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Abstract: The mechanical pressure that arises from the external structure of the automotive lithium
battery module and its fixed devices can give rise to the concentration and damage of the internal
stress inside the battery and increase the risks of battery degradation and failure. Commercial
batteries cannot be disassembled, and the diffusion stress distribution at different times during
discharge is notoriously difficult to determine. This paper, therefore, establishes the electrochemical
force-coupling model based on the electrochemical and diffusion mechanics principles of batteries
and studies the internal stress distribution of the battery under the diffusion stress of the electrode-
material level and external pressure. Mainly driven by the electrochemical potential of the electrode
particle diffusion stress stemming from the lithium-concentration difference inside and outside the
particles, rupture is more likely to occur at the surface of the negative-electrode active particle at the
end of discharge or the beginning of charging, as shown in simulation analysis. The variation in the
volume of electrode material also leads to different stress and strain inside different areas, with the
order of strain and stress being negative active material > negative collector fluid > positive active
material > positive fluid. Therefore, huge stress and deformation will first cause the negative active
particles to deviate from the fluid gradually and squeeze the diaphragm, resulting in mechanical
failure accordingly.

Keywords: lithium-ion battery; electrochemical force coupling; numerical simulation; stress analysis

1. Introduction

Against the backdrop of cutting carbon emissions and achieving the dual-carbon
target, new energy vehicles are highly sought after in the car market. For their features
like a high output voltage, a high energy density, and a long cycle life [1,2], lithium-ion
batteries have emerged as the first choice for energy storage equipment of new energy
electric vehicles. A certain pressure or binding force is usually applied to the vehicle battery
module so as to keep the battery cell from random displacement and ensure a good battery
contact as well. This binding force helps maintain close stacking and contact between
cells to provide better current conduction and heat transfer. However, the lithium-induced
phase change of the active materials will result in a marked transformation in the volume
of lithium-ion battery electrodes. The designing and manufacturing of battery modules,
therefore, necessitate considering the binding force and pressure distribution of the battery
cell to balance safety and battery performance and maximize the battery’s cycle life.

The lithium-battery-generated stress can be divided into two parts according to the
source [3], with part of the mechanical pressure coming externally, such as external extru-
sion, collision, acupuncture, and other conditions [4]. The other part of the stress comes
from the diffusion stress inside the lithium battery. When the lithium ion is embedded in
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the active particles, the volume of the particles will expand. The active particles’ expansion
and contraction result in diffusion stress on the electrode [5]. Currently, there is ample
literature on the expansion characteristics and surface pressure distribution of lithium-ion
batteries. Verena et al. [6] conducted experiments on a Si/C|NMC811 soft-pack battery
at different pressures for flexible compression and at fixed spacing for fixed compression.
Their research on the battery surface pressure distribution reveals that low-pressure fixed
compression and medium-pressure flexible compression have positive impacts on the cycle
life. Prado et al. [7] assessed the relationship between electrode expansion and capacity
by tracking the changes in the electrode size through displacement sensors. They found
that reducing the electrode porosity leads to an overall higher expansion and irreversible
expansion. According to the research by Deich et al. [8], who have conducted a long-term
aging study on an NMC ternary battery through experiments, there is a strong linear corre-
lation between the maximum pressure and the health state, internal resistance and energy
density, and tolerance and attenuation, which are mainly caused by the increased pressure.
The experimental results of Vidal et al. [9] show that the life of all batteries exceeds 80% of
the initial capacity after 400 cycles. The cells tested at constant pressure show a capacity
retention similar to that observed in hard sleeves after 500 cycles. The cells show better
capacity retention at the highest pressure, but also higher resistance at the 30 s pulse of 2C.
And, Clerici et al. [10] built an experimental bench with an optical laser sensor to predict
the changes in cell-normalized thickness and measure the changes in the thickness of the
battery during charging and discharging at various current rates. With the help of the laser
band micrometer for his research, Hemmerling et al. [11] have concluded that the thickness
change does not vary significantly with the cell height due to the observed mechanism.
However, observation shows the battery poles drop slightly in volume as a result of high
battery stiffness. Bucci et al. [12], who tested the residual stress of deposited Al2O3 NM
films using X-ray diffraction, found that the residual stress of Al2O3 films increases with
the deposition velocity and temperature. The miniature Raman spectroscopy technology is
used by Liu et al. [13] to study the residual stress of a graphite anode. The results show
that the early diffusion stress accumulation is the main source of residual stress, and the
long-term accumulated diffusion stress causes the expansion of the active material layer
and the rupture of surface particles, resulting in the attenuation of battery capacity. Using a
combination of in situ scanning electron microscopy and digital image-related techniques,
Tao et al. [14] have found a 50% irreversible expansion in the initial cycle and reversible
anisotropic deformation in the subsequent cycle. The average strain in the vertical direction
was 4.94%, about 18 times higher than the average strain in the horizontal direction of the
electrode [15]. Zhou et al. [16] developed the surface pressure test platform for a semi-rigid
cushion battery placed in rigid metal plywood was developed and the experimental results
show that the capacity of an aging battery increases irreversibly after compression, which
has positive significance for the secondary utilization of the aging battery’s whole life cycle.

The above studies show that deformation will occur to both cylindrical batteries and
soft-pack batteries to varying degrees. The traditional experimental methods, however,
can only help monitor external features, such as the voltage, temperature, and capacity,
and obtaining the stress and strain characteristics of internal particles remains elusive.
Researchers have shifted their attention to the use of precise in situ experimental techniques
in recent years, but the techniques have yet to find engineering applications restricted by
experimental sites and the hefty price. The numerical simulation, however, has its unique
advantages. The effectiveness of the model can be verified with only a small number
of experiments, and the model can be put into engineering application to observe the
internal characteristics of the battery, which effectively shorten the battery development
and performance test cycle and help to clarify the relationship between the battery’s internal
electrochemistry and force and the coupling mechanism.

Gupta et al. developed a multiscale homogenization model that couples mechanics
and electrochemistry at the particle, electrode, and cell scales to obtain electrochemically
induced stresses at the above three scales. This homogenization method is particularly
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effective for extracting the battery’s high-stress regions and can be used to obtain the
optimal pressure that must be applied to the end plate of the battery module [17]. Actually,
the battery’s expansion and contraction are accompanied by changes in the electrode’s
material properties, such as compressive modulus and other parameters. Von Kessel
proposed a modeling method for complex compressive mechanical behavior, which can
simulate the viscoelastic and poreelastic properties of large-scale lithium-ion batteries, and
the model, if further developed and correctly parameterized, can be implemented in the
battery management system [18].

When building the model, the electrode’s expansion displacement can also be input
into the model, and Bernhard Rieger et al. proposed a model that considers the change
in battery thickness. In order to increase the accuracy of the model, the effect of the
thermal expansion of the battery on the expansion displacement of the battery is added
by intercalation replacement, and the concentration-dependent volume change is used
in the graphite electrode to improve the accuracy of the model [15]. Bernhard Rieger
proposes an efficient multi-dimensional approach to modeling the mechanical effects of
lithium-ion batteries, taking into account the homogeneity of the temperature or current
density distribution. The above approach also considers the mechanical mechanism of the
displacement distribution on the cell due to volume changes and the thermal expansion
superposition caused by intercalation, as well as stresses in the electrode active material
particles. The two battery designs were compared, including the same electrode cell size and
different tab positions. The model shows that, during the discharging process, the local cell
displacement changes only slightly, due to the superposition of thermal and intercalation
displacement [19]. Mei and Wang established a heterogeneous electrochemical–mechanical
coupling model, calculated the distribution of the lithium-concentration field and particle
diffusion stress in the electrode particles through simulation, and calculated the electrode
particle concentration distribution more accurately through the heterogeneous model. They
concluded that the equivalent stress is larger on the surface of the electrode particles,
while the lithium-concentration distribution of the positive and negative-electrode particles
differs, with the lithium concentration of adjacent particles in the positive electrode being
higher and that of adjacent particles in the negative electrode being lower. Excessive
diffusion stress within the electrode particles hinders the diffusion of lithium ions within
the particles [20].

Zhang proposed a new coupled electrochemical–mechanical model to account for the
changes in porosity and transmission distance due to lithium intercalation and applied
pressure. The experimental results show that the model can accurately describe the voltage
change of the battery at different discharging rates, and reveal the potential effect of
mechanical deformation on the electrochemical behavior of the battery at high rates [21].
Chen et al. established a mechanical–electrochemical coupling model of silicon–carbon
cathode lithium-ion batteries and used Si-C550/NMC811 batteries to verify the multi-
physics coupling model. This model is used to analyze the electrochemical, stress, and
volumetric expansion behaviors of the experimental battery. They found that the design
parameters, such as the mechanical strength, press density, and NP ratio of the casing, have
a direct impact on the maximum power density and energy density of the battery [22].

Through the study and understanding of the previous research status, it is found that
there are few studies on the diffusion stress and strain distribution in the battery. This paper,
therefore, establishes a one-dimensional and three-dimensional stress-simulation model,
verifies the accuracy of the electrochemical and mechanical model through experiments,
and analyzes the distribution of diffusion stress and strain in the battery at the active
particle level and the battery level through the established coupling model. The framework
of this paper is shown in Figure 1, and the specific research content is as follows:

(1) An electrochemical–mechanical coupling model was established based on the
internal electrochemical principle of lithium-ion batteries and the relationship between the
electrochemistry and mechanical properties;
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(2) A battery electrical performance test platform and a cyclic expansion stress test
platform were built to obtain the basic performance data of the test battery, including charging
and discharging tests at different rates and battery surface pressure tests during discharging.
The accuracy of the model is verified by the battery’s basic performance test data;

(3) Analysis of the one-dimensional electrochemical–mechanical coupling model
shows that the difference between lithium concentration inside and outside the particles is
the main factor that induces the electrode diffusion stress, and a study is conducted on the
influence of external conditions, such as ambient temperature and magnification, on the
electrode diffusion stress. By analyzing the three-dimensional electrochemical–mechanical
coupling model, we obtain the distribution of diffusion stress and strain in the battery.
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2. Establishment and Validation of Electrochemical–Mechanical Coupling Model

Based on the theory of porous electrodes, an electrochemical model of lithium-ion
batteries is established using a pseudo-two-dimensional (P2D) model. Then, a particle-scale
diffusion-induced stress model is then coupled based on the distribution of lithium-ion
concentration in the positive and negative active particles to analyze and study the stress
and strain inside the active particles. The schematic diagram of the P2D model is shown
in Figure 2. It can be seen from the figure that the reaction domain of the P2D model
is mainly divided into two phases and three regions, which are the solid-phase region
(electrode solid particles) and the liquid-phase region (electrode and diaphragm pores). The
three-region reaction mainly includes solid-phase diffusion and conduction, liquid-phase
diffusion and conductive migration, and interfacial electrochemical reaction.

2.1. Establishment of Electrochemical Model

When the lithium-ion battery is normally charged and discharged, the electrochemical
reaction of the active lithium between the positive electrode and the negative electrode
can be described by a simplified equation. There are five main electrochemical equations,
namely the conservation of solid charge, liquid charge, solid diffusion, liquid diffusion,
and B-V electrochemical reaction equations.

1. The charge conservation equation;

Both solid- and liquid-phase potentials in lithium-ion batteries conform to Ohm’s law.
Among them, the solid-phase Ohm’s law isσ

e f f
i

∂ϕohm
s,i

∂x = −is,i

σ
e f f
i = σiεs,i

, i = n, p (1)
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σ
e f f
i is the solid-phase effective conductivity (S·m−1); ϕohm

s,i is the solid-phase ohmic
potential (V); σi is the solid-phase conductivity (S·m−1); εs,i is the solid-phase volume
fraction; and is,i is the solid-phase current density (A/m−2);

The boundary conditions are as follows:

σ
e f f
n

∂ϕohm
s,n

∂x

∣∣∣∣∣x=0 = − I(t)
A0

, σ
e f f
n

∂ϕohm
s,n

∂x

∣∣∣∣∣x=ln = 0 (2)

σ
e f f
p

∂ϕohm
s,p

∂x

∣∣∣∣∣x=ln+lsep = 0, σ
e f f
p

∂ϕohm
s,p

∂x

∣∣∣∣∣x=ln+lsep+lp = − I(t)
A0

(3)

I(t) is the external circuit current (A); A0 is the pole area (m2); ln is the negative
thickness (m); lp is the positive thickness (m); and lsep is the diaphragm thickness (m).

Ohm’s law for the liquid phase is given by

κ
e f f
i

∂ϕe,i

∂x
= −

2RTκ
e f f
i

F
(t+ − 1)

∂ ln ce,i

∂x
− ie,i, i = s, sep, p (4)

κ
e f f
i is the effective conductivity of the liquid phase (S·m−1); ϕe,i is the liquid-phase

potential (V); R is the molar gas constant (J·mol−1·K−1); T is the battery temperature (K);
and ie,i is the liquid-phase current density (A/m−2).

The boundary conditions followed by the Ohmic law of the liquid phase are as follows:

∂ϕe,n

∂x

∣∣∣∣x=0 =
∂ϕe,p

∂x

∣∣∣∣x=ln+lsep+lp = 0 (5)

2. The liquid-phase diffusion equation;

The concentration distribution of internal lithium ions in the electrolyte phase is
obtained based on the Fick material diffusion law, and the control equation is as follows:

εe,i
∂ce,i

∂t
= De f f

e,i
∂2ce,i

∂x2 + ai(1 − t+)ji (6)

εe,sep
∂ce,sep

∂t
= De f f

e,sep
∂2ce,sep

∂x2 (7)

εe,i is the liquid-phase volume fraction; ce,i is the liquid-phase lithium concentration
(mol·m−3); De f f

e,i is the liquid-phase effective diffusion coefficient (m2·s−1); De f f
e,i = De,iε

1.5
e,i ;

t+ is the number of lithium-ion migrations; ai is the specific surface area of electrode
particles (m−1); and ji is the electrode lithium-ion flux (mol·s−1·m−2).

The boundary conditions of the liquid-phase diffusion equation are as follows:

∂ce,n

∂x

∣∣∣∣x=0 =
∂ce,p

∂x

∣∣∣∣x=ln+lsep+lp = 0 (8)

3. Solid-phase diffusion equation;

Solid-phase diffusion is the diffusion of lithium ions inside the active particles of
positive- and negative-electrode materials. Solid-phase diffusion of lithium ions can be
represented by Fick’s second law in the spherical coordinate system.

∂cs,i

∂t
=

1
r2

∂

∂r

(
Ds,ir2 ∂cs,i

∂t

)
, i = n, p (9)

cs,i is the solid-phase lithium concentration of the positive- and negative-electrode
material (mol·m−3); Ds,i is the positive- and negative-electrode materials active particles



Batteries 2024, 10, 231 6 of 17

lithium-ion solid-phase diffusion coefficient (m2·s−1); and r is the active particle radius of
the positive- and negative-electrode materials (m);

The boundary conditions for the solid-phase lithium diffusion are as follows:

Ds,i
∂cs,i

∂r

∣∣∣∣r=0 = 0, i = n, p (10)

Ds,i
∂cs,i

∂r

∣∣∣∣r=Ri = −ji, i = n, p (11)

4. Electrochemical reaction equation at the solid–liquid phase interface.

The surface of electrolytic particles is solid–liquid phase handover, and the reaction
of lithium-ion embedded stripping electrode particles is assumed according to the Bulter–
Volmer equation. So, the particle surface current density and the reaction rate can be
described by the following equation:

ji = i0

[
exp

(
αaF
RT

η

)
− exp

(
−αcF

RT
η

)]
(12)

i0 = Fkce
αa(cs,max − cs,e)

αa cs,e
αc (13)

η = ϕs − ϕe − Eeq (14)

i0 is the exchange current density (A/m−2); η is the overpotential (V); αa is the anode
transfer coefficient; αc is the cathode transfer coefficient; k is the reaction rate constant
(m·s−1); and cs,max is the maximum solid-phase lithium concentration (mol·m−3).
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2.2. Establishment of the Battery Force Mode

From the linear elastic equation, we can obtain the diffusion stress–strain relationship
of the spherical particles under the non-uniform distribution of lithium concentration:{

εij =
1
E [(1 + ν − νδij)σij] +

1
3 ∆csΩδij

∆cs = cs − c0
(15)

εij is the strain component; E is the Young’s modulus (Pa); ν is the Poisson ratio;
δij is the Dirac-Dat function, when i = j, δij = 1, when i ̸= j, δij = 0; σij is the stress
component (Pa); ∆cs is the diffused lithium concentration and initial lithium-concentration
difference (mol·m−3); Ω is the partial molar volume (m3·mol).

Since the electrode material is assumed to be spherical particles, the stress of spherical
particles can be divided into tangential stress and radial stress, which is indicated by the
following equation: σθ(r)σr(r){

εr(r) = 1
E [σr(r)− ν(σr(r) + σθ(r))] + 1

3 ∆csΩδij

εθ(r) = 1
E [σθ(r)− 2νσr(r)] + 1

3 ∆csΩδij
(16)

εθ(r) is the tangential strain and εr(r) is the radial strain.
According to the model assumption, the stress soon reaches the equilibrium speed.

The electrode particles in the lithium-ion diffusion process, therefore, can be regarded as a
quasi-static mechanical equilibrium system, which is expressed as follows by the equation:

dσr

dr
+

2
r
(σr − σθ) = 0 (17)

The boundary conditions are as follows:{
σr(R) = 0

σr(0) = f inite
(18)

The relationship between the lithium-ion concentration and the diffusion stress in the
electrode particles can be obtained by the boundary condition of the combined Formula (18):

σθ(r) = EΩ
9(1−ν) [2cav(R) + cav(r)− 3cs(r)]

σr(r) = 2EΩ
9(1−ν) [cav(R)− cav(r)]

σav(r) = 3
r3

∫ ∫ r
0 cs(r)r2dr

(19)

cav(r) is the average lithium concentration of the electrode active particle (mol·m−3).
When r approaches zero, cav(r) approaches cs(0), and we can obtain the following:

lim
r→0

σr(r) = lim
r→0

σθ(r) =
2ΩE

9(1 − ν)
[cav(R)− cs(0)] (20)

According to the above formula, the tangential stress component of the center of the
active particle is equal to the radial stress component, and the central particle stress is the
hydrostatic stress. Therefore, in the active particle stress, the average hydrostatic stress of
the active particle is: σr(r) = σϕ(r)

σ(r) =
σr(r) + σθ(r) + σϕ(r)

3
=

2ΩE
9(1 − ν)

[cav(R)− cs(0)] (21)
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The Von Mises equivalent stress calculation formula is as follows:

σe =

√
[σr(r)− σθ(r)]

2 +
[
σθ(r)− σϕ(r)

]2
+

[
σr(r)− σϕ(r)

]2

2
(22)

2.3. Coupled Relation between the Electrochemical and Force Model

In this coupling process, the electrochemical model first calculates the distribution of
the lithium-ion concentration inside the battery to obtain the SOC distribution and, then,
couples the concentration distribution into the force model. The force model calculates the
distribution of internal diffusion-induced stress based on how the volume of the active
material varies with local SOC.

The lithium-ion mole flux J at the electrode solid–liquid phase junction is expressed
as follows: {

J = csv = −Mcs∇µ
µ = µ0 + TR ln ck − σΩ

(23)

cs is the diffusion concentration of lithium-ion; M is the rate of lithium-ion mobility;
v is the velocity of lithium-ion diffusion; µ is the electrochemical potential within a particle;
and µ0 is the standard electrochemical potential, which is a constant. Lithium-ion mole flux
J in the electrode solid–liquid phase depends on the lithium concentration, temperature,
and stress in the particle. Substituting these quantities into the above formula yields: J = −Ds

(
∇cs − Ωcs

Rgt ∇σ
)

Ds = MRgT
(24)

Substitute Formula (23) into Formula (9):

∂cs

∂t
= Ds

(
∇2cs −

Ωcs

RgT
∇2σ − Ω

RgT
∇cs·∇σ

)
(25)

The boundary conditions of the battery under constant current charge and discharge
conditions are as follows: 

c(r, 0) = c0, 0 ≤ r ≤ R

−Ds
∂c(r,t)

∂r

∣∣∣r=R = ji
F = J, t ≥ 0

−Ds
∂c(r,t)

∂r

∣∣∣r=0 = 0, t ≥ 0

(26)

Under the corresponding boundary conditions, the connection Equations (21) and (24)
obtain the relationship between the diffusion stress and the lithium-ion concentration of
the electrode particles.

The fixed parameters required for the above model establishment are divided into
geometric parameters, electrochemical parameters, and mechanical parameters, which are
set as follows in Table 1.

The establishment of the model in this article was carried out using COMSOL simula-
tion software (COMSOL Multiphysics 6.0). The process of establishing the model using
COMSOL simulation software generally includes several steps: first, setting necessary
parameters, then establishing a geometric model, adding materials to the geometric model
according to actual conditions, setting the physical field to be studied, completing the
physical properties required for research of the materials, setting the boundary conditions
for the physical field to be studied, selecting appropriate control equations and calculation
formulas, inputting the physical field parameters that are in line with the actual conditions,
setting appropriate working conditions, and dividing the geometric model into grids. The
software solves the finite element based on grid partitioning and, then, sets the solving
conditions to calculate the simulation results of the physical field model. Through soft-
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ware post-processing, drawing, tabulation, and other operations, the simulation results
of the physical field model can be obtained at any position in the physical field. Physical
quantities are presented through three-dimensional, two-dimensional, one-dimensional,
and numerical methods. The modules used in the model-building process are shown
in Figure 3.

Table 1. Table of model parameters.

Electrochemical Parameters Unit Positive Pole Lack of Mutual
Understanding

Negative
Electrode References

Fluid-phase volume fraction εe 1 0.62 0.54 0.35 [23]
Solid-phase volume fraction εs 1 0.38 0.46 0.65 [24]

Radius of active particles R µm 10 -- 14.5 [24]
Electrode thickness L µm 60 30 90 [24]

Initial solid-phase concentration cs,0 mol/m3 800 -- 20,000 [25]
Maximum solid-phase concentration cs,max mol/m3 36,860 -- 26,507 [25]

Solid-phase diffusion coefficient Ds m2/s 5 × 10−13 1.8 × 10−13 [23]
Liquid-phase diffusion coefficient De m2/s 7.5 × 10−11

Constant of action k m/s 1.2 × 10−12 1.2 × 10−12 [25]
Solid-phase conductivity σ S/m 100 100 [23]

Charge-transfer coefficient t+0 1 0.363
Young modulus E GPa 132 0.9 12 [26,27]

Poisson ratio ν 1 0.32 0.35 0.3 [26,27]
Gas constant Rg J/mol·K 8.314

Reference temperature Tre f K 298.15
Faraday constant F C/mol 95,486

Geometric parameter length (mm) width (mm) thickness
(µm)

Negative-electrode collector 57 54 10
Positive-electrode collector 57 54 10

Negative-electrode active material 57 54 90
Positive-electrode active material 57 54 78

Lack of mutual understanding 57 54 30
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2.4. Model Validation

This paper adopts a commercial ternary polymer lithium-ion soft-pack cell, with a
nominal voltage of 3.7 V, a charging cut-off voltage of 4.2 V, and a discharge cut-off voltage
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of 2.75 V. The battery voltage and battery surface pressure are verified by the acquisition
model of the battery test platform shown in Figure 4. The selected film pressure sensor is a
piezoresistance sensor, and the battery surface pressure is obtained through the fitting rela-
tionship between the resistance and the pressure. The resistance data of the pressure sensor
were collected by key34970A produced by Agilent Company in Santa Clara, CA, USA.
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The model is verified by charging and discharging at normal temperature. As shown
in Figure 5a, the simulation data of charging and discharging voltage is well consistent with
the test data, and the maximum error between the simulation and the actual test voltage is
3.1%, indicating that the parameters of the model at normal temperature are accurate and
meet the requirements for application. We choose the surface pressure of the battery as the
index for model validation because there is still a lack of experimental methods to directly
obtain the full-field stress distribution during the operation of commercial lithium-ion
batteries. Considering the existing conditions in the laboratory, we adopt measures to
apply constraints to the battery and monitor the surface pressure, which indirectly reflects
the average stress in the battery. The experiment shown in Figure 5b was carried out
at 1C rate discharge at an initial pressure of 100 kPa. The average error of the measured
pressure and simulation results is 19.8% during the whole charging and discharging process,
which proves that the coupling model can improve the mechanical characteristics of the
simulation battery.

Figure 5. Validation of the experiment and model simulation data. (a) Verification of charge-discharge
curve model of different ratios; (b) Experimental model of battery surface pressure.
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3. Simulation and Stress Analysis of Lithium-Ion Batteries

The phase transition of the graphite anode in lithium-ion batteries is accompanied
by significant changes in the lattice parameters and also changes in the feature of the
electrochemical potential. The graphite expands during charging as a result of the formation
of graphite–lithium intercalation compounds during lithiation. The expansion is often
believed to be linear within the biphasic region. When the batteries’ graphite negative
electrode undergoes lithiation and delithiation, the lithium ions are in a constant process
of embedding and stripping out of the graphite anode’s active material particles, which
causes repeated expansion and contraction of the graphite anode. As the number of
battery charging and discharging cycles increases, the electrode active particles can break
as a consequence of the continuous accumulation of diffusion stress stemming from the
continuous embedding of lithium ions and the withdrawal of graphite active particles.
This, in turn, leads to the breakage and failure of the electrode active material layer, which
ultimately causes capacity decline and other performance degradation in the single battery.
The previously mentioned electrochemical force-coupling model can be used to study the
distribution of diffusion stress in the electrode in order to further understand the changes
in the diffusion stress induced by the lithium-concentration difference inside and outside
the active particles in the battery during the entire charging and discharging process.

3.1. Simulation Analysis of 1D Model Stress

It can be concluded from the construction process of the electrochemical force-coupling
model that the diffusion stress of a lithium-ion battery is proportional to the lithium
concentration. Through the established electrochemical force-coupling model, the discharge
behavior simulation analysis of lithium-ion batteries is obtained in Figure 5. From Figure 6,
we can observe the changes in lithium-ion concentration, diffusion stress, and volume at
different parts of the electrode active particles. Stress within the active particles can be
divided into tangential, radial, and Von Mises stresses.

According to the fourth strength theory, the Von Mises force can be used as the basis
for material-failure determination. When the equal effect force exceeds the material yield
strength limit, the material begins to yield. The distribution of Von Mises effector force in
the charging process is shown in Figure 6b. At any given moment during charging, the
diffusion stress increases with the increasing distance from the particle radius; the diffusion
equal effect force at the center of the electrode particle is zero. The diffusion stress of
electrode particles is maximum at the beginning of charging and gradually decreases with
the progress of charging. Discharge is the opposite of charge. Combined with Figure 6a,
the negative-electrode particle lithium-concentration changes during the charging process.
At the beginning of the charging process, the lithium concentration outside the particles is
higher than inside the particles. Therefore, the largest effect force, such as the particle’s Von
Mises force, appears at the beginning of charging. As the charging proceeds, the lithium-
concentration difference inside and outside the particles gradually decreases. Therefore,
the effector forces, such as Von Mises, within the particle gradually decrease. According to
the calculation of Equation (22), the electrode diffusion stress reaches the maximum at the
end of discharge, so rupture is most likely to occur at the surface of the negative-electrode
active particle.

As shown in Figure 6c, the radial stress inside the particle behaves as tensile stress
during the charging process, and the radial stress at the center of the particle is always the
highest during the entire charging process. And, the radial stress at the particle surface
reaches almost zero. As charging progresses, the radial stress decreases anywhere inside
the particle. This is related to the concentration gradient inside and outside the anode’s
active particle. At the beginning of charging, the lithium concentration outside the particle
is higher than that inside the particle, so the radial stress in the particle is the largest at
the beginning of charging, and with the progress of charging, the lithium-concentration
difference inside and outside the particle gradually decreases. So, the tangential stress
inside the particle is also gradually decreasing.
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As shown in Figure 6d, during the charging process, the tangential stress inside the
particle presents two forms of tensile stress and compressive stress. In the central part of the
particle, the form of tensile stress is mainly manifested, while in some areas near the surface
of the particle, the form of compressive stress is manifested. At a distance of x = 1/

√
2

from the center of the particle, the tangential stress is zero. In the charging stage, the
tangential stress on the surface of the anode’s active particles is the largest at the beginning
of charging, which is the compressive stress. In the discharge stage, the tangential stress on
the surface of the negative active material particles at the end of discharge is the largest,
which is the tensile stress. As a result, the surface of the anode’s active particles is more
likely to crack at the end of discharge or at the beginning of charging. It can also be seen
from the figure that the two components of the electrode particle diffusion stress are equal
at the center of the particle, so the equivalent stress at the center of the particle is zero
according to the calculation of Equation (21).

3.2. Effect on Diffusion Stress under Different External Conditions

As can be seen from Figure 7a,b, when the discharging rate increases from 0.2C to 1C,
the Von Mises stress of the negative-electrode particle near the surface increases sharply,
with its size being about six times the original, the most drastic change of all. When the
discharging ratio is changed to 2C, the diffusion stress of the electrode particles increases
sharply, with the largest stress appearing at the particle surface, with more than 30 MPa.
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As can be seen from Figure 7c,d, the electrode particle diffusion stress is larger in the
environment below 10 ◦C than at any other temperatures from the beginning of discharge
and exceeds 40 MPa at the end of the discharging. However, the diffusion stress of the
electrode particles did not change significantly at the ambient temperatures of 20 ◦C, 25 ◦C,
and 40 ◦C. For graphite anode materials, the tensile yield strength limit of the common
graphite anode materials available in the market is approximately 30 MPa [28]. The 2C
discharging rate and 10 ◦C environment temperature of the Von Mises stress is greater
than the graphite anode material’s tensile yield strength limit, which is very likely to cause
rupture on the active material surface, or even cause graphite negative-electrode failure,
and a decline in battery discharging capacity.
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High temperature may cause other decomposition reactions of the electrolyte and
the SEI membrane. The battery, therefore, needs to be used at the ambient temperature
of 20 ◦C~35 ◦C. High rates of overcharging and discharging should be avoided, and the
number of multiple charging and discharging cycles should be reduced as much as possible
to protect the battery’s structure and performance.
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3.3. Stress-Simulation Analysis of 3D Model

The three-dimensional model in this article is calculated using a unidirectional cou-
pling method in COMSOL simulation software. First, the relevant parameters and operating
conditions of the electrochemical model are configured, and after grid partitioning, the
transient solution is performed after initialization calculation to obtain the changes in
internal parameters during the charging and discharging process. Then, the results of
the electrochemical model calculation are input into the dependent variable solved by
the solid mechanics module. By setting the relationship between the negative-electrode
lithium-concentration distribution field and the negative-electrode volume expansion,
and adding boundary conditions and initial values, the stress and strain distribution
field during the charging and discharging process of the battery are obtained through
steady-state calculations.

In terms of stress analysis, the one-dimensional model can only simulate and analyze
the diffusion-induced stress and strain caused by the lithium concentration change of the
negative-electrode active material particles but cannot carry out a stress analysis from the
perspective of the whole battery, which necessitates the construction of a three-dimensional
model. The diffusion and migration of lithium ions inside the battery can cause the diffusion
stress to differ in different areas of the battery. The specific reason is that the difference in
lithium concentration induced by the diffusion of lithium ions inside the active particles of
the electrode causes diffusion stresses in the electrode particles, further leading to diffusion
stresses at the electrode-material level. As a result, the electrode material undergoes volume
changes, compresses other parts of the battery, and ultimately generates stress of differing
degrees in different areas of the battery.

Battery modules are usually constrained by a fixed structure. Therefore, the simulation
first simulates the pressure of the clamp and, then, discharges the current of 1C to analyze
the changes in the mechanical properties inside the battery. Figure 8 presents the lithium-
concentration distribution of each part of the battery when the initial pressure increases
by 100 kPa in the electrode direction. In this process, the lithium ion spreads from the
negative-electrode active material to the positive-electrode active material through the
diaphragm, and the negative-electrode material changes from the state of rich lithium to
that of lean lithium, with an average lithium concentration of about 1700 mol/m3. The
cathode material changes from a lithium-poor state to a lithium-rich state, with an average
lithium concentration of about 26,500 mol/m3.
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Figure 8. Lithium-concentration distribution inside the battery at the end of the discharging: (a) the
negative region; (b) the diaphragm region; (c) the positive region.

The strain of each part appears to be large in the marginal area, while it is relatively
small in the central area with the stress and strain showing the same pattern. As shown
in Figure 9, the negative active material layer shows the largest strain, reaching 0.02, and
the negative active material shows the largest stress, reaching 10 MPa on average. The
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strain appears to be large in the peripheral areas, possibly due to the constraint of the
battery structure. The strain turns out to be huge in the negative-electrode active material,
as the embedding and detaching of lithium ions generate diffusion stress in the negative
electrode of the active material. The stress distribution corresponds to the strain distribution:
negative active material > negative fluid > positive active material > positive fluid. During
the discharge process, lithium ions are embedded in the negative particles, so the negative
material has a large strain with the adjacent fluid collection.
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Figure 9. Strain and stress of each part in the battery. (a) Strain of each part in the battery; (b) stress
of each part in the battery.

4. Summary

To overcome the difficulties in measuring the stress distribution inside the battery in
the actual test, this paper simulates the actual condition and determines the distribution of
diffusion stress and material effect force throughout the process of charging and discharging,
which allows for a better understanding of stress and local stress inside the battery.

1. We establish the electrochemical model based on the principle of the Newman
lithium-ion battery model. By coupling the lithium-concentration field distribution and the
force model in the electrochemical model, we can achieve the electric performance analysis
and simulation analysis of battery particles, the electrode, and battery stress under constant
current charging and discharging conditions and variable current conditions;

2. Through coupling model analysis, we obtained the distribution field of lithium
concentration inside the electrode active particles during electrode lithiation and delithia-
tion processes, radial diffusion stress distribution of particles, tangential diffusion stress
distribution of particles, Von Mises equivalent stress distribution, and strain distribution of
electrode-material layer. The presence of the lithium-concentration difference inside and
outside the particles and the distribution of the stress inside the electrode particles further
prove that the diffusion stress of electrode particles is mainly driven by the electrochemical
potential stemming from the difference in the lithium concentration inside and outside the
particles. The results show that there is a strong correlation between the electrode diffusion
stress and the particle lithium-concentration field distribution;

3. This article simulates the operation process of using fixtures to pressurize the battery
through model simulation and analyzes the distribution of internal diffusion stress in the
battery through simulation results. The results indicate that the maximum stress of the
battery occurs in the edge region, while the stress in the middle region is relatively small.
The maximum stress of the battery can reach 10 MPa at a discharging rate of 1C. The order
of stress and strain is negative active material > negative current collector > positive active
material > positive current collector.
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