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The mechanical properties of electrode materials are critical to the mechanical, electrical, and thermal

performance, safety, and durability of lithium-ion batteries (LIBs). While mechanical testing is often

conducted to elucidate the fundamental behavior of electrode materials, most existing studies focus on

dry electrodes, which fail to fully capture the in-cell conditions. To address this gap, this study provides

a comprehensive investigation of the coupled effects of SOC, electrolyte, and strain rate on the

mechanical behavior of cathodes and anodes through compression and tensile testing. The study begins

by isolating the impacts of SOC and electrolyte individually, followed by an analysis of their coupling

effects. Scanning electron microscopy (SEM) characterization under diverse conditions is employed to

uncover the underlying mechanisms driving these behaviors. Results reveal that the interplay between

SOC, electrolyte presence, and strain rate significantly influences the mechanical responses of

electrodes. These findings offer critical insights into the behavior of battery components under realistic

loading conditions, demonstrating the complexity of the coupling of solid–liquid interactions in porous

materials and providing a foundation for improving the evaluation and design of LIB safety and durability.
1 Introduction

Lithium-ion batteries (LIBs) are indispensable to modern auto-
mation and energy storage systems due to their exceptional energy
efficiency, long lifespan, and high energy density. The announced
production of nickel cobalt manganese (NCM) and lithium iron
phosphate (LFP) LIBs will reach unprecedented levels of 10 000 GW
h by 2030.1 This rapid growth, particularly in applications such as
electric vehicles (EVs) and aviation, has heightened concerns over
safety.2 LIBs subjected to mechanical abuse are susceptible to
internal short circuits (ISCs),3which can lead to irreversible thermal
runaway, accompanied by re or explosions. Thus, understanding
the mechanical properties and failure mechanisms of battery
components is critical for ensuring the safety and reliability of LIBs.

The state of charge (SOC) of a battery, representing the amount
of charge stored, directly inuences the mechanical properties of
LIBs.4 During charging, lithium-ion deintercalation from the
cathode and intercalation into the anode alters the mechanical
behavior of battery components. Extensive studies have focused
on the relationship between SOC andmechanical properties.5–7 At
iversity of Delaware, Newark, DE 19716,

ratory (EMSLab), University of Delaware,

tion (ESI) available. See DOI:

f Chemistry 2025
the electrode material (battery component material) level, Huang
et al.8 investigated the lithiation induced fracture mechanisms
using single-walled carbon nanotubes. Wang et al.9 examined the
coupled effects of SOC on the mechanical behavior of graphite
anodes through experimental and modeling approaches. Pan
et al.10 conducted tensile tests to study the SOC-dependent
mechanical properties of cathodes and anodes. In addition, Xu
et al.11 pioneered reporting the SOC effects on electrodes and
separators using compression and tensile tests. At the cell level,
the primary focus is on mechanical failure and the resulting
internal short circuit. Jia et al.12 revealed the SOC dependency of
structural stiffness under dynamic strain rates, while Duan et al.13

established a strong correlation between SOC and stress-induced
ISCs. Yiding et al.14 developed an electrochemical–thermal model
to uncover the failure mechanisms of cells at various SOCs. Wang
et al.15 explored the impact of the SOC on corroded batteries, with
a particular focus on extending their ndings to applications in
marine environments. Li et al.16 conducted mechanical abuse
tests to investigate the SOC dependency on batteries with external
constraints. These studies highlight the signicance of SOC in
understanding the mechanical behavior of LIBs across scales.

Simultaneously, the interactions between electrolyte and
porous electrode materials have gained increasing attention.
Electrolyte effects are primarily attributed to twomechanisms: (1)
possible side reactions of electrolytes with active materials and
current collectors, and (2) interaction between the electrolyte and
material at the microstructure level.17 Currently available studies
mainly focus on the macroscopic inuence of the electrolyte at
J. Mater. Chem. A, 2025, 13, 20673–20687 | 20673
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the cell level. Kisters et al.18 demonstrated the soening effects of
electrolytes on electrode mechanical properties by comparing
dynamic loading on dry and wet cells. Dixon et al.19 further
advanced this understanding through nite element models
simulating electrolyte impact on cell behavior. Gupta et al.20

explored the correlation between the electrolyte and mechanical
properties degradation of the electrode on the layer level. Addi-
tionally, Gor et al.21 observed the swelling and soening effects of
electrolytes on separators by immersing them in various electro-
lyte solvents. Zhao et al.22 examined electrolyte effects on sepa-
rators, revealing contrasting trends: the electrolyte induced
soening in Celgard 2325 but exhibited a stiffening effect in
Celgard PE. Despite these insights, most studies have focused on
the entire cell or individual factors, limiting a holistic under-
standing of mechanical behaviors.

To date, research has primarily investigated the coupling of
single factors, such as SOC or electrolyte, with various strain
rates, oen at the cell level. However, studies on the coupled
effects of SOC, electrolyte, and strain rates on individual
components (e.g., anodes, cathodes, and separators) remain
scarce. Addressing this knowledge gap is essential for
a comprehensive understanding of LIB mechanical behavior
under realistic operating conditions.

Therefore, this study systematically examines the coupled
effects of SOC and electrolyte on the mechanical behaviors of
electrodes under varying strain rates (loading speeds).
Compression and tensile tests were employed to analyze the
mechanical behavior of electrodes and separators under
different electrochemical states (SOC) and electrolyte condi-
tions (presence or absence of electrolyte). The mechanisms
driving these effects were explored to provide deeper insights
into observed phenomena. Additionally, the strain rate effect is
coupled with SOC for wet electrodes, offering valuable
perspectives on the mechanical behavior of operating batteries.
2 Experimental
2.1 Sample preparation

The anode and cathode materials were obtained by disassem-
bling an NCM/graphite pouch cell (Fig. 1(a)). A battery cycler
(Neware BTS4000) was employed to prepare the battery at
various SOCs at room temperature. As the initial SOC and
capacity information was unavailable, the battery underwent
a complete charge–discharge cycle at a 0.1C C-rate to establish
0% SOC. Subsequently, the battery was charged to the target
SOC levels of 0%, 20%, and 40% (Fig. 1(b)). The detailed
charging and discharging protocols are outlined in Table 1.
Aer achieving the target SOC, the battery was disassembled in
an inert environment within a glove box to extract the anode,
cathode, and separator samples for subsequent testing.
‡ Note that here the thickness refers to the SOC = 0 status and the thickness may
vary due to the SOC effect.
2.2 Experimental method

For compression tests, electrodes and separators were cut into
round samples with a 25.4 mm and 10.0 mm diameter and
stacked to form cylindrical specimens (Fig. 2(a)). Stacking
compression tests for each component were designed to
20674 | J. Mater. Chem. A, 2025, 13, 20673–20687
simulate the actual working conditions of a battery, which
features a layered structure in the out-of-plane direction. This
approach differs from a purely uniaxial test, providing a more
representative assessment of mechanical behavior. Due to
differences in the thickness of the electrode and separator,‡
stacking numbers were adjusted: 30 layers for the anode, 40
layers for the cathode, and 320 layers for separators, ensuring
less structural effect and sufficient compressive stroke.
Compression tests were conducted using a SUNS UTM 5205
universal testing machine (Fig. 2(b)), which has a maximum
load capacity of 200 kN and a resolution of 0.5%. The cylindrical
samples were placed at the center of the loading plate, and both
force and displacement data were recorded. To enhance
displacement accuracy, two linear variable differential trans-
formers (LVDTs) were used to track the deformation during
testing.

For tensile tests, rectangular samples with a uniform shape
(40 mm effective length and 6 mm width) were prepared
(Fig. 2(a)). The tests were performed using an Instron 34SC
testing machine (Fig. 2(c)), which has a 5 kN maximum load
capacity with 0.5% resolution. Strain measurements were ob-
tained using digital image correlation (DIC) technology from
Correlated Solutions Inc., which employs an optical method to
capture surface deformation patterns during testing. For sepa-
rators, tensile tests were conducted in both the machine
direction (MD) and transverse direction (TD) to account for
their anisotropic properties. Samples were xed at both ends
using paper-covered xtures to increase friction and minimize
slippage.

Samples with different SOCs were prepared by disassem-
bling batteries charged to specic SOC levels (Section 2.1). To
mimic engineering application scenarios, tests were performed
both with and without the electrolyte. For “dry conditions”
tests, disassembled materials were kept in an Argon gas envi-
ronment inside a glove box until thoroughly dried. For “wet
conditions” tests, electrodes were sealed in a Ziplock bag and
soaked in an electrolyte for 72 hours to ensure saturation
(Fig. 2(d)). The electrolyte volume for each sample was calcu-
lated based on the cell vendor's specication sheet.

Ve;sample ¼ Ve;cell$
Vsample

Vcell
, where Ve,sample denotes the electrolyte

volume that is ejected on the sample; Ve,cell is the electrolyte
volume of the whole cell, which is provided by the cell provider.
Vsample and Vcell are the volume of the sample and cell sepa-
rately. To prevent potential oxidation of the electrode in air,
sample preparation was carried out entirely within a glove box.
The testing procedure was designed to be completed within 2
minutes. Under wet conditions, the electrolyte covering the
electrode surface acts as a thin protective lm, further inhibit-
ing oxidation (Fig. S6†). For separator wet tests, the soaking
time was reduced to 20 minutes, as previous studies23

conrmed that soaking time does not signicantly affect their
mechanical properties. Furthermore, the tests with various
strain rates (i.e., 0.001–1 s−1) were designed to investigate the
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Battery geometry, battery testing machine and control computer. Charging and discharging cycles were performed using a Neware
BTS4000 (5V6A) battery testing machine at room temperature. During the cycling process, data on current, voltage, and capacity were recorded
and monitored by the control computer. (b) Charging–discharging curve. A complete charging–discharging cycle was conducted prior to
charging the battery to the target SOC, ensuring stability and consistency in the battery's state before testing.

Table 1 Battery cycling strategies. CC: constant current method;
CCCV: constant current-constant voltage method

Step number Operation Strategies C-rate

1 Discharge CC 0.1C
2 Rest 1 hour rest —
3 Charge CCCV 0.1C
4 Rest 1 hour rest —
5 Discharge CC 0.1C
6 Rest 1 hour rest —
7 Charge CC 0.1C
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strain rate effect of materials from quasi-static to low strain rate
loading, which may have coupling effects with SOC and elec-
trolyte conditions, thus providing a more realistic under-
standing of materials properties.

Tests were performed at various strain rates (0.001–1 s−1) to
evaluate the strain rate effects on the materials, ranging from
quasi-static to low strain rate loading conditions. These tests
were designed to explore the coupling effects of SOC, electrolyte
conditions, and strain rates, providing a more realistic under-
standing of the mechanical properties of battery materials
under operational conditions.
3 Results and discussion
3.1 Electrochemical and electrolyte coupled inuence on
electrode materials

To evaluate the dependency on electrochemical and electrolyte
conditions, compression and tensile tests were performed at
quasi-static loading rates for samples with SOCs of 0%, 20%,
and 40%. Each testing condition was repeated three times,
demonstrating excellent repeatability and consistency in
mechanical responses (ESI Fig. S1–S5†).

Electrodes typically consist of a three-layer structure
(Fig. 3(a)), where porous active materials are coated on both
This journal is © The Royal Society of Chemistry 2025
sides of a current collector. When immersed in an electrolyte,
the pores between the active material particles are partially l-
led with electrolyte and air. These liquid bridges signicantly
affect the mechanical behavior of the electrode, inuencing its
stiffness, strength, and failure mechanisms under compression
and tension. The morphology of the dry anode and cathode at
0% and 40% SOC was visualized by scanning electron micros-
copy (SEM) (Fig. 3(b) and (c)). The anode materials at 0% SOC
exhibit a sharp and clear particle morphology, whereas at 40%
SOC, the particle edges appear blurrier. This may result from
particle expansion caused by lithium intercalation. Gaps
between the particles can be observed, which serve as spaces to
store the electrolyte when the particles become saturated. For
the cathode side, the particle diameter decreases 5.5% as SOC
increases from 0% to 40% SOC, induced by the deintercalation
of lithium. Deposits are observed on the particle surface, which
may correspond to binders. Notably, these deposits become
more porous at higher SOC, potentially resulting in reduced
mechanical strength.

3.1.1 Electrolyte inuence on electrodes. To evaluate the
inuence of the electrolyte on electrode materials, dry anodes at
0% SOC under quasi-static loading were taken as baseline
samples. Compression experiment results were normalized
using the average failure strain and stress of these baseline
examples. Consequently, stress and strain in this study are
expressed as normalized stress ŝŝ and normalized strain 3̂,
respectively.

Under baseline conditions, the normalized stress–strain
curve exhibits a nonlinear initial stage, where the stiffness
increases due to the compaction of porosity (Fig. 4(a)). This is
followed by a short plateau, representing the point where
porosity is fully compacted,24 and subsequent material failure
(Pf). The electrode materials containing binder exhibit plastic
behavior from the very beginning of the test (Fig. S7†), primarily
due to the plastic response of the granular coating compo-
nents.25 As a result, we do not distinguish between elastic and
J. Mater. Chem. A, 2025, 13, 20673–20687 | 20675
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Fig. 2 (a) Samples for compressive and tensile testing. Specifically, compression test samples were prepared by stacking round electrode pieces
layer by layer to form a cylindrical structure. To enhance grip and prevent slippage during testing, white stickers were applied to both sides of
each sample to increase friction with the testing apparatus. (b) Compression testing machine. A double-sided Linear Variable Differential
Transformer (LVDT) to improve the accuracy of displacement measurements. (c) Tensile testing machine with Digital Image Correlation (DIC)
technology to enhance the precision of displacementmeasurements. (d) Electrolyte ejection and soaking process for wet conditions tests before
sample assembly. Electrodes were sealed into ziplock bags to avoid evaporation.
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plastic regions in our analysis. Instead, the effective modulus

Ê ¼
�
Dbs
Db3

�
max

is calculated as the maximum slope of the

normalized stress–strain curve to characterize the mechanical
response of the electrode. A smoothing constant D3̂ = 0.2 is
applied to reduce noise from small variations in D3̂3̂ and Dŝ will
be extracted based on the D3̂. Failure strain 3̂f and stress ŝf were
determined based on this curve. Post-failure analysis reveals
signicant fragmentation along the surface and edges of the dry
anode, correlating with a sharp force drop.

In contrast, the wet anode exhibits distinct mechanical
behavior, characterized by an additional linear stage following
the initial nonlinear compaction. This is accompanied by
a sudden decrease in effective modulus and lower failure stress.
The effective moduli for the nonlinear and linear stages (Ê1 and
Ê2) were calculated separately. The maximum force for the wet
anode is approximately 5% lower than that of the dry anode,
20676 | J. Mater. Chem. A, 2025, 13, 20673–20687
indicating reduced mechanical strength due to electrolyte
exposure.

For the cathode, quasi-static compression results for the dry
sample at 0% SOC display a nonlinear stress–strain curve with
no apparent failure behavior (Fig. 4(b)), though slight edge
cracking is observed. The wet and dry cathodes exhibit similar
behavior up to the transition point. Beyond this point, the
effective modulus of the dry cathode continues to increase,
while the wet cathode either remains constant or slightly
decreases. Similar to the anode, two effective moduli were
identied for the cathode corresponding to distinct stages, but
no failure point was observed.

The inuence of the electrolyte on electrode behavior can be
attributed to two primary factors: (1) changes in material
properties and (2) structural effects. Electrolyte immersion
causes binder swelling, which reduces adhesion between the
binder and active materials, leading to delamination. For
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Three-layer electrode structure with or without electrolyte. Active materials are treated as granular particles. Specifically, under wet
conditions, the electrolyte was retained between the particles, forming liquid–air bridges to facilitate ionic conduction and mechanical inter-
actions. Scanning electron microscopy (SEM) of the dry (b) anode and (c) cathode at 0% SOC and 40% SOC. The images present the cross
sections of electrodes before the mechanical tests. The anode materials consist of particles with a rectangular shape and exhibit significant
volume variation. In contrast, the cathode materials are composed of round-shaped particles. The diameters of the cathode particles were
determined by measuring the pixel size of ten randomly selected particles and comparing them to a reference scale.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 20673–20687 | 20677
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Fig. 4 Representative compression behavior and failure morphology of electrodes under dry and wet conditions at 0% SOC: (a) anode and (b)
cathode at a quasi-static loading rate. Two stages on the wet electrode were identified before and after transition point Pt. The effective modulus
is calculated for the two stages separately. Failure point Pf only exists on anode materials. (c) The electrolyte influences the mechanical behavior
of electrodes, exhibiting either a lock-up or lubrication effect depending on the space between particles. (d) Cross-section SEM of the wet anode
and cathode after failure. Since the electrolyte may cause poor SEM resolution, the samples were exposed to air until they fully dried before SEM
testing. The anode particles become more compact, showing reduced gaps between them and indicating potential particle densification. In
contrast, the cathode particles exhibit significant fragmentation, with noticeable cracks and breakage in their structure.
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example, the Young's modulus of a common binder (e.g., PVDF)
in the electrolyte is reported to be approximately ve times
lower than that in its dry state.26 Additionally, active materials
behave intrinsically similar to granular systems,27 where the
liquid electrolyte either creates cohesive “locking” effects or
lubricates particle motion, altering the mechanical response.28

The initial structure of the electrode includes a mixture of
electrolyte and air between graphite particles, forming liquid
bridges (Fig. 4(c)). These bridges generate cohesive forces that
hinder particle motion, contributing to the initial stiffness
observed in wet anodes. Despite sufficient electrolyte soaking,
air gaps could exist between graphite particles, likely due to the
limited absorption capacity of the electrode materials. During
compression, a transition point is observed where air gaps are
expelled. Beyond this point, the lubrication effect of the elec-
trolyte becomes dominant,29 as the displaced electrolyte lls the
remaining gaps between compacted particles. This transition
leads to a reduction in modulus and failure stress. The expelled
electrolyte was observed owing onto the testing plates during
compression, with the active material from the top surface
adhering to the upper plate, exposing the underlying copper
current collector. SEM analyses were conducted aer the
compression tests of wet conditions. Both the anode and
cathode materials exhibited a more compacted particle
arrangement, indicating reduced space for electrolyte storage at
the end of the test.

3.1.2 Electrochemical inuence on electrodes. The SOC
signicantly affects the mechanical behavior of dry anode
materials (Fig. 5(a)), with higher SOC materials exhibiting
20678 | J. Mater. Chem. A, 2025, 13, 20673–20687
greater stress than those at lower SOC. This trend, consistent
with previous studies,11 demonstrates that the failure stress ŝf

increases as SOC rises from 0% to 40%. Notably, a similar
pattern is observed under wet conditions (Fig. 5(b)), where the
SOC dependency becomes more pronounced, particularly in the
linear elastic stage before failure. In this stage, the stress-
strengthening phenomenon is evident at 20% and 40% SOC.
Furthermore, tensile tests reveal a positive correlation between
mechanical response and SOC for the anode (Fig. 6(a)). In
contrast, cathode materials exhibit negligible SOC dependency
under the same conditions (Fig. 6(b)). This result may be
attributed to the fact that the current collector contributes the
most to the cathode's tensile strength. Since the cathode
thickness remains nearly unchanged, its tensile mechanical
behavior tends to remain unaffected.

The electrochemical–mechanical properties of electrodes
during the charging process are reported to be primarily inu-
enced by several factors (Fig. 5(e)):9 (1) particle expansion; (2)
particle properties variation; and (3) binder properties varia-
tion. During charging, lithium ions intercalate into the anode
(e.g., graphite), causing an expansion of the active material.
Graphite experiences a lattice volume expansion of up to 13.2%
during lithium intercalation.30 Macroscopic thickness
measurements indicate a 1.9% average increase in anode
thickness as SOC rises from 0% to 40%, contributing to an
increase in the effective modulus of the sample. In contrast,
although the cathode material is reported to undergo a lattice
volume shrinkage of approximately 5% during charging,31 its
macroscopic thickness does not exhibit signicant variation as
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Representative stress–strain curves of compression tests for (a) dry anode, (b) dry cathode, (c) wet anode, and (d) wet cathode materials
with SOC equal to 0%, 20%, and 40% SOC. Failure morphology of 0% SOC and 40% SOC does not demonstrate a significant difference. (e)
Multiple factors that affect the electrochemical–mechanical properties of the electrode during charging.
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the state of charge (SOC) increases to 40%. Additionally, phase
transitions occur within the anode during charging, governed
by the stoichiometric ratio of lithium atoms (x) in the graphite
structure. At x = 0, the battery is fully discharged to 0% SOC.
During the charging, x increases until x = 1, where the anode
achieves full lithiation. Qi et al.32 reported that as x increases,
the polycrystalline Young's modulus of LixC6 increases from
This journal is © The Royal Society of Chemistry 2025
32.47 GPa to 108.67 GPa due to phase change. Consequently, at
40% SOC, coexisting phases of partially lithiated graphite
enhance the effective modulus. Additionally, lithiation-induced
stress improves binder strength by promoting more cohesive
contact between the binder and graphite particles.33 Notably,
the inuence of SOC on the tensile tests of the anode is more
signicant than its effect on compression tests. This may be
J. Mater. Chem. A, 2025, 13, 20673–20687 | 20679
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Fig. 6 Average stress–strain curves of tensile tests for (a) the dry anode and (b) dry cathode with 0% SOC and 40% SOC. The effect of SOC is
notably more pronounced on the anode side compared to the cathode. The failure morphology between 0% SOC and 40% SOC does not exhibit
significant differences.
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attributed to the fact that the cohesive binder plays a more
crucial role in tensile tests than in compression, becoming
more brittle at higher SOC.

Conversely, dry cathode materials exhibit a negative corre-
lation between SOC and mechanical properties, both in
compression (Fig. 5(c)) and tensile tests (Fig. 6(b)). A similar
trend is observed in wet cathode materials, where increasing
SOC results in a soer material with lower stress resistance.

Unlike the anode, cathode materials show no signicant
thickness variation during charging. From an electrochemical
perspective, delithiation induces phase transitions on the
cathode surface, described as LiMO2 / LixMO2 + (1 − x)Li+ + (1
− x)e−,34 where x denotes the occupancy of lithium inside the
lattice structure, varying from 1 to 0 as SOC increases from 0%
to 100%. Microscopically, nano-indentation tests reveal
a reduction in Young's modulus with increasing SOC, attributed
to intergranular cracking caused by lithium delithiation.35 This
crack formation further decreases the effective modulus of the
cathode material at higher SOCs.

3.1.3 Inuence of electrochemical and electrolyte factors
on electrodes. To gain deeper insights into the electrochemical
and electrolyte coupled effects on electrode materials, ve key
parameters were identied and analyzed, i.e., effective modulus
Ê, transition stress ŝt, transition strain 3̂t, failure stress ŝf, and
failure strain 3̂f. These parameters were normalized using
a baseline reference: the failure strain and stress of a 0% SOC
dry anode under quasi-static loading. As discussed in Sections
3.1.1 and 3.1.2, electrode mechanical properties are inuenced
by a combined electrochemical and electrolyte effect. We
hypothesize that this combined inuence arises from two
distinct mechanisms.

For the anode, the rst-stage effective modulus Êwet1,an of the wet
anode is slightly larger than that of the dry anode Êdryan under the
same SOC conditions (Fig. 7(a)). This difference can be attributed
to the cohesive forces generated by electrolyte-air bridges between
particles. However, in the second stage, the effective modulus of
the wet anode Êwet2,an is signicantly smaller due to the lubricating
20680 | J. Mater. Chem. A, 2025, 13, 20673–20687
effects of the electrolyte. Although studies specically isolating
electrolyte effects on battery components are limited, Dixon
et al.19 demonstrated that electrolyte presence induces soer
mechanical behavior in cells during ball indentation tests.
Regarding SOC dependency, Êwet1,an initially increases at SOC < 20%
and then decreases for 20% < SOC < 40%, following a trend
similar to that observed in the dry anode, as previously reported
by Wang et al.36 The transition stress ŝt,an and strain 3̂t,an of the
wet anode, however, show minimal SOC variation (Fig. 7(c)),
suggesting a weak SOC dependency on the electrolyte-induced
transition point. Failure stress for both wet ŝwetf,an and dry
ŝdryf,an anodes shows proportional increases with SOC. However,

the ratio
bswet
f;anbsdry
f;an

rises from 0.78 at 0% SOC to 0.97 at 40% SOC,

indicating that the electrolyte's inuence on maximum force
decreases at higher SOC levels (Fig. 7(d)). A similar trend is
observed for failure strain 3̂wetf,an and 3̂dryf,an with smaller differences
identied at higher SOC levels.

On the cathode side, the effective modulus of the dry cathode
Êdryca is 1.10, 1.76, and 1.35 times greater than the wet cathode's
initial-stage modulus Êwet1,ca at 0%, 20%, and 40% SOC, respec-
tively (Fig. 7(b)). Similarly, Êdryca is 1.39, 1.68, and 1.74 times
greater than the second-stage modulus Êwet2,ca for the correspond-
ing SOC levels, conrming a consistent soening effect of the
electrolyte. Interestingly, as SOC increases, the effective modulus
of the wet cathode Êwet1,ca decreases until SOC reaches 20% and
then increases, highlighting the dominance of liquid-bridge lock-
up effects beyond 20% SOC. Stallard et al.35 reported that during
delithiation, cathode volume remains approximately constant
until a certain stage (e.g., x < 0.4 for NCM) before contracting.
SEM tests also indicated a 5.5% particle diameter contraction on
the cathode at 40% SOC, enlarging space between particles
(Fig. 3(c)). This contraction at higher SOC enhances liquid-bridge
formation, inducing additional forces that dominate the
mechanical behavior in the rst stage. In the second stage, the
cathode becomes fully compacted, reducing the electrolyte
inuence and leading to a decline in effectivemodulus, similar to
This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Effective modulus Ê varying with SOC for both (a) the anode and (b) cathode. (c) Transition stress ŝt and strain 3̂t for the wet cathode and
anode. (d) Failure stress and failure strain for dry and wet electrodes vary with SOC. Failure stress of the wet electrode shows a larger variation
with SOC. No failure behavior on the cathode side.
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trends observed in the polycrystalline Young's modulus of
cathodematerials. The transition stress ŝt,ca and strain 3̂t,ca of the
wet cathode are lower at elevated SOC levels, i.e., 20% and 40%
SOC (Fig. 7(c)), indicating that smaller forces and displacements
are required to reach the transition point.

To sum up, when analyzing the coupled effects of electrolyte
and SOC under small strain rates (i.e., _3 = 0.01 s−1), the
mechanical behavior of electrode materials is governed by the
competition between two mechanisms: (1) electrolyte-induced
cohesion or lubrication effects and (2) electrochemically
driven structural changes. These ndings provide critical
insights into the mechanical properties of electrodes and their
dependency on SOC and electrolyte presence, offering valuable
guidance for the design and optimization of battery materials
under realistic operating conditions.
3.2 Strain-rate dependent compressive mechanical behavior
on wet electrodes

The strain-rate dependence of compressive mechanical
behavior was investigated at 0.01 s−1, 0.1 s−1, and 1 s−1 strain
rates at 0%, 20%, and 40% SOC separately. For the anode
electrode, at larger strain rates, i.e., 0.1 s−1 and 1 s−1, the stress–
strain curves maintain a similar shape to those observed under
quasi-static loading conditions, i.e., 0.01 s−1 (Fig. 8(a)). In the
This journal is © The Royal Society of Chemistry 2025
initial stage, stress increases at higher strain rates due to the
cohesive forces induced by liquid bridges. However, in the
second stage, stress decreases with increasing strain rates,
highlighting the lubricating effect of the electrolyte. Addition-
ally, the anode becomes more prone to fracture under higher
compressive strain rates, as evidenced by lower failure stress
and strain values. This strain-rate dependency emphasizes the
competing mechanisms of liquid-bridge cohesion and electro-
lyte lubrication under dynamic loading conditions. Similar
mechanical responses are observed at 20% SOC (Fig. 8(c)) and
40% SOC (Fig. 8(e)), indicating a uniform strain rate effect on
the electrode with higher strain rates. Besides, the anode with
higher SOC demonstrates a more signicant transition point. In
parallel, cathode materials exhibit a pronounced stress plateau
stage following the initial stage (Fig. 8(b)). Failure morphology
at 0.01 s−1 shows a more “moist” appearance compared to
strain rates of 0.1 s−1. Since equal amounts of electrolyte were
introduced into the samples, this suggests that a greater volume
of electrolyte is expelled at higher strain rates. The observed
stress plateau stage likely results from the increased outward
ow of electrolyte, acting as a transition phase between the
electrolyte-submerged initial stage and the fully compacted
phase. Once the electrolyte is fully expelled, the material tran-
sitions into a stress increase region, where the cathode becomes
J. Mater. Chem. A, 2025, 13, 20673–20687 | 20681
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Fig. 8 Wet electrode compression results at various strain rates (i.e., 0.01 s−1, 0.1 s−1, and 1 s−1) for (a) and (b) 0% SOC, (c) and (d) 20% SOC, (e)
and (f) 40% SOC wet anode and cathode. Particularly, for the anode, the mechanical response of the electrode is characterized by two distinct
stages: the initial stage and the second stage, which are consistently observed across varying strain rates. In contrast, the cathode exhibits
a prominent stress plateau stage followed by a stress increase stage, particularly noticeable at strain rates _3 = 0.1 s−1 and _3 = 1 s−1.
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harder due to compaction. At higher SOC, specically at 20%
and 40%, distinct regions of stress plateau and stress increase
become evident. Notably, the transition between the initial
stage and the stress plateau stage becomes increasingly
pronounced as the SOC rises from 20% (Fig. 8(d)) to 40%
(Fig. 8(f)). This trend aligns with observations made on the
anode side. Furthermore, under conditions of elevated strain
rates, no signicant mechanical failures are detected. For clarity
in discussing the strain-rate effect on the cathode, we dene
Ê1,ca as the effective modulus of the initial stage and Ê2,ca as that
20682 | J. Mater. Chem. A, 2025, 13, 20673–20687
of the stress increase stage, consistent with the concepts
described in Section 3.1.1.

The effective moduli Ê1 and Ê2, failure strain 3̂f, and failure
stress ŝf of the anode, along with the transition strain 3̂t and
transition stress ŝt, were systematically analyzed across a range
of SOCs and strain rates under wet conditions. This analysis
provides a comprehensive understanding of the coupling
effects among SOC, electrolyte behavior, and strain rates,
contributing to a more detailed characterization of the anode's
mechanical performance. For anode materials, the effective
This journal is © The Royal Society of Chemistry 2025
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modulus steadily increases as the SOC rises under 0.01 s−1, 0.1
s−1, and 1 s−1 (Fig. 9(a)). At each SOC, a decreasing trend of
modulus is observed as the strain rate increases in both the rst
and second stages, which is consistent with force response of
whole cell level tests in ref. 18. Notably, the nonlinear behavior
observed during the initial stage transitions toward a more
linear response at higher strain rates. As a result, although the
effective modulus Ê1,an decreases with increasing strain rates,
the stress observed during the initial stage is higher (Fig. 8(a)).
This phenomenon arises because the effective modulus is
determined as the maximum slope of the stress–strain curve.
Furthermore, a reduction effect of strain-rate on both Ê1,an and
Ê2,an can be identied as SOC increases. When _3 = 0.01 s−1, the
effective modulus Ê1,an exhibits a 27% increase as the SOC rises
from 0% to 40%. However, this increase diminishes to only 15%
at _3 = 1 s−1. Additionally, the anode materials exhibit lower
failure strain and stress at elevated strain rate (Fig. 9(b)). Wang
et al.37 reported a decrease in maximum force at larger strain
rates during ball indentation tests on cells, suggesting a corre-
lated mechanical response between individual components and
the complete cell structure. The soening effect of strain rate
also exists on the cathode side (Fig. 9(c)). The Ê1,ca

0%,0.01 is 1.84
times larger than Ê1,ca

0%,1. In contrast to _3= 0.01 s−1, Ê1,ca at _3=
Fig. 9 (a) Strain rate effect on the effective modulus of the anode varyin
0.01 s−1, 0.1 s−1, and 1 s−1) and SOC (i.e., 0%, 20%, and 40% SOC). (c) Strai
(d) Transition stress ŝt and strain 3̂t of the cathode changing with strain r

This journal is © The Royal Society of Chemistry 2025
0.1 s−1 and 1 s−1 decreases with increasing SOC when SOC
exceeds 20%. This behavior is likely attributed to the domi-
nance of strain-rate-induced soening effects during the initial
stage. Under higher strain rates (i.e., _3 = 0.1 s−1 and 1 s−1), the
competition between the strain-rate and electrochemical effect
leads to a decrease of Ê1,ca at higher SOC. It is interesting that
a positive proportional relationship is observed for Ê2,ca under
0%, 20% and 40% SOC. This strain-rate hardening effect has
been reported on dry electrode tests,38 implying that the elec-
trolyte has been fully extracted during the restrengthening
stage. Therefore, a slightly increase in Ê2,ca for 20% and 40%
SOC cathodes can be observed at _3= 0.1 s−1 and 1 s−1 due to the
domination of the strain rate effect. Furthermore, the transition
point is dened as the conclusion of the initial stage under high
strain rate conditions. Generally, both the transition stress ŝt,ca
and transition strain 3̂t,ca decrease with increasing strain rates,
reecting the inuence of strain rate effects (Fig. 9(d)). Notably,
SOC-related properties exhibit minimal variation at higher
strain rates, aligning with prior ndings that strain rate effects
take precedence over electrochemical inuences. Therefore,
when coupling the SOC, electrolyte, and strain rate effects,
electrolyte effect and strain rate will dominate the mechanical
behaviors (e.g., Ê, ŝt, and ŝf).
g with SOC. (b) Failure stress ŝt and strain 3̂t at various strain rates (i.e.,
n rate effect on the effective modulus of the cathode varying with SOC.
ate and SOC.
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3.3 Strain-rate dependent mechanical behavior of wet and
dry separators

The SOC of the battery does not exhibit a signicant inuence
on separator mechanical behavior.11 Therefore, this study
focuses on the coupling effects of the electrolyte and strain rate.
Fig. 10 (a) Compressive stress–stain curves of dry and wet separators
difference in wet and dry separators at higher strain rates. Tensile stress–
s−1, and 0.1 s−1) in (b) the mechanical direction (MD) and (c) transverse dir
tensile tests under various strain rates. Compression tests conducted at h
transverse direction (TD) generally exhibits a larger failure strain, accom
mechanical response of the materials.

20684 | J. Mater. Chem. A, 2025, 13, 20673–20687
Compression and tensile tests were conducted on wet and dry
polymer separators under various strain rates.

In compression tests, both wet and dry separators exhibit
higher stress with increasing strain rates (Fig. 10(a)), consistent
with ndings reported by Cannarella et al.23 The stress–strain
at various strain rates (i.e., 0.001 s−1, 0.1 s−1, and 1 s−1). Significant
strain curves of the separator at various strain rates (i.e., 0.001 s−1, 0.05
ection (TD). The sample morphology after (d) compression tests and (e)
igher strain rates result in more compacted samples. In tensile tests, the
panied by significant lateral deformation, highlighting the anisotropic

This journal is © The Royal Society of Chemistry 2025
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curves of dry separators initially show elastic mechanical
behavior, during which the microstructure of the separator is
compacted. As compression progresses, the material yields and
transitions to nonlinear constitutive behavior. Notably, no
failure behavior was observed at strain rates of 0.001 s−1, 0.1
s−1, and 1 s−1. Post-compression macroscopic observations
revealed signicant out-of-plane deformation, indicative of
severe structural compaction (Fig. 10(d)). Li et al.39 attributed
such behavior to compressive loading causing a denser micro-
structure and reduced porosity. Wet separators, compared to
their dry counterparts, demonstrate higher stress due to
reduced porosity, which restricts electrolyte movement. Unlike
dry separators, the compressive response of wet separators
transitions from nonlinear behavior at a low strain rate of 0.001
s−1 to linear behavior at higher strain rates, e.g., 0.1 s−1 and 1
s−1. Additionally, wet separators exhibit a more pronounced
strain-rate hardening effect, with signicantly greater stress
increases observed at higher strain rates.

Generally, polymer separators exhibit anisotropic mechan-
ical behavior in tensile tests, which was investigated along the
machine direction (MD) and transverse direction (TD).23 Sepa-
rators show higher failure stress in the MD compared to the TD,
while the TD demonstrates greater failure strain, reecting
differences in microstructural characteristics. As the strain rate
increases, the effective modulus of separators rises consistently
across both the MD and TD, as well as under wet and dry
conditions (Fig. 10(b)). During tensile tests, signicant axial
elongation and lateral shrinkage were observed (Fig. 10(e)).
Electrolyte immersion has little effect on the MD, but in the TD,
wet separators become noticeably soer compared to dry
separators (Fig. 10(c)). This trend aligns with observations by
Sheidaei et al.40 The soening effect in the TD is probably
caused by the impact of electrolyte immersion. Organic solvent
immersion, such as with dimethyl carbonate (DMC), has been
reported to affect the separator's mechanical properties differ-
ently depending on material composition.22 For example,
immersion of DMC in polyethylene (PE) increases tensile stress
by inducing internal tension, whereas polypropylene (PP)
materials experience a soening effect due to microstructural
damage caused by immersion. Consequently, the electrolyte
inuence on separator behavior is orientation-dependent and
varies with material composition.

4 Conclusions

This work provides a detailed and comprehensive investigation
into the coupled effects of SOC, electrolyte, and strain rate on
battery components, including the anode, cathode, and sepa-
rator, using uniaxial compression and tensile tests. Post-
mortem analyses and SEM were employed to characterize the
structural and material changes underlying the observed
mechanical behaviors.

The key ndings reveal the complex interplay between SOC
and electrolyte effects. For the anode, the mechanical properties
(i.e., Ê1, Ê2, and ŝf) increase with SOC rising from 0% to 40%
under dry conditions. The presence of the electrolyte modies
the constitutive behavior of anodes, introducing distinct
This journal is © The Royal Society of Chemistry 2025
structural effects: a “lock-up” effect during the initial stage and
a “lubrication” effect during subsequent stages. These electro-
lyte effects signicantly reduce both the effective modulus and
failure stress compared to dry conditions, highlighting a tran-
sition point in the anode mechanical behavior. Lithium-ion
intercalation predominantly governs mechanical changes at
lower SOC levels (0–40%), where the electrolyte locking and
lubricating effects are most pronounced.

For the cathode, SOC has a negative inuence on the
mechanical properties under dry conditions, with a decrease in
the effective modulus as SOC rises. No failure behavior was
identied for either dry or wet cathodes under the tested
conditions. Electrolyte effects in the cathode exhibit a two-stage
behavior similar to the anode, with E1,ca decreasing at lower
SOCs and increasing at higher SOCs due to the competition
between SOC-induced structural changes and electrolyte effects.

The strain rate effects on wet electrodes and separators were
also thoroughly analyzed. A soening effect was observed across
various SOC levels, with signicant changes in the constitutive
behavior of the cathode under higher strain rates. Specically,
a stress plateau stage was identied, followed by a stress
increase stage as the electrolyte was expelled from the micro-
structure. For separators, the coupling effects of the electrolyte
and strain rate were shown to dominate mechanical behavior,
particularly in tensile tests, where anisotropic responses were
evident along the machine and transverse directions.

By isolating single-factor mechanisms and examining their
interactions, this study highlights that when SOC, electrolyte,
and strain rate are coupled, the combined effects of the elec-
trolyte and strain rate dominate themechanical behavior. These
ndings provide critical insights into the mechanical perfor-
mance of battery components under realistic operating condi-
tions, offering valuable guidance for the design and
optimization of next-generation lithium-ion batteries with
enhanced safety and reliability.

Nomenclature
Ê
 Normalized Young's modulus (MPa)

V
 Volume (m3)

ŝ
 Normalized nominal stress (1)

3̂
 Normalized nominal strain (1)

_3
 Strain rate (s−1)
Subscripts
e

J. Mater. Ch
Electrolyte

an
 Anode

ca
 Cathode

sample
 Sample scale

cell
 Cell scale

t
 Transition point

f
 Failure point

1
 Stage I

2
 Stage II
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Superscripts
wet
20686 | J. Mater. Chem. A, 20
Wet conditions

dry
 Dry conditions

0%
 SOC = 0%

20%
 SOC = 20%

40%
 SOC = 40%

0.01
 _3 = 0.01 s−1
1
 _3 = 1 s−1
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