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Broader context

Coupling X-ray computed tomography with digital
volume correlation to study core collapse in
lithium-ion batteries

Kamel Madi, 2 *® Loic Courtois,? Luigi Raspolini,” Jinhong Min,© Amariah Condon®
and Peter M. Attia (¢

This study investigates the link between internal cell features and mechanical behaviour of commercial
cylindrical lithium-ion batteries (LIBs), which impacts both safety and performance. X-ray computed tom-
ography is combined with digital volume correlation to study the core collapse mechanisms of LIBs
during cycling. Detailed correlations between volumetric strain distribution and internal mechanical fea-
tures, such as the positive tab, negative tabs, and kinks, were identified. Complex, heterogeneous swelling
takes place within consistent vertical localised bands that correlate with the position of key internal fea-
tures. The novel data analysis approach also provides insights into the changes in shape of the jellyroll
during cycling. The heterogeneous deformation of the cells resulted in wrinkling and buckling of the jelly-
roll, which was reproduced and correlated to local tensile/compressive strains developing around the
innermost layers. This approach can be used to understand the impact of cell design features on core col-
lapse and provide strain data to validate numerical mechanical models.

Commercial cylindrical lithium-ion batteries often experience “core collapse”—inward buckling of the wound electrode layers—which contributes to safety
risks and abrupt capacity loss. Despite its importance, the 3D internal strain fields driving this failure mode are difficult to experimentally measure. In this

work, we apply high-resolution X-ray computed tomography (CT) coupled with Digital Volume Correlation (DVC) to directly quantify the full-field 3D displace-
ment and strain evolution inside commercial cells during cycling. Our study reveals that: large tensile strains form early around geometric inhomogeneities
such as the positive tab and internal kinks. Heterogeneous vertical bands of expansion and contraction propagate inward from the casing toward the core as

degradation progresses. Wrinkling and buckling of the jellyroll can be reproduced and quantitatively linked to compressive hoop strains and radial tensile
strains. Inner negative tab displacement strongly correlates with the magnitude of inward expansion, providing a potential new indicator of core collapse pro-
gression. To our knowledge, this is the first experimental visualization and quantification of the 3D local strain directions responsible for wrinkling and
buckling around the inner regions of a cylindrical cell. These insights can directly inform mechanical model validation, cell design improvements, and pre-

dictive manufacturing quality control.

1. Introduction

Lithium-ion batteries are used extensively in modern life."™ As
a lithium-ion battery cell ages, its electrode layers swell due to
both reversible (e.g., negative electrode volumetric expansion
during intercalation) and irreversible (e.g., the buildup of side
reaction products) processes.® This swelling can lead to a high-
risk failure mode in wound cells (as opposed to stacked cells),
which have a central void region from the winding process;
specifically, if the jellyroll is constrained (e.g., due to a rigid
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case or external pressure), the jellyroll will swell inwards
towards the core to relieve the additional stress induced from
the swelling. This swelling-induced stress often results in
buckling of the jellyroll (sometimes termed “core collapse” in
cylindrical cells),* which itself can lead to both a “knee”
(a sudden & sharp decrease) in capacity/energy and internal
shorting due to separator tears and/or lithium plating.

Core collapse in cylindrical cells has been extensively
studied.*™* The archetypal core collapse study involves peri-
odic computed tomography (CT) scanning of a cylindrical cell
over the course of a cycling experiment to monitor the pro-
gression of buckling with aging."* CT scanning can nondes-
tructively™ reveal the internal structure of a cell in 3D with
micron-scale resolution and is thus an excellent technique for
studying cell mechanical behaviour. That said, a key input for
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understanding and modelling cell mechanical behaviour is the
evolution of 3D strain within the bulk of the cell. Acquiring
this dataset requires transforming CT reconstructions into 3D
strain maps. Virtual electrode unrolling techniques provide a
deeper view inside the electrode layers. The “unrolled” maps
allow for quantitative analysis and visualization of mechanical
changes (electrode expansion/contraction) and strain
distribution.>'®'® However, the strain maps are measured in
2D from the change in position of the electrode roll contours,

Table 1 Information on the five cells used in this study
Mean Mean Number
inner/outer canwall of buckled
Sample Cell diameter thickness cathode layerst
D Producer model (mm) (mm) at BOL
LIB09 VapCell F56 21/21.5 0.458 3
LIB15 VapCell F56 21/21.5 0.459 2
LIB18 VapCell F56 21.1/21.5 0.455 1
LIB20 VapCell F56 21.1/21.5 0.459 0
LIB25 VapCell F56 21.1/21.5 0.450 3

tThe number of buckled cathode layers includes the thin tapered
cathode layer.
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which differs from the deformation within the bulk of the
cells. Digital Volume Correlation (DVC) is a powerful technique
to measure 3D full-field displacement and strain maps at the
continuum-level from volume images acquired during the
deformation process of materials.'® Although DVC has been
previously used to guide the development of more effective cell
designs,®® the technique still has more to offer to better
understand the mechanisms driving core collapse initiation
and progression.*'*'%?°¢ [n particular, many questions still
remain about how cell-level geometric inhomogeneities cause
non-uniform stress-strain distributions leading to mechanical
degradation around the inner core. Additionally, this 3D strain
data is critical for validating cell mechanical models of this
phenomenon.

This study highlights the utility of high-throughput, high-
resolution CT coupled with DVC for understanding cell
mechanical behaviour. Periodic CT scans are performed to
monitor the progression of core collapse during cycling in five
commercial cylindrical cells with various initial buckling
states. A sophisticated approach is used to link the internal
strains to the positive/negative tabs, internal defects (kinks),
and inner core. A new approach for tracking the changes in jel-
lyroll shape is proposed to explore the mechanisms initiating

negative tab

Fig. 1 3D tetrahedral mesh of the jellyroll. The region around the casing was excluded from the analysis due to the abrupt change of grey level.
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core collapse around the inner core (wrinkling/buckling), and
the data are correlated to the magnitude and direction of the
strains around the innermost layers. The expansion of the
inner layers is also linked to the internal motion of the inner
negative tab to investigate the progression of core collapse.
The approach illustrated in this work can be used to under-
stand the impact of cell design features on core collapse and
provide strain data to validate numerical mechanical models.

2. Materials and methods

2.1. Experimental protocol

2.1.1. Cell selection. Five cells were used in this study
(Table 1). The cells are marketed as “VapCell” F56 cells with a
nominal capacity of 5600 mAh. We selected five cells from a
population of 25 cells scanned in Condon et al.** to obtain a
diversity of buckling states at BOL. The mean inner diameter,
mean outer diameter, mean can wall thickness, and the
number of buckled cathode layers at beginning-of-life (BOL)
were all quantified via CT.

2.1.2. Computed tomography. The CT scans are performed
by Glimpse at their facility in Somerville, MA, USA. The CT
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scanning parameters are identical to Condon et al.,'* except
the exposure was four times as long to reduce noise. Min
et al.”® confirmed that lab-scale X-ray exposure does not harm
cell performance or lifetime, so we can confirm the electro-
chemical results are unaffected by the X-ray experiments.

2.1.3. Cell cycling. The cell testing procedure consisted of
running a cycling protocol with periodic interruptions for CT
scanning and a reference performance test (RPT). The CT
scans and RPTs occurred at cycles 0, 50, 100, 200, and 350,
after which the experiment was stopped due to safety concerns
(the cells exhibited high self-discharge rates). Below, 1C rep-
resents the current required to charge or discharge the cell in
1 hour, which is 5600 mAh.

For the cycling tests, all cells were charged at a constant
current of 2000 mA (C/2.8) until they reached a cutoff voltage of
4.2V, after which the voltage was held until the charging current
dropped to 100 mA. Discharging was conducted at a constant
current of 11.2 mA (2C) until the cells reached a cutoff voltage of
2.5 V. Cycling tests were performed in convection-based temp-
erature chambers set to 45 °C to accelerate cell aging.

The RPT test consisted of three consecutive constant charge
and discharge cycles as well as an open-circuit voltage (OCV)
decay test. In the first cycle, the cells were charged at a con-
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(a) Correlation residuals image obtained after 50 cycles. Comparison between the grey level histogram obtained from the reference image

(b) and the correlation residuals histograms obtained at each cycle (c). After subtracting the reference image from the deformed images corrected
by the displacement field, only noise and artefacts remain in the correlation residuals image.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stant current of 280 mA (C/20) until they reached a cutoff
voltage of 4.2 V and then discharged at 280 mA to a cutoff
voltage of 2.5 V. In the second cycle, the cells were charged at
1120 mA (C/5) to 4.2 V and then discharged at 1120 mA to 2.5
V. In the third cycle, the cells were charged at 2800 mA (C/2) to
4.2 V and then discharged at 2800 mA to 2.5 V. A five-minute
rest period was included between each cycle. Lastly, the OCV
decay test consisted of a 0.1C charge to 4.2 V, an OCV decay
observation period of 48 hours, and then a 0.1C discharge to
2.5 V. The tests were conducted in convection-based tempera-
ture chambers set to 33 °C; conventionally, RPT tests are per-
formed at, or slightly above, room temperature to understand
the state of the cell in field-representative conditions.

2.2. Digital volume correlation (DVC)

2.2.1. DVC global approach. A robust DVC strategy
implemented in the XDigitalvVolumeCorrelation module of
Avizo 3D Pro””*® was employed to compute the displacements
and strains of the LIB cells at different cycles. A Finite Element
unstructured mesh composed of four-node tetrahedrons with
first-order shape functions (T4 elements) was generated from a
binary mask of the jellyroll (Fig. 1) and used to measure the DVC
displacements. A global finite element (FE)-based correlation
algorithm was applied, whereby the whole volume of interest is
analysed and the displacement is obtained by minimising p.> the
sum of squared differences between the reference and deformed
images over the region of interest (ROI):

P2 :j 92 (x)dx, (1)
ROI
where

pe(x) = f(x) — glx+u(x)), (2)

also known as the correlation residuals.*®**° To solve this non-
linear problem, a Gauss-Newton iterative procedure is applied
which can be expressed as a matrix inversion problem:>® M{su}
= b, with M being the problem matrix, u the sought increment
of displacement at the considered increment, and b the
second member (depending on the image gradient of the refer-
ence image and the correlation residual). M being constant,
the resolution of the DVC problem consists in successive
updates of the second member b after each iteration. The
algorithm converges when the displacement increment norm
|6u| is smaller than 0.001 voxels, which means the displace-
ment field u(x) has been correctly measured. The nodal displa-
cements are interpolated using the shape functions of the T4
elements. A trilinear interpolation is used to achieve regis-
tration at the sub-voxel level. The derivatives of the displace-
ments with respect to the mesh were used to calculate the
deformation gradient and all the components of the Green-
Lagrange strain tensor without additional smoothing. The
anti-symmetric part of the strain tensor was also extracted to
quantify the local, in-plane rotation of the jellyroll (x-y plane).

2.2.2. DVC strategy of the deformed images. The DVC ana-
lysis of the LIB cells is a difficult task due to the complex, peri-
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odic microstructure of the jellyroll. The current collectors,
cathode, separator and anode are wound around the central sup-
portive core, forming periodic layers in the radial and axial direc-
tions of the jellyroll (axial direction corresponds to the z axis, ie.
along the cylinder’s length). These periodic patterns can lead to
secondary minima when solving the correlation problem, which
can make it difficult for the DVC algorithm to converge.*® To
address this issue, three important steps were implemented.

First, the deformed XCT datasets were registered to the
reference CT image using registration techniques to suppress
the rigid body motion. During the registration, the data were
aligned to the negative and positive tabs of the reference
image. This allowed the CT scans to remain as close as poss-
ible before the DVC analysis.

Second, since the deformation of the jellyroll is often
described as occurring predominantly in the radial and hoop
directions during cycling,*?" the axial displacements were not
investigated and our DVC study focused essentially along the
radial and hoop directions (x-y plane). This was achieved by
reducing the spatial resolution of the DVC measurements
along the cylinder height, allowing nonetheless to capture the
rigid body axial displacements. Therefore, an anisotropic
mesh with T4 elements of size 120 voxels (~2 mm) along the

Reference =

Inner negative tab

Displacement magnitude (mm)

Fig. 3 Tracking the displacement vectors of the inner negative tab
surface obtained from the registered CT scans: (a) displacement vectors
and (b) displacement magnitude mapped onto the surface of the inner
negative tab. This method can capture the heterogeneous displacement
of the inner negative tab as a result of the inward expansion of the inner
layers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Progression of core collapse in cells LIBO20 and LIB025 as a function of cycle number via CT scans. The CT scans were obtained after 0, 50,
100, 200, and 350 cycles. The images were computationally aligned to the positive tab for visual consistency. A single slice obtained from the
middle of the primary axis of the cell (i.e., Z = 35 mm) was extracted from each scan. The core collapse becomes increasingly severe as a function of
cycle number, although the core collapse in LIBO25 is substantially more severe than that in LIB020.
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Fig. 5 Standard displacement and strain uncertainties versus cell size: (a) displacement components (unit: voxel, voxel size: 16.4 pym), (b) strain

components.

radial direction (x—y plane) and 360 voxels (~6 mm) along the
axial direction (z axis) was used (Fig. 1). The cubic root of the
mean volume of the T4 elements, defined as an equivalent
length, is about 85 voxels which is ~5-6 times the size of the
anode/cathode layers. At this scale of observation, DVC is pri-
marily used for continuum-level analysis of the jellyroll.
Resolving the strains within the layers would require the mesh
size to be very small (i.e. close to the voxel size) which can dra-
matically amplify errors (i.e. noisy displacements) and the
matrix M may no longer be invertible.

Third, the maximum sought displacement between two
scans after registration (<6-7 voxels, ie. ~100 pm) was usually
smaller than the correlation distance of the jellyroll (~10-15
voxels, 150-250 pm); the correlation distance is dependent upon
the arrangement/size of the anode/cathode and tabs, and was
measured using the autocorrelation function in Avizo. Therefore,
a large strain incremental approach was used to keep the scans

© 2026 The Author(s). Published by the Royal Society of Chemistry

within correlation distance. The DVC computations were intern-
ally performed on consecutive images (reference-50 cycles, 50
cycles-100 cycles, 100 cycles—200 cycles, 200 cycles-350 cycles)

Table 2 DVC results in response to applied macroscopic strain

(exx) (eyy) (ezz)
Applied strains 1 1% 1% 0
DvC 0.94% 0.94% 0
Applied strains 2 1% 1% 0.5%
DVC 0.99% 0.97% 0.54%
Applied strains 3 1% 1% 1%
DvC 0.95% 0.94% 0.94%
Applied strains 4 2% 2% 0
DvC 1.87% 1.91% 0
Applied strains 5 2% 2% 0.5%
DvC 1.87% 1.85% 0.44%
Applied strains 6 2% 2% 1%
DvC 2% 1.99% 0.92%
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Fig. 6 Definition of the inner/outer layers and reference axis for the
rotation angle of the cell.

50 cycles [
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and the reference mesh was deformed on each step by the displa-
cement field of the previous step. The total displacement at each
step was obtained by summing the previous displacements and
computing the corresponding strain tensor onto the original
reference mesh.>> When larger displacements were observed
between the first step (50 cycles) and reference, the displacements
obtained on a coarser mesh (mesh size: 220 voxels) were used as
a guess to initialise the DVC analysis on the reference mesh
(mesh size: 120 voxels).

All the DVC analyses were performed using a laptop with
8-cores processor running at 2.3 GHz and a RAM at 128 GB.
The DVC calculations converged successfully after 50-200 iter-
ations, necessary to solve the matrix inversion problem. To
validate that the algorithm converged to a meaningful value of
the displacement field, it is recommended to check that the
correlation residuals image are limited to the imaging noise.>’
Fig. 2 demonstrates that after subtracting the reference image
from the deformed images corrected by the displacement
field, only noise and artefacts remain in the correlation
residuals image. This indicates a good correlation quality,
leaving only a Gaussian distribution of noise/artefacts with
grey levels standard deviation between +8-10. The presumed

100 cycles EEES=

0.13

Displacement magnitude (mm)

Fig. 7 Evolution of the displacement vectors and displacement magnitude at mid-section during cycling for LIB20. Large displacements concen-
trate between the casing and the positive tab and around the innermost layers where they gradually spread within bands along the radial direction.
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noise/artefact level was calculated as the standard deviation of
the correlation residuals divided by the dynamic range of the
reference image.>”*® For each loading step, this level reached
about 3.5% and remained very close to the level observed in
the repeat scan analysis for which no strains occurred.
Therefore the DVC results are deemed trustworthy.

2.2.3. Displacement and strain uncertainties. In DVC, stan-
dard displacement (resp. strain) resolution and spatial resolu-
tion always exhibit an inverse relationship.*® The spatial
resolution is defined as the size of the interrogation window
(or element size). Since the aim of this study was to determine
the measurement uncertainty associated with the jellyroll
architecture, the method applied in this work consisted of cor-
relating two consecutive CT scans in the unloaded state (often
called repeat scans) as a function of the element size.”>** This
procedure takes into account the noise level associated with
the CT scanner equipment, acquisition parameters and the
applied reconstruction algorithm. The acquisition noise level
is expected to be approximately the same since the same acqui-
sition parameters were applied to the five CT scans. In this
work, only one CT scan was acquired in the unloaded state.
After performing the DVC analysis of step 1 (reference vs. 50
cycles), a repeat scan was created by simply adding the noise
level to the reference scan using eqn (2). The analysis consisted
of correlating the two repeat scans as a function of the
element size. The mesh size along the radial direction was
varied between 45 and 220 voxels (0.7-3.6 mm) with incre-
ments of 40 voxels (0.65 mm), while the mesh size along the z
direction was fixed to 360 voxels (~6 mm). The standard dis-
placement and strain uncertainties, referred to as standard
displacement and strain resolutions, were measured from the
standard deviation of the displacement and strain fields,
respectively, relative to their mean values.

2.2.4. Performance evaluation. New artificial volumes were
also constructed from the reference image to investigate the
performance of the DVC algorithm to a prescribed macro-
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Fig. 8 Average volumetric strain across the cells vs. number of cycles.
The ‘inner’ and ‘outer’ values represent the average strains measured
over the inner and outer layers represented in Fig. 6, while ‘cell’ denotes
the average strain calculated over the entire jellyroll. The swelling of the
inner layers is typically 1.5x to 3.5x the swelling of the outer layers.
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scopic strain.””** In Avizo, it is possible to define complex
transformations consisting of an arbitrary number of basic
transformations (translations, rotations, normal strain, shear,
etc.). The method consisted in deforming the reference image
by applying consecutive uniform strains of 1% along the radial

Negative

tab ™=
7

Positive
tab

50 cycles 100 cycles

-0.05 0.05

Volumetric-strain

350cycles

200 cycles

Fig. 9 Evolution of volumetric strain across LIB20 during cycling.
Vertical bands of high expansion seem to consistently initiate and
develop around the positive tab and inner core, and are further followed
during cycling by alternating bands of expansion (yellow-red shade) and
contraction (cyan-blue shade).
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direction. This strain magnitude was close to that measured
from the real images. Although the axial strains in the real
images were usually negligible, small strain steps of 0.5% were
also applied along the axial direction to test the performance
of the DVC algorithm. The systematic error was calculated
from the difference between the spatial average of the
measured and the prescribed strains.

2.3. Jellyroll shape changes

To further enhance the understanding of the core collapse
mechanisms, the DVC results were also used to track the changes
in jellyroll shape during cycling. For each CT scan, a binary mask
of the jellyroll inner coils was used to generate a surface mesh
using the Marching Cubes algorithm implemented in Avizo. The
surface mesh was then deformed by the corresponding displace-
ment field obtained by DVC and converted to a binary image to
provide a voxel-based representation. The displacement field was
amplified by a factor of 10 to magnify the shape change. The

5

0.025

2
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coordinates of the binary mask were converted to a spreadsheet
and plotted against cycle number.

2.4. Measurement of inner negative tab motion

The inner negative tab is welded to the inner layers of the jellyroll
to create a secure electrical connection to the battery’s internal
structure. The displacement of the inner negative tab can be a
sign of compromised structural integrity and could be used to
track the progression of core collapse. The inner negative tab was
segmented from the registered XCT datasets using a region
growing algorithm and converted to surface meshes (Fig. 3a). The
displacement vectors of the inner negative tab were calculated in
Avizo by computing the local Euclidean distance between the
deformed and the reference surfaces (i.e. 50 cycles vs. ref, 100
cycles vs. ref, etc.). The displacement magnitude was then
mapped onto the surface of the inner negative tab (Fig. 3b) and
the data was used to calculate the average displacement of the
inner negative tab as a function of the cylinder height.

100 cycles

First principal strain

Fig. 10 Evolution of the first principal strain (tensile) at mid-section during cycling of LIB20. The white line segments indicate the principal direc-
tions associated to the tensile strains. Large tensile strains initiate near and opposite the positive tab, and around the innermost layers. From 100
cycles, a small local distortion of the jellyroll is visible around the innermost layers (red arrows) which was not present at BOL. These distortions
seem to trigger two small bands of tensile strain spreading radially in the direction of the positive tab (white arrows). In the outer layers, the bands of
large expansion (red) form along the hoop direction (white lines). Around the innermost layers, the inward expansion develops along the radial direc-

tion (white lines).
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3. Results

3.1. Time-lapse XCT imaging

Fig. 4 displays the progression of core collapse in cells LIB020
and LIB025 as a function of cycle number. At cycle 0, the inner-
most cathode wraps of cell LIB020 appear pristine, while one
cathode wrap has already buckled in cell LIB025. In both cases,
the core collapse becomes increasingly severe as the cells con-
tinue cycling, although the core collapse in LIB025 is substan-
tially more severe than that in LIB020. In LIB025, the core col-
lapse occurs at the same angular position as the positive tab.

3.2. Digital volume correlation

3.2.1. Measurement uncertainties from repeat scans. The
displacements and strain uncertainties as a function of the
mesh size are reported in Fig. 5. As expected, the standard
deviations of displacement and strain decrease when the mesh

50 cycles

-0.05
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size increases. These results highlight the inherent compro-
mise between displacement uncertainty and spatial resolution
that must be considered in DVC.>””*° For this study, a mesh size
of 120 voxels along the x-y plane was chosen, which gives a dis-
placement precision smaller than 0.25 voxel and a strain pre-
cision smaller than 0.15%. This is sufficient to accurately capture
the local deformation inside the jellyroll, where local strains can
reach up to 1-2% locally between two scans, and up to 10% when
cumulated over 350 cycles. It is also observed that the displace-
ment and strain uncertainties are smaller along the axial direc-
tion, which is explained by the larger mesh size along the z direc-
tion. This means that rigid axial displacements can be accurately
captured during the correlation process.

3.2.2. Performance evaluation to prescribed displacement.
The systematic errors as a function of the prescribed macro-
scopic strain are reported in Table 2. The systematic errors
remain always smaller than 6-8% along the radial and axial

-0.025

Third principal strain

350 cycles

Fig. 11 Evolution of the third principal strain (compression) at mid-section during cycling of LIB20. The white line segments indicate the principal
directions associated to the compressive strains. On each side of the positive and outer negative tabs, the outer jellyroll is subjected to compression,

mostly along the hoop direction (white lines), extending to the inner core.
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directions, which is satisfactory. The DVC algorithm is based
on a FE approach where the continuity of the displacements is
ensured, which leads to robust and accurate results.?’

3.2.3. Deformation mechanisms of the jellyroll during
cycling. In this section, the DVC data are used to understand
the macroscopic and local deformation of the jellyroll across
the inner 7 layers (red colour), outer 15 layers (blue colour)
and entire cell (Fig. 6). The strain maps of the inner layers are
also linked to the changes in jellyroll shape and the motion of
the inner negative tab.

In the following, the bulk strains (or volumetric strains) are
used to track the swelling of the jellyroll and the principal
strains (eigenvalues of the strain tensor) are exploited to dec-
orrelate the tensile regions from the compressive regions. In
this study, except for LIB15 at 50 cycles, the first principal
strain was always positive while the third principal strain was
always negative (Fig. 12 and S12-S15). Therefore, the first prin-
cipal strains result in elongation of the jellyroll and will be
denoted as ‘tensile strains’ (indicated by a positive value) while
the third principal strains cause compression and will be
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designated as ‘compressive strains’ (indicated by a negative
value). The directions associated with the first and third prin-
cipal strains are also visualised to better clarify the defor-
mation modes. The average tensile and compressive strains
are plotted as a function of both height and rotation angle of
the cell (the 0° reference axis is depicted in Fig. 6).
Displacement vectors and local rotation of the jellyroll. The
results across the different cells were overall consistent. For sim-
plicity, only LIB20 and LIB25 cells were selected to visualise the
displacement maps inside the jellyroll. The evolution of the dis-
placement vectors and displacement magnitude of LIB20 and
LIB25, during cycling, are depicted in Fig. 7 and S1. The results
obtained on the remaining cells are available in the SI Appendix.
During cycling, heterogeneous displacements develop inside the
jellyroll. After 50 cycles, it is observed that the displacement of
the jellyroll initiates between the casing and the positive tab
around the 0° line. Large displacements concentrate in this area
and around the innermost layers where they gradually spread
within bands along the radial direction, reaching up to 0.25 mm
locally after 350 cycles. Around the inner core, the displacement
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Fig. 12 Average strain of LIB20 as a function of the rotation angle of the cell: (a) tensile strain (inner layers), (b) compressive strain (inner layers), (c)
tensile strain (outer layers), (b) compressive strain (outer layers). At 50 cycles, large tensile strains initiate around the innermost layers in the direction
of the positive tab (dark arrow in a), and simultaneously tensile bands form in the outer layers on each side of the outer negative tab (dark arrows in
c). During cycling, these bands grow further and new bands form. Around the positive and outer negative tabs, the compression is negligible in the
inner/outer layers (dark arrows in b and d). On each side of the positive and outer negative tabs, the inner and outer layers are subjected to large
compression (b and d). The lowest deformation (both tension/compression) is observed around the outer negative tab (red stars in c and d).
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vectors are inwards. When progressing from the inner layers to
the outer layers, the displacement vectors gradually point
outward and, as a result, clock-wise and anti-clock wise rotation
develop along the x-y plane (Fig. 7 and S2) with a maximum
rotation observed along the 0° line.

Swelling of the jellyroll. The average volumetric strain, indica-
tive of the macroscopic swelling, across the inner layers, outer
layers and entire jellyroll of the different LIB cells are rep-
resented in Fig. 8. Although the results are slightly different
between the different LIB cells due to the variability of the micro-
structure, the macroscopic swelling of the cells are found to be
proportional to the number of cycles, following the same linear
relationship: y = 0.002 x x + ), (R*> = 0.97), where x is the
number of cycles, y denotes the corresponding macroscopic swell-
ing, and y, is the macroscopic swelling reached after 50 cycles.
Also, depending on the LIB cell, the swelling of the inner layers is
typically 1.5x to 3.5% the swelling of the outer layers.

Heterogeneous swelling develops locally inside the LIB cells
as depicted by the 2D/3D maps of the volumetric strain in
Fig. 9 and S3. At first glance, vertical bands of high expansion
seem to consistently initiate and develop around the positive
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tab and inner core, and are further followed during cycling by
alternating bands of expansion and contraction. Locally, the
swelling can reach up to 4% after 50 cycles and 15% after 350
cycles. In the next section, the tensile strains (expansion) are
decorrelated from the compressive strains (contraction) and
plotted as a function of the rotation angle of the cell to better
characterize the radial and angular positions of the vertical
bands during cycling.

Distribution of tensile and compressive strains. The distri-
bution of the tensile and compressive strains of LIB20 and
LIB25 at mid-section are illustrated in Fig. 10, 11 and Fig. S4,
S5. The principal directions are superimposed to the strain
maps using white line segments. The curves representing the
average tensile and compressive strains as a function of the
rotation angle of the cell are also shown in Fig. 12 and S15.
The principal strain maps and curves of the remaining cells
are available in the SI Appendix.

A different mechanical response is observed between the
inner and outer layers.

Inner layers. Within the inner layers, regardless of the cell
condition at BOL, high tensile strains localize preferentially
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Fig. 13 Average tensile strain of the inner layers along cell height: (a) LIB0O9, (b) LIB15, (c) LIB18, (d) LIB20, (e) LIB25.
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around the innermost layers where the inner core is free to
expand. The expansion is 3% on average and up to 10-15%
locally (Fig. 10, 12a and S$4, S6, S8, S10, S12a-15a). Except LIB20,
the tensile strains reach a maximum around the buckled layers
present at BOL, forming kinks (Fig. S4, S6, S8 and S10). As the
number of cycles increases, the kinks deform and grow further,
accumulating more deformation. Away from the kinks, the tensile
strains seem to develop more uniformly over the inner six layers.
In LIB20, the tensile strains of the inner layers are maximum
along the direction of the positive tab (Fig. 12a). Two small distor-
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tions of the jellyroll are visible from 100 cycles (not present at
BOL, red arrows in Fig. 10) and seem to initiate two small bands
of tensile strain spreading radially in the direction of the positive
tab (white arrows in Fig. 10). In all the cells, the innermost layers
are also subjected early to highly localized compressive strains,
—3% on average and down to —10% locally (Fig. 11, 12b and S5,
S7, S9, S11, S12b-15b). More importantly, around the inner core,
the principal directions indicate that the tensile strains build up
essentially along the radial direction while the compressive
strains develop along the hoop direction (Fig. 10, 11 and S4, S5).
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Fig. 14 Average displacement of the inner negative tab along cell height: (a) LIBO9, (b) LIB15, (c) LIB18, (d) LIB20, (e) LIB25.
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Outer layers. Within the outer layers, vertical bands of high
tensile strains often initiate between the casing and the positive
tab (and also opposite the positive tab depending on the cell),
and spread radially from the casing to the inner core in the direc-
tion of the kinks-related strain concentrators (Fig. 10, 12¢ and $4,
S6, S8, S10, S12¢-15¢). This is synchronised with vertical bands of
tensile strains developing on both sides of the outer negative tab
(Fig. 12c). Inside these bands, expansion takes place preferentially
along the hoop direction. In most of the cells, the outer negative
tab seems to act as an anchor point containing the jellyroll defor-
mation (Fig. 12¢ and d, red stars). Around the positive and outer
negative tabs, the compression is negligible in the inner/outer
layers. On each side of the positive and outer negative tabs
(Fig. 11, 12d and S5, S7, S9, S11, S12d-15d), the outer jellyroll is
subjected to compressive bands, mostly along the hoop direction,
extending to the inner core.

3.3. Correlation between expansion of the inner layers and
displacement of the inner negative tab

The average tensile strain of the inner layers and the average
displacement of the inner negative tab were both plotted
against of the height of the LIB cells (Fig. 13 and 14). In LIB09,
LIB20 and LIB25 cells, the expansion of the inner layers
reaches a maximum at about 20-30 mm height and decreases
towards the top/bottom. In LIB15 and LIB18, the expansion of
the inner layers increases linearly up to 20-30 mm height, fol-
lowed by a non-linear increase to the top. The inner negative
tab displacement curves seem to correlate well with the inner
layers expansion curves (see Table 3), suggesting a causal
relationship between the inward expansion of the inner layers
and the inner negative tab motion.

Moreover, a good correlation is found between the inner
negative tab displacement and the expansion of the inner
layers, both averaged across the height (Fig. 15). This suggests
that the displacement of the inner negative tab alone could a
be a good indicator of the inward expansion/collapse of the jel-
lyroll. In LIB25, the motion of the inner negative tab is 3-4
times smaller when compared with the remaining cells. This
seems to be explained by the position of the buckled cathode
layers relative to the inner negative tab. At BOL, the inner nega-
tive tab of LIB25 is sandwiched between the buckled layers
around the inner core. During cycling, the inner layers of the
jellyroll expand inward causing the inner negative tab to

Table 3 Pearson correlation coefficient values measuring the similarity
between expansion of inner jellyroll and displacement of inner negative
tab

Pearson coefficient 50 cycles 100 cycles 200 cycles 350 cycles
LIBO9Y — 0.6 0.77 0.41
LIB15 0.93 0.92 0.98 0.96
LIB18 0.8 0.71 0.73 0.76
LIB20 0.19 0.7 0.75 0.8

LIB25 0.64 0.77 0.81 0.95

1The CT data of LIB09 at 50 cycles is missing and was ignored during
the DVC analysis.
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Fig. 15 Correlation between inner negative tab displacement (averaged
across the inner negative tab height) and expansion of inner layers (aver-
aged across the cylinder height).

deform and bend further (Fig. S4). Conversely, in the remain-
ing cells, the contact surface of the inner negative tab is
almost perpendicular to the buckled cathode layers at BOL
causing the tab to be pushed away (Fig. 10, S6, S8 and S10).

3.4. Correlation between changes in jellyroll shape and
buckling

Magnifying the shape changes of the jellyroll during cycling is
very attractive as it allows to better identify the mechanisms
driving core collapse. A circular shape of the inner jellyroll
(blue region in Fig. 16a and 17a) was extracted from LIB20 and
LIB25 cells at BOL and deformed by the DVC displacements
(magnified by 10) obtained at each cycle. The results are illus-
trated in Fig. 16¢c and 17c. In LIB20, no apparent distortion
was observed at BOL during inspection of the scan (i.e. no
buckled cathode layers, Fig. 16a). Yet, during cycling, between
the positive tab and core, the inner contour starts to progress-
ively deform and deviate from a circular profile (Fig. 16c). This
is accompanied by flattening (i.e. straight lines) and local dis-
tortion, especially after 350 cycles (Fig. 16¢). This seems to cor-
relate well with the presence in the same area of a small kink
after 350 cycles visible in the CT section of the cell (Fig. 16b,
red arrow). This result demonstrates that the mechanisms
leading to wrinkling are consistent. In LIB25, buckled layers
are already present at BOL in an area between the positive tab
and the inner core (Fig. 17a). During cycling, the contour of
the inner jellyroll undergoes flattening which exacerbates the
buckling (Fig. 17c) due to the large hoop compressive strains
and radial tensile strains (Fig. S4 and S5), as confirmed by the
CT image (Fig. 17b).

4. Discussion

Our results link the complex mechanical behaviour of com-
mercial cylindrical LIB cells to their internal structure during
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ageing, revealing important conclusions about the mecha-
nisms leading to core collapse.

4.1. Impact of geometric inhomogeneities

The DVC results revealed complex strain patterns during
cycling, which exhibit dependencies on both radial and
angular positions of the cell. Vertical bands of high expansion
seem to always concentrate at an early stage around the posi-
tive tab and the innermost layers. The large tensile strains
around the positive tab spread radially from the casing to the
inner core in the direction of the defect-related strain concen-
trators. These defects can develop during formation (e.g.,
buckled cathode layers in LIB25) or during cycling due to local
distortion/flattening of the jellyroll (e.g., small distortions

View Article Online
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formed after 100 cycles in LIB20). In most of the cells, the
inner core and the outer negative tab experience opposite
effects during deformation. While the maximum expansion is
observed around the inner core, the outer negative tab seems
to limit the jellyroll deformation and influence the patterns of
expansion/contraction found subsequently between the posi-
tive and outer negative tabs. This seems to be confirmed by
Kok et al,”® who hypothesized that architectural anomalies
such as the outer negative tab act as anchor points constrain-
ing ‘jellyroll’ movement, while other features like the free
volume in the centre of the cell provide freedom for electrode
movement. Other considerations regarding geometric inhomo-
geneities have been discussed by other authors.”'*'%17:20:3¢
Pfrang et al.>°?° focussed on the role played by the positive

Y (mm)
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. Ref

100 cycles
©200cycles
®350cycles

N

Fig. 16 Changes of jellyroll shape observed in LIB20: (a) CT section of the jellyroll before cycling at BOL (reference). (b) CT section of the jellyroll
after 350 cycles where local distortion initiated around the innermost layers. (c) Evolution of the jellyroll shape versus number of cycles. For each CT
scan, a binary mask of the jellyroll inner coils (blue region in a) was used to generate a surface mesh which was deformed by the DVC displacement
field. The shape change has been magnified by 10x. During cycling, the inner contour starts to progressively deform and deviate from the circular
dark profile. The jellyroll progressively flattens up to 200 cycles (dark arrow in c), creating a singularity from 350 cycles (red arrow in c), which seems
to correlate with the local distortion observed in the CT scan (red arrow in b).
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(cathode) tab and assumed that, being thicker than the
cathode itself and interrupting the rotational symmetry of the
jellyroll, additional pressure around this area is causing the
jellyroll to relieve mechanically induced stress by deformation.
Kok et al.” raised the importance of consistent and accurate
manufacturing processes with small defects in the jelly-roll
being shown to act as nucleation sites for the structural degra-
dation. The jellyroll will exploit any weaknesses in its internal
structure, such as the buckled cathode layers, to relieve the
stress. Bazinski et al.>> also showed that the cathode tab of a
lithium-ion pouch cell always creates a source of Joule heating
that is located at the junction of all the tabs within the cell,
which could also explain the large strains observed around the
positive tab. The presence of vertical bands during cycling was
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also reported in a cylindrical commercial 18 650 battery cell by
Jiang et al.*® using a surface deformation technique, and was
attributed mainly to the non-uniform contact between the
internal jellyroll and the metal shell. This is yet another source
of inhomogeneity that was not investigated in our study.

4.2. Wrinkling and buckling of the jellyroll

Our new method for tracking the changes in jellyroll shape
allows to examine core collapse through a different lens. We
demonstrated that the mechanisms leading to wrinkling and
buckling can be reproduced and linked to the magnitude and
direction of the local strains. During cycling, the innermost
layers of the jellyroll deform and progressively experience flat-
tening, which subsequently triggers (or exacerbates) buckling

® Reference

100cycles
© 200 cycles
@ 350cycles

(c)

Y (mm)

10 8 6

X (mm)

flattening

Fig. 17 Changes of jellyroll shape observed in LIB25: (a) CT section of the jellyroll before cycling (reference) where buckled cathode layers are
present at BOL (red arrow). (b) CT section of the jellyroll after 350 cycles where exacerbated buckling is observed (red arrow). (c) Evolution of the jel-
lyroll shape versus number of cycles. For each CT scan, a binary mask of the jellyroll inner coils (blue region in a) was used to generate a surface
mesh which was deformed by the DVC displacement field. The shape change has been magnified by 10x. During cycling, the inner contour starts to
progressively deform and deviate from the circular dark profile. The jellyroll progressively flattens up to 200 cycles (dark arrow in c), creating the
conditions for buckling from 350 cycles (red arrow in c) due to the large hoop compressive strains.
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depending on the condition of cell at BOL. This behaviour was
discussed by several authors*”'”**?* who speculated that the
deviation from the circular profile of electrode layers could be
acting as a precursor to inhomogeneities within the cell, trig-
gering a buckling phenomenon within the electrodes. To the
best of our knowledge, this is the first time that the magnitude
and direction of the local strains are measured experimentally
in 3D around the inner core. Around the innermost layers,
large tensile strains were found to grow essentially along the
radial direction, while large compressive strains develop along
the hoop direction. It is therefore likely that wrinkling and
buckling are caused by predominant compressive hoop stres-
ses and large radial tensile stresses interacting simultaneously
around the innermost layers. Based on mathematical model-
ling and reported causes of core collapse, Gelam et al>'
suggested that hoop buckling is the primary mechanism of
electrode deformation leading to core collapse. Our experi-
mental results seem to align with these conclusions and could
be used to calibrate or validate numerical models.

4.3. Tracking the progression of core collapse through the
inner negative tab

Our results reveal that the motion of the inner negative tab
alone could a be a good indicator of the progression of core
collapse. A close relationship was found along the cell height
between the motion of the inner negative tab and the expan-
sion of the innermost layers. The motion magnitude depends
on the orientation of the inner negative tab with respect to the
direction of maximum inward expansion. When the inner
negative tab was in the way of the progression of core collapse,
i.e., normal to the tab surface parallel to the inward expansion,
the movement of the tab was at its maximum. This was the
case for most of the cells (except LIB25) where the large tensile
strains concentrated around the buckled cathode layers
present at BOL. Reciprocally, when the normal to the tab
surface was perpendicular to the inward expansion, the inner
negative tab constrained the movement of the jellyroll, creating
discontinuities and exacerbating the buckling. This was
observed in LIB25 where the movement of the tab was at its
minimum. In Ha et al,”” a methodology was proposed to
evaluate core collapse initiation and progression by quantify-
ing the void area in the core of the windings. Although the
deformation of the inner negative tab was also proposed as a
marker for core collapse progression, there was no detailed
evaluation.

5. Conclusions

We have demonstrated that micro-CT coupled with digital
volume correlation is a powerful technique to measure and
track the 3D internal deformation taking place inside LIB
cells. Our method was applied to five commercial cylindrical
cells, selected with a diversity of buckling states at BOL, to
study the progression of core collapse as a function of cycle
number. The DVC results revealed important conclusions
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about the core collapse mechanisms. During cycling, large
tensile strains concentrate at an early stage around geometric
inhomogeneities/defects like the positive tab, kinks, and nega-
tive tabs, which subsequently cause the stresses/strains to
redistribute heterogeneously between the outer and inner
layers. The mechanisms leading to wrinkling and buckling of
the jellyroll could be reproduced during cycling and were
found to be likely caused by distortion/flattening of the inner-
most layers, where large compressive hoop strains and radial
tensile strains interact simultaneously. Our method could be
used to understand the impact of cell design features on core
collapse and provide experimental strain data to validate
numerical models.
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