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Abstract—Silicon (Si) electrodes with different geometries are
considered as one of the main lithium-ion (Li-ion) battery
material candidates to achieve high gravimetric energy density.
However, the widespread use of Si is hindered by high me-
chanical instability due to large volume expansion caused by
both elastic and plastic deformation. The performance can be
further improved by controlling the lithiation/delithiation process
through charging strategies. Therefore, in this paper, mechanistic
charging strategies are proposed to prevent the Cauchy stress
from exceeding a threshold value to prevent lifetime degradation
while reducing the charging time. A computationally efficient
closed-form formula is extracted to describe the Cauchy stress
in the Si films, especially for plastic deformation. Two charging
strategies are derived that can effectively limit the mechanical
stress: (1) constant stress (CS) and (2) multi-stage constant
current with controlled stress (MSCCS) charging strategies.
Numerical results are presented for a 2.5 mAh battery. The
results indicate a linear decreasing current profile with increasing
SOC for the CS charging strategy.

Index Terms—Mechanical stress, plastic deformation, silicon
electrode, Li-ion battery, charging strategy.

I. INTRODUCTION

Silicon (Si) has a high theoretical specific capacity (4200
mAbh/g) compared to graphite (372 mAh/g) [1]. The drastically
higher capacity is due to the alloying mechanism in the silicon
anode. The alloying is accompanied by a volume change over
300% volume expansion. The stress induced by the volumetric
elastic and plastic deformation further causes pulverization and
cracks, which leads to loss the active Si and ultimately capacity
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fading [2]. It is essential to limit the mechanical stress in the
Si electrodes to maximize their lifetime.

Many approaches to mitigate the negative impact of volume
expansion on battery performance focus on the creation of
micro/nanostructured Si electrodes [3]. These methods require
the development of new battery chemistries and nano- or
microstructuring of the Si particles. An alternative method
to prolong the battery life and avoid destructive mechanical
stress in the Si is to adopt proper charging strategies that
can compensate the stress by controlling the applied current
[4]. These methods can be achieved through the battery
management system (BMS) of the battery.

Various charging strategies with respect to diffusion induced
mechanical stresses in the Si can be found [4]-[7]. An initial
high-current galvanostatic stage followed by a low-current
galvanostatic stage is theoretically best suited for fast charging
without increasing the maximum stress levels [4]. A fully
coupled mechano-chemical model shows that a lower cutoff
voltage for delithiation produces lower stress for all C-rates
with the trade-off of lower capacity. The larger the upper
cutoff voltage, the faster the capacity loss and the more severe
the surface cracking/damage [5]. The numerical results for
the multi-stage current methods, which consist of a small
C-rate at low SOC and a large C-rate for the remaining
process, show the possibility of suppressing cycling-induced
mechanical stresses in the Si particle. [6]. Two models were
considered to quantify the effect of capacitance fading due to
mechanical stress-strain effects. The most conservative (with
PID) and the most aggressive (without PID) stress profiles lead
to different charging protocols and different Pareto efficiency
curves [7].

The existing charging strategies rely on the computationally



expensive modeling frameworks to calculate the mechanical
stress [8]-[10]. A set of coupled electro-chemo-mechanical
partial differential equations should be solved using iterative
numerical methods such as the finite element method [11],
[12]. Such models are not suitable for real-time applications
where low computational resources are installed to minimize
the costs [13]. Closed-form analytical formulas can be a good
solution at the expense of reduced accuracy for estimating the
mechanical stress.

The lack of computationally efficient methods for stress-
aware charging strategies motivates the paper to derive a
simple and efficient method for calculating the Cauchy stress
at different levels of lithiation and current levels. Therefore,
a closed-form formulation is derived taking into account the
mechanistic properties of the lithiated Si films. The proposed
formulation neglects the elastic deformation and considers
only the dominant plastic deformation in the Si films. A
2.5 mAh Si electrode, based on the previously developed
works [13], [14], is adopted for numerical studies. Two types
of charging strategies, namely constant stress (CS) charging
strategy and multi-stage constant current with stress limits
(MSCCS) charging strategy, are derived. Numerical analysis
shows that the current rate can be increased up to 5 C at low
SOC values, while the mechanical stress is at the same level
of 1 C at high state of charge. Therefore, fast charging can be
achieved without destructive mechanical stress in Si films.

The paper is followed by three more section. in section II,
a closed-form formulation for the Cauchy stress in Si films is
derived. In section III, two new charging strategies, CS and
MSCCS are discussed. The paper is concluded in section IV.

II. CLOSED-FORM FORMULA FOR SI ELECTRODE
CAUCHY STRESS

To derive a closed-form solution for the Cauchy stress in
the Si film, the setup is first introduced. Then, the formulations
are derived based on the assumptions imposed on the problem.

A. Si Electrode Setup

Figure 1 shows the configuration of a Li-metal battery cell
consisting of a Si-film positive electrode, a polymer-based
separator, and a pure Li-metal negative electrode. It is common
to refer to such a configuration as a half cell. When the
unlithiated Si is inserted into the setup, the terminal potential
is highest, about 1.5 V. By connecting a load, as shown in Fig.
1 (a), the Li ions migrate through the separator and diffuse into
the Si film. The potential of the terminals is gradually reduced
until it reaches zero. In this state, the Si film is completely
lithiated and the state of charge (SOC) reaches zero. Therefore,
in this paper, the lithiation variable is defined as s and can be
correlated to the SOC as SOC=1-s. When a current source is
connected to the cell, Li ions return to the Li metal in the
negative electrode as shown in Fig. 1 (b).

I1<0

e ]

Si film - Si film °
Separator 4 ° , ° A §|:| Separator ¢ ° , ° ¢ %CT)
Li-Metal Li-Metal A

v|° e 'NE e
(a) (b)

Fig. 1. Si-film setup used in this study: (a) discharge performance and (b)
charge performance.

B. Derivation of the Colsed-Form Formula

In accordance to [15], the total deformation in the Si-anode
is a function of elasticity, plasticity, and lithiation-induced
swelling. Hence, the total strain can be represented as:

e=ec"+ e +F (1)

where L, P, and E are true lithiation-induced strain, true
plastic strain, and true elastic strain, respectively. We assume
constraints on the Si electrode such that the total in-plane strain
component is equal to 0, e.g. € = 0 — ¢ = —e¥ — €&,

Following [16], the lithiation-induced strain can be formu-
lated as:

= %ln(l + Bs) )

where 3 is the ratio of volumetric increase of Si in lithiated
state s. The elastic strain can be derived from the Hooke’s law
as follows:

1—
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where vy is the Poisson’s ratio of the film, E; is the elastic
modulus of the film, and o is the in-plane component of the
Cauchy stress in the Si film.

The plastic strain is formulated as:

¥ =In(\P) “4)
Combining equations (1) to (4):
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and taking time derivative of it, leads to
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According to research by [17], the elastic strain remained
static throughout the charging process and its time derivative
can be neglected. Therefore, the final equation reduces to this:

1aF_§ ds
AP odt 3(1+4 Bs) dt
Further, the rate of change of plastic strain can be related

to the Cauchy stress via a generalized viscoplastic power law,
as depicted:
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Fig. 2. Analysis of the closed-form formulas: (a) variations of Cauchy stress versus lithiation and current rate (b) variations of current rate versus Cauchy

stress and lithiation.

where oy is the yield stress of Si, m is the stress exponent
for plastic flow in Si, and A is the characteristic strain rate for
plastic flow in Si as suggested in [15].

In a Si electrode, the maximum stress occurs at low values
of lithiation s, therefore the maximum voltage is limited to 0.7
V during battery cell cycling [13]. Usually, at low values of s,
the deformation is elastic, but for the voltage level lower than
0.7 V, the deformation is typically plastic. Therefore, in this
paper, for ¢ > oy, the right sides of equations (7) and (8) are
equated, leading to a closed-form solution for the relationship
between mechanical stress, battery current, and SOC:
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This equation can be solved for current and stress for different

SOC values. The state of charge, current and cell capacity are
related using:
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where (Q),¢q is the rated battery capacity (Ah) of the cell.
Therefore, from (9) and (10), the current can be determined

(10)
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Moreover, stress can be written as:
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These equations (11) and (12) provide closed-form solutions
for the relationship between current, Cauchy stress and SOC.
They are used to derive charging strategies for Si-based thin
film electrodes in the next section. Such low computational
formulations are suitable for real-time implementation of
charging strategies.

III. STRESS-AWARE CHARGING STRATEGIES

To implement stress-aware charging strategies, a numerical
analysis is performed using the derived closed-form relation-
ships between current, state of charge, and Cauchy stress.
The results are presented in the following subsections on the
analysis and the derivation of charging strategies.

A. Analysis of the Cauchy Stress

To better understand the behavior of the Cauchy stress in the
Si film, a numerical analysis is performed using equations (11)
and (12). Table summarizes the variables needed to evaluate
the current and Cauchy stress. These parameters are taken from
[15], [18].

TABLE I
CONSTANTS USED IN THE ANALYSIS OF THE SI-FILM

Variables Values
Qrtd 2.5 mAh
B 2.7
A 0.00175
oy 0.0422 GPa

m 4

For different current values from O to 10 C and lithiation
levels from O to 1.0, the Cauchy stress was calculated and
shown in Fig. 2 (a). As can be seen, the isolines of o force
the current to increase linearly with the increase in lithiation s
(decrease in SOC). This indicates that, depending on the SOC,
the current level should be modified to keep the mechanical
level at (or below) a threshold to minimize aging in the Si
films.

Fig. 2 (b) shows the current rate isolines for lithiation from
0 to 1.0 and for Cauchy stress from 0.1 to 0.3 GPa. The current
isolines show that for a constant current, o varies in a nonlinear
fashion. This suggests the consideration of multi-step charging
strategies to minimize the charging time while maintaining the
mechanical stress in a desired range.
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Fig. 3. Performance comparison of the charging strategies: (a) benchmark CC-CV charging strategy (b) proposed constant o charging strategy.
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Fig. 4. Proposed MSCCS charging strategy with mechanical stresses control.

B. CC vs CS charging strategy

The benchmark charging strategy is referred to as CC-
CV charging strategy and is used as the base case in this
paper to compare the derived charging strategies. For the same
parameters in table III-A, o is calculated for three different
levels of current rates, e.g. 1C, 2C and 3C. The results are
shown in figure 3(a). In the case of 1C, the maximum o
appears to be about 0.24 GPa at s = 0. For s > 0, the
Cauchy stress gradually decreases. This suggests that the
mechanical stress may vary with the degree of lithiation,
causing inhomogeneous aging at different SOC levels. One
possible option is to create a closed-loop charging strategy by
adaptively deriving the current for a desired constant ¢. This
leads to a new approach to charging strategies, which we call
the CS charging strategy.

Fig. 3 (b) shows the derived CS charging strategies at three
different set points for 0. As can be seen, by increasing the
lithiation, the current can be increased due to the reduced
Cauchy stress. The CS charging strategy is categorized as a
closed-loop charging strategy because it requires the calcula-

tion of the reference current for a given reference o. While
the mechanical stress is fixed, the current varies as a function
of SOC and the charge time is reduced.

Remark: Other limiting factors such as maximum safe
temperature and current are not considered in this study.
Experimental verification of the effect of the CS charging
strategy on lifetime will be the subject of future work.

C. Multi-step CC charging strategy with stress control

The CC-CV strategy is widely used in conventional battery
charging. In CC-CV, the amount of current required during
the constant current phase has a significant impact on internal
stress and heat generation. While higher currents speed up
charging, they also increase stress and heat levels, compromis-
ing battery health. Although this stress is typically negligible
in graphite-based anodes or Li metal oxide cathodes of Li-
ion batteries, it becomes critical in Si electrodes due to the
significant volumetric expansion during the charging process.
Alternatively, the MSCCS strategy offers greater flexibility in
minimizing stress and charging time. Our research considered
a 5-stage MSCCS strategy with fixed SOC intervals, i.e., 20%



each. Fig. 4 shows the MSCCS with stress control, where
currents range from 1C to 5C. At high s (low SOC) the
current is set high. This causes ¢ to grow exponentially. When
it reaches the 20% SOC (s = 0.8), the current is reduced
to 4C, reducing o to a much smaller value. This procedure
can be continued, keeping ¢ at an almost constant value. The
implementation of MSCCS is simpler compared to the CS
charging strategy and only requires knowing the approximate
value of SOC and the desired set current based on a pre-
calculated mechanical stress as shown in Fig. 4.

The obtained results show that the mechanical stresses can
be effectively controlled by a CS charging strategy or an
MSCC with a set point for the maximum Cauchy stress.
These stress-aware charging strategies not only reduce the
charging time, but are also expected to extend the lifetime of
the Si-based Li-ion batteries compared to the CC benchmark
counterpart.

IV. CONCLUSION

This paper proposes mechanical stress-aware charging
strategies for Si electrodes of Li-ion batteries, such as those of
the Si mesoporous and microwire arrays. A simple formulation
is derived to describe the relationship between lithiation,
current and Cauchy stress. Numerical analysis was performed
using closed form equations. Finally, two closed-loop stress-
aware charging strategies, called CS and MSCCS, were intro-
duced, which can adjust the mechanical stress to the desired
references. The numerical studies suggest that the charging
time can be effectively reduced while limiting the destructive
mechanical stress to a set point. In future work, the proposed
methods will be extended and verified using an existing
experimental setup.
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