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ABSTRACT

Robotic systems equipped with high-power laser sources are often employed for the production of battery packs for the electric mobility
sector. Considering the strive toward a circular manufacturing economy, there is great interest in the possibility of reconfiguring such equip-
ment for dismantling operations. The present study explores the hybrid use of a robotized fiber laser welding system, adapting its scope
from joining of battery casings toward the separation of the same thin Al sheets, enabling the recycling of the internal cells of the battery
pack. Process feasibility is assessed by tailoring the beam size as well as exploiting dynamic beam oscillation to perform the separation
process. Dynamic beam oscillation allows us to obtain a smaller kerf width and greater process stability with respect to linear trajectories
with larger beam sizes. The damage to underlying cells of the separation region was also assessed on different materials (Al, Ni-plated steel,
and Cu). Greater surface modifications and higher peak temperatures (in excess of 800 °C) were recorded when employing dynamic beam
oscillation with respect to linear trajectories. This research demonstrates a pathway for reutilization of the existing technological systems for
a circular and sustainable production chain in the e-mobility sector.
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I. INTRODUCTION

As the electrification of vehicles continues, the use of battery
packs for traction system applications increases. These consist of
several Li-ion cells connected via busbars, encased and sealed in
the containing pack. Laser-based manufacturing processes are
industrially used to produce the components of the battery pack.1

Laser cutting is used for slitting and forming Li-ion electrodes.
Laser welding is used to assemble the electrodes, seal the cell cans,
provide electrical connections with busbars, and seal the battery
pack. As the number of electric vehicles in use increases and the
existing vehicles in circulation age, the necessity to recycle and
reuse the battery cells inside them becomes more evident. Laser
systems used for producing the battery pack can also be potentially
used in the recycling stage for reopening them as indicated by

Rettenmeier et al.2 The laser systems employed in welding pro-
cesses usually operate with beam sizes in the range of 100–300 μm,
often manipulated by scanning optics for beam oscillation and
steering. The same optical chain could be potentially used for
remote material separation. Figure 1(a) shows the remote laser sep-
aration process for the opening of battery packs. These are com-
monly produced using lightweight metals such as Al alloys with a
1–2 mm thickness.

Remote ablation cutting can be employed for the processing
of thin metallic sheets such as battery foil electrodes, a rising topic
within the current transition to electric mobility.3 Various solutions
have been explored in literature employing both ns-pulsed and
ultrafast laser sources as in the research works by Lutey et al. and
by Zhang et al.4–6 Different emission wavelengths may be exploited
to improve the quality finish as shown by Demir and Previtali.7
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This process may also be conducted with high-brilliance CW laser
systems that are competitive in terms of productivity as shown by
Kriegler et al. and Patwa et al.8,9 Lee et al. also contributed signifi-
cantly in studying the slitting of thin sheets with CW fiber laser
sources.10–12 Burst mode emission of the ps-pulsed laser source is
another promising solution to improve cut quality and productivity
as indicated by Huang et al.13 However, when employing pulsed
laser sources, the process efficiency significantly reduces with an
increase in the material thickness, especially when considering
typical values of battery casings in the millimeter range.14

Laser cutting with a process gas conventionally operates with
a melt and blow mechanism.15 The laser beam generates the
melting of the material, which is pushed down from the opened
kerf. In the absence of a process gas to achieve the blowing action,
the process moves to a remote cutting configuration. Research has
concentrated on improving the cut quality with limited thickness
(<1 mm) using high-quality beam sources such as single-mode
fiber lasers.16–19 Elevated cut speeds have been enabled by the
introduction of high-brightness fiber laser sources.20 In the case of
a laser beam typically used for welding operations, material separa-
tion may move away from high-quality cutting via vapor-dominant
material expulsion. On the other hand, such beams can be poten-
tially used for material removal by melt expulsion, providing a sep-
aration without the need for high-quality kerfs. In this processing
regime, the laser beam is expected to penetrate through the entire
thickness of the battery pack layer and the excess beam to reach the
underlying connection busbars as well as the battery cells them-
selves. The damage provided by the excess beam on the underlying
materials has to be evaluated for safety as well as material
recoverability.

In literature, there is evidence regarding the use of high-power
laser sources for dismantling or cutting operations. The first studies
on the topic were reported by the research group of Gladush and
co-workers, which exploited a high-power CO2 laser source for
remote cutting operations.21 The technique under study was imple-
mented for the dismantling of high-thickness steel structures22

including modeling of the melting mechanism.23 Brodesser et al.
showed the development of a mobile fiber laser cutting system.24

Choubey et al. studied the use of a pulsed Nd:YAG laser for dis-
mantling operations using a proximity cutting head in both dry air

and underwater environments.25 Villumsen et al. extensively inves-
tigate robotized remote cutting operations, exploiting a fiber laser
and diffractive optical elements to shape the beam to enhance the
process functionality.26–29 Researchers from IWS Dresden also
explored the use of remote fusion cutting for the processing of steel
sheets in the millimeter range30,31 as well as the IWB group at the
Technical University of Munich.32 Specific attention was devoted to
characterizing the cut kerf geometry as well as the trajectory plan-
ning of robotized systems for remote fusion cutting.33,34

Although high-power solid-state laser sources emitting with
continuous wave emission have been studied extensively for remote
separation processes, the use of beam shaping techniques has been
analyzed limitedly. Villumsen and co-workers explored the possi-
bility of employing a diffractive optical element to modify the
power emission profile.26,27 Dynamic beam shaping approaches to
tailor the distribution of the laser emission power are among the
promising solutions to enhance process productivity and quality
during laser cutting. Researchers from KU Leuven have explored
the possibility of oscillating the beam during the processing of
high-thickness materials.35–38 Research activities on these tech-
niques are also explored at IWS Dresden.39,40 Although material
thicknesses are uncommon for the current battery pack casings, the
possibility of employing dynamic beam oscillation to improve the
dismantling process with remote processing operations remains a
scientifically relevant question.

The possibility of employing fiber laser cutting systems for
the dismantling of battery packs has been hypothesized by
Kampker et al., given their intrinsic flexibility and reconfigurabil-
ity.41 Still, this approach has not been analyzed within the scien-
tific literature. Among the open challenges in the
remanufacturing processes reside the risks associated to the dam-
aging of the cells within the internal structure of the battery pack.
Ad-hoc design of the battery packs could enable easier demanu-
facturing; yet, given the wide variety of battery systems in terms of
shape and geometry, it is of interest to explore the effect that
laser-based material separation strategies could have on their
internal contents. Accordingly, this work studies the remote laser
separation process for recycling battery packs by exploiting a
reconfigurable robotized system, which enables flexible planning
and design of operations and processing conditions. A fiber laser
source used for laser welding operations was adapted to this
process. Al-alloy thin sheets were processed using a defocused
beam and linear trajectory [Fig. 1(b)] as well as a focused and
oscillating beam [Fig. 1(c)]. Within the identified operating
windows, experiments were conducted to assess damage to the
underlying materials. Temperature rise on the busbar materials
was also measured. Conventionally used materials such as
Ni-coated steel, Al, and Cu were employed. The results are inter-
preted for a better understanding of the separation process and
correct usage in the battery pack dismantling procedures.

II. MATERIALS AND METHODS

A. Laser system

The remote separation process was carried out using a robotic
laser system mainly employed for laser welding with beam oscilla-
tion (BLM Group, Italy). The experimental system was

FIG. 1. (a) Schematic description of remote laser separation used on battery
packs. (b) The use of a defocused beam on a linear trajectory. (c) The use of a
focused beam oscillating with a circular pattern.
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representative of a laser welding system that may be adapted to
battery pack recycling operations. It consisted of a
six-degree-of-freedom robotic arm and a two-degree-of-freedom
rotary/tilting table as shown in Fig. 2. The robotized configuration
of the welding system is a fundamental to enable the reconfigurabil-
ity of the production system from a manufacturing to a dismantling
system. This setup allows us to digitally replan the processing tra-
jectories, guarantees full accessibility to different geometries and
positions, and modifies the processing conditions by regulating the
working distance between the welding head and the process param-
eters related to the laser beam.

A 6-kW multimode active fiber laser with 100 μm delivery
fiber was employed (IPG YLP 6000, Oxford, MA). The laser source
was coupled to a wobble head capable of oscillating the beam in
various trajectories with up to 500 Hz frequency and 3 mm ampli-
tude (IPG D50, Oxford, MA). The optical path consisted of a
200 mm collimating and a 300 mm focusing lens producing a
150 μm beam waist diameter. Table I summarizes the main charac-
teristics of the laser system.

B. Materials

Aluminum alloy grade EN AW 6061 with 1 mm thickness was
used as the material to be separated representing the casing mate-
rial of a battery pack. It was used in cold-rolled conditions. As

busbar materials, high purity Al with 0.8 mm thickness, Ni-coated
steel (Hilumin) with 0.3 mm thickness, and pure Cu with 0.2 mm
thickness were tested.

C. Measurement equipment

Optical microscopy images of the separation tracks and the
damage traces on the busbars were acquired (UM 300 I BD,
EchoLAB, Paderno Dugnano, Italy). The temperature rise on the
busbars was measured with K thermocouples. The acquisition fre-
quency for the temperature measurement was set to 10 Hz.

III. STUDY OF LASER SEPARATION

A. Impact of beam size with a linear cutting trajectory

The remote separation process was studied employing a linear
trajectory in the initial part. The laser beam size plays a critical role
in material separation. A small beam may allow us to increase the
laser intensity delivered to the workpiece. However, without the
blowing action of a process gas, the molten material may resolidify
without a consistent separation track. The use of a wider beam may
allow for the widening of the molten area and, hence, provide com-
plete material separation in the absence of a process gas.
Accordingly, in this experimental campaign, the effect of the beam
size was evaluated along with laser power and processing speed.
The power level was varied between 4 and 6 kW using speeds
between 40 and 80mm/s. The focal position was varied between 0
and 10 mm above the workpiece surface. In these combinations,
the spot sizes were 150 and 1024 μm, respectively. The beam was
defocused to a point above the surface to avoid elevated beam irra-
diance levels on the underlying battery cells in the final application.
The process parameters in the linear cutting trajectory experiments
are summarized in Table II.

Figure 3 depicts the results of the linear cutting trajectory
experiments, where the effect of the varied process parameters on
the separation statues could be observed. The experiments pro-
duced conditions of no separation, unstable separation, and suc-
cessful separation. The no separation condition consisted of an
evident melting process, which subsequently resolidified, forming
an inconsistent remolten seam. Such conditions were verified when
the smallest beam size, with the focal point on the surface, was
employed (Δz = 0). By enlarging the beam on the material surface,
unstable and separation conditions were achieved. At low-power
(4 kW) and high-speed conditions (60–80 mm/s), the tracks were
unseparated, following a molten and resolidified morphology
similar to those observed with the smallest beam size. With a 5 kW

FIG. 2. Robotic laser welding system used in the experimental study.

TABLE I. Main specifications of the laser system.

Parameter Value

Wavelength, λ (nm) 1070
Beam quality factor, M2 11.2
Available laser power, P (W) 6000
Feeding fiber core diameter, df (μm) 100
Focal length, ff (mm) 300
Collimation length, fc (mm) 200
Beam waist diameter, d0 (μm) 150

TABLE II. Fixed and varied parameters for the linear cutting trajectory.

Fixed parameter Value

Process gas None
Varied parameters Value
Power, P (kW) 4, 5, 6,
Speed, v (mm/s) 40, 60, 80
Focal position, Δz (mm) 0, +10
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laser power, complete separation was achievable at the lowest
speed, while at 6 kW, all conditions produced complete separation.
The unstable conditions showed repetitive patterns of the separated
material, implying melt pool instability and resolidification behind
the separation front. At the lowest energy conditions (P = 4 kW,
v = 40mm/s), the frequency of this opening and collapsing process
is at its highest, with repetitions approximately every 5 mm.
Providing more energy (P = 5 kW, v = 60 and 80mm/s), the repeti-
tion frequency moves to approximately 8 mm.

Figure 4(a) shows the observed qualitative conditions in the
parameter’s space, while Fig. 4(b) shows the kerf sizes in the stable
separation parameter combinations.

It can be seen that the kerf width results are larger than 1 mm
for all cases, with values always above the employed beam spot size.

Metallographic cross sections along the transverse direction of the
cuts are shown in Fig. 5. In these conditions, it can be deduced that
the separation process is based on material evaporation as well as
melt separation due to material surface tension. As a matter of fact,
a part of the molten material remains attached to the side of the

FIG. 3. Separation status as a function of power and speed with the spot size
(a) on the surface and (b) 10 mm above the surface.

FIG. 4. (a) The resulting feasibility window with a linear trajectory. (b) Kerf
width measured in the feasibility window as a function of speed and power at
Δz = 10 mm. Error bars indicate 95% CI.

FIG. 5. Metallographic cross sections along the transverse direction of the cuts
obtained with a linear cutting trajectory at Δz = +10 mm. Successful conditions
exhibit an open kerf.
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kerf, exhibiting a rounded geometry indicative of the surface
tension effects acting on the melt. It is also possible to denote the
presence of pores in the resolidified material, typical of gas entrap-
ment that occurs when Al is exposed to the atmosphere at the
liquid state at high temperatures. Moreover, heat conduction is
expected to play a significant role in enlarging the melt region and
facilitating the separation cut, however, at the cost of increasing the
heat-affected zone in the vicinity of the kerf.

As a complementary part to the linear trajectory investiga-
tion, the remote separation process was also studied with an oscil-
lating laser beam. With a well-focused and oscillating beam, the
objective was to facilitate melt expulsion through the wider kerf
and the stirring action of the oscillation pattern. In this phase, the
power was fixed at 6 kW and the focal position was placed on the
material surface, providing the smallest beam size. A circular
oscillation pattern with variable amplitude and frequency was
superimposed on the linear trajectory. The linear speed was
varied between 60 and 100 mm/s. The oscillation amplitude
was varied at 0.5 and 1 mm, with frequencies at 150, 300, and
450 Hz. The details of the oscillating beam experiments are sum-
marized in Table III.

Figure 6 shows the separation status as a function of the tested
parameters with the oscillating beam. The process feasibility
window is shown in Fig. 7(a), while in Fig. 7(b), the kerf width of
the successful separation cuts is shown.

The processed tracks exhibit smaller sizes when compared to
the linear trajectory conditions, despite the wide oscillation ampli-
tudes. No complete separation was achieved with a 0.5 mm oscilla-
tion amplitude, resulting in tracks characterized by intermittent
molten and solidified materials, resembling a welding condition. At
higher oscillation frequencies of 300 and 450 Hz, along with a
0.5 mm amplitude, the tracks appear unstably separated, suggesting
that surface tension and the limited size of the opened kerf do not
allow outward material flow. By increasing the oscillation ampli-
tude to 1 mm, complete separation conditions were achieved. At a
low frequency of 150 Hz, full separation is observed at the lowest
speed, while at higher frequencies, separation was achieved in all
tested combinations.

The metallographic cross sections transverse to the cut direc-
tion shown in Fig. 8 allow us to observe the kerf geometry. The
separated tracks appear to have the solidified material accumulated
only on one side. The solidified material is also characterized by
the presence of pores, while the other side of the cut does not

exhibit such issues. With the combined feed and oscillation
motions, the beam speed increases when the two are aligned in the
same direction. Hence, the nonejected material is accumulated on
this side. Figure 7(a) collects the different separation statuses
observed in the experiments, while Fig. 7(b) shows the kerf width
measured in the separation conditions. It can be seen that the kerf
is always smaller than the employed oscillation amplitude of 1 mm,
confirming once again that the material expulsion is incomplete
over the lateral extent of the oscillation. In these conditions, the
overall material ejection mechanism is observed to be vaporization
and melt expulsion via pressure applied by the keyhole that also
enables a smaller heat-affected region similar to the thermal propa-
gation obtained when employing melt and blow-cutting techniques
with the aid of the assist gas.

TABLE III. Fixed and varied parameters used with the oscillating beam.

Fixed parameters Value

Power, P (kW) 6
Focal position, Δz (mm) 0
Oscillation pattern Circular
Process gas None
Varied parameters Value
Speed, v (mm/s) 60, 80, 100
Oscillation amplitude, A (mm) 0.5, 1
Oscillation frequency, f (Hz) 150, 300, 450

FIG. 6. Separation status as a function of oscillation frequency and speed with
(a) the oscillation amplitude at 0.5 mm and (b) at 1 mm.
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IV. EVALUATION OF THE DAMAGE ON THE
UNDERLYING BATTERY CELLS

A. Experimental design

The effect of the separation process on the underlying battery
cells was evaluated with a dedicated experimental setup simulating
the battery pack opening conditions. An empty cylindrical battery
cell (46 900 model) was placed under the Al-alloy sheet to be sepa-
rated with a connector busbar. The distance between the Al-alloy
sheet representing the pack and the busbar connector (L) was con-
trolled. Temperatures were acquired on the underlying busbar at
5 mm (channel 1 CH1) and 10 mm (channel 2 CH2) transversally
from the center of the linear trajectory of the cut separation path as
shown in Fig. 9. The overall experimental arrangement indicating
the laser welding system, the foil representative of the battery pack
casing, and the underlying cell is reported in Fig. 9.

Both linear and oscillation-based separation strategies were
tested employing suitable parameter sets taken from the previous
experimental analyses. The laser power was fixed at 6 kW, while a
linear scan speed of 80 mm/s was applied. For linear trajectories,
the focal position was fixed 10 mm above the surface of the
Al-alloy sheet, producing a spot size of 1024 μm. Concerning the
oscillation strategy, the beam was focused on the Al-alloy surface to
be separated, and circular oscillations with a 1 mm amplitude and a
300 Hz frequency were employed. The tests were conducted by
positioning the battery cell and the busbar connector at distances
of 10 and 30 mm, given the preliminary nature of this work to
provide design guidelines for demanufacturing purposes. In order
to verify the resistance to thermal damage of the busbar material,
Al with 0.8 mm thickness, Ni-coated steel (Hilumin) with 0.3 mm
thickness, and pure Cu with 0.2 mm thickness were tested using
both separation strategies. The temperature rise could be measured
only for Ni-coated steel and pure Cu, as the thermocouples could
not be welded to the Al busbars by capacitor discharge welding due
to the low metallurgical compatibility with the thermocouple mate-
rial. In the linear trajectory experiments, the spot sizes on the
busbars were 2032 and 4056 μm at 10 and 30mm distances, respec-
tively. In the separation experiments with the oscillating beam, the

FIG. 7. (a) The resulting feasibility window with circular oscillations superim-
posed to the linear trajectory. (b) Kerf width measured in the feasibility window
as a function of speed and oscillation frequency. Error bars indicate 95% CI.

FIG. 8. Metallographic cross sections along the transverse direction of the cuts
obtained with a circular trajectory. Successful cut conditions show an open kerf.

FIG. 9. Schematic description and photograph of the experimental arrangement
to measure the temperature rise on the battery cells.
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spot sizes on the busbars were 1024 and 3044 μm at 10 and 30 mm
distances, respectively. The details of the experimental campaign
are summarized in Table IV.

B. Temperature rise on the busbar connections

Figures 10 and 11 show the temperature measurements on
Ni-coated steel and pure Cu busbars during the separation process.
The results highlight that the separation strategy, the distance from
the separation path, and the underlying material have a significant
impact on the temperature rise. Overall, higher temperatures are
obtained when employing the oscillating separation strategy com-
pared to the linear trajectory, at both 10 and 30 mm distances. In
the 10 mm distance configuration, the beam size remains relatively
small and the temperature exceeds 800 °C at a 5 mm distance from
the path (CH1) on both Ni-coated steel and pure Cu. At the same
10mm distance, the linear trajectory cuts resulted in temperatures
exceeding 400 °C at a 5 mm distance from the path (CH1). At a
distance of 30 mm, the linear trajectory increased the temperature
levels to approximately 150 °C at a 5 mm distance from the path
(CH1) for both materials, while the temperature rose to approxi-
mately 300 °C with the oscillating beam. Thermocouples placed at
a 10 mm distance from the path (CH2) revealed differences in the
heating and cooling behaviors of the two materials. With pure Cu,
the temperature rise at a 10 mm distance from the path (CH2) was

more pronounced, highlighting the higher thermal conductivity of
the material. The measurements also indicate a faster cooling
process with pure Cu with respect to Ni-coated steel.

The temperature measurements indicate a significant tempera-
ture increase in the vicinity of the path as shown in Fig. 12, where
channel 1 provides higher peak temperatures compared to channel
2. As expected, an increase in the distance between the casing and
the underlying busbar (from L = 10 mm to L = 30mm) leads to a
reduction in the achievable peak temperatures due to the greater
defocusing of the process beam. In general, higher peak tempera-
tures are associated with the use of the beam oscillation trajectory
while the linear path shows more restricted peak levels. Although
such temperatures may generate direct damage to the underlying
cell, complete separation of the busbar connector may result in the
direct exposure of a cell to the laser beam.

TABLE IV. Fixed and varied parameters used in the separation tests to evaluate the
impact on the underlying battery cells.

Fixed parameters Linear Oscillation

Power, P (kW) 6 6
Speed, v (mm/s) 80 100
Focal position, Δz (mm) +10 0
Oscillation amplitude, A (mm) n/a 1
Oscillation frequency, f (Hz) n/a 300
Varied parameter Linear Oscillation
Distance, L (mm) 10, 30 10, 30

FIG. 10. Temperature rise measured on Ni-coated steel busbars with different
cutting strategies and distances measured in two different positions (respectively,
channel 1 and channel 2).

FIG. 11. Temperature rise measured on pure Cu busbars with different cutting
strategies and distances measured in two different positions (respectively,
channel 1 and channel 2).

FIG. 12. Peak temperature measured on Ni-coated steel and pure Cu busbars
as a function of different distance from the cut surface and different strategies
for channel 1 (Ch1) and channel 2 (Ch2).
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C. Visual inspection of damage on the busbar
connections

The damage status on the tested busbar material as a function
of the process parameter is shown in Fig. 13. As seen in Fig. 13(a),
all tested conditions resulted in significant damages on the
Ni-coated steel busbars. In all cases, partial and full separation
occurred, leaving the underlying cell directly exposed to the passing
laser beam. The oscillating beam strategy resulted in a larger sepa-
ration extent compared to the linear trajectory one due to the
smaller beam size on the busbar. It should be noted that the
maximum temperature values do not fully describe the separation
size. Despite having a smaller temperature peak in the oscillation
strategy with a 30 mm distance from the busbar, the separation
extent is much wider than the linear strategy with a 10 mm dis-
tance from the busbar. This implies that a wider beam with oscillat-
ing motion can induce a broader damaged region on this material.

Figure 13(b) shows the damage of separation strategies on the
pure Cu busbars. It is evident that with a linear trajectory, the
damage is limited. High conductivity of the material allows it to
dissipate heat without forming an extended melt pool. On the
other hand, with the oscillation strategy, the Cu busbars are fully
separated at a 10 mm distance. At a higher distance of 30 mm, the
beam intensity is reduced, resulting in unstable molten material
that is not separated completely. Similar to Ni-coated steel, even
with pure Cu, a wider beam at a 30 mm distance can induce a
wider damaged region with oscillating motion despite a smaller
peak temperature compared to the linear trajectory at 10 mm.

Finally, Fig. 13(c) presents the damage observed on the Al
busbars. The images show partial fusion and no effect for the linear
trajectory strategy at 10 and 30mm distances, respectively.
Conversely, the oscillation strategy produced complete fusion tracks
without separation. While the heat conductivity of Al is higher than
that of steel, it is lower than that of Cu. This implies that the separa-
tion due to the damage on the busbar depends on the hydrodynamic
conditions as well as the thermal conditions during the process.

The damage on the underlying busbar may also be evaluated
in terms of the electrical and mechanical properties of the connec-
tion. Clearly, in the case of the separation conditions, the busbar
connection completely loses its functionality. On the other hand, in
the case of partial fusion or no effect observable through optical
microscopy, microstructural changes might have occurred in the
busbar material. However, a detailed investigation of such aspects
goes beyond the scope of the present investigation whose aim was
to explore the applicability of a robotic laser welding system for
demanufacturing and identifying categorically critical issues. In
terms of effects over the underlying battery pack, engineering the
laser beam caustic may aid in providing a more defocused beam
over the underlying busbar. Moreover, the battery pack design also
plays a critical role in determining the amount of damage on the
lower sheet. Thus, all of these aspects should be taken into account
and investigated further in future works.

V. DISCUSSION

The results demonstrate that both the separation mechanism
and damage to the underlying busbars strongly depend on material
properties. During laser irradiation, keyhole formation is expected

to pierce through the material, while partial vaporization and
melting occur laterally to the beam movement. The vaporized
material exerts recoil pressure, leading to material splitting and
potential expulsion of molten fragments away from the melting

FIG. 13. Optical microscopy images of the underlying busbars showing the differ-
ent types of damages observed on (a) Ni-coated steel, (b) pure Cu, and (c) Al.
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zone. Material optical absorptivity (A) plays an important role in
the power absorbed by the workpiece material. On the other hand,
processing in the ambient atmosphere induces oxidation, which
may contribute to the process by providing additional energy
input. However, successful material expulsion will rely on the pres-
sure field generated as well as material viscosity, surface tension,
and kerf opening. Table V collects the physical properties of the
materials tested in this study.

Assuming that after the initial keyhole formation the optical
absorptivity is increased and comparable, the time required to
vaporize the material can be estimated by using a one-dimensional
heat propagation model, as expressed by the following equation:

tv ¼ π

α
� Tv � k � π � d2s

8P

� �2

, (1)

where P is the laser power, ds is the spot diameter on the material
surface, Tv is the vaporization temperature, k is the heat conductiv-
ity, and α is the thermal diffusivity.15 Figure 14 shows the calcu-
lated vaporization times as a function of beam size for the tested

materials. It is evident that for a focused beam with a size of
150 μm, all materials are expected to evaporate instantaneously
within ns-range durations. This would correspond to the separated
Al alloy with the oscillating beam condition. The vaporization time
falls within the microsecond range as the laser beam size increases.
That is the case of the linear track cutting strategy on the separated
Al alloy that occurs with a 1 mm defocus beam. Regarding the
beam reaching the busbars at 10 and 30 mm distances, the beam
sizes range between 1 and 3mm for the oscillating beam and
between 2 and 4 mm for the linear track strategy. This leads to
vaporization times exceeding 1 ms for the focused beam and reach-
ing several tens of milliseconds for the defocused one.

Due to its lower conductivity compared to Al and Cu, the
vaporization of Fe material occurs significantly faster than the
other two. This explains how Ni-coated steel is easily damaged in
all tested conditions. On the other hand, Al is expected to be easily
damaged due to its high oxidation enthalpy and faster vaporization
time, although it is lower than Fe but still significantly higher than
Cu. However, once aluminum is oxidized and Al2O3 is formed, it is
expected to act as a heat barrier with low heat conductivity, block-
ing the kerf extension.

The hydrodynamic conditions may also play a contributing
role in the material transport phenomenon. The capillary pressure
expressed by the Young–Laplace relationship can be employed for
a greater understanding,

Δp ¼ γ cos θ
w/2

, (2)

where γ is the surface tension, θ is the contact angle of the liquid,
and w is the kerf width. Assuming a good wetting behavior
between the liquid and solid of the same material (θ = 0°), the pres-
sure to expel the melt away from the open kerf can be calculated as
seen in Fig. 15. As a preliminary observation, an increase in the
kerf size corresponds to a significant drop in the corresponding
pressure, leading to an easier separation of the material. While Cu
and Al exhibit similarly low levels of capillary pressure, Fe demon-
strates a significantly higher one.

Comparing the viscosity of the materials at their respective
melting temperatures, it is observed that Fe has the highest value,

TABLE V. Main physical properties of the tested metals (Refs. 15 and 42–45).

Parameter Symbol Fe Cu Al

Density ρ (kg/m3) 7870 7190 2700
Heat capacity cp (J/kg°C) 460 510 900
Melting temperature Tm (°C) 1536 1083 660
Boiling temperature Tb (°C) 2727 2122 2177
Thermal conductivity k (W/m°C) 50 400 226
Thermal diffusivity α (m2/s) 14⋅10−6 109⋅10−6 9⋅10−6

Oxidation enthalpy ΔH (kJ/mol) −197 −160 −1675
Viscosity at Tm η (mPa s) 6.0 4.0 1.3
Surface tension at Tm γ (N/m) 1.862 1.150 1.050
Optical absorptivity at 1 μm A 0.35 0.03 0.06
Melting temperature of the oxide Tm,O (°C) 1377 (FeO) 1326 (CuO) 2072 (Al2O3)

FIG. 14. Calculated vaporization time tv as a function of laser diameter ds.
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followed by Cu, while Al has a much smaller viscosity compared to
other materials. Consequently, it can be expected that molten Al will
remain fluid, rapidly flowing behind the opened keyhole, and possibly
refilling it, while Fe and Cu will possibly not have the same refilling
capability. Moreover, Al and its oxide Al2O3 exhibit a large gap
between their melting temperatures. While the melting temperature of
Al is around 660 °C, the one of its oxides rises up to 2070 °C.
Conversely, the melting temperature of FeO is much lower than that
of Fe, while Cu and CuO have very close melting temperature values.
Hence, it can be assumed that oxide generation should not hinder
melt formation for Fe and Cu, while oxide formation for Al is
expected to slow down or stop the melting behind the laser-irradiated
area. Therefore, it can be hypothesized that the full separation of Fe is
the easiest, which has been a cause of damage within this work. Pure
Cu resists damage well thanks to its high thermal conductivity. On the
other hand, Al and its alloys are expected to be more difficult to sepa-
rate and damage due to their high melt flowability and high melting
temperature of the oxide once it is solidified.

As the separation process was found to potentially cause
damage to the underlying material, one strategy is to define the
dedicated process trajectories. From this perspective, the use of a
robotized system is a fundamental aspect, given the possibility of
flexibly reconfiguring the processing conditions while ensuring full
accessibility to the workpiece geometry. By avoiding the cells on
the separation trajectory or limiting the exposure time, damage can
be avoided or confined. Moreover, process reliability and safety as a
function of the assembled materials inside the battery pack can be
considered. With different battery packs with known materials and
architectures, the separation process can be managed by means of
the chosen process strategy. Finally, in process monitoring, tools
can be integrated to sense the change of the process material and
regulate the parameters accordingly. The sensors integrated for the
welding process such as inline photodiodes46,47 and optical coher-
ence tomography48,49 can be readily used. External sensors such as
thermal cameras can also be a complementary solution to verify
the thermal overload on the battery pack.50

IV. CONCLUSIONS

In this work, the use of a remote laser separation process was
studied to assess its suitability for recycling battery packs. The work
proposed linear and oscillation trajectories to separate thin sheets
of Al alloys, representative of the battery pack container, in the
absence of a process assistant gas. A laser system designed for
welding applications was employed. The work showed that kerf
widening is required to achieve complete separation on the Al alloy
for which a highly defocused beam or widely oscillated focused
beam is required. In the full separation conditions, the laser light
passes through the open kerf, hitting the underlying materials that
can be the busbar or the cell itself. An experimental setup was
designed and implemented to study the possible effects of the
excess laser beam on the busbars and, possibly, on the cells to be
recovered. The measurements provide temperature data as well as
damage types. The overall results show that the approach is feasible,
while a careful process trajectory planning should be considered,
which can be assisted by means of inline process monitoring tools.
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