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Abstract
Any pores formed during laser welding of copper hairpins affect the structural integrity and the mechanical/electrical func-
tionality of the joint. We report on investigations using synchrotron X-ray imaging techniques to observe the formation of the 
pores in the processing zone while welding. It was found that all pores are formed at the joint gap and that the small pores are 
distributed throughout the complete joint volume as a result of the melt flow induced by the movement of the laser beam. This 
insight has led to the development of a welding strategy that minimizes pore formation by avoiding the movement of the laser 
beam across the joint gap. This was achieved by rapid beam shaping based on coherent beam combining (CBC) technology.
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1  Introduction

The advantages of laser welding, such as precise control, 
high welding speeds, and minimal heat-affected zones, make 
it an attractive option for the manufacturing of intricate com-
ponents like copper hairpins used in electrical and electronic 
applications. However, despite its many benefits, the pro-
cess of laser welding can sometimes give rise to the forma-
tion of pores within the weld joints which can significantly 
compromise the structural integrity and functionality of the 
welded hairpins. In the case of copper hairpins, the intrusion 
of gases from the surrounding environment leads to the for-
mation of small pores and of larger pores [1]. The localized 

heating and rapid cooling associated with laser welding can 
create favorable conditions for the entrapment of gases, par-
ticularly oxygen and nitrogen, which can diffuse into the 
weld pool from the surrounding atmosphere or from surface 
contaminants [2]. The formation of pores not only weakens 
the joint but also hinders the flow of electrical current, which 
is detrimental to the performance of the hairpins in electrical 
and electronic systems [3]. The occurrence and formation 
of pores in copper welding are still not fully understood and 
are subject of ongoing research as recently published work 
shows. Heider et al. [4] were able to show that the reason 
for pore formation in copper welding can be divided into 
process pores and gas pores. They concluded that process 
pores are caused by the instability of the capillary and gas 
pores are caused due to the interaction of the surrounding 
air and the melt pool, which can be influenced by the laser 
wavelength and the composition of the surrounding air. 
Kaufmann et al. [5] used in situ synchrotron x-ray imaging 
to investigate how the capillary is influenced by the process 
parameters. Other reports show that beam shaping [6, 7] 
or reducing the ambient pressure [8] is a useful method to 
reduce pores when welding copper. Laser welding of hair-
pins differs from other welding processes like butt welding 
or flange joints where the laser beam is usually moved in one 
pass along the joining gap. When welding hairpins, the laser 
beam is typically moved over the same contour many times 
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until the desired joint cross-section is obtained. The vapor 
capillary and the melt pool grow deeper during the ongoing 
process. This is why the formation of pores can have other 
reasons as when conventionally welding butt, lap, or flange 
joints. The present work therefore investigates the formation 
of pores during hairpin welding. The benchmarking work 
presented in [9] reports on the influence that various beam 
shapes and different laser wavelengths have on the hairpin 
welding process and the resulting weld quality. A workflow 
to optimize the hairpin welding process based on a study 
using synchrotron radiation for diagnostics is proposed in 
[10]. The issue of pore formation in laser welding of copper 
hairpins has already been addressed by extensive research 
and development efforts. Various strategies, such as the use 
of shielding atmospheres [11], surface cleaning [12], and 
modifications of the welding parameters [10–16], have been 
explored to minimize or eliminate the formation of pores. 
The impact of surface treatment to remove the protective 
lacquer from the copper hairpins before welding on the 
occurrence of pores in the welded hairpins is discussed in 
[17]. The influence of a gap between the two hairpins on the 
joint cross-section of the welded pins and the pore volume 
has already been investigated in detail by [11], which led to 
the conclusion that a gap of up to 0.5 mm does not influence 
the weld result significantly. It was also reported in [18] 
that large process pores with a radius of rP ≥ 0.1mm occur 
at the joining gap between the two hairpins, whereas the 
smaller pores with rP < 0.1mm are found in the whole joint 
volume after welding. The present work therefore focuses 
on the investigation of the formation of pores as caused by 
the movement of the laser beam across the joint between the 
hairpins. This present work was stimulated by the conjecture 
that the small pores are also created when the laser beam 
moves across the gap and are afterward distributed in the 
volume by the melt flow. High-speed video observation of 
the processing zone using high-brilliance synchrotron x-ray 
radiation has confirmed this point. The results show that the 
moving laser beam induces melt flows that distribute the 
small pores throughout the volume of the joint. This find-
ing led to the development of a welding strategy in which 
coherent beam combining is used for rapid shaping of the 
otherwise stationary laser beam to create the weld, thereby 
minimizing the formation of pores.

2 � Methods

The experiments were carried out at the Petra III facility of 
the German Electron Synchrotron DESY (Deutsches Ele-
ktronen Synchrotron) in Hamburg, which provides a high 
x-ray imaging resolution. The high-speed camera recording 
the x-ray images worked at a rate of 8000 frames per second. 
The full experimental setup is described in [19]. Cu-ETP 

hairpins were welded with an IPG YLS-6000-U laser with a 
maximum output power of 6 kW at a wavelength of 1.07 µm.

The first experiments were carried out to identify the 
mechanism leading to the generation of pores in conven-
tional welding with a moving beam. Using a beam-delivery 
fiber with a core diameter of 100 µm to transport the laser 
beam to a Newson scanning system, together with a collima-
tion and focusing lens with a focal length of 70 mm and 163 
mm, respectively, resulted in a beam waist with a top-hat 
intensity distribution and a diameter of df = 232�m . The 
beam waist was positioned on the surface of the hairpins 
for all welds. The scanning system was used to move the 
beam on a circular path. The experiments were performed 
with weld speeds ranging between v = 400mm ⋅ s−1 and 
v = 700mm ⋅ s−1 . Two different diameters, dc,1 = 1.0mm 
and dc,2 = 1.6mm , of the circular welding paths were used. 
The beam was moved along this circular path until all cor-
ners of the pins were molten. The number of passes required 
depends on the other parameters, as listed in Table 1.

The parameters were adapted in such a way that approxi-
mately the same volume was melted for all welded pairs of 
hairpins. A typical x-ray image recorded with a high-speed 
(HS) camera during the welding process is shown in Fig. 1. 
A varying thickness of the transirradiated material and vary-
ing attenuation coefficients (as a function of the physical 
state of the material) result in a locally varying attenuation 
of the transmitted x-ray beam. As a consequence of this var-
ying attenuation and additional diffraction effects, it is pos-
sible to distinguish between the capillary, the solid material, 
the melted material, and the pores in the weld pool in the 
recorded images [20]. The contour of the liquidus-solidus 
line is illustrated by the dashed-dotted line in Fig. 1, as it is 
challenging to identify in the raw data with the naked eye.

To improve the image quality, a flat field correction was 
first applied which is described in detail in [21, 22], and the 
gradation curve of the contrast correction in the Adobe Pho-
toshop software was then adjusted to improve the contrast 
between the solid and the liquid material seen in the pictures. 
This correction of the contrast allows to identify the contour 

Table 1   Experimental parameters

Beam path Laser power P Welding speed v Number 
of passes

dc,1 = 1.0mm 5.8 kW 400 mm ⋅ s−1   7
500 mm ⋅ s−1   9
600 mm ⋅ s−1   11
700 mm ⋅ s−1   14

dc,2 = 1.6mm 5.8 kW 400 mm ⋅ s−1   4
500 mm ⋅ s−1   6
600 mm ⋅ s−1   8
700 mm ⋅ s−1   9
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of the liquidus-solidus line with the naked eye (Fig. 2). The 
scale in the x-ray images was determined by comparing the 
number of pixels showing the width of the copper hairpins 
with their actual width. Figure 2 compares a raw image dur-
ing (a) and after the welding process (c) to the corresponding 
processed image (b, d), where the solidus–liquidus line is 
indicated by the blue arrows. In all the images shown in the 
following, the marked contour of the melt pool was identi-
fied using the processed images and subsequently overlaid 

onto the raw images, where the capillary and the pores are 
well visible. The analyzed videos are made available as sup-
plementary material at [23].

CT analysis was used to determine the total volume Vm 
of the melt and the volume Vp of all the pores in the welded 
pins. A detailed description of this procedure is given in 
[18]. The liquidus-solidus contour determined in the x-ray 
images and the cross-sections of the produced joints was 
compared to the ones extracted from CT scans of the welded 

Fig. 1   Experimental set-up used 
to record the x-ray images of the 
welding process

Fig. 2   Raw images recorded with the x-ray imaging system during 
the welding process (a) and after the welding process (c) to determine 
the contour of the capillary and the contours of pores and the corre-

sponding processed image (b, d) to determine the contour of the melt 
pool which were compared to the CT scan (e, f)
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hairpins, as shown in Fig. 2e and f to verify the scale of the 
x-ray images and CT scans. The ratio A� of the joint cross-
section between the two pins (minus the area of the pores 
in this plane) to the cross-sectional area of a single pin is an 
important value for the design of electrical machines and 
should be > 1.

3 � Results

The analysis of the high-speed x-ray videos revealed that the 
two different diameters of the welding path resulted in a sig-
nificant difference in the shape and dimensions of the capil-
lary and the melt pool formed during the welding process. 
Applying the small welding circles with dc,1 = 1.0mm , the 
capillary was found to be narrow and deep almost immedi-
ately after the beginning of the welding process, while, with 
the larger welding circles ( dc,2 = 1.6mm ), the capillary was 
wider and shallower and its depth increased only gradually 
with each pass, see Fig. 3.

In the weld with the smaller circle ( dc,1 ), the outline of 
the capillary is narrow and deep at a time t = 34.5ms after 
turning on the laser. The capillary reaches a depth of 2 mm 
and keeps approximately this depth throughout the whole 
welding process. At t = 58.5ms , the laser was switched off 
as the targeted volume of the melt pool was reached. Many 
small pores can be seen next to the joining gap between 
the two pins at the beginning of the weld at t = 34.5ms . 
At t = 47.75ms , the melt pool expands further outwards 
and many more pores are visible near the joining gap. A 
large pore remains at the bottom of the weld after the col-
lapse of the capillary. After the complete solidification at 
t = 162.5ms , the pores are distributed over the entire area 
of the joint.

In the weld with the large circular path, the depth of the 
capillary increases from 1 mm at t = 34.5ms to 1.6 mm at 
t = 47.75ms (when the weld pool has a depth of 1.7 mm ) 
and to 1.8 mm at t = 52.75ms (depth of weld pool is 1.9 
mm ). Simultaneously, the initially few and small pores vis-
ible along the joining gap ( t = 34.5ms ) increase in number 
( t = 47.75ms ). At t = 52.75ms , a large proportion of the 
pores are still concentrated along the joint gap, but some 
small pores are now seen at other locations in the melt pool. 
Additional pores continue to be formed at the joining gap for 
the remainder of the process time. After the laser is switched 
off and the capillary collapses, a large pore is left, which 
can be seen in the lower left of the fully solidified pin in 
the picture taken at t = 145ms . It can also be seen that the 
many small pores that are mainly concentrated near the joint 
gap during the process are eventually distributed through-
out the entire volume of the joint after turning off the laser. 
Nevertheless, with the small circular path, the laser beam 
is constantly closer to the joining gap, and more pores are 

visible during and after welding than what is observed with 
the path with the larger diameter.

The influence of the welding path and the welding speed 
on the ratio RV =

Vp

Vm

 of the total volume Vp of all pores with 
respect to the total weld volume Vm was determined by 
means of CT analysis. The results are shown in Fig. 4. It was 
consistently observed that the welds created using the 
smaller path diameter dc,1 exhibited a higher relative pore 
content RV than the ones produced using the larger diameter 
dc,2 . The observations of pore formation as it is described 
above were made for the whole range of welding speeds 
considered here. Additionally, the ratio A� is shown in Fig. 4 
using the ordinate on the right.

The results of our study indicate that the diameter of the 
circular welding path has a significant impact on the for-
mation of pores when laser welding hairpin structures. It 
was specifically observed that a higher number of pores is 
generated when the laser is moved more frequently over the 
joining gap between the two hairpins, as was the case using 
the small path diameter. The small pores that are formed 
next to the gap are probably derived from oxides, chemi-
cal impurities, and residual contamination on the surfaces 
of the pins. While the majority of pores originate near the 
gap, it is noteworthy that these pores are consistently found 
distributed throughout the entire weld volume at the end of 
the process. The supplementary videos [22] illustrate that 
the flow within the melt pool, induced by the movement of 
the laser beam and persisting for some time after the laser 
is turned off, disperses the pores throughout the entire joint 
volume until the solidification process is completed.

The findings lead to the conclusion that

•	 The location of the pores in the solidified pin does not 
provide any information about the origin of the pores 
and their root cause (chemical contamination, oxides, 
residual varnish).

•	 The pores are generated by the passage of the laser beam 
over the gap between the pins.

•	 Large pores are mainly formed in the lower area of the 
weld.

It was therefore postulated that pores can be avoided if 
the movement of the laser beam across the gap between the 
two pins is avoided. From these results, it can be derived that 
for a defect-free weld, a stable capillary, which is not moved 
over the gap between the hairpins, is necessary. Such a pro-
cess can be designed with newly available lasers featuring 
fast beam shaping. This can be realized by dynamic beam 
shaping as shown in the following example of coherent beam 
combining, by which discrete transitions between different 
intensity distributions were performed instead of a continu-
ous motion of the laser beam.
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Fig. 3   X-ray images of the 
welding process at different 
instants of time t (indicated at 
the lower left corner of each 
image) after turning on the 
laser at t = 0 for two different 
diameters of the circular weld-
ing paths: circular path with a 
diameter of 1 mm (purple) with 
11 passes resulting in a process 
time of 58.5 ms and circular 
path with a diameter of 1.6 mm 
(blue) with 8 passes resulting 
in a process time of 67 ms. 
The position of the laser beam 
is indicated by the dots in the 
insets on the lower right corner 
of the images. For both welds, a 
laser power of 5.8 kW, a weld-
ing speed of 600 mms–1, and a 
diameter of the beam waist of 
232 mm were used. The scale 
shown at the top left applies to 
all the shown images
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4 � Process design

In order to implement a process strategy aimed at pre-
venting pores, an approach was adopted where the laser 
beam remains stationary but rapidly changes its intensity 
distribution. This was achieved by employing the technol-
ogy of coherent beam combination (CBC), as provided 
by the OPA6 laser from CIVAN, which is described in 
detail in [24, 25]. The setup used for our experiments is 
shown in Fig. 5. The x-ray imaging system used in fol-
lowing experiment to determine the shape of the keyhole 
by radiographing the processing zone in the transvers y

-direction is described in detail in [21, 22, 26]. An x-ray 
tube FXE-224.48 by Yxlon with a minimum spot size of 6 
μm and an acceleration voltage of 140 kV with a power of 
85 W was used. A scintillator by Hamamatsu, Shizuoka, 
Japan, with 728 × 728 pixels with a resulting resolution 
of 58 pixel ⋅mm−1 was used to convert the x-rays in vis-
ible light which was recorded with a high-speed camera 
SA3 from Photron. A typical x-ray image recorded by this 
system during the welding process is shown in Fig. 5. The 
welding process was video recorded from an inclined top-
down perspective using a high-speed camera operating at 
a frame rate of 10 kHz , cf. Fig. 5.

Fig. 4   Ratio RV of the total pore volume with respect to the melted 
volume in the joint of the hairpins (left ordinate) welded with the 
path diameters dc,1 (triangle) and dc,2 (dots) at welding speeds rang-
ing from v = 400mm ⋅ s−1 up to v = 700mm ⋅ s−1 and the determined 

ratio A� (right ordinate) for diameters dc,1 (diamond) and dc,2 (cross) 
as well as two CT scans of the welded pins at v = 600mm ⋅ s−1 
where pores with rP < 0.1mm are indicated in blue and those with 
rP ≥ 0.1mm are indicated in red and green

Fig. 5   Experimental set up with 
the OPA6 laser and the x-ray 
imaging system. An exemplary 
x-ray image of the processing 
zone is shown in the inset
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Civan’s OPA6 laser facilitates highly dynamic beam shap-
ing by exploiting electro-optically controlled coherent beam 
combining 32 parallel fiber amplifiers in a phased array. A 
discussion of the principle and the technical implementation 
of coherent beam combining is beyond the scope of this 
paper which is why reference is made to [27, 28] for further 
details. Only the most important aspects and functions that 
are relevant to this work shall briefly be explained. Each 
laser beam of the 32 fiber lasers was focused at the same 
lateral position onto the surface of the hairpins by a lens with 
a focal length f  = 1 0.5 m . This results in a focal diameter 
of 900 �m for each beam. Coherent beam combining results 
in an interference that provides one local intensity maxi-
mum (main lobe) and additional interference peaks of higher 
orders (side lobes) within the illuminated area. The interfer-
ence pattern can be repositioned with a high frequency by 
shifting the phase relationship of the individual laser beams.

The software of Civan provides 1024 possible positions 
of the main lobe, which exhibits a position-dependent peak 
intensity. The fast movement of the interference pattern 
which occurs at a frequency in the MHz range allows to 
create almost any arbitrary time-averaged intensity distribu-
tions [28]. Such a beam shape can be maintained for a preset 
duration tshape , and the CBC technology allows to switch 
between different quasi-stationary intensity distributions 
within < 100 ns [27].

For the experiment, two different quasi-stationary time-
averaged intensity distributions were generated, which both 

involve a total laser power of 9 kW . These two shapes and 
their position on the hairpins are sketched in Fig. 6. The 
system was programmed to switch periodically between 
these two beam shapes during the welding process. Each 
shape was present for a duration of tshape = 5ms . Shape 1, 
the “four-spots shape” consists of the 4 local maxima shown 
on the left of Fig. 6 (color-coded). Shape 2, the “full-beam-
field-shape” is composed of 256 positions of the interference 
pattern to form the wide time-averaged intensity distribu-
tion shown on the right in Fig. 6 (color-coded). The center 
of each of the two shapes was aligned at the center of the 
hairpins.

Figure 7 illustrates the state of the welding process at 
different instants of time t after the start of the laser weld-
ing process at t = 0 . The first and fourth columns of Fig. 7 
depict the beam shape at each time step and are shown in the 
orientation in which it is positioned on the hairpins shown 
next to it. The second and fifth columns show the images 
captured in the top-down view of the process. The third and 
sixth columns provide the corresponding x-ray images of 
the capillary. In column three, the contour of the hairpin is 
highlighted to guide the eye by the short-dashed line, and 
the contour of the vapor capillary is highlighted by the long-
dashed line. The bottom row in columns five and six shows 
the welded hairpin from the top view and the corresponding 
x-ray image.

During the initial 10 ms of the process, the surfaces of 
each pin undergo separate melting, leading to the formation 

Fig. 6   The two alternatingly 
used (color-coded) intensity 
distributions of the laser beam 
and their position on the 
hairpins (top). The profiles of 
the intensity distribution along 
the dashed lines are shown in 
the lower part. The diameter of 
the constructive interference 
maxima is determined accord-
ing to Din/En Iso 11146
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of two distinct melt pools as seen from the “top view” image 
on the upper left in Fig. 6. It can be seen from the “top-
view” image just below that the two separate melt pools 
are merged at t = 14.8ms , creating a unified joint melt pool. 
Immediately after this, a capillary is formed at t = 15.6ms . 
The formation of a capillary is clearly visible in the corre-
sponding x-ray image. In the ongoing process, the shape of 
the opening of the capillary on the surface undergoes altera-
tions corresponding to the respective beam shapes. When 
the “four-dots shape” is present, an approximately square-
shaped capillary is visible on the top, while a round capil-
lary opening is visible when the “full-beam-field-shape” is 
present. The capillary is seen to progressively deepen with 
the advancing process time. Using these alternating beam 
shapes for welding, the capillary was found to remain sta-
ble while consistently increasing in depth and width. In the 
x-ray image of the welded hairpin (column six, bottom row), 
no large pores can be seen. Due to the noise in the x-ray 
image, no pores with a diameter rP < 0.1mm can be deter-
mined in the images obtained from this setup; therefore, a 
cross-section was used to determine the presence of pores 
with rP < 0.1mm . The cross-section of the welded hairpins 
is shown in Fig. 8.

The left picture in Fig. 8 shows that the process per-
formed with the beam shaping approach described above 
results in a weld with minimal defects. Only a few small 
pores are visible in the cross-section. It can also be seen 
that the (resolidified) liquidus-solidus line is V-shaped. This 
differs from the course of this line seen in the cross-sec-
tion of the joint welded with a movement of the laser beam 
(Fig. 8b). The V-shaped course of the liquidus-solidus line 
results in a thermally efficient joining process with a meas-
ured ratio A� = 1.15 that is sufficient for a good connection.

These findings confirm that employing a rapid sequence 
of different intensity distribution of a stationary beam rather 
than moving the beam on circles across the gap between 
the hairpins helps to stabilize the capillary and leads to a 
weld with only minor defects. Further research is needed 
to investigate the optimum intensity distribution and the 
influence of the frequency of the alternating beam shape 
on the stability of the capillary. In summary, both setups, 
the conventional laser process and the one performed with 
beam shaping by coherent beam combination, can be used to 
weld copper hairpins. With the proposed beam shaping, it is 
possible to weld the hairpins without moving the laser beam 
and therefore without moving the vapor capillary over the 

Fig. 7   X-ray images (third and 
sixth column) and correspond-
ing images from the top-view 
(second and fifth column) 
of the welding process with 
the current beam shape (left 
column) at different instants of 
time (lower left corner) after 
turning on the laser at t = 0. The 
resulting cumulative image of 
the maximum gray values and 
a cross-section of the welded 
Pin are shown in the bottom line 
in the fifth and sixth columns. 
The whole process time was 42 
ms, and a laser power of 9 kW 
was used
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gap. The results show that to avoid the formation of pores, 
it is beneficial not to move the capillary over the joint gap. 
Coherent beam combination is one possible solution to real-
ize such a welding strategy.

5 � Conclusion

In summary, we presented an investigation on the formation 
of pores that occur during welding of copper hairpins and 
proposed an approach to avoid this defect. The visualization 
based on synchrotron X-ray imaging techniques revealed that 
the pores are predominantly formed at the gap between the 
two pins each time when the beam crosses this position. The 
pores are then distributed throughout the entire weld volume 
due to melt flow induced by the movement of the laser beam. 
As a consequence, the location of the pores in the solidified 
pin does not provide any information about the origin of the 
pores and their root cause (chemical contamination, oxides, 
residual varnish). It has also been observed that large pores 
are mainly formed in the lower area of the weld.

Based on these findings, we proposed an approach that 
avoids the movement of the beam across the joint gap 
exploiting coherent beam combining to quickly change 
between two different quasi-stationary intensity distributions 
rather than moving the laser beam in circles. The results 
showed that this set-up allowed to significantly stabilize the 
vapor capillary which led to welding results with minimal 
defects.
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