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Abstract

The rapid development of laser beam sources and adapted welding technologies in recent years lead to an increased use of
laser welding techniques in automated production nowadays. Especially its precision and local energy input are key features
for joining applications in electric vehicle components, where joints have to meet both mechanical and electrical requirements
as current-carrying connections. However, the copper materials used are difficult to weld due to their physical properties,
making a stable process with fewest seam imperfections only feasible within a limited process window. Recently available
beam sources emitting visible laser radiation have proven to overcome the low absorptivity at process start, but spattering
is still a prone defect significantly affecting process efficiency and quality. Literature approaches for modifying the energy
input point to laser beam shaping as a method for reducing process imperfections, which, however, has not been extensively
researched in copper processing using green laser radiation.

Thus, this study investigates the influence of a shaped intensity profile for visible laser radiation created with a reflective
diffractive optical element in laser beam welding with laser powers up to 3 kW. A characterization of the process dynamics
is performed by use of high-speed imaging, and metallographic analysis is used to elaborate benefits of the applied beam
shapes. With beam shaping, an enlarged heat conduction welding regime and an advantageous seam shape are found. Fur-
thermore, a decrease in spatter formation during deep penetration welding is detected for the elliptical beam profile, which
correlates with an oscillation movement of the capillary.

Keywords Laser beam welding - Beam shaping - Diffractive optical element - Copper - Green laser radiation - Process
observation

1 Introduction stated goal of car manufacturers is to advance the develop-

ment of environment-friendly vehicles and climate-neutral

Contemporary ecological, economical, and social changes
are leading to a transformation in the development, design,
and production of future vehicles. Particularly encouraged
by stricter homologation regulations and carbon pricing, the
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production throughout the supply chain [1]. The disruptive
technological shift towards electric and hydrogen mobility
requires an efficient and high-quality production of batteries,
battery packs, power electronics, and electric drives [2]. An
essential raw material in this sector is copper. Copper is seen
as a green-energy transition player, partly because of the
wiring needed for electric cars. Electric vehicles can use as
much as 90 kgs of copper, which is three to four times more
than in the case of a traditional combustion engine vehicle
[3]. Higher demand and growing prices for the raw material
are driving the research and expansion of suitable process-
ing technologies, especially of joining processes capable of
generating low resistance interconnections with high effi-
ciency and automatability for large-scale production [4]. In
this context, laser beam welding of copper is a key tech-
nology that reveals new opportunities by the use of visible
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laser radiation. Due to the local, non-contact energy input,
the flexibility in the design of the interconnection area, and
the high automation capability, the technology offers great
potential for joints of metallic materials [5].

In general, the physical properties of copper like the
high thermal conductivity and low melt viscosity impede
the welding process compared to steel. Altered optical prop-
erties aside from conventional infrared laser beam sources
when using for example green laser radiation (A=515 nm)
show a changed energy coupling into the material [6]. A sig-
nificant effect on process performance in terms of weld seam
geometry is reported; however, the altered occurrence of
seam imperfections (especially spatter formation) is aimed
to be further reduced, and the deeper understanding of the
necessary manipulation on the underlying physical phenom-
ena to achieve a desired weld is of broad interest.

Approaches presented in the literature for modifying the
energy input into the capillary, especially at its front wall, to
reduce the formation of process imperfections during deep
penetration welding point out the use of laser beam shaping
as a method to influence process imperfections in a targeted
manner [7].

Therefore, the goal of the presented work is to clearly
identify the process windows for welding with different
shaped laser beams to increase productivity and reduce
defects. The influence of the beam shape on melt pool
dynamics and vapor capillary behavior is investigated.
Comparing ex situ analyses with high-speed observations
of the interaction zone yields further insight and enhances
process understanding when using shaped beam profiles in
laser beam welding of copper with 515 nm laser radiation.

2 State of the art
2.1 Laser beam welding of copper

The process of laser beam welding can be subdivided into
different regimes, heat conduction welding (HCW), and
deep penetration welding (DPW). These two welding modes
are shown in Fig. 1.

Fig.1 Schematic sketches of

heat conduction welding (left)
and deep penetration welding

mode (right)

Heat conduction welding (HCW)

The regimes are run through in successive stages until
the deep penetration threshold is exceeded in the case of
DPW. Initially, the metal is heated by the absorption of the
irradiated laser beam, depending on the used wavelength,
material, surface conditions, and the characteristics of the
laser beam. Once the melting point is exceeded, a melt pool
starts to form in the interaction zone, resulting in the for-
mation of a weld seam through the continuous movement
of the beam—the heat conduction welding process (Fig. 1
left). The continuous temperature increase of the metal sur-
face leads to a change in the degree of energy coupling [8].
As the energy transport into deeper layers is based on heat
conduction, the achievable aspect ratio of the weld seam
(penetration depth e to seam width w) does not exceed one,
making HCW predominantly used in foil joining [9] and
additive manufacturing [10].

The increasing recoil pressure of evaporation with fur-
ther heating leads to a concave deformation and the forma-
tion of a depression in the melt pool, which enables further
beam reflections. The opening vapor channel (also called
keyhole) guides the laser beam by multiple reflections on
its wall into the material, resulting in weld seams with high
aspect ratio> > 1 [11]. A metal vapor plume forms from the
metal vapor emanating from the capillary, and the molten
material is displaced by the acting pressure forces, causing
melt pool flows and dynamics. Dependent on the process-
ing parameters, the inclination angle o of the capillary front
wall against feed direction influences the distribution of the
absorbed energy in the interaction area [6]. As these charac-
teristics lead to an efficient use of the deployed energy and
facilitate processing of metal in the millimeter-range with
a laser spot of a few hundred microns in diameter, DPW
is frequently applied for laser welding of copper materials.

For copper, it is particularly challenging to generate a
stable deep penetration welding process at moderate feed
rates (v <6 m/min) using conventional near-infrared (NIR)
lasers, which are well researched for material processing
[12]. This circumstance is attributed to its physical proper-
ties: For wavelengths A > 1 um, the absorptivity of copper at
room temperature is reported in the low single-digit range
and increases erratically at the transition from solid to liquid

Deep penetration welding (DPW)

Laser beam

Material surface
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state to approximately 14% at 1 um [13]. In addition, the
phase change is associated with an abrupt decrease of the
thermal conductivity in the molten state, which is unfavora-
ble for the welding process due to an accumulation of the
heat in the interaction zone [14]. As a result, spatter forma-
tion is promoted, and increased melt ejection and poor seam
appearance are reported [15].

Strategies to improve the energy coupling of copper com-
prise a modification of the workpiece surface, e.g., by rough-
ening or laser structuring [16]. Other methods include the
coating of the workpiece with less reflective materials such
as nickel or tin, as well as obscuring the surface by oxidation
at high temperatures [17]. For industrial applications, chang-
ing the processing wavelength to blue [18] or green radiation
[19] is considered a target-oriented strategy to significantly
enhance the efficiency and reproducibility of the copper weld-
ing process. For 515 nm laser radiation at room temperature,
absorptivity values around A =40-50% are reported, and there
is no change over temperature of the same order of magnitude
as for NIR radiation. Due to the improved energy coupling at
first laser-matter interaction, less energy is required to reach
the melting and evaporation temperature of the copper mate-
rial, thus extending the process window for deep penetration
welding [20]. Nevertheless, spatter formation still remains a
challenge for process stability and efficiency even using vis-
ible laser radiation [21]. In general, a stable welding process
is characterized by consistent and satisfactory welding results,
i.e., low fluctuations in the seam geometry regarding penetra-
tion depth and seam width, and a low incidence of defects,
especially pores and spatter [22].

2.2 Weld seam imperfections caused by process
dynamics

The most common weld seam imperfections in copper weld-
ing are pores, spatter, melt ejections with subsequent hole
formation, and seam root collapse [23].

Pores and voids are characterized as spherical gas-con-
taining inclusions, with a distinction being made between
gas and process pores [24]. The former are usually associ-
ated with the precipitation of dissolved gases during solidi-
fication, thus having minor connection to the dynamics of
the laser welding process. The latter are inclusions of inert
gas or metal vapor [25]. The authors in [26] conclude that
small pores (diameter < 16 pm) can be classified as uncritical
for seam performance as long as there are no agglomerates
in pore clouds. When welding copper using 515 nm wave-
length, a higher porosity was observed in the investigations
in [20] compared to NIR laser radiation; however, this weld-
ing process showed the most stable results with the least
fluctuations.

Holes are mechanically and electrically critical defects,
as they induce stress peaks in the weld seam and reduce the

effective interconnection area, thereby increasing the con-
tact resistance of the joint. These imperfections are typically
observed as a result of melt ejections or particularly large
spatters, predominately detected at feed rates v < 8 m/min
[27]. The emergence of large melt ejections is attributed to
short time instabilities (dynamic variation of the absorbed
energy in the vapor capillary) of the deep penetration weld-
ing process and the consecutive formation of a vapor bulge
in the lower capillary area. Once this bulge against feed
direction grows in size rapidly, increasing vapor pressure can
exceed the surface tension of the melt pool so that parts of
it or, in extreme cases, the complete surrounding melt pool
are ejected. This bulging phenomenon arises as a result of
a small capillary front wall inclination relative to the beam
axis, since the irradiated laser power at the front wall is
reflected preferably into the lower capillary area, inducing
strong fluctuations there [28]. In addition, the capillary bulg-
ing in copper welding was found to show different intensi-
ties depending on the laser wavelength and is related to the
surface quality of the final weld [6].

Small spatters only have a minor influence on the surface
quality of the weld seam, but can contaminate surrounding
components of an assembly, the clamping device, or optical
components. These small metal droplets, which are entrained
by escaping metal vapor from the capillary, possess compa-
rable high velocities (up to tens of m/s; spatter release cri-
terion [29]), making their contamination area large. Typical
spatter dimensions are reported with 50-200 um diameter,
with a decreasing probability of occurrence observed with
reduced laser power and increased feed rate, accompanied
by a changed spatter release position [30]. In summary, a
number of important findings have been reported on the for-
mation mechanisms of process instabilities, but their effec-
tive reduction in copper welding using green laser radiation
remains largely unexplored.

2.3 Beam shaping and influence on process
stabilization

Approaches to stabilize the welding process with regard to
seam imperfections comprise a modification of the ambient
conditions [31], the melt pool [32], the vapor capillary [33],
as well as influencing the energy input into the latter [7].
When looking at the reported successful methods for influ-
encing weld seam imperfections, it becomes clear that for a
reduction of these, an energy input at the capillary wall must
be applied, which avoids locally increased evaporation at
certain capillary areas. Beam shaping of the intensity profile
offers the possibility of a variation of these input variables.

There are different methods of beam shaping. Consider-
ing the complexity of shaping and its practicality, especially
the methods, aspheric lens group shaping, liquid crystal
spatial light modulation shaping, microlens array shaping,
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and diffractive optical element shaping (DOEs) are of broad
applicability [34]. A wide range of focal intensity profiles
can be achieved by using DOEs. By applying structures to
optical elements with high diffraction efficiency (DOE),
the intensity profile can be changed almost arbitrarily by
the use of interference (based on the theory of diffractive
optics) [35]. Industrial application of the DOE technique for
beam shaping can be found in micromachining, e.g., for fast,
simultaneous drilling of microholes [36].

Investigations on shaped laser beams by DOEs in metal
welding [37] demonstrate that weld seams with an almost rec-
tangular cross-section can be obtained by multi-spot keyhole
welding of steels. The authors in [38] used a shaped laser beam
by DOE in combination with beam oscillation for welding
aluminum alloy, reporting a more stable melt pool due to the
uniform energy distribution compared to conventional gauss-
ian beam welding. Sundqvist et al. present studies focusing on
the numerical and analytical optimization of laser spot welding
with shaped laser beams [39]. Using a semi-analytical model,
the author in [40] confirms that capillary geometries resulting
from different beam shapes induce differing pressure gradi-
ents that affect the dynamic behavior of the welding process
(detected oscillations). Especially the use of an elliptical beam
as a transition from conventional round beams shows improve-
ments in simulative and experimental studies, tailoring the
interaction zone and solidification conditions [34].

Matthews et al. [41] studied the effect of elliptical beams
on the melt pool state, finding that a regulation of the surface
morphology and of the microstructure of components with
specific structures becomes possible. Using the ellipse either
as a longitudinal ellipse beam (long axis parallel to the feed
rate) with a wider energy distribution area along the process-
ing direction allows a longer heating and holding time in the
interaction zone, or the rotation to a transversal ellipse result
in larger undercooling and the generation of a finer grain
structure. Based on his simulation model, Beck [42] describes
that in order to increase the feed rate with limited maximum
surface deformation, either the capillary (spot) diameter must
be reduced or the melt pool width must be increased. This
can be achieved by a linear beam shape that is moved in its
narrower direction or by the combined use of several laser
beams with beam foci positioned in line with each other in
processing direction. Experiments by Glumann [43] with an
elongated capillary shape, created by using two laser beams in
line, showed that this setup can increase the maximum weld-
ing speed of ferrous materials by up to 50%. Abe et al. report
the successful application of a focused elliptical beam of a
direct diode laser to weld stainless steel foils with a thickness
of 5 um on thick substrates at a higher speed than a circu-
lar beam, observing a reduced heat affection to the substrate
material [44]. Investigations based on a computational fluid
dynamics approach to analyze the influence of beam shaping
(a reference Gaussian profile and its elliptic elongation) in
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welding on the melt thermal flow revealed that, apart from
the intensity alteration and a change in the direction of the
melt thermocapillary flow, the flow pattern also changes. For a
longitudinal ellipse beam, melt front vortices that assist metal
pre-heating are identified. It is concluded that the elongation
of a beam profile has a non-linear effect on melt flow and
in turn on the seam geometry as well as on the temperature
gradients in the heat-affected zone [45]. Analyses for laser-
based processing of high-strength aluminum alloys on the
influence of different beam shapes based on single weld tracks
in Ref [46] reveal that core/ring profiles have wider melt pools
compared to a purely Gaussian beam. Furthermore, the weld
seam width of the Gaussian beam profile is detected much
more dependent on the laser power compared to the point/
ring profiles studied. Investigations on copper using a similar
beam shaping approach for 515 nm laser radiation show a pro-
cess window extension, wherein the use of core/ring profiles
allows for increased weld depths in Cu-ETP while preserving
weld quality with a homogenous seam surface and shifting
the process limitation of excessive spatter and melt ejection
formation to lower feed rates [47]. This behavior is related to
the observed widening of the capillary entrance and the incli-
nation of its front wall, causing a more uniform evaporation in
the capillary and stabilizing the welding process by reducing
the melt dynamics.

In conclusion, the abovementioned papers show that
non-standard beam shapes can have clear benefits for a wide
range of welding applications; however, they are rarely used
nowadays, especially in copper processing using emerging
laser wavelengths like 515 nm. The major technical bar-
rier for DOE:s is assumed to be the complexity of predict-
ing a beam shape irradiance profile to obtain the desired
weld seam geometry, as the widely iterative trial-and-error
approach is expensive and time-consuming [48]. Thus, the
objective of this work is the experimental characterization of
the process dynamics and weld seam imperfection formation
in direct comparison of different laser beam shapes using
process observation and metallographic analysis. Therefore,
this study uses a welding setup capable of producing a top
hat (flat-top) and an elliptical beam shaped by DOE for cop-
per welding with 515 nm laser radiation to extend the fun-
damental process understanding.

3 Experimental setup and methods
3.1 Laser beam welding setup
For the experiments, a frequency-doubled disk laser TruDisk

3022 (Trumpf GmbH, Ditzingen, Germany) emitting 3 kW
maximum cw-output power at =515 nm wavelength was
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used. The system properties and further properties of the
optical setups are presented in Table 1.

The beam-delivery fiber coupled to the welding optics had
a core diameter of d;; , =200 pm. Using a collimating length
of f-=200 mm and focusing lens with a focal length of
f»=200 mm, a conventional top hat (TH) beam with a mag-
nification ratio of 1:1 was obtained as the fiber end is imaged
onto the focal plane. A spot diameter of d=202.0 um in
almost top hat intensity distribution was measured with a
Primes Focus Monitor FM + (Primes GmbH, Pfungstadt,
Germany) for the optical setup. The measured intensity dis-
tribution in the focal plane is presented in Fig. 2 on the left.

A customized welding optics with a collimating lens of
Jc=100 mm and a f=60 mm focusing lens was built for the
elliptically shaped laser beam using a reflective DOE (sup-
plier: Midel Photonics GmbH, Bonn, Germany). Its design
is shown in Fig. 3.

As laser powers up to 3 kW are used and the process is
accompanied by extensive heat build-up, the fiber plug is
water cooled, while the lenses as well as the DOE and the
2" mirror are air cooled (air cooling not shown). For opera-
tional safety, failure barriers are installed behind the optical
elements. For the DOE design, it is important to know the

Table 1 Parameters and properties of the laser beam source and the
optical setups used in this work

Parameter Unit Trumpf TruDisk 3022

Laser medium - Disc

Wavelength 1 nm 515

Laser power P, W 3000 cw

Fiber diameter d;; um 200

Focal diameter d. um 202.0 (TH), 204.2x366.1 (EL)

Fig.2 Measured intensity
distribution for top hat (TH, .
left) and elliptical (EL, right)

beam profiles at P, =1000 W
laser power

5000 .
4000

Top hat beam (TH)

diameter and intensity distribution of the laser beam at its
position, which was measured using the knife-edge method
and fitting with a super-Gaussian function. The beam colli-
mation was checked by repeating this procedure at a distance
of 200 mm and 300 mm from the lower edge of the collimat-
ing lens mount. For further calculations, a 1/e2 diameter of
20.7 mm was assumed, chosen to minimize the peak inten-
sity of the beam on the DOE while avoiding a significant
amount of laser power hitting the pivoting mirror mount
if 1" DOEs are used. The angular alignment of the DOE
and mirror (15° each) in the optical path was checked and
iteratively optimized; the final result for the welding trials is
shown in Fig. 2 on the right. The axes of the elliptical beam
in the focal plane were measured to be 204.2 um in the short
axis and 366.1 um in the long axis.

The final experimental setup is shown in Fig. 4. The
welding optics were mounted successively on an industrial
robot arm (KR30, Kuka AG, Augsburg, Germany) for the
welding trials, allowing a precise adjustment of the spot ori-
entation and working distance. For the investigations, sand-
blasted copper samples (Cu-ETP, =3 mm, 50 mm X 30 mm)
were fixed in the clamping device mounted on an axis stage
ensuring a stationary process zone for high-speed process
observation. Nitrogen was supplied through a lateral nozzle
to cover the process zone and suppress plume interaction
[49]. To protect the welding optics from spatter and metal
fume, a compressed air-fed cross jet was installed. For the
recording of the interaction zone throughout the entire weld
seam length in side-view (x—z-plane), the sample was moved
with feed rate v, while the optics and observation equipment
were stationary. The process parameters investigated in the
experimental campaign (full factorial experimental design)
are listed in Table 2.

Elliptical beam (EL)

5200
]

Intensity in kW/cm?
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Fig.3 Customized welding
optics

Fiber plug,

(water cooled)

Convex lens:

100 mm, N-BK7

(water cooled)

Pivoting mirror
mount, DOE 2

Failure barrier
(water cooled)

Fiber coupling

Fiber end

Failure barrier

515 nm laser
line mirror 2,
fused silica

Laser beam

Convex lens:
60 mm, N-BK7

20 mm

Fig.4 Experimental setup used

within this work. Green box: X Shleld'ng
Insert: arrangement in the laser Welding gas nozzle
processing zone sample

Clamping device
z
y "kx

Table 2 Overview of the used process parameters for welding trials

Dimension Unit Choice of parameters

Material of sample - Cu-ETP

Beam profile - Top hat beam, elliptical beam
Feed rate v m/min 2;4;6;8;10; 12; 14; 16; 18; 20
Laser power P, kW 0.5;1;15;2;2.5;3

Focal position zp,, mm 0 (top surface)

Partial penetration welds of /y,,,=45 mm length were
generated using the different laser beam profiles (see Fig. 2)
and laser power ranging from P; =0.5—3 kW, with feed rate

@ Springer

Highspeed
Camera 1

lllumination laser
(covered)

Customized
welding optics

Crossjet

Axis stage,
clamping decive
and sample

Highspeed
Camera 2

varied between v =2-20 m/min. The processing parameters
were selected based on initial trials, including the transition
point from HCW to DPW and avoiding a complete penetra-
tion of the sample. Mass loss owing to process instabilities
(spatter, melt ejection, see Sect. 2.2) was quantified from
weighing the specimens before and after the welding process
using a precision balance (Sartorius Practum, Sartorius, Got-
tingen, Germany).

For process observation, two high-speed cameras (Phan-
tom v1210, Vision Research, Wayne, United States and
EoSens mini2, Mikrotron, UnterschleiBheim, Germany) were
used to monitor the capillary and melt pool dynamics. The
videos from the former (Cam 1), mounted under an angle of
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30° to the workpiece normal, were recorded at a resolution of
512x 320 pixels with a frame rate of 50 kHz. The region of
interest (ROI) in combination with a 12 X zoom lens (Navitar,
Rochester, NY, United States) is aligned for lateral observa-
tion of the interaction zone. Illumination of the welding area
with a ns-pulsed diode laser (Cavitar Cavilux HF, A=808 nm,
P4,,=500 W) and bandpass filtering (FBH810-10, Thorlabs
GmbH, Newton, NJ, United States) ensured that the process-
ing laser, plasma plume, and reflections from the interac-
tion zone were blocked or reduced from the camera sensor.
Additionally, while camera 1 monitors the welding process,
camera 2 (Cam 2) is positioned perpendicular to the laser
beam axis resulting in a sharp view on spatter formation and
propagation. The videos of Cam 2 were recorded at a resolu-
tion of 592428 pixels and a frame rate of 5 kHz. Since the
intrinsic glow of the spatter was of interest, a longpass filter
with a cut-on wavelength of 650 nm (FEL0650) was mounted
in combination with blocking of the illumination wavelength.

3.2 Data evaluation: metallurgical preparation
and image processing

After welding, surface and cross-sectional analyses were
performed in a multi-step procedure. Before the samples
were cut into 5 sections, the weld seams were analyzed in
top view using microscopic images and a 3D profilometer
(VR6000, Keyence Corp., Osaka, Japan). The samples were
ground with up to 4000 grit and subsequently polished using
a final grain size of 0.25 m. To determine internal defects
and grain morphology, etched (etchant: Fe(IIl)-Cl, etching
time t=>5 s) metallographically prepared cross-sections were
investigated. As an imaging resolution of 0.876 um/pixel
was used, a measurement accuracy of at least 17.5 um can
be assumed for the minimum internal defect size. The defect
evaluation was performed in a semi-automatic process based
on image processing, described in more detail in [50]. For
the characterization of the weld seam dimensions, electro-
lytically polished specimens were analyzed.

The high speed recordings of Cam 1 and Cam 2 were
evaluated in regard to incoupling, capillary instabilities,

High-speed image Cam 1

Temporal average image

and spatter ejection. The capillary geometry was evaluated
using the temporal average of the pixel values from Cam 1,
taking into account all relevant images of the stationary
welding process. A streak imaging approach was devel-
oped to investigate the dynamic behavior, whose workflow
is presented in Fig. 5. For the analysis of lateral dynamics
in width direction (capillary and melt pool width, spat-
ter formation), the capillary length was initially measured
from the temporal average image (see images 2 and 3 of
Fig. 5) by analyzing the intensity profile. The maximum
value from line-by-line evaluation was set as the capillary
length [¢,,. The pixel column value of [, / 2 was then
used to generate the streak image by lining up the pixel
columns at that position for each timestep of the video to
create a new image representing temporal changes in the
interaction zone (time on the horizontal axis). The rota-
tion of this approach by 90 degrees creates streak images
of the interaction zone orthogonal to the feed direction,
allowing the temporal changes of /., and the melt pool
length to be studied.

Figure 6a shows the interaction zone during deep pen-
etration welding (=3 mm, A=515 nm, TH, d=200 pm,
P;=1500 W, v=_8 m/min) in front view captured from
Cam 2. Analyzing the extract from the irradiated area,
the characteristic element metal vapor plume and spatter
become visible. By the calculation of a maximum inten-
sity projection, indicating the maximum intensity value
for each pixel within a selected image amount representing
a weld length of 5 mm, the spatter formation and plume
behavior during copper welding were simultaneously
accessible for the parameter sets (Fig. 6b).

In this work, the influence of laser beam shape on
weld seam dimensions, vapor capillary behavior, and
process stability in copper welding using green laser
radiation was investigated in a broad parameter range.
The results presented in the following create a database
for welding process optimization in terms of beam pro-
file, laser power and feed rate based on the target criteria
penetration depth and minimum number of weld seam
imperfections.

180
150 @
$120
£ 90
g

5 60

30 leap

0
0 50 100 150 200
x distance in pixel

Intensity profile

Streak image

Fig.5 Schematic illustration of the workflow for the calculation of a streak image of the vapor capillary width calculated for the pixel columns

at the half capillary length (I¢,,/2) from high speed images of Cam 1
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Fig.6 a High-speed image of
Cam 2 with schematic repre-
sentation of the laser beam and
b maximum intensity projec-
tion for laser beam welding

of Cu-ETP A=515 nm, TH,
dp=200 um, P; =1500 W, and
v=_8 m/min

(@)

Table 3 Averaged measured laser powers (tyjeaue=230 s) for both
welding optics used in this work

Set laser power Measured laser power
TH beam (reference
welding optics)

Measured laser power EL
beam (customized weld-
ing optics)

1000 W
3000 W

10254 W
3084.7 W

1018.5 W
3080.0 W

4 Results and discussion

4.1 Analyses of the welding optics and DOE’s
performance

For the evaluation of the laser induced damage threshold
of the DOE, the laser power on its surface was successively
increased in steps of 100 W for a top hat beam of 150 um
diameter, since only a damage threshold for a pulsed laser
process of 0.5 J/cm2 for t,=1 ps at A=515 nm is known
from the substrate supplier. The limit is determined to be
0.6 kW, corresponding to a peak intensity of 3.4 MW/cm?2,
which indicates that the layout of the customized welding
optics is well below this threshold. Moreover, the beam
profiles of the customized welding optics with DOE and
the reference optics with top hat beam were experimentally
analyzed at different laser powers to investigate whether

I — Laser beam
/ Metal vapor plume

—

Spatter _ >

Sample surface

(b)

changes could be observed. As no significant changes were
found, the reflection efficiency was evaluated at a laser
power of P; =1 kW and 3 kW to calibrate the laser power
for the welding trials. The results are presented in Table 3.

No significant losses are noted for the elliptical beam in
the customized welding optics compared to the reference
welding optics (BEO D70) without the additional optical
elements. The reflection efficiency of the designed setup is
therefore >99% and is in good accordance with the specified
data of the DOE of >99% and the mirror of >99.8%.

4.2 Process window for deep penetration welding

The deep penetration threshold (DPT), namely, the transition
from HCW to DPW as a function of the feed rate v for the
different beam profiles, which is derived from the analysis of
the point of vapor capillary formation from high-speed vid-
eos with linearly increased laser power, is shown in Fig. 7.
In the following, the configuration ellipse with the major
axis coincident with the feed direction will be referred to as
EL; the orientation rotated by 90 degrees will be referred
to as “rotated ellipse” or “EL,90°.” In addition, the results
of investigations using a top hat intensity distribution with
dp=340 um from [50] are included.

As in the transition zone, the energy balance is fulfilled
for both HCW and DPW, but a melt pool depression with

Fig.7 Deep penetration thresh- 1750
old for copper versus feed rate
for varied beam profiles and
exemplary high-speed images of % 1500
process regimes DPW (top) and =,
HCW (bottom) for beam profile 0. 1250
EL, A=515nm, and v=8 m/ o)
min %
8 1000 |
1
% = ————a—=a
8 750 -=TH -=-TH, Ref[46]
——EL ——EL,90°
500
0 2 4 6 8 10 12 14 16 18 20
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evaporation characteristics is typically observed; this mode
is assigned to DPW. It is a mixed mode regime between
HCW and DPW that occurs when the power density is high
enough to heat the material just above the vaporization
threshold; however, the forming capillary does not extend
to the melt pool front. A DPW process is present above the
graphs in Fig. 7, while HCW takes place below (also see
inserts on the right).

The standard deviation is not depicted for clarity but is
found to be less than 5% for all datapoints and decreases with
increasing feed rate for all beam profiles. The comparison
with measured aspect ratios of the weld seams and chang-
ing surface characteristics (increased surface roughness and
seam width at the onset of DPW) shows good agreement
with the in situ analysis. This finding becomes exemplary
evident from Fig. 8, where the rougher weld seam, a darker
shade, and a jump in the joint width indicate the changed
mode during the welding process.

For all investigated beam profiles within this work, a
comparable dependence on the feed rate is observed, result-
ing in a 10% higher laser power for initiating a capillary
when the feed rate is increased by a factor of 10. In com-
parison, a ratio of 25% and thus a stronger dependence on
the feed rate for the increased TH spot diameter are observed
in Ref. [50], indicating a higher heat conduction loss due to
the larger irradiated area. This finding also applies to the
comparison of TH and EL, as an earlier onset of DPW is
found for the TH beam profile, yet not to the extent discussed
above. The behavior can be attributed to the higher power
density in the TH beam using the same selected laser power,
thereby requiring less energy to reach target temperature
Ty, (copper), which is in good agreement with Ref. [51]
and experimental investigations in [47].

| HCW

With regard to the orientation of the ellipse, no signifi-
cant difference of the DPT between EL and EL,90° can be
detected, generally providing a larger process window for
heat conduction welding when using this beam profile. From
the weld seam cross sections in Fig. 9, it can be clearly seen
that especially the rotated ellipse achieves a wider remelted
area compared to the other two beam profiles investigated,
reflecting an advantage of the orientable beam shape. Thus,
the joint can be tailored in weld seam appearance in HCW
mode depending on the targeted application. This welding
mode offers the advantage of a stable, almost spatter-free
process for high-reflectivity metals like copper, which is pre-
dominantly feasible with visible laser radiation and almost
nonexistent for NIR laser radiation [52].

4.3 Weld seam dimensions

However, due to the increased efficiency through multiple
capillary internal reflections of the laser beam, deep penetra-
tion welding is widely used, which will be discussed in detail
in the following sections. Since a widening of the interaction
zone in width direction is of subordinate interest for indus-
trial applications (exception: gap bridging, whereby this sce-
nario is not taken into account in this work), predominantly
TH and EL are investigated, as the heat distribution in lateral
direction may cause increased distortion and enlargement
of the heat-affected zone. The results of the cross-sectional
analysis for the weld seam width w and the penetration depth
e for both beam profiles are presented in Fig. 10 and Fig. 11.

For low feed rates v<6 m/min, no significant differ-
ence in weld seam width is visible. An increase of the feed
rate beyond this threshold causes a longer preservation of
wider joints for the EL beam profile, indicating that the

R N A P NP IR b o b 204ty -

<«—— Welding direction

Fig.8 Top view of weld seam with increased laser power for constant feed rate: transition from HCW to DPW; beam profile EL,90°,

A=515 nm, P=varied, and v=8 m/min

Fig.9 Weld seam cross sections for varied beam profiles TH (left), EL (middle), and EL,90° (right) and indicated remelted area; A=515 nm,

P=0.5kW, v=4 m/min, feed direction indicated by white arrow
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Fig. 10 Weld seam width w for different beam profiles EL (left) and TH (right) for a laser power of P; =1-3 kW and feed rate of v=2-20 m/

min; A=515 nm, Cu-ETP
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Fig. 11 Penetration depth e for different beam profiles EL (left) and TH (right) for a laser power of P; =1-3 kW and feed rate of v=2-20 m/

min; A=515 nm, Cu-ETP

temporally elongated irradiation leads to a wider distribu-
tion of the energy in lateral direction. As the laser power is
increased, the weld seam width becomes wider, especially
at low feed rates for both beam profiles, which is attributed
to an increased heat accumulation in the irradiated zone.

The characterization of the penetration depth reveals
different negative slopes with increased feed rate for var-
ied beam profiles. The rate of decrease of e is found to be
of higher value (larger negative exponent for the applied
potency fit) in TH beam welding, while EL shows a lower
dependency on the feed rate. The capillary depth decreases
with increasing feed rate and reflection losses increase, while
thermal conductivity losses decrease [42]. This phenomenon
also leads to a reduction in weld seam width, which shows
a decreasing trend for all settings investigated. Thus, deeper
penetration can be achieved using the TH beam when apply-
ing the same laser power and feed rate. When a low depend-
ence on the feed rate is required, the elliptical beam provides
more stable results.

The standard deviation is found to be below 15% in all
investigated processing parameter sets, decreasing signifi-
cantly with increased feed rate for all beam profiles to val-
ues < 5%. For the TH beam, increased geometric fluctuation
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characteristics are observable at low feed rates in both the
width and depth directions, which can be attributed to the
increased dynamics due to the increased power density and
thus evaporation. These results are in good accordance with
investigations presented in [47] where the width of the seam
is also found to be mainly affected by the ring part during
welding with superimposed intensity distributions. When
welding with constant total power while changing the dis-
tribution from core to ring welding, the decrease in core
power reduces the penetration depth, while the seam width is
affected to a minor extent except for pure core welding. The
observed behavior of an increased feed rate dependency of
the seam width for TH is also reinforced by the experimental
investigations reported in [46].

When comparing equal penetration depth for TH and EL,
the additional power for the latter beam profile decreases
as the feed rate is equally increased. For example, a power
difference of AP=1 kW is observed for the feed rate setting
v=4 m/min generating a penetration depth of e ~ 1.6 mm.
This additional power decreases to AP=0.5 kW for v=8 m/
min (penetration depth e = 1.5 mm) and v=18 m/min
(e = 0.85 mm). The superimposed seam contours for differ-
ent beam profiles are shown in Fig. 12.
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Fig. 12 Superimposed seam
contours for varied beam
profiles (orange contour, EL;
white contour, TH) and equal
penetration depth; A=515 nm,
P=2.5kW (EL)/2 kW (TH),
v=_8 m/min (left); P=2.5 kW
(EL)/2 kW (TH), v=18 m/min
(right)

At slower feed rates, the effect of heat dissipation from
the interaction zone is more pronounced, causing a greater
power difference due to the larger beam area of EL com-
pared to TH at equal penetration depth. From the seam con-
tour overlay, the wider joint area created by the elliptical
beam can be identified, especially close to the sample upper
surfaces. This behavior becomes less pronounced when the
feed rate is increased. So a more V-shaped seam geometry
is achieved using the elliptical beam profile, while steeper,
straighter seam edges are observed for the TH beam.

Looking at the aspect ratio of the welds, calculated
with the weld width at half penetration depth, as pre-
sented in Fig. 13, indicates largely constant values for
EL as a function of the feed rate and a slightly decreas-
ing tendency for TH as the feed rate is increased. The
decrease for P; =1 kW for v> 10 m/min is attributed
to an incompletely developed deep penetration welding
process that can be assigned to the transition mode, as
observed from the corresponding high-speed images.
It is noticeable that with EL, smaller aspect ratios are

obtained, which, however, can be kept constant versus
increased feed rate compared to the TH beam profile.
Increasing the laser power results in a vertical upward
shift of the data points, which tend to be smaller for the
EL beam, indicating higher energy coupling for the TH
beam due to more constricted energy input and the high
thermal conductivity of copper [53].

In Fig. 14, the aspect ratio is plotted for the weld seam
width measurements at the top surface and at half the pen-
etration depth. For reasons of visual clarity, the standard
deviation is not shown in these diagrams.

As already discussed in the context of the weld seam
geometry, the wide scattering of the results due to the high
dynamics of copper welding becomes apparent when con-
sidering the aspect ratio at the sample surface. Overall, a
broader distribution of the TH values with larger aspect
ratios can be identified compared to the EL data points.
Analyzing the results at half penetration depth, a pattern of
values along a bisecting line can be observed. The smallest
aspect ratios with values < <1 are attributed to the HCW
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Fig. 13 Aspect ratio calculated with weld seam with at half penetration depth for different beam profiles EL (left) and TH (right) for a laser
power of P; =1-3 kW and feed rate of v=2-20 m/min; A=515 nm, Cu-ETP
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Table 4 Physical properties of copper and experimental conditions

[52, 55]

Parameter Unit Copper
Density p kg/m® 8935
Melting temperature T, °C 1084
Ambient temperature 7}, °C 20
Thermal conductivity 4,, (T=20 °C) W/m*K 394
Specific heat capacity ¢ (T =20 °C) J/kg*K 456
Latent heat of melting &, Jig 188

regime. Increasing the laser power results in deeper penetra-
tion and therefore higher aspect ratios (trend arrow “P; 1),
while a reduction in feed rate causes the data points to advect
to the right (increased penetration depth).

For further comparison of the beam shaping capabilities
in copper welding, the melting efficiency (ME) is calculated
according to Eq. (1). Based on Ref. [54], the latter indicates
the proportion of energy consumed by the solid—liquid phase
change in relation to the energy input and is computed as
follows:

ME=1[c-(Ty—-Ty)+hyl-p-A-v/P,, €h)

where ME is the melting efficiency, c is the specific heat
capacity, T), is the melting point temperature, 7}, is the room
temperature, &, is the latent heat of melting, p is the density,
and A is the cross-section area. The parameter values for
copper are listed in Table 4.

The results plotted versus penetration depth for varied
laser power and feed rate (DPW mode) are shown in Fig. 15.

At low feed rates, a larger heat-affected zone is created
and the thermal efficiency decreases (large melt pool vol-
ume which loses more energy). In accordance with these
findings, the ME is observed to be decreased when small
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Fig. 15 Melting efficiency calculated according to Eq. (1) versus pen-
etration depth e for different beam profiles; P; =1-3 kW, v=2-20 m/
min

feed rates are applied at a constant laser power for both
beam profiles. Besides, the melting efficiency increases
with the increase of the welding speed, which is also in
good agreement with experimental studies on copper in
[52]. Therefore, a 36% increased ME is found for the ellip-
tical beam at a laser power of P, =3 kW, while a 72%
increased value is detected for the TH beam when the
feed rate is increased from v=2 m/min to v=20 m/min.
However, the lower feed rate dependence of EL welds
observed earlier in this section is also reflected in a shal-
lower increase in the ME data points with decreasing pen-
etration depth. For equal processing parameters, a lower
melting efficiency is observed for EL compared to TH. This
behavior is attributed to the increased aspect ratio of the
capillary (see Fig. 12) for the TH welding process, as the
capillary internal reflections are thereby increased [42].
Nevertheless, the vapor capillary dynamics and weld seam
imperfections have not been taken into account so far.
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Fig. 16 Measured mean width (left) and length (right) of the capillary opening from high-speed observation versus feed rate v for different beam

profiles TH and EL

4.4 Vapor capillary monitoring

The mean capillary length and width for both beam profiles
obtained from streak image analysis for the EL and TH beam
profiles are presented in Fig. 16.

For the capillary opening in the lateral direction
(width), decreasing widths are observed when the feed rate
is increased. This trend is found to be more pronounced for
elliptical beam profiles, leading to a reduction of the mean
capillary width by ~ 100 um when the feed rate is increased
by 14 m/min, starting at v=4 m/min and a laser power of
P; =2 kW. This behavior is attributed to the elongated
irradiance in the case of the EL beam profile, increasing
the applied energy at any point in the laser matter interac-
tion zone. The use of a higher laser power promotes this
trend for the elliptical beam profile, whereas no significant
difference is noted for the TH beam.

Considering the capillary opening in the welding direc-
tion, a feed rate dependent lengthening is observed for
all laser powers investigated. The reason for this change
originates from the inclination of the capillary front wall
with increasing feed rate, inducing momentum of the
evaporating material onto the capillary back wall [6] in

Fig. 17 Streak images of the
interaction zone in width (y)
and feed (x) direction for laser
beam welding of copper using
an elliptical beam profile,
A=515nm, P, =3 kW, and
v=4 m/min
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combination with a changing flow dominance from a sur-
face tension gradient driven flow to a flow around the cap-
illary. Additionally, the use of a higher laser power leads to
an increase in the capillary opening area, calculated from
the measured feature values assuming an elliptical open-
ing, which can be explained by the increased absorbed
energy in the irradiated area. These results agree well with
the investigations reported in [21].

Overall, higher standard deviation values are found
at lower feed rates, which can be attributed to increased
process dynamics due to heat accumulation. In these sta-
tistical values, especially the data points for EL in the
width direction are noteworthy. A further analysis of the
temporal width variations based on the streak images
reveals a periodic oscillatory movement of the capillary
in the irradiated zone, illustrated in Fig. 17 for a laser
power of P, =3 kW at a feed rate of v=4 m/min. The
subsequent evaluation by means of mathematical descrip-
tion as a harmonic oscillation is shown in Fig. 18. In
this context, the oscillation amplitude is specified as the
difference between the maximum capillary width and
the baseline for the streak images in feed rate direction
(compare Sect. 3.2).

,gﬁ W
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It becomes apparent that the streak images show oscil-
latory movements in and across the feed direction, with
the features being linked in both directions. The points
of maximum width coincide with the points of maximum
capillary length, as indicated by the dashed line in Fig. 17.
This movement is transferred to the melt pool, which also
shows a periodically fluctuating tail. When analyzing the
TH datasets, behavior of this kind is not observed. The
reflection of the oscillation data for the process parameter
window indicates an increase in frequency with increas-
ing feed rate as well as increased laser power. At the same
time, the amplitude decreases for the detected higher
frequencies.

The behavior observed is assumed to be attributable to
the fluctuating energy absorption in the interaction zone as
a complex interaction of irradiated energy, attenuation, and
disturbance effects like the metal vapor plume [49] and the
observed time-varying capillary geometry (opening as well
as geometric fluctuations in depth direction [6]). Another
factor is the coupling with the surrounding liquid metal in
the melt pool, which is more extensive in the case of the
elliptical beam due to the lower-energy density boundary
region in comparison to the TH beam profile. The compari-
son of these findings with results of other experimental pro-
cess dynamic analyses summarized in [7] reveals similar
time scales for the oscillatory movements.

Thus, the modified beam profile using an ellipse in cop-
per welding using green laser radiation results in regular
oscillating feature movements in the interaction zone. The
authors in [56] state that a capillary without depth varia-
tions, without pore formation, and with a constantly high
efficiency is required for a stable welding process. However,
it has already been shown that a modulation of the laser
power, as investigated in [27], can also stabilize the laser
welding process of copper. The observed positive effects of
the elliptical beam shape on the formation of seam imperfec-
tions are therefore discussed below.
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4.5 Seam imperfection formation

Spatter ejection from the laser matter interaction zone and
the melt pool was evaluated by means of maximum intensity
projections and visual inspection of the recorded high-speed
videos from Cam 1 and Cam 2. The resulting spatter count
per 5 mm weld seam length as a function of feed rate for
laser powers of P; =2 kW and 3 kW is presented in Fig. 19.

In general, the EL beam profile features a reduced spatter
amount compared to TH over the entire processing param-
eter range investigated. An increase in the feed rate leads
so a significant decline in spatter count, resulting in a 93%
feature reduction for EL, P, =3 kW between v=2 m/min
and v=20 m/min at the maximum. Increasing the laser
power in connection with increased aspect ratio of the weld
seam (see Sect. 4.3) is observed causing an upward shift
of the data points for TH, while no dependency is found
for the elliptical beam profile. The standard deviation (data
not shown here for clarity reasons) is observed to be less
than 5%, decreasing with increasing feed rate for both beam
profiles. Comparing the evaluation with results for a wider
TH beam diameter (340 um in [50]), lower values are deter-
mined for the latter.

A significant difference in the size of the ejected particles
is identified between EL and TH. On average, 41% smaller
spatter are measured for the elliptical beam compared to the
TH beam. The maximum intensity projection analysis shows
the differences during the welding process in a demonstra-
tive manner. Figure 20 shows exemplary results for compa-
rable penetration depth of e ~ 1.1 mm for both beam profiles
applying a feed rate of v=4 m/min.

The significantly larger number of spatters can be rec-
ognized from visual inspection of Fig. 20. For the elliptical
beam profile, however, the metal vapor plume is detected
to be more prominent in laser irradiation direction. This
behavior is attributed to a more uniform evaporation in the
case of EL even at low welding speeds in comparison to
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an increasingly fluctuating plume when using the TH beam
profile.

The investigation of seam imperfection formation fur-
thermore reveals a feed rate dependency, which is reflected
in a predominant detachment of smaller spatters at higher
feed rates. A maximum intensity projection and an example
high speed image from the interaction zone for laser beam
welding of Cu-ETP using a TH beam profile at a laser power
of P; =2500 W and a feed rate of v=18 m/min are shown in
Fig. 21. Concerning the detachment point of the spatter at
low feed rate, a larger fraction arises in the direction of the
solid copper interface at the capillary front wall (see broad
distribution in Fig. 14 for EL and TH). When the feed rate is

Fig. 19 Spatter count per 5 mm 160

increased, the mechanism is observed to be shifted towards
the back wall of the capillary and the melt pool, associated
with a smaller angular range for material ejection almost
exclusively against the feed direction. This phenomenon was
observed independent of the beam profile used.

The observations made in this work can be corroborated
based on findings of other researchers reporting that small
detached particles move significantly faster than larger melt
droplets (increased spatial difference in maximum intensity
projection between Fig. 20 and Fig. 21) [30] and observing
spatter occurrence mainly in the DPW mode [52]. Weber-
pals stated that due to the correlation between the inclina-
tion of the capillary front wall and the dynamic pressure

weld seam length versus feed
rate for different beam profiles 140
and laser power settings
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Fig.20 Maximum intensity
projection for laser beam weld-
ing of copper using different
beam profiles at comparable
penetration depth; A=515 nm,
EL (P, =2000 W, v=4 m/min
(left)) and TH (P, =1500 W,
v=4 m/min (right))

Fig.21 Maximum intensity
projection (left) and example
high speed image from the
interaction zone (right) for laser
beam welding of Cu-ETP using
TH beam profile; A =515 nm,
P; =2500 W, and v=18 m/min
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of the corresponding emitted vapor jet, the degree of cou-
pling between the metal vapor plume and the melt pool is
influenced, thereby changing its hydrodynamics [57]. The
increase of the inclination angle of the former, e.g., by
increasing the feed rate and thus increased dynamic pres-
sure of the metal vapor plume, leads to a shift in spatter
ejection angle, which coincidences with the direction of the
plume [58]. However, the reported increase in spatter num-
ber with process acceleration on steel is not consistent with
the findings of this work investigating copper welding. This
behavior is attributed to the lower surface tension of copper,
which is 60% of the value of steel at 2000 °C [59].

The reason for the increased process stability in terms of
lower spatter count for EL is associated with the steeper edge
and the higher energy input in the upper capillary region
when using the TH beam profile, exemplary shown in two
high speed image sequences in Fig. 22. The lower inten-
sity region in the outer part of the EL beam creates a melt
ring around the capillary observed more stable even at short
timescale instabilities evident by a pronounced metal vapor
plume at #,+ 120 ps, as shown in the upper part of the fig-
ure. In the case of #,+200 ps, no spatter ejection event was
observed subsequent to this instability, with the capillary

Fig. 22 Process instabilities
in LBW of copper observed
through high speed imaging;
A=515nm, P; =2000 W,
v=4 m/min, EL (top) and TH
(bottom)
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opening slightly enlarged again. In images 4-6, a compa-
rable sequence is visible, followed by a spatter ejection
event at the front capillary rim (see green dashed line). The
slightly increased spatter amount at lower power (P; =2 kW
compared to P; =3 kW) and higher feed rates when using
the elliptical beam profile is observed to be caused by the
fact that the deep penetration welding process is not fully
developed due to the shorter laser-matter interaction time
and the wider energy distribution compared to TH (see
aspect ratio~ 1, Sect. 4.3).

In comparison, strongly fluctuating seam appearance,
pronounced spatter formation, and melt ejections with
consecutive hole formation are observed for the TH inten-
sity distribution, particularly contributing to the high spat-
ter counts at v<4 m/min. Figure 22 (bottom) shows seam
imperfection formation, where parts of the melt pool are
ejected through spatters (< 100 pm, frame 3) and larger
droplets (frames 5-6). The instabilities are observed start-
ing with liquid copper from the confined melt pool covering
parts of the high dynamic capillary opening (¢, 7,+40 ps).
Due to changed evaporation conditions (increased capillary
internal reflections) and associated pressure increase, the
upward flow exerts higher frictional forces on the liquid
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copper interface, tearing material away from the process
zone. As discussed above for the low feed rate applied, the
ejection direction covers the entire half-space above the
specimen (images 3-6).

Since quantification of mass loss during the welding
process is easier to investigate compared to imaging tech-
niques, the results are compared below in terms of process
stability. The following shares contribute to the measured
sample weight reduction: the evaporated material, which is
assumed to have a minor impact since no differences could
be quantified in the transition mode with the accuracy of
the equipment used, wherein evaporation was confirmed
by the presence of a metal vapor plume from high-speed
image analysis. Moreover, the penetration depth, and thus
the capillary depth, is found in comparable dimensions for
the beam shapes investigated. So the main share is mass loss
from process instabilities in the sense of melt ejection and
spatter. Figure 23 (left) presents the average mass loss for
varied laser power from P; =2 kW to P, =3 kW versus feed
rate for both beam profiles. Besides (Fig. 23 right graph),
the mass loss ratio, calculated as the ratio of the mass loss
to the total molten volume evaluated from the cross-section
analysis, is shown.

Comparable trends are visible with regard to the beam
profiles and the process parameters. The decrease in mass
loss appears to be rather exponential compared to the spatter
count and mass loss ratio, where linear trends are observed.
The elliptical beam profile reveals the lowest measured val-
ues overall, while welds produced with TH are found with
significantly increased mass differences prior and after weld-
ing, ranging up to 8.5% at v=2 m/min for a laser power
of P, =2 kW. For EL, a mass loss ratio of <1.2% is meas-
ured for all feed rates and laser powers studied. The results
in terms of mass loss are thus in good agreement with the
observed spatter behavior, and the same resume regarding
seam imperfections can be drawn. The presented studies are
in excellent agreement with investigations in [34], reporting
that the lower energy gradient of the elliptical beam is more
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beneficial for improving the stability of the melt pool com-
pared to a Gaussian beam. Results of the simulation of an
elliptical capillary shape performed in [42] show that these
conditions lead to a reduction in flow velocities in the melt
pool and to a lower pressure rise at its tail.

The internal defect amount evaluated by semi-automatic
analysis of the cross-sections does not reveal a correlation
with the beam profile used. Detailed data analysis shows
defect area fractions in the small single-digit value (< 2%,
data not shown) of the seam area for all parameter sets,
which is assessed to be very low. For slower feed rates up
to v=6 m/min, increased pore area ratios were observed,
which is assumed to be related to enhanced capillary bulging
[60] and altered temperature distribution compared to faster
processing speeds. In copper welding investigations focusing
on the hairpin welding process, lowest porosity levels in the
same order of magnitude are obtained [61] using 515 nm
laser radiation.

5 Conclusion

Thanks to the advances in laser development, powerful
laser devices with appropriate beam quality are available
nowadays, allowing, for example, welding speeds to be
increased in laser material processing. With increasing
output power of the laser systems, industrial laser welding
applications are also becoming more efficient and produc-
tive, which can save costs and improve overall profitabil-
ity. However, for the aforementioned increases, process
defects such as pores, spatter, and other process instabili-
ties causing weld seam imperfections must be avoided as
best as possible. The aim of this work was therefore the
experimental investigation of process characteristics and
weld seam imperfection formation in direct comparison
of different laser beam shapes using process observation
and metallographic analysis for copper welding with green
laser radiation. Therefore, a customized welding optics

0 4 8 12 16 20
Feed rate v in m/min

Fig. 23 Absolute mass loss (left) and calculated mass loss ratio (right) versus feed rate for Cu-ETP using different beam profiles and laser power

settings
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was designed and successfully used in welding trials,
producing an elliptical beam shaped by DOE for 515 nm
laser radiation with a maximum power of 3 kW. To the
knowledge of the authors, this is the first implementation
of high-power reflective DOEs for welding application
with kW-class beam shaping in copper processing using
green laser radiation. To extend the fundamental process
understanding, the results were compared with a conven-
tional welding setup using a top hat (flat-top) beam shape.
The following conclusions can be drawn:

— An enlarged heat conduction welding regime (7% larger
based on feed rate average) is found for the elliptical
beam profile in process window analysis, controllable
by the orientation of the beam profile in the interaction
zone. This regime is almost spatter free and predomi-
nantly feasible with visible laser radiation on copper.

— Regarding seam dimensions in deep penetration welding
mode, the elliptical beam produces wider joints due to
the increased energy input in feed direction compared
to a top hat beam profile of same diameter as the minor
axis of the ellipse. For the penetration depth, the ellipti-
cal beam provides more stable results against feed rate
variations.

— For the same processing parameters, a lower melting effi-
ciency (5% on average for all examined parameter sets) is
detected for the elliptical beam compared to the top hat,
owing to the fact that the aspect ratio of the capillary and
thus the capillary internal reflections are increased for the
latter.

— The vapor capillary geometries of both beam profiles
show comparable parameter dependencies on laser
power and feed rate; however, the interaction zone using
an elliptical beam profile shows a periodic oscillatory
movement in streak image analysis. Measured feature
values reveal an increased frequency for increased feed
rate and reduced laser power, associated with an inverse
behavior of the oscillation amplitude.

— High speed observation of the interaction zone reveals
reduced dynamic behavior for the elliptical beam profile
compared to the top hat beam profile, correlating with
the oscillatory movement of the capillary. Up to 60%
less spatters and melt ejections are identified for equal
penetration depth. The comparison of the in situ anal-
yses with measured mass loss shows good agreement,
emphasizing that the distinct melt pool in the case of the
elliptical beam is more tolerant for short time instabilities
causing seam imperfection formation.

In sum, the pronounced dynamics in the interaction zone,
known for the laser beam welding process of copper, can
be effectively reduced using an elliptical shaped laser beam
profile. As shown, the change in the energy input leads

@ Springer

to beneficial effects on the formation of seam imperfec-
tions using 515 nm laser radiation. Thus, a combination of
energy efficiency and precise process guidance in terms of
penetration depth and seam imperfection prevention can be
achieved. These findings are expected to be beneficial for
further process optimization of laser beam welding, espe-
cially for applications in the field of electromobility.

As known from practical experience, the transfer of the
observed effects in copper to assemblies is challenging,
since there is a significant influence of the part geometry on
the heat dissipation from the interaction zone, and thus the
final weld seam, as well as the effect of scattered radiation
in assemblies with neighboring heat-sensitive components,
has to be considered. The investigation of these aspects may
be the subject of further work.
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