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ARTICLE INFO ABSTRACT

Keywords: Until today, disassembling cylindrical 18650 cells commonly involved using a pipe cutter and pliers, with a risk
Cylindrical battery cell of short-circuiting and mechanical damage to the electrode materials. This study presents a novel laser ablation
FDlTssembli' ) assisted disassembly method with X-ray and optical validation for opening cylindrical battery cells without
DZI ?;Z:;iljnym damaging the jelly roll. The objective is to develop a safe, efficient, and reproducible approach for cell disas-
Lafer ablation sembly enabling post-mortem analysis of failure mechanisms and investigation of aging effects. X-ray and tube
X-ray micrometer measurements are used to estimate the cell wall thickness, with good agreement between the two

methods. Laser ablation is calibrated to determine the optimal number of laser cycles for achieving the desired
ablation depth. In situ temperature measurements are conducted. Various cooling parameters are investigated,
maintaining the cell temperature within a safe range of 17 °C to 35 °C during operation. The temperature re-
mains significantly below the reported onset temperature of 57 °C for solid electrolyte interphase (SEI)
decomposition. Depth analysis and surface morphology are conducted using confocal microscopy with inter-
ferometry and a fully automated digital microscope system. The cells are disassembled within an inert argon
atmosphere. Challenges such as redeposition of ablated material and side trench formation are addressed.
Overall, this method offers a safe, reproducible and efficient approach for opening cylindrical battery cells. This
innovative approach fills a gap in the literature and contributes to advancements in failure analysis and
degradation research for the benefit of cell producers, testing laboratories and research institutes.

1. Introduction Disassembling battery cells is crucial for achieving a circular econ-
omy and conserving resources in the increasing use of lithium-ion bat-
tery cells [14-21]. Common methods for handling discharged battery

cells and modules involve comminution under an inert atmosphere in a

Lithium-ion batteries have gained widespread usage in society, with
cylindrical cells playing a crucial role. Tesla Motors Inc. highlighted the

industrial significance of producing billions of cylindrical type 18650
lithium-ion battery cells annually in 2006 [1]. Since then, the market for
cylindrical lithium-ion battery cells, particularly among automotive
manufacturers, has witnessed substantial growth [2,3]. The global cy-
lindrical lithium battery pack market is projected to grow at a Com-
pound Annual Growth Rate of 19 % between 2023 and 2028 [4-6].
Cylindrical cells are highly favored among different lithium-ion cell
types due to their exceptional mechanical stability, high specific power,
and ease of manufacturing [7-10]. Most producers employ steel cases
with a Nickel coating for their cylindrical cells, offering high mechanical
strength, long life cycle time, and good corrosion resistance [11-13].
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shredder process or underwater. However, a laser ablation assisted
disassembly process has been proposed for recycling purposes [22,23].

Safe and reliable disassembly processes are particularly relevant for
investigating failure analysis and degradation mechanism, especially in
low-capacity cells [24-43]. Maintaining an argon atmosphere during
disassembly is essential due to the sensitivity of lithium-ion cells to
oxygen and moisture [44-48].

Disassembling cylindrical battery cells presents unique challenges
compared to pouch and prismatic cells [17,18,49,50]. Various tech-
niques, including dremel tools, pipe cutters, high precision saws, and
CNC mill machines, have been employed for disassembling battery cells
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in previous studies, each with its own limitations [51-57].

When using dremel tools to eliminate the metallic components near
the upper side of the cell and peeling the cell case with pliers, there are
potential dangers of short-circuits and mechanical harm to the jelly roll.
This method also raises the risk of internal short-circuits due to the
presence of metal dust or swarfs. Somerville (2017) noted changes in the
solid electrolyte interface (SEI) layer at the negative electrode, caused
by dust, particles and other materials during the cutting and electrode
removal process [57]. Disassembling 18650-type cylindrical cells
without contaminating the sample was not possible. Somerville sug-
gested to overcome this problem by removing only the top cap with a
pipe cutter and then peeling the cell can off, e.g. with pliers. Other au-
thors applied this method with the pliers too [53,54]. Since the metal
can is thin, peeling the can with pliers could lead to mechanical defor-
mation of the jelly roll, as observed by the authors in previous dis-
assembling tests.

Current techniques often lead to the destruction of internal compo-
nents or contamination of valuable materials, hindering accurate anal-
ysis. The lack of safe and reliable disassembly methods presents hurdles
for post-operation material analysis. A critical evaluation of these
techniques is vital and is detailed in Section 3.6.

This paper presents a novel laser ablation assisted disassembly
method with X-ray and optical validation, offering a solution to avoid
damaging cell components, a gap in the existing literature. The proposed
method is safe, easy and reproducible, rendering it suitable for both cell
producers, testing laboratories, and research institutes.

2. Methodology
2.1. Wall thickness estimation

A commercial cylindrical 18650 cell from Sony, production line
US18650 VTC4, with a rated capacity of 2.1 Ah, was used. The steel wall
thickness was initially estimated using an X-ray system (Nikon X-Tec XT
V 160). Initially, the X-ray beam source, the center of the X-ray detector
and the surface of the cell wall are placed within one vertical axis. The
cell is moved in order to estimate the wall thickness from the contrast
change.

2.2. Laser ablation technique

A custom-built motorized setup, in conjunction with a scanning laser
marker (Trotec SpeedMarker 300), was employed. The setup consists of
the cylindrical cell positioned on two guiding rolls enclosed in axle
bearings (Fig. 1). To prevent slippage, the guiding rolls are coated with
soft silicone material. Drive belts connect the guiding rolls to a stepper
motor’s shaft, ensuring a constant speed. Furthermore, a neodymium
magnet is used to securely hold the cell in place on its positive terminal.

To safely disassemble cylindrical battery cells and achieve the
desired laser ablation depths of 150 to 200 pm, a wobbling laser line
with a length of 200 pm is applied parallel to the main axis of the cell,
while the cell undergoes constant rotation. The optimized laser param-
eter procedure results in the formation of side trenches, but their impact
on the final laser trench is minimal. A comprehensive analysis and visual
representation of this phenomenon can be found in Sections 3.2 (Fig. 4)
and 3.3 (Fig. 5).

The determination of the optimal number of laser cycles necessary to
create the final laser trench depends on material parameters, including
the characteristics of the cell wall and the laser system employed.
Initially, a few laser cycles are applied, and then the evaluation process
begins to determine the optimal number of laser cycles needed. This
evaluation is carried out using calibration lines, as described in detail
below.

Three calibration line series were implemented, positioned near the
bottom side (Fig. 1, 1a), in the center of the cell case (Fig. 1, 1b), and
close to the top side (Fig. 1, 1c). Laser calibration lines covering a range
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Fig. 1. Setup. 1 Battery cell with calibration line series and final laser trenches
at positions 1a, 1b and 1c.
2 Motor, 3 Guiding rolls, 4 Drive belts, 5 Magnet.

of 40,000 to 200,000 laser cycles were employed with a line spacing of
300 pm, Fig. 2(a). The reference length for estimating the wall thickness
was determined by measuring the distance between the marking lines
near points A and B (as shown in Fig. 2(a)), which measured 1800 pm. A
simplified linear least square regression analysis with zero intercept was
performed on each calibration line series using a graphical approach
(Fig. 2(a)). The linearization process involved utilizing the depth of the
midpoint of the laser trench. To ensure accuracy and consistency, the X-
ray image in Fig. 2(a) was flipped horizontally and vertically to elimi-
nate any potential inaccuracies caused by variations in viewing angles
on the screen. The consistent results obtained from all four images,
indicating the same estimated ablated depth, demonstrate the robust-
ness of this method.

Based on the authors’ extensive experience in disassembling cylin-
drical cells, it is suggested to maintain a residual wall thickness of 30 to
40 pm to ensure breakability of the cell wall while preserving mechan-
ical stability. To provide an additional safety margin, a conservative
value of 40 pm is adopted in this study. This recommended residual wall
thickness ensures effective disassembly while minimizing the risk of
structural integrity issues. By extrapolating the slope, the number of
laser required to ablate the entire wall thickness less 40 pm as a safety
margin were calculated.

The calculated number of laser cycles for the final laser trench was
applied in close proximity to the calibration series. Specifically, the
marking line of the final laser trench (C) was 700 pm distant from the
marking line of the calibration series (B), as shown in Fig. 2. The safety
margin from the final laser trench is clearly evident from the results
shown in Fig. 2(b). The impact of the side trenches on the final laser
trench is negligible. The distance between the marking lines near points
C and D, which measured 600 pm, as illustrated in Fig. 2(b), was used as
the reference length for determining the final laser trench ablation
depth.

Proximity of the cell to the beam source can result in higher cone
beam aspect distortion in the cone beam geometry during radiography.
This distortion can impact the interpretation of the laser calibration
line’s actual ablation depth. Positioning the cell closer to the detector
reduces the distortion but sacrifices image sharpness due to lower
magnification. To ensure accurate X-ray measurements, it is important
to position the cell at a sufficient distance from the X-ray beam
source—25.5 mm for the calibration lines (Fig. 2(a)) and 16.7 mm for
the final laser trench (Fig. 2(b)). The images were processed using FI1JI
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1800 pm

Fig. 2. X-ray image of the calibration lines in increments of 40,000 laser cycles and final laser trench (Fig. 1, 1c) with marking lines A, B, C and D. (a) Calibration

lines. (b) Final laser trench close to the top side.

ImageJ software (v. 1.53q; with CLAHE plugin v. 1.4.1) to enhance
sharpness and local contrast.

2.3. Disassembly technique

After laser ablation, the cells with a remaining wall thickness of 40
pm were disassembled inside an argon-filled glovebox (MBRAUN LAB-
master Pro SP) using two water pump pliers (HAZET 760). Plastic ma-
terials covered the water pump pliers for a secure grip. The disassembly
process involved a counter-clockwise rotation in close proximity to the
laser lines (Fig. 3). Minimal force was required to successfully break the
laser trenches, ensuring no damage to the jelly roll. Separation of the
jelly roll from the cell case was facilitated by a rubber plug from a piston
syringe.

After removal, the jelly roll can be analyzed directly within the
glovebox. Alternatively, it can be covered with insulating Parafilm® to
prevent any potential short-circuits during storage and transport. To
safeguard against moisture and oxygen, it is also suggested to place the

Parafilm®-covered jelly rolls inside aluminum bottles or barrier foil
locking pouch bags.

3. Results and discussion
3.1. Application to different cells of the same type and production lot

The methodology employed in this study was validated using four
different types of cylindrical 18650 cells. These cells are sourced from
different manufacturers, including APR, Sony, Samsung, and Yinlong. In
this Section 3, exclusively cells of Sony’s US18650VTC4 production line
are utilized.

The cell wall thickness is determined using a tube micrometer (TESA
Briitsch/Riiegger, AL ISOMASTER), yielding 231 + 1 pm (1 standard
deviation, 1 SD, 8 cells). X-ray measurements (Fig. 2b) yielded a wall
thickness of 229 + 1 pm (1 SD, 8 cells). The two methods are consistent
within 2 SDs.

The cell wall thickness of the cell is measured using a tube

Fig. 3. Disassembly procedure within the glovebox. (a) Orthogonally placed water pump pliers. (b) Cell opened. (c) Cell disassembled. (d) Jelly roll unrolled.
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micrometer at three different positions, each at 4 rotational orientations.
Near the bottom side (Fig. 1, line 1a), the thickness is 232 + 1 pm. Near
the center of the cell case (Fig. 1, line 1b), the thickness is 231 + 1 pm.
Near the top side (Fig. 1, line 1c), the thickness is 230 + 1 pm. These
measurements show that the cell wall thickness remains almost constant
along the length of the cell within 2 SDs. However, it is important for
cells of other cell manufacturers to use the proposed method with three
positions in case their wall thickness varies along the length of the cell.

Based on the extrapolation of the calibration lines, the required
ablation depth is determined to be 189 pm, which is obtained by sub-
tracting 40 pm safety margin from the X-ray estimated wall thickness of
229 pm. It is calculated that 300,000 laser cycles are necessary to ach-
ieve the desired ablation depth. The depth of the laser-ablated lines on
the tested cell is estimated to be 188 + 4 pm (1 SD, 8 cells) using X-ray
analysis and 188 + 5 pm using confocal microscopy (Leica DCMS8).
These measurements closely align with the extrapolated anticipated
ablation depth of 189 pm.

The cell diameter is measured using an electrical caliper (TOOL-
CRAFT S/N: 220-150-158-1) was 18.01 & 0.02 mm close to the bottom
side of the cell and 18.05 + 0.02 mm close to the top side of the cell (1
SD, 4 measurements). Measurements are taken at orthogonal positions
to assess cell non-circularity. A difference of 20 pm in focus height can
result in a 2 pm variation in ablation depth, necessitating the calibration
lines to be applied approximately 1 mm away from the final laser trench.
The 2 pm difference resulting from any imperfections in the cell’s
roundness is accounted for within the 40 pm safety margin.

(a)
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3.2. Optical microscopy for determining the depth of the final laser
trenches

To evaluate the surface morphology of the laser trenches, a nonde-
structive, confocal 3D Optical Surface Metrology System (DCM8) with a
Leica EPI 50x objective is used. Data analysis is performed with Leica
Map 7.4 software to yield the depth and 3-D images of the laser trenches.
For comparison, a digital microscope (Keyence VHX-7000) with a 200x
objective and VHX software (v. 1.4.23.17) is used.

A least squares linear regression analysis is performed on the mea-
surement points, with the intercept forced through zero. The lineariza-
tion process involved utilizing the depth of the midpoint of the laser
trench. The results are shown in Fig. 4.

The results yield slopes of 6.154 x 10~ um/laser cycle for Ablation
X-ray (Nikon), 6.136 x 1074 pm/laser cycle for Ablation Optical (Leica)
and 6.157 x 10~* um/laser cycle for Ablation Optical (Keyence). Uti-
lizing the extrapolated method of 300,000 laser cycles, the estimated
laser depths are 185 pm (X-ray), 184 pm (Optical Leica), and 185 pm
(Optical Keyence).

The coefficient of determination (RZ), including the origin (0,0), is
0.996 for ablation X-ray (Nikon) and for ablation Optical (Keyence) and
0.995 for ablation Optical (Leica).

The additional depth of the side trenches is non-proportional to the
amount of applied laser cycles and becomes neglectable for the final
laser trench as illustrated in Fig. 5.
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Fig. 4. Calibration lines showing the progression of laser cycles from 40,000 to 200,000. (a) Measurement of ablation depth and side trench depth using X-ray
(Nikon), confocal microscope (Leica), and digital microscope (Keyence). (b) Graphic representation of the calibration trenches captured with Leica. (¢) Zoomed-in
view of the laser trench resulting from the application of 40,000 laser cycles (second trench from the right side of subimage (b)).
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Fig. 5. X-ray images of calibration line series ranging from 40,000 to 320,000 laser cycles in increments of 40,000 laser cycles applied in close proximity to the
bottom of the cell, in two different orders (a) and (b). (c) Ablation depth of the midline of the ablated line and the depth of the side trenches, using the data from
panels a-b. The solid dark gray and orange lines represent the least squares linear interpolation with a constraint through the origin, using data points from 40,000 to
320,000 laser cycles. The dotted dark gray and orange lines represent the least squares linear interpolation through the origin, based on data points ranging from

40,000 to 200,000 laser cycles.

3.3. Limitation of laser ablation process

The redeposition of ablated steel material can lead to reduced width
of the trench at higher ablation depths, as observed in Fig. 5(a-b). The
method presented in this study successfully opens cells with wall
thicknesses up to 240 pm from APR, Sony, Yinlong, and Samsung
without any issues. However, if the wall thickness exceeds this limit,
wider laser lines (>200 pm) and higher line spacing (>300 pm) are
required. For validation purposes, calibration lines of up to 320,000
laser cycles are examined.

The proximity of the final laser trench to the cell’s bottom side
corresponds to a higher laser beam angle of incidence. As the trench gets
deeper, it becomes narrower. This raises a question about how changing
the order of laser cycles might affect the interpretation of calibration
lines and the final laser trench depth. To address this, a y-coordinate is
introduced parallel to the cell length. The y = 0.0 mm position repre-
sents the point below the laser lens, and y = —30.0 mm represents the
end of the cell’s bottom side. Calibration lines with a line spacing of 300

pm are placed near the cell’s bottom side. This calibration lines span a
range of 40,000 to 320,000 laser cycles in increments of 40,000 laser
cycles.

In Fig. 5(a), the 40,000 laser cycle line is closer to the final laser
trench and bottom of the cell than the 320,000 laser cycle line.
Conversely, in Fig. 5(b), the 320,000 laser cycle line is closer to the final
laser trench and bottom of the cell than the 40,000 laser cycle line.

The asymmetrical formation of the trench walls, visible between
200,000 and 320,000 laser cycles in Fig. 5(b), suggests an impact of the
higher laser beam angle. To investigate this influence on the final laser
trench depth, a least squares linear regression analysis is performed,
with the intercept forced through zero. Considering the data up to
200,000 laser cycles, slopes of 5.972 x 10~* um/laser cycle (Fig. 5(a))
and 6.016 x 10~* pm/laser cycle (Fig. 5(b)) are obtained.

The coefficient of determination (Rz), including the origin (0,0),
excluding points >200,000 laser cycles, is 0.996 for Fig. 5(a) and 0.995
for Fig. 5(b).

As mentioned in Section 3.1, 300,000 laser cycles are required for the
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desired ablation depth. The estimated ablation depth at 300,000 laser
cycles is 188 pm for both methods (Fig. 5(a) and (b)). There is no rele-
vant difference observed in calculating the laser depth between the two
methods. However, due to the proximity of the final laser trench to the
flat bottom side of the cell compared to the calibration series, it is
advisable to use the method illustrated in Fig. 5(b).

Extending the analysis to 320,000 laser cycles, slopes of 6.253 x
1074 pm/laser cycle (Fig. 5(a)) and 6.252 x 1074 pum/laser cycle (Fig. 5
(b)) are obtained.

The coefficient of determination (R?), including the origin (0,0) up to
320,000 laser cycles, is 0.998 for Fig. 5(a) and (b).

The estimated ablation depth at 300,000 laser cycles is 179 pm for
Fig. 5(a) and 180 pm for Fig. 5(b). Taking into account the slight
decrease in ablation depth per laser cycle at higher number of laser
cycles, the estimated ablation depth is slightly lower when including
data from 240,000 to 320,000 laser cycles. However, this difference,
which is <10 pm, falls within the safety margin of 40 pm.

3.4. Number and position of the laser trenches

To facilitate the disconnection of electrode tabs and to minimize the
risk of short circuits, it is recommended to apply laser trenches near the
top and bottom sides. Insulating the cut tabs can provide additional

thermocouple tip

(a)
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protection against short circuits.

Ideally, the cell should be disassembled by opening the trenches at
the top and bottom sides of the cell, as the middle section of the cell case
is more susceptible to deformation than the areas near the top and
bottom sides.

However, it is highly advised to include a calibration line series and
incorporate a final laser trench in the middle of the cell case. This pre-
cautionary step helps in cases where the jelly roll adheres to the cell
case, facilitating its removal.

To ensure an effective disassembly process, it is recommended to
apply a total of three laser lines as shown in Fig. 1. By strategically
placing these lines, the disassembly can be performed efficiently and
with minimal risk of damage or complications.

3.5. Heat of laser applied to the cell

At temperatures above 80 °C, electrolyte decomposition may occur
[58-60]. The initial decomposition of the solid electrolyte interface
(SEI) takes place within the range of 80-130 °C [61,62]. Park et al.
observed no decomposition of two SEI films on a graphite negative
electrode until 60 °C [63], while Wang et al. demonstrated that SEI
decomposition can start as low as 57 °C [64]. The optimal operating
temperature range for lithium-ion batteries is 15-35 °C [65].

(b)

60
50
40 1

30

temperature (°C)

204

(c)

time (min)
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Fig. 6. In-situ temperature measurement. (a) X-ray image after 300,000 laser cycles without cooling, 6 W laser power. (b) temperature curve for 300,000 laser cycles
without cooling, 6 W. (¢) temperature curve for 300,000 laser cycles with active cooling, 6 W.
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To avert potential harm to cell components, in-situ monitoring of
temperature elevation was conducted using type K thermocouples
(FLUKE 52 II Thermometer, CONDUSTRIE-MET AG, Wire diameter: 2 x
0.2 mm, spot-welded tip, Fig. 6(a), displays the thermocouple place-
ment). The data was recorded at a sample rate of 100 Hz. The laser
power was set to 6 W. This calibrated power parameter optimizes
ablation time, reproducibility, and cell temperature increase. During the
application of 300,000 laser cycles, the temperature within the cells
increased from 26 °C to a maximal temperature of 63 °C. Fig. 6(b) de-
picts the temperature curve.

Localized temperature maxima arise solely when the laser aligns
directly above the welded thermocouple tip, attributed to cell rotation.
The temperature under the cell wall during laser treatment was mild due
to the cell’s rotation and the use of an optimized wobbling laser line.
Overall, temperature values were notably lower than those reported in
[581, confirming the thermal runaway safety of our approach. The laser
heat input to the steel case is very localized, as [66] indicates. For post-
mortem analysis, only portions at least 10 mm away from the final laser
lines, were considered. Nonetheless, the authors aim to avoid the
migration of decomposed material to the area of interest, requiring
further process improvements.

The temperature increase under the cell case results from two fac-
tors: the overall increase of energy within the cell (baseline) and cyclic
fluctuations (amplitude) per rotation cycle.

While a reduction in laser power from 6 W to 5 W decreased the
cyclic amplitude from approximately 12 °C to 9 °C, it only partially
addressed the issue of the overall temperature increase, see Fig. 6(b).
The baseline increase remained high at +17 °C, in contrast to the orig-
inal 426 °C without the reduction in laser power. In summary, the
reduction in laser power increased the required cycle number by +65 %
(496 k cycles), resulting in a temperature reduction of +12 °C.

A more efficient approach is to reduce the total heat accumulated in
the cell by cooling it with pre-cooled air during laser ablation. Fig. 6(c)
depicts the temperature change during 300,000 laser cycles. The
amplitude per rotation in Fig. 6(c) is higher than in Fig. 6(b) due to the
use of a new thermocouple with a smaller tip, providing higher time-
resolution. In the last few laser cycles, as the wall thickness decreases
and heat distribution in the cell case reduces, the amplitude increases.
To maintain the maximum measured local temperature below 35 °C, the
air stream was slightly increased in the last eleven laser cycles, causing a
slight drop in the baseline in Fig. 6(c). After completing the laser abla-
tion, the air stream valve was closed to avoid further cooling. According
to Islava, radial cooling is preferred over axial cooling due to its larger
surface area for heat transfer [67].

Pre-cooling of the cell was not required for this experiment, which
would be an alternative way to reduce the maximum temperature. The
entire equipment could also be stored within a climatized room, facili-
tating the thermal regulation of the cell during operation.

The experiment has clearly shown that actual temperature right on
top of the jelly roll can be kept safe in terms of solid electrolyte inter-
phase components’ stability. By adjusting the air stream, the baseline of
the temperature curve was kept more or less constant. The baseline is the
temperature that is a good representation of the overall temperature of
the cell close to the applied laser line. In practice, cooling with an air
stream will be regulated to keep the outer cell case temperature con-
stant. This is easily achieved by placing a thermocouple a few milli-
meters apart from one of the laser lines.

Online monitoring of the outer cell case during laser ablation oper-
ation with a thermocouple touching the cell case is a good indicator for
keeping the cell temperature within a certain range. Frictional heat is
negligibly small for the rotation speed at hand. This procedure will be
more accurate than using a thermography camera for cells from other
manufacturers where no thermocouple can be inserted.
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3.6. Comparison of different disassembly techniques

Since the commencement of commercial production of cylindrical
lithium-ion cells in 1991 by Sony Corporation, there has been a growing
demand to disassemble these cells carefully for research purposes. Post-
mortem analyses aiming at understanding failure and aging mechanisms
and improving overall performance require meticulous disassembly
[68,69].

The precision of the disassembly process significantly influences the
outcomes of post-mortem analysis. Unfortunately, many researchers
conducting these analyses have not been transparent about the disas-
sembly methods employed within the glovebox.

As stated in the Introduction (Section 1), all currently reported
techniques for disassembling cylindrical cells pose problems that need
addressing. The main advantages and disadvantages of common tech-
niques are summarized in Table 1.

Aurbach et al. were pioneers in conducting post-mortem analysis of
lithium-ion batteries and proposed their approach for disassembling
cylindrical cells in 2002 [70]. To ensure operator safety during disas-
sembly, the entire disassembly process took place within a glovebox
equipped with a remotely controlled X-Y moving stage. Their method
involved an initial cut using a Dremel-based tool with a carbide-tipped
saw, targeting the cap along the peripheral groove. Subsequently, they
performed a longitudinal cut on the case to facilitate the easier removal
of the jelly roll from the cell casing.

In 2011, Williard et al. [36] recommended a method for disassem-
bling prismatic cells with a metal case, utilizing a Dremel tool to make a
cut and employing pliers or wire cutters to pry back the top of the bat-
tery case. The top should still be connected on one side of the case to
open it like a lid. At this point, the lid can be gripped with the pliers and
twisted so that the battery casing begins to peel away from the internal
jelly roll.

Williard et al. also emphasized the importance of caution when the
cell is fixed in a vise or pliers are used during the removal of the safety
circuit or the disassembly of the battery pack. Excessive compressive
force can puncture the separator and short the anode and cathode. They
also highlighted the risk of contamination due to the formed dust during
cutting into the metal case.

Williard et al. cautioned against using pliers to peel off the cell case
for cylindrical cells and instead suggested employing a Dremel-based
saw tool, aligning with Aurbach et al.’s initial proposal. Notably, pic-
tures from studies referenced in Table 1 revealed instances of mechan-
ical destruction of samples when using the Dremel tool.

In 2016, Waldmann et al. proposed using a Dremel for top cap
removal after an interior cell examination, recommending non-
destructive characterization techniques such as X-ray analysis from
various angles or X-ray computed tomography (CT), which aligns with
our methodology. They expressed concerns about the potential gener-
ation of local heat during cutting and the formation of lengthy swarfs
that could lead to short circuits. They emphasized the need for the cell
opening process to be carried out meticulously, with avoidance of
excessive force on the jelly roll. Additionally, they issued a warning
about the risk of external short circuits due to unintentional contact with
external tabs, conductive tools, metal flakes during cutting, or contact
with the metallic surface of the glovebox [26].

Somerville’s extensive work in 2017, analyzing electrode samples
with a Dremel tool, revealed speckles on electrodes containing carbon,
oxygen, and trace amounts of metals such as copper, manganese, and
iron [57]. When Somerville disassembled the cells using a pipe cutter
and pliers, he did not examine these speckles. He employed the pipe
cutter for top cap removal and pliers for peeling off the cell case. He
concluded that the use of a Dremel tool disperses dust, particles, and
other materials throughout the environment during the cutting and
electrode removal process, which is unfavorable when unwinding the
jelly roll within the same glovebox. Instead of this method, he advised
using a pipe cutter. He writes: “This new method does not create dust,
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Table 1
Comparison of different disassembly methods for cylindrical battery cells (the higher placed in the table, the higher the estimated practical relevance).
Method References Benefits Drawbacks Equipment Time
cost
X-ray, laser ablation, with [N/A] o Safe method; suitable for disassembling e Build-up of initial experience Medium Low for
water pump plier cells at different states of charges required known cell
(see below)
Pipe cutter with (sharp [52-54,80-88] e No swarfs e Risk of short-circuits Low Low
needle-nose) plier e Low risk of short-circuits by removing the e Risk of mechanical deformation
positive terminal during peeling off the case with
pliers
Sawing high precision saw; [83-86,51,55,70,89-91] o Accurate removal of steel if circularity of e Usually cell is not circular Medium Medium
CNC mill machine cylindrical cell is given (was often not the enough, leading to different -high
case in the cells we have tested) removal depth
o Useful for disassembling prismatic cells e Space requirement of a CNC
(alternatives)
e Accuracy: 50 pm of a small
precision saw as the
disassembly lathe MTI MSK-530
Sawing dremel with carbide- [2,36,57,70,80,92-98] e Cheap and fast e Risk of short-circuits Low Low
tipped saw e Metal dust and swarfs (SEI
altered)
e Carbide-tipped saw: black soot
might taint the electrodes
o Local temperature increase
o Short lifetime of brush motors in
argon atmosphere (avoidable)
Pipe applied on both cell [99,100] e Cheap and fast e Risk of short-circuits due to Low Low
peripheries mechanical deformation of the
jelly roll
e Not as reproducible as our
proposed laser ablation method
Piercing awl with (sharp [N/A] e Piercing a small hole at the bottom center e Risk of short-circuits Low Low
needle-nose) plier in the mandrel hole and peeling off the case e Risk of mechanical deformation
seems risky of the jelly roll
Manual (sharp needle-nose [17,101-103] e Cheap and fast e Risk of short-circuits by Low Medium

or diagonal) plier, ceramic

knife, scalpel, scissor pouch cells

Scissors/scalpels only recommended for

damaging the sealing gasket
Risk of damaging personal
equipment/gloves

Risk of mechanical deformation
of the jelly roll

particles, or metal shards. It avoids cutting into the electrode materials,
uses fewer resources, is less convoluted, and can be performed in a
similar period of time. No contaminants were found in cells that were
opened using this method, and therefore, it should be adopted.”

Concerns about metal dust release during sawing led us to discourage
the carbide-tipped saw tool proposed by Aurbach et al. in 2002.

To mitigate the particles resulting from laser ablation of the cell
cases, we clean our cell cases with ethanol post-ablation. This process
removes all metal nanoparticles and dust. Additionally, we eliminate
any leftover solvents using compressed air and place the cells in the
glovebox antechamber under vacuum.

Spielbauer et al. investigated the impact of mechanical deformation
on the aging, safety, and electrical behavior of 18650 lithium-ion battery
cells, observing imprints of the current collector on electrodes [71,72].
Mechanical stress is a critical factor to address and analyze, especially
for new cell chemistries [73,74]. Even current Li-ion cells can experi-
ence jelly roll deformation [75]. Consequently, we believe that peeling
off the steel case with pliers might exacerbate electrode deformation in
worst-case scenarios. With our method, we can disassemble cylindrical
cells that have already undergone electrode fracture [76].

Initially, we utilized our marking laser to remove the cell case on
both peripheries of a fully discharged cell. Subsequently, within the
fume hood, we effortlessly extracted the jelly roll. As detailed in Section
2.3, we recognized that breaking the residual wall thickness of 40 pm
and removing the jelly roll from the cell case demands only minimal
mechanical force, underscoring the efficacy of our approach.

While acknowledging that using a pipe cutter to remove the top cap,
followed by pliers to detach the case, was likely the safest approach
before our methodology, we are concerned that using pliers to peel off

the case may cause mechanical damage to the jelly roll.

We looked for alternative ways to remove the jelly roll without the
need of peeling off the case with pliers and tested pipe cutters and an
axle turning lathe.

Pipe cutters provide a fast and cost-effective approach for dis-
assembling cylindrical cells. However, using a pipe cutter from both
sides of the cell (near the top and bottom) can result in significant non-
uniformity in the depth of steel removal, as shown in Fig. 7. This figure
was made by applying 25 turns within a pipe cutter (TUBE CUTTER 35,
6-35 mm, DURAMAG). We have evaluated different types of tube cut-
ters; all of them seem to mechanically deform the jelly roll. Furthermore,
the use of pipe cutters, risk electrical short circuits. According to Som-
erville (2017), the method they used was safe, only one of 63 cells used
was has experienced a short-circuit [57]. Their method included peeling
of the can with pliers.

A safer approach is to prepare a breaking line outside the glovebox
and breach the ablated wall within the glovebox. For this purpose, a
turning lathe or CNC lathe could be utilized. However, it is important to
consider that the ablation achieved with a CNC mill may not always be
uniform due to steel wall deformation and variations in wall thickness.
One battery cell was prepared with an axle turning lathe. The cell outer
diameter, was measured with an electrical caliper (Toolcraft TO-
5664642), was found to be 17.81 mm and 17.85 mm at different rota-
tional orientations, indicating that the cell is not perfectly round. The
result is shown in Fig. 8. CNC lathe require space and are expensive. CNC
machines have potential for material recovery of cylindrical cells [55].

Initially, we considered acquiring a small, high-precision saw that
could be installed within our glovebox or a specifically designed tool for
disassembling 18650-type battery cells, such as the MTI product (MSK-
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(b) cut

Fig. 7. X-ray image of a cylindrical cell processed with a pipe cutter, consisting of 25 turns. Both subimages (a) and (b) show the same cut, at two different rotational

orientations.

cut

(a) ¢

200 pm

cut

(b) l

Fig. 8. X-ray image of a cylindrical cell processed with a turning lathe. Both subimages (a) and (b) show the same cut, at two different rotational orientations.

530). However, these low-budget tools typically offer an accuracy
ranging between 20 and 50 pm, making them unsuitable for our needs,
especially for the protective insulating material around the jelly roll,
which has a thickness of a few micrometers. We contemplated applying
a cut with a safety margin outside our glovebox using a high-precision
axle lathe and breaking the safety margin within the glovebox with
water pump pliers.

Pre-tests with a pipe cutter and an axle lathe revealed that both tools
are inappropriate for non-perfectly circular cells, as was the case for our
samples. Concerns arose about potential damage if a cell underwent a
breach in the case under air or if the cut occurred within the electrode
materials. Having previously established the laser ablation variation to
be within 5-10 pm, we explored various safety margins.

To ensure the safety and reliability of our process, we immersed over
ten fully discharged cells in a water bath with a safety margin of <10 pm,
applying a vacuum above the vapor pressure of water. Cells with even a
minor breach, not visible to the naked eye, exhibited strong bubbling at
the holes, attributed to the evaporation of low-volatile electrolyte
components. Furthermore, we observed that the cell wall safety margin
of 40 pum was robust enough to withstand a vacuum of 0.1 mbar abs. (—1
bar rel.). While the majority of cells remained tight above 20 pm, we
increased the safety margin to 40 pm, maintaining safety for a potential
presence of slight gas pressure within the cell.

For applying three cuts with a safety margin and breaking the rest of
the wall within the glovebox with water pump pliers, we believe neither
the CNC nor the Dremel is appropriate due to the uncertainty caused by
the non-circular behavior of many cylindrical cells. This process would
have to be carried out within an inert atmosphere, such as an argon-
purged glovebox. We also believe that both mechanical tools might
generate enough heat to alter the SEI components, and cooling within
the glovebox would not be a straightforward solution.

Our method works well even if the cylindrical cell has slight non-
circularity. Abnormal high non-circularity would be observed during
the calibration series within the X-ray machine when some parts of the
cell show less ablation than others.

Some of the jelly rolls are wrapped with additional protective insu-
lating foils, and some are not. Some cylindrical cells come with pro-
tective devices, while others lack them. The effectiveness of specific

state-of-the-art disassembly methods, such as working with pliers or a
Dremel-like saw tool, may depend on the specific components used
during cell assembly [77]. Our method works with every cylindrical cell
of the type 18650, without the need for pretests with other cells, making
it the ultimate solution for a safe post-mortem analysis.

In the reviewed research articles, the cells were typically discharged
to their respective end-of-discharge voltage. For example, Waldmann
et al. discharged cells to an end-of-discharge voltage of 2.0 V, to mini-
mize both risk and corrosion issues [51]. The main advantage of the
laser method is, that a cell does not need to be fully discharged prior
post-operational analysis, since the laser ablation assisted disassembly
method does not pose any risk. This allows the analysis of elemental
distribution at State of Charge (SoC).

For the execution of X-ray measurements, calibration series, deter-
mining the required laser cycle number, and applying final laser lines on
a single cell, approximately one person-hour is needed, showcasing the
efficiency. Following the assessment of three cells from the same pro-
duction lot, each having identical wall thickness and ablation properties,
the preparation of laser lines for disassembly in the glovebox required an
additional quarter hour for each cell. An X-ray machine serves as an
invaluable addition for in-depth post-mortem analysis [30].

Braking the laser lines within the glovebox was achieved by us within
1 min, which is important when there is a need to recover as much
highly volatile electrolyte as possible for electrolyte composition anal-
ysis [78]. Applying 300,000 laser cycles for the tested cell with a wall
thickness of 231 pm consumed less than a quarter hour. Depending on
the cell manufacturing, we believe it is reasonable to disassemble one
cylindrical cell with known parameters (ablation speed and wall thick-
ness) with one final laser line within <20 min, which will be interesting
when analyzing lithium plating. This process should be analyzed after
the occurring event as soon as possible [61,79].

Overall, the proposed 2D-X-ray assisted laser ablation method with
cracking the final laser lines with water pump pliers within the glove-
box, avoids all the mentioned issues and guarantees a safe, reproducible
and efficient method for disassembling cylindrical cells.
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4. Conclusion

This study introduces a novel laser ablation assisted disassembly
process with X-ray and optical validation for cylindrical battery cells,
specifically the commonly used 18650 type. The method preserves the
jelly roll, making it suitable for failure analysis and degradation research
of the cell’s active materials, benefiting cell producers, testing labora-
tories, and research institutes. The process is not limited to the investi-
gated cells and can be applied to various cylindrical battery cell formats,
expanding its applicability.

The redeposition of ablated material and side trench formation has
been effectively addressed. Cells from various manufacturers, with wall
thickness up to 240 pm, were opened using the presented procedure. For
thicker walls, wider laser lines and higher line spacing are necessary.

The cell opening process is demonstrated to be safe and reproducible,
achieving a laser trench depth of 188 + 4 pm (1 SD, 8 cells) for cells with
a wall thickness of 231 + 1 pm (1 SD, 8 cells). A safety margin of 10 to
20 pm is necessary to accommodate non-uniform cell housings, while a
margin of 40 pm ensures both sufficient breakability of the cell wall and
mechanical stability.

In-situ temperature measurements confirm a moderate temperature
increase beneath the cell case. Notably, a peak temperature of 62 °C was
observed during the laser ablation process, which is well below the
safety-critical thermal-runaway threshold of 80 °C. To ensure that the
inner cell temperature remains below the reported SEI-decomposition
onset temperature of 57 °C, it is crucial to cool the cylindrical cell
during operation. By cooling down the cell with pre-cooled air, the
temperature during laser operation was maintained in the range of 17 °C
and 35 °C.

In conclusion, this comprehensive and innovative approach provides
reliable and efficient disassembly of cylindrical battery cells. The com-
bination of X-ray and optical validation enables precise measurement
and evaluation of wall thickness and trench depth, facilitating detailed
failure analysis and investigation of aging effects. These findings
contribute to the advancement of battery research and manufacturing.

In conclusion, we are confident that our methodology is not only
effective but also proves to be efficient in terms of overall costs.

Further research is recommended to evaluate the applicability and
effectiveness of the proposed method on prismatic cells with metal
housing and coin cells. Proper drying or washing procedures should be
implemented when analyzing the anode and cathode active materials to
avoid moisture traces. These extensions will provide valuable insights
into material analysis in batteries across different cell types.
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