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Abstract: The effects of state of charge (SOC) on the elastic properties of 3D structural
battery composites are studied. An analytical model based on micromechanical models is
developed to estimate the effective elastic properties of 3D structural battery composite
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D

laminae at different SOC. A parametric study is performed to evaluate how different design
parameters such as volume fraction of active materials, stiffness of constituents, type of

EP

positive electrode material, etc. affect the moduli of the composite lamina for extremes in
SOC. Critical parameters and configurations resulting in large variations in elastic properties

AC
C

due to change in SOC are identified. As the extreme cases are of primary interest in structural
design, the effective elastic properties are only estimated for the electrochemical states
corresponding to discharged (SOC=0) and fully charged (SOC=1) battery. The change in
SOC is simulated by varying the volume and elastic properties of the constituents based on
data from literature. Parametric finite element (FE) models for square and hexagonal fibre
packing arrangements are also analysed in the commercial FE software COMSOL and used
to validate the analytical model. The present study shows that the transverse elastic properties
 and  and the in-plane shear modulus  are strongly affected by the SOC while the
1
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longitudinal stiffness  is not. Fibre volume fraction and the properties of the coating (such
as stiffness and Poisson’s ratio) are identified as critical parameters that have significant
impact on the effect of SOC on the effective elastic properties of the composite lamina. For
configurations with fibre volume fraction  ≥ 0.4 and Young’s modulus of the coating of
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1 GPa or higher, the transverse properties  and  change more than 30% between

extremes in SOC. Furthermore, for configurations with high volume fractions of electrode
materials and coating properties approaching those of rubber the predicted change in

SC

transverse stiffness  is as high as +43%. This shows that it is crucial to take effects of SOC
on the elastic properties into account when designing 3D structural battery composite
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components.

Keywords: A. Carbon fibres; A. Functional composites; B. Electrical properties; C. Elastic
properties; C. Modelling
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1. Introduction

The structural battery composite is a class of composite materials with ability to store
electrical energy in the form of chemical energy (i.e. work as a battery) while simultaneously

EP

provide mechanical integrity in a structural system. One promising approach for realising a
structural battery is the three-dimensional (3D) battery architecture developed by Asp and co-

AC
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workers [1–3]. In the 3D structural battery architecture, the carbon fibres work as mechanical
reinforcement in a polymer matrix and simultaneously function as negative electrodes in the
battery cell. Carbon fibres are used due to their high specific mechanical and electrical
properties [4, 5]. The carbon fibres are coated with a thin polymer coating which works as a
combined electrolyte and separator layer [6]. The surrounding polymer matrix is doped with
lithium-metal-oxide based particles to work as positive electrode in the battery cell. The
benefit of using this cell concept is that it significantly reduces the distance between

2
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electrodes and thereby reduce ohmic losses due to the low ion conductivity of the solid
polymer electrolyte coating [3]. The 3D battery architecture is illustrated in Fig. 1.
The 3D battery architecture illustrated in Fig. 1 corresponds to a composite lamina. When
applied in a structural system several of these battery laminae will be stacked in different
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configurations, as done in ordinary composite laminates. As the battery composite laminae
are electrically conductive they need to be insulated from neighbouring plies. Furthermore,
the structural battery composite is sensitive to moisture and must be protected from exposure

SC

to moist. This can be done by adding a coating layer or pouch cell materials on the outer
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surfaces of the components and adding connection points for the current collectors. Some of
these practical issues and additional discussions on the application of the structural battery
composites in load carrying structures have been presented by Asp and Greenhalgh [7].
It is well known that battery electrodes expand/shrink due to insertion/exit of lithium ions in
the electrode materials (i.e. charging/discharging of the battery). Jacques et al. [8] showed

TE
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that insertion of lithium ions into carbon fibres causes the fibre to expand approximately 1%
in longitudinal direction and 8-13% in radial direction. It is also known that positive electrode

EP

materials undergo significant volume changes. For example, Mn2O4 particles expand/shrink
approximately 7% due to lithiation/delithiation [9]. In addition to the volume change it has
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also been shown that the elastic properties of battery electrode materials such as carbon
fibres, graphite and positive electrode particles are affected by lithium-ion concentration [9–
12]. The variation of the volume expansion/shrinkage and lithium concentration in the
electrode materials are directly linked to the state of charge (SOC) of the battery, which refers
to the amount of energy currently stored in the battery.
As the electrochemically active materials (i.e. the electrodes) in ordinary lithium-ion batteries
are not designed to carry load, effects of state of charge on mechanical integrity are mainly
considered from a safety and durability point of view, e.g. to avoid short circuit or damage to
3
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the electrodes [13–15]. Jun Xu et al. [15], investigated electrochemical failure behaviour for
traditional lithium-ion batteries with various SOC and noticed that the mechanical behaviour
of the battery electrodes is highly dependent on SOC. The experimental results showed that
the structural stiffness increased for higher SOC. In the work by Johannisson et al. [16]

RI
PT

results also suggest that the elastic properties of laminated structural battery half-cells change
due to change in SOC. The experimental results presented by Johannisson and co-workers
indicate an increase in the transverse stiffness of the UD composite lamina (i.e. negative half-

SC

cell) of approximately 10% when charged compared to virgin state. Existing work, which
deals with computational modelling of structural batteries, focus on modelling the coupling

M
AN
U

between mechanical and electrochemical response to predict displacements and stresses
induced by electrochemical cycling. Pupurs et al. [17] studied how the internal stresses in
carbon fibres are affected by lithium concentration gradients associated with electrochemical
cycling. Johanna Xu et al. [18, 19] developed a framework in COMSOL for multiphysics
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modelling of the 3D structural battery to predict internal stresses due to swelling/shrinkage of
the constituents related to the electrochemical reactions. Furthermore, an analytical model to
predict the deformations and stresses in laminated structural batteries has been developed by

EP

Dionisi et al. [20]. In contrast to ordinary batteries, the active materials in the structural
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battery are intended to carry mechanical load. Consequently, it is crucial to understand and be
able to predict any change in the elastic properties of the composite with change in SOC
when evaluating the structural performance of the material. To date a model to predict effects
of electrochemical cycling on the constitutive properties of a 3D structural battery is lacking.
In this paper an analytical model based on available micromechanical models is developed to
investigate how the elastic properties of the 3D structural battery composite are affected by
changes in volume and stiffness of constituents associated with a change in SOC. A
parametric study is performed using the developed model to analyse how different design
4
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parameters such as volume fraction of active materials, stiffness of constituents, type of
positive electrode material, etc. affect the moduli of the structural battery composite for
extremes in SOC. The effective elastic properties of the composite lamina are estimated for a
discharged (SOC=0) and fully charged (SOC=1) battery and critical parameters /

RI
PT

configurations resulting in large changes in elastic properties due to change in SOC are

identified. The developed analytical model is based on the Composite Spheres Assemblage
(CSA) model presented by Hashin [21] and a generalisation of the Composite Cylinder

SC

Assemblage (CCA) [21–23] for N-phase composites expressed by Marklund et al. [24], here
referred to as N-phase CCA. The CSA model and the N-phase CCA model are combined and
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used to estimate the effective elastic properties of the lamina for different SOC. The change
in SOC is simulated by varying the volume and elastic properties of the constituents based on
data from literature. To validate the analytical model parametric finite element (FE) models
for square and hexagonal fibre packing arrangements are developed in the commercial FE
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software COMSOL. The FE models are used to estimate the effective elastic properties of the
composite lamina for the two packing arrangements and the results are compared with the
results from the analytical model.

EP

It should be noted that stress distributions are not reported in this work. The reason is that it is
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unlikely that the two electrochemical steady states generate the most severe stress states. That
is, concentrations gradients in constituents, thermal effect, etc., which further depend on
charge/discharge rate are currently not considered. This will affect the stresses at the
microlevel during electrochemical cycling.
2. Materials and geometry
The 3D structural battery cell consists of three phases: the carbon fibre that acts as the
negative electrode, the polymer coating that acts as combined electrolyte and separator and
finally the particle reinforced matrix that acts as the positive electrode (Fig. 2). The
5
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electrochemically active materials on the negative side of the battery are carbon fibres and on
the positive side lithium-metal-oxide based particles distributed within the polymer matrix. In
addition, the matrix is doped with carbon black to conduct electrons.
The carbon fibres are assumed to be IMS65 unsized fibres and the coating is assumed to be
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made of the polymer system developed by Leijonmark et al. [6]. The elastic properties for
this polymer system can be altered by changing the cross-linking density in relation to the
ethylene oxide groups as described in the study by Leijonmark. The positive electrode matrix

SC

is assumed to be made of a bi-continuous polymer network developed by Ihrner et al. [25].
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The elastic properties of this system have been studied by Ihrner and co-workers and as
described by the authors the elastic properties of this polymer system can be altered by
changing the chemical composition. The polymer matrix is reinforced with lithium metal
particles used in commercially available batteries.

TE
D

2.1 Effects of state of charge on volume and stiffness of constituents
Volume and stiffness changes of battery electrode materials have been reported in [8–12] and
values for the electrode materials considered in this study are summarized in Table 1. The

EP

volume and stiffness changes are stated as the change in volume and stiffness of the
constituents moving from the delithiated state of the material (i.e. when it does not contain
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any lithium-ions) to the lithiated state. It should be noted that the change in longitudinal
stiffness of carbon fibres is negative and is defined with respect to the ratio between the fibre
volume fraction in delithiated state  ,

and the fibre volume fraction in lithiated state  , .

This assumption is based on measurements by Jacques et al. [10] who showed that the
nominal longitudinal stiffness was unaffected by the lithiation degree while the cross-section
area of the fibre increased approximately 10%. This means that the axial elastic modulus
must decrease in proportion to the increase in cross-section area. The change in transverse
stiffness of carbon fibres due to lithiation is to the authors knowledge unknown. However, a
6
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change in stiffness of graphite used in commercially available Li-ion batteries have been
reported by Qi et al. [11]. In that study, it was seen that the out-of-basal-plane stiffness
increase approximately 150% while the in-basal-plane stiffness components decreased
slightly as the graphite was lithiated. We assume the graphite planes within the carbon fibre
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to be mainly arranged along the fibre direction. Thus, the change in transverse stiffness for
the carbon fibre is expected to be similar to the change in out-of-basal-plane stiffness of

graphite. It should also be noted that the positive electrode particles are modelled as isotropic,

SC

homogeneous particles. Hence, average elastic modulus of the particles,  , is used in the
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analysis.
3. Analytical model

The developed analytical model used to estimate the effective elastic properties of the 3D
structural battery composite at different SOC is set-up in four steps. In step 1 the elastic
properties and volume fractions of the constituents are updated based on input data for the

TE
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given SOC. In step 2 the CSA model is used to calculate the effective elastic properties of the
particle reinforced matrix (the positive electrode). In step 3 the N-phase CCA model is used

EP

to compute the effective elastic properties of the three-phase system (fibre, coating and
particle reinforced matrix) using the effective elastic properties of the particle reinforced
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matrix from step 2 as input. In a final step the change in elastic properties between the
evaluated SOC is calculated. Details of step 1-3 are given below.

3.1 Effects of state of charge on moduli and volume fractions (step 1)
With respect to structural design the extreme cases are critical and for this reason only the
electrochemical states corresponding to discharged (SOC=0) and fully charged (SOC=1)
battery are considered. In the fully charged state the carbon fibres are assumed to be fully
lithiated and the positive electrode particles are assumed to be delithiated. In the discharged
state the opposite conditions are assumed. The electrochemical states are assumed to be
7
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frozen, i.e. the electrochemical reactions are assumed to be unaffected by the applied
mechanical load within the frame of reference (small deformations), as shown for carbon
fibres by Jacques et al. [10]. The material response is assumed to be linear elastic. The
changes in elastic properties are applied by changing the properties of the constituents for the
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given SOC. The stiffness of the active materials (fibres and particles) are defined as


  =  , 1 + SOC ∙ Δ  ,   =  , 1 + SOC ∙ Δ  ,   =   ,

(1)

 =

(2)

1 + (1 − SOC) ∙ Δ ,
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,



where   ,   and   are the longitudinal, transverse and transverse shear moduli of the
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carbon fibres (subscript f) and  is Young’s modulus of the positive electrode particles

(subscript p). The moduli of the constituents in the delithiated state (subscript dl) are denoted
as  , ,  , and 

,

respectively. In Eqs. (1) and (2) the state of charge is defined as SOC,

which is equal to one for fully charged state and equal to zero for discharged state. The
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changes in stiffness Δ  , Δ  and Δ are defined as the expected change going from
delithiated to lithiated state and are given in Table 1. As the stiffness of the coating and

EP

matrix are significantly lower than the transverse stiffness of the carbon fibres and the
stiffness of the particles, the volume changes of the active materials are assumed to be
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unconstrained. The volume of the non-active materials is assumed to be constant and the
outer surface of the composite free to expand. Hence, the volume fractions need to be
updated/normalized with respect to the total change in volume of the cross section for each
SOC different from the neutral state, i.e. the state in which the composite is manufactured. In
this analysis the discharged state (SOC=0) is defined as the neutral state in which the fibres
are delithiated  ,

and the positive electrode particles are lithiated  , . The sum of the

volume fractions of the constituents for the neutral state is therefore defined as

8
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 , + " + # + 

,

= 1.

(3)

In Eq. (3) " and # are volume fractions of coating (subscript c) and matrix (subscript m)
respectively. In the fully charged state (SOC=1) the volume fractions of the active electrode
constituents, i.e. fibres and particles, are updated according to the volume changes presented

delithiated 

,
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in Table 1. In this state the fibres are lithiated  , and the positive electrode particles are

. The sum of volume fractions, after applying the changes of the volume

SC

fractions of fibres ∆ and particles ∆ , is defined as

(4)
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∑  =  , (1 + ∆ ) + " + # +  , 1 − ∆ .

The volume changes of the active materials are assumed to be unconstrained and the volume
of the non-active materials is assumed to be constant. This means that the sum of volume
fractions in Eq. (4) does not have to be equal to one. The volume fractions of the constituents
in the charged state are therefore normalized with respect to the total volume fraction from

TE
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Eq. (4). The sum of normalized volume fractions is expressed as
&,'( (∆& )&) &* &+,( ,∆&+ 
∑&

&

&

=  , + ∑ )& + ∑*& + 

,

= 1.

(5)

EP

3.2 Micromechanical models (step 2 and 3)
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In the second step of the analytical model the effective properties of the particle reinforced
matrix are calculated using the CSA model developed by Hashin [21]. The effective Young’s
modulus is given by
./0 1 0

#
= /0 10 ,

(6)

where the effective bulk modulus 2 - is defined as
/+ ,/* (/* 31* )&+∗

2 - = 2# + /

∗
+ 31* ,/+ ,/* &+

.

(7)

9
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The subscripts m and p in Eq. (7) denotes matrix and particle properties respectively and  ∗
is the volume fraction of particles within the matrix (not to be confused with  defined as

 =  ∗ # ). The effective shear modulus  - is calculated solving the quadratic equation
1 0
1*



6 + 28 5

1 0
1*

6 + 9 = 0.

(8)
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45

The constants 4, 8 and 9 in Eq. (8) are calculated based on the shear modulus and Poisson’s
ratio of the two phases as described in [26]. This method is referred to as the generalized self-

SC

consistent method [23, 26]. It should be noted that the stiffness of the particles  and the
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volume fraction of particles within the matrix  ∗ are updated for each SOC.

In the third step of the analytical model the effective elastic properties of the three-phase
system (fibre, coating and particle reinforced matrix) are estimated using the N-phase CCA
model developed by Marklund et al. [24]. The cylinder representation of the three-phase

TE
D

system used in the N-phase CCA model is illustrated in Fig. 3. The effective properties of the
homogenised particle reinforced matrix derived in step 2 are used as input for the properties
of the particle reinforced matrix. The transverse bulk modulus of the three-phase system 2

@ A<

=
;=
< >= ?=

A@= A<
;=
B C= ?=

DE

(9)

,
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2 =

EP

is given as

where FG corresponds to radius of the outer cylinder surface and HG , IG and JG are functions

of the N-th phase’s elastic constants given in [24]. The unknown constants 4G , 4G
 are

derived by solving the micromechanics stress problem for nonzero uniform strain KL in the

radial and hoop directions under the assumption of transverse plane strain. In the case of a
three-phase system N is equal to three. The longitudinal modulus  and Poisson’s ratio M
are derived as

10
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 =
B

∑G
QR

A@P T<
A@ T<
;P
,?PA<P 6
B VP 5?P

,UP 

@ A<

=
,X= D<E ,;=
< ?=

M =

D<E

+

@ T<

@ T<

P ,? P 6
;P
< SP 5?P
PA<
∑G
QR
UP 

+

(10)

W,

A@= A<
,;=
B ?=
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B

G OP ?P ,?PA< 
B NKL ∑QR

D<E ?=


(11)

.

In Eqs. (10) and (11) FQ is the radius of the k-th cylinder and JQ , YQ , ZQ , [Q and ℎQ are

SC

functions of the k-th phase’s elastic constants given in [24]. The unknown constants 4Q , 4Q

M
AN
U

are calculated by solving the micromechanics stress problem for nonzero uniform strain KL

in the longitudinal direction assuming free contraction in the radial direction. The in-plane
shear modulus  is calculated as
 =

@ A<

= 5;= U ? =
1<]
< = =

A@= A<
,;=
6
B U= ?=

E
C<B

,

(12)
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where the unknown constants 4G , 4G
 in Eq. (12) are calculated solving the micromechanics
L
stress problem for nonzero pure in-plane shear strain I
. The transverse shear modulus 

EP

is calculated solving the micromechanics stress problem under pure shear loading in the
transverse plane. Displacement and stress continuity conditions are defined and set-up in a
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system of equations. The system of equations is solved by iterative reduction of a misfit
function for stress continuity at the composite interface. The transverse stiffness  and

Poisson’s ratio M is calculated based on the derived elastic constants 2 and  , given as
 =

N



bB
<
<

 <B W
^_B` ^aB` c<

, and

(13)



M = 1B − 1.

(14)

B`
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Detailed derivation and step-by-step procedure for implementing the N-phase CCA model are
given by Marklund et al. [24]. The elastic properties of the three phases (fibre, coating and
particle reinforced matrix) and the radius of the individual cylinders (related to volume
fractions) are updated for each SOC as described in section 3.1.
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4. Computational models

The computational models are set-up in the commercial FE software COMSOL 5.3 and the
numerical homogenisation is prepared in accordance to the procedure described by Barbero

SC

[27]. Two parametric FE models for square and hexagonal fibre packing arrangements are
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analysed. The models are repeatable unit cells (RUCs) and are used to predict the effective
elastic properties of the composite lamina for the two arrangements. The FE models are 3D
models using 20 node solid elements with three degrees of freedom at each node and
orthotropic material properties are assumed. Input values for the volume fractions, stiffness of
constituents, etc. are defined as parametric variables in the FE models, which makes it
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possible to vary the input values by running parametric sweeps. The elastic properties and
volume fractions of the constituents are updated as described in Section 3.1. The results from

EP

the FE models are used to validate the analytical model.
5. Parametric study
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A series of material and geometrical properties have been collected from various studies. The
variables, including range studied, evaluated in the parametric study are presented in Table 2.
The baseline values are referred to as the baseline configuration. Based on experimental data
[6, 25, 28] the Young’s modulus of the coating and matrix are assumed to be 0.1 GPa and
0.5 GPa respectively for the baseline case. The matrix is also reinforced with lithium metal
particles which further enhance the effective stiffness of the particle reinforced matrix (for
the baseline case in discharged state #
= 1.81 GPa). For most configurations considered in

the parametric study the stiffness of the coating will therefore be lower than the particle
12
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reinforced matrix due to the difference in assumed elastic properties and the reinforcing
effect of the particles in the matrix.
The parametric study is performed varying the parameters individually within the specified
range, while the remaining parameters are kept constant at their baseline value reported in
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Table 2. The studied range of the coating and matrix properties are based on assumed

variability of the polymer systems linked to change in compositions as described in the

respective studies. In the parametric study the densities of the coating and the polymer matrix

SC

are assumed constant, while their elastic properties are varied. This assumption has minor

6. Results and discussion
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effect on the electrical performance (which depend on the density of the constituents).

The results from the parametric study are summarised below. The complete collection of
results is available in Supplementary data.

TE
D

6.1 Baseline

The effective elastic properties for the baseline configuration are calculated for SOC=0 and
SOC=1 using the developed analytical model, and the FE models for validation. The results

EP

are presented in Table 3. For the baseline configuration the longitudinal stiffness  and the
in-plane shear stiffness  decreases by -0.1% and -0.8% respectively when the battery is
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charged (SOC=1) compared to when discharged (SOC=0), while the transverse properties 

and  increases approximately +3%. This is due to the fact of that the nominal stiffness of

the carbon fibres in the longitudinal direction does not change with SOC. The small reduction
in the longitudinal stiffness  is a result of changes in the properties of the positive electrode
particles resulting in decreased effective stiffness of the particle reinforced matrix. The
change in the remaining properties are mainly caused by changes in cross-section and

13
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transverse stiffness of the carbon fibres. The results also show very good agreement between
the analytical results and the numerical predictions.

6.2 Influence of negative electrode properties
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To study the influence of the fibre volume fraction on the effect of SOC on the elastic
properties of the composite lamina the effective elastic properties are calculated varying the
fibre volume fraction from 0.2-0.6 as shown in Fig. 4. For high volume fractions ( > 0.5),
the difference between charged and discharged state for the elastic properties  ,  and 
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are in the range of 5-10%. For  = 0.6 the transverse stiffness  is approximately 8% higher

in charged state compared to when discharged. The state of charge has minor effect on the
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longitudinal stiffness  . It should also be noted that the transverse stiffness  decreases
with increasing fibre volume fraction. This effect is a result of the relative increase of the
volume fraction of the soft coating with increased fibre volume fraction as the thickness of
the coating is constant for every choice of  . In Fig. 4 it can also be observed that the
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predicted results from the analytical model shows very good agreement with the results from
the FE models for all evaluated fibre volume fractions. The transverse modulus of the carbon

EP

fibre   and the change in transverse modulus with change in SOC Δ  are also varied
within the ranges given in Table 2 and the complete results are presented in Supplementary
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data. In the case of no change in transverse stiffness of the carbon fibre (Δ  = 0%), the
change in the transverse stiffness  with change in SOC is only +0.2% for the baseline

( = 0.4) but still +4% for  = 0.6 (to be compared with +3% and +8% respectively in case

of Δ  = 150%). In the case of increased transverse stiffness of the fibre (  = 25 GPa) the

change in the transverse stiffness  is +1.7% for the baseline ( = 0.4) and +6% for  = 0.6.

For a stiffer surrounding medium, the influence of transverse properties of the fibre on the
effect of SOC on the elastic properties are enhanced. The influence of the transverse
properties of the fibres on the effect of SOC on the elastic properties of the composite is
14
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found to depend on the stiffness ratios   /" and   /#
. These results show that the effect

of SOC on transverse elastic properties  and  are highly influenced by the fibre volume

fraction and assumed transverse properties of the carbon fibres.
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6.3 Influence of solid polymer electrolyte coating properties
In this section the influence of the properties of the coating on the effective elastic properties
of the composite lamina for different SOC is studied by varying the stiffness, Poisson’s ratio
and thickness of the coating. Figure 5 shows the transverse stiffness  and in-plane shear
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stiffness  at SOC=0 and SOC=1 varying Young’s modulus of the polymer coating from
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1 MPa to 3 GPa. It is clear that the stiffness of the coating has a significant effect on the
transverse and shear stiffness of the composite. Moreover, these stiffnesses are strongly
affected by the state of charge. From Fig. 5, it can be observed that for the baseline case
(" = 0.1 GPa) the change in the transverse stiffness  with change in SOC is only +3%
which is significantly lower compared with the cases of very soft coating (" = 1 MPa) and
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stiff coating (" = 3 GPa) with changes of -16% and +20% respectively. Also, the change of

the in-plane shear stiffness  is only -1% for the baseline case while -10% and +10% for

" = 1 MPa and " = 3 GPa, respectively. For a fibre volume fraction of 0.6 and a Young's
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modulus of the coating of 1 GPa the change in transverse stiffness  is predicted to be as
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high as +30% as the battery is charged (3.5 GPa at SOC=0 vs. 4.6 GPa at SOC=1). It should
be noted that the properties of the coating have only minor effect on the longitudinal stiffness
 (less than -0.1% change within the studied range).
Poisson’s ratio of the coating has significant impact on the effect of SOC on the effective
transverse elastic properties  and  of the composite as shown in Fig. 6. For high values
of Poisson’s ratio close to 0.5 (similar to rubber), the difference with SOC is +14% for the
baseline case, while it is only +1% for a Poisson’s ratio of 0.2. For a configuration of  = 0.6
15
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and " = 1 GPa and with a Poisson’s ratio of the coating of 0.45 (close to rubber) the
difference between extremes is as high as 37%. This shows that the properties of the coating
are crucial for the stiffness of the composite lamina as well as for stiffness consistency with
SOC. Furthermore, effects of coating thickness highly depend on its constitutive properties.

can be drawn.

6.4 Influence of positive electrode properties

RI
PT

Therefore, no general conclusions on how coating thickness influence the lamina properties

SC

The influence of the properties of the positive electrode (particle reinforced matrix) on the
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effect of SOC on the effective elastic properties of the composite lamina are studied by
varying the type of electrode particles, stiffness of the polymer matrix and volume fraction of
particles. The effect of SOC on the elastic properties is studied for three different electrode
materials (given in Table 2). The change in stiffness between SOC=0 and SOC=1 is largest
for LiCoO2 due to the fact that the stiffness of the CoO2 particles increases approximately

TE
D

350% when lithiated [9]. For the baseline configuration the change in transverse stiffness 
is +5.6% for LiCoO2 while only +2% for LiMn2O4 and +3% for LiFePO4. For configurations

EP

with higher stiffness of the surrounding matrix and higher volume fraction of particles, this
effect is enhanced. Consequently, for configurations with high concentrations of LiCoO2 in a
stiff polymer matrix, large change in effective elastic properties due to change in SOC can be

AC
C

expected. In the case of  = 0.6, # = " = 1 GPa, M" = 0.45 and  ∗ = 0.6 of LiCoO2 in the
matrix the change in transverse stiffness between SOC=0 and SOC=1 is approximately
+43%. It should be noted that the choice of positive electrode material and the volume
fraction of active materials (fibres and particles) also have significant impact on the electrical
performance. Predicted specific capacities for the studied configurations are presented in
Supplementary data.
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6.5 Effects on laminate level
The effects from changes in elastic properties of the unidirectional lamina are compared with
the effects of SOC on the elastic properties of a [0/90]S laminate. For this laminate
configuration the changes of the transverse elastic property of the individual laminae are
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suppressed for the elastic properties of the laminate in the 0 and 90-degree directions. On the
other hand, the in-plane shear stiffness of the laminate is highly affected by SOC. For the
critical configuration described in previous section with a predicted change in transverse

SC

stiffness of the individual laminae of approximately +43% the change in in-plane shear

stiffness of the laminate is approximately +40%. The change in in-plane elastic properties in
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the 0 and 90-degree directions is only about +1%. This provides additional information
regarding the effects of SOC at a laminate level.

Changes in moduli of the individual laminae will also affect the macroscopic stress
distribution in the composite laminate. A significant increase in the transverse stiffness of the

TE
D

laminae, while the longitudinal stiffness remains nearly constant, will result in redistributed
stresses in the laminate potentially leading to earlier crack initiation in the laminae with fibres

7. Conclusions
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transverse to the loading direction.
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In this study, the effects of state of charge (SOC) on the elastic properties of 3D structural
batteries are studied. An analytical model based on micromechanical models is developed to
estimate the effective elastic properties of a three-phase (carbon fibre, coating and particle
reinforced matrix) 3D structural battery composite at different SOC. A parametric study is
performed to investigate how design parameters such as volume fraction of active materials,
stiffness of constituents, type of positive electrode material, etc. affect the elastic properties
of the structural battery composite at different SOC. To validate the analytical model
parametric FE models for square and hexagonal fibre packing arrangements were developed
17
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and the results show good agreement between the analytical results and the numerical
predictions.
The transverse elastic properties  and  and the in-plane shear modulus  are found to
be highly affected by the SOC for critical configurations, while the longitudinal stiffness 

RI
PT

is not significantly affected by the SOC. Fibre volume fraction and properties of the coating
(stiffness and Poisson’s ratio) are identified as critical design parameters and have significant
impact on the effect of SOC on the elastic properties of the composite lamina. For

SC

configurations with a high fibre volume fraction ( ≥ 0.6) and Young’s modulus of the solid
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polymer electrolyte coating of 1 GPa or higher up to 30% change in transverse stiffness 
with a change in SOC is found. In the case of rubbery coating (M" = 0.45) and high volume

fraction of LiCoO2 particles in a stiff polymer matrix (# = " = 1 GPa and  ∗ = 0.6) the

predicted change in transverse stiffness  is as high as +43%. This shows that the effects of
SOC on the elastic properties are crucial to account for when designing 3D structural battery

important.
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Fig. 1. Schematic illustration of the 3D structural battery composite architecture.
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Fig. 2. Illustration of the geometry of the 3D structural battery cell.

Fig. 3. Cylinder representation of the three-phase system used in the N-phase CCA model
(phase 1 fibre, phase 2 coating and phase 3 particle reinforced matrix).
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Fig. 4. Variation of effective elastic properties of the composite lamina at SOC=0 and
SOC=1 with change in fibre volume fraction  . Left figures: elastic properties. Right figures:

EP

difference in stiffness between discharged (SOC=0) and charged (SOC=1) state. The fibre

AC
C

volume fraction 0.4 corresponds to the baseline.

23

ACCEPTED MANUSCRIPT
Fig. 5. Variation of effective elastic properties  and  of the composite lamina at SOC=0
and SOC=1 with change in Young’s modulus of coating " . Left figures: elastic properties.
Right figures: difference in stiffness between discharged (SOC=0) and charged (SOC=1)
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state. Young’s modulus of 0.1 GPa corresponds to the baseline.

Fig. 6. Variation of effective elastic properties  and  of the composite lamina at SOC=0

TE
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and SOC=1 with change in Poisson’s ratio of coating M" . Left figures: elastic properties.

Right figures: difference in stiffness between discharged (SOC=0) and charged (SOC=1)
state. Poisson’s ratio of 0.38 corresponds to the baseline.
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Tables

Table 1. Volume and stiffness changes of the battery electrode materials. The changes are

AC
C

defined as the change moving from the delithiated to the lithiated state of the material.
Electrode material
Delithiated Lithiated

Volume change
Δ (%)

Stiffness changes
Δ  (%)
Δ  (%)

Reference

FePO4
Mn2O4
CoO2
Carbon
fibre (C)

LiFePO4
LiMn2O4
LiCoO2

5
6.8
2

0
0
350

0
0
350

[9, 12]
[9]
[9]

-

10 (radial dir.)

-100 d1 −

150

[8, 10, 11]
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Table 2. Material and geometric properties used as baseline values and range studied in the
parametric study.

Material/geometric property

Variable

Baseline
Range studied
value

Fibre volume fraction (-)
Longitudinal fibre stiffness (GPa)


 ,

0.4
290

0.2 – 0.6
-

[5]

10

10 – 25

[29]

Δ 

150

0 – 150

[10, 11]

10

-

RI
PT

M  , M 
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0.2

-

2.5
0.1
0.38
0.5
0.5
0.38

0.001 – 3
0.2 – 0.49
0.2 – 1
0.001 – 3
-

∗

0.5

0.2 – 0.6


M

FePO4
125
0.28

Mn2O4 CoO2 [9, 12]
192
60
[9, 12]
0.24
0.32 [9, 12]

F
"
M"
f"
#
M#
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Transverse fibre stiffness (GPa)
Change in transverse fibre stiffness
with change in SOC (%)
Shear modulus fibre (GPa)
In-plane and transverse Poisson’s ratio
fibre (-)
Radius of carbon fibre (µm)
E-modulus coating (GPa)
Poisson’s ratio coating
Thickness coating (µm)
E-modulus matrix excl. particles (GPa)
Poisson’s ratio matrix (-)
Volume fraction of particles within the
matrix (-)
Active positive electrode material (-)
E-modulus particles (GPa)
Poisson’s ratio particles (-)

 ,

Reference

,

[6, 28]
[6]
[25]
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Table 3. The effective elastic properties for the baseline configuration calculated using the
analytical model. The results from the FE models are added for validation purpose.
SOC (-)

 (GPa)

 (GPa)

 (GPa)

 (GPa)

Analytical
Analytical
Difference (Analytical)
FE model Sq.
FE model Sq.
FE model Hex.
FE model Hex.

0
1
0
1
0
1

116.8
116.7
-0.1%
116.8
116.7
116.8
116.7

1.052
1.084
3.0%
1.059
1.073
1.048
1.081

0.354
0.351
-0.9%
0.351
0.346
0.355
0.350

0.375
0.387
3.1%
0.381
0.383
0.374
0.386
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Model
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