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The increasing electrification of automotive powertrains demands reliable joining technologies
for inverter production, particularly for contacting copper busbars to thin copper foils with high thick-
ness ratios. This study investigates infrared (1 = 1030 nm) and green (4 = 515 nm) disk laser radiation
for lap joint welding of a 0.6 mm copper busbar onto a 100 um copper foil (thickness ratio 6:1). Bead
on plate welds based on a Design of Experiments identified viable process windows, followed by
systematic parameter derivation using the normalized enthalpy f framework across three spot sizes
(365 um, 410 um, 460 um) and three welding speeds (100 mm/s, 200 mm/s, 300 mm/s). The
HCW/DPW transition was identified at f = 2.34 for green and f = 3.0 for infrared radiation, with IR
exhibiting an abrupt penetration depth increase at the transition point. Green laser radiation demon-
strated consistently lower standard deviations, with IR radiation exhibiting up to 4.3 times higher
scatter. For infrared radiation, stable welding was only achievable under specific conditions, with
300 mm/s being inaccessible for larger spot sizes due to the available laser power range. Green laser
radiation offers a significantly wider and more robust process window, making it the preferred source

for copper busbar-to-foil contacting in automotive power electronics.
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1. Introduction

The increasing electrification of automotive powertrains
requires the continuous development of reliable and high-
precision joining technologies, particularly in inverter and
power module production [1]. The ongoing trend in inverter
production is toward the development of very compact
power electronics converters with high power density [2].
Since the joining process is performed in close proximity to
temperature-critical components, minimum heat input is es-
sential [3]. This necessitates the systematic investigation of
joining processes for connecting elements with highly pro-
nounced thickness ratios and for joining solid copper bus-
bars to thin copper foils [4]. However, the wavelength-de-
pendent process stability for this specific joining configura-
tion with high thickness ratios has not been systematically
characterized.

1.1 Wavelength-dependent Absorption and Process
Stability

Copper is one of the most demanding materials for laser-
based joining due to its high thermal conductivity, approxi-
mately ten times higher than commonly used steels, com-
bined with a room-temperature Fresnel absorptivity below
5 % for infrared radiation at 1030 nm [5]. Although absorp-
tivity increases with temperature to approximately 15 % at
melting point [6], this transition is difficult to control, mak-
ing heat conduction welding with IR sources poorly
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reproducible. Once a keyhole forms, the multiple reflections
within the vapor capillary drastically increase the effective
absorptivity, leading to unstable energy coupling and mak-
ing deep penetration welding prone to spatter and melt ejec-
tions [7].

In contrast, lasers operating in the visible spectral range
offer substantially improved absorption characteristics for
copper. Radiation at a wavelength of 515 nm exhibits a ten
times higher initial absorption rate on copper at ambient con-
ditions compared to IR sources at 1030 nm [8]. Upon transi-
tion to a molten state, the absorptivity of green laser radia-
tion decreases to approximately 35 % under heat conduction
welding conditions [6], while the inverse holds for IR radia-
tion at 1030 nm [9] (see Fig. 1). This wavelength-dependent
sign change in the temperature dependence of absorptivity
produces a damping effect on the process dynamics at green
wavelengths, effectively suppressing the uncontrolled en-
ergy coupling that drives spatter formation at the onset of
keyhole formation with IR radiation [9].

The practical consequence for process design is significant.
Since green laser radiation is absorbed more efficiently in
the melt before reaching keyhole depth, less energy is avail-
able to sustain the vapor capillary through multiple reflec-
tions, thereby limiting penetration depth and inherently
shifting the process mechanism toward heat conduction
welding. This results in substantially improved weld quality
and spatter-free processing. Through heat conduction
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welding and the absence of a vapor channel, reproducible
and controlled welds with a calm melt pool can be achieved
with green laser radiation. [10]
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Fig.1 Wavelength-dependent absorptivity of solid (solid line)
and liquid (dashed line) copper measured at room tempera-
ture and 1873 K. Figure adapted from [9].

1.2 Laser Joining with High Thickness Ratios

The specific configuration of a thick upper joining partner
welded onto a thin lower foil imposes additional constraints
on the laser process that go beyond the general challenges of
copper welding. The primary technical challenge in laser
welding joints with high thickness ratios, such as the con-
nection of busbars to thin foils, is the presence of air gaps
between the joining partners [11]. Even minimal gaps be-
tween the joining partners significantly disrupt thermal cou-
pling and promote process instabilities, particularly during
the transition of the melt from the thin foil into the thicker
component. This effect has been reported for foil stack weld-
ing in battery applications, where gap-induced variations in
heat conduction represent a critical source of process varia-
bility [11], [12], [13]. To mitigate these issues and counteract
the exponential thermal distortion characteristic of thin ma-
terials, the implementation of specialized clamping technol-
ogy is mandatory to ensure a zero-gap configuration [12],
[13].

Furthermore, experimental and numerical investigations in
foil stacks for battery applications have shown that the air
volume entrapped within the stack is the root cause for the
formation of weld undercuts at both the top and bottom sur-
faces of the seam. As the laser melts the foils, the volume
previously occupied by air gaps is eliminated, leading to a
localized volume reduction and a subsequent collapse of the
melt pool. This characteristic seam geometry not only influ-
ences the cross-sectional area of the joint but can also act as
a structural weak point, potentially affecting the mechanical
and electrical performance of the battery interconnects. [13]

1.3 Normalized Enthalpy as Process Scaling Metric

To enable a physically grounded comparison of process
parameters across varying laser wavelengths, spot sizes and
welding speeds, the concept of normalized enthalpy by Hann
et al. [14] is introduced as a dimensionless scaling metric.

178

The normalized enthalpy f relates the applied laser energy
input to the thermophysical properties of the material and is
defined according to Ye ef al. [15] and Déring et al. [16] as
given in equation (1):

APy,

B= rmdarew

(M

with the enthalpy at melting temperature hy = p - ¢, - Tyyy,
where A denotes the absorptivity, P, the laser power, p the
material density, c, the specific heat capacity, 7, the melting
temperature, a the thermal diffusivity, vs the welding speed,
and w the beam radius.

1.4 Implications for the Present Study

The reviewed literature demonstrates that green laser
sources offer fundamental advantages over IR sources for
copper welding in terms of absorption stability, process re-
producibility, and reduced spatter formation. However, sys-
tematic comparative studies specifically addressing the join-
ing of copper busbars with pronounced thickness ratios onto
thin copper foils, as encountered in inverter production, re-
main scarce. As discussed in sections 1.1 and 1.2, direct
wavelength comparisons reported to date have been con-
ducted on bulk material or sheet configurations [6], [8], [9],
[17], while studies on thin copper foils are confined to bat-
tery applications using green laser radiation exclusively [11],
[12],[18]. The inverse configuration relevant to inverter pro-
duction, a solid busbar welded onto a single thin foil with a
pronounced thickness ratio, and the influence of wavelength
on the robustness of the stable process window under such
geometrically constrained conditions have not been system-
atically characterized. The present study addresses this gap
by conducting a direct comparison of IR and green laser
sources under identical joint configurations, geometric
boundary conditions and identical spot sizes. The present
work advances the state of the art by experimentally deter-
mining the HCW/DPW transition enthalpies for both wave-
lengths under identical joint configurations, by quantifying
the shift in the required normalized enthalpy range between
bead-on-plate and busbar-to-foil conditions, thereby show-
ing that bead-on-plate process windows cannot be directly
transferred to high-thickness-ratio lap joints, and by evalu-
ating process stability quantitatively via the standard devia-
tion of penetration depth across the full spot size/ welding
speed matrix for both wavelengths. The following research
questions guide the experimental investigation:

1. How do spot size and welding speed influence the re-
sulting weld seam geometry and process stability when
parameters are derived from a constant normalized en-
thalpy condition?

How does the laser wavelength, near-infrared
(1030 nm) versus visible green (515 nm), affect the
stability and reproducibility of the weld depth under
otherwise equivalent process conditions, and what dif-
ferences in required laser power are observed between
the two sources?

Which combination of wavelength, spot size, and
welding speed yields the most stable and reproducible
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process window that ensures sufficient penetration into
the lower joining partner without risking full penetra-
tion of the thin copper foil?

2. Materials and Experimental Setup

This section outlines the materials and specimen prepa-
ration, the laser systems employed, and the experimental de-
sign and methodology underlying the investigations pre-
sented in this work.

2.1 Joining Partners

The joining partners consist of a solid copper busbar
with a thickness of 0.6 mm (50 x 15 x 0.6 mm?®) and a thin
copper foil (Schlenk Metallfolien GmbH & Co. KG, Ger-
many) with a thickness of 100 um (15 x 6 x 0.1 mm?), re-
sulting in a thickness ratio of approximately 6:1. Both com-
ponents are made of oxygen-free pure copper (Cu-OF), with
surface conditions of as-rolled. The joints are configured in
a lap joint arrangement, with the busbar forming the upper
and the foil forming the lower joining partner.

For the initial process window investigations, bead on
plate welds were performed on solid Cu-OF substrate spec-
imens with dimensions of 50 x 15 x 5 mm?, providing suffi-
cient material thickness to prevent full penetration across the
entire parameter range investigated during the DoE. It
should be noted that the application of the normalized en-
thalpy framework in this work is based on simplifying as-
sumptions: the thermophysical material properties are eval-
uated at room temperature rather than at the actual process
temperature, and the absorptivity values reflect effective en-
ergy coupling conditions under heat conduction welding ra-
ther than the dynamic absorptivity prevailing during deep
penetration welding. These assumptions introduce a degree
of approximation into the absolute values of f, but are con-
sidered sufficient for the purpose of relative parameter scal-
ing and process window identification, consistent with the
established application of this framework in the literature.
The thermophysical properties of Cu-OF used in this work
are summarized in Table 1. Based on the experimentally de-
termined absorptivity values reported by [6] for Cu-ETP, ab-
sorptivity values of approximately A;p30=0.15 and
Asis = 0.35 are adopted for infrared and green laser radiation
respectively, reflecting the effective energy coupling under
heat conduction welding conditions. The ratio of these val-
ues directly predicts that approximately twice the laser
power is required for IR radiation compared to green radia-
tion at equivalent normalized enthalpy conditions. The sen-
sitivity of the results to these assumptions can be assessed
directly from Eq. (1). Since £ scales linearly with 4, an un-
certainty in the absorptivity translates proportionally into the
absolute £ values, but does not affect the relative ordering of
parameter sets within one wavelength. A variation of
A by + 20 % would rescale, but not restructure, the process
windows and transition thresholds identified in this work, as
these were determined empirically on the f scale itself. Re-
garding the copper grade, Cu-OF and Cu-ETP are both high-
purity coppers whose optical properties at the relevant wave-
lengths are nearly identical, with the surface condition exert-
ing a stronger influence on initial energy coupling than the
copper grade. This is confirmed by temperature-dependent
absorption measurements performed directly on Cu-OF at a
comparable near-infrared wavelength (1064 nm), which
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show that the initial absorptivity at room temperature is gov-
erned primarily by the natural oxide layer thickness rather
than by the specific copper grade [19]. The dynamic increase
of the effective absorptivity upon keyhole formation is not
captured by the constant values adopted here. The £ values
in the DPW regime therefore represent nominal rather than
physical coupling conditions. This predicted power ratio is
examined against the experimental results in section 3.1.

Table 1 Thermophysical properties of oxygen-free copper
(Cu-OF) used for the calculation of the normalized
enthalpy f5.
Parameter Unit Value
Density p kg/m? 8960
Specific heat capacity ¢, J/(kgK) 385
Melting temperature Ty, K 1356
Thermal diffusivity a m?/s 1.17x10°*
Absorptivity Asqs - 0.35
Absorptivity Aigzg - 0.15

All thermophysical properties are evaluated at room tempera-
ture [20]. Absorptivity values represent effective energy cou-
pling conditions during heat conduction welding of Cu-ETP,
adopted from [6].

2.2 Fixturing and Specimen Preparation

To ensure reproducible joint conditions and minimize
the gap between the joining partners, a dedicated clamping
fixture was designed and manufactured from aluminum
(Fig. 2). The fixture positions the copper foils and the busbar
in a defined lap joint configuration and applies uniform
clamping force across the entire weld area via spring clamps
acting on the upper busbar to minimize the gap between join-
ing partners, approaching a zero-gap condition, which is crit-
ical for consistent laser energy coupling and weld depth re-
producibility. A copper buffer sheet with a thickness of
0.6 mm (50 x 15 x 0.6 mm) is placed beneath the foil to pro-
tect the fixture from laser-induced damage and to provide a
defined thermal boundary condition at the lower side of the
joint. The fixture further facilitates efficient specimen han-
dling and allows for a high number of parameter combina-
tions to be welded in a single setup without repositioning,
while sufficient cooling intervals between consecutive weld
seams ensure that prior welds do not thermally influence
subsequent ones.

PR TR

Aluminum fixture

%opper busbar

Fig.2 CAD illustration of the aluminum clamping fixture in dis-
assembled (a) and assembled (b) configuration.
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2.3 Laser Systems

Two laser systems operating at different wavelengths are
compared in this study. Both systems are manufactured by
TRUMPF SE + Co. KG, Germany. The first system is a
near-infrared (IR) disk laser of type TruDisk 6001 with a
wavelength of 1030 nm and a maximum output power of
6 kW, equipped with a PFO 33-2 scanner optic for beam fo-
cusing and weld geometry execution. The second system is
a TruDisk 3022 disk laser operating in the visible green
spectral range at a wavelength of 515 nm with a maximum
output power of 3 kW, using a PFO 33 scanner optic for
beam focusing and geometry execution. The key properties
of both systems are summarized in Table 2.

Table 2 Properties of the laser beam sources and optical set-
ups used in this work.

Parameter Unit Trumpf Trumpf
TruDisk TruDisk

3022 6001

Wavelength 4 nm 515 1030

Max. output power Puax W 3000 6000

Fiber core diameter droc pm 200 200
Progr. Focusing Optics - PFO 33 PFO 33-2
Focal length collimation/ mm 140/255 150/160

optics fe/ fr
Min. focal diameter dr  pm 365 339

A schematic illustration of the experimental laser setup
is provided in Fig. 3, depicting the optical beam path from
the laser source through the scanner optics to the workpiece
surface, as well as the positioning of the clamped specimens
on the processing stage.

Collimating lens

J

=
X C Fiber
y
* Scanning mirrors
Crossjet Focusing lens

—
Laser beam

Busbar to foil (515 nm/ 1030 nm)

configuration

-

Aluminum fixture

Copper buffer

Fig.3 Schematic illustration of the laser processing setup in-
cluding the optical beam path and sample positioning.

2.4 Parameter Space and Experimental Design

The experimental investigation follows a two-stage
methodology. In the first stage, bead on plate welds were
performed on solid Cu-OF substrate specimens
(50 x 15 x 5 mm®) based on a structured Design of Experi-
ments (DoE) to identify a viable process window for each
laser source independently. The DoE covered a broad range
of laser power and welding speed combinations, with the ob-
jective of determining the parameter space within which a
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defined target penetration depth could be achieved. The re-
sulting process windows for the IR and green laser sources
served as the calibration basis for the subsequent parameter
derivation.

In the second stage, the following parameter combina-
tions for the busbar to foil configuration were derived using
the concept of normalized enthalpy  as defined in sec-
tion 1.3. For each combination of spot size and welding
speed, the required laser power was calculated from Equa-
tion (1) to maintain a constant normalized enthalpy, ensuring
that all parameter sets operate at a physically comparable en-
ergy input condition targeting a consistent penetration depth.
Three spot sizes (365 pm, 410 pm, 460 um) were realized
by defocusing into the working plane, and three welding
speeds (100 mm/s, 200 mm/s, 300 mm/s) were investigated,
resulting in a total of nine parameter combinations per laser
source. For each combination, the laser power was varied by
+ 50 W around the calculated target value to account for pro-
cess sensitivity near the nominal operating point. For the IR
laser source, a welding speed of 300 mm/s could not be re-
alized for the two larger spot sizes (410 um and 460 pm), as
no sufficient bonding between the joining partners could be
achieved within the available laser power range.

All experiments were performed » = 3 times per param-
eter set, producing linear weld seams of 10 mm length, to
enable a statistically robust evaluation of process reproduci-
bility. Prior to each weld seam, a stationary laser pulse with
a duration of 30 ms was applied at the weld start position for
both laser sources. This procedure ensured comparable and
reproducible process initiation conditions for both wave-
lengths, avoiding the transient effects associated with cold
material at the start of the weld and enabling a stable keyhole
regime to be reached more rapidly at the beginning of the
weld seam. For the IR laser source, pulse powers of 2050 W
(365 pm) and 2800 W (410 um, 460 um) were used. For the
green laser source, equivalent pre-pulses were applied at cor-
respondingly adjusted power levels of 1000 W (365 um) and
1100 W (410 pm, 460 um), consistent with the absorptivity
ratio of the two wavelengths. The welded specimens are
characterized by means of metallographic cross-sections
prepared perpendicular to the welding direction. To ensure
that the steady-state regime of the welding process is cap-
tured, the cross-sections are taken at a position of 6 mm from
the weld start. The cross-sections are ground, polished and
etched with FeClz-solution. Weld depth and seam width are
measured using a light optical microscope of type BX53M
(EVIDENT Europe GmbH, Germany). The penetration
depth ¢ is measured as the vertical distance from the top sur-
face of the busbar to the deepest point of the fusion zone
boundary. With a busbar thickness of 600 pm, #= 600 um
corresponds to the fusion zone just reaching the busbar-foil
interface without forming a metallurgical bond, so that reli-
able joint formation requires t > 600 um. While t< 700 um
ensures that the 100 pm foil is not fully penetrated. The pen-
etration depth into the foil and the remaining unmelted foil
thickness follow directly as £ — 600 pm and 700 pm - 7.

3. Results and Discussion

The following section presents the experimental results
of the bead on plate process window investigations as well
as the lap joint welding trials, and discusses the findings with
respect to the research questions raised in section 1.3.
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3.1 Process Window and Parameter Selection

The results of the bead on plate investigations are pre-
sented in Fig. 4 as a function of the normalized enthalpy S
for both laser sources. The penetration depth increases with
increasing normalized enthalpy for both wavelengths, re-
flecting the greater energy input per unit volume deposited
in the material. However, the two laser sources exhibit dis-
tinctly different process characteristics, particularly with re-
spect to the transition between heat conduction welding
(HCW) and deep penetration welding (DPW).

1400 - !
HCW : DPW
E 12001 i
g I
Z 1000 - 5
= |
= ] I I
é 8001 e I
& 6004 -~ - SERESEY S required weld depth
B i
S 400- IZ|Bead on plate welds
g | = A=1030nm ¢ A=515nm
200 I | Transition HOW — DPW
NEX ' A=515nm — A=1030 nm
1 2 3 4 5 6 7 8 9

normalized enthalpy S

Fig. 4 Penetration depth as a function of normalized enthalpy £
using IR and green laser radiation. The vertical dashed lines
indicate the transition from HCW to DPW for each wave-
length. The shaded region marks the required weld depth
range for the busbar-to-foil lap joint application.

For green laser radiation (1 =515 nm), the transition
from HCW to DPW occurs at a normalized enthalpy of
S =2.34, whereas infrared laser radiation (2 = 1030 nm) re-
quires a significantly higher normalized enthalpy of f=3.0
to initiate deep penetration welding. Furthermore, the two
wavelengths exhibit a different behavior at the transition
point with respect to the resulting penetration depth. For
green laser radiation, the onset of deep penetration welding
is accompanied by a moderate increase in penetration depth
from approximately 200 um to 300 um, indicating a gradual
and controlled transition between the two welding regimes.
In contrast, infrared laser radiation exhibits an abrupt jump
in penetration depth from approximately 100 pm to 500 pm
at the transition point, reflecting the characteristically unsta-
ble energy coupling behavior of IR radiation on copper at
the onset of keyhole formation. This behavior is consistent
with the dynamic absorptivity measurements reported by
Kaufmann et al. [6], who observed a significantly slower
and less defined transition to deep penetration welding for
1030 nm radiation compared to 515 nm radiation. The more
gradual transition observed for green laser radiation is un-
derstood to result from the higher and more stable initial ab-
sorptivity at 515 nm, which enables a progressive increase
in energy coupling and melt pool depth without the abrupt
threshold behavior characteristic of infrared radiation on
copper. As discussed in section 1.1, the wavelength-depend-
ent absorptivity of liquid copper [9] may further contribute
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to this effect, as the damping behavior at 515 nm inherently
limits the energy available for keyhole sustenance.

The  target  penetration  depth  range  of
600 pm < ¢ <700 pm, required for reliable contacting of the
copper busbar to the thin copper foil, is reached in the DPW
regime for both wavelengths. For both laser radiation, this
depth range corresponds to normalized enthalpy values
3.2 </ <3.65. The ratio of the corresponding laser power
values required to reach these normalized enthalpy levels is
approximately 2:1 (IR:green), consistent with the absorptiv-
ity ratio of 4930 = 0.15 and As;5 = 0.35 adopted in this work.
This empirical agreement independently supports the valid-
ity of the adopted absorptivity ratio for the relative scaling
applied in this work.

3.2 Weld Seam Geometry and Parameter Influence

Following the identification of the target normalized en-
thalpy range from the bead on plate investigations, the influ-
ence of welding speed (100 mm/s, 200 mm/s, 300 mm/s)
and spot size (365 pm, 410 um, 460 um) on the consistency
of the penetration depth is analyzed for the busbar to foil lap
joint configuration. It is noted that the normalized enthalpy
range required to achieve the target penetration depth of
600 pm <7 <700 pm in the lap joint configuration was ex-
tended to 2.7 < <4.0, compared to the values identified
during the bead on plate investigations. This shift is at-
tributed to the altered thermal boundary conditions inherent
to the lap joint geometry, including the presence of the join-
ing interface, the reduced thermal mass of the thin copper
foil as the lower joining partner, and the influence of the un-
derlying copper buffer sheet on local heat dissipation. These
factors collectively modify the effective energy coupling and
heat flow conditions, resulting in a systematic deviation
from the process window established on solid substrates.

The results for green laser radiation (A =515 nm) are
presented in Fig. 5 as a function of laser power, with the tar-
get penetration depth range of 600 pm << 700 um indi-
cated by the red dashed reference lines.
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Fig.5 Process window for green-laser depending on the spot

size (symbols) and the welding speed (colors) with normal-
ized enthalpy values between 2.7 and 4.0.
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Overall, the majority of parameter combinations yield
penetration depths within or in close proximity to the target
range, demonstrating the general suitability of the normal-
ized enthalpy framework as a basis for parameter selection.
For welding speeds of 100 mm/s and 200 mm/s, most data
points fall within the defined process window, with moder-
ate standard deviations indicating a consistent and reproduc-
ible welding process. At a welding speed of 300 mm/s, how-
ever, a larger deviation in penetration depth is observed, with
several parameter combinations exceeding the upper limit of
700 pm or falling below the lower limit of 600 um. This in-
creased variability at higher welding speeds is attributed not
only to the reduced interaction time between the laser beam
and the material, but also to the reduced linear energy input
per unit length, which narrows the thermal process window
for achieving reliable penetration into the thin copper foil
without full perforation. In the lap joint configuration with a
high thickness ratio, this renders the process more sensitive
to minor fluctuations in energy coupling at elevated welding
speeds.

With respect to the spot sizes, no systematic trend is ob-
served across the three levels investigated (365 pm, 410 um,
460 um), suggesting that the normalized enthalpy frame-
work effectively compensates for the variation in beam ge-
ometry through the corresponding adjustment of laser power.
The increased standard deviation observed for selected pa-
rameter combinations, particularly at higher welding speeds,
indicates that process stability is more strongly governed by
the welding speed than by the spot size within the parameter
range investigated. Fig. 6 presents representative cross-sec-
tions of three repeated welds for a stable parameter combi-
nation with complete foil bonding (a-c) and a parameter
combination exhibiting insufficient penetration into the
lower joining partner (e, f), illustrating the consequence of
operating below the lower boundary of the stable process
window. The dark speckles visible in the etched cross-sec-
tions result from the metallographic etching and do not indi-
cate microstructural differences between the parameter com-
binations. The magnified details (al) and (a2) resolve the fu-
sion zone at the busbar-foil interface, where a metallurgical
bond across the interface is established. Averaged over the
three repeated welds of this parameter combination, the fu-
sion width at the interface amounts to 254 + 30 um. The heat
affected zone adjacent to the fusion boundary is character-
ized by grain coarsening, as expected for pure copper, which
does not undergo solid-state phase transformations.
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Stable process | P; = 1900 W, vg= 200 mm/s, dr =410 pm

 (al) (a2)

200 um

80 um

Unstable process | P; = 2000 W, vy =200 mm/s, dr = 460 um

Fig. 6 Cross-sections of three repeated welds for a stable param-
eter combination (a-c) with magnified details of the busbar-

foil interface (al, a2) and an unstable parameter combination

(d-f) with insufficient bonding of the copper foil in (e, f). The
white lines indicate the weld seam boundaries. A =515 nm.

The results for infrared laser radiation (4 = 1030 nm) are
presented in Fig. 7 as a function of laser power. The normal-
ized enthalpy range required to achieve the target penetra-
tion depth of 600 pm < ¢< 700 um in the lap joint configu-
ration extends from 2.9 < < 4.2 which is shifted to higher
values compared to the green laser source, consistent with
the lower absorptivity of copper at 1030 nm and the corre-
spondingly higher laser power required to achieve equiva-
lent energy coupling conditions.

800

750 1 -
g_ Max
= 700+ ———1+— 7 D B R -
S 650- -ﬁ I -
& [] il
< 60044 ———F———————— T
g 1 Min
= 550 - T
%‘ ? Weld speed [mm/s]
5 300 = 100 = 200 = 300
= 4504 Spot size [um]

= 365 e 410 4 460
400 T

2500 3000 3500 4000 4500 5000 5500 6000

laser power P, in W

Fig.7 Process window for IR-laser depending on the spot size
(symbols) and the welding speed (colors) with normalized
enthalpy values between 2.9 and 4.2.

At the lower boundary of the investigated normalized en-
thalpy range (8 = 2.9-3.0), significant outliers in penetration
depth are observed, with individual measurements deviating
considerably from the target range of 600 pm <7 <700 pm.
This behavior is consistent with the proximity of these pa-
rameter combinations to the HCW/DPW transition
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identified at f =3 for infrared radiation, where the process
is particularly susceptible to instabilities associated with the
abrupt onset of keyhole formation. In this transitional regime,
minor fluctuations in energy coupling, inherent to the low
and temperature-sensitive absorptivity of copper at 1030 nm,
may be attributed to an alternation between heat conduction
and deep penetration welding within a single weld seam.
This interpretation is consistent with the transition behavior
identified in Fig. 4 and with the dynamic absorptivity meas-
urements in [6]. Direct confirmation would require high-
speed imaging or multiple cross-sections along the weld
seam, which is part of the future work outlined in section 4.

At higher normalized enthalpy values (8 > 3.3), the pen-
etration depth stabilizes and a larger proportion of parameter
combinations fall within the target range, suggesting that a
more robust deep penetration welding process is established
once the keyhole regime is fully developed. Beyond the nor-
malized enthalpy, a general trend toward improved process
stability is observed at higher absolute laser power levels
(Pr=4500 W). Across all spot sizes and welding speeds in-
vestigated, parameter combinations requiring elevated laser
power consistently yield lower standard deviations in pene-
tration depth. A possible explanation is that a more energetic
keyhole is less susceptible to the transient absorptivity fluc-
tuations characteristic of IR radiation on copper, an effect
not fully captured by the normalized enthalpy framework
alone. This interpretation is consistent with the stability con-
siderations in [9] but cannot be confirmed from the metallo-
graphic data alone. It will be examined by the high-speed
imaging planned in future work. Nevertheless, the overall
scatter in penetration depth remains larger compared to the
green laser source across the entire parameter range investi-
gated, reflecting the fundamentally less stable energy cou-
pling behavior of infrared radiation on copper as discussed
in section 1.1.

Consistent with both observations, the most stable IR pa-
rameter combination is found at a welding speed of
200 mm/s and a spot size of 410 um at § = 3.3, where the
normalized enthalpy is sufficiently above the HCW/DPW
transition threshold and the required laser power is among
the highest in the parameter matrix, jointly contributing to
the reduced standard deviation observed. Fig. 8 presents rep-
resentative cross-sections of three repeated welds for a sta-
ble parameter combination (a-c) and an unstable parameter
combination exhibiting full penetration of the copper foil in
(f) (d-f), illustrating the contrast in process reproducibility
between the two cases. As for the green laser source, the
magnified details (al) and (a2) resolve the fusion zone at the
busbar-foil interface for one representative weld, where a
metallurgical bond across the interface is established. Aver-
aged over the three repeated welds of this parameter combi-
nation, the fusion width at the interface amounts to
322 +£43 um.
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foil interface (al, a2) and an unstable parameter combination
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As noted in section 2.4, stable welding at a speed of
300 mm/s could not be achieved for spot size 0f 410 um and
460 um with the IR laser source, reducing the effective pa-
rameter matrix. This limitation is specific to the combination
of large spot size and high welding speed and reflects a con-
straint of the available laser system rather than a fundamen-
tal instability of the IR process itself. As demonstrated by the
stable results obtained at higher normalized enthalpy and
power levels, robust IR welding of copper is achievable
when sufficient laser power is available.

To quantify the wavelength-dependent difference in pro-
cess stability, Table 3 summarizes the mean standard devia-
tion of penetration depth grouped by welding speed and spot
size. Green laser radiation consistently yields lower standard
deviations at welding speeds of 100 mm/s and 200 mm/s,
with IR radiation exhibiting 2.0-2.3 times higher scatter. The
difference is most pronounced at a spot size of 460 pm,
where the IR standard deviation (43.9 pm) exceeds that of
green radiation (10.3 pum) by a factor of 4.3. At 300 mm/s,
the advantage of green radiation reduces, consistent with the
increased process variability observed for both sources at
higher welding speeds.

Table 3 Mean standard deviation of penetration depth
grouped by welding speed and spot size.
Parameter SD 515 nm SD 1030 nm Factor
[pm] [um] 1030 nm/
515 nm
100 mm/s 20.5 47.4 2.3x
200 mm/s 15.6 30.8 2.0x
300 mm/s 26.3 29.4 1.1x
365 pm 25.4 37.6 1.5x
410 pm 26.6 31.2 1.2x
460 pm 10.3 43.9 4.3x
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Comparing the results for both laser sources, green laser
radiation provides a significantly wider and more robust pro-
cess window for the lap joint configuration investigated, as
evidenced by the consistently lower standard deviations
summarized in Table 3. While stable processing is achieva-
ble with IR radiation under specific conditions, most notably
at vs =200 mm/s and dr = 410 pm, this difference is directly
attributable to the wavelength-dependent absorptivity of
copper, which governs both the energy coupling efficiency
and the stability of the keyhole regime as discussed in sec-
tion 1.1.

4. Conclusion and Outlook

This study investigated the process capability of infrared
(4 = 1030 nm) and green (A = 515 nm) laser radiation for the
lap joint welding of a thick copper busbar onto a thin copper
foil with a thickness ratio of 6:1, as encountered in inverter
and power module production. Parameters were systemati-
cally derived using the concept of normalized enthalpy, cov-
ering three spot sizes (365 pm, 410 um, 460 um) and three
welding speeds (100 mm/s, 200 mm/s, 300 mm/s). The fol-
lowing conclusions to answer the research questions of sec-
tion 1.3 are drawn:

1.  Within the normalized enthalpy framework, welding
speed is the dominant parameter governing process sta-
bility. At 200 mm/s, most parameter combi nations
yield penetration depths within the target range with
low standard deviations, while 100 mm/s shows a ten-
dency toward over-penetration due to higher linear en-
ergy input. At 300 mm/s, significantly increased scatter
is observed for both laser sources. The absence of a
systematic spot size effect supports the use of the nor-
malized enthalpy framework as a practical process de-
sign guideline within the investigated parameter range.

Green laser radiation demonstrates consistently lower
standard deviations across the entire parameter matrix
compared to infrared radiation, reflecting the higher
and more stable absorptivity of copper at 515 nm. The
HCW/DPW transition occurs at f = 2.34 for green and
S = 3.0 for infrared radiation for bead on plate config-
uration. At the IR transition, an abrupt increase in pen-
etration depth from approx. 100 pm to 500 um is ob-
served, resulting in significantly increased process var-
iability. Infrared radiation requires approximately
twice the laser power of green radiation to achieve
equivalent normalized enthalpy conditions, consistent
with the absorptivity ratio 47930 = 0.15 and 45,5 = 0.35.

Green laser radiation at welding speeds of 100 and
200 mm/s provides the most stable and reproducible
process window across all spot sizes investigated. For
infrared radiation, the combination of vs=200 mm/s
and dr =410 um at f = 3.3 represents the most favora-
ble operating point, benefiting from both sufficient dis-
tance to the HCW/DPW transition threshold and ele-
vated absolute laser power. Overall, green laser radia-
tion offers a significantly wider and more robust pro-
cess window for the joining of copper components with
high thickness ratios, making it the more suitable laser
source under the investigated conditions.
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The results presented in this study provide a foundation
for further investigations into wavelength-dependent laser
welding of copper joints with high thickness ratios. Future
work will address three aspects. First, the welded joints will
be electrically and mechanically characterized through
measurements of contact resistance, current-carrying capac-
ity, and joint strength to assess functional performance under
realistic operating conditions. Second, high-speed camera
recordings of the melt pool will be conducted to correlate the
observed process stability differences between the two
wavelengths with the underlying melt pool dynamics and
keyhole behavior. Third, the investigation will be extended
to additional thickness ratios and foil thicknesses to evaluate
the transferability of the identified process windows to a
broader range of joining configurations relevant to inverter
and power module production.
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