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ABSTRACT

Lithium plating has been identified as the main form of failure in fast charging,
so it is imperative to develop effective methods for detecting lithium plating.
Experimental results validated the effectiveness of lithium plating detection
via expansion force measurement. While multi-stage constant current (MCC)
charging is a common form of fast charging, experimental investigations of lith-
ium plating under MCC charging remain scarce, particularly lacking models to
describe the battery expansion force changes during the lithium plating process
under MCC conditions. The expansion of batteries during charging is caused by
factors such as intercalation reactions, thermal expansion, and lithium plating.
Through the establishment of the coupling model, the expansion displacement
of the battery is calculated. The thermal expansion coefficient and equivalent
stiffness of the battery are obtained through experiments, which are used to
calculate the battery expansion force. Additionally, the battery overpotential
is calculated through the model to determine the impact of lithium plating on
the expansion force. The model investigates the effects of lithium plating on
battery expansion force under different C-rates during constant current and
MCC charging processes, achieving semi-quantitative prediction of battery
expansion force under MCC charging and providing model-based optimization
directions for MCC charging strategies. This work provides valuable insights
for battery modeling and charging strategy optimization in terms of expansion

force modeling under multi-stage constant current charging.

1 Introduction

vehicles because of their high energy density, long cycle

life, and high power capacity [1-5]. Batteries encounter

Lithium-ion batteries are widely used in electric complex electrochemical-thermal-mechanical coupled
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interactions during practical operation. Developing
multi-physics coupling models for lithium-ion batter-
ies plays a crucial role in enhancing the accuracy of
performance prediction and safety evaluation [6-8].
Under normal charging conditions, battery volume
expansion occurs due to lithium-ion intercalation pro-
cesses and heat generation. Under conditions such as
overcharging [9], low-temperature charging [10], and
fast charging [11], lithium metal deposition occurs on
the negative electrode surface, leading to more severe
battery volume expansion [12]. Lithium plating not only
leads to capacity degradation [13] but may also evolve
into lithium dendrites, causing internal short circuits
and resulting in thermal runaway of the battery [14].
Meanwhile, the volume expansion of lithium-ion bat-
teries can generate significant stress in battery modules
or packs, which may lead to mechanical deformation
and failure of the battery, as well as cause failure/
fracture of active materials inside the battery, thereby
affecting battery safety performance [15-17]. Therefore,
establishing an electrochemical-thermo-mechanical
coupling model of lithium batteries that considers lith-
ium plating is essential for enhancing the safety
performance of lithium batteries.

The expansion of lithium batteries during charging
is caused by lithium-ion intercalation [18], thermal
expansion [19], and side reactions inside the battery,
such as lithium plating [20], solid electrolyte interface
(SEI) film growth [21], and gas generation [22]. During
charging, lithium-ion deintercalates from the cathode
and intercalates into the anode. Since the crystal volume
expansion of anode particles is greater than the crystal
volume contraction of cathode particles, this results in
an overall volume expansion of the battery [23]. During
the charging process, heat generation causes the bat-
tery temperature to rise, resulting in thermal expansion
of the battery components. The extent of this thermal
expansion is directly related to the material's coefficient
of thermal expansion [24]. Intercalation expansion and
thermal expansion during low-rate battery charging are
normal expansion phenomena. However, when lithium
plating occurs during fast charging, the deposited lith-
ium on the anode surface leads to an increase in anode
thickness, resulting in abnormal battery expansion.

This abnormal volume expansion can be significantly

higher than normal expansion [25]. Due to the con-
straint effects on battery surfaces within modules, free
expansion transforms into a constrained expansion
force. The expansion force caused by lithium plating
is significantly higher than that caused by intercalation
expansion and thermal expansion. Studies have shown
that multi-stage constant current (MCC) charging can
reduce lithium plating while maintaining charging
efficiency [26, 27]. Developing appropriate MCC charg-
ing strategies based on battery expansion force models
can reduce lithium plating, thereby decreasing battery
expansion force.

The operational mechanism of lithium-ion batter-
ies encompasses a multi-physics coupling process.
Extensive research has been conducted on the electro-
chemical-thermal-mechanical coupling models that
characterize battery behavior during charge-discharge
cycles. Sun et al. developed a heterogeneous electro-
chemical-thermal-mechanical (HETM) multi-physics
couplingmodelforlithium-ionbatteries, providingmore
accurate data for battery design and optimization [6].
Ai et al. investigated the stress response in electrode
particles through a pseudo-two-dimensional model of
mechanical-coupled diffusion physics, demonstrating
the evolution of internal stress within electrode particles
and the heterogeneity of stress distribution inside bat-
tery electrodes [7]. Wang et al. proposed a multi-scale
modeling approach for electrochemical-mechanical
coupling in lithium-ion batteries, analyzing the dis-
tribution and evolution of internal stresses [28]. While
these models provide particle-level insights into stress
evolution during lithium-ion battery cycling, they lack
descriptions of expansion forces under macroscopic
constraints, as well as analysis of abnormal battery
expansion forces caused by lithium plating during
fast charging. Meanwhile, MCC charging strategies to
reduce lithium plating are a critical research direction
in fast-charging technology for lithium-ion batteries.
Tahir et al. investigated the impacts of MCC charging
protocol on charging duration, charge-discharge capac-
ity, charging efficiency, and maximum and average
temperature rise of the battery [29]. Wu et al. developed
an experimental protocol to address the multi-objec-
tive optimization of multi-stage current coordination,

validating that MCC charging effectively regulates
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battery temperature rise and mitigates capacity fade
during long-term cycling [30]. Shen et al. proposed a
method based on dynamic impedance measurement
to detect lithium plating during battery charging in
the MCC charging [31]. However, investigations into
the expansion force of lithium-ion batteries under
MCC conditions, particularly considering lithium
plating effects, remain relatively scarce. Therefore, it is
necessary to establish an electrochemical-thermal-me-
chanical coupling model under MCC charging to
investigate the expansion force changes of lithium-ion
batteries and propose an MCC charging strategy based
on expansion force variations.

To establish an electrochemical-thermal-mechanical
coupling model under MCC charging and develop a
charging strategy based on expansion force feedback,
this paper first experimentally calibrates the thermal
expansion coefficient and equivalent stiffness of lithium
batteries and measures the voltage, temperature, and
expansion force during charging at different C-rates.
Based on the experimental data, an electrochemi-
cal-thermal-mechanical coupling model considering
lithium plating is established and validated to simulate
the evolution of voltage, temperature, and expansion
force during the charging process. Experiments and
simulations demonstrate that lithium plating at high
C-rates leads to increased expansion force. Thus,
the battery expansion force can serve as an indicator
for lithium plating. Building upon the electrochemi-
cal-thermal-mechanical coupling model, by modifying
single-stage constant current charging to two-stage
constant current charging, it is proven that reducing
the charging current can lower battery temperature rise
and expansion force. By implementing MCC charging, a
semi-quantitative simulation of battery expansion force
under MCC is achieved. By calculating expansion force
changes at every 10% SOC increment, a model-based
MCC charging strategy is developed. Compared to
constant current charging, this strategy maintains
charging speed while effectively controlling battery
temperature rise and reducing expansion force, thereby
suppressing lithium plating. Through experiments and
simulations, this paper establishes an electrochemi-
cal-thermal-mechanical coupling model, calculates the

lithium plating onset SOC and expansion force under

different charging rates, and proposes optimization
directions for the MCC charging strategy based on the
electrochemical-thermal-mechanical coupling model.

2 Experimental procedure

In this study, experiments were conducted on a 34 A-h
commercial pouch NCM/graphite battery using a
battery testing system. All charge and discharge exper-
iments were performed in a temperature-controlled
chamber to ensure constant ambient temperature con-
ditions. Temperature variations were monitored using
thermocouples attached to the battery surface.

The experiment consists of three parts: the first part
is to measure the equivalent stiffness of the battery;
the second part is to measure the thermal expansion
coefficient of the battery; and the third part is to con-
duct charge-discharge tests and measure the voltage,
temperature, and expansion force of the battery
under different C-rates. During the expansion force
measurement, the battery was constrained by the
three-layer plate fixture, with a weighing sensor placed
at the bottom layer to measure the expansion force
under constraint. When measuring the free expansion
displacement, the battery was removed from the three-
layer plate, allowing it to expand without external
constraints. This study used a weighing sensor with a
range of 300 kg and an accuracy of +0.1% full scale. For
measuring the battery's free expansion, a digital height
gauge with an accuracy of 1 micron was employed.
The arrangement of the battery in the three-layer plate
fixture for battery expansion force measurement is
illustrated in Fig. 1. The battery generates expansion
force due to the restriction of expansion displacement
when charging under fixture constraints, as shown in
Fig. 1.

First, at 298.15 K, three charge-discharge pre-cycles
were performed on the fresh battery to activate its
electrochemical performance. The battery was charged
through constant current (CC) and constant voltage
(CV) steps at 0.5 C current to a cut-off voltage of
4.25 V with a cut-off current of 0.1 A, then discharged
to 2.95 V. Afterward, at 298.15 K, CCCV charging at a
0.2 C rate was performed on the discharged battery. A
digital height gauge was used to measure the battery's
free expansion displacement. The battery was then
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Figure 1 Schematic of the arrangement of the battery in the three-layer plate fixture for battery expansion force measurement.

constrained by a three-layer plate and charged at the
same 0.2 C rate, with a weighing sensor measuring the
expansion force during the charging process. Since lith-
ium plating does not occur during low-rate charging at
298.15 K, and the battery's heat generation is minimal
while in the temperature chamber, the temperature
rise can be considered negligible. Therefore, the expan-
sion displacement and the expansion force under the
three-layer plate constraint can be attributed solely to
lithium-ion intercalation within the battery. The aver-
age equivalent stiffness during the intercalation process
can be calculated from the measured free expansion
displacement and expansion force at the correspond-
ing rate. Since thermal expansion and lithium plating
expansion occur at the same electrode scale as inter-
calation expansion, the obtained average equivalent
stiffness can be considered applicable to both thermal
and lithium plating expansion. At 298.15 K, pulse
heating was applied to the battery, and the expansion
displacement was measured using a height gauge,
with the battery outside the temperature chamber.
The battery's SOC can be considered unchanged under
pulse current, so there is no intercalation expansion,
only thermal expansion. The battery's average thermal
expansion coefficient was obtained through meas-
urements of temperature rise and thermal expansion
displacement.

At 293.15 K, the battery was constrained by the
three-layer plate with bolts tightened to apply an initial
preload of 100 kg and placed in a temperature chamber
for charging tests. CC charging was performed at dif-
ferent charging rates (0.4 C, 0.6 C,0.8 C,1.0C, 1.5C, and
2.0 C) up to 4.25 V to obtain the voltage, temperature,

and expansion force curves at corresponding rates.

3 Numerical model

The modeling was implemented in COMSOL Multi-
physics® 6.2 using the Pseudo-two-dimensional model
based on porous electrode theory developed by New-
man et al. [32, 33], which can calculate battery voltage
and electrode potentials for both positive and negative
electrodes. The model assumes that the active particles
are uniform spheres; the schematic of the P2D model
is shown in Fig. 2(a). During fast battery charging,
lithium metal can be deposited on the surface of the
negative electrode, as shown in Fig. 2(b). The internal
physical and chemical processes during the charge and
discharge processes of the battery can be described by
the following equations.

3.1 Electrochemical model

Ohm's law applies to both the solid and liquid phases,
and the solid phase potential is expressed by the fol-
lowing equation:

Ot a_i¢s = _j 1)
where ¢, is the solid phase potential, j is the current
density, and o represents the effective conductivity.

The boundary conditions are:

° A = ‘ A =0 2)
ox Clep 0 g g
n n ' “sep
0 0 .
—_— = _— = - 3
Oeff ox ¢s o Oeft ox ¢s o ] ( )

where L, denotes the negative electrode thickness, Lgcp
is the separator thickness, and L represents the overall
thickness of a complete electrode, respectively.
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Figure 2 Schematic illustrations of the electrochemical model: (a) the P2D model and (b) the lithium plating process during charging.
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where ki represents the effective ionic conductivity of
the electrolyte, c. denotes the lithium-ion concentration
in the electrolyte, t) represents the transfer number of
lithium-ion, and F denotes the Faraday constant,
respectively.

The boundary conditions are

2,

ox =0 ©)

d
o
x x=L

x=0

The distribution of lithium-ion concentration within
the particle is described by Fick's second law:

ocy _1e Dsrzai (6)
ot 2 or or

where ¢, is the concentration of lithium in the solid

phase, D; is the solid-state diffusion coefficient of lithi-

um-ion, and r denotes the particle radius, respectively.
The boundary conditions are:

icS =0 (7)
or 0
oc,
s - 8
S or . J ®

The distribution of lithium concentration in the elec-
trolyte phase is described by the following equation:

éc, o ) 1-0
Ee 6: za[De,effacej_’_ F+] )

The boundary conditions are

0 0

il - =0 10
ox € ox € (10)

x=L

x=0
3.1.1 Kinetics reaction

The intercalation and deintercalation reactions of
lithium-ion at the solid electrolyte interphase follow
the Butler-Volmer equation, where the local current
density can be expressed as:

. . aa,IF ac,lp
J1=Joa RT n|—exp “RT n (11)

where jo1 and 7 represent the exchange current den-
sity and overpotential, o1 and ¢ are the anode and
cathode transfer coefficients (both set to 0.5), R and F
denote the gas constant and Faraday constant, which
are generally taken as 8.314 J/(mol-K) and 96 485 C/mol,
respectively. The local current density can be expressed
as:

i=ke% (e, —c ) e % (12)
] 0 e s, max s, surf s,surf

n=¢,~¢~Eq (13)

In the equation, k is the reaction rate constant, csmax
and cseu represent the maximum lithium concentra-
tion and surface lithium concentration in electrode
particles, respectively, E.g is the equilibrium potential
of the electrode material, respectively.

3.1.2 Lithium plating

The local current density of the lithium intercalation
reaction can be calculated using the Butler-Volmer
equation.
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. . aa,ZF aC,ZP
J2 = Joz2 | €XP W’ki —exp _Wnu i <0(14)

where jj, represents the exchange current density of
the lithium plating reaction, a,» and a., are the trans-
fer coefficients of the lithium plating reaction. 7y, is
the overpotential of lithium plating reaction, which is
calculated by:

My = ¢s _¢e - uLi - FjRﬁlm (15)

where Rgim represents the generalized film resistance,
the film is lithium metal deposited on the surface of the
electrode active material, and U;; represents an addi-
tional variable caused by the potential change across
the film.

Based on mass conservation, the thickness of plated
lithium metal (J,1) can be calculated by:

00 i~M
9ot __J2 M (16)
ot SapplF

where M, and pp are the molar mass and density of
lithium metal, respectively.

The battery charging current density is the sum of
lithium intercalation and plating current densities, as

calculated by
j=ii*i (17)
Some parameters in the model, such as diffusion
coefficients, conductivity, and reaction rates, are tem-
perature-dependent. The Arrhenius equation describes
these relationships.

E
Yr = refexp{f(%—%ﬂ (18)

ref

Where T, is the reference temperature, Y, is the ref-
erence value at Ty, Yr is the temperature-dependent
parameter, and E, is the activation energy correspond-

ing to Yr.
3.2 Thermal model

Assuming the temperature is uniformly distributed
across the battery volume, the heat equation governs

the thermal model.

oT
PC, = Q-hay (Tomp —T) (19)

where p is the material density, C, is the specific heat
capacity at constant pressure, & is the heat transfer coef-
ficient between the battery and the environment, acen
represents the specific surface area of the battery, and
Tamb denotes the ambient temperature.

Q = Qrev + Qirrev (20)
—du
=a FjT— 21
Qrev asrj dr ( )
Qirrev = Qohm + Qact (22)

2 2
o9, o9,
Qohm = O eff (T;J + O eff {a_xej +

(23)
20,4 RT (1 _0 ) dlnc, o4,
F ) ox  ox
Qact = 0!st(¢5 - ¢e - u) (24)

Q represents the average heat generation rate inside
the battery, which is the sum of reversible heat (Qrev)
and irreversible heat (Qjirev). The irreversible heat con-
sists of ohmic heat (Qonm) and polarization heat (Qact).
Ohmic heat is generated by current flowing through
the internal resistance of battery materials, including
Joule losses in both electrodes (solid phase) and elec-
trolyte (liquid phase). Polarization heat is caused by
the heat generated from electrochemical reaction kinet-
ics polarization such as activation polarization and
concentration polarization. The reversible heat (Q,.,)
originates from entropy changes during the battery

reaction process.
3.3 Mechanical model

During charging without fixture constraints, batteries
generate free expansion displacement due to internal
expansion effects, including intercalation expansion,
thermal expansion, and side reactions such as lithium
plating, SEI film growth, and gas generation. Since this
model only considers a single cycle, and no significant
gas generation was observed during the experiment,
neither the battery expansion induced by SEI film
growth nor the gas generation effects are considered.
When charging under fixture constraints, the battery
generates expansion force as its expansion displace-

ment is restricted. The battery expansion force consists
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of the intercalation expansion force, the thermal expan-
sion force, and the expansion force caused by lithium
plating side reactions.

The thickness variation caused by lithium intercala-
tion originates from alterations in the crystal structure
and lattice parameters of the active materials. The
radial displacement of anode active material particles
after lithium-ion intercalation or deintercalation can be
expressed as [34] :

_ R
201-2v 1 (524, (25
1-v R3Jo

u(r):glﬂ/i2 rErzdr+
31-v2J0
where ¢ represents the lithium-ion concentration
change relative to the current SOC's initial concentra-
tion,  is the partial molar volume of the material,
r denotes the distance from the particle center along the
particle radius, and R is the particle radius, respectively.
The variation in particle radius induced by lithi-
um-ion intercalation/deintercalation is given by:

OR_
dR=u(R)= =3 Cmg (26)
Given that the thickness of the anode and cathode
layers is much smaller than the length and width of
the battery, the thickness variation can be estimated

through volume changes [7] as:
dL/L=edV /V =&3dR/R (27)

¢ represents the volume fraction of active material.
Therefore, the thickness change of the battery induced
by lithiation can be expressed by:

ALy, =n-YdL=n3YeQc, L (28)

where L represents the thickness of a single electrode
layer, and n denotes the number of electrode layers in
the battery.

The expansion thickness induced by thermal expan-

sion and lithium plating is determined by:

ALy, =a(T-T,) (29)
ALy =6, (30)

The thermal expansion coefficient o was calculated
to be 1.5 um/K from the experimental data, and &, is
calculated by Eq. (16).

The total thickness expansion of the battery is

ALt = ALing + ALg, + ALpl (31)

The following equation can calculate the battery

expansion force:

F = KAL, (32)

K represents the battery's equivalent stiffness and is
calibrated using a 0.2 C charging rate, with an average
value of 5.2 N/um determined through experimental
measurements.

3.4 Model parameters

The battery's electrochemical and thermal parameters
are derived from manufacturers, existing literature, and
parameter identification, as shown in Tables 1 and 2.

The convective heat transfer coefficient between the
battery and the ambient temperature is considered as
10 W-m2K-l. The measured equilibrium potential of
NCM and graphite with SOC are shown in Fig. 3. The
entropy coefficient of NCM and graphite with SOC

according to Ref. [41] are shown in Fig. 4.

4 Results and discussion

4.1 Model validation and analysis

Figure 5 demonstrates the model validation in terms
of electrochemistry and temperature rise. As shown in
Fig. 5, the simulated battery voltage and temperature
rise during charging exhibit a good correlation with
experimental data, confirming the accuracy of the
model in both electrochemical and thermal aspects.
Figure 6 illustrates the relationship between the
anode potential and the battery expansion force with
SOC during the charging process as simulated by the
model. From Fig. 6, it can be observed that as the C-rate
increases, the SOC where the anode potential is below
0 gradually decreases. When the overpotential becomes
negative, lithium plating occurs. As shown in Fig. 6, the
simulation results indicate that lithium plating occurs
at SOC values of 62%, 43%, and 23% for charging rates
of 1.0 C, 1.5 C, and 2.0 C, respectively.

Based on the simulated overpotential results shown
in Fig. 6 and the experimental expansion force shown
in Fig. 7, no significant lithium plating is observed at
0.8 C, suggesting that at 0.8 C rate, only intercalation
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Table 1 Electrochemical parameters [35-38].
Parameters Symbol Unit Anode Separator Cathode
Geometric properties
Length L m 1x107 3x10°° 7x107°
Particle radius Rp m 2x10°° / 2x10°°
Volume fraction of the solid phase & 1 0.6 0.5 0.6
Volume fraction of the liquid phase & 1 0.4 0.5 0.34
Specific surface area as m 3&/Ry / 3&/Ry
Transport properties
Solid phase diffusion coefficient Ds m?.st Eq. (33) / Eq. (33)
Liquid phase diffusion coefficient at T, De,ref m?.s7t / Eq. (34) /
Effective liquid phase diffusion coefficient Deeft m?.s7? & prugDeref & prugDeref & prugDeef
Activation energy Ea kJ-mol™ 20 / 30
Solid phase electrical conductivity Os S-m? 100 / 10
Effective solid phase electrical conductivity O eff smt & BrugTs / £ Brug s
Liquid phase electrical conductivity at T O ref S-m? / Eg. (35) /
Effective liquid phase electrical conductivity O eff S-m™ £ BrugTe e prugTe & BrugOe
Initial value of Li* concentration in the liquid phase Ce0 mol-m= / 1000 /
Maximum value of Li* concentration in the solid phase Cs max mol-m= 31507 / 50 060
Initial lithium concentration of electrode Csp mol-m= 1360 / 46 656
Maximum SOC of electrode SOChax 1 0.85 / 0.93
Minimum SOC of electrode SOC min 1 0.04 / 0.05
Transference number [ 1 / 0.363 /
Kinetics properties
Transfer coefficients of lithium intercalation reaction Oa1, Oc1 1 0.5, 0.5 [36] / 0.5, 0.5 [36]
Reaction rate constant k m/s Te-11 / 5e-11
Open circuit potential at T, Uret \Y Fig. 3 / Fig. 3
Transfer coefficients of lithium plating 0a2, Oc 1 0.3, 0.7 [36] / /
Reference exchange current density of lithium plating i02, ref A-m>2 1300 / /
Equilibrium potential of lithium plating Ui \% 0 / /
Molar mass of lithium M kg-mol 0.00694 / /
Density of lithium AL kg-m=3 534 / /
Table 2 Thermal parameters [35, 39, 40].
Parameters Symbol Unit Anode Separator Cathode
Density of the battery Peell kg-m=3 2300 900 4870
Thermal capacity Cy J-kgt-K1 1437.4 2050 1150
Thermal conductivity h W-m-1.K-1 1 2.16 1.58
Entropy coefficient du/dT VKt Fig. 4 [41] / Fig. 4 [41]

expansion and thermal expansion occur. Therefore,

0.4 C, 0.6 C, and 0.8 C are non-plating rates. Using the

free expansion displacement at 0.2 C charging rate at

25 °C as the intercalation expansion displacement for
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Table 3 Temperature dependent parameters [35-37].

Parameters

Equations

D, , =1.4523x107"* xexp {— 20000 [i - iﬂ

8.314

Solid phase diffusion coefficient ref (33)
~13 30000( 1 1
Ds,p =5x10 xexpl:—m ?—T_
. ref
54
Liquid phase diffusion coefficient D. <1 0[41"1'3[T-229—0.005ce ]70'2&0'001%}4 (34)
. =
- . L 1 40001 1
Liquid phase electrical conductivity 0 =8x107"xexp sl T T (35)
: ref

Figure 3 The equilibrium potential of NCM and graphite with SOC.

Figure 4 The entropy coefficient of NCM and graphite with SOC.

non-plating rates, the expansion force and the thermal
force are calculated as shown in Fig. 7. As observed in
Fig. 7, during charging rates of 0.4 C, 0.6 C, and 0.8 C in
which no significant lithium plating occurs, the battery
expansion forces are similar, indicating that the max-
imum intercalation expansion forces are comparable
at different rates. Meanwhile, it can be observed that

the thermal expansion force is smaller compared to

the intercalation expansion force. Due to the different
stages of phase variations during the intercalation
process in the graphite negative electrode material,
the relationship curves between battery expansion and
SOC are different at different charging rates, even in the
absence of lithium plating and thermal expansion [42].
To better describe the change in the battery expansion
force after lithium plating in the model, the expansion
force at 0.8 C from experiments minus the thermal
expansion force at this rate is used as the intercalation
expansion force for charging rates of 1.0 C, 1.5 C, and
2.0 C. The intercalation expansion forces at different
charging rates in Fig. 6 are calculated using the method
described above. According to Eq. (16) and Eq. (30),
lithium plating leads to an increase in battery thickness
and expansion force, which is evident in Fig. 6, where
the battery expansion force shows an increasing trend
after lithium plating occurs.

Figure 8 compares the simulated total expansion
force and experimental data during charging rates of
1.0 C, 1.5 C, and 2.0 C, validating the accuracy of the
simulated expansion force. During charging rates in
which lithium plating occurs (1.0 C, 1.5 C, and 2.0 C),
the battery expansion force shows abnormal increases
beyond the intercalation expansion force after lithium
plating begins. This is because, at higher charging rates
(such as 2.0 C), both ohmic polarization and concen-
tration polarization become significant, causing a rapid
decrease in anode potential. When the anode potential
drops below 0 V vs Li/Li+, lithium plating is triggered,
and its growth is accelerated [43]. Meanwhile, high

charging rates lead to insufficient lithium-ion diffusion
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results of voltage and (b) the results of temperature rise.
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Figure 6 Simulation of battery expansion force and anode potential
with SOC during battery charging (0.4 C,0.6 C,0.8C,1.0C,15C,
and 2.0 C). The circle-marked dot indicates the location of the
lithium plating.

Figure 7 The total expansion force and simulated thermal expan-
sion force during charge rates of 0.4 C, 0.6 C, and 0.8 C.

rates in the anode, resulting in increased accumulation
of lithium-ion on the surface and intensified lithium

plating reactions, thereby increasing the thickness of

vole]e]

Figure 8 The total expansion force and simulated thermal expan-
sion force during charge rates 1.0 C, 1.5 C, and 2.0 C. The black line
indicates the intercalation expansion force during charge rate 0.8 C.

the deposited layer. At low charging rates (e.g., below
1.0 C), lithium-ion has sufficient time to intercalate into
the anode lattice, resulting in fewer free lithium ions
accumulating on the surface and a lower probability
of lithium plating. Even if lithium plating occurs (e.g.,
at 1.0 C), the deposited layer remains thin. Therefore,
changes in expansion force can be used to analyze and
predict the SOC at which lithium plating occurs in the
battery.

The expansion force of intercalation and severe
lithium plating is much greater than that of thermal
expansion. Since the specific value of thermal expan-
sion can be calculated, the magnitude of the expansion
force of lithium plating can be obtained to determine
whether the lithium plating occurs. The lithium plat-
ing expansion force was obtained by subtracting the
thermal expansion force and intercalation expansion
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force from the total expansion force, as shown in Fig. 9.
When the charge is finished, the proportion of each
expansion force in the total expansion force from the
simulation is shown in Table 4. As the charging rate
increases, battery polarization increases while charge
capacity decreases, leading to gradually lower SOC
and reduced intercalation expansion force after the
charge is finished. Higher charging rates result in
increased battery heat generation and thermal expan-
sion force. Meanwhile, the lithium plating expansion
force increases more severely at high rates. At the 2.0 C
rate, the lithium plating expansion force is approx-
imately twice the intercalation expansion force at the
same rate, accounting for 61.4% of the total expansion
force. Therefore, for the CC charging process, when
the total expansion force shows an abnormal increase
beyond the sum of the thermal expansion force and
intercalation expansion force, lithium plating can be
considered to have occurred. The SOC at which the
total expansion force exceeds the sum of thermal and
intercalation expansion forces is defined as the lithium
plating SOC.
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Figure 9 Simulation and experiment of the plating expansion force
and anode potential during charge rates 1.0 C, 1.5 C, and 2.0 C. The
circle-marked dot indicates the SOC of the lithium plating.

4.2 Two-stage constant current charging
model and analysis

MCC charging involves applying different constant
currents at different charging stages. This method
typically starts with a higher current and gradually
reduces the charging current. Through the reasonable
allocation of current at each stage, charging speed can
be improved while suppressing lithium plating and
reducing battery temperature rise, thereby achieving
optimal charging performance. In this study, during
2.0 C constant current charging, the simulation results
of expansion force and overpotential from Fig. 8 show
that lithium plating occurs at 23% SOC. The maximum
expansion force at 2.0 C charging reaches 1362 N,
which is 2.3 times that of the non-plating 0.4 C rate.
MCC charging can suppress lithium plating, reduce
lithium plating expansion force, and simultaneously
lower temperature rise and thermal expansion. Two-
stage constant current charging is analyzed below to
examine the advantages of multi-stage constant current
charging and its impact on battery expansion force.
Assuming that plated lithium does not dissolve
during charging, in Figs. 10(a) and 10(b), with the
current variation point set at 50% SOC, compared to
2.0 C constant current charging, the 2.0 C to 1.5 C and
2.0 C to 1.0 C protocols result in battery expansion
forces of 83% and 63% of the original value, temper-
ature rises of 75% and 44% of the original value, and
charging time increases of 17% and 52%, respectively.
As shown in Fig. 6, lithium plating occurs at around
40% SOC during the 1.5 C constant current charging.
For 1.5 C to 1.0 C charging with current variation points
set at 50% and 60% SOC, since plated lithium does
not dissolve during charging, the expansion force at
charging completion with the 60% SOC variation point
is greater than that with the 50% SOC variation point.

The lithium plating endpoint appears when the current

Table 4 Comparison of different types of expansion force at different charging rates.

Type of expansion force 10C 15C 20C
Intercalation expansion force (N) (ratio) 558.09 (90.5%) 531 (55%) 465 (34.1%)
Thermal expansion force (N) (ratio) 24.85 (4%) 42.61 (4.4%) 60.43 (4.5%)
Plating expansion force (N) (ratio) 33.37 (5.5%) 391.81 (40.6%) 836.61 (61.4%)
Total force (N) 616.31 965.43 1362.93
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Figure 10 Battery expansion force and temperature rise under two-stage charging current. (a) Expansion force and anode potential under two-

stage current (constant current charging rate at 1 C and 2 C; two-stage current charging rate from 1.5Ct0 1.0 C,2.0Ct0 1.0 C,and 2.0 C to
1.5 C, with current variation at SOC=50%; two-stage current charging rate from 1.5 C to 1.0 C, with current variation at SOC=60%). Circles
indicate the onset of lithium plating, while stars indicate the end of lithium plating. (b) Battery temperature rise under two-stage current, with

charging current settings consistent with (a).

rates decrease. When the two-stage current is still high,
lithium restarts plating after the plating endpoint, as
shown in Fig. 10 (a).

The reason MCC charging can reduce expansion
force is that high current charging causes lithium
plating. MCC charging reduces the current in later
charging stages to minimize lithium plating and den-
drite growth, thus reducing the expansion force caused
by lithium plating. Meanwhile, the higher charging
current leads to more significant Joule heating. MCC
charging reduces current in stages to decrease overall
heat generation, thereby lowering thermal expansion.
During the actual charging process, after the current
variation, the anode potential increases and may exceed
the lithium plating equilibrium potential, leading to
the dissolution of deposited lithium. The results in the
actual expansion force is smaller than the simulation

after the current variation.

5 Optimization of charging strategy
based on the model

Based on the analysis of two-stage constant current
charging, variable current charging can effectively sup-
press lithium plating and reduce battery temperature
rise. Therefore, establishing an appropriate multi-stage
constant current charging strategy can effectively
reduce battery lithium plating and expansion force

while achieving faster charging for optimal charging

performance. In the two-stage constant current charg-
ing model, when changing the charging current at 50%
SOC from 2.0 C to 1.5 C and 2.0 C to 1.0 C, the battery
expansion force remains relatively high, necessitating
the development of a multi-stage variable current charg-
ing strategy. The variable current charging strategy uses
battery SOC as the condition for current variation, requir-
ing appropriate SOC points and suitable current rates.
Through model calculations of expansion forces at
rates from 0.4 C to 2.0 C, the increment of expansion
force for every 10% SOC increase was calculated.
Lithium plating SOC of different C-rates was marked
based on overpotential, as shown in Fig. 11. Ref. [42]
shows that the expansion force at low charging rates is
slightly higher than that at high charging rates during
the initial charging period. Therefore, this paper uses
the expansion displacement at 0.2 C as the intercalation
expansion displacement at charging rates (0.4 C, 0.6 C,
and 0.8 C), which will result in a slightly higher expan-
sion force increment at these rates before 30% than at
high rates (1.0 C-2.0 C), this can be observed in Fig. 11.
Since the difference in temperature rise of the battery
between two adjacent rates is within 1 K as shown in
Fig. 12, according to Eq. (29) and Eq. (32), it is shown
that the difference in thermal expansion force between
two adjacent rates during battery charging is within
10 N. Therefore, if the difference between the expansion
force increments in the 10% SOC range which the over-

potential is below 0 and the expansion force increment
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Figure 11 Lithium plating SOC, charging completion SOC, and expansion force increased for every 10% SOC increment, as shown. Dark
yellow color indicates severe expansion force increment, and light yellow indicates slight expansion force increment.
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Figure 12 The simulated temperature rise of the battery from 0.4 C
to 2.0 C charging rates.

under low-rate charging is within 10 N, it can be con-
sidered that the difference between the expansion force
increments in the two adjacent rates is dominated by
the thermal expansion force, and the expansion force
increment only increases slightly. Since the overpo-
tential indicates that the battery is lithium-plating, the
battery is lithium-plating slightly at this time. If the
difference is greater than 10 N compared to the low-
rate expansion force, it can be considered that the effect
of the lithium plating expansion force on the expansion
force increment exceeds that of the thermal expansion

force, and the expansion force increment increases

significantly. At this time, if the battery continues to
charge, severe lithium plating will occur.

The MCC charging strategy was developed based
on the lithium plating SOC at different C-rates and
the expansion force increments per 10% SOC increase.
As shown in Fig. 11, when the differences in battery
expansion force increments between different C-rates
are minimal, it indicates that lithium plating has not
occurred or the amount of lithium plating is negligible.
When the expansion force in a 10% SOC interval shows
significant growth compared to other C-rates, it indi-
cates increased lithium plating, necessitating a current
change. To maximize the charging speed while avoid-
ing severe lithium plating, the charging strategy was
set as follows: 2.0 C charging until 20% SOC, 1.8 C until
40% SOC, 1.4 C until 50% SOC, 1.2 C until 60% SOC,
1.0 Cuntil 70% SOC, and finally 0.8 C until reaching the
cut-off voltage of 4.25 V.

The charging current, battery expansion force, and
temperature rise under this charging strategy are
shown in Figs. 13(a) and 13(b). Under this MCC charg-
ing strategy, the maximum battery expansion force
reaches 607 N, the highest temperature rise is 5.1 K,
the charging duration is 2160 s, and the final charging
SOC is 82.7%. The average charging rate of this MCC
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Figure 13 Battery expansion force and temperature rise under multi-stage charging current. (a) Expansion force and charging current during
0.8C,1.2C, 1.4 Cand MCC. (b) Temperature rise during 0.8 C, 1.2 C, 1.4 C and MCC.

charging process is 1.36 C, and the constant current
charging rate with a similar charging time to this MCC
process is 1.2 C.

As shown in Table 5 compared to constant cur-
rent charging at 1.2 C and 1.4 C, the MCC charging
maintains a favorable temperature rise and charging
duration while reducing expansion force and achieving
higher final charging SOC. The expansion force under
MCC charging increases by 70 N compared to the 0.8 C
charging rate without lithium plating, while the pre-
viously calculated lithium plating expansion force at
1.5 Cwas 392 N. This significant reduction in expansion
force indicates decreased lithium plating and reduced
plating thickness during the MCC charging process.
Meanwhile, MCC charging results in a higher final
SOC, which reduces the time spent in the battery's final

constant voltage charging stage.

6 Conclusions

Lithium-ion batteries' charging and discharging pro-
cesses involve coupled electrochemical, thermal, and

mechanical phenomena. High-rate constant current

charging can lead to increased temperature rise and
lithium plating, which causes battery volume expan-
sion. Therefore, modeling and analyzing Dbattery
expansion force is of significant importance. This work
demonstrates that battery expansion during charging
consists of intercalation expansion, thermal expansion,
and expansion caused by side reactions such as lithium
plating. Battery expansion occurs at the micron scale
and requires measurement with high-precision height
gauges. Due to non-uniform lithium plating, battery
expansion thickness measurements may be inaccurate.
By constraining the battery in a three-layer plate and
using the weighing sensor, battery expansion displace-
ment can be converted to expansion force, facilitating
the measurement while obtaining the lumped expan-
sion force induced by lithium plating. Based on
experiments, an electrochemical-thermal-mechanical
coupling model considering lithium plating was estab-
lished and validated. Analysis reveals that lithium
plating is the main cause of the abnormal increase in
expansion force. Therefore, the model can be used
to analyze and measure lithium plating SOC under

different charging rates, serving as a complement and

Table 5 Comparison of the expansion force, maximum temperature rise, charging time, and final SOC after the charge is finished for the

MCC strategy with the CC strategy.

Strategy Force (N) Temperature rise (K) Time (s) Final SOC
MCC 607 2160 82.7%
0.8C 536 3635 80.2%
12C 678 2315 79.5%
14C 742 1975 77.8%
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guide to experiments that measure expansion force to
predict plating without the need for reference electrode
insertion or destructive analysis. The model was used
to analyze the effects of variable current charging on
battery expansion force, demonstrating that variable
current can effectively suppress lithium plating and
reduce battery temperature rise. An MCC strategy was
developed and compared with constant current charg-
ing by analyzing the increment of the battery expansion
force for every 10% SOC at different rates. The results
indicate that adjusting the current through expansion
force feedback control to avoid lithium plating while
reducing battery temperature rise and expansion force

is a viable charging strategy.
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