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Abstract

Laser beam welding provides a very efficient process for joining copper pins in electric drives, which are referred to as
hairpins. The occurrence of pores in such joints reduces the conducting cross-section area and increases the electric
resistance. The present work is an investigation of the process pore and spatter formation during welding hairpins with
different welding contours. The welds are observed by radiographing the capillary in the processing zone. With the
observation it was possible to determine the influence of different contours on the formation of pores and spatters The
results show an influence of the welding contour on the formation of process pores and spatters. The occurrence of pores
therefore influences the tensile strength of the welded hairpins.
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1. Introduction

Laser beam welding is a very efficient process for joining copper hairpin windings in electric drives, which
are referred to as hairpins. Pore formation and avoidance strategies in copper for linear welds were
investigated by Alter et al., 2020; Heider et al., 2011; Heider, 2018. Glaessel et al., 2017 showed the capability
of infrared lasers for welding hairpins and Bocksrocker et al. investigated the pore formation for a hairpin weld
without a gap. Omlor et al.showed that process pores occur especially at the location of the gap between the
two pins. The occurrence of pores reduces the conducting cross-sectional area, which increases the electric
resistance and further impairs the tensile strength of the joint. The pores are divided into process pores
(rpore>>0.1 mm), which are caused by capillary instabilities, and metallurgical pores (rpore< 0.1 mm), which are
caused by changes in the solubility of substances in the copper melt. The influence of process parameters on
the tensile strength was investigated by Dimatteo et al., 2021. Those previous studies consider the effects on
pore formation and decrease of tensile strength separately. This work presents a holistic comparison of pore
formation and the resulting tensile strength of the joined hair pins. In order to capture the effects during pore
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and spatter formation the welding process was analyzed by means of highspeed imaging and online x-ray
imaging.

2. Method

An X-ray tube is used for X-ray imagining of the processing zone during the weld process. The X-ray imaging
system is described in detail by Abt et al., 2011; Abt et al., 2018; Boley et al., 2019 . The recorded images
present a grey-scale distribution, which is defined by the local absorption of the X-rays according to beer’s law.
This allows to differentiate between the vapor capillary (bright, due to less absorption) and the solid material
(dark, due to higher absorption). To reduce noise a flat-field correction is used, which is based on the
subtraction of the image of two pins before welding from the process images during welding. This results in
very bright areas around the welded pair of pins. The hairpin windings (Cu-ETP) are rectangular with
4 mmx1 mm. For all experiments, a disk laser TruDisk 8001 with a beam transporting fiber of d;z=100 um was
used. Using a PFO 33, resulted in a beam waist of d;=170 um which was positioned on the surface of the pins
for all experiments and moved the laser beam over the hairpins. The beam was moved over the pins several
times until all corners of the pins were melted. For all the experiments a power ramp at the beginning of the
weld was used. The power ramp started at 20% of the total power and reached 100 % of the laser power at
the end of the first completion of the welding contour. The welding process was additionally recorded with a
high-speed camera (8 kHz) to record the formation of spatters at the surface. The number of spatters was
quantified by the sum of all images, which presents brightest value occurred during the process at each pixel.

Results

The formation of process pores was observed by means of X-ray imaging of the welding process. Fig 1.
shows different time steps of a hairpin welding process from the side-view (left) and the corresponding X-ray
image where the capillary geometry is highlighted in dashed white lines to guide the eye. As described in
Omlor et al.the process pore formation was observed mostly when moving the laser beam over the gap. It
was observed, that the movement of the laser beam over the gap is associated with an increased spatter
formation (Fig. 1, 12.6 ms), melt ejection (Fig. 1, 17.3 ms) and pore formation (Fig. 1, 32 ms). It can be seen
that during the laser beam passes the gap for the first time a melt ejection occurred (12.6 ms), which coincides
with spatter formation. After the third pass (32 ms), the crater of the melt ejection is not visible anymore, but
a process pore was formed. This process pore was equalized during the fourth overdrive. It results in a welded
hairpin without process pores (bottom, right). To determine the influence of the welding contour on the pore
formation, different contours with the same laser power are compared in Figure 2, which presents one
representative welded hairpin for each welding contour. One can see that the welding contour influences the
total amount of spatters and process pores occurred during the welding process.
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Welded Pin

Fig. 1. Spatter (left images) and pore(X-ray images) formation due to melt ejection in previous overdrive (df 170 um, top-hat, 6kW; 600
mm?)

The process pores are highlighted in red in the x-ray image of the welded hairpins in Fig. 2. The highest
number of spatters occurred for the elliptical contour, while the lowest number of spatters occurred for the
“8”- contour. It can also be seen that there is a difference in the total number of occurred spatters and process
pores for the chosen welding direction of the spiral. Welding from the outside to the inside leads to less
spatters and process pores than welding from the inside to the outside. It is assumed, that the heat
accumulates in the center of the pin in case of welding a spiral from the outside to the inside. This preheating
favors the avoidance of process pores in comparison to the weld with the spiral from the inside to the outside.
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Fig. 1. Different welding contours (top), the resulting spatter formation of the whole process and an X-ray image of the welded pins

where process pores are visible.

The effect of the welding contour and chosen welding parameters on the max tensile force before fracture
in case of a peeling load during tensile testing is shown in Figure 3. Three different welding parameters for the
elliptical contour, resulting in three different process times and the “8” were chosen for a tensile test. For
each parameter a representative fracture surface is shown. In the fracture surface the visible pores are
highlighted by circles. The color of the circles indicates the size of the pore. Huge process pores are indicated
in red and small metallurgical pores are highlighted in pink. In-between sized pores are highlighted in black.
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Fig. 2. Max tensile force for different welding contours and welding parameters resulting in different process times (tyroc = 35 ms (left);
toroc = 38 mMs (“8”); tproc = 33 ms (3rd); toroc = 70 ms (right)).

One can see that although all pins are made out of the same Cu-ETP and all the pins are from the same
batch, the amount of small metallurgical pores varies for the different welding contours. The most
metallurgical pores are visible for the two samples with the longest process time in the right of Figure 3 with
132758 N. The weld with two different welding speeds has the shortest process time and shows the second
lowest maximum occurred tensile force with 2117122 N The weld with the “8”-contour shows the lowest
number of pores on the fracture surface and provides the highest tensile force of 330*1%*N. It can be seen
that there is a high scattering on the max occurred tensile force, which probably results from strong deviations
in pore formation. The comparison of the fracture surface with the tensile force indicates the direct

connection between the number of pores and strength of the Weld.
3. Conclusion

The influence of different welding contours on the formation of process pores and spatters during welding
hairpin windings was shown. The results show that both, the contour itself and its welding direction for the
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spiral shows a significant influence on the formation of process pores and spatters. It indicates that in order
to avoid pore formation a movement of the vapor capillary in preheated material is beneficial. Addiotonally,
the welding strategy influences the number of metallurgical pores, which also influence the tensile strength
of the weld. Further investigations are needed to determine the influence of the welding contour on the total
number of pores. The results show clearly, that the generation of pores is directly connected with the gap. In
order to avoid a passing of the laser at the gap new dynamic beam shaping strategies are required, eg.
coherent beam combining. Future work will consider such strategies.
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