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Abstract: Lithium-ion batteries are actively used for many applications due to many advantages.
Although electrodes are important during laser cutting, most laser cutting studies use commercially
available electrodes. Thus, effects of electrodes characteristics on laser cutting have not been
effectively studied. Since the electrodes’ characteristics can be manipulated in the laboratory,
this study uses an uncompressed anode on laser cutting for the first time. Using the lab-made anode,
this study identifies laser cutting characteristics of the uncompressed anode. First, the absorption
coefficients of graphite and copper in the ultraviolet, visible, and infrared range are measured.
The measured absorptivity of the graphite and copper at the wavelength of 1070 nm is 88.25% and
1.92%, respectively. In addition, cutting phenomena can be categorized in five regions: excessive
cutting, proper cutting, defective cutting, excessive ablation, and proper ablation. The five regions
are composed of a combination of multi-physical phenomena, such as ablation of graphite, melting of
copper, evaporation of copper, and explosive boiling of copper. In addition, the top width varies in the
order of 10 pm and 1 pm when applying high and low volume energy, respectively. The logarithmic
relationship between the melting width and the volume laser energy was found.

Keywords: laser cutting; lithium-ion battery; absorption coefficient measurement; uncompressed
anode; multi-physical phenomena; laser material interaction

1. Introduction

Lithium-ion batteries (LIBs) are used for many applications, such as portable electronic devices,
electric or hybrid electric vehicles, and energy storage systems (ESS), since they have many advantages
compared to lead-acid batteries and nickel-cadmium batteries [1]. While material research on LIBs has
been actively done to improve battery performances [2-10], few studies on the manufacturing process
of LIBs have been done. Among the manufacturing processes, cutting of electrodes is important,
because defects formed during cutting process may lead to malfunction of battery systems or battery
explosion. Application of laser cutting to substitute conventional mechanical cutting has been applied
in various areas due to their advantages [11-29].

Leeetal. [22,23,25,28,29] proposed a mathematical model to understand multi-physical phenomena
during the laser cutting of electrodes. The proposed mathematical model is used to investigate the
physical phenomena during the laser cutting of current collectors [22,23,28], anode [29], and cathode [25].
Furthermore, they investigated the physical phenomena during laser cutting of electrodes for
lithium-ion batteries through laser parameter optimization [26], cutting width definition [24],
and cutting efficiency [21].

Laser cutting of LiCoO, cathode was performed and studied by Lutey et al. [30,31].
They characterized the process efficiency and quality for laser cutting of lithium iron phosphate
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battery electrodes [30]. Moreover, they used a 1064 nm wavelength nanosecond pulsed fiber laser with
a maximum average power of 500 W and a repetition rate of up to 2 MHz. They obtained the cutting
velocities of 3 m/s and 5 m/s for the cathode and anode, respectively, with the maximum average laser
power. They found the microstructural and chemical changes near the cut edge of the cathode using a
Raman line map spectra [31].

The electrodes’ characteristics, such as material compositions, dimensions, and arrangement,
are important parameters during laser cutting. However, most laser electrode cutting
studies [13,22-24,26-34] still use commercially available electrodes due to the lack of knowledge
in the area of material science and engineering. Since it is hard to control material properties and
geometries of electrodes by manufacturing engineers, there is a limitation in the study of the effect of
electrodes’ characteristics on laser cutting of electrodes. Most electrodes are available in compressed
form, and uncompressed electrodes are commercially unavailable. Since the electrodes’ characteristics
can be manipulated in the laboratory, this study uses an uncompressed anode in laser cutting research
for the first time. Using this lab-made anode, this study identifies the laser cutting characteristics
of the uncompressed anode. In addition, the absorption coefficients in the ultraviolet (UV), visible,
and infrared range are measured since the anode is made in the laboratory. This research is written as
follows. First, materials, experiments, and measurements are described. Second, absorption coefficients
of the graphite and copper are explained. Third, the laser cutting characteristics using uncompressed
anodes are analyzed. Finally, the conclusions are presented.

2. Materials, Experiments and Measurements

2.1. Materials

1-methyl-2-pyrrolidinone (NMP, anhydrous 99.5%) and poly vinylidene fluoride (PVDE,
Kynar flex 2851) were obtained from Aldrich and ARKEMA. A slurry was prepared by mixing
the active material and binder dissolved in NMP. Graphite was mixed with PVDF as the binder in a
weight ratio of 9:1. The slurry was one side-coated on the 100% pure copper foil, followed by drying
under vacuum at 120 °C for 12 h. The copper foil works as the current collector having a thickness of
20 um. We fixed the thickness of the coating to 20 pm. After coating, the coated foil is typically pressed
to satisfy a required thickness of the anode and increase loading density. The size of electrodes were
150 mm (Width) x 200 mm (Length).

2.2. Experiments

Single-mode Quasi-CW Ytterbium Fiber Laser (IPG YLM-200/2000-QCW) was used in this
experiment. This laser can provide both pulsed and continuous (CW) modes. This study used a CW
mode. The laser beam’s wavelength was 1070 nm, and M2 value was 1.05. The maximum output
power in CW mode was 250 W. Experiment settings can be referred to in a previously published paper.
The test sample was placed and fixed at both ends, where the fixtures were placed at the top and
bottom of each end. The vertical distance from the F-theta lens to the sample’s surface was 100 mm.
The laser spot size on the surface was 23 pm. Laser cutting experiments were conducted on the anode
by changing power and velocity. The laser power was changed from 50 W to 250 W at intervals of
50 W, and the cutting speed was changed from 500 mm/s to 5000 mm/s at intervals of 50 mm/s.

2.3. Measurements

The definition of kerf width, top width, and melting width can be shown in Figure 1 and found in
previously published papers [17,18,24]. The defined kerf, top, and melting width were measured by a
scanning electron microscope (SEM, TESCAN MIRA LMH). The resolution of this SEM was 1.0 nm at
30 kV, and available magnification was 4 to 1,000,000.
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Figure 1. The definition of kerf width, top width, and melting width [17,18,24].

One of the important properties for understanding the physical phenomena of laser cutting
process is an absorption coefficient. Since no optical absorption coefficient of the anode was available
from the literature, this study obtained the optical absorption coefficient depending on the wavelength
using spectrophotometry (SHIMADZU Solidspec-3700). This spectrophotometry using an integrating
sphere [35] can measure reflectivity and transmissivity. Three detectors were used. A photomultiplier
tube (PMT) detector for the ultraviolet and visible region (165-1000 nm), as well as InGaAs and
PbS detectors for the near-infrared region (700-3300 nm), were used. The resolution was 0.1 nm.
The wavelength accuracy was +0.2 nm in the ultraviolet and visible region and +0.8 nm in the
near-infrared region. Using the measured reflectivity and transmissivity in the range of 240 nm to
2600 nm, absorptivity can be calculated from the following equation [36-39]:

prta+1=1, @
where p,, a,, and 7, are a spectral reflectivity, absorptivity, and transmissivity, respectively.

3. Result and Discussion

3.1. Absorption Coefficients of the Anode

The sample used in this study is an anode, which is a graphite-coated copper. Since the graphite was
coated only on the top of copper, the reflectivity and transmissivity of the graphite were measured from
the top surface of the anode, while those of the copper were measured from the bottom surface of the
anode. After the transmissivity and reflectivity were measured by spectrophotometry, the absorptivity
was obtained by Equation (1). These are shown in Figure 2. Since the anode sample was 40 um thick,
the transmissivity of both graphite and copper is zero. Therefore, Equation (1) is re-written as:

a), = 1—p/\. (2)

The absorptivity of the graphite was relatively high and its values were mostly above 80% in all
ranges of the wavelength. In particular, the reflectivity of the graphite at the wavelength of 1070 nm is
11.75% and the absorptivity of the graphite is 88.25%. In the same way, the reflectivity and absorptivity
of the copper at the wavelength of 1070 nm were obtained to be 98.08% and 1.92%, respectively.
From this measurement, it was obvious that the laser cutting applied on the graphite was more
efficient than that on the copper. Furthermore, the measured absorptivity of the graphite provides an
opportunity to understand the material removal mechanism more precisely.
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Figure 2. Reflectivity, transmissivity, and absorptivity measurement of (a) graphite and (b) copper.
3.2. Laser Cutting Characteristics

The top surface of the laser cut specimen was analyzed using SEM. SEM images are shown in
Figures 3-7. Their top, melting, and kerf widths were measured from the SEM images. To define the
degree of change (W), we defined the following:

W, = [(Wn)Max — Wy, W, — (Wn)Min] n = top, melt, and kerf, 3)

where W, is the average width, (Wy),,, is the maximum width, (W), is the minimum width,
and n is the specific width, such as top, melt, and kerf widths. The first and second terms in the
bracket indicate the difference between the maximum and average values, as well as the difference
between the minimum and average values, respectively. Through this value, we can understand the
degree of variation of cutting widths so that the stability of the laser processing can be evaluated both
qualitatively and quantitatively.

500[mm/s] B

Figure 3. SEM images for the reference anode, laser power: 250 W.

Figure 3 shows SEM images when the laser power is 250 W. First, when the velocity is less
than 1500 mm/s, the top, melting, and kerf widths vary significantly. It showed a large variation
along the cutting direction. When the speed was 500 mm/s, the largest variation was observed.
The average top width (Wtop) was 202.02 um and Wtop = [1.85, 5.72] um. The melting and kerf widths
were relatively wide. The average values of melting and kerf widths were 163.71 pm and 90.00 um,
respectively. The degree of change are W,,,;; = [6.40, 8.75] pm and Wkﬂf = [15.39, 13.70] um. It was
observed that the variation of the width increases as the laser energy increases. Relatively constant
kerf, melting, and top widths can be observed between the laser speed of 2000 mm/s to 4500 mm/s.
Relatively wide top width was observed at 2000 mm/s, but the almost similar top width was observed
at 2500-4500 mm/s. When the laser speed was 5000 mm/s, no cutting was achieved, and the re-fusion
phenomenon was observed after the copper melted. Three regions were divided according to the
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laser energy (Ej;,.) range used: (1) excessive cutting region, (2) proper cutting region, and (3) defective
cutting region. The excessive cutting region was Ej;,,, > 4.0115x 10'! J/m3. The proper cutting region
was 1.3372 x 101! < Ej;,,, < 3.0086 % 101 J/m3, and the defective cutting region was 1.2034 x 10" > Ejjpe.
In the excessive cutting region, the variation of the top, melt, and kerf widths were relatively
considerable. The proper cutting region showed relatively small variation in top, melt, and kerf width.
In addition, no complete cut was observed in the defective cutting region and re-fusion was observed.
Due to the re-fusion, the connecting bridge was formed.

Figure 4. SEM images of the anode, laser power: 200 W.

Figure 4 shows the SEM images with a laser power of 200 W. Similar to 250 W, the excessive cutting
region (Ej;,, > 4.8138 x 10! J/m?3), proper cutting region (1.0697 x 10'! < Ej;,,, < 3.2092 x 10'! J/m?),
and defective cutting region (0.9627 x 10" < Ejjy,) can be divided. The excessive cutting region showed
large variation at all widths as observed with the laser power of 250 W. The largest variation was
observed at 500 mm/s. The average top, melt, and kerf widths were 195.12, 137.54, and 72.79 um,
respectively. The degree of change of the top, melt, and kerf widths were Wy,, = [25.25, 12.63] um,
Wperr = [27.78, 19.19] um, and Wkerf = [39.23, 13.80] um, respectively. The proper cutting region had
almost constant top, melt, and kerf widths. Even though the degree of change was relatively small in
the proper cutting region, an additional two regions can be distinguished according to the shape of the
kerf width. On the one hand, a kerf width in the form of a smooth connection curve was observed in
1.9255 x 10! < Ejjype < 3.2092 x 1011 J/m3 (laser cutting speed of 1500 mm/s to 2500 mm/s). On the other
hand, we observed a relatively zigzag shaped kerf width in 1.0697 x 10" < Ejjpe < 1.6046 x 101 J/m3
(laser cutting speed of 3000 mm/s to 4500 mm/s). The Ej;,, range, in which the zigzag shaped kerf
width was observed, may be a transient region from the defective cutting to the proper cutting. It can
be inferred that the less frequent evaporation points may be generated in comparison to the volume
energy range in 1.9255 x 10!! < Ej;,, < 3.2092 x 10'! J/m3. Moreover, more frequent evaporation points
may exist in comparison to the defective cutting region. In the defective cutting region, the re-fusion
phenomenon and connecting bridge were also observed, as observed with the laser power of 250 W.

Figure 5. SEM images of the anode, laser power: 150 W.
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Figure 5 shows SEM images with a laser power of 150 W. At the given laser power, it can be divided
into four regions by the cutting speed. The three previously observed regions and an extra ablation
region were observed. The energy range of each region is as follows: the excessive cutting region
(3.6103 x 10'! J/m3 < Ej;,.), the proper cutting region (1.8052 x 10! < Ej;,, < 2.4069 x 10! J/m?3),
the defective cutting region (1.0315 x 10'! < Ej;,,, < 1.4441 x 10!! J/m3), and the excessive ablation
region (Ejie < 0.9026 x 10! J/m?3). In the excessive cutting region, the width was varied in the order
of 1 pum. As an example, when the velocity was 500 mm/s, Wkgrf and Wkerf were 93.67 um and
[22.39, 20.03] um, respectively. However, a relatively low degree of variability was observed in the
proper cutting region. At the cutting speed of 1500 mm/s, Wi, r0t57.74 pmand Wier £ = [1.35, 1.68] um
were observed. The degree of variation is in the order of 0.1 pm. The defective cutting region was
observed over a cutting speed of 2500-3500 mm/s. The re-fusion phenomenon was observed, and this
resulted in the connecting bridge formation. In this region, it was observed that the more laser volume
energy was provided, the narrower the connecting bridge width was. The formation of the connecting
bridge can be explained by the direction of fluid flow of melting copper. However, the defective cutting
region has an almost constant top and melting width. In the excessive ablation region, no complete
cut was observed so no kerf width can be observed. Relatively constant top and melting widths were
observed, and the variation is in the order of 1 um.

Figure 6. SEM images of the anode, laser power: 100 W.

Figure 6 shows the SEM images when a laser power of 100 W is applied. With the given laser
power, the excessive cutting region (2.4069 x 10" J/m3 < Ej;,) and the excessive ablation region
(1.6046 x 10'! J/m3 > Ej;,,) were observed. In the excessive cutting region, a high degree of variation
was observed. At the cutting speed of 1000 mm/s, Wy, £ = 80.98 pum and Wi £ = [28.11, 20.37] pm
were observed. In the excessive ablation region, relatively constant top and melting widths were
observed. As the cutting speed increased, it was observed that the top and melting widths constantly
decreased. Wtop decreased gradually from 105.59 pm to 72.81 um, and Weit gradually decreased from
58.92 um to 22.05 um. The ratio (W,,,.;/ Wtop) of these values varied from 0.55 to 0.3.

I

Figure 7. SEM images of the anode, laser power: 50 W.
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Figure 7 shows SEM images with a laser power of 50 W. Mostly, excessive ablation phenomena
was observed. With the given laser power, the excessive ablation region (0.4814 x 10M J/m3 < Ejipe)
and the proper ablation region (0.4012 X 10" J/m? > E;;,,) were observed. An excessively wide top
width was observed at the laser cutting speed of 500 mm/s. Thereafter, as the cutting speed increased,
the top width decreased gradually. me gradually decreased from 219.36 um to 73.93 um, and W,
gradually decreased from 100.17 um to 22.73 pm. The ratio Wit/ Wtop) of these values were between
0.46 and 0.31. No signs of the melting of copper were observed in the proper ablation area. However,
small particles were observed on the surface.

According to the observations of physical phenomena during laser cutting, cutting phenomena can
be categorized in five regions: (1) excessive cutting, (2) proper cutting, (3) defective cutting, (4) excessive
ablation, and (5) proper ablation. This is depicted with volume energy in Figure 8. Combinations of
multi-physical phenomena, such as the ablation of graphite, melting of copper, evaporation of copper,
and explosive boiling of copper, led to the abovementioned five regions. The volume energy range of
the proper ablation, excessive ablation, and excessive cutting regions can be clearly distinguishable in
Figure 8. However, the volume energy range of the excessive ablation, defective cutting, and proper
cutting regions were overlapped.

Proper cutting may contain three dominant physical phenomena, such as the ablation of graphite,
melting of copper, and evaporation of copper. Therefore, this region showed a very consistent laser cut
surface with the small variation of kerf width. In addition, the small variation of top width was also
observed, since continuous and stable heat transfer in the transverse direction was conducted.

In the excessive cutting region, explosive boiling may be included in addition to the three physical
phenomena observed in the proper cutting region. Explosive boiling tends to increase the homogeneous
nucleation rate and bubble growth, so that the mixture of vapor and liquid droplets are ejected. Due to
large variations in density and entropy under explosive boiling, the kerf width showed a large variation
and wavy cut surface.

In the defective cutting region, the evaporation point of copper was generated less frequently
compared to the proper cutting, while the three physical phenomena observed in the proper cutting
still exist. The excessive ablation region contains two dominant physical phenomena, such as the
ablation of graphite and melting of copper. In the proper ablation region, only the graphite is ablated.

Proper sblation region —g

= 5
Excessive ablation reglor/
<

Defective cutting region

Proper cutting region

1011 1012

Volume energy [J/m?3]
Figure 8. Characteristic regions vs. laser volume energy in the log scale.
3.3. Laser Cutting Widths Trend

The top, melting, and kerf widths observed through SEM images were plotted in Figures 9-11.
The top width is shown in Figure 9, and it shows an exponentially decreasing trend. It was observed
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that all plots were saturated as the laser cutting speed increases. In addition, it was seen that the degree
of change sharply decreased as the laser cutting speed increased. The degree of change was more
clearly observable in the volume energy graph (Figure 9b). It can be divided into high volume energy
and low volume energy, based on the volume energy of 2.4069 x 10!! J/m3. High volume energy
provides a high degree of variation in the top width, and its variation is in the order of 10 um. On the
other hand, low volume energy provides less top width variation, and its variation is in the order of

1 um.

4= | =)
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Figure 9. (a) Top width vs. scanning speed, and (b) top width vs. volume energy.
Figure 10 shows the melting width. As the cutting speed increases, the melting width gradually

decreases. If the laser power is 50 W and the cutting speed is more than or equal to 3000 mm/s,
no melting width is observed. The volume energy plot provides a fairly clear log trend (Figure 10b).
The curve fitting yields the following:

Woneit = 42.9810g(Ejine) — 1042.5 @)

Figure 11 shows the kerf width. No kerf width was observed in the defective cutting,
excessive ablation, and proper ablation regions. In this case, the kerf width was assigned as 0.
Categorized regions can be more clearly seen in Figure 11b. The kerf width can be divided into three
major regions: excessive cutting region, proper cutting region, and no cutting region. The no cutting
region includes the defective cutting, excessive ablation, and proper ablation regions. A kerf width
of about 80 um or more was observed in the excessive cutting region (highlighted in red color in
Figure 11b), which was relatively wide and had large variation. The proper cutting region, which is
highlighted in green, had a relatively small variation and the kerf width was between 35 and 45 pym.
Finally, the no cutting region is highlighted in blue.

200 ,
(a) e 50W . { (b)
— 150 S
[ I
£ P
= 4 AY
< 100 Ve Wnere = 42.9810g(Ejine) — 1042.5
- /
:;9 i
50+ ' ',r
0 ' ' v— ~ : : . »
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v‘O”
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Figure 10. (a) Melting width vs. scanning speed and (b) melting width vs. volume energy.
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Figure 11. (a) Kerf width vs. scanning speed, and (b) kerf width vs. volume energy.
4. Conclusions

This study investigates the application of laser cutting on the lab-made uncompressed anode.

This study identifies the laser cutting characteristics of the uncompressed anode by varying the
laser power and speed. Furthermore, the absorption coefficients in the ultraviolet, visible, and infrared
ranges are measured. The key observations and findings are summarized as follows:

1.  This study uses an uncompressed and lab-made anode in laser cutting research for the first time.

2. The absorption coefficients of graphite and copper in the ultraviolet, visible, and infrared ranges
are measured. In the wavelength (1070 nm) used in this experiment, the absorptivity of the
graphite and copper were 88.25% and 1.92%, respectively.

3. Laser cutting phenomena can be categorized in five regions: (1) excessive cutting, (2) proper
cutting, (3) defective cutting, (4) excessive ablation, and (5) proper ablation.

4. These five regions are composed of a combination of multi-physical phenomena, such as the
ablation of graphite, melting of copper, evaporation of copper, and explosive boiling of copper.

5. The top width varies in the order of 10 um and 1 pm when applying high and low volume
energy, respectively.

6.  The melting width shows a logarithmic relationship with the volume laser energy, or W,,.; =
42.9810g (Ejie) — 1042.5.
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