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Abstract

The rising demand for high power battery systems for the electric mobility requires the connection of a large number of cells. Due
to the functionality of the cell chemistry, a combination of copper and aluminium is necessary. The differing material properties
like thermal conductivity as well as the formation of intermetallic phases are challenging for welding processes. This study
contains the results for overlap joints of copper and aluminium using a laser beam welding process with spatial power modu-
lation. With a parameter variation, the cross-sectional shape of the weld seams and therefore, the ratio of depth to width can be
adjusted. With additional longitudinal cross sections and an energy-dispersive X-ray spectroscopy analysis, the different mixing
behaviour of the dissimilar material depending on the top layer is investigated.
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1 Introduction

The worldwide increased attractiveness of electric vehicles
leads to rising sales in the last decade [1]. Most of these cars
are using lithium-ion batteries as an energy storage system.
The battery cells consist of electrodes with a different electri-
cal load. In most cases, the negative anode is made of thin
copper foil, while the positive cathode consists of aluminium.
The electrodes are coated with active materials and separated
by an ion permeable membrane. The stacked or rolled elec-
trodes are placed into a housing and filled with electrolyte [2].

To meet the performance requirements for electric vehicles,
multiple cells are connected to a battery module or system.
Therefore, a low-resistance connection is necessary to keep
the thermal energy loss at the contacts as low as possible.
Welding processes like ultrasonic or laser welding are suitable
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to create such contact qualities [3]. Due to the internal design
of a battery cell, a combination of copper and aluminium is
mandatory. Different material properties and the formation of
intermetallic phases in the mixing zone of these materials are
challenging for most welding processes.

Today’s battery industry has different ways to deal with this
issue:

1. A dissimilar joint can be performed inside the cell by
welding the copper electrode foils to aluminium, e.g. with
ultrasonic welding. That leads to a cell with two alumin-
fum connectors on its outside. This is often used with
prismatic battery cells.

2. The copper electrode can be welded to the steel case of a
cylindrical cell, while the aluminium electrode is clamped
to a steel terminal. The resulting battery cells consist of
two steel terminals on its outside.

3. The dissimilar joint is performed outside the cell. Pouch
cells for example mostly have a copper and an aluminium
terminal on its outside.

The third option leads to the necessity of a joining process
for aluminium and copper that is capable to meet the require-
ments of the growing electric vehicle market. Within this
work, a laser welding process for overlap joints of aluminium
and copper is investigated. Therefore, a high brilliant laser
beam source with additional spatial power modulation is used.
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The aim of the study is to determine the influence of the
parameters laser power, feed rate and spatial power modula-
tion on the weld seam geometry and mixing behaviour of the
dissimilar materials.

2 State of the art

2.1 Laser beam welding with spatial power
modulation

The laser welding process is based on two process regimes:
heat conduction welding and deep penetration welding, see
Fig. 1. For heat conduction welding, the materials surface is
melted by absorbing the laser beam on the materials’ surface.
The absorbed energy is transferred inside the material by heat
conduction. The resulting weld seams have a small ratio of
penetration depth to weld width. When reaching an intensity
threshold, the material is vaporized. The resulting recoil pres-
sure causes the formation of a vapour capillary (keyhole) in
the material. Inside the keyhole, the laser beam interacts mul-
tiple times with the material due to internal reflection which
increases the degree of energy coupling. The resulting weld
seams are narrow and deep compared with weld seams per-
formed in the heat conduction state [4—6].

To increase the degree of freedom for the manipulation of
the weld seam cross section, spatial power modulation is used
in combination with the deep penetration welding. Spatial
power modulation describes the superposition of the linear
feed rate with an oscillation movement, in this case, a circular
motion. By using this modulation, the weld seam width is
increased and nearly rectangular cross sections can be
reached. In overlap joints, the increase of the width is equiv-
alent to a reduction of the electrical transition resistance. The
increased width is accompanied by a slight reduction of the
weld depth, as the actual path speed is increased due to the
oscillation movement. Although linear feed rate and laser
power are the same, the overall cross-sectional area is in-
creased [7].

An increase of the process stability and a better controlla-
bility of the melt pool dynamics can be observed [7, §].
Furthermore, the efficiency of the welding process could be

Fig. 1 Process stages of laser
welding processes [5]
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increased using a spatial power modulation [9]. The oscilla-
tion movement is defined by a different degree of overlapping
depending on oscillation parameters and feed rate.

2.2 Welding of dissimilar materials

When developing a welding process for dissimilar materials,
the different material properties are challenging. In the case of
aluminium and copper, there are physical and metallurgical
differences that influence the welding process. The melting
temperature of copper is about 400 K higher than the melting
point of aluminium. That leads to additional temperature-
induced dynamics in the melt pool due to the higher temper-
ature gradient. During cooling, the different solidification can
cause tensions in the weld seam that may lead to cracks [10].
This effect is amplified by the different coefficient of thermal
expansion, see Table 2.

From a metallurgical point of view, the materials are not
completely soluble in each other in the solid state. During
cooling, intermetallic phases are formed in the weld seam.
These phases have a significant higher hardness and a higher
electrical resistance. The resulting joints can be brittle and
tend to crack. In Table 1, the properties of the possible inter-
metallic phases are shown [11].

Possible welding processes are, e.g. electron beam
welding, ultrasonic welding, resistance or laser beam welding.
For ultrasonic welding, the overlapping materials are welded
under pressure due to ultrasonic vibrations in the tool. The
process can produce dissimilar joints with low heat input
and low mixing of the materials. Disadvantageous are vibra-
tion stress on the component, the sensitivity of the process to
the surface condition and its limitation regarding material
thickness [3, 13]. In resistance welding, a high electrical cur-
rent flows through the joining partners, heats the material up
and creates a spot weld. This easy and cheap process is com-
monly used in the industry. Regarding copper and aluminium,
the high thermal and electrical conductivity is a challenge for
the process and increases the electrode wear [3]. Electron and
laser beam welding are both contactless processes. In differ-
ence to electron beam welding, laser beam welding is not
dependent on an expensive and elaborate vacuum. Further
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Table 1 Properties of aluminium

and copper intermetallic phases Phase Composition Cu Al Hardness Spec. el. resistance
[12] Mass (%) Mass (%) HV 1 x cm

Cu Cu 100 0 100 1.75

vl CuyAly 80 20 1050 14.2

5 CusAl, 78 22 180 13.4

Q2 CuyAl; 75 25 624 12.2

n2 CuAl 70 30 648 112

0 CuAl, 55 45 413 8

Al Al 0 100 60 29

advantages of laser beam welding are short process times and
good automation possibilities.

For laser beam welding, common fibre lasers with infrared
wavelength (1070 nm) can be used. High focusability leads to
high intensity for enabling a stable keyhole welding process
[7]. This process step is recommended to achieve an efficient
weld seam because of the increased energy incoupling inside
the keyhole. Talking about copper materials, the absorptivity
of the infrared wavelength is less than 10% in solid state at
room temperature. Using wavelengths in the visible range, for
example green (515 nm), the absorptivity increases to 35% or
more, which leads to a higher energy incoupling in the deep
penetration state and reduced dependence on the surface
oxidization of copper materials [5].

However, the available green and blue (450 nm) laser beam
sources still have limited beam quality and power as well as
high investment costs. For this investigation, a state-of-the-art
single-mode fibre laser is used. With similar laser systems,
[10, 14] have already done investigations on laser beam
welding with a superimposed oscillation movement. While
[10] has performed weld seams with a linear oscillation per-
pendicular to the feed rate, crack-free weld seams in copper
and aluminium could be achieved. [14] is focusing on the
resulting electrical contact resistance that can reach nearly
the theoretical minimum. The increased joining width due to
the used oscillation movement is beneficial for the contact
resistance.

3 Experimental setup

The investigations are performed with a single-mode fibre
laser (IPG Laser YLS1000SM) with a maximum power of
1000 W and a wavelength of 1070 nm. A f-theta optics (Sill
Optics) with a focal length of 163 mm creates a Gaussian
beam profile with a focal diameter of 24 um and a Rayleigh
length of 0.24 mm. Using a galvanometric scanner, the laser
beam can be moved on a two-dimensional plane. The
intelliscan 25 (Scanlab GmbH) is also able to apply the spatial
power modulation.

For the investigation, aluminium Al 99.5 and copper Cu-
ETP are used, due to their wide distribution, availability and
purity. The material properties are shown in Table 2. The
metal sheets have a size of 40 mm in length, 20 mm in width,
and 0.5 mm thickness.

The copper and aluminium sheets are placed in a clamping
device that guarantees a reproducible and gapless positioning
in overlap configuration. The welding zone is flooded with
argon as shielding gas (~30 I/min). The probes are cleaned
with ethanol before welding. For all investigations, the weld
seams have a length of 10 mm. Experiments are conducted
with aluminium on top of the copper sheet and also vice versa.

The investigation is divided into three steps:

1. Initial situation without spatial power modulation

2. Investigation of the influence of the spatial power modu-
lation on the cross-sectional shape

3. Investigation of reproducibility, intermetallic mixing and
tensile strength

In the first step, the initial situation with a conventional
welding process is investigated. Therefore, the influence of
laser power and feed rate is investigated based on metallo-
graphic analysis. The experiments are performed with one
specimen per parameter set to investigate a large range of
parameters. The probes are compared concerning their con-
nection width and penetration depth. All cross sections are
made at a similar position in the middle of the weld seam.

Table 2  Material properties of Al 99.5 and Cu-ETP [15-17]

Material property (7'=20 C) Unit Al199.5 Cu-
ETP
Density (g/em?) 2.7 8.9
Absorption (A= 1 pum) (%) =7 S
Melting point (°C) 660 1083
Electrical conductivity (MS/m) 34-36 57
Thermal conductivity (W/m-Kﬁl) 210220 394
Coefficient of thermal expansion 10%K™" 24 17
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In the second stage, spatial power modulation is used to
influence the weld seam shape. Based on a starting parameter
set, the feed rate, laser power, oscillation amplitude and oscil-
lation frequency are varied one by one.

With a chosen parameter set from the second step, in-
vestigations concerning the reproducibility, mechanical
strength and occurrence of intermetallic phases are per-
formed. The width and depth of the weld seam are inves-
tigated with five probes per parameter set. To determine
the mechanical strength, another five specimens are tested
with a Zwick SMZ 100. The intermetallic phases and the
mixing of the material are shown by longitudinal cross
sections and an energy dispersive X-ray spectroscopy.

4 Results and discussion
4.1 Conventional laser welding

The results of the welding tests without spatial power
modulation are shown in Fig. 2. The welding depth is
plotted above the feed rate. Different curves represent
different laser powers. On the left side, the results are
obtained with aluminium as top layer (arrangement 1),
while on the right side, copper is on top (arrangement
2). It is visible that the penetration depth decreases with

Fig. 3 Cross section of
arrangement 1 (left) and 2 (right)

@ Springer
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increasing feed rate for both arrangements. In order to
obtain a comparable welding depth at the same feed rate,
more laser power is required for arrangement 2 with cop-
per on top. Furthermore, the influence of a change in
speed is stronger in arrangement 2, visible by steeper lines
in Fig. 2.

For the following investigations with spatial power
modulation, a feed rate of 50 mm/s is used. The laser
power for arrangement 1 will be 400 W and for copper
as top layer, it will be 450 W. Reference cross sections of
these parameters without oscillation are shown in Fig. 3.

The cross sections show a wide melt pool in aluminium and
a narrow weld seam in the copper. These geometries are typ-
ical for overlap joints of aluminium and copper [10]. The
reasons for that behaviour lie in the different melting point
and heat conductivity.

4.2 Influence of spatial power modulation

Using spatial power modulation, differences in the cross-
sectional weld seam shape are visible. The influence of each
parameter is compared on the basis of the connection width
and penetration depth. Differences in colour indicating the
mixing of the materials are also recognizable in the cross
sections.

P=400 W
v = 50mm/s

P=450 W
v = 50mm/s
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Fig. 4 Results of laser power variation (v=50 mm/s, @ =0.1 mm, f=
1000 Hz)

4.2.1 Laser power

With constant parameters, the laser power is varied for both
arrangements. The results of depth and width in the cross
sections are shown in Fig. 4. Each measurement point is
marked with the used laser power. Outside of this parameter
range, there was no connection or a full penetration of the
lower joining partner.

With rising power, especially, the depth of the weld seam is
increasing, while the connection width can be changed by vary-
ing the amplitude. For aluminium as a top layer, a wider area
with valid measurements is visible. The range is about 150 W
for achieving weld seams without full penetration. Using ar-
rangement 2, a difference of about 30 W, investigated with a
power increment of 10 W, changes the process from no con-
nection to full penetration. This behaviour can be explained
with the difference in melting points. When the copper material
is penetrated, the temperature of the copper is higher than
1083 °C. The aluminium with its lower melting point is directly
liquid in the transition area, and the laser beam guided through
the keyhole is partially absorbed in the aluminium and leads to
an even higher energy input in the aluminium. With aluminium
as a top layer, the copper behaves like a heat sink.

Cross sections are shown in Fig. 5. In this case, arrange-
ment 1 with an amplitude of 0.1 mm with 350 Wand 475 W is

P=350W P=475W

'\
g s
BRERY, 7 SRR (|
N\

500 pm

o

chosen to show the differences in penetration depth. Besides,
the colour of the molten material is different. On the left side, a
clear border between copper and aluminium is visible, while
dark grey and golden areas occur in the transition area on the
right side. These areas indicate a mixing of the materials and
most likely an occurrence of intermetallic phases. In compar-
ison with Fig. 3, especially, the weld seam shape in copper
(arrangement 1) has changed from a narrow tip to a wider area.

4.2.2 Feed rate

Analogous to the investigations with the changed power, tests
are carried out with the feed rate. For arrangement 1, the feed
rate could be changed from 10 to 120 mm/s with P =400 W,
a=0.1 mm and f=1000 Hz. The width at the connection is
between 150 and 250 pm. With increasing feed rate, the mea-
sured connection width and also the weld depth decreased.
The same behaviour is seen with arrangement 2, but, compa-
rable with the variation of the laser power, the range of usable
parameters is reduced. With 450 W and the same oscillation
parameters, weld seams without full penetration could be
achieved with feed rates from 50 to 90 mm/s.

With higher feed rates (> 120 mm/s), the laser power is not
high enough to result in a continuous weld seam. Instead, the
difference in path speed due to the oscillation is visible. Using
a circular oscillation, there is a fast and a slow side. On the fast
side, the feed rate and the speed of the oscillation movement
aim in the same direction. On the other side of the circle, the
feed rate and oscillation speed aim in different directions and
reduce the total path speed at this position. This results in
partially welded seams because the energy input on the slow
side is higher due to the longer time of exposure.

4.2.3 Oscillation amplitude

With variation of the oscillation amplitude, a transformation
of the weld seam shape to a nearly rectangular weld seam
shape can be performed. Therefore, cross sections of three
examples for arrangement 1 are shown in Fig. 6.

P=430W P=460 W
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Fig. 5 Cross sections with different laser power for both arrangements (v =50 mnys, ¢ =0.1 mm, = 1000 Hz)
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Fig. 6 Cross sections with P =
450 W, v=>50 mm/s, f=1000 Hz
and different amplitudes in
arrangement 1
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The amplitude indicates the radius of the circular oscil-
lation movement. Increasing the amplitude leads to an
increase of the weld width and a decrease of the penetra-
tion depth. The amplitude by itself is limited due to the
scanner performance. An increased amplitude leads to a
higher path speed. Changing the amplitude from 0.1 to
0.5 mm with fixed frequency, the path speed changes
from about 600 to 3000 mm/s. With path speeds this high,
the used scanner system reaches its limits due to the ro-
tational inertia of the moving mirror. Figure 6 shows that
the connection width is not increased in the same way the
amplitude is increased. Rather, it can be seen that a min-
imum width cannot be undercut (see Fig. 3 without
oscillation), and the difference of a factor of five between
the amplitude of the left and right cross section in Fig. 6
does not lead to a comparable change in width.

For arrangement 2, changing the amplitude is more
challenging due to the narrow process window. By in-
creasing the amplitude, the laser power needs to be
adjusted also to achieve a connection between the two
welding partners. In Fig. 7, three cross sections are
shown. The width in the copper layer is changing due
to the changed amplitude. Also visible is a colourful
mixing of the materials all along the weld seam depth.

Fig. 7 Cross sections with v=
50 mnys, f=1000 Hz and
different amplitudes and adjusted
laser power in arrangement 2

a=0.1 mm
P=450 W
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4.2.4 Oscillation frequency

By changing the frequency of the oscillation movement, the
path speed and the degree of overlap are changed. As a result,
the weld seam geometries are changing, see Fig. 8. With low
frequencies, a wider weld seam is achieved, while higher fre-
quencies create wider weld seams. In the case with low fre-
quencies, the time between two circles is larger, and the heat
has more time to dissipate. With a higher frequency, the heat is
concentrated in the middle of the weld seam and leads to
deeper weld seams. Additionally, the lack of scanner perfor-
mance at high frequencies can lead to an incomplete ampli-
tude and thus to a narrower weld seam. The increased weld
seam depth results again in an increased mixing of the two
materials, due to the larger percentage of the lower material in
the melt pool.

4.3 Reproducibility tests

For further testing, parameter sets with v=50 mm/s, a =
0.1 mm and P=400 W for arrangement 1 and 450 W for
arrangement 2 are chosen. With these oscillation parameters,
a degree of overlapping of over 70% is reached. The penetra-
tion depth of both parameter sets is nearly half the thickness of

a=0.2 mm
P=500 W
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Fig. 8 Cross sections with v=50 mm/s, @ =0.1 mm and different frequencies and adjusted laser power in arrangement 1 (2 left, P=400 W) and 2 (2
right, P=450 W)

the bottom layer, which ensures a connection. These parame-
ters are in the centre of the usable range of parameters and are
therefore suitable for the reproducibility tests.

Analysing cross sections of five specimens welded in ar-
rangement 1 leads to a mean weld depth of 732 pm with 7-um
standard deviation, see Fig. 9. With the same standard devia-
tion, the weld seam width in the transition is measured to
227 um. For the whole depth (including the thickness of the
top layer), the deviation is relatively low, which leads to the
conclusion that the process is reproducible.

For arrangement 2, the connection width with a mean value
0f 217 um and a standard deviation of 8 pm is measured. This
value is in the same range as for arrangement 1, but comparing
the weld depth in the bottom layer arrangement 2 shows a
larger variation. Measured depths from 250 to 333 pum lead
to a mean value of 293 um with a standard deviation of
36 pm.

Using the cross sections, the melt pool area is measured and
shown in the right diagram of Fig. 9. In arrangement 1, 80% of
the molten material is aluminium, while in arrangement 2, the
ratio is more balanced with 40% aluminium. The balancing

1000

WZZ) Penetration depth
Y Connection width

Measurement [mm]

A\ A\

Arrangement [-]

might have an influence on the occurrence of intermetallic
phases.

4.3.1 Intermetallic phases

The intermetallic mixing has an influence on the mechanical
and electrical properties of the weld seam. To investigate the
mixing and the melt flow of the material, an energy-dispersive
X-ray (EDX) spectroscopy of the transverse cross sections and
additional longitudinal cross sections is performed. The pic-
tures of the cross sections taken by a scanning electron micro-
scope for the two arrangements are shown in Fig. 10. The
EDX shows an occurrence of (2-compound (see Table 1) in
the centre of the cross section of arrangement 1 (Fig. 10, left).
This phase is positioned under the connection level of the joint
material. In comparison, the intermetallic phases of arrange-
ment 2 are positioned directly in the transition between the
two materials. The investigation shows a mixing that might
relate to the y;-phase with 80 wt% of copper. Close to this
spot, a compound comparable with the 8-phase with about
55 wt% of copper is measured.

0.3

o
N
1

Mean melt pool area [mm?]
o
1
T

Arrangement [-]

Fig. 9 Penetration depth and connection width (left) and mean melt pool area (right) for both arrangements
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Fig. 10 Scanning electron
microscope pictures for both
arrangements
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Analysing the longitudinal cross sections, pores, cracks and
different colours of the molten material are visible, see Fig. 11.
For welding of aluminium, pores can occur due to the solu-
bility of hydrogen in liquid aluminium [18]. Due to a high
solidification speed, the gas has no time to escape and forms
pores in the melt pool. Furthermore, instabilities of the key-
hole can lead to gaseous extractions that solidify in the molten
pool.

With a higher ratio of aluminium in the melt pool, the pores
have a larger size and solidify close to the transition area. The
lower copper material in this case works as a heat sink and
leads to fast cooling in this area of the weld seam. In arrange-
ment 2, the pores occur often on the side of the weld seam
under the transition area. The pores created in the bottom of
the keyhole are displaced by the gas pressure of the keyhole.
The resulting upstream around the keyhole moves the gas
bubbles along the outside of the wide aluminium melt pool
up to the transition area where they hit the solid copper mate-
rial. Again, the copper works as a barrier and the pores solidify
in this area.

Due to the high difference in the thermal expansion of the
two materials, tensions arise in the solidified material. Cracks
with a vertical or horizontal course are created as a result.

The colourful mixing in the longitudinal cross sections in-
dicates the mixing of the materials. The different colours in-
dicate the mixing ratio. In the magnifications on the right side

Fig. 11 Longitudinal cross
sections of both arrangements
with magnifications of red square
(mixing areas are outlined with
red and blue in magnifications)
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in Fig. 11, the areas are marked. For arrangement 1, the y;-
phase lays on the weld seam bottom and shows some vertical
turbulences. On top of it, a layer with 8 and (,-phases is seen
until the mixing is mainly pure aluminium. In comparison,
arrangement 2 shows the opposite behaviour. A small layer
of mainly pure aluminium is on the bottom of the weld seam,
topped with a small layer with 6 and (,-phases and a wide and
turbulent area of y,-phase. Close to the surface, the copper is
nearly pure. Aluminium as a bottom layer leads consequently
to stronger vertical melt pool dynamics, which leads to an
increased mixing along the weld depth.

4.3.2 Mechanical properties

The mechanical properties of the weld seams are investigated
by performing tensile tests. The breaking force F,,,.x and the
mean connection area are used to calculate the tensile shear
strength to compare the different arrangements. The results are
shown in Table 3 together with the results of welds with sim-
ilar material configuration. For this, weld seams with copper
to copper and aluminium to aluminium have been performed.
While the pure aluminium joints show the lowest value, the
copper joints offer the highest tensile shear strength. The dis-
similar joints show values in between 164 N/mm? for arrange-
ment 1 and 200 N/mm? for arrangement 2.
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Table 3 Calculation of tensile

shear strength Al-Cu Cu-Al Al-Al Cu-Cu
Mean breaking force F . (V) 373 433 470 812
Standard deviations (V) 36 28 22.1 34
Strain rate (%) 1.10 0.76 1.36 1.62
Mean connection width (mm) 0.227 0.217 0.465 0.310
Standard deviations (mm) 7 8 8 2
Weld seam length (mm) 10 10 10 10
Connection area A (mmz) 2.27 2.17 4.65 3.1
Tensile shear strength T (N/mm?) 164 200 101 262

The difference in the tensile shear strength is based on the
different mixing ratio of the materials. The higher percentage
of copper in the melt pool of arrangement 2 leads to a higher
shear strength. This effect is supported by the occurrence of
intermetallic phases, which show an increased hardness com-
pared with the basic compounds. The y;-phase with its high
hardness, see Table 1, is also a reason for the reduced strain
rate stated in Table 3. In comparison, the strain rate of arrange-
ment 1 is higher which is caused by the position of the inter-
metallic phases. The phases are mainly positioned under the
connection level, while the connection is mainly dominated
by aluminium. In contrast, arrangement 2 shows upstreaming
aluminium material and a phase formation all along the weld
seam depth.

5 Conclusion

All in all, the influence of spatial power modulation on the
weld seam geometry and intermetallic mixing of aluminium
and copper during laser beam welding has been investigated.
The typical weld seam geometry for two configurations can be
changed using a circular oscillation. For aluminium on top of
copper, the oscillation leads to a wider connection width.
Using copper as a top layer, the used parameter range is small-
er and the process as well as the cross-sectional shape is more
sensitive to parameter changes.

The weld seam shape, characterized by depth and connec-
tion width, can be reproducibly reached with aluminium as a
top layer. In the other configuration, the weld depth is subject
to greater variations. Based on this, an investigation of the
occurrence of intermetallic phases has been performed. The
increased upstream of the lower aluminium layer leads to an
increased mixing of the materials in this configuration, which
is also seen in the reduced strain rate. Using aluminium as a
top layer, most of the intermetallic phases occur in the bottom
of the weld seam and not in the transition area.

For future investigations, different oscillation frequencies
or different oscillation shapes are of interest. The differences

in the path speed have an influence on the vertical melt pool
dynamic which is responsible for the mixing of the two mate-
rials. With an elliptic shape, the melt pool can be elongated
and influences the solidification of the material, which may
have a positive effect on crack and pore formation. An addi-
tional evaluation should address the brittleness of the joint
regarding long-term stability and cyclic loads induced by tem-
perature or electricity.
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