
RESEARCH PAPER

Laser welding of laser-structured copper connectors for battery
applications and power electronics

Johanna Helm1
& Adrian Schulz2 & Alexander Olowinsky1 & Andreas Dohrn1

& Reinhart Poprawe1

Received: 28 October 2019 /Accepted: 6 January 2020
# The Author(s) 2020

Abstract
The electrification of the automobile industry leads to an increasing demand for high-performance energy storage systems. The
more complex the battery pack, the more complex the electronic components will become. Very high currents have to be
transported in a short time and very fast electrical switching processes have to be made possible. These requirements have an
effect on the required quality of the electrical connection. Furthermore, a joining process is required that offers short cycle times
and a high degree of automation. Laser micro welding with fibre lasers (1070 nm) meets the requirements placed on joining
technology. Due to the high beam quality, very small spot diameters and thus very high intensities can be achieved. Copper
materials of high purity are used to achieve the high conductivity of the electrical connection. This material, in turn, poses a great
challenge to the welding process, since the reflectance for the beam sources mentioned is above 95%.

This paper presents a way of significantly reducing the reflectance for copper connectors and thus making the joining process
more efficient. For this purpose, the copper connectors are first pre-processed with an ultrashort pulse laser process, which
significantly increases the surface area. In a second step, bead-on-plate welds are carried out on the structured surfaces and the
absorption coefficient is determined during the welding process with the aid of a double integrating sphere assembly in com-
parison to a bare copper sample.

Keywords Laser micro welding . Copper . Laser structuring . Absorption

1 Introduction

Nitrogen oxide pollution represents a health risk in the modern
world. According to statistics from the Federal Environment
Agency in Germany, the level of nitrogen oxide pollution has
tended to decline over the past 15 years, but the limit values
set by the EU Directive 2008/50/EC are still exceeded at more
than half of the traffic-related measuring stations [1]. In met-
ropolitan areas and urban regions, road traffic, and in

particular motor vehicles with combustion engines, is the
main cause of the high level of pollution.

One way of reducing nitrogen oxide emissions and thus
improving the quality of life in urban areas is to concentrate
increasingly on alternative driving concepts. In addition to the
fuel cell, a battery electric drive provides a good opportunity
to reach the limits of the EU directive in the future.

The heart of a battery electric vehicle (BEV) is the battery
pack, which in turn consists of several hundred to thousand
individual cells. Usually, cells based on lithium ion are used
for this purpose. These individual cells are in turn connected
to form modules and several of these modules then form a
battery pack. In addition to the battery pack, many other elec-
trical and electronic components are required, such as a bat-
tery management system (BMS). Due to their electrical con-
ductivity, copper connectors are used as electrical connecting
elements between the cells, modules and peripheral electron-
ics. This results in a large number of joints that have to with-
stand thermal, mechanical and electrical loads. Electrical
contacting therefore requires a joining process that guarantees
a robust connection and at the same time offers short cycle
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times and high automation capability [2]. Laser micro welding
with fibre lasers is a joining process that meets the aforemen-
tioned requirements. However, laser beam welding of copper
is difficult due to material-specific properties [3, 4].

In this work, the surface of a copper connector is specifi-
cally modified by an upstream laser structuring process. In this
way, functional structures are formed and the surface is en-
larged. The aim is to reduce the influence of the material-
specific properties on the joining process and thus improve
the absorption behaviour. This enables a more efficient and
controllable joining process.

2 State of the art

2.1 Laser ablation with ultrashort pulsed lasers

The energy deposition during the irradiation of metals with
ultrashort pulsed (USP) laser radiation is described by the so-
called two-temperature model, in which the temperatures of
the free electrons and the metal atomic lattice are described
isolated from each other by two coupled differential equations
[5–7]. This is necessary because the two systems are tempo-
rarily out of thermal equilibrium due to the short time scale on
which the energy is deposited. For metals, the time scale on
which the lattice is heated is a few picoseconds, which is much
shorter than the time required for thermal expansion.
Consequently, the heating of the irradiated volume is quasi-
isochoric [8–10]. The shock wave in the material accelerates
and ablates a thin layer of the only partly molten material [11].
.Figure 1 shows a comparison between the ablation mecha-
nisms for μs/ns pulses with the mechanisms for USP-pulses
(ps/fs).

In further comparison of μs/ns pulses and USP-pulses, the
thermal penetration depth δth is to be considered. This value is
calculated by solving the heat equation, which describes how
heat evolves in a solid medium. The thermal penetration depth
represents the depth where the temperature of a solid medium
drops to about 10% compared to the temperature of its heated
surface.

δth ¼
ffiffiffiffiffiffiffiffiffiffiffi

4κ � t
p

δth, thermal penetration depth [mm]; κ, temperature con-
ductivity [mm2/s] and t, time duration in which the surface is
heated, in this case pulse length of the laser [s] [12–14].

Because of the time dependency, the thermal penetration
depth of USP-pulses is significantly shorter than the penetra-
tion depth of μs/ns pulses. The heat-affected zone in which
ablation occurs is therefore much smaller in ablation processes
with USP lasers. This behaviour leads to higher precision in
the ablation process with shorter pulses. Laser radiation only
interacts with electrons. Electron-/phonon interaction or even

phonon-phonon interaction only occurs after a time scale of
10 to 100 ps [12]. In the case of USP-pulses, the lattice struc-
ture of the medium is heated after the laser or rather the pulse
is shut off. This leads to no interaction between the laser pulse
of the USP laser and the vapour or plasma of the ablation
process [14].

2.2 Laser beam welding

Basically, two welding regimes are distinguished in the laser
beam welding process: Heat conduction welding and deep
penetration welding. In heat conduction welding, the surface
of the material is melted, whereby the energy is transported
into deeper layers via heat conduction [13]. The maximum
achievable aspect ratio (welding depth to seamwidth) is there-
fore in the order 1:2. During deep penetration welding, the

Fig. 1 Comparison between the ablation mechanisms with μs/ns pulses
and USP-pulses (ps, fs). Laser ablation with ns/μs pulses is a melt-
dominated process, whereas laser ablation with ps/fs laser pulses (USP)
is vapour-dominated process
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intensity of the radiation exceeds the threshold intensity and
the material changes to a vaporous state. The vaporous mate-
rial escapes from the base material, which leads to the forma-
tion of a counterforce in the depth direction of the material.
This causes the formation of a vapour capillary (keyhole).

Within this keyhole, the incident beam is reflected several
times, which increases the degree of absorption. The resulting
aspect ratio can exceed 10:1. These two welding regimes are
shown in Fig. 2.

2.3 Welding of copper with highly brilliant laser beam
sources

Laser beam welding of copper materials represents a chal-
lenge due to the material-specific properties [16]. Copper

shows a high thermal conductivity (394 W/(mK)) and low
absorption rate at room temperature for wavelength ranges
that include common beam sources such as CO2 lasers or
Nd:YAG lasers (Fig. 3). Fibre laser sources typically have a
wavelength of 1070 nm. At room temperature, the absorption
coefficient for these beam sources is approximately 5%.When
the copper is molten, the absorption rate increases to about
15% [17]. In contrast to beam sources which work with visible
light, the high brilliance of near infrared (NIR) fibre laser
beam sources is decisive for the possibility of melting copper.
Due to the very good focusability, focal diameters of < 30 μm
are possible. With output powers in continuous wave opera-
tion within kilowatt range, intensities in the operating point of
more than 1.4 × 106 W/mm2 are reached. With these high
intensities, it is possible to melt the copper and gain a deep
penetration welding process. Multiple reflections within the
keyhole further increase the absorption rate.

However, the back reflections at the beginning of the pro-
cess that persist until the deep welding process is fully devel-
oped, can damage the optical elements and even the beam
source itself. Furthermore, the relatively long phase of the
process setup reduces the effective joining length of a copper
weld seam.

3 Experimental setup

3.1 Laser beam sources for laser structuring
and welding of the samples

For both laser processes, beam sources in the NIR range are
used. An ultrashort pulsed Nd:YAG laser from EdgeWave
GmbH, Wuerselen, Germany, is used for laser structuring.
This beam source can generate pulses within the picosecond
range with a maximum pulse energy of 2 mJ and a maximum
pulse frequency of 2 MHz. For the beam deflection, a galva-
nometer scanner system is used. The f-Theta lens has a focal

Fig. 2 Heat conduction welding (top) and deep penetration welding
(bottom) [4, 15]

Fig. 3 Absorption rates of copper, copper alloys, aluminium and steel
surfaces at room temperature over the wavelength
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length of ff = 100 mm, which generates a spot diameter of
25 μm. For the laser micro welding process, a fibre laser from
SWS-Laser GmbH, Woerthsee, Germany, is used. This beam
source has a maximum output power of 1 kW in continuous
wave operation. A galvanometer scanner from Newson NV,
Dendermonde, Belgium, is used for the laser beam deflection.
The f-theta lens has a focal length of ff = 163 mm resulting in a
spot diameter of approximately 46 μm. The most important
data of the beam sources are stated in Table 1.

3.2 Double integrating sphere for measuring
the reflectance of the samples

The assembly of two integrating spheres makes it possible to
measure the reflected power during the welding process. The
sample is placed in the sample holder of the lower integrating
sphere (Newport Corporation, Irvine, USA). The laser beam
first hits a beam splitter. Here, 90% of the irradiated power is
transmitted, the remaining 10% is reflected. The transmitted
radiation hits the copper sample. Diffusely reflected radiation
is measured using a photodiode. Coaxially reflected radiation
is reflected back onto the beam splitter. Here, again 90% of the
coaxially reflected power is transmitted whilst the remaining
10% is reflected into the upper integrating sphere. The radia-
tion is diffusely reflected at the sphere surface and detected
with a photodiode [18]. Due to the complex design, a calibra-
tion is necessary to achieve reliable results. A schematic
sketch of the structure is shown in Fig. 4.

3.3 Preparation of the samples

When copper or metals are structured, material is removed
from the surface. This leads to an enlargement of the surface
and, depending on the process, to periodic or non-periodic
structures. The periodic structures are usually cones which
are primarily created by crosshatching if the focal diameter
is significantly smaller than the path distance. Nano-particles
may be deposited on these cones during the ablation process.

These particles can also contribute to an increase in absorp-
tion. If the focal diameter is significantly larger than the path
distance, random coral-like structures are formed [19, 20].

Surface structuring by laser ablation can significantly in-
crease the absorption properties of the metals. The predomi-
nant effect is the formation of a geometric beam trap. As a
result, incident radiation is reflected several times within the
structure, thus increasing the degree of absorption. The shape
and dimension of the structures and in particular the depth
have a great influence on the absorption properties of the
resulting surface. It has already been shown that this effect is
not limited to a discrete wavelength spectrum, but affects all
wavelengths from ultraviolet (~ 250 nm) to the near infrared
(~ 2500 nm) [19–21].

3.3.1 Laser structuring of the copper samples

Copper sheets with a thickness of 600 μm are used for the
investigations. The surfaces are structured with the beam
source described in Section 3.1. The modified area has a size
of 10 × 10 mm2. Different parameter sets are used to achieve
two periodic (PS) and two non-periodic surfaces (NPS).
Decisive parameters are the mean pulse power Pm,USP, the
pulse frequency fUSP, the feed rate vUSP, the number of passes
nUSP, the path distance lUSP and the path geometry. The pa-
rameters used are listed in Table 2.

An example of resulting copper samples is shown in Fig. 5.
The structured area is clearly visible as it appears dark or black
on the surface.

3.3.2 Laser welding of the structured copper samples

In order to measure the reflection of the laser-structured cop-
per samples during the welding process, bead-on-plate seams
are placed in three positions in the double integrating sphere
structure described in Section 3.2. The bead-on-plate seams
have a length of 5 mm. In position A, welding takes place
from the bare copper surface into the structured area. In

Table 1 Properties of the laser
processing machines Parameter Laser structuring Laser welding

Manufacturer EdgeWave SWS-laser

Type of beam source Nd:YAG, ultrashort pulsed Fibre laser

Wave length 1064 nm 1070 nm

Maximum output power P 14 W 1000 W

Maximum pulse energy EUSP,max 70 μJ –

Pulse duration TP 10 ps cw

Pulse frequency fP 200–2000 kHz cw

Diffraction index M2 < 1.5 < 1.1

Focal length ff 100 mm 163 mm

Focal diameter d 25 μm 46 μm
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position B, the weld seam starts on the structured surface and
ends on the bare copper. In position C, the entire weld lies on
the structured surface. An overview of the arrangements is
shown in Fig. 6.

The welding parameters are kept constant during welding.
The reflected radiation is recorded. The following investiga-
tions are to be carried out on the behaviour of the reflected
radiation:

& Can the back reflection at the beginning of the weld seam
be reduced or completely suppressed by a laser-structured
surface?

& Can the absorbed power over the weld seam be increased
by laser structuring?

The parameters used are listed in Table 3.
For the sample NPS2, the laser power PL had to be reduced

at position C to avoid damage to the integrating sphere.

4 Results and discussion

4.1 Surface properties of the structured copper
samples

4.1.1 Periodic structures

The structured surfaces are examined in a scanning elec-
tron microscope of the type LEO 1455 EP from Carl Zeiss
AG, Oberkochen, Germany. The images of the periodic
structures are shown in Fig. 7. On the left hand side,
pictures of the PS1 structures are shown in ascending

magnification. On the right hand side, the SEM images
of the PS2 structures can be seen.

The resulting surface of the PS1 sample consists of regular
cones with a distance of 60 μm (cf. Table 2). At the intersec-
tion points of the ablation geometry, the number of passes
through the laser beam is twice as high as at the sides of the
cones. As a result, the structure depth is particularly high here.
The structures are measured using a VK-9700 Laser Scanning
Microscope (LSM) from Keyence AG, Osaka, Japan. This
measurement results in a depth of the resulting structures of
up to 90 μm.

The PS2 samples were manufactured with a smaller
path distance lUSP of 30 μm. This distance is only five
micrometres larger than the focal diameter of the USP
laser (dUSP = 25 μm). For this reason, the cones are not
as well separated from each other as with the PS1 sample.
A deeper trench is visible in the y-direction than in the x-
direction. This is the last process direction of the laser
beam during the structuring process. The reason for this
effect probably lies in the smaller path distance, which
means that the tips of the cones have melted off more
than in PS1. As a result, material has solidified on the
sides so that a continuous connection is formed. Upon
closer inspection, this effect can also be seen in PS1,
but is not quite as prominent due to a greater path dis-
tance. The depth of the PS2 structures is about 40 μm.

4.1.2 Non-periodic structures

For the generation of non-periodic structures, path dis-
tances are selected that are significantly smaller than the
focal diameter of the USP laser beam source. SEM

Fig. 4 Double integrating sphere
assembly for measuring the
reflected radiation during laser
welding
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pictures of the resulting surfaces are shown in Fig. 8. For
the NPS1 structures, the track spacing is 5 μm and for the
NPS2 structures only 2 μm. This leads to the formation of
re-deposited structures that were formed from the gas and
plasma cloud during the ablation process. These particles
are not homogeneously distributed and coral-like surfaces
are formed from agglomerated material. On the one hand,
this can be beneficial to the subsequent welding process,
since the undercuts that result can make the beam trap
particularly efficient, on the other hand, characterization
is very difficult due to the irregularity of the surface.
Measurements result in structure depths of up to 41 μm
for the NPS1 surface. The agglomerated structures of the
NPS2 surface are on average smaller (see Fig. 8) and
more delicate. The measured structure depth is also less
than for the NPS1 sample and is about 31 μm.

4.2 Reflectance of the structured samples measured
by UV-VIS spectroscopy

The reflectance R at room temperature is also an impor-
tant parameter for characterizing the structured surfaces. If
the reflectivity can already be significantly reduced at
room temperature, less radiation is reflected coaxially at
the beginning of the welding process and the probability
of damage to the optical elements or the beam source is
reduced. Furthermore, the process becomes more efficient
because more radiation is absorbed at the beginning and
the deep welding process starts earlier. The measurement
is performed with a Lambda 1050 spectrometer from
PerkinElmer Inc., Waltham, USA. The spectrometer is
calibrated with a white standard, which allows the abso-
lute reflectance to be measured. An untreated copper sam-
ple serves as a reference. In addition to laser micro

welding with fibre lasers, the use of blue (450 nm) and
green (515 nm) beam sources is currently the subject of
research, since these have a higher absorption coefficient
for copper than fibre lasers. To determine whether a struc-
turing process also has effects on the reflection of blue
and green radiation, the reflection spectrum of the surface
structures is measured from 400 to 1100 nm. In Fig. 9, the
reflectance of the samples is shown as a function of the
wavelength.

Over the entire measured spectrum, the reference sur-
face has the highest reflectance of about 98%. The qual-
itative course is similar for all examined surfaces. At a
wavelength of 550 nm to about 570 nm, the curves show
a bend and the reflectance increases more strongly over
the course of time. This change in reflectivity is signifi-
cantly reduced by the surface structures, where the curve
is not as steep. The NDS1 surface has the lowest reflec-
tance at all measured wavelengths. For the processing
wavelength of the fibre laser (1070 nm), the reflectance
can be reduced to 12.3% with the NPS1 structures. This
reduces the reflectance by 87.6% compared to the refer-
ence sample. The difference between the two periodic
surface structures is particularly obvious. PS1 has a re-
flectance of about 20% at the processing wavelength,
whilst PS2 still reflects about 50% of the incident radia-
tion. If one compares these values with the SEM images
(Fig. 7), it becomes clear that the partially missing trench-
es between the cones homogenize the surface to such an
extent that the effect of a resulting beam trap is signifi-
cantly less effective than with PS1 samples. When com-
paring the reflectance of the structured samples at the
processing wavelength, the non-periodic structures appear
more suitable to reduce the reflectivity in laser micro
welding and to increase the efficiency of the process.

Table 2 Parameters used for
generating structured surfaces.
Periodic structures are named PS
whilst non-periodic structures are
named NPS

Designation Pm,USP [W] fUSP [kHz] vUSP [mm/s] Path geometry nUSP [−] lUSP [μm]

PS1 2.6 200 4000 Crosshatch 2000 60

PS2 2.6 200 4000 Crosshatch 2000 30

NPS1 0.3 200 20 Parallel 1 5

NPS2 0.3 200 20 Parallel 1 2

Fig. 5 Photo of a structured
copper sample. The structured
area appears dark or black on the
surface
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4.3 Reflectance during laser micro welding
of the structured samples

The measurement of the reflected power during laser beam
micro welding is intended to show whether laser structuring
of the copper samples is suitable both for reducing the initially
reflected power at the start of the process and also for increas-
ing efficiency during the entire welding process. The double
integrating sphere design from Section 3.2 is used for this
purpose. The proportion of the reflected radiation is deter-
mined by

RR ¼ PR

PL

RR, proportion of reflected radiation [−]; PR, reflected laser
power [W]; PL, laser power [W].

This results in the degree of coupling

η ¼ 1−RR ¼ 1−
PR

PL

η, degree of coupling [−].
In addition, it will be investigated whether the influence of

the surface structures in line welding changes over the process
time and the process progress. The three weld seam positions
from Section 3.3.2 are used for this purpose.

4.3.1 Periodic structures

Figure 10 shows the reflected power PR of the PS1 sample
over time for the weld positions A, B and C. At weld
position A, the weld seam starts on the untreated copper
surface and proceeds into the structured area. At the be-
ginning of the process, a clear maximum of PR is visible.
The bare copper reflects a large part of the radiation (cf.
Fig. 9). When the laser welding process changes to deep
penetration welding, more power is absorbed by the hotter
material and the multiple reflections in the keyhole con-
tribute significantly to increased efficiency (t ≈ 5 ms).
After about 30 ms, the laser beam crosses over to the
structured area of the sample, during which the reflected
power continues to decrease. The coupling degree η is
now 71%. When comparing the curve of the reflected
power PR on the bare copper surface with the one on
the structured surface, the process on the patterned surface
is smoother. This observation is confirmed when looking
at the weld seam bead, which is smooth and regular on
the structured surface.

At weld position B, the course of the weld seam was re-
versed. It starts on the structured surface and then continues on
the area of the untreated copper sample. Especially in com-
parison to position A, the initial back reflection can be
completely eliminated. The process quickly changes to deep
penetration welding and shows a very constant course of the
reflected power. At the crossover to the area of untreated cop-
per, the coupling degree drops from 69 to 63%. However, the
deep penetration welding process is sustained after the
change. On the untreated copper, the process is significantly
smoother compared to position A. This suggests that starting
the welding process on a structured surface can have a positive
effect on the development of the process. At weld position C,
it was investigated whether the process flow of a laser micro
welding process on a structured surface changes over the seam
length. The result shows a very constant course with a cou-
pling degree of 71% and a very smooth and regular seam
pattern.

The reflected power PR of the PS2 sample over time for the
weld positions A, B and C is shown in Fig. 11. For weld
position A, at the beginning of the process, (as seen for PS1)

Fig. 6 Position of the bead-on-plate welds on the copper samples

Table 3 Parameters for the laser welding process are set constant during
all experiments

Parameter Value

Laser power PL 585 W / 495 W (NPS2, C)

Linear feed rate vL 70 mm/s

Oscillation amplitude AL 0.05 mm

Oscillation frequency fL 2000 Hz

Length of weld lines lL 5 mm
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a clear maximum of the reflected power can be seen. The
crossover onto the structured area of the sample here is ap-
proximately at t = 38 ms. The welding process on the untreat-
ed copper surface is not stable, and the course of the reflected
power PR decreases over time. In the range between the two
surface qualities, the coupling degree η increases. At the edge
of the structured area, the surface is undefined and not as
regular as in the middle of the structured area. Here, particles
from the gas and plasma phases can deposit and contribute to
increased absorption for a short time. On the structured sur-
face, the curve is constant again and a coupling degree of 67%
results. As with PS1, the appearance of the weld seam bead is
uniform and smooth.

As with PS1, the initial back reflection (seam position B) can
also be suppressed with PS2 samples. The course of the
reflected power is constant and hardly changes during the cross-
over to the unstructured area. This suggests that the PS2 struc-
tures are not suitable for increasing the efficiency of the entire
welding process, since the degree of coupling η between the
structured and untreated surface hardly changes during the pro-
cess. However, this structure is suitable for eliminating the ini-
tial back reflection. In seam position C, a constant course of the
reflected radiation can be seen with only very small fluctua-
tions. The seam surface is uniform and smooth.

4.3.2 Non-periodic structures

Figure 12 shows the reflected power curve for the non-
periodic sample NPS1 for seam positions A, B and C. At the
beginning of seam position A, the initial back reflection is
visible as already seen with the periodic samples. After a deep
welding process has developed, the course of the reflected
power is constant until at t ≈ 35 ms the crossover into the
structured area of the sample occurs. Here, the coupling de-
gree changes from 63 to 87% and remains constant until the
end of the weld seam. On the surface of the structured area,
weld spatters can be seen. Due to the high degree of coupling
in this area, the weld pool overheats so that spatters are re-
leased from the weld pool.

At seam position B, a peak is visible at the beginning of the
graph. This peak is not as large as on the untreated copper
side, but nevertheless occurred during all measurements.
However, this effect does not occur at seam position C. In
subsequent investigations, high-speed images of the laser
welding process will be taken, which may explain this phe-
nomenon. Further in the course, the coupling degree is con-
stant at 86% and decreases to 66% at the crossover to the
untreated surface. Seam position C shows a constant course
of the coupling degree at 84%. Surrounding weld spatters

Fig. 7 SEM images of the
periodic surface structures
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indicate an overheating of the melt pool. This type of struc-
turing is well suited for increasing the efficiency of laser micro
welding. Compared to untreated copper surfaces, the irradiat-
ed power can probably be significantly reduced.

During laser micro welding on the untreated copper
surface at weld seam position A for the NPS2 samples,
a very unsteady process can be seen. (Fig. 13) A constant
deep penetration welding process does not develop. At the

crossover to the structured area, the degree of coupling
initially increases and then reaches a value of 75% when
a constant deep penetration welding process is formed. In
the transition area, the process is very unsteady. At weld
seam position B, this phenomenon is not visible. The pre-
vious unsteady process is most likely responsible for the
course in the crossover area. If there is a sudden change in
the reflection on the surface and a change in the topogra-
phy, these effects overlap with previously existing fluctu-
ations in the keyhole. At weld seam position B, as before,
no initial peak is recognizable; the coupling degree de-
creases from 75 to 65% at the transition from the struc-
tured area to the untreated area. For seam position C, the
laser power PL had to be reduced (cf. Table 3) in order to
avoid damage to the integrating sphere by metal vapours
and spatters. The coupling degree here is 70%. The weld
beads show no weld spatters and have a regular appear-
ance. Due to the reduced laser power PL, however, com-
parability is not possible without restrictions.

The NPS2 samples are well suited to increase the efficiency
of a laser welding process. In the course between the struc-
tured and the untreated copper surface, there is a clear change
in the reflected power, and thus an increase in efficiency.

Fig. 8 SEM images of the non-
periodic surface structures

Fig. 9 Reflectance of the laser-structured sample and an untreated copper
sample measured with an UV-Vis
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5 Summary

This work investigates the possibility of increasing the effi-
ciency of a laser beammicro welding process by using surface
structures. For this purpose, surface structures are generated
on copper samples, which allow a broadband reduction of the
reflectance. Bead-on-plate welding is then carried out on the
laser-structured surfaces with simultaneous measurement of
the reflected laser power.

With laser structuring, two different surface types are pos-
sible using a USP laser. On the one hand, periodic structures
are generated which are created using path distances larger
than the focal diameter. With a focal diameter of 25 μm, path
distances of 60 μm (PS1) and 30 μm (PS2) are selected. If the

path distance is significantly smaller than the focal diameter,
non-periodic structures are formed from re-depositedmaterial.
Here, track distances of 5 μm (NPS1) and 2 μm (NPS2) are
selected. By surface structuring, the reflectance of Cu-ETP at
room temperature can be reduced over a wavelength range
from 400 to 1100 nm. The lowest reflectance is achieved with
the surface NPS1 over the entire measured spectrum. At the
wavelength of the fibre laser, which was used for welding
(1070 nm), the untreated surface used as a reference has a
reflectance of 98%, whilst a reflectance of 12% is achieved
with the NPS1 surface structures.

The subsequent bead-on-plate welds on the generated sur-
faces show promising results. With all surface structures, the
peak of reflected power that occurs during laser welding of

Fig. 11 Course of the reflected power PR of the PS2 samples over the weld seam length for weld seam positions A, B and C

Fig. 10 Course of the reflected power PR of the PS1 samples over the weld seam length for weld seam positions , B and C
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highly reflective materials such as copper at the beginning of
the process can be significantly reduced or eliminated. This
results in a faster transition to the deep penetration welding
process. However, with the PS2 sample, no clear increase in
the coupling degree can be detected during the entire welding
process. The surfaces PS1, NPS1 and NPS2 also improve the
coupling degree during the process. In addition, these surfaces
show a more uniform and smoother process compared to an
untreated surface.

In summary, the previous processing of copper surfaces
with USP laser radiation can bring in more energy during laser
beam welding. The generated surface structures can cause a
faster transition to a deep penetration welding process as well
as an increased energy input during the entire process.

6 Further investigation

In future investigations, the influence of the increased
energy input by surface structures on the properties of
the weld seam will be analysed. On the one hand, this
includes a detailed investigation of the process sequence
by high-speed videography in order to understand the ef-
fects and phenomena of welding on laser-structured sur-
faces. On the other hand, the resulting welds are charac-
terized by metallographic investigations. Due to the in-
creased degree of coupling, a deeper weld seam can prob-
ably be achieved on a laser-structured surface compared
to untreated surfaces. Furthermore, it is possible to weld
at a higher feed rate due to the increased degree of

Fig. 12 Course of the reflected power PR of the NPS1 samples over the weld seam length for weld seam positions A, B and C

Fig. 13 Course of the reflected power PR of the NPS2 samples over the weld seam length for weld seam positions A, B and C
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absorption during the welding process, and thus signifi-
cantly increase the production speed.

Another approach is the use of femtosecond or nanosecond
lasers to structure the surfaces. Since there are already inves-
tigations on laser beam welding with nanosecond lasers, there
is the possibility of a combined process in which the same
laser is used for the laser structuring and the welding process.
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