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ABSTRACT

Deformation and failure behaviors of the anode material play important roles in internal short-circuit and
thermal runaway behaviors of lithium-ion batteries. In previous research, we discovered that anode behaves
significantly different in constitutive behaviors at various strain rates. To unravel the fundamental mechanism, a
multiscale detailed computational model describing anode behavior is established in the present study. Nu-
merical simulation results of anode material show that the established model has a good correlation with the
experiments for the description of the mechanical behaviors of the anode at strain-rates from 5 x 10™%/s to 1 x
10~!/s. This model shows that the high strain-rate dependency of the failure of the active material should be
responsible for the observed deformation behavior of the anode material. Meanwhile, it is found that the particle
size distribution and mechanical properties of the binder have an influential effect on the yield strength value of
the anode. Results clarify the fundamental reasons for the behaviors of anode material, which may support the
design of safer and more robust batteries.

1. Introduction

power source, normal and abusive working scenarios of the Lithium-ion
battery may both cause significant deformation of anode material [7-9].

The safety issues of lithium-ion batteries have attracted increasing
public attentions due to their wider applications in electric vehicles [1,
2], cell phones [3,4], power tools [1,5] and laptops [6]. Serving as a

Inevitable external mechanical abuse, internal defects and cycling of the
Lithium-ion battery will cause the electrochemical reactions coupled
with mechanical degradation (the mechanical fracture of the material
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and structural failure of the electrode) in anode. Then, it will deteriorate
the performance of lithium-ion batteries, and may subsequently lead to
internal short circuit of the deteriorated battery, causing fire or explo-
sion [10-13]. Liu et al. [14] has reviewed the safety issues and mech-
anisms of Lithium-ion battery cell upon mechanical abusive loading.
Particularly, in dynamic mechanical abusive loading scenarios, e.g.
crash, impact and drop, batteries usually have a much quick short circuit
phenomenon than in quasi-static loading condition [15,16]. Therefore, a
full understanding of the mechanical behaviors of anode with strain-rate
dependency is in pressing need for a better battery safety design.

Anode is a kind of three-layer composite material where the inner
layer is the current collector made by copper foil [17], and the outer
layer is an active material mixed by binder and active particles [18,19].
To understand the overall behaviors of the anode, each component
material should be fully characterized. Some mechanical behavior in-
vestigations [20-22], microscopic observations [23,24] and theoretical
derivation [24,25] of components were reported in available literature.
The copper foil used for Lithium-ion batteries is usually made by rolling
process or electrolysis [26]. There is little research on the strain rate
effect of copper foil prepared by these methods. For laser shocked
polycrystalline copper, dislocation slip, profuse twins and stacking faults
(SFs) coexist in copper foil where profuse twins and SFs are more
dependent on strain-rate (at high strain rate) which may be used to
explain the strength hardening and early failure of the copper foil [20].
Besides, the deformation twinning can also be observed at low strain
rate (~10~2 s~ 1) [27]. As for active material, binder plays an important
role in mechanical integrity of the anodes for lithium-ion batteries.
Pioneering work produced by Chen et al. [22] investigated the roles of
binders in the mechanical integrity of electrodes for lithium-ion batte-
ries by coupled microscratch and digital image correlation (DIC) tech-
niques. It was discovered that particle-particle cohesion strength
increases while the interface adhesion strength between foil and particle
decreases with increasing binder contents (defined as volume ratio be-
tween binder and active materials). Yim et al. [28] systematically
studied the mechanical characterization of various binder materials to
estimate the suitability of various binder materials and proved that fine
tuning of the binder properties through an understanding of individual
binders could be an efficient approach to prevent deterioration of anode.

In the meantime, we previously discovered that the stress-strain
behavior of the anode changes abruptly once the strain-rate reaches
0.1/s with much higher failure stress and smaller failure strain [29],
unlike the traditional strain-rate dependent behavior where the yield
stress increases by strain-rate while keeping the similar profiles [30,31].
Which component materials have the essential factor to make such
interesting behavior is still unknown. Therefore, insightful investigation
on the fundamental mechanism of such deformation and failure
behavior is worthwhile to bridge the gap for the understanding of bat-
tery safety.

This paper is organized as follows. In Section 2, modeling method-
ologies of active material and anode material are introduced respec-
tively. Typical results are fully presented in Section 3. Besides, the
particle size distribution effect, mechanical behavior of binder, interfa-
cial strength effect as well as thickness effect are thoroughly discussed in
Section 4.

2. Method
2.1. Analytical calculation

Anode is a layered structure material with the copper foil sand-
wiched by two layers of active material (Fig. 1a). Although the me-
chanical behaviors of the anode material, as well as the copper foil have
been thoroughly characterized [29], the mechanical properties of the
active materials still remain unknown since the active layer is difficult to
peel off completely from the anode, and the characterization technique
requires high accuracy nano-indentation method which is difficult to

Journal of Power Sources 448 (2020) 227468

(a) t (b) g
. —e—5x10%s
& g ¢ ——5x10%s
]
F «— — F S 1=10""/s
oy ? E:
F,— I F £ |
Active material i
Fy « 5 F 0-
2 — 2 o.mstrElin g.oz 0.03

Fig. 1. (a) Schematic diagram of the composite structure anode and its force
analysis; (b) Stress-strain curve of active material at strain-rates of 5 x 10’4/5,
5 x 10~3/sand 1 x 10~!/s obtained from analytical calculation.

achieve. Therefore, we indirectly calculate its modulus and yield stress
through the following analysis.

The deformation of the anode keeps uniformly before material fail-
ure under tensile test (with concentrated loading F), indicating that the
copper foil and the active material share the same deformation (strain ¢)
before failure (interface/material failure), i.e. ¢ = &1 = &5. The total
force of the anode F is shared by two layers of active particles F; and a
single layer of copper foil F,, i.e. F = 2F; + F,. The thickness of the
anode t = 2t; + tp, where t; is the thickness of a single layer of active
material, and t, is the thickness of copper foil. The stress-strain curves of
anode material and copper foil were studied experimentally in a previ-
ous study [29] and both of them show the obvious strain-rate de-
pendency. Therefore, based on the stress formula F = ¢A and Hooke’s
law, we can finally get the stress-strain relationship of the active ma-
terial, 67 = ‘“;%12‘2, as shown in Fig. 1b. The modulus and the yield stress
of active material under different strain-rates can then be calculated, i.e.
modulus is 2000 MPa, the yield stress at strain-rate 5 x 1074/, 5 x
10_3/s, and1 x 10" /sare 2.7 MPa, 3.4 MPa, and 6.8 MPa, respectively.

2.2. Active material modeling

Active material is a mixture of binder and active particle, where the
binder is a kind of polymeric material made by carboxymethylcellulose
(CMC) [32] and the particle is stiff solid material usually made by
graphite. The air voids always exist within the mixture of binder and
particles, forming the pore between binder and particles with the gen-
eral porosity 30% [33]. The volume fraction of the binder and particle
are 9% and 61%, which can be calculated from Ref. [34] before calen-
dered. Besides, it has been shown that stresses and plastic strains of the
active material predicted by 3D models are close to those predicted
using simpler 2D models of the microstructure [35]. Based on the above
assumption and condition, a 2D meso-scale model is established using
ABAQUS, the representative volume element (RVE) with 0.025 mm x
0.025 mm is extracted (Fig. 2a) to study its mechanical behavior. The
periodic boundary condition is adopted, and with one end is clamped
and the other end is loaded with the displacement control. The active
particles are generated and randomly distributed, the shape of which is
simplified as a sphere, i.e. circular shape in the 2D model. The diameter
of the particles ranges from 5 ym to 15 ym with the average size of 10 ym
[36]. The particles present mono-model distribution, and specific size
distribution of the particles is listed in Table 1 referring to the Ref [37]
with the corresponding size scaled up. The pore between particle and
binder is also built with the ellipse shape, the size distribution of which
is followed by Ref. [33]. The modulus of the graphite is about 20-100
GPa [38,39], set as 50 GPa in the model, which is about four magnitudes
larger than that of the binder [40] so that the particle can be regarded as
a rigid body during modeling. The Young’s modulus and yield stress of
the active material can be obtained through the meso-scale model by
inputting the mechanical behavior of the particle (already known) and
the binder (setting initial assumptive values). The mechanical behaviors
of binder can be finally determined through multiple iterations until the
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Fig. 2. Schematic illustration of (a) active material meso-scale modeling where
active particles are randomly distributed within the binder. One end is fixed
while another end is set for loading; (b) anode material modeling with three
layers structure, where the interface between the active material and copper foil

is modeled by virtual crack closure technique. One end is fixed while another
end is set for loading.

Interface: Virtual Crack Closure Technique (VCCT)

Table 1
Particle size distribution of RVE model.

Particle diameter (um) Particle number in RVE

5 1
6 1
7 1
8 2
9 2
10.36 3
12 7
15 1

output mechanical behaviors of active material have the same values
with the analytical values mentioned in Section 2.1.

2.3. Anode material modeling

Three-layer model is established based on the actual structure of the
anode with one end clamped and the other end loaded as shown in
Fig. 2b. The interface between the active material and copper foil is
modeled by the virtual crack closure technique (VCCT) because the
interface debonding often occurs during a tensile test. VCCT uses the
principle of linear elastic fracture mechanics which can be used for
problems with delamination growth along predefined surfaces. Crack
propagation analysis is carried out on a nodal basis, i.e. the crack-tip
node debonds when the fracture criterion, f, reaches the value 1. The
fracture criterion is defined as follows:

Geqm v

>1 @
Geguive

f==

where Geqy is the equivalent strain energy release rate calculated at a
node, and Gequvc is the critical equivalent strain energy release rate
calculated based on the following formula
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G+ Gy

Geguive = G Guc = Gie)(—F+—~+
quivC 1c + (Gue IC)(G1+G,1+G,U

(2)

The critical fracture energy release rates Gjc, Gy, Guic in Mode I,
Mode II and Mode III are the options of the virtual crack closure tech-
nique, which determine the failure of the interface. The interfacial crack
propagation here along one direction, mainly effected by the Gy Be-
sides, simulations with different values of Gyc, Gyc and n have been
compared and proved to have little influence on interfacial adhesive
strength (the maximum stress between copper foil and the active ma-
terial layer). Therefore, we set the Gyc = Gyc = 0.5Gic = 4.8 x 107° N/
mm, n = 1.75. As such, the parameters set here are validated by the peel-
off simulation, with the interfacial adhesive strength estimated as 270
kPa [41]. The effect of interfacial adhesive strength will be further
discussed in Section 4.2.

Drucker-Prager model is often used to model frictional materials,
such as granular-like soils and rock. Considering the similarity in its
mechanics nature, it is chosen to describe the mechanical behavior of the
active material in this paper. The evolution of the yield surface with
plastic deformation is described in terms of the equivalent stress G,
which is chosen as the uniaxial tension yield stress, expressed as ¢ =
at(épl,épl), where épl is the equivalent plastic strain-rate, = [é ?pldt is
the equivalent plastic strain. Refer to the Ref. [42], linear yield criterion
is adopted for anode, the angle of friction f equals to dilation angle v,
which are both set as 70.9°, the flow stress ratio K is set as the default
value 1. The critical mechanical properties of the active material are
listed in Table 2, in which the elastic-plastic behaviors are obtained from
the analytical calculation, and the failure properties are determined
through simulation (anode material model) compared with the experi-
mental results. The damage initiation in the Table 2 refers to the initi-
ation strain of the damage. The damage evolution is used to describe the
post-damage initiation behavior, assumes that damage is characterized
by the progressive degradation of the material stiffness, leading to ma-

terial failure. The damage evolution L_z)el means the material stiffness will

be fully degraded when the effective plastic displacement @' reaches the
value 7' = ﬂ}’l.

The metallic material model is used to describe the copper foil. The
main mechanical properties at various strain-rates are summarized in
Table 3 which have been validated by simulations shown in Fig. 3. Note
that the failure strain of the copper foil obtained from the tensile test is a
bit smaller than the actual failure strain of the copper foil without
soaking in methanol and ultrasonic which calibrated by the anode
simulation. This is because the fabrication of the copper foil sample
through soaking in methanol and cleaning by an ultrasound cleaner will
cause the earlier failure of the copper foil [29]. The failure of the copper
foil is recalculated for better calibration, which is also summarized in
Table 3 via anode material simulation calibration. The ductile criterion
is adopted to describe its failure properties, i.e. the equivalent plastic
strain at the onset of damage z’,;’ is set as plastic failure strain. Solid el-
ements are used to represent both active layer and copper foil layer in a
total of 2750 elements.

Table 2
Mechanical properties of active material under different strain-rates through
analytical calculation and simulation (anode material model).

Strain- Modulus/ Drucker Prager Damage Damage
rate/s MPa Hardening/MPa Initiation Evolution "
5x107* 2000 2.7 0.048 0.003
5x1073 3.4 0.032 0.004
1x107" 6.8 0.0008 0.011
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Table 3
Summarization of mechanical properties of copper foil at various strain-rates.

Strain-rate Modulus Yield stress Plastic failure strain glg
() (GPa) (MPa)
Experiment  Simulation
calibration
5x107* 28 70 0.04 0.052
5x1073 75.6 0.038 0.051
1x107! 94.9 0.03 0.050

3. Results
3.1. Active material

As a mixed material, active material expresses obvious strain-rate
dependency illustrated in Figs. 4a—c. Results show that meso-scale
simulation results agree well with analytical calculation in elastic and
plastic stage, especially the effective modulus and the yield stress.
Therefore, the meso-scale model of active material is validated. The
yield stress increases with the strain-rate, which shows the strain-rate
hardening phenomena. The morphologies of stress concentration at
different strain-rates all show the 7 type. There is a long plastic region
of active material at the strain-rate of 5 x 10™%/s and 5 x 107 3/s,
however, the failure occurs once the active material yields at the strain-
rate of 0.1/s. It can be inferred that the failure of the active material is
also strain-rate dependent. Besides, it can be observed that the stress
concentration occurred along the binder area which means the failure of
the active material is caused by the failure of binder. Analogies to other
binder-particle materials, Yonezu et al. [43] also observed the micro-
cracks of binder through the acoustic emission (AE) technique, and
found that fracture of the porous silicon carbide was caused by the
microcracks of binder, which was also loading rate dependent.
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3.2. Anode material

With the proper establishment of constitutive models of binder,
active particles and current collector, we may further assemble all
component materials into anode and the constitutive deformation
behavior of anode material can be obtained and illustrated in Fig. 5a.
Good agreement can be found between computational results and ex-
periments. The failure strain of the active material differ greatly under
different strain-rates, showing the change of the mechanical behavior of
anode from elastic-plastic behavior to elastic-brittle behavior.

Failure mechanism and morphology are analyzed based on the anode
material simulation shown in Figs. 5b-c. Under relatively low strain-
rate, e.g. 5 X 10~/ (Fig. 5b), the failure of the anode can be divided
into three stages: Stage I: the debonding between active layer and copper
layer happens after the material enters yield stage; Stage II: the active
material fails followed by the drop of force; and Stage III: the copper
layer fails with the further drop of force. The yield strain e, of the active
material is 0.0013 which is smaller than &y of copper foil, where &y =
oy/E. As a three-layer structure, the non-uniform deformation of three
layers occurs when the tensile strain reaches &y, then shear stress 7,2
occurs and debonding happens when the shear stress is larger than the
interfacial strength between two layers. Here, three layers show the
different tensile displacements (Uy) in loading direction in stage I,
leading to the occurrence of the interface slips (i.e. deboning). Besides,
the interfacial strength between binder and copper layer is smaller than
both adhesive strength of binder and the interfacial strength between
binder and particle (e.g. strength of active material) [22], and thus, the
debonding between binder and copper layer occurs firstly. This phe-
nomenon can also be found in experiments where deboning occurs be-
tween the active layer and copper foil through observing the failure
morphology as illustrated in the previous study [29]. The failures of the
two materials are determined by their respective plastic failure strains.
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Fig. 3. Mechanical properties validation through simulation compared with experiments [29] of copper at various strain-rates: (a) 5 x 10~%/s; (b) 5 x 10~3/s; (¢) 1

x 107Ys.
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Fig. 4. Comparison of analytical and simulated stress-strain curves for active material at different strain-rates: (a) 5 x 10’4/5; (b) 5 x 10’3/5; ©1x 10 1s.
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Active material reaches its plastic failure strain earlier than copper foil
with the failure points of both active material and copper foil are noted
in Figs. 5b—c. Therefore, some cracks on the surface of anode can be
observed in experiments [29]. The failure of the active material is much
earlier at high strain-rate than low strain-rate, which is probably one of
the major reasons causing the earlier short-circuit of the battery.

4. Discussion
4.1. Particle size distribution and mechanical properties effect

Natural microcrystalline graphite with narrow particle size distri-
bution and high sphericity exhibits excellent electrochemical perfor-

mance [36]. Therefore, it is interesting to investigate how the particle
size distribution influence the mechanical integrity of the active

material. Here, particles with uniform distribution and mono-model
distribution were discussed to investigate mechanical behaviors of the
active material shown in Fig. 6. 18 particles with the same size of 10 ym
are built in uniform distribution model. The volume fraction of pore,
binder and particles are the same as mono-model distribution mentioned
before. Results show that the modulus of active material in both two
distribution models were almost same which means the particle size
distribution has little influence on modulus. Deformation morphology
with stress state distribution in two typical moments were extracted.
Results show part of binder yields in mono-model in t; with black circle
noted, causing the earlier yield of the active material. Both two different
particle distributions have the identical maximum stress. After reaching
the maximum stress, the stress starts to decrease, the decrease rate in
mono-model distribution is larger than that in uniform distribution. The
stress state distribution in t, shows most of the binder yields in
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Fig. 6. Stress-strain curves of active material with different particle size distribution.

mono-model distribution, casing the large rate decrease of stress. To sum
up, active material with uniform particle size distribution have a better
mechanical performance than that with mono-model distribution.
Therefore, it is important to control the uniformity of particle size dis-
tribution in terms of both electrochemical and mechanical aspects.

The mechanical behavior of binder cannot be directly obtained from
experiments so the critical parameters of the binder are obtained based
on the meso-scale simulation (Table 4). The modulus of binder with
different strain rates ranges from 2.5 GPa to 5 GPa, and the yield stress
ranges from 14.5 MPa to 36.5 MPa, which is on the same order of
magnitude as the experimental results of CMC [44]. Binder shows an
obvious strain-rate tendency, the effective modulus and the yield stress
increase with the strain-rate. As a viscoelastic material, the increases of
Young’s modulus and yield stress with strain-rate have been commonly
observed. Mulliken et al. [45] discovered that binder material exhibited
increased strain-rate sensitivity of yield stress as the beta-transition of
the viscoelastic behavior. Though binder’s effective modulus is
strain-rate dependent, the modulus of active material does not show
obvious strain-rate dependency for the relatively lower binder propor-
tion and lower modulus compared with graphite particles. However, the
strain rate of yield stress on the anode show the same trend with that on
binder.

4.2. Interfacial strength effect

Previous study discovered that the interfacial adhesive strength o
between the copper foil and active layer is affected by the binder con-
tents, which decreases with increasing binder content [22]. Therefore,
the effect of interfacial adhesive strength varying from 9.6 kPa to 6.4
MPa is discussed at different strain-rates shown in Figs. 7a—c. The failure
strain of the anode decreases firstly then increases with the adhesive
strength o, the critical adhesive strength o is about 1 MPa. Critical
adhesive strength is defined as the strength threshold when the
debonding occurs. When o5 < 64, the interfacial slip occurs before
material failure. Each layer of the anode will deform freely if the 65 = 0,
the failure of the materials would not affect each other. The increase of
o5 needs more plastic work to overcome interface viscosity, the failure of
the materials affects each other, eventually causing the earlier failure.
However, no interfacial slip occurs when o5 > 6,5, the interfacial vis-
cosity coordinates deformation of the three layers. The increase of o
increases its interface compatibility, finally leading to the larger failure
strain. The failure morphologies change from oblique fracture surface to

Table 4
Mechanical properties of binder obtained based on meso-scale simulation.

Strain-rate/s ! Modulus/MPa Yield stress/MPa
5x107* 2500 14.5
5x1073 3000 19.5
1x107! 5000 36.5

flat fracture surface (Fig. 7d). This also evidences that the interfacial slip
is obvious in low adhesive strength, and there is no interfacial slip
observed in high adhesive strength.

4.3. Thickness effect

The thickness of the active layer is essential for the determination of
electrical properties, e.g. capacity, and energy density. In the meantime,
due to the sandwiched structure of anode material, the thicker active
layer may have impacts on the overall mechanical integrity of the anode.
Firstly, the thickness ratio between the active materials and current
collectors defined as 7 = t; /t. Then, the thickness ratio 5 various from 2
to 7.8 on mechanical behaviors of active material at different strain-
rates are computed. The critical values, i.e. yield stress and modulus
are summarized by the coupling effects of strain-rate and thickness ratio
(Figs. 8a-b). The yield stress decreases with the thickness ratio at all
strain-rates (Fig. 8a). The modulus decreases with the thickness ratio
and has little effect by strain-rate (Fig. 8b). Therefore, it is recommended
to have a low thickness for good mechanical integrity of anode.

5. Conclusions

Anode plays an important role in the internal short-circuit and
thermal runaway behaviors of lithium-ion batteries. However, the
fundamental mechanisms of mechanical behaviors of anode material
upon various strain-rates remain unknown. In this paper, a three-layer
detailed anode model is established with the consideration of strain-
rate. The mechanical properties of the copper foil and active material
are obtained from the experiments and analytical calculation, respec-
tively, both validated by the simulation. Results show that the model is
capable to accurately describe and predict the mechanical behavior for
the anode. With the help of the established computational model, it is
discovered that debonding between the active material and copper foil
occurs initially during tensile loading followed by the failure of the two
materials. The earlier failure of the active material under high strain-
rate is probably one of the dominant causes of the earlier short-circuit
of the battery under dynamic impact. In the meantime, results show
that active material with uniform particle size distribution shows good
performance in mechanical properties, and the mechanical properties
increase with the thickness ratio of active material and current collector.
The model developed here unravels the mechanism of the strain-rate
dependency of the anode. Further, it is found that the failure of the
anode is affected by the interfacial adhesive strength. The failure strain
decreases and then increases with the adhesive strength.

Results shed light on the comprehensive understanding of the strain-
rate effect of the anode, and guide the safety design of lithium-ion bat-
teries as well as their evaluation, and monitoring during service. The
limitation of this study is that the 2D meso-scale model is not able to
predict crack nucleation and propagation within active material which
would be equally beneficial for understanding possible failure of anode
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of anode material with thickness ratio: (d) yield stress and (e) modulus.
and it will be investigated in the future study.
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