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ABSTRACT

The demand for lithium-ion batteries (LIBs) has increased significantly, leading to an increased focus on high quality production methods.
In response to this growing demand, laser technology has been increasingly used for electrode notching and cutting. In addition, the advent
of high-power ultrashort lasers equipped with burst mode capabilities represents a promising option for electrode cutting of LIBs. On the
other hand, these types of lasers for this purpose are relatively unexplored in the literature. This study investigates the effect of various
parameters, including the number of pulses per burst (ranging from 1 to 8), the pulse repetition rate (200.0, 550.3, and 901.0 kHz), and the
burst shape (equal pulse peak and increasing pulse peak), on the laser cutting process of aluminum foil, cathode, copper foil, and anode.
The results indicate that increasing the number of pulses per burst and the pulse repetition rate improves productivity and quality for all
materials, with a more significant effect observed for metal foil than for cathode and anode materials due to the different laser-material
interactions for metal foil and active material. The burst shape with equal pulse peaks was found to be a more suitable temporal distribution
for cutting all materials compared to an increasing pulse peak distribution. The ablation efficiency was evaluated as a function of the peak
fluence of a single pulse within the burst. The results emphasize that higher productivity at higher average power can be achieved by increas-
ing the pulse repetition rate toward the MHz range with moderate pulse energies.

Key words: remote laser cutting, lithium-ion battery electrodes, burst mode, ps-pulsed laser system, laser micromachining, ultrashort pulsed
lasers
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I. INTRODUCTION

With current technological advances in cleaner energy and
more efficient battery production methods, lithium-based battery
electric vehicles (EVs) appear to offer a promising way forward.1

Recent forecasts predict a remarkable increase in global demand for
lithium-ion batteries (LIBs) over the next decade. Estimated demand
is expected to increase from around 0.7 TWh in 2022 to around
4.7 TWh in 2030. The vast majority of this demand in 2030, around
4.3 TWh, will come from batteries used in mobility applications, par-
ticularly EVs, due to the rapid growth of the mobility sector.2 The
manufacturing process of LIBs consists of three main stages:
electrode preparation, cell assembly, and activation of the battery

electrochemistry. Defects occurring in the early stages of the produc-
tion line can lead to increased costs and material waste.3

To meet the growing demands of LIB manufacturing, it is
essential to use the appropriate tools. Laser technology is a practical
option, serving as a versatile digital tool that, unlike conventional
methods, offers scalability, precision, and flexibility across different
manufacturing stages. Laser drying of active material,4 laser notch-
ing of metal foils,5,6 cutting of electrodes,7–11 laser welding of tabs
and enclosure,12–15 laser structuring of active material,16–18 and
laser welding of busbar to pack cell19–21 represent various applica-
tions of lasers as tools in LIB manufacturing. In electrode prepara-
tion, several factors can influence the thickness and density of the
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electrode, all of which have the potential to affect laser cutting pro-
cesses. It is noteworthy that the increasing use of lithium metal foil
as an anode in solid-state batteries requires precise cutting, high-
lighting the usefulness of lasers as cutting tools, especially consider-
ing that lithium metal is adhesive, posing a challenge to
conventional mechanical cutting methods.22–25

There are numerous combinations of laser systems suitable for
electrode notching and cutting, requiring considerable effort to
select the appropriate laser system for electrode cutting. Regarding
the quality of the cut metal foil, a small portion of the molten
material solidifies at the edge during the laser-material interaction,
forming a so-called burr. During the laser cutting of the anode and
cathode, in addition to separating the electrodes, a small portion of
the coating is removed exposing the metallic layer. This phenome-
non, defined as clearance, predisposes the electrodes to short cir-
cuits during LIB cycling if it exceeds a certain threshold. Demir
and Previtali26 investigated the quality aspects of laser cutting for
LIB electrodes, comparing the use of a nanosecond pulsed
(ns-pulsed) laser source with the green and near-infrared wave-
lengths. Lutey et al.27 investigated the laser cutting of lithium iron
phosphate electrodes using both continuous wave (CW) and
ns-pulsed laser systems with different laser specifications such as
wavelength and pulse duration. Lee and Anh28 conducted a study
on the surface morphology of cathodes cut by a CW laser system,
focusing on the definition of significant cutting widths such as top
width, melting width, and kerf width to investigate the physical
phenomena involved in laser material removal. Kriegler et al.29

compared ns-pulsed, picosecond pulsed (ps-pulsed), and CW laser
systems for their potential for electrode cutting in LIB production.
The CW laser system achieved cutting speeds of up to 10 m/s,
exceeding the productivity achievable with pulsed laser sources.
Therefore, ps-pulsed laser systems with higher pulse repetition
rates (PRRs), combined with high-speed galvanometer or polygon
scanners, are considered promising alternatives to establish
ns-pulsed laser systems.

In addition to the experimental approach, there have been
several publications by Lee et al. on the simulation of laser cutting
of anodes,30 cathodes,31 and current collectors.32 These simulations
have been validated using a near-infrared CW laser. These studies
improve our understanding of the cutting mechanisms during laser
processing of electrodes. The simulations show that laser cutting of
copper (Cu) current collector depends on both laser intensity and
interaction time, while aluminum (Al) current collector cutting is
more dependent on laser intensity. In contrast, simulations of
anodes and cathodes show that penetration depth and absorptivity
change significantly when the deep penetration hole reaches the
material interface. This is mainly due to melt pool flow patterns,
temperature distribution, material properties, and composition
changes at the interface.

In metal micromachining with ultrashort pulse laser systems, it
is critical to adjust the peak fluence to an optimum level as this
helps to increase the material removal per pulse energy.33 Setting the
optimum peak fluence ensures that the laser energy is effectively
used for material removal rather than being dissipated into the mate-
rial as heat increases the temperature. Recently, laser source suppliers
have developed high-power ultrashort laser systems with innova-
tive features such as burst mode. This functionality provides an

additional level of control to adjust the energy per pulse.
Neuenschwander et al.34 showed that the reduction of the energy
in a single pulse within the burst is the primary factor contributing
to the often-reported increase in removal rate when using burst
mode. In the case of Cu, burst mode resulted in a genuine increase
in the removal rate of approximately 20%.

The ultrashort laser system equipped with burst mode capabil-
ity can be used to optimize the laser notching and cutting of elec-
trodes in the production line of LIBs. Haung et al.35 conducted a
study on the effects of burst mode on laser cutting productivity and
quality of anode and Cu foil. The bursts consisted of ps pulses with
short interval delays in the ns range. The effects of 2–10 pulses in a
burst on the kerf edges were analyzed and compared with those of
a single pulse. The study of anode edge shapes under different con-
ditions showed that the burst mode resulted in a smaller heat
affected zone (HAZ) of the Cu current collector and a narrower
clearance width of the graphite anode material. The results showed
a significant increase in cutting efficiency as the number of pulses
in a burst increased, with maximum cutting speeds for the Cu
current collector and graphite anode material reaching 3.8 and
0.5 m/s, respectively. While the availability of power and pulse repe-
tition rates of ps-pulsed lasers is increasing, systematic studies of
the different anode and cathode materials using burst mode appear
to be missing in the literature. To the authors’ knowledge, no previ-
ous work has provided an in-depth analysis of the pulse peak
power, energy, and their effects on cutting productivity for conven-
tional anodes, Cu foil, cathodes, and Al foils used in LIBs.

Accordingly, this work investigates how different factors, such
as the number of pulses per burst, pulse repetition rate, and burst
shape, affect the laser cutting of Al foil, cathode, Cu foil, and
anode. The process parameters were studied to investigate the
process feasibility windows highlighting the maximum cutting
speed per burst profile. The results were analyzed in terms of kerf
quality and showed the ideal pulse train conditions for each mate-
rial. Analytical modeling was used as an aid to estimate the laser
source characteristics for scaling up the productivity of the process.

II. PULSE AND BURST ENERGY CONTROL

Pulsed wave (PW) lasers operate with several parameters that
control the temporal pulse profile. Pulse duration (τ) is a character-
izing parameter in laser-material interaction, and laser sources are
typically classified into long (ms-μs), short (ns), and ultrashort
(ps-fs) pulsed categories based on this factor. While the pulse dura-
tion is typically fixed for most laser sources, changing it can affect
the laser-material interaction. In long-pulsed systems, the interac-
tion is primarily melting based, whereas in ultrashort pulsed laser
systems, it is ablation based.36 Burst mode is commonly available
for ultrafast laser sources and refers to multiple consecutive pulses
released at the same PRR with a given intraburst delay, allowing
the energy to be split into a faster pulse train. Essentially, burst
mode reduces the energy and the peak power of a single pulse into
small and fast bursts. Conventionally, the pulse repetition rate of
ultrafast laser sources is in the kHz to MHz range, while the delays
can vary from tens of ns to hundreds of ps.

Figure 1 illustrates the differences between the conventional
pulsation and burst mode. As shown in Fig. 1(a), in conventional
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pulsed wave mode, the pulses are sent at a fixed PRR. In burst
mode, the burst packages are sent at the same time interval, while
the bursts are sent with the intraburst delay as shown in Fig. 1(b).
The profile of the burst train can be adjusted to test different inter-
action mechanisms, for example, using an increasing profile as
shown in Fig. 1(c).34

For conventional pulsed wave emission without burst mode,
the energy within each pulse can be calculated as follows:

E ¼ Pavg
PRR

, (1)

where E is the energy of each pulse and Pavg is the average power of
the laser source. In the burst mode, the energy of each pulse within
the burst is modified as follows:

E ¼ Pavg
PRR � Nb , (2)

where Nb is the number of pulses in the burst. The peak power of
each pulse is equal to

Ppk ¼ E
τ
, (3)

where Ppk is the peak power of a single pulse. Note that Ppk is cal-
culated using a square wave approximation. One way of estimating
the cutting capability of given parameter combinations is to use a
lumped heat capacity model. The model uses an energy balance to
melt the given amount of material and has also been used for
ns-pulsed laser cutting of electrodes.26 The model establishes a
simple relationship between the power to thickness ratio and the
maximum cutting speed. For a pulsed emission wave with a fixed
average power, the use of the peak power can be considered to
assess whether the following expression applies

vc / Pavg
t

/ Ppk

t
, (4)

where vc is the maximum cutting speed and t is the electrode thick-
ness. The model can also be used to evaluate the differences in pro-
cessability between different bare and electrode materials, taking
into account their thicknesses.

On the other hand, the process of removing metal foil with
the ultrashort laser can clarify why the efficiency of laser cutting of
metal foil is increasing. Fluence is a critical parameter in determin-
ing the energy per irradiated area. Peak fluence is equal to

f0 ¼
8 � E
π � d20

, (5)

where d0 is the spot diameter at the focal point and f0 is the peak
fluence of each pulse. One quantity used to describe an ablation
efficiency is the energy specific volume, which is the volume of
material per pulse energy for a single pulse. For the Gaussian laser
beam, the energy specific volume is equal to34

ESV ¼ V
E
¼ 1

2
� δ

f0
� ln2

f0

fth

� �
, (6)

where δ is the effective penetration depth of the pulse energy, fth is
the ablation threshold, and ESV is the energy specific volume. In
the case of single pulse ablation, the model has been shown to
provide the optimum ablation conditions in terms of material

FIG. 1. Temporal distribution of ps-pulsed laser system (a) without the burst
mode, (b) equal peak of the pulses in a burst, and (c) increasing trend of the
pulses peak in a burst.
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removal efficiency when the following conditions are satisfied:

f0,opt ¼ e2fth, (7)

where f0,opt is the optimum peak fluence for the material removal.
The existence of an optimum peak fluence level has been shown
for various materials in the literature. In the case of a multilayer
material such as the electrodes, the existence of a single ablation
threshold is not reasonable. On the other hand, the ideal condition
for the maximum material removal efficiency may exist and can be
demonstrated experimentally. Therefore, in the case of electrode
cutting with burst mode, the volume removed by a single pulse can
be calculated directly using the following formula:

V ¼ t � wk � vc
PRR � Nb , (8)

where wk is the kerf width and V is the volume removed by a single
pulse. It should be noted that the energy specific volume has been
effectively used in bulk ablation studies. However, its use in laser
cutting applications neglects the energy loss due to the open kerf.
In the case of the anode and cathode, composite layered materials,
the kerf width is not constant as the material changes along the
thickness due to clearance formation. The model can provide a
valid approximation to identify the optimum peak fluence for the
most efficient material removal through cutting experiments. For
complete cuts where the cutting speed, pulse repetition rate, and
number of pulses per burst are known, the kerf width can be mea-
sured. From this, the volume per pulse and volume per pulse
energy can be calculated. The model can be fitted to the experi-
mental data to estimate the threshold fluence and effective penetra-
tion depth, and hence also the optimum peak fluence. Upscaling of
the cutting process can be achieved by increasing the laser power
through increasing the pulse repetition rate at the optimum pulse
energy. The pulse repetition rate required to achieve the desired
cutting speed can be calculated by substituting the volume removed
by a single pulse [Eq. (8)], the energy of the pulse [Eq. (5)], and
the optimum value of the peak fluence [Eq. (7)] into the ablation
efficiency model [Eq. (6)],

PRR ¼ 4 � t � wk � vc
δ � π � d20

: (9)

According to the formulation, when the optimum peak
fluence is used, the kerf width is equal to the beam diameter
(wk = d0).

The model in its current form neglects material variations in
the thickness, making it difficult to apply to anode and cathode
materials. Another point concerns the intrinsic variation of the
pulse repetition rate when considering the single pulse energy
within the burst. In the literature, the optimum ablation conditions
are sought separately for different pulse durations, pulse repetition
rates, and pulse numbers within a burst.24,37–40 While such simpli-
fications limit the applicability of the model to the electrode
cutting, it can be used as a descriptive tool to understand the influ-
ence of the energy content of a single pulse within the burst.

The validity of the two proposed models based on peak power
and optimum peak fluence was sought through a comprehensive
experimental analysis.

III. MATERIALS AND METHODS

A. Electrodes

The basic components of LIBs are the anode, cathode, and
separator. Both the cathode and anode consist of three layers,
with two active layers sandwiching a metallic layer that acts as an
electron collector. The active material typically consists of porous
particles bound together by a binder. The operation of LIBs is
based on the intercalation of lithium ions between the active
materials of the anodes and cathodes. The active materials of the
anode electrode are 94% Gr (graphite) + 2% C65 (carbon
black) + 2% CMC (carboxymethyl cellulose) + 2% SBR (styrene-
butadiene rubber) with a thickness of 50 μm on each side.
Conversely, the active material of the cathode is lithium metal
oxide [95% NMC622 (nickel manganese cobalt) + 3% C65
(carbon black)+ 3% PVDF (polyvinylidene fluoride)] with a thick-
ness of 30 μm. The electron collectors are made of Cu and Al
foils, with thicknesses of 11 and 13 μm, respectively. Figure 2
shows a graphical representation of the cathode, anode, Al, and
Cu foils and their respective thicknesses.

B. Laser cutting system

The laser system operates in the ps regime and uses a near-
infrared wavelength of 1064 nm to cut the cathode, anode, Al foil,
and Cu foil. This laser source has a pulse duration of 10 ps and a
maximum average power of 50W (Lumentum Picoblade 2). It
offers a wide range of pulse repetition rates and has burst mode
capability with an intraburst delay of 12.2 ns. The laser source can
operate at discrete levels of pulse repetition rates between 200 and
8200 kHz. The collimated beam exiting the laser source has been
expanded to 15 mm before entering the scanner head. A galvano-
metric scanner head (Raylase Miniscan III-20) steers the beam and
an f-theta lens (Qioptiq 4401-288-000-20) with a focal length of

FIG. 2. Graphical representation of (a) anode and (b) cathode.
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254 mm focuses it to a point with a focal diameter of 27.5 μm. The
burst profile can be varied by setting gain factors for each pulse for
up to eight pulses within the burst. The gain factors have been
modified to provide flat and increasing burst profiles. Table I
reports the general specifications of the laser system. The experi-
mental procedure was carried out in a normal environment
without humidity control, with careful handling of the material.
Figure 3 describes the integrated systems used for the experiments.

C. Characterization

To characterize the burst shape, a fast photodiode was used to
acquire the power profile. The laser beam was directed onto the
photodiode (Thorlabs DET10A2), which converts light energy into
electrical current with a rise time of 1 ns. The photodiode was able
to capture the shape of the pulse train but was unable to resolve
the shape of the single pulse. A digital oscilloscope (MSO 4024,
RIGOL) was used to record the signals.

In addition, the quality characteristics of the cuts were
assessed using scanning electron microscope (SEM) images (Zeiss
EVO 50). These images were used to identify and measure any
defects that occurred during the laser cutting of the electrodes.

IV. ANALYSIS OF THE BURST PROFILES ON THE LASER
CUTTING PERFORMANCE

A. Investigated burst profiles

Two different burst shapes were characterized, representing
different energy distributions within the bursts, namely, equal pulse
(EP) and increasing pulse (IP). Figure 4 shows the two burst shapes
for different numbers of pulses in a burst at 31W average power.
The power level was set at this level to allow the EP and IP bursts
to be tuned at different pulse repetition rate levels. An increase in
the number of pulses within each burst results in a proportional
decrease in peak power as shown in Fig. 4. While the photodiode
measurements cannot be used to calculate the peak power, the
oscilloscope traces can be used to analyze the difference in terms of
the peak heights measured in mV. For example, the ratio of the
first peak to the second pulse peak for the Nb = 2 in the IP profile
is approximately 2. By changing the burst shape, the peak power
will conform to either an EP or an IP pattern.

B. Experimental design

The experimental investigation was carried out to determine
the processability range as a function of burst profile characteristics.
The maximum cutting speed was sought by increasing the cutting
speed in 0.1 m/s increments at a fixed power level of 31W. Up to
eight pulses within burst counts were examined. Three levels of
pulse repetition rate at 200.0, 550.3, and 901.0 kHz were used for
the EP shape. Conversely, two frequency levels at 550.3 and
901.0 kHz were tested for the IP shape to see the difference in burst
profiles at the higher PRR.

The selection of pulse distribution within the burst was made
to explore a novel burst profile shape that had not been studied
before. Comparing the profiles of EP and IP bursts helps to under-
stand how to design the burst profile for laser cutting LIB elec-
trodes. All different materials—anode, cathode, Al foil, and Cu
foil—were investigated during the experimental campaign to estab-
lish representative conditions for notching and cutting. For all
experiments, the focal point is positioned on the surface of the
sample. Table II shows the fixed and varied parameters used to
investigate the laser cutting of electrodes.

The processing conditions were analyzed categorically as “No
Cut” and “Cut” conditions. Complete and continuous cut kerfs
were sought for a combination of parameters to be classified as
“Cut.” The conditions that produced the maximum cutting speed
were further analyzed to measure burr and kerf width on the bare
metals, and kerf width and clearance on the coated materials.
Figures 5(a) and 5(b) illustrate example conditions for samples
classified as “No Cut” and “Cut.” Figure 5(a) shows the burr (wd)
and kerf width measurements on the bare metal collectors, while
Fig. 5(c) shows the clearance (wc) on the electrodes. This figure is just
an indicative image to show how the quality parameters were mea-
sured for the cathode and anode. For each SEM image, quality indica-
tors were measured at six points from different parts of the image.

TABLE I. General specifications of the used laser system.

Parameter Value

Wavelength, λ (nm) 1064
Max. average power, Pavg (W) 50
Pulse repetition rate, PRR (kHz) 200–8200
Pulse duration, τ (ps) 10
Beam quality, M2 1.2
Polarization state Linear
Collimated beam diameter, dc (mm) 15
Focal length, ff (mm) 254
Calculated diameter at focal point, d0 (μm) 27.5

FIG. 3. 3D model of the experimental setup showing the optical path and the
processing zone.
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After determining the maximum cutting speeds available for
each parameter condition, the results were analyzed as a function of
the peak power over thickness and peak fluence to assess the driving
factors that improve the process productivity in the burst mode.

V. RESULTS

A. Influence of the temporal burst profile on the
cutting productivity

Figure 6 shows a comparative analysis of the variation of the
maximum cutting speed versus the number of pulses for the

cathode, Al foil, anode, and Cu foil with the EP and IP burst shapes.
Regarding the cutting speed of the metal foil, it can be seen that
increasing Nb leads to a significant increase in cutting speed for the
EP shape. The productivity of Al foil cutting under the condition of
eight pulses is 10.5 times higher than that of a single pulse at
901.0 kHz. The maximum cutting speed for Cu foil is about 2 m/s at
550.3 and 901.0 kHz, and Nb = 8. For Cu foil, the maximum cutting
speed with eight pulses within the burst is 3.17 times higher than
that of a single pulse at 901.0 kHz. For bare metals, the use of high
pulse repetition rates and a high number of pulses in the burst seems
to be advantageous. The maximum cutting speed for the cathode is
0.7 m/s at 901.0 kHz and Nb = 8, while the maximum cutting speed
for the anode is 0.4m/s at 550.3 kHz and Nb = 8.

The total thickness of the cathode is about six times that of the
Al foil. Conversely, the cutting speed of the Al foil is two times
higher than that of the cathode without the burst mode condition.
However, when the burst mode is used, the cutting speed of the Al
foil is about seven times higher than that of the cathode. This illus-
trates that cutting metallic material with the burst mode is more effi-
cient than cutting coated material. A similar trend is observed for
the cathode and the Al foil. This observation can be explained by
considering the difference in composition between the coating and
the metallic component. From Fig. 6, it can be seen that the transi-
tion from the EP to the IP burst shape results in a decrease in the
maximum cutting speed for Al and Cu foil from 4.7 and 2.1m/s to
4.1 and 1.7 m/s, respectively. This reduction is due to the challenge
of optimizing the peak fluence for material removal when changing
the burst distribution from EP to IP. With the implementation of IP,
some peak fluence of initial pulses within the burst may fall below
the spallation region. Conversely, there is no change in the
maximum cutting speed for the cathode and anode when the burst
shape is changed from EP to IP burst shape. This consistency can be
explained by the material removal mechanism of the active material,
where the temporal distribution of the burst does not affect the inter-
action between the ultrashort pulses and the active material.

Figures 7 and 8 show SEM images of samples with the highest
cutting speed achieved using the EP and IP burst shapes for
various combinations of pulse repetition rate, number of pulses,
and material type, with the maximum cutting speed indicated in
the bottom right corner of each image. Figure 7 shows that increas-
ing the number of pulses within the burst results in a reduction in

FIG. 4. (a) EP and (b) IP burst shapes for the different number of pulses within
a single burst acquired with the fast photodiode at 31 W average power.

TABLE II. Fixed and variable factors of the experimental campaign.

Fixed factors
Average power, Pavg (W) 31
Focal point, Δz (mm) 0

Variable factors
Number of pulses, Nb 1–2–3–4–5–6–7–8
Pulse repetition rate, PRR
(kHz)

200.0–550.3–901.0

Burst shape, BS Equal peak (EP) – increasing peak
(IP)

Material Anode – cathode – Al foil – Cu
foil
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anode and cathode clearance. Similarly, it can be seen that increas-
ing the pulse repetition rate results in a reduction in the kerf width.
By carefully examining the morphology of the cutting edge of Al
and Cu foils for different numbers of pulses, a significant difference
can be observed between the cutting edges of samples cut with
burst mode and single pulses can be observed. The cutting edge of
samples cut with the single pulse appears clean, whereas a resolidi-
fied layer of material is present in samples cut with burst mode.
Figure 8 shows similar trends across the parameter ranges for the
IP burst shape. On the other hand, it is observed that the kerf
widths are smaller than those observed for the EP shape.

B. Influence of the temporal burst profile on the
cutting quality

Figure 9 illustrates the variation of kerf width versus pulse
peak power for all material combinations (Al foil, cathode, Cu foil,
and anode) and burst shapes (EP and IP). As shown in Fig. 9, a
decrease in the peak fluence results in a decrease in the kerf width.
By comparing the kerf width of the samples cut with the EP burst
shape, it is clear that using the burst mode for the cathode and
anode reduces the kerf width more than the metal foil. In other
words, the burst mode is more effective in reducing the kerf width
for the cathode and anode than the metal foil.

Figure 10 shows the measured clearance for the cutting of the
cathode and anode with EP and IP burst shapes. When the laser
irradiates the surface of the active material, it vaporizes the binder,
resulting in the ejection of particles.41 When the laser pulses reach
the Cu foil, a shock wave is generated as a result of the ultrashort
pulsed laser-material interaction.42 This interaction initiates the
removal of particles from the top and bottom of the electrodes. The
shock wave applied to the metal foil causes a reaction force in the
active material particles. These particles are bound together with
the binder, removing small portions of the active material, resulting
in the removal of a larger portion. These phenomena contribute to
the formation of clearance on the anode and cathode. This explana-
tion can justify the reduction of the clearance with an increase in
the number of pulses. In other words, the interaction between the
laser and the metal foil creates an explosive pressure that blows
away the active material. In addition, increasing the cutting speed
should further reduce the clearance because the active material is
exposed to pressure for a relatively shorter time, resulting in the
removal of a small portion of the active material.

All factors related to particle cohesion, such as binder type,
calendar pressure, and particle size, can affect not only cutting pro-
ductivity but also clearance. As laser cutting gains more attention
in industrial applications, there is a need to investigate the effects
of these factors on the laser cutting performance of LIB electrodes.

The burr widths measured from the SEM images are plotted
in Fig. 11. The clean edge observed at the cutting edge of samples
cut with a single pulse can be attributed to the high pressure
exerted on the cutting region, which pushes the molten material
downwards during remote laser cutting. However, when the burst
mode is used, the pressure on the sample surface is reduced, allow-
ing the molten material to be ejected from the above. Due to the
pulse repetition rate, the molten material has sufficient time to
resolidify at the edge of the sample.

FIG. 5. SEM images of (a) cut sample of Cu foil, (b) partially cut sample of Cu
foil, and (c) cut sample of anode with the quality indicators.
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According to Haung et al.,35 the length of Cu foil oxidation
was found to be equal to the burr width. This suggests that the
burr width is a reliable measure of HAZ for Cu foil. In the case of
Al, this phenomenon was even more pronounced due to the higher
fluidity and lower surface tension of Al in the melt.43,44 As a result,
the molten material ejected from Al foil has a greater burr width
than that of Cu foil.

C. Analysis of cutting efficiency

To better understand the effect of burst shape on laser cutting,
the maximum cutting speed is plotted against the peak power over
the thickness of each sample. It is important to note that the

average energy of the pulses within the burst was used to calculate
the peak power for the pulses in the IP. Figures 12(a) and 13(a)
illustrate the maximum cutting speed versus the ratio of peak
power to material thickness using different burst shapes. It can be
seen that for Al foil and cathode a reduction in peak power appears
to provide a higher cutting speed. Implementing the EP burst
shape allows for faster cutting than IP for Al foil, while the
maximum cutting speed of the cathode remains the same for both
EP and IP. This suggests that further reduction in peak power
could increase the cutting speed for all combinations of EP, IP, Al
foil, and cathode. Conversely, Al foil and cathode can achieve faster
cutting at lower peak power when EP is used as the burst shape.
Comparing the peak power required to cut Al foil and cathode with

FIG. 6. Maximum cutting speed of Al foil, cathode, Cu foil, and anode vs Nb with EP and IP burst shapes with fixed average power at 31 W.

Journal of
Laser Applications

ARTICLE pubs.aip.org/lia/jla

J. Laser Appl. 36, 042013 (2024); doi: 10.2351/7.0001417 36, 042013-8

© Author(s) 2024

 04 O
ctober 2024 06:46:33

https://pubs.aip.org/lia/jla


EP, it can be concluded that the cathode requires less peak power
than Al foil. According to Fig. 12(a), the peak power normalized by
thickness for Al foil and cathode cut with EP is lower than that cut
with IP. This indicates that EP can achieve cutting with lower
average power. In other words, using the IP burst shape to cut
cathode and Al foil results in wasted laser energy. As shown in
Fig. 13(a), for Cu foil and anode, the maximum cutting speed is
achieved at an intermediate peak power and decreases as the peak
power increases. There is no clear distinction between the burst
shapes for anode cutting. However, for Cu foil cutting, the use of
the EP burst shape allows cutting at a higher speed than the IP
shape. There appears to be an optimum level of peak power (peak
fluence) for Cu foil laser cutting. This is because reducing the pulse
energy increases the cutting speed up to a certain threshold,
beyond which the cutting speed decreases. The observed condition
does not follow the expected trend of increasing cutting speed.
Rather than maintaining the same cutting speed at the same
average power or increasing the cutting speed at a higher peak
power, the results suggest that it is beneficial to reduce the peak
power in order to cut faster at the same average power with a
higher repetition rate.

Figures 12(b) and 13(b) show the volume of material removed
per pulse energy plotted against the peak fluence. For a given mate-
rial, the expected shape of the data distribution should follow a
rapidly increasing initial removed material volume per pulse energy

starting from the ablation threshold to a maximum and a slow decay
with the increasing peak fluence according to the form of Eq. (6).
Figure 12(b) shows that for both Al foil and cathode the ablation
efficiency in terms of volume removed per energy decreases as the
peak fluence level increases. The lack of a clear peak indicates a pos-
sible reduction in peak fluence may have resulted in an increase in
ablation efficiency. The ablation efficiency appears to be similar
for the cathode and the Al foil as the results overlap. Figure 13(b)
shows a peak in the ablation efficiency for both the anode and the
Cu foil at around 6 J/cm2 for the anode and 5 J/cm2 for the Cu
foil. The graph also shows that the overall ablation efficiency is
higher for the anode compared to the Cu foil.

Figure 14 shows the estimated values for the ablation thresh-
old fluence and penetration depth of a single pulse for different
combinations of materials (Al foil, cathode, Cu foil, and anode)
and burst shapes (IP and EP) using Eq. (6). In other words, the
ablation threshold fluence and penetration depth are estimated by
fitting the data from Figs. 12(b) and 13(b) into Eq. (6). It can be
seen that the threshold fluence of Cu foil and anode is relatively
higher than that of Al foil and cathode.

VI. DISCUSSION

The results provide insight into the benefits of using burst mode
when cutting electrode materials. It is evident that the splitting of a

FIG. 7. SEM images of the maximum cutting speed of Al foil, cathode, Cu foil, and anode with the EP burst shape for the combination of pulse repetition rate, and
number of pulses in the burst (Nb = 1, 3, 5, and 8) with fixed average power at 31 W.
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single high energy pulse into smaller burst trains improves productiv-
ity. From this perspective, the results suggest that the high peak power
essentially produces a wider kerf rather than a deeper cut depth. If the
focal point remains fixed on top of the sample, this reduction in peak
power results in a reduction in peak fluence. According to the two-
temperature model, when the peak fluence exceeds the optimum
value for material removal, the effective penetration depth of the
energy decreases, and much of the energy diffuses laterally.45 The
model based on the ratio of peak power to thickness ratio [Eq. (4)]
does not provide a clear explanation of cutting speed. In fact, the
cutting speed is slower at higher peak powers.

On the other hand, the relationship between the peak fluence
and the volume per energy removed was confirmed. The results
showed that for Al foil and cathode, a further reduction in pulse
energy may be required, while for Cu foil and anode, the peak
points could be individualized. These results were obtained by cal-
culating the energy of the single pulses within the burst packages,
neglecting any possible effect of the pulse repetition rate. The use
of EP power profiles resulted in higher overall cutting speeds. The
IP profile reduced the cutting speeds. This observation implies that
the energy in separate pulses within the burst interacts with the
material in an independent manner for the given beam/material

FIG. 8. SEM images of the maximum cutting speed of Al foil, cathode, Cu foil, and anode with the IP burst shape for the combination of pulse repetition rate, and number
of pulses in the burst (Nb = 1, 3, 5, and 8) with fixed average power at 31 W.
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combination. It is observed that the initial pulses in a burst do not
significantly affect the interaction of the subsequent pulses.
Accordingly, as a first approximation, it can be stated that the advan-
tage of the burst mode is to increase the pulse repetition rate at lower
pulse energy, rather than to change the interaction mechanisms
between successive pulses in the burst when processing electrode
materials. This allows the optimum peak fluence strategy to be sought
for both composite electrode materials and pure metal foils. The dif-
ferences between the materials in terms of the ablation efficiency can
be attributed to the compactness of the coating layers, the binder

content, and the type of binder used, all of which contribute to the
material removal mechanism.

In order to find the optimum peak fluence to improve the
productivity of the laser cutting of electrodes, the different

FIG. 9. Kerf width variation vs peak fluence for the maximum cutting speed of
Al foil, cathode, Cu foil, and anode with the EP and IP burst shapes with fixed
average power at 31 W. Dashed lines depict trend only.

FIG. 10. Clearance variation vs peak fluence for the maximum cutting speed of
cathode and anode with EP and IP burst shapes with fixed average power at
31 W. Dashed lines depict trend only.

FIG. 11. Burr width against peak fluence for the maximum cutting speed of Al
and Cu foil with EP and IP burst shapes with fixed average power at 31 W.
Dashed lines depict trend only.
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interactions between the ultrashort laser and the metal can be ana-
lyzed in detail. Typically, three separate regions are considered in
relation to the ablation threshold fluence, as follows:

• Melting of the metal surface (f0 , fth),
• Spallation of the metal surface ( fth , f0 , f0,opt),
• Phase explosion (f0 � f0,opt).

As the peak fluence increases, heating and subsequent melting
begin. This increase in peak fluence induces pressure generation
within the interaction zone. When the peak fluence is about
e2 = 7.4 times the ablation threshold fluence, the material removal
per pulse energy peaks. Further increase in peak fluence leads to
the formation of particles and clusters in a gaseous state which
begin to ionize. This ionized gaseous state results in a shielding
effect, which subsequently reduces the material removal per pulse
energy. The ablation threshold for Cu with ps-pulsed lasers in the
near-infrared wavelength is known to be higher than that for

Al.46–48 This confirms the need for further peak fluence reduction
for Al foil and cathode compared to Cu foil and anode. In order to
optimize the parameters of the ultrashort pulse laser process, it is
imperative to adjust them toward the optimum value.49

With the advent of high-power ultrashort laser systems, the
pulse energy typically exceeds the optimized value. Increasing the
spot diameter and using burst mode are potential options to reduce
the peak fluence. However, increasing the spot diameter may not
be an effective method for cutting metal foil because it primarily
increases the molten area, which is undesirable. Conversely,
increasing the number of pulses within the burst and adjusting the
pulse repetition rate will reduce the pulse energy. In other words,
maintaining the focal point on the sample surface while increasing
the number of pulses within the burst and adjusting the pulse repe-
tition rate will facilitate a reduction in the peak power of the pulse.
Using the calculated threshold fluences in the EP burst shape for
Al and Cu foils, it is possible to derive results for ideal laser source
characteristics. Using the estimated threshold fluence and the

FIG. 12. (a) Maximum cutting speed vs peak power to material thickness ratio
and (b) energy specific volume against peak fluence for Al foil and cathode with
EP and IP burst shape with fixed average power at 31 W.

FIG. 13. (a) Maximum cutting speed vs peak power to material thickness ratio
and (b) energy specific volume against peak fluence for Cu foil and anode with
EP and IP burst shape with fixed average power at 31 W.
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effective penetration depth, it is possible to calculate the optimum
peak fluence, pulse energy, pulse repetition rate, and average power
required to cut the Al foil and Cu foils for a given productivity
requirement expressed in terms of cutting speed. Since Eq. (9)
depends on the kerf width, the kerf width is considered the diame-
ter of the beam at the focal point as predicted by the analytical

model (d0 = 27.5 μm). The specifications of the ideal ultrashort
pulse laser system for cutting Al and Cu foils are shown in
Table III for medium and high productivity solutions correspond-
ing to 1 and 5m/s, respectively. It should be noted that the calcula-
tion to derive the required pulse repetition rate is based on single
pulses.

In order for this laser system to cut Al and Cu foils at a
cutting speed comparable to mechanical cutting (1 m/s), the
average power of the laser system should be 9.5 and 45W at the
pulse repetition rates of 5.5 and 4.2 MHz, respectively. The predic-
tions are in agreement with the experimental results. On the other
hand, the predictions for 5 m/s indicate the need to increase the
pulse repetition rate to 27.28 and 21.14MHz for Al and Cu foils,
respectively. The corresponding average power levels are predicted
to be 47 and 224.2W, respectively. The scalability of the cutting
speed by increasing the pulse repetition rate requires an experimen-
tal validation. Similar estimates for anode and cathode materials are
more difficult to make due to the layered structure. However, in
this case, the increase in performance by increasing the pulse repe-
tition rate seems to be more advantageous. The active material on
the anode and cathode materials consists of particles bound
together with a binder. Schmieder41 investigated the energy
required to ablate the active material, providing practical insights
into its removal. A significant discrepancy was found between these
energy values. Subsequently, it was shown that the mechanism of
laser removal of the active material involves the ablation of the
binder, which has a lower evaporation temperature, followed by the
ejection of the particles. It was observed that the evacuation time
was relatively longer than the pulse duration of the ns-pulsed laser
source. Although there is a lack of scientific literature on the inter-
action between ultrashort lasers and active material, the results of
Schmieder41 suggest a different mechanism for material removal in
the case of active material. This difference may explain the lower
efficiency observed when using the burst mode to cut the cathode
and anode. While the ablation threshold of a composite material
such as the anode and the cathode is difficult to determine with a
single value, the approach shown in this work may be an effective
way of providing the apparent optimum peak fluence values.

VII. CONCLUSIONS

Laser cutting of Al foil, cathode, Cu foil, and anode was inves-
tigated by varying the number of pulses per burst (from 1 to 8),
pulse repetition rate (200.0, 550.3, and 901.0 kHz), and burst shape
(EP and IP) while keeping the average power fixed.

Increasing the number of pulses in the burst and increasing
the pulse repetition rate help to reduce the peak fluence of each

FIG. 14. Estimated (a) ablation threshold and (b) penetration depth of single
pulse for the Al foil, cathode, Cu foil, and anode with EP and IP burst shape
using Eq. (6). Error bars represent 95% confidence interval for the mean.

TABLE III. Specifications of ideal laser sources to cut the Al and Cu foil at 1 and 5 m/s cutting speeds with a focused beam size of d0 = 27.5 μm.

Material vc (m/s) δ (μm) fthðJ=cm2Þ f0,opt(J/cm
2) PRR (MHz) E (μJ) Pavg (W)

Al foil 1 0.11 0.08 0.58 5.46 1.72 9.4
Cu foil 1 0.12 0.48 3.57 4.23 10.60 44.8
Al foil 5 0.11 0.08 0.58 27.28 1.72 47.0
Cu foil 5 0.12 0.48 3.57 21.14 10.60 224.2
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pulse, making it easier to use the optimum peak fluence for cutting
metal foil. For instance, using the burst mode under optimum con-
ditions can increase the cutting speed from 0.6 to 4.7 m/s for Al
foil and from 0.5 to 2.1 m/s for Cu foil, achieving the highest
cutting speeds for these metal foils. The effect of the burst mode on
the cutting speed of the anode and cathode is less significant but
still noticeable. For instance, in the best case, the cutting speed of
the anode and cathode can be increased from 0.1 to 0.4 m/s and
from 0.4 to 0.7 m/s, respectively, by increasing the number of
pulses in the burst from 1 to 8. The analysis showed that there is
an optimum peak fluence for each type of material during
ps-pulsed cutting operations. The results confirmed that the burst
mode improved the cutting speed by reducing the pulse energy
toward the ideal pulse energy at the same power level, thereby
driving the process toward the optimum peak fluence values. While
the optimum peak fluence value for cutting Cu foil appears to have
been found experimentally, further reductions in the pulse energy
were found to be possible for cutting the Al foil. Scaling up of the
process by estimating the ideal pulse energy and increasing the
pulse repetition rate appears to be a viable option. For the compos-
ite anode and cathode materials, direct calculations of energy and
pulse repetition rates are more difficult to establish, although the
presence of an optimum peak fluence level could be observed. This
highlights the different mechanisms of laser-metallic material inter-
action and laser-active material interaction in LIB electrode cutting.
Nevertheless, further research is needed to understand the laser-
active material interaction in detail, as there is a lack of publications
on this topic for the ultrashort laser system. In terms of quality, it
was observed that reducing the peak fluence of the pulse leads to
an increase in the quality of the cut for all parameter and material
combinations. The results of this work highlight that the next gen-
eration of high-power ultrashort pulse lasers for electrode cutting
would benefit from moderate energy levels and pulse repetition
rates in the MHz range.
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