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Abstract: Cylindrical 18650 and 21700 lithium-ion batteries are produced with small gaps between
the jelly roll and the case. The size of these gaps and the mechanical attachment of the jelly roll to the
case can have a significant impact on the thermal and mechanical properties of cells. To investigate
the influence of the state of charge (SOC) and state of health (SOH) on the size of the gap, computed
tomography (CT) and gray-value analysis was conducted with various cell types at 0% and 100%
SOC and after cycling. The results show a significant influence of the SOC on the gap for new cells
and a substantial reduction in the gap during the first cycles.

Keywords: 18650 lithium-ion battery; jelly-roll gap; mechanical aging; computed tomography

1. Introduction

Mechanical effects are ubiquitous in lithium-ion batteries, even during normal opera-
tion, and affect them at all scales from particle to electrode to cell level. At the cell level,
various degradation processes contribute to cell internal mechanical stress; among the
most important are breathing and swelling, along with their interaction with mechanical
constraints such as the case or bracing.

Breathing is the cyclic volume change of the cathode active material and, in particular,
of the anode active material (up to 10% in the thickness direction [1–5]) caused by lithium
intercalation during charge and discharge cycles. For the anode active material, this
behavior is influenced by the lithiation stages of graphite and does not exhibit a linear
characteristic; rather, it shows a plateau in the mid state-of-charge (SOC) range [6–9].
Swelling is a progressive increase in thickness due to aging-related side reactions such
as passivation layer growth, binder swelling and lithium plating [10–12] that causes a
corresponding increase in the cell’s intrinsic stress [13–16].

The effects of these mechanisms have been investigated with various tools, such as
force sensors, strain gauges [17], laser scanning [16], and computed tomography (CT).

CT is often applied for qualitative analyses, such as classification of cell components [18–20]
and cell structure [21,22], observation of degradation mechanisms such as electrolyte consump-
tion and jelly-roll swelling [23,24], mechanical jelly-roll collapse [25–27], damage evaluation
from shock and vibration [22,28], failure evaluation due to crushing [29,30], and observation of
the thermal runaway (TR) process [31–33].

An increasing number of researchers in the battery field have recently published
methods for the quantitative analysis of CT images by processing the gray-values of
images [34,35]. Layer thicknesses [36] and manufacturing-induced defects [37] have been
studied using gray-value analysis along trajectories or lines. Other researchers utilize
virtual-unrolling techniques [38–40] to analyze SOC dependencies or to study delamination
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during cyclic aging. Additionally, discretization of cell cross-sections to develop equivalent
resistor networks has been conducted [41].

While these tools have been used to study inhomogeneous case deformation [42] and
inhomogeneous swelling [40] in lithium-ion batteries, one aspect that has not been analyzed
and reported in the literature is the gap between the case and the jelly roll. Although a
small gap is required for production, its size is a critical cell-design parameter. Huge gaps
do not only have a negative impact on the energy density at the cell level, but they also
influence heat transfer from the jelly roll to the case [43] and mechanical parameters such as
resonant frequencies and resilience against shocks [44] and vibrations. On the other hand,
small gaps do not offer any space to compensate for jelly-roll swelling during formation
and cyclic aging. That might become a critical issue for cells with an increased silicon share
in the graphite, because increased expansion may cause electrode fracture or even failure
of the case, as depicted in Figure 1.

(a) (b) (c)

Figure 1. Failure of the cell case of a LG INR21700-M50 with fractured electrode after cycling with
0.5 C and 4.2 v to 2.5 v limits at 10 °C. Excessive internal pressure caused electrode and case rupture.
Separators remained intact and prevented a thermal event. (a) Battery cell with ruptured case. (b) CT
scan showing filled inner space and fractured electrodes. (c) Post mortem analysis showing electrode
rupture while separators remained intact.

As it is unclear what size jelly-roll gaps commercial cells have, how they are distributed,
and how breathing and swelling affects them, the aim of this study is to use CT on various
cylindrical cell types to investigate their:

• Cell-to-cell variations;
• Differences between cell types;
• Dependence on SOC;
• Dependence on SOH.

This may also help to improve the understanding of the underlying mechanisms.

2. Experimental Method
2.1. Cell Types and Test Procedure

The influence of the SOC on the jelly-roll gap and cell-to-cell variations were investi-
gated for four new Samsung INR-18650-25RM cells by computing a radial cross-section in
the middle of the cell. In addition, the influence of the position of the cross-section (bottom,
middle, or top) was analyzed for the same cell type with cross-sections of 10 mm from the
middle position. Subsequently, six types of 18650 and two types of 21700 cells (listed in
Table 1) were investigated in a new state at 0 and 100% SOC to evaluate differences among
various cell types. The selection of the cell types was made with the intention of analyzing
various cell sizes, chemistries, and high-energy and/or high-power designs. Finally, a
Samsung INR18650-25RM and a Samsung INR21700-40T cell were cycled to analyze the
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influence of the SOH. Therefore, first, one CT scan was conducted after every cycle at 100%
SOC up until ten cycles, followed by one CT scan at 100% SOC every ten cycles.

Table 1. Cell types used for jelly-roll gap analysis.

Cell Type Capacity Max. Charge Current Max. Discharge Current Chemistry

A123 APR18650M1B 1.1 Ah 5 A 30 A LFP/C [45]
LG INR18650MJ1 3.5 Ah 3.5 A 10 A NMC811/SiC [36,46]

Murata/Sony US18650VTC4 2.1 Ah 4 A 30 A -
PAN NCR18650B 3.4 Ah 1.625 A 6.5 A NNP [47]

PAN NCR18650PF 2.9 Ah 2 A 9.0 A NCA/C [48]
Samsung INR18650-25RM 2.5 Ah 4 A 20 A NCA/C [49]

Molicell INR21700-P42A 4.2 Ah 6 A 30 A to 45 A - [50]
Samsung INR21700-40T 4.0 Ah 6 A 35 A to 45 A -

2.2. Electrical Test Conditions

Electrical testing was conducted using a cell testing system (SL6/30/0.18BTS20C,
Scienlab, Bochum, Germany) with a current accuracy of 0.05% ± 25 mA and a voltage
accuracy of ±1 mV. All cells were CC-CV charged and discharged with 0.5 C, applying a
CC-phase with a 0.1 A cut-off for charging. The influence of rest time was analyzed with
no significant difference found between 1 h and 1 day. The electrical testing was performed
in a temperature chamber (DM340, ATT Discovery, Dallas, TX, USA) at 25 °C.

2.3. CT Scanner and Settings

CT scans were conducted using a Phoenix Nanotom S Research|Edition (GE Sensing
& Inspection Technologies, Boston, MA, USA) at 140 kV voltage, 140 mA cathode current,
1 × 1 binning, three images averaged per projection, and 1000 images per scan in circum-
ferential orientation. For 18650 cells a voxel size of 9.2 µm was selected, and for 21700 cells
a voxel size of 10.0 µm was selected.

2.4. Data Analysis

The raw data from the CT scans were further processed with CT visualization and
analysis software (myVGL, Volume Graphics GmbH, Heidelberg, Germany). Since the
temperature and pressure in the X-ray tube and the aging state of the plug-in cathode
varied, the obtained gray-value profiles were not always consistent despite consistent
settings. For this reason, the gray-values of the renderings were manually adjusted with
linear ramping to allow high contrast of the relevant components with similar gray-values.
Cross-sections were exported with a 10,000-pixel image width, and the image was cropped
to the cell diameter to reduce the image size.

Further, gray-value analysis was conducted with MATLAB (Image Processing Toolbox
and Signal Processing Toolbox) to compute gray-values along 20 parallel lines with a
thickness of one pixel each, as depicted in Figure 2a, to filter fluctuations, as depicted in
Figure 2b. The results of this were gray-value profiles along these lines, as depicted in
Figure 2c. To evaluate the size of the jelly-roll gap, the distance between the outer anode
current collectors and the outer surface of the case was measured, as the latter exhibits
a steep flank (evaluated distance). For this, find and findpeak functions were used. The
average case thickness (distance between inner and outer gray-value flank of the case) was
subtracted from this evaluated distance to obtain the distance between the inner case wall
and the outer anode current collector, which is referred to as the ‘jelly-roll gap’ in this work.
This procedure was conducted for image rotations every 1°, and the results were displayed
for each image rotation angle (the images were rotated by applying the imrotate function,
while the lines remained in same position for the evaluation). The results for the cycled
cells were smoothed (smooth function with moving-average lowpass filter), as this reduced
fluctuations and allowed improved presentation of the results. Outliers with gray-value
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deviations greater than 10 relative to neighboring values were removed. The obtained
cross-sections from the CT scans and the script for the gray-value analysis can be found in
the digital appendix.

Image rotation angle

(a) (b)

(c)

Figure 2. Gray-value analysis of a CT image of a Samsung INR18650-25R cell. Materials with high
atomic numbers and density, such as the iron in the steel case and the copper of the anode current
collector, have high radiation absorption and therefore exhibit higher gray-values in this evaluation.
(a) CT image with 20 evaluated parallel lines marked in blue. As every line has a width of only one
pixel, these 20 lines appear as a single line in this image. The rotation direction and angle of the image
are also marked. (b) Gray-values and standard deviations for 20 evaluated lines along one angle in
the case region. (c) Gray-values along the evaluated lines of the top half of the cell.

Note that the obtained distance is not the same as the void space between the jelly
roll and the case, since many cells have excessive layers of separator or other plastic films
wrapped around them that cannot be resolved using this CT scanner. The purpose of such
extra layers can be both isolation of the case and compensation for jelly-roll expansion. For
cells in which the anode current collector is wrapped excessively around a cell, there could
also be more space available to compensate for expansion than analyzed with this method.

3. Results
3.1. Cell-to-Cell Variation and Influence of Position

The results of the first investigation regarding cell-to-cell variations and SOC depen-
dence on the jelly-roll gap are depicted in Figure 3a–d for four new Samsung INR18650-
25RM cells. For these, the difference between 0% and 100% SOC is substantial, with the
difference exceeding 90 µm at certain locations, for example at 320° for Cell 2. Comparing
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the results for the four cells, significant differences between them can be seen, but there are
also some characteristic similar points.

(a) Cell 1. (b) Cell 2.

(c) Cell 3. (d) Cell 4.

Figure 3. Jelly-roll gaps for four new Samsung INR18650-25RM cells at 0% and 100% SOC in the
middle of the cell.

Analyzing the influence of the position of the cross-section in Figure 4 reveals only
slight differences for various axial positions, indicating relatively similar jelly-roll gaps
along the axial axis of the cell. For the analysis at the bottom axial position, strong fluctua-
tions are displayed in the plots at around 80°, where the current collector tab is located.

The CT scan in Figure 5a of the bottom part of the cell reveals that characteristic
points of the jelly-roll gap at around 90° and around 270° are partly caused by mechanical
constraints of the jelly roll from the current collector tab and the contact points of the
jelly roll with the case. Differences in the shapes of the curves and of characteristic low
points can be explained by different electrode, jelly-roll, and case dimensions and shapes,
also referred to as the “potato effect” [42], and different orientation and positioning or
minor mechanical deviations, such as the different curvatures of the endings of the anode
current collectors, as depicted in Figure 5b. In addition, the current collector tabs within
the jelly roll also pose a mechanical constraint. While, as might be expected, the cell-to-cell
variations are smaller at locations where the cell is mechanically constrained, in the regions
that are not directly constrained, substantially higher cell-to-cell variations occur.
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(a) Jelly-roll gap at 0%. (b) Jelly-roll gap at 100%.

Figure 4. Jelly-roll gaps for a new Samsung INR18650-25RM cell in different cross-sections (Cell 1 in
Figure 3). The bottom cross-sections exhibit artifacts at the position of the current collector tab, as the
evaluation algorithm was not tuned to detect the tab.

(a)

Cell 2: Upwards bent anode current collector

Cell 1: Flat aligned current collector

(b)

Figure 5. CT analysis of geometrical influences on the jelly-roll gap. (a) CT scan of the bottom
cross-section of a Samsung INR18650-25RM cell (Cell 1) showing mechanical constraints on the jelly
roll caused by contact with the case at the end of the jelly-roll winding and by the current collector
tab. (b) Differences in the endings of the anode current collectors for Samsung INR18650-25RM Cells
1 and 2.

3.2. Analysis of Various Cell Types

An analysis of the jelly-roll gap width for various 18650 cell types is depicted in
Figure 6. As the analysis of the cell-to-cell variations revealed substantial differences in
jelly-roll gap sizes among cells, especially in the unconstrained regions, this analysis should
merely give an overview of the range of magnitudes of jelly-roll gaps for different cell types
and cannot be considered representative. Due to the high measurement time associated
with the CT scans, it was not possible to characterize multiple cells for every cell type,
so there is some risk that outliers may be shown. An overview over gap sizes for the
investigated cells is given in Table 2.

The analysis of the LFP cell A123 APR18650M1B in Figure 6a reveals a large jelly-roll
gap with a minimum distance of 240 µm. Characteristic drops in gap size can be observed
at around 170°, where the cathode active material ends, and around 270°, where the anode
current collector ends. For this first cycle, the SOC only seems to have a limited impact
on the jelly-gap size. The analysis of the LG INR18650MJ1 in Figure 6b revealed a tiny
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jelly-roll gap, which could not even be resolved for 100% SOC due to the small gap size
of less than 50 µm and scattering and reflection effects from the case. The anode current
collector appears to be wrapped twice around the jelly roll. Characteristic drops occur at
120°, where the current collector ends. By contrast, the end of the anode active material
causes no significant drop, which we assumed to be because it thins out at 0° (as does the
cathode). For this cell, the current collector tab reaches up to the analyzed cross-section in
the middle of the cell, which causes the observed fluctuations for the evaluation algorithm
from 150° to 180°. The analysis of the SONY US18650VTC4 shown in Figure 6c revealed
substantial differences in gap sizes from almost direct contact with the case up to more than
340 µm because the case is substantially larger than the contained jelly roll. Reductions in
the jelly-roll gap size can be observed at an angle of around 140°, where the anode current
collector ends, as well as at 270°, where the cathode active material ends. Most probably,
the drop at 230° can be attributed to the end of the anode active material. The current
collector tab causes the fluctuations at around 150° to 180° and also mechanically constrains
the jelly roll from this angle. Charging from 0 to 100% SOC decreased the jelly-roll gap
sizes by up to 50 µm. The Samsung INR18650-25RM is displayed again for comparison in
Figure 6d.

For both the PAN NCR18650B and the PAN NCR18650PF, the jelly-roll gaps were so
small that they could not be evaluated using the algorithm over a large section of the cell,
which is why no results are presented here. Nevertheless, their images are also included in
the digital appendix.

(a) (b)

(c) (d)

Figure 6. Jelly-roll gaps for various new 18650 lithium-ion batteries at 0% and 100% SOC. (a) Jelly-roll
gap for an A123 APR18650M1B cell. (b) Jelly-roll gap for an LG INR18650MJ1 cell. (c) Jelly-roll gap
for a SONY US18650VTC4 cell. (d) Jelly-roll gap for a Samsung INR18650-25RM cell.
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As can be seen in Figure 7, substantial differences in jelly-roll gap size can also be
observed in 21700 cells. The analysis of the Molicell INR21700 in Figure 7a revealed
substantial jelly-roll gaps of greater than 170 µm. Reductions in jelly-roll gap size can be
seen at an angle of around 80°, where the anode current collector ends, as well as around
260°, where the cathode active material ends. Presumably, the minor reduction at around
210° can be attributed to the end of the anode active material. The current collector tab
causes the fluctuations at around 150° to 180°, and the tab also mechanically constrains
the jelly roll from this angle. The differences between the charged and discharged states
reach up to 40 µm for the new cell. The analysis of the Samsung INR21700-40T in Figure 7b
revealed moderate gap sizes of greater than 60 µm. A reduction in the jelly-roll gap size can
be seen at around 250°, where the cathode active material ends, as well as at 350°, where the
anode current collector ends. It is likely that the drop at 200° can be attributed to the end
of the anode active material. The differences in gap size between charged and discharged
states are substantial for this cell in the new state, with a maximum of 110 µm.

(a) (b)

Figure 7. Jelly-roll gaps for various new 21700 lithium-ion batteries at 0% and 100% SOC. (a) Jelly-roll
gap for a Molicell INR21700 cell. (b) Jelly-roll gap for a Samsung INR21700-40T cell.

Table 2. Overview of jelly-roll gap sizes at various SOCs for new cells.

Cell Type Min SOC 0 in µm Max SOC 0 in µm Mean SOC 0 in µm Min SOC 100 in µm Max SOC 100 in µm Mean SOC 100 in µm

A123 APR18650M1B 248 374 311 243 372 306
LG INR18650MJ1 33 200 65

Muarata/Sony US18650VTC4 48 346 196 9 302 167
Samsung INR18650-25RM cell 1 50 335 214 48 302 168
Samsung INR18650-25RM cell 2 43 289 171 47 224 126
Samsung INR18650-25RM cell 3 56 271 176 59 239 130
Samsung INR18650-25RM cell 4 43 335 203 50 283 157

Molicell INR21700-P42A 204 345 263 176 305 222
Samsung INR21700-40T 78 278 173 66 193 115

3.3. Analysis of the Influence of Cyclic Aging on the Jelly-Roll Gap

Analysis of the development of the jelly-roll gap at 100% SOC during the first 10 cycles
(every cycle) and for the first 100 cycles (every 10 cycles) was conducted for the Samsung
INR18650-25RM and Samsung INR21700-40T.

The analysis for the Samsung INR18650-25RM in Figure 8a shows that, while the gap
at the local minima at around 90° and 280° remains constant, it is significantly reduced in
other regions by up to 70 µm after the 10th cycle. Further cycling with CT scans conducted
every 10th cycle, as depicted in Figure 8b, shows further gap decreases of up to 100 µm at
some locations.
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1 Cycle 10 Cycles

(a)

10 Cycles 100 Cycles

(b)

Figure 8. Jelly-roll gaps for the Samsung INR18650-25RM at 100% SOC with smoothed data. (a) Jelly-
roll gap each cycle for the first 10 cycles. (b) Jelly-roll gap each 10 cycles for the first 100 cycles.

The analysis of the Samsung INR21700-40T in Figure 9a shows some stable local
minima, while the gap size is reduced significantly in the range from 150° to 200° for the
first 10 cycles. Further cycling, as depicted in Figure 9b, has a smaller impact on the jelly-roll
gap than for the Samsung INR18650-25RM.

1 Cycle 10 Cycles

(a)

10 Cycles 100 Cycles

(b)

Figure 9. Jelly-roll gaps for the Samsung INR21700-40T at 100% SOC with smoothed data. (a) Jelly-roll
gap each cycle for the first 10 cycles. (b) Jelly-roll gap each 10 cycles for the first 100 cycles.

For both cells, it is noticeable that the jelly-roll gap reduction is the highest in the
first and the immediately following cycles, while the gradients decrease with progressing
aging. Causes for this could be solid electrolyte interphase (SEI) formation, other boundary
layer formation processes from particle-to-electrode levels [14,51–55], and/or electrode
and binder swelling [15,56], which occur during formation and the first cycles [57,58].
Other potential causes may be increased wettability of the electrodes and higher electrolyte
absportion into the electrode pores [59] or outgassing and redistribution of entrapped gas
from the electrolyte infiltration process [60,61].

Additionally, it is noticeable that some spots exhibit a significant reduction in the
jelly-roll gap while it remains almost constant at other locations. A potential explanation
could be that at some spots, the jelly roll is already mechanically constrained or in direct
contact with the case, thus offering no space for swelling expansion, while in other spots,
there are still substantial void spaces available to allow for swelling. The observation that
the changes in jelly-roll gap sizes decrease with progressing aging could be an indicator that
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either the swelling processes slow down after the finalization of the formation processes or
that cell internal gaps are closed, causing stress increases from that point on.

4. Conclusions

The investigations have revealed a significant influence of the SOC on the jelly-roll
gap for most new cells, most probably caused by anode active material expansion. While
cells of the same type exhibit similar patterns in gap size, there are significant cell-to-
cell variations observable due to different shapes and dimensions of jelly rolls and cases.
Current collector tabs and ends of jelly-roll windings can act as mechanical constraints for
the jelly roll. Among different cell types, there are significant differences in gap sizes: from
no resolvable distance up to more than 300 µm. Cyclic aging tests have shown that gap size
significantly decreases at certain spots during the first cycles, potentially due to ongoing
SEI formation processes, while slowing down after further aging. Locations where the jelly
roll is constrained naturally exhibited only small changes in the jelly-roll gap.

These observations are crucial for both thermal analysis and mechanical testing. For
thermal analysis, a large jelly-roll gap increases the thermal resistance between the cell
surface and core. Additionally, due to the size variations in the circumferential direction,
the positioning of thermal sensors can influence thermal measurements. Therefore, initial
cycling might be beneficial to close initial gaps for the thermal characterization of cylindrical
cells. For mechanical abuse testing, the conformation of larger gaps for new cells and low
SOCs indicates that, while the cells do not have a high hazardous potential in this state
due to low energy content, they are more susceptible to mechanical damage, as larger
gaps offer more space for relative movement. This could increase the risk if the cells
remain in use. With an increasing proportion of silicon in the anode active material and
increased expansion, adequate design of the jelly-roll gap size will become increasingly
important. Additionally, the integration of compressible materials to allow for jelly-roll
expansion while prohibiting delamination of the electrode layers and relative movement of
the jelly-roll might become viable or even necessary.

Further investigations may include investigation of the swelling during the initial
formation process, long-term cycling down to 70% SOH, and various stress factors such
as cycling rates, SOC ranges, and different ambient temperature conditions in order to
analyze the impact of these parameters on swelling. The gray-value analysis script could
also be used in a similar way to analyze inhomogeneities of electrode thicknesses.
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Abbreviations
The following abbreviations are used in this manuscript:

CC Constant Current
CT Computed Tomography
CV Constant Voltage
LFP Lithium Ferro–Phosphate
NNP Nickel Oxide-Based New Platform
SEI Solid Electrolyte Interphase
SOC State of Charge
SOH State of Health
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