, the width
and depth dimensions were larger when the appearance
was ideal.

Electrical Resistance

Electrical resistance is animportantindicator for hairpins.
The defocusing amount and welding time influenced resis-
tance, as shownin Figs. 8Aand B. The result showed that when
the welding time increased, the spot welding process gradually
completed with a lower resistance, except for the welding
time of 1.1s. When the welding time was too long, such as 1.1,
the molten pool was unstable, leading to a failure weld. When
the defocusing amountincreased, resistance decreased then
increased and, at last, decreased; the variation tendency was
the same as that of the weld bead size. The retained hairpin
lengths with different process parameters are shown in Figs.
8C and D. The results were consistent with the variation ten-
dency of resistance. The welding time had a more obvious
influence on resistance; when the defocusing amount was -3
or -5 mm, electrical performance and appearance were better.

Discussions

Dynamic Behavior of the Molten Pool
The dynamic behavior of the molten poolis shown in Fig. 4.

First, a single copper hairpin irradiated by the laser began to
melt. Then, due to high temperature and laser energy reflec-
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tion, two copper hairpins melted together. When enough metal
material was melted on both hairpins, contact occurred, and
the liquid copper in the two hairpins merged into the same
molten pool. At last, as the welding time went on, the molten
pool gradually expanded and formed a weld bead. Bai et al.
(Ref.14) presented that dynamic behaviors were important
for process optimization, mechanism explanation, and in-situ
control. The processesin Fig. 4 can be divided into three stages
tounderstand the dynamic behavior better and facilitate sys-
tematic analysis.

1. First stage. The two regions were not in contact at this
stage, as shown in Figs. 4A and B. Considering the defocus-
ing location and offset distance, the copper hairpins melted
simultaneously or sequentially. With continuous energy input,
the metal in Region A moved to Region B, as shown in Fig.
4B. Region B in the gap decided when the welding process
could transfer to the second stage.

2.Second stage. The second stage began with two adjacent
molten pools touching and finished when the molten pool was
stable, as seen in Figs. 4C and D. The key point of this stage
was when the molten poolin the gap backfilled and recovered
smoothly. To clarify the process, the equilibrium of forces of the
liquid copper in the gap is exhibited in Fig. 9. In this process,
four forces acting on the liquid copper in the gap formed a
control body in the equilibrium of forces. These forces included
the shielding gasimpact force F, recoil force F, gravity force
G,and restore force F. Figure 9C shows a local force analysis.
During spot welding, the fixed position will be continuously
impacted by a large flow rate of shielding gas. The shielding
gasimpactforce F_ of the local regionis calculated as follows:

E? = szAr/SAr2 (1)

where Q s the flow rate of shielding gas, p, is the Ar density,
and S, isthe cross-section area of the shielding gas feed pipe.
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The recoil force F, of the local region generates from the
depression and potential metallic vapor (Ref. 15), which is
written as:

F = S,(Pe — Po) @

with the surface pressure of the molten pool P_written as:

Pamb
T
_ mL,(1—Z7
Fe= 0.5(1 + Br)P, exp k(BT Ts) )
v
0<T,<T,
+o0o>T =T,

where P_  istheambient pressure, B, is the coefficient that
represents the fraction of recondensation particles to evapo-
rations ones, S, is the local region area, P, is the atmospheric
pressure, mis the mass peratom, L is the latent heat of vapor-
ization, T isthe boiling temperature under P, T_is the molten
pooltemperature of the local region, and k, is the Boltzmann
constant. Because the influence of dramatic fluctuation of
the keyhole after the change of welding mode is difficult to
quantify, the equation mainly considers the impact of the
recoil force generated by heating and evaporation.

Gravity, G, relates the liquid metal in the gap, with the
following formula:

G = VCu ,pCugr (4)

where V_’is the liquid metal volume of the local region, p_ is
the density of copper, and gis the gravitational acceleration.

DECEMBER 2024

355-s



356-s

Shielding gas
Restore force F, [|impact force F;
/7, 4
\
Recoil force F,
o 2
rd N
7 R
i D Rl
<—— Surface tension Gravity
force
——— Restore force F, (l;. B R
C
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between the surface tension and restoring force; B — the global force analysis; C — the local force analysis; D

— surface tension calculation parameters.

Surface tension leads to the restoring force F,_of the local
region. The restoring force makes the liquid metal contract
inward. When the molten pool outline changes, the surface
tension analysis can be seenin Figs. 9A and D. Based on the
Young-Laplace equation, the restoring force F, reads:

E. =y(1/R; + 1/R;)S,, )

whereyis the surface tension coefficient which depends on
the temperature of the local region. R, and R, are the radii
of the curvature circle.

Due to the equilibrium of forces in the local description of
liquid copper, the local forces can be given explicitly:

{sina'Fr coso-F,+sinf-F,+G ©)

cosa-F. =sino-F+cosf-F,

The transformation of equilibrium of forces from local
description to global description can be given by integration
of local force vectors on the surfaces S, and S2:

Fr = [, FdS + g FrdS

F, = [; FedS , )
F = [, FdS

G=pVyg

where S is the upper surface and S, is the lower surface.
To facilitate the theoretical calculation, Fig. 9B shows a
simplified schematic diagram of force analysis, which as-
sumes that the internal temperature of the molten pool is
uniform and the surface tension coefficient is set to 1.25
N/m in the following calculations (Ref. 16). Considering
Equation 7, F, F, G, and F _can be written as follows:
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Fs = SFszAr/SATZ' (8)
SF'(Pamb _PO)
T,
mL,(1—7
= T
Fe Sr+| 0.5(1 + Br)P, exp % - P, ©®
Blv
0<T<Ty
+00>T =T,
G =Veupcu (10)
E. =y[(1/R11 + 1/R13)Sm ¢

+ (1/R21 + 1/R22)Sr2]

where S_is the depression area; V_ is the liquid metal volume
inthe gap; R, R,,,and S_ are the relative parameters of the
upper surface tension; R,,, R,,,and S , are the relative param-
eters of the lower surface tension. To solve Equations 8-11,
the geometric parameters of the molten poolin the gap can
be estimated and simplified, as shown in Fig.10. Therefore,
the geometric parameters can be rewritten as follows:

Sp = WelWiot

VCu ~ %apRZWmol
Sr1 ® Sk

Srz ~ ”Wmolz/4
Riy =Ry = Ry
Ry ® Ryy = Ry

(12)



Table 3 — Cumulation Parameters and Results of the

Force Status
Parameter Value Data Source
Q(L/h) 900 Experimental setup
Py (kg/m®) 1.65 =
S, (mm?) 12.60 Actual Measurement
w,., (mm) 0.60 Experimental Setup
S, (mm?) 110 Eq.7
W, (mm) 0.52 Fig. 4
B, 0~1 Ref. 17
P, (Mpa) 0.1 —
M (g) 1,06 x 1022 Ref. 18
L, (kJ/mol) 300.3 Ref.19
T,(°C) 2560 Ref. 20
T.(°C) 1083~3000 Ref. 20
K, (J/K) 1.380649 X 1023 =
V,, (mm?®) 1.89-5.04 Eq.7
w__ (mm) 21 Fig. 4
Pe, (kg/m?) 8.9 x 10° Ref. 21
g (m/s?) 9.8 —
¥ (N/m) 1.25 Ref.16
R, (mm) 0.3~1.5 Fig. 4
R, (mm) 1.5~4.0 Fig. 4
S,, (mm?) 110 Eq.7
S, (mm2) 3.46 Eq.7
F, (N) 715 %X 10-4 Eq. 8
0~0.32 (8, =0)
F,(N) Eq.9
0~0.76 (B, =1)
G(N) (1.65~4.40) x 10 Eq.10
F.(N) (0.40~1.50) x 102 Eq. 11

v/
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Fig. 10 — Schematic diagram of molten pool
parameters used for the force calculation: A — 3D
coordinates; B — molten pool x-y plane; C — molten
pool y-z plane; D — molten pool x-z plane.

After preliminary cumulation, the results are listed in Table
3. In past research, Tang et al. (Ref. 8) analyzed the force of
the molten pool when meeting a gap. The result showed that
surface tension force, as the restoring force F, was much
larger than the gravity force G. For the gravity force G, the
resultin Table 3 is similar to the result in Reference 8. How-
ever, for the shielding gas impact force F, when the shielding
gas rate changed from 900 to 1800 L/h, the F_increased
to 2.9 x 1072 N, which was close to the restoring force F.
If pursuing the shielding effect, the high flow of argon may
degrade welding qualities. In addition, it can be found that the
recoil force F_will change significantly with some parameters.
With a change in molten pool temperature, F, can change
from O to 0.32 or 0.76 N, which will be much larger than F,
as shown in Fig. 11. It means some violent behaviors of the
molten pool (for example, the keyhole welding resulting from
the high energy density)have the possibility to against the
molten pool restoring and then produce defects. Therefore,
the conduction mode has advantages when spot welding
with a gap.

3.Third stage. At this stage, the molten pool stably melted
the copper hairpins. The weld bead was generally generated.
The duration decided the final hairpin’s appearance.

The time of the three stages together determines the mini-
mum welding time required. Therefore, a high absorption and
high power laser beam has great significance. The influence
of the gap is mainly reflected in the second stage, where
the surface tension drives a restoration effect. However, the
recoil force caused by high power density may weaken the
restoration effect.
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Fig. 11 — The recoil force F_value varying with the
molten pool temperature.

Process Parameters Optimization Strategy

There were three main process parameters when spot
welding the hairpins, including the offset distance d, defo-
cusing amount Ah, and welding time t with constant laser
power. The offset distance decided the laser spot position;
the defocusingamount determined the vertical height of the
welding head; the welding time was the final processing time.
The main concerns when optimizing the process parameters
were weld bead appearance and the minimum time required
for welding. The computational formula of the welding time
t ,isas follows:

tay =t +t, + 83 “13)

where t,t,,and t, are the required time for the first, second, and
third stages. The relationships between the process parame-
tersand the required times of different stages are as follows:

1. The first stage. This stage is the process before the two
molten pools come into contact. It means how long it takes to
form aliquid bridge between the hairpins. At this stage, the
offset distance and defocusing amount are critical. Based on
theresultsin the “Molten Pool Characteristics” section, the
offset distance determines how much laser energy is radiated
to the hairpin, which can be considered a direct influence. For
the defocusing amount, because of copper’s high heat dissi-
pation capacity, the high energy density caused by focusing
can help form a molten pool as early as possible. Then, the
two molten pools may contact each other earlier. Figure 12
presents that +3, 0 and -7 mm defocusing amounts increased
the first stage time. Although the defocusing amount of O
mm seemed to provide the most focused energy, the hairpin
shortened into positive defocus after welding. Therefore, the
defocusing amounts of -3 or -5 mm were better.

2.The second stage. This stage is from the two molten pools’
contact tothe molten pool recovery stability and has the most
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Fig. 12 — Influence of the sum time of the second and
third stages on the weld bead dimensions.
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Fig. 13 — Time costs of three stages with different
defocusing amounts.

complex phenomenon. There is a rapid fusion process of two
molten pools at the stage, sorandomness and uncertainty are
strong. For the defocusing amount Ah, which affects the energy
density, a higher energy density will lead to a more significant
flow that may make the molten pool finish the second stage
faster. The second stage time ¢, also relates to the offset dis-
tance. If the distance is closer to the midline of the gap, the
heat that transfers to the distal hairpin will be smoother. This
will make it easier to pass the second stage. For the welding
time t,onlywhen tis less than the sum of the first and second
stage times, t+ t,does the tneed to be considered; otherwise,
the second stage timeist-t,.

3. The third stage. At this stage, the molten pool tends to
be stable, and t mainly determines the time of the last stage
as well as the final weld bead appearance.

The first stage mainly determines whether the weld bead
can be formed and the length of the redundancy time. The
second and third stages mainly relate to the appearance and
dimension of the weld bead. The influence of the sum time of
the second and third stages on the weld bead dimensionsis
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seeninFig.12. The longer the time, the larger the dimension.
The main reason is that in the second and third stages, the
molten pool can cover the laser spot and absorb the most
laser energy. Laser absorb is key to affecting width and depth.
It can also prove that the indeterminacy of the contact pro-
cess may be an important source of unstable qualities.

For the process parameters optimization, according to
the order of spot welding, the laser spot position determined
by the offset distance is the first process parameter of con-

cern.When the offset distance changed from O to 0.6 mm, the
welding effect was a gradual transition. Firstly, the two sides
melted slightly and could not merge into a single molten pool.
Secondly, the individual molten pool melted and merged with
another micromelt pool. Finally, only a single molten pool can
be formed and cannot realize welding. Therefore, the offset
distance greatly influences the first stage’s required time ¢,
which is the most energy dissipation in spot welding. The best
effect is that most of the laser spot area can radiate on the
hairpin, and the liquid metal can touch each other against time.

After determining the offset distance d, the defocusing
amount Ah is the second process parameter. For the first
stage, though the defocusingamount Ah can also influence
the violent degree of the liquid copper, which may promote
the contact of the two molten pools, the influence of the
violent degree is smaller than the offset distance d and is
difficult to accurately control. Therefore, the defocusing
amount Ah can be considered more at the second stage.
The appearances with different defocusing amounts have
been shown in Fig. 5. The time costs of the three stages with
different defocusing amounts are exhibited in Fig. 13. The
result showed that in the fixed time of 0.7 s, the defocusing
amount affected energy absorption. When the defocusing
amounts were -7, 0, and +3 mm, the welding process could
not go into the third stage and, especially, the first stage took
too much time. The two molten pools touched each other
quickly with defocusing amounts of -3 or -5 mm. But the -3
mm defocusing amount cost more time in the second stage
due to the violent flow. By contrast, the -5 mm defocusing
amount made the molten pool absorb the laser energy and
expand more rapidly. The defocusing amount Ah relates to
molten pool stability.

Considering the welding time t, when the offset distance
and defocusing amount are constant, the influence of welding
time ton appearances is shown in Fig. 5. The resulst showed
that near-0.7 s is the minimum required time in the work. A
welding time that’s too long, such as 1.1 s, will enhance the
instability of the molten pool because of a high temperature.
Therefore, awelding time that can just finish the three stages
without the molten pool slipping is best.

Analysis of Influence Factors of Resistance

Weld bead dimension, the retained length of the copper
hairpin, crystal lattice characteristics, and pore defects are
key factorsin the electrical resistance of pure copper. In this
work, the laser power was constant at 1950 W, which is an
important process parameter for crystal lattice character-
istics. All the samples were spot welded similarly. The were
few pores in the weld beads. Therefore, this work mainly
considered the effect of weld bead dimension and retained
length. The mapping relationships between the resistance
and the weld bead dimensions are exhibited in Fig.14. The
results showed that larger depths and widths will lead to
smaller resistance. The better-joining state resultsin alarger
sectional size applied for current conveyance, and then resis-
tance decreases. In addition, a large dimension will shorten
the retained hairpin length. The shorter length leads to lower
electrical resistance. Because the qualities of a weld bead by
the blue laser are stable and guaranteed without defects, the
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resistance has no abrupt change. The retained length can be
predesigned. The influences of the dimensions on resistance
will be weakened. Therefore, the key to welding copper hairpins
with a blue laser is the choice of defocusing amount and the
other process parameters for obtaining high welding efficiency.

Comparative Analysis of Blue and Infrared
Laser Welding

The results proved thata blue laser can weld copper hairpins
by conduction spot welding without spatters. There were few
poresin the weld bead. The required welding time was about
0.7 s. Compared with infrared laser welding with a scanning
speed of 50 ~ 150 mm/s, which needs about 0.06 ~ 0.2 s
welding time, as seen in Ref. 2,0.7 s does not mean very ideal
welding efficiency. However, the weld bead quality from ablue
laser can be guaranteed and worth exploring. With the develop-
ment of the high-power blue laser or the infrared-blue hybrid
laser, shorter welding times are easy to achieve. For example,
Fujio et al. (Ref.10) have shortened the welding time of copper
hairpin to 0.2 s through the infrared-blue hybrid laser.

Anotherimportant advantage of the blue laser for welding
copper hairpinsis the strong stability when meeting the gap.
Agapwill be generated due to a surplus when assembling and
unavoidable assembly errors. In addition, the gap will also
provide the possibility of upgrading the motor structure. First,
owing to the extremely high absorption rate of the blue laser
for copper, large laser spot welding with conduction mode
becomes possible. The larger spot diameter provides enhanced
capabilities to adapt to the larger gap and avoid the situation
in Fig. 3. Second, when the molten pools contact each other at
the second stage, a gap will inevitably form a depression that
must be restored as soon as possible to avoid collapse. The
depression has a similar effect to a keyhole. which produces
multiple reflections. For the infrared laser, a large amount of
laser energy will be reflected and even multi-reflected in the
gap. These reflections lead to a push force from the recoil
force F_, alarge value seenin Table 3. Similar results can also
be found in Ref. 13. The push force will hinder restoration of
the molten pool. The schematic diagram is exhibited in Fig.
15B2. For the blue laser, due to the high absorption, the most
energyisabsorbed by the molten pool, as shown in Fig. 15A2.
Meanwhile, the blue laser can finish the second stage faster
and more stably because, due to the low energy density, there
is almost no metal evaporating. At last, when going into the
third stage, it is a comparison between conventional con-
duction and keyhole welding modes. The process images of
the infrared laser welding can be seen in Ref. 22. Blue laser
conduction welding is more stable than infrared laser key-
hole welding, as shown in Figs. 15-A3 and B3. For keyhole
welding, Guo et al. (Ref.13) presented that the keyhole led to
a necking- and tip-elongated phenomenon, which formed a
bubble or pore. More crucial is that when copper goes from
solid to liquid to keyhole, the absorption rate of the infrared
laserincreases from about 3% to 15% to 60% (Ref. 4). Because
the keyhole has been unstable due to the evaporation and
multiple reflections, it prevents the absorption rate from being
relatively constant. The rate will drastically fluctuate between
about 15% and 60%. The final welding qualities are difficult
to guarantee. The results from the infrared laser welding by
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Dimatteo et al. (Ref. 2) also proved that it was difficult to avoid
pore defects. Therefore, conduction welding can reduce this
defect by avoiding the phenomenon above.

At present, there are problems with the beam-forming ability
of high-power blue lasers, and it is difficult to achieve a small
laser spotsize. Alarge spot size is mainly used for conduction
welding. It is also difficult to use with the galvanometer; only
the laser head can be used. Therefore, this limits the further
improvement of welding efficiency. If the laser spot diameter
ofthe blue laser is the same as that of the infrared laser, owing
to the high absorption, the keyhole can be more stable. The
push force and potential pores resulting from the multi-re-
flection will be greatly weakened. The efficiency and stability
of welding copper hairpins with a gap have the potential to be
improved. In addition, the high cost of blue laser equipment
is also one of the important issues hindering the application
of the technology.

Conclusions

The spot welding of rectangular copper hairpins was sys-
tematically studied by a2000 W high-power blue laser for the
first time. The dynamic behavior, optimization strategy, and
microstructure properties were analyzed. The comparison
between the blue and infrared laser for welding the copper
hairpins with a gap was shown. The main conclusions are as
follows:

1. With its high absorption rate for copper, a blue laser can
efficiently weld two copper hairpins with a cross-sectional area
of 8mm?2and a gap of 0.6 mm. There were no obvious defects
and spatters. At blue laser power of 1950 W and a defocusing
amount of -3 mm, the optimal welding time is 0.7 s.

2.Thereare three stages when spot welding copper hairpins:
when the two molten pools contact, the first stage ends; in
the second stage, the molten pool at the gap restores; in the
third stage, the final weld bead forms. Minimizing the time
required for the first stage, avoiding the molten pool of the
second stage that cannot be restored, and avoiding the insta-
bility of the molten pool in the third stage are the main ideas
to optimize the welding process.

3. The dynamic behavior of the molten pool at the gap was
analyzed, including the shielding gas impact force F, recoil
force F,, gravity force G, and restore force F. Shielding gas
impact force and recoil force both have the possibility of pre-
venting recovery from surface tension.

4.The smallest electrical resistance can be as low as about
27 mQ. The weld bead dimensions and the retained lengths
of the copper hairpins are two important factors in influ-
encing resistance.

5.Compared to the infrared laser relying on keyhole scan-
ning welding, the blue laser can join the copper hairpins with
conduction spot welding, which has a simpler process design.

6.This work ensures the advantage of using a high-absorp-
tion blue laser in welding copper hairpins. By optimizing the
process, such astilting the laser beam or scanning oscillation,
better welding quality and efficiency may be obtained. With
the development of welding technology, real-time monitoring
and control based on the molten pool characteristics in the



work and the longer focal length of the welding head are the
future research points.
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