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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� A multiphysics model to study LIB with 
Si/G composite anode is established. 
� The model is fully validated by 

mechanics-electrochemical coupled 
experiments. 
� The model enables a detailed descrip

tion of both the cell and particle 
behavior. 
� Design-oriented governing factors are 

systematically discussed.  
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A B S T R A C T   

Si/graphite composite (Si/G) anodes are now regarded among the most commercially available next-generation 
anode materials. The development of a fully coupled mechanical-electrochemical model for Si/G anode is an 
essential tool to design safer and lightweight lithium-ion battery modules/packs. In this paper, we establish an 
efficient model to study lithium-ion battery (LIB) with Si/G composite anode through the coupling of stress- 
induced battery model and homogenized mechanical model. By designing strategies for the coupling of me
chanical and electrochemical governing equations, a multiphysics model is proposed. Experiments for battery 
charging with simultaneous various mechanical loadings are conducted to validate the established model. 
Finally, design-oriented parametric studies for governing factors (e.g., the Si/G mixture ratio and battery size) 
are discussed. Results provide a fundamental understanding of the failure mechanism of the composite anode and 
offer a powerful design tool for Si/G composite anode design for better electrochemical performance.   
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Nomenclature 

as active surface area per unit electrode volume 
cs Li concentration in solid phase 
bcs test function related to cs 
ce Liþ concentration in electrolyte 
Ds Diffusion coefficient in solid phase 
De Diffusion coefficient in the electrolyte 
det F deformation gradient 
detFe deformation gradient of the elastic deformation 
detFd deformation gradient of diffusion induced deformation 
E Young’s modulus 
Eref open-circuit potential 
F Faraday’s constant 
i intercalation reaction current density 
ie the current density in the liquid phase 
i0 exchange current density 
je Liþ flux density in the electrolyte 
js Li flux density in the solid phase 
js Li flux density in the solid phase 
L thickness 
R gas constant 
Rb bulk resistance 
Rsei resistance of the solid electrolyte interface 
Rct charge-transfer resistance 
S1D section area of 1D battery model 
r radius distance 
rp particle radius 
T temperature 
tþ transfer data 
V initial volume 
ΔV volume change 
ΔVd volume change caused by diffusion induced deformation 
α coefficient of lithiation expansion 
αa anodic transfer coefficient 

αc cathodic transfer coefficient 
β cathodic symmetry factor 
εs volume fraction of the solid phase 
εe volume fraction of the electrolyte 
ε strain 
η overpotential 
κs electric conductivity in solid phase 
κe electric conductivity in electrolyte 
σ stress 
σh hydrostatic stress 
σh;e hydrostatic stress caused by elastic deformation 
σh;d hydrostatic stress caused by diffusion induced stress 
ϕs potential in the solid 
ϕe potential in the electrolyte 
μðcsÞ concentration-dependent chemical potential 
γSi=P1 Ratio of solid volume of Si to that of particle P1 
γSi Si ratio 
γP1 P1 ratio 
Ω the partial molar volume 
1þ d lnf�

d lnce 
molar activity coefficient 

The superscript 
an anode 
ca cathode 
C carbon (graphite) 
cas battery casing 
eff effective 
max maximum 
surf surface 
sep separator 
ref reference 
Si silicon 
P1 Particle 1 (Si/G composite core-shell particle) 
P2 Particle 2 (pure graphite particle)  

Fig. 1. The structure of (a) graphite with coating Si-based nano-particles, (b) graphite with coating atmosphere-Si and (c) flack graphite with mixed Si-based nano- 
particles. (d) SEM picture and schematic diagram of the anode composed of P1 and P2 [27]. 
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1. Introduction 

High energy density demand for lithium-ion battery (LIB) powered 
electric vehicles requires new anode materials. By taking advantage of 
both high theoretical capacity and limited deformation during the 
charging/discharging cycles, Si/graphite (Si/G) composite anode 
emerges as one of the most promising next-generation anode materials 
commercial wise [1]. However, relatively large deformation (compared 
to pure graphite), possible deterioration during cycles, and an increas
ingly stringent requirement for battery safety call for a fundamental 
understanding of the multiphysics behaviors of Si/G where mechanics, 
electrochemistry, irreversible thermodynamics and transport phenom
ena are strongly and nonlinearly coupled. 

From a mechanical point of view, detailed model of a LIB cell by 
considering anode, cathode separator, and battery casing has been 
developed to describe the mechanical deformation of each component 
material subjected to various external mechanical loadings [2]. On the 
other hand, for more efficient computation, a homogenized method was 
smartly adopted to describe the jellyroll deformation behaviors [3–6]. 
Complicated mechanical behavior such as anisotropicity, strain rate 
effect as well as SOC effect over the mechanical behavior, which stems 
from the specific materials and structures of jellyroll, were also included 
within the mechanical model, serving as a first step to tentatively 
describe the multiphysics behaviors [3]. Further, these mechanical 
models were included within the multiphysics framework to predict cell 
behaviors under mechanical abusive loading [7–9]. From an 

electrochemical point of view, the pseudo-2D model (P2D), single par
ticle model, and porous electrode model with the polynomial approxi
mation (PP) were the most widely used models to predict the 
electrochemical behavior [10–12]. The coupling of mechanical effect 
within the electrochemical model was used to describe Li diffusion 
equations [13–16] by relevant physical variables (e.g., diffusion coeffi
cient) [17–19], open-circuit potential model [20] and Butler–Volmer 
equation [21]. 

Thanks to recent progress on battery coupling modeling, coupling 
strategies of electrochemistry and mechanics are now available for 
various length scales. In micro-scale (i.e., particle scale, from 100 nm to 
10 μm), a two-way coupling model between diffusion and stress was 
developed [16,17]. The anisotropic [22], deformation [16], 
phase-separation [23,24], cracks [25,26] and contract stress between 
particles [27] can be studied using these micro-scale models. In meso
scale (i.e. electrolyte scale, from 100 μm to 1 mm), reconstructed mi
crostructures [28,29] and homogenization method [20,30,31] were 
both employed to study the stress and deformation related multiphysics 
behavior of the components in LIBs. In the macro-scale (i.e. cell-pack 
scale 1 mm � 1m), a phenomenological model was established to pre
dict the bulk deformation of LIB during charging [32]. 

Nevertheless, previous coupling models are not capable of describing 
either the particular structure of the Si/G anode or the coupling 
behavior in multiscale simultaneously, offering limited design guidance 
for further development for Si/G composite anode. In this study, we 
present a multiphysics-based model to study LIB with Si/G composite 
anode through the coupling of stress-induced battery model and ho
mogenized mechanical model. This model enables a detailed description 
of both the cell structure and particle behavior with consideration of 
stress-induced deformation and electrochemistry. This paper is orga
nized as follows. In Section 2, we first define the target problem followed 
by modeling framework and coupling methodology. Also, experiment 
methodologies are introduced in detail. In Section 3, typical results from 
the model are presented and validated by experiments. In Section 4, 
governing designing factors are systematically discussed. Finally, con
clusions are summarized in Section 5. 

Table 1 
Governing equations of P2D model adopted in this paper.  

Equation name Equations No. 

Butler–Volmer equation 
i ¼ i0

�

exp
�
ð1 � βÞFη

RT

�

� exp
�

�
βFη
RT

��
(1) 

Exchange current 
density i0 ¼ Fkαa

c kαc
a ðcs;max � cs;surf Þðcs;surf Þ

αc

�
ce

cc;ref

�αa  (2) 

Overpotential η ¼ ϕs � ϕe � Eref ðcs;surf Þ (3) 
Conservation of charge r⋅is ¼ � asi andr⋅ie ¼ asi  (4) 
Conservation of mass εe

∂ce

∂t
¼ � r⋅je þ

asi
F  

(5) 

Active surface area as ¼
3εs

rp  

(6) 

Current density in the 
liquid phase ie ¼ � κe;eff

�

rϕe �
2RT

F

�

1 þ
d lnf�
d lnce

��

1 � tþÞr

lnce

�

(7) 

Current density in solid 
phase 

is ¼ � κs;effrϕs  (8) 

Liþ flux density in liquid 
phase 

je ¼ � De;effrce þ
tþ
F

ie  (9) 

Conservation of Li in the 
particle 

∂cs

∂t
þ

∂js
∂x
¼ 0  (10)  

Fig. 2. Schematics of the coupling method of the stress-induced battery model and mechanical model.  

Table 2 
The basic information of the commercial pouch cell.  

Terms Value/Information 

Sizes 84 mm� 64 mm� 3:4 mm  
Weight 46 g 
Rated capacity 3240 mAh 
Typical capacity 3340 mAh 
Rated voltage 3.82 V 
Limited charge voltage 4.4 V  
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2. Methodology 

2.1. Problem description 

Fig. 1(a)-(c) illustrate three typical structures of the present Si/G 
composite anode where the first one is graphite coated with Si-based 
nano-particles [33,34]; the second one is graphite coated with 
amorphous-Si (a-Si) [35]; and the third case is the flack graphite with 
mixed Si-based nano-particles [36,37]. These structures can all be 
regarded as a core-shell type. Further, such core-shell structure particles 

can further be mixed with pure graphite particles [1,27], shown in Fig. 1 
(d). 

In this paper, the target anode material is a mixture of core-shell 
structure and graphite shown in Fig. 1(d). Particle 1 (P1) is the core- 
shell particle, and Particle 2 (P2) is the pure graphite particle. In this 
study, the structure of Fig. 1 (a) is chosen as P1 for the core-shell 
particle. 

2.2. Modeling methodology 

2.2.1. Stress-induced electrochemical model 
The stress-induced battery model is based on the P2D model (the 

governing equations are summarized in Table 1). 
As we discussed above, there are two types of particles (i.e., core- 

shell structured Si/G and pure graphite) mixed together such that the 
variables and parameters of the solid phase are differentiated by sub
scripts for “P1” and “P2”, respectively. The volume fraction of the solid 
phase εs;an can be then calculated as 

εs;an¼ εs;P1 þ εs;P2; (11)  

where εs;P1 and εs;P2 are the volume fractions for P1 and P2, respectively. 
The variables and parameters in the liquid phase are assumed to be 

the same as those in the anode. If we consider the mechanical stress over 
electrochemical behavior, the flux js then can be expressed as 

js¼ � Mcs
∂μ
∂x
; (12)  

μ¼ μðcsÞ � Ωσh; (13)  

where Ω is the partial molar volume, σh ¼ traceðσÞ is the hydrostatic 

stress, M ¼ D0
RT

�

1 � cs
cs;max

�

is the mobility of Li, and μðcsÞ is the Li 

concentration-dependent chemical potential (which is related to the 
open-circuit potentials Eref ), written as 

μðcsÞ¼ μðLiÞ � FEref (14)  

Eref relates to the stress caused by the elastic deformation σh;e [20] via 

Eref ¼Eref ðcs
�

cs;maxÞ þ
Ωσh;e

F
(15) 

For spherical particles, Eq. (10) can be degraded into a typical 
spherical symmetry problem as 

∂cs

∂t
þ

1
r2

∂r2js

∂r
¼ 0 (16) 

Fig. 3. The instruments and setups of the charging and EIS experiment under mechanical loading.  

Fig. 4. The electrochemical operations at different loading conditions: (a) EIS 
experiments and (b) charging experiments. 
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Then, the extra dimension nodes method is implemented in COMSOL via 
weak form. By introducing a test function bcs, The weak form of Eq. (16) 
can be thus expressed as 
Z

r

�
∂cs

∂t
þ

1
r2

∂r2js

∂r

�

bcsdr¼ 0 (17)  

according to Eqs. 12–14, js can be expressed as 

js¼A
∂cs

∂r
þ B

∂σh

∂r
(18)  

where 

A¼
D0F
RT

�
cs

cs;max

�

ðcs;max � csÞ
∂Eref

∂cs
; (19)  

B¼
D0F
RT

�
cs

cs;max

�

ðcs;max � csÞΩ: (20) 

The P1 can be regarded as a C-core and Si-shell structure such that 
the weak form (Eq. (17)) can be expressed as 
Z rC

0
r2
�

�
∂cs;C

∂t
bcs;C þ js;C

∂bcs;C

∂r

�

dr¼ r2bcs;Cjs;C
�
�rc

0 (21)  

Z rp

rC

r2
�

�
∂cs;Si

∂t
bcs;Si þ js;Si

∂bcs;Si

∂r

�

dr¼ r2bcs;Sijs;Si
�
�rp

rC
(22)  

with the subscript “C” for graphite-core and subscript “Si” for Si-shell. 
For example cs;C and cs;Si are the Li concertation for C-core and 
Silicon-shell in solid-phase separately. The initial conditions and the 

boundary conditions are 

μC ¼ μSi ​ ​ ​ ​ ​ at ​ ​ ​ r ¼ rC:

js;C ¼ � js;Si at r ¼ rC
(23)  

∂cs;C

∂r
¼ 0 ​ ​ ​ ​ ​ ​ at r ¼ 0; (24)  

js;Si ¼
iP1

F
at r ¼ rp ; (25)  

csðrÞ ¼ cs0 at t ¼ 0 : (26)  

where i1 is from Eq. (1) and cs0 is the initial Li concentration in C and Si, 
respectively. The hydrostatic stress σh can be computed through the 
following governing equations and boundary conditions as follows 

dσr

dr
þ

2
r
ðσr � σθÞ¼ 0: (27)  

ur;C ​ ​ ​ ​ ​ ​ is ​ bounded ​ ​ ​ ​ at ​ r¼ 0; (28)  

ur;Si ¼ ur;C at r ¼ rC;
σh;Si ¼ σh;C at r ¼ rC

(29)  

ur;Si ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

detFP1
3
p

� 1
�

rp at r ¼ rp : (30)  

where the detFP1 can be computed by the homogenized mechanical 
model, which will be introduced in the next section. 

Similarly, considering the simpler structure of P2, the weak form and 
the boundary conditions of P2 can be expressed as 

Fig. 5. (a) The open-circuit potential curve of LiCoO2, Si, and graphite. (b) The comparison of the simulation and the half-cell experiment of Ref. [33]. The simulated 
(c) voltage-time curve, (d) normalized concentration-time curve, (e) deformation gradient-time curve, (f) the concentration map of the particles at 7000s, and (g) the 
mises map of the jellyroll and battery casing at 7000s. 
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Z rp

0
r2
�

�
∂cs;P2

∂t
bcs;P2 þ js;P2

∂bcs;P2

∂r

�

dr¼ r2bcs;P2js;P2
�
�rp

0 (31)  

∂cs;P2

∂r
¼ 0 at r ¼ 0 ; (32)  

js ¼
iP2

F
at r ¼ rp ; (33)  

ur;P2 is bounded at r ¼ 0 ; (34)  

ur;P2 ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

detFP2
3
p

� 1
�

rp at r ¼ rp : (35)  

2.2.2. Homogenized mechanical model 
The homogenized modeling method is used to describe the me

chanical stress for computational efficiency without losing accuracy. 
The jellyroll (consisting of an anode, separator, and cathode) is treated 
as a homogeneous material. The uniaxial stress-strain model [3] is used 
for the constitutive model of the jellyroll as follows 

σ¼Aεn þ B (36)  

where σ is the stress and ε is the strain for the homogenized material. The 
parameters A and n can be determined through the compression 
experiment. 

The deformation of the jellyroll is caused by the lithium intercala
tion/deintercalation of the anode and cathode, thus 

ΔVd;j¼ΔVd;an þ ΔVd;ca (37)  

where ΔVd;an and ΔVd;an are the volume change of anode and cathode 
caused by diffusion induced deformation, respectively. The eigen strain 
caused by intercalation can be written as 

εeigen¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔVd

V
þ 13

r

¼ αeff ð1þΔcsÞ (38)  

where αeff is the coefficient of lithiation expansion. Thus, the deforma
tion of the cathode caused by diffusion induced deformation can be 
written as 

ΔVd;ca
�

Vca ¼
�
αeff ;ca

�
1þ Δcs;ca

��3
� 1 (39) 

Therefore, the total deformation can be expressed by considering 
deformations of P1 and P2, as 

ΔVd;an
�

Van ¼
�
αeff ;P2

�
1þ Δcs;P2

��3
� 1
��

1 � γP1

�
þ

�
αeff ;C

�
1þ Δcs;C

��3
� 1
��

γP1 � γSi
�
þ
�
αeff ;Si

�
1þ Δcs;Si

��3
� 1
�

γSi

(40)  

where γP1 is the P1 ratio equals εs;P1=εs;an, and γSi is the Si ratio equals 
γSi=P1γP1(where γSi=P1 is the ratio of solid volume of Si to that of particle 
P1). The equivalent eigen strain of the jellyroll can then be estimated 
through Eqs. 37–40. 

2.2.3. Coupling strategy 
The average Li concentration of each component can be transported 

from the electrochemical model to the mechanical model. On the other 
hand, the deformation gradient detF ¼ ðV þ ΔVÞ=V (where V is the 
initial volume and ΔV is the volume change) can be translated from the 
mechanical model to the battery model (Fig. 2). 

det F cannot be obtained directly from the mechanical homogenized 
model and should be obtained via. 

det F¼ detFedetFd (41)  

VjdetFe;j¼VcadetFe;ca þ VandetFe;an þ VsepdetFe;sep (42)  

εe;caEca¼ εe;anEan ¼ εe;sepEsep (43)  

where detFe and detFd are the deformation gradient of the elastic 
deformation and diffusion induced deformation.Eca, Ean, Esep are the 
elastic modulus. Vj, Vca, Van and Vsep are the volume of the jellyroll, 
cathode, anode, and separator. Considering graphite is the primary 
material of P1 (γSi=P1 is small). Thus deformation gradient is assumed the 
same for P1 and P2, i.e. detFe; P1 ¼ detFe;P2 ¼ detFe;an. 

2.3. Experiment setup 

A commercial pouch cell (LiCoO2/LixC6) were used for model cali
brating. The basic information of the battery is summarized in Table 2. 
Charging experiment and electrochemical impedance spectroscopy (EIS) 
testing at various mechanical loadings were designed to create 
mechanical-electrochemical coupled scenarios such as to study the 
stress-induced electrochemical behavior of LIB. 

2.3.1. Charging experiment under various mechanical loadings 
Batteries were first compressed quasi-statistically (loading speed at 

0.05 mm/min) to a pre-set loading value (defined as initial loading 
below) based on INSTRON 2345 platform. Then the loading device 
remained still for 2 h to eliminate possible loading change caused by 
stress relaxation of the testing sample (shown in Fig. 3). The battery test 
device (BK-6808AR/5) was used to charge the battery at 0.5C constant 
current charge to 4.4 V and then constant voltage charge (at 1/50C). 
Note that to guarantee the equal initial electrochemical status before the 

Table 3 
Material and geometry parameters used in the model for validation.  

Parameters Value Reference 

Battery model 
Hca  58:5 μm  Measured 
Han  49 μm  Measured 
Hsep  8 μm  Measured 
S1D  0:121 m2  Measured 

Eref
�
cs;Si=C=LiCoO2

�
Fig. 5(a) [9,33] 

εs;ca  0.58 Estimated 
εe;ca  0.23 Estimated 
εs;an  0.59 Estimated 
εe;an  0.24 Estimated 
κs;ca  100 S=m  [38] 
κs;an  1 S=m  [39,40] 
ce0  1; 000 mol=m3  [41] 

De  7:5� 10� 11m2=s  [41] 

κe  fðceÞ [41] 
tþ 0.363 [41] 
cs;max;Si  278;000 mol=m3  [39] 

cs;max;C  36233 mol=m3  Estimated 

DSi  1:67� 10� 14 m2=s  [42,43] 

DC  5:5� 10� 14 m2=s  [44] 

rp;an  5 μm  Estimated 
rp;ca  6 μm  Estimated 
ΩSi  9� 10� 6 m3=mol  [42] 

ΩC  3:17� 10� 6 m3=mol  [45] 

Mechanical model 
ESi  ESi

�
cs;Si
�

[46] 

EC  19:25þ 82:23x Gpa  [45] 
Eca  182MPa  [47] 
Ean  140MPa  [47] 
Esep  262MPa  [48] 
Ecas  1:5 GPa  [9] 
σj  139:4ε1:406½MPa� Measured 

Battery size 84mm� 64mm� 3:4mm  Measured  
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experiment for all samples, batteries were charged fully and then dis
charged using 0.5 C rate to constant voltage discharge to 3 V by using 1/ 
50C rate. Here, 1000 N and 2000 N were chosen as the initial loads. After 
2 h for load holding, the measured load changed to 823 N and 1800 N, 
respectively. 

2.3.2. EIS experiments at different mechanical loads 
The EIS experiment (measured by potentiostat CHI 660) was oper

ated at different initial loading conditions from 0 N–2000 N. The fre
quency for original EIS data was measured from 0.02 Hz to 10000 Hz. 
The measured battery was firstly discharged to 3 V at 0.5C constant 
current and then constant voltage at 1/50C constant current. The typical 
EIS result of this battery is composed of two partially overlapped 
semicircles and a straight line at low-frequency end, which can be fitted 
by an equivalent circuit shown in Fig. 4(a). The equivalent circuit model 
is composed of Rb (bulk resistance of the cell), RSEI (resistance of the 
solid-state interface), CSEI (capacitance of the solid-state interface, Rct 
(faradaic charge-transfer resistance), Cdl (double-layer capacitance) and 
Ws (Warburg impedance). The parameters of the equivalent model can 
be fitted from the EIS experiment. 

3. Results 

3.1. Model validation 

Based on the aforementioned governing equations and coupling 
strategy, one can have a fully coupled model describing the stress- 
induced electrochemical behavior and the expansion of LIB caused by 
Li-ion diffusion in multiscale with the consideration of the mixture of Si 
and graphite in microscale. 

3.1.1. Validation of stress-induced behavior and expansion of LIB caused 
by diffusion 

Here, a battery with pure graphite as an anode material is also 

modeled for a fair comparison. As such, εs;P1 ¼ 0. The numerical 
computation is based on COMSOL Multiphysics. The hexahedral mesh is 
used to describe the jellyroll 3D mechanical model with a total of 340 
elements. The quadrilateral mesh is used to depict the battery casing 
while wire mesh is employed for the 1D battery model with the total 
element number is 44. Parameters are summarized in Table 3. 

One may observe that both the voltage and load increase with the 
charging process. The voltage curve of the batteries under 2000 N is a 
little higher than the cells under 1000 N (about 5 mV differences, Fig. 4 
(b)), demonstrating an evident influence from that mechanical stress 
over the electrochemical properties of the battery. 

In the meantime, the fitting parameters of EIS experiments show that 
Rb and Rsei almost do not change with the increases of mechanical load/ 
stress, where Rb � 0:0329 Ω and Rsei � 0:0054 Ω. However, Rct in
creases with the initial loading, which ranges from 0:116 Ω to 0:122 Ω 
with increasing of load (500 N–2000 N). Thus, mechanical stress has a 
nontrivial effect over the transfer and lithium diffusion related resis
tance (also evidenced by Eqs. (13) and (15)). 

The maximum increased stress-induced force of the batteries (due to 
charging) would be 0.78 kN if the initial loading Fint ¼ 2000 N while it 
would be 0.73 kN if the initial loading Fint ¼ 1000 N. The responsible 
reason should be the expansion of battery due to Li diffusion (as 
expressed in Eqs. 37–43), and the tangent modulus of the cell becomes 
greater as strain increases (as shown in Eq. (36)). 

The model shows good agreement of the experiments and the sim
ulations both in voltage and the force profiles. Moreover, it is capable of 
predicting the slight differences in the voltage curve in different 
compression loadings, shown in Fig. 4(b). Results indicate that this 
model predicts the stress-induced behavior and expansion of LIB 
successfully. 

3.1.2. Si/G mixture validation 
The half cell (Si/G) experiment developed by Ref. [33] was adopted 

here for model validation. The structure of the Si/G composite particle 

Fig. 6. (a) The charge capacity and (b) deformation gradient in different P1 ratio and Si ratio. (c) The relationship of the deformation gradient and Si ratio. (d) The 
relationship of charge time and P1 ratio. 
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(P1) in Ref. [33] is shown in Fig. 1 (a). For validation purposes, The ratio 
of pure graphite particle P2 ¼ 0. According to Ref. [33], the volume 
fraction of Si is set to be 4.1%. The results show good agreement with 
experiments, shown in Fig. 5(b), and thus the model is validated. 

3.2. Typical computational results for the target model 

Now it is safe to employ the validated model to study the electro- 
mechanical behavior of LIB with such anode material. The same size 
battery as described in Section 2.3 containing the anode (P1 ratio γP1 ¼

εs;P1=εs;an ¼ 0.2 and Si ratio γSi ¼ γSi=P1γP1 ¼ 0.04, where γSi=P1 is the Si 
ratio of P1) is computed using this model. Constant current charge 
(1.675 A) to constant voltage charge (to 0.1675 A) modes are applied for 
this battery. 

For cathode wise, the normalized concentration of Li in the cathode 
(cs=cs;max) decreases linearly because of constant current. However, for 
each component of the anode, the normalized concentration of Li in
creases nonlinearly because of the difference in open-circuit potentials 
between graphite and silicon. According to the curves in Fig. 5(d), 
during the constant current charge stage, the normalized Li concentra
tion in Si is higher than that in graphite because the open circuit po
tential of Si is higher than graphite (shown in Fig. 5(a)). At the same 
time, the green line (Li concentration in graphite of P1) is higher than 
the blue line (Li concentration in graphite of P2). Such phenomenon is 
due to the boundary conditions of Li flux in the graphite of P2 governed 

by the intercalation at the solid/liquid interface (Eq. (1) and (2)) while 
the boundary conditions of Li flux in the graphite of P1 is governed by 
the Li flux exchange at the interphase of Si and graphite (Eq. (23)). The 
Li concentration gradient along the radius is minimal due to the slow 
charging rate (Fig. 5(f)). During the constant voltage charge stage, the Li 
concentration of graphite and Si in P1 both decrease slightly while Li 
concentration of graphite in P1 increases in this stage. 

The trend of deformation gradient for P1 and P2 is similar to the 
trends of the Li concentration shown in Fig. 5(d) and (e). The detFof P1, 
P2, and the jellyroll after charging are 1.158, 1.029 and 1.013 sepa
rately. The maximum von mises stress of the battery casing and jellyroll 
are about 8 MPa and 0.4 MPa during charging, respectively (Fig. 5(g)). 
Stress is mostly concentrated within the vicinity of the battery casing 
corner, indicating a potential safety failure location. 

4. Discussion 

4.1. The effect of the mixture parameters of P1 and P2 

There are two important design parameters in the model, i.e., γSi and 
γP1 for various Si/G ratios. To guarantee a fair comparison, the 
maximum lithium content of the anode and cathode have the following 
relationship, that is 

Fig. 7. The voltage-time curve in various battery sizes for (a) hard battery casing and (b) soft battery casing. The relationship of battery size, deformation gradient 
and charge capacity for (c) hard battery casing and (d) soft battery casing. (e) The relationship of capacity and battery size in different γP1 (soft battery casing). (f) The 
relationship of charging time and battery size in different γP1 (soft battery casing). 
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cs;max;caVcaεs;ca¼Van

�
cs;max;CS1DLanεsð1 � γP1Þ þ cs;max;SiS1DLanεsγSi
þcs;max;CS1DLanεsðγP1 � γSiÞ

�

ð1 � ωÞ

(44)  

where ω is the design surplus of the anode electrode, and it is chosen as 
0.05 here, according to the reasonable areal capacity ratio of negative to 
positive electrodes (N/P ratio) ranges [49,50]. 

The charging current is set as 1.675 A, and the cut-off current at the 
constant voltage is set as 0.1675 A. The capacities for all cases using this 
charging method are summarized in Fig. 6(a) in a color map. Results 
show the charging capacity almost remains the same with γP1 but in
creases with γSi. Correspondingly, the maximum deformation gradient 
has a similar phenomenon with the charge capacity, shown in Fig. 6(b). 
Intuitively, both of deformation gradient and charge capacity increase 
nonlinearly with γSi (Fig. 6(c)). One may observe easily that it needs less 
time to charge fully for larger γP1 (Fig. 6(d)). As such, the rate perfor
mance of the LIB can be improved through larger γP1. 

4.2. The effect of the design parameters in the cell scale 

Our previous study has shown that stiffness is an essential factor to 
influence the voltage behavior for small-sized batteries [30]. In the 
meantime, battery size may affect largely for the overall energy density 
for the battery pack. However, the previous model is not fit for the 
commercial batteries for the poor low computational efficiency. Using 
the present model, the battery sized were discussed with “soft” and 
“hard” battery casings. Here, two typical types of battery casings are 
chosen, i.e., soft casing and hard casing represented by materials of 
Young’s modulus of 1.5 GPa [9] and 207 GPa [3], the thickness of 0.07 
mm and 0.3 mm, respectively. 

The baseline size of the battery is 84 mm� 64 mm� 3:4 mm. Here we 
use normalized size m to represent the size of the cell, and then the 
actual size of the battery becomes 84m mm� 64m mm� 3:4m mm. The 
charging method is the same as described in Section 3.2. Note that the 
thickness of the battery casing would not change with m. 

For hard battery casing, the voltage of the battery is almost the same 
with various battery sizes (e.g. m ¼ 1; 4 ; 8) (Fig. 7(a)). However, for 
the soft casing, the voltage is lower in larger sizes (Fig. 7(b)). Such a 
phenomenon is mainly due to a more drastic deformation gradient 
change for soft battery casing. The deformation gradient and charge 
capacity both increase with the size of the battery, and such a phe
nomenon becomes more prominent in soft casing batteries (Fig. 7(c) and 
(d)). The charge capacity increases with the size of the battery in various 
γP1. However, there is no obvious relationship of charge capacity and γP1 
at different battery sizes (Fig. 7(e)). The charging time increases with the 
increasing of battery size and decreasing of γP1. γP1 has a more influ
encing effect e more than the battery sizes on the charging time (Fig. 7 
(f)). 

The results indicate that more mechanical constraints cause smaller 
deformation for the jellyroll and the deformation inhibition (internal 
stress) makes it more difficult to charge fully for the LIB. Therefore, a 
large battery size is recommended for battery pack design for Si/G based 
batteries for faster charging to a higher capacity. 

Generally, electric vehicles have pressing needs for battery space and 
energy density. These two factors are, to a large extent, contradictories 
in design. Meanwhile, the deformation/stress of the Si-Graphite based 
battery during charging/discharging played an essential role in elec
trochemical performance. Thus, this model can assist the design for size 
and capacity for battery modules and packs and also provide funda
mental models for monitoring battery pack safety. 

4.3. The internal mechanical stress of LIB in different charge rate 

The mechanical stress is produced during charging both in the micro- 
particles and the jellyroll. Using the present model, the charge were 
discussed. 0.5 C, 1 C, and 2 C charge rate were chosen in this study, and 
the cut-off current at the constant voltage is set as 1/20 C for all charge 
rates. 

Both of the maximum stress of the jellyroll (σmises;j;max) and the par
ticles (σh;P1;max and σh;P2;max) are extracted from the results (shown in 
Fig. 8). The maximum value of σmises;j;max happens at the end of the 
constant voltage charge stage, and it changes little with the increase of 
charge rates. The maximum value of σmises;j;max (around 0.3 MPa) is much 
smaller than the internal short circuit (ISC) trigger stress (about 16 MPa 
[51]). Thus, ISC will not be triggered directly by the expansion for a 
fresh battery. The internal stress of the jellyroll should still be concerned 
for the cycled batteries. Because for a cycled battery, the thickness of 
solid electrolyte interphase and the lithium plating will produce extra 
expansion of LIB [52], and the coupling effect of them may cause safety 
problems. The deformation caused by SEI and lithium plating will be 
considered in our future studies. 

The position of σh;P2;max and σh;P1;max at surface of the particles close to 
the separator and the maximum value of it happens during the constant 
voltage charge stage (the maximum value of σh;P2;max happens earlier 
than σh;P1;max). Both of the maximum value of σh;P1;max and σh;P2;max in
creases with the increasing of charge rate. The crack of the particles is 
often caused by mechanical stress [53]. Thus, the maximum value of 
σh;P1;max and σh;P2;max should be carefully controlled within the failure 
threshold. Using the present model, one may easily control the 
maximum value of σh;P1;max and σh;P2;max through reasonable design pa
rameters, mechanical boundary conditions and charging methods. 

5. Concluding remarks 

In this study, a computational model framework for lithium-ion 
battery with Si/G composite anode was established through the 
coupling of a stress-induced electrochemical model and homogenized 
mechanical model. For the electrochemical model, both the structures of 
the particles and the stress effect were considered by modifying the 
classical P2D model. In the meantime, nonlinear mechanical properties 

Fig. 8. (a) The voltage-, (b) Mises stress of the jellyroll-, (c) surface stress of P2- 
and (d) surface stress of P1-time curve in different charge rates. 
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of the jellyroll and the expansion caused by Li diffusion were both 
included in the homogenized mechanical model. The average defor
mation gradient of the mechanical model and the average concentra
tions of the battery model were transferred to couple each other. The 
multiphysical coupling model and the related parameters were then 
validated by mechanically loaded charging experiments for Si/G 
component anode. Further, parametric studies for governing factors (e. 
g., the Si/G mixture ratio and battery size) are discussed from a 
designing perspective. Results provide a powerful tool for Si/G com
posite anode design for a better electrochemical performance and un
derstanding of fundamental failure mechanism of composite anode, 
paving a robust way for future high energy density battery cell, pack and 
module design, monitoring and evaluation for broad application of 
electric vehicles and 3C products (computers, cellphones and commu
nication devices). 
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