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Abstract: The effects of state of charge (SOC) on the elgstiperties of 3D structural
battery composites are studied. An analytical mbdsked on micromechanical models is
developed to estimate the effective elastic progedf 3D structural battery composite
laminae at different SOC. A parametric study ifgened to evaluate how different design
parameters such as volume fraction of active naseistiffness of constituents, type of
positive electrode material, etc. affect the mod@ithe composite lamina for extremes in
SOC. Critical parameters and configurations resglin large variations in elastic properties
due to change in SOC are identified. As the extreases are of primary interest in structural
design, the effective elastic properties are ostineated for the electrochemical states
corresponding to discharged (SOC=0) and fully cbarOC=1) battery. The change in
SOC is simulated by varying the volume and elgstperties of the constituents based on
data from literature. Parametric finite element)Rtodels for square and hexagonal fibre
packing arrangements are also analysed in the cocr@ahEE software COMSOL and used

to validate the analytical model. The present stltyws that the transverse elastic properties

E, andG,; and the in-plane shear modulkis are strongly affected by the SOC while the
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longitudinal stiffnes<; is not. Fibre volume fraction and the propertiethe coating (such
as stiffness and Poisson’s ratio) are identifiedrdaial parameters that have significant
impact on the effect of SOC on the effective etagtoperties of the composite lamina. For
configurations with fibre volume fractidr} > 0.4 and Young’s modulus of the coating of

1 GPa or higher, the transverse propetiieandG,; change more than 30% between
extremes in SOC. Furthermore, for configurationthwigh volume fractions of electrode
materials and coating properties approaching tbbsebber the predicted change in
transverse stiffness, is as high as +43%. This shows that it is crucidbke effects of SOC
on the elastic properties into account when des@BD structural battery composite

components.

Keywords: A. Carbon fibres; A. Functional composites; B.d&leal properties; C. Elastic

properties; C. Modelling

1. Introduction

The structural battery composite is a class of cusite materials with ability to store
electrical energy in the form of chemical energg.(work as a battery) while simultaneously
provide mechanical integrity in a structural systé&ne promising approach for realising a
structural battery is the three-dimensional (3Ctjdrg architecture developed by Asp and co-
workers [1-3]. In the 3D structural battery arcbitee, the carbon fibres work as mechanical
reinforcement in a polymer matrix and simultanepiigshction as negative electrodes in the
battery cell. Carbon fibres are used due to thgin Bpecific mechanical and electrical
properties [4, 5]. The carbon fibres are coateth within polymer coating which works as a
combined electrolyte and separator layer [6]. Tureasinding polymer matrix is doped with
lithium-metal-oxide based patrticles to work as pesielectrode in the battery cell. The

benefit of using this cell concept is that it sigrantly reduces the distance between



electrodes and thereby reduce ohmic losses dine tiow ion conductivity of the solid

polymer electrolyte coating [3]. The 3D batteryhatecture is illustrated in Fig. 1.

The 3D battery architecture illustrated in Fig.atresponds to a composite lamina. When
applied in a structural system several of thesteetyalaminae will be stacked in different
configurations, as done in ordinary composite latens. As the battery composite laminae
are electrically conductive they need to be ingddtom neighbouring plies. Furthermore,
the structural battery composite is sensitive tastnoe and must be protected from exposure
to moist. This can be done by adding a coatingrlay@ouch cell materials on the outer
surfaces of the components and adding connectimnspor the current collectors. Some of
these practical issues and additional discussinrti@application of the structural battery

composites in load carrying structures have beesgmted by Asp and Greenhalgh [7].

It is well known that battery electrodes expandfghdue to insertion/exit of lithium ions in
the electrode materials (i.e. charging/dischargifhtpe battery). Jacques et al. [8] showed
that insertion of lithium ions into carbon fibresuses the fibre to expand approximately 1%
in longitudinal direction and 8-13% in radial ditea. It is also known that positive electrode
materials undergo significant volume changes. kample, MO, particles expand/shrink
approximately 7% due to lithiation/delithiation [% addition to the volume change it has
also been shown that the elastic properties oébaglectrode materials such as carbon
fibres, graphite and positive electrode particlesadfected by lithium-ion concentration [9—
12]. The variation of the volume expansion/shrir&kagd lithium concentration in the
electrode materials are directly linked to theeste#tcharge (SOC) of the battery, which refers

to the amount of energy currently stored in thedogat

As the electrochemically active materials (i.e. ¢hectrodes) in ordinary lithium-ion batteries
are not designed to carry load, effects of statehafge on mechanical integrity are mainly
considered from a safety and durability point awi e.g. to avoid short circuit or damage to
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the electrodes [13-15]. Jun Xu et al. [15], invgetied electrochemical failure behaviour for
traditional lithium-ion batteries with various S@@d noticed that the mechanical behaviour
of the battery electrodes is highly dependent o& Sthe experimental results showed that
the structural stiffness increased for higher SiB@he work by Johannisson et al. [16]
results also suggest that the elastic propertiéenohated structural battery half-cells change
due to change in SOC. The experimental resulteepted by Johannisson and co-workers
indicate an increase in the transverse stiffnessetUD composite lamina (i.e. negative half-
cell) of approximately 10% when charged comparedrgn state. Existing work, which
deals with computational modelling of structuraftbaes, focus on modelling the coupling
between mechanical and electrochemical respongetiict displacements and stresses
induced by electrochemical cycling. Pupurs et®f] studied how the internal stresses in
carbon fibres are affected by lithium concentraijoadients associated with electrochemical
cycling. Johanna Xu et al. [18, 19] developed anfrevork in COMSOL for multiphysics
modelling of the 3D structural battery to prediteirnal stresses due to swelling/shrinkage of
the constituents related to the electrochemicalti@as. Furthermore, an analytical model to
predict the deformations and stresses in laminsttedtural batteries has been developed by
Dionisi et al. [20]. In contrast to ordinary batésy, the active materials in the structural
battery are intended to carry mechanical load. Eguently, it is crucial to understand and be
able to predict any change in the elastic propedfedhe composite with change in SOC
when evaluating the structural performance of tla¢enial. To date a model to predict effects

of electrochemical cycling on the constitutive pedpes of a 3D structural battery is lacking.

In this paper an analytical model based on avalabntromechanical models is developed to
investigate how the elastic properties of the 3Dcdtral battery composite are affected by
changes in volume and stiffness of constituentsaated with a change in SOC. A

parametric study is performed using the developedehto analyse how different design



parameters such as volume fraction of active nagestiffness of constituents, type of
positive electrode material, etc. affect the modtithe structural battery composite for
extremes in SOC. The effective elastic propertiab® composite lamina are estimated for a
discharged (SOC=0) and fully charged (SOC=1) batted critical parameters /
configurations resulting in large changes in etagtoperties due to change in SOC are
identified. The developed analytical model is basedhe Composite Spheres Assemblage
(CSA) model presented by Hashin [21] and a gersatadin of the Composite Cylinder
Assemblage (CCA) [21-23] for N-phase compositesesged by Marklund et al. [24], here
referred to as N-phase CCA. The CSA model and tphdse CCA model are combined and
used to estimate the effective elastic propertigkelamina for different SOC. The change
in SOC is simulated by varying the volume and edgstoperties of the constituents based on
data from literature. To validate the analyticaldeloparametric finite element (FE) models
for square and hexagonal fibre packing arrangenaatdeveloped in the commercial FE
software COMSOL. The FE models are used to estithateffective elastic properties of the
composite lamina for the two packing arrangementisthae results are compared with the

results from the analytical model.

It should be noted that stress distributions ateemorted in this work. The reason is that it is
unlikely that the two electrochemical steady stgeserate the most severe stress states. That
IS, concentrations gradients in constituents, tlaéefiect, etc., which further depend on
charge/discharge rate are currently not considdieid.will affect the stresses at the

microlevel during electrochemical cycling.

2. Materials and geometry
The 3D structural battery cell consists of threag@s: the carbon fibre that acts as the
negative electrode, the polymer coating that astsoanbined electrolyte and separator and

finally the particle reinforced matrix that actstbhe positive electrode (Fig. 2). The
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electrochemically active materials on the negadide of the battery are carbon fibres and on
the positive side lithium-metal-oxide based pagsatlistributed within the polymer matrix. In

addition, the matrix is doped with carbon blackémduct electrons.

The carbon fibres are assumed to be IMS65 unsikessfand the coating is assumed to be
made of the polymer system developed by Leijonneaid. [6]. The elastic properties for
this polymer system can be altered by changingtbgs-linking density in relation to the
ethylene oxide groups as described in the studyeljgnmark. The positive electrode matrix
is assumed to be made of a bi-continuous polymigvark developed by Ihrner et al. [25].
The elastic properties of this system have beatiesilby Ihrner and co-workers and as
described by the authors the elastic properti¢sisfpolymer system can be altered by
changing the chemical composition. The polymer ixa&trreinforced with lithium metal

particles used in commercially available batteries.

2.1 Effects of state of charge on volume and stiffness of constituents

Volume and stiffness changes of battery electrodeerials have been reported in [8-12] and
values for the electrode materials consideredighdtudy are summarized in Table 1. The
volume and stiffness changes are stated as th@ehawolume and stiffness of the
constituents moving from the delithiated statehef inaterial (i.e. when it does not contain
any lithium-ions) to the lithiated state. It shoblel noted that the change in longitudinal
stiffness of carbon fibres is negative and is dafiwith respect to the ratio between the fibre
volume fraction in delithiated stalg,;, and the fibre volume fraction in lithiated stéte.

This assumption is based on measurements by Jaetjak$10] who showed that the
nominal longitudinal stiffness was unaffected bg lithiation degree while the cross-section
area of the fibre increased approximately 10%. feans that the axial elastic modulus
must decrease in proportion to the increase irsesestion area. The change in transverse
stiffness of carbon fibres due to lithiation ishe authors knowledge unknown. However, a
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change in stiffness of graphite used in commesceathailable Li-ion batteries have been
reported by Qi et al. [11]. In that study, it wa®s that the out-of-basal-plane stiffness
increase approximately 150% while the in-basal-plstiffness components decreased
slightly as the graphite was lithiated. We assumeegraphite planes within the carbon fibre

to be mainly arranged along the fibre directionu3ithe change in transverse stiffness for
the carbon fibre is expected to be similar to th@nge in out-of-basal-plane stiffness of
graphite. It should also be noted that the posgiteetrode particles are modelled as isotropic,
homogeneous particles. Hence, average elastic m®déithe particlesy,, is used in the

analysis.

3. Analytical model

The developed analytical model used to estimateffieetive elastic properties of the 3D
structural battery composite at different SOC tsugein four steps. In step 1 the elastic
properties and volume fractions of the constituansupdated based on input data for the
given SOC. In step 2 the CSA model is used to tatieuhe effective elastic properties of the
particle reinforced matrix (the positive electrade)step 3 the N-phase CCA model is used
to compute the effective elastic properties ofttiree-phase system (fibre, coating and
particle reinforced matrix) using the effectivestia properties of the particle reinforced
matrix from step 2 as input. In a final step tharude in elastic properties between the

evaluated SOC is calculated. Details of step lejaren below.

3.1 Effects of state of charge on moduli and volume fractions (step 1)

With respect to structural design the extreme casesritical and for this reason only the
electrochemical states corresponding to dischai@ed=0) and fully charged (SOC=1)
battery are considered. In the fully charged stagecarbon fibres are assumed to be fully
lithiated and the positive electrode particlesasgsumed to be delithiated. In the discharged
state the opposite conditions are assumed. Thea@bemical states are assumed to be
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frozen, i.e. the electrochemical reactions arerassito be unaffected by the applied
mechanical load within the frame of reference ($haflormations), as shown for carbon
fibres by Jacques et al. [10]. The material respansssumed to be linear elastic. The
changes in elastic properties are applied by cingnitie properties of the constituents for the

given SOC. The stiffness of the active materiats¢ts and particles) are defined as

T
Ef = Ef,,(1+S0C- AEF), Ef = Ef, (1 +S0C- AEY), GT = 2(1?17;”)’ (1)

E, = Ep (14 (1 —S0C) - AE,), (2)

whereE}F, Ef andG{T are the longitudinal, transverse and transversargioduli of the
carbon_fibres (subscript f) arfg), is Young’s modulus of the positive electrode et
(subscript p). The moduli of the constituents ia tlelithiated state (subscrig) are denoted
asEf%dl, Egd, andEp, 4, respectively. In Egs. (1) and (2) the state ofgeas defined as SOC,
which is equal to one for fully charged state agdat to zero for discharged state. The
changes in stiffnesSEf, AE{ andAE,, are defined as the expected change going from
delithiated to lithiated state and are given inl&db As the stiffness of the coating and
matrix are significantly lower than the transvestiéiness of the carbon fibres and the
stiffness of the particles, the volume change$efdctive materials are assumed to be
unconstrained. The volume of the non-active mdgeisaassumed to be constant and the
outer surface of the composite free to expand. Elethe volume fractions need to be
updated/normalized with respect to the total chang®lume of the cross section for each
SOC different from the neutral state, i.e. theestatwhich the composite is manufactured. In
this analysis the discharged state (SOC=0) is ddfas the neutral state in which the fibres
are delithiated’t4; and the positive electrode particles are lithidfgd The sum of the

volume fractions of the constituents for the ndwgtate is therefore defined as



Vf,dl + VC + Vm + Vp,l = 1 (3)

In Eq. (3)V. andl},, are volume fractions of coating (subscript c) amatrix (subscript m)

respectively. In the fully charged state (SOC=%&)\blume fractions of the active electrode
constituents, i.e. fibres and patrticles, are ugblateording to the volume changes presented
in Table 1. In this state the fibres are lithialggdand the positive electrode particles are
delithiatedV, 4;. The sum of volume fractions, after applying tharges of the volume

fractions of fibres\lV; and particledV, is defined as
YV =Vig(1+AV) + Ve + Vi + V(1 — AW). (4)

The volume changes of the active materials arenasguo be unconstrained and the volume
of the non-active materials is assumed to be cohstais means that the sum of volume
fractions in Eq. (4) does not have to be equaht dhe volume fractions of the constituents
in the charged state are therefore normalized mggpect to the total volume fraction from

Eq. (4). The sum of normalized volume fractionexpressed as

Veqi(1+AV)+Ve +Vin +Vp 1(1-4V,) v +&+V_m
YV (L Tsy Tyy

+ Vp,dl == 1 (5)

3.2 Micromechanical models (step 2 and 3)

In the second step of the analytical model thecéffe properties of the particle reinforced
matrix are calculated using the CSA model develdpeHashin [21]. The effective Young’s

modulus is given by

m = 3keffgeff’

where the effective bulk modulé&! is defined as

(Kp—Km) BKm+4Gm)Vp 7)
3Kp+4Gm—3(Kp—Km )V’

Ko = K, +



The subscripts m and p in Eq. (7) denotes matrikggamticle properties respectively aifl
is the volume fraction of particles within the niafnot to be confused witl}, defined as

V, = V5 Vin). The effective shear modulGs$™ is calculated solving the quadratic equation

A (‘3:“)2 + 2B (GGeff) +C=0. (8)

m m

The constantd, B andC in Eq. (8) are calculated based on the shear mmeduid Poisson’s
ratio of the two phases as described in [26]. Tieshod is referred to as the generalized self-

consistent method [23, 26]. It should be noted thatstiffness of the particldg and the

volume fraction of particles within the mati¥ are updated for each SOC.

In the third step of the analytical model the difex elastic properties of the three-phase
system (fibre, coating and particle reinforced maire estimated using the N-phase CCA
model developed by Marklund et al. [24]. The cyBndepresentation of the three-phase
system used in the N-phase CCA model is illustratdeg. 3. The effective properties of the
homogenised patrticle reinforced matrix derivedtep< are used as input for the properties
of the particle reinforced matrix. The transveraékimodulus of the three-phase systkEsg

is given as

any—1 —any-—1
K _ AIlv.BNTNN +A12VerN v (9)
23 — ]

280

wherery corresponds to radius of the outer cylinder seraedSy, yy anday are functions
of theN-th phase’s elastic constants given in [24]. Thienawn constantd?, AY are
derived by solving the micromechanics stress prolite nonzero uniform straig, in the
radial and hoop directions under the assumptidraosverse plane strain. In the case of a
three-phase systeMis equal to three. The longitudinal modukjsand Poisson’s ratio; ,

are derived as
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E1=

k dk+1 ak+1

e N gk(ﬁf—rf—ﬂ_}_zw Alfk(rk “Th—1 )+

8107‘1% 10 k=1 2 k=1 “k"‘l (10)
k —ak+1 —ak+1

ZN Azhk(rk 1 )

k=2 —ap+1 !

- _AN AN N, —aN—l

iy = YNEL—AT Ty 2Ty . (11)

€10

In Egs. (10) and (1), is the radius of thk-th cylinder andxy,, ¥, g, fix andh, are
functions of thek-th phase’s elastic constants given in [24]. Thienewn constantd’, A%
are calculated by solving the micromechanics syesislem for nonzero uniform strasn,
in the longitudinal direction assuming free conti@t in the radial direction. The in-plane

shear modulu§;, is calculated as

N (4N N—l NT o 12
612: 0 f ( )

where the unknown constam$, AY in Eq. (12) are calculated solving the micromeatgn
stress problem for nonzero pure in-plane sheanstfa. The transverse shear modulis

is calculated solving the micromechanics stresblprm under pure shear loading in the
transverse plane. Displacement and stress contionitditions are defined and set-up in a
system of equations. The system of equations v&edddy iterative reduction of a misfit
function for stress continuity at the compositeriface. The transverse stiffnggsand

Poisson’s ratia,; is calculated based on the derived elastic cotskgn andG,3, given as

1
E,=———— and
v 13
(41(123+40123+EL12) ( )
E
v23 = _ZGZ3 - 1 (14)
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Detailed derivation and step-by-step procedurenimlementing the N-phase CCA model are
given by Marklund et al. [24]. The elastic propestof the three phases (fibre, coating and
particle reinforced matrix) and the radius of thdividual cylinders (related to volume

fractions) are updated for each SOC as describedation 3.1.

4. Computational models

The computational models are set-up in the commleft softwareCOMSOL 5.3 and the
numerical homogenisation is prepared in accordémt®e procedure described by Barbero
[27]. Two parametric FE models for square and herabfibre packing arrangements are
analysed. The models are repeatable unit cells GREdad are used to predict the effective
elastic properties of the composite lamina fortthe arrangements. The FE models are 3D
models using 20 node solid elements with threeetegof freedom at each node and
orthotropic material properties are assumed. Inplites for the volume fractions, stiffness of
constituents, etc. are defined as parametric @sah the FE models, which makes it
possible to vary the input values by running pataimeweeps. The elastic properties and
volume fractions of the constituents are updatedeasribed in Section 3.1. The results from

the FE models are used to validate the analyticalah

5. Parametric study

A series of material and geometrical propertiesehasen collected from various studies. The
variables, including range studied, evaluated engarametric study are presented in Table 2.
The baseline values are referred to as the basmimfeguration. Based on experimental data
[6, 25, 28] the Young’s modulus of the coating amatrix are assumed to be 0.1 GPa and
0.5 GPa respectively for the baseline case. Thexmatalso reinforced with lithium metal
particles which further enhance the effective séffs of the particle reinforced matrix (for

the baseline case in discharged sE§fé= 1.81 GPa). For most configurations considered in

the parametric study the stiffness of the coatirbtierefore be lower than the particle
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reinforced matrix due to the difference in assuml@gdtic properties and the reinforcing

effect of the particles in the matrix.

The parametric study is performed varying the patans individually within the specified
range, while the remaining parameters are kepttannat their baseline value reported in
Table 2. The studied range of the coating and mptoperties are based on assumed
variability of the polymer systems linked to chamgeompositions as described in the
respective studies. In the parametric study thaitlea of the coating and the polymer matrix
are assumed constant, while their elastic proseatie varied. This assumption has minor

effect on the electrical performance (which dependhe density of the constituents).

6. Results and discussion
The results from the parametric study are sumnmabséow. The complete collection of

results is available in Supplementary data.

6.1 Baseline

The effective elastic properties for the baselioefiguration are calculated for SOC=0 and
SOC=1 using the developed analytical model, and-Ehenodels for validation. The results
are presented in Table 3. For the baseline cordtgur the longitudinal stiffneds; and the
in-plane shear stiffnegs,, decreases by -0.1% and -0.8% respectively whehdttery is
charged (SOC=1) compared to when discharged (SQ@#le the transverse propertiés
andG,; increases approximately +3%. This is due to thedéathat the nominal stiffness of
the carbon fibres in the longitudinal direction da®t change with SOC. The small reduction
in the longitudinal stiffness; is a result of changes in the properties of tr@tpe electrode
particles resulting in decreased effective stiffnethe particle reinforced matrix. The

change in the remaining properties are mainly chbyechanges in cross-section and
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transverse stiffness of the carbon fibres. Thelt®salso show very good agreement between

the analytical results and the numerical predigtion

6.2 Influence of negative electrode properties

To study the influence of the fibre volume fractmmthe effect of SOC on the elastic
properties of the composite lamina the effectiasit properties are calculated varying the
fibre volume fraction from 0.2-0.6 as shown in FgFor high volume fraction¥{(> 0.5),

the difference between charged and dischargedfstatiee elastic propertids,, G;, andG,
are in the range of 5-10%. Fgr= 0.6 the transverse stiffneBg is approximately 8% higher
in charged state compared to when discharged. ke & charge has minor effect on the
longitudinal stiffness;. It should also be noted that the transversenssfE, decreases
with increasing fibre volume fraction. This effégta result of the relative increase of the
volume fraction of the soft coating with increaditle volume fraction as the thickness of
the coating is constant for every choicd/pfin Fig. 4 it can also be observed that the
predicted results from the analytical model shoety\good agreement with the results from
the FE models for all evaluated fibre volume fraig§. The transverse modulus of the carbon
fibre Ef and the change in transverse modulus with chan§©ICAE! are also varied
within the ranges given in Table 2 and the compleseilts are presented in Supplementary
data. In the case of no change in transverse as$i§fiof the carbon fibraE!l = 0%), the
change in the transverse stiffnésswith change in SOC is only +0.2% for the baseline

(V¢ = 0.4) but still +4% foW; = 0.6 (to be compared with +3% and +8% respedgtivetase

of AET = 150%). In the case of increased transversaesiff of the fibreF! = 25 GPa) the
change in the transverse stiffnéssis +1.7% for the baselin&y(= 0.4) and +6% foV; = 0.6.
For a stiffer surrounding medium, the influencdrahsverse properties of the fibre on the
effect of SOC on the elastic properties are entdntee influence of the transverse

properties of the fibres on the effect of SOC amdlastic properties of the composite is
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found to depend on the stiffness rati)SE. andEf /EE. These results show that the effect
of SOC on transverse elastic properfigsandG,; are highly influenced by the fibre volume

fraction and assumed transverse properties ofatmon fibres.

6.3 Influence of solid polymer electrolyte coating properties

In this section the influence of the propertieshaf coating on the effective elastic properties
of the composite lamina for different SOC is stdddy varying the stiffness, Poisson’s ratio
and thickness of the coating. Figure 5 shows thestrerse stiffness, and in-plane shear
stiffnessG,, at SOC=0 and SOC=1 varying Young’'s modulus ofpblgmer coating from

1 MPa to 3 GPa. It is clear that the stiffnessheftoating has a significant effect on the
transverse and shear stiffness of the compositeeder, these stiffnesses are strongly
affected by the state of charge. From Fig. 5, 1itloa observed that for the baseline case
(E. = 0.1 GPa) the change in the transverse stiffAgsgith change in SOC is only +3%
which is significantly lower compared with the casé very soft coatingd. = 1 MPa) and
stiff coating €, = 3 GPa) with changes of -16% and +20% respegtivdto, the change of
the in-plane shear stiffne&s, is only -1% for the baseline case while -10% ah@% for

E. =1 MPa and, = 3 GPa, respectively. For a fibre volume fractodi®.6 and a Young's
modulus of the coating of 1 GPa the change in wense stiffnesg’, is predicted to be as
high as +30% as the battery is charged (3.5 GB&®&t=0 vs. 4.6 GPa at SOC=1). It should
be noted that the properties of the coating halemmor effect on the longitudinal stiffness

E; (less than -0.1% change within the studied range).

Poisson’s ratio of the coating has significant istpan the effect of SOC on the effective
transverse elastic propertiés andG,5 of the composite as shown in Fig. 6. For high e@alu
of Poisson’s ratio close to 0.5 (similar to rubbéme difference with SOC is +14% for the

baseline case, while it is only +1% for a Poisseat® of 0.2. For a configuration &f = 0.6
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andE. = 1 GPa and with a Poisson’s ratio of the coatin@.45 (close to rubber) the
difference between extremes is as high as 37%.shuws that the properties of the coating
are crucial for the stiffness of the composite lzamas well as for stiffness consistency with
SOC. Furthermore, effects of coating thicknessIigigepend on its constitutive properties.
Therefore, no general conclusions on how coatirgktiess influence the lamina properties

can be drawn.

6.4 Influence of positive electrode properties

The influence of the properties of the positivectlede (particle reinforced matrix) on the
effect of SOC on the effective elastic propertiethe composite lamina are studied by
varying the type of electrode particles, stiffnesthe polymer matrix and volume fraction of
particles. The effect of SOC on the elastic prapsiis studied for three different electrode
materials (given in Table 2). The change in stgbetween SOC=0 and SOC=1 is largest
for LiICoO;, due to the fact that the stiffness of the Gp@rticles increases approximately
350% when lithiated [9]. For the baseline configiorathe change in transverse stiffnéss

is +5.6% for LiCoQ while only +2% for LiMnO,4 and +3% for LiFeP@ For configurations
with higher stiffness of the surrounding matrix dangher volume fraction of particles, this
effect is enhanced. Consequently, for configuratmrth high concentrations of LiCaen a
stiff polymer matrix, large change in effectivestla properties due to change in SOC can be
expected. Inthe casef=0.6,E,, =E. = 1 GPay, = 0.45 and}’ = 0.6 of LiCoQ in the
matrix the change in transverse stiffness betw&2@-8 and SOC=1 is approximately
+43%. It should be noted that the choice of posi@lectrode material and the volume
fraction of active materials (fibres and particlalo have significant impact on the electrical
performance. Predicted specific capacities forstinelied configurations are presented in

Supplementary data.
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6.5 Effects on laminate |evel

The effects from changes in elastic propertiehefunidirectional lamina are compared with
the effects of SOC on the elastic properties @/8J}s laminate. For this laminate
configuration the changes of the transverse elastiperty of the individual laminae are
suppressed for the elastic properties of the lamimathe 0 and 90-degree directions. On the
other hand, the in-plane shear stiffness of therlate is highly affected by SOC. For the
critical configuration described in previous sectiith a predicted change in transverse
stiffness of the individual laminae of approximgtel3% the change in in-plane shear
stiffness of the laminate is approximately +40%e Thange in in-plane elastic properties in
the 0 and 90-degree directions is only about +1Bts provides additional information

regarding the effects of SOC at a laminate level.

Changes in moduli of the individual laminae wikalaffect the macroscopic stress
distribution in the composite laminate. A signifitancrease in the transverse stiffness of the
laminae, while the longitudinal stiffness remaimsrty constant, will result in redistributed
stresses in the laminate potentially leading tdiexazrack initiation in the laminae with fibres

transverse to the loading direction.

7. Conclusions

In this study, the effects of state of charge (SOC)he elastic properties of 3D structural
batteries are studied. An analytical model basethiznomechanical models is developed to
estimate the effective elastic properties of agtphkase (carbon fibre, coating and particle
reinforced matrix) 3D structural battery compositalifferent SOC. A parametric study is
performed to investigate how design parameters asatolume fraction of active materials,
stiffness of constituents, type of positive eled&@anaterial, etc. affect the elastic properties
of the structural battery composite at differentCS@o validate the analytical model

parametric FE models for square and hexagonal fiacking arrangements were developed
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and the results show good agreement between thgieakresults and the numerical

predictions.

The transverse elastic propertigsandG,; and the in-plane shear modulils are found to

be highly affected by the SOC for critical configtions, while the longitudinal stiffnegs

is not significantly affected by the SOC. Fibrewmlke fraction and properties of the coating
(stiffness and Poisson’s ratio) are identified @igcal design parameters and have significant
impact on the effect of SOC on the elastic propsrtif the composite lamina. For
configurations with a high fibre volume fractior} & 0.6) and Young’'s modulus of the solid
polymer electrolyte coating of 1 GPa or higher @@3®% change in transverse stiffn€ss

with a change in SOC is found. In the case of rapbeating ¢. = 0.45) and high volume
fraction of LiCoQ particles in a stiff polymer matriE(, = E. = 1 GPa andt; = 0.6) the
predicted change in transverse stiffnBsss as high as +43%. This shows that the effects of
SOC on the elastic properties are crucial to accfmrrwhen designing 3D structural battery
composite components. Especially in applicationsrelstiffness consistency with SOC is

important.
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Figures
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Fig. 1. Schematic illustration of the 3D structural batteomposite architecture.
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Fig. 3. Cylinder representation of the three-phase sysissd in the N-phase CCA model

(phase 1 fibre, phase 2 coating and phase 3 garéiforced matrix).
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Fig. 4. Variation of effective elastic properties of thenguosite lamina at SOC=0 and
SOC=1 with change in fibre volume fracti@p Left figures: elastic properties. Right figures:
difference in stiffness between discharged (SOGs@) charged (SOC=1) state. The fibre

volume fraction 0.4 corresponds to the baseline.
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Fig. 5. Variation of effective elastic properti€s andG,, of the composite lamina at SOC=0
and SOC=1 with change in Young’s modulus of coafing_eft figures: elastic properties.
Right figures: difference in stiffness between tamged (SOC=0) and charged (SOC=1)

state. Young’'s modulus of 0.1 GPa correspondsddé#seline.
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Fig. 6. Variation of effective elastic properti€s andG,; of the composite lamina at SOC=0
and SOC=1 with change in Poisson’s ratio of coatind.eft figures: elastic properties.
Right figures: difference in stiffness between Heged (SOC=0) and charged (SOC=1)

state. Poisson’s ratio of 0.38 corresponds to #selne.

Tables
Table 1. Volume and stiffness changes of the battery eldetmaterials. The changes are

defined as the change moving from the delithiateith¢ lithiated state of the material.

Electrode material Volume change Stiffness changes Reference
Delithiated  Lithiated AV (%) AE™ (%) AET (%)

FePQ LiFePQ, 5 0 0 [9, 12]
Mn2O,4 LiMn204 6.8 0 0 [9]

CoO LiCoO;, 2 350 350 [9]
Carbon o _ @)

fibre (C) 10 (radial dir.) -100 <1 Ve 150 [8, 10, 11]
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Table 2. Material and geometric properties used as basghiues and range studied in the

parametric study.

Material/geometric property Variable S’zlzilme Range studied Reference
Fibre volume fraction (-) Vs 0.4 0.2-0.6

Longitudinal fibre stiffness (GPa) Ef%dl 290 - [5]
Transverse fibre stiffness (GPa) E;,Fdz 10 10-25 [29]
Change in transverse fibre stiffness

with c?nange in SOC (%) AEf 150 0-1% [10, 11]
Shear modulus fibre (GPa) GHT 10 -

In-plane and transverse Poisson’s ratio, 1

fibre (-) i 0.2 )

Radius of carbon fibre (um) T 2.5 -

E-modulus coating (GPa) E, 0.1 0.001-3 [6, 28]
Poisson’s ratio coating Ve 0.38 0.2-0.49

Thickness coating (um) te 0.5 0.2-1 [6]
E-modulus matrix excl. particles (GPaf,, 0.5 0.001-3 [25]
Poisson’s ratio matrix (-) Vm 0.38 -

Volume fraction of particles within the v 05 02-06

matrix (-)

Active positive electrode material (-) - FePO Mn,O, CoO, [9, 12]
E-modulus patrticles (GPa) Epar 125 192 60 [9, 12]
Poisson’s ratio particles (-) Uy 0.28 0.24 0.32 |9, 12]

Table 3. The effective elastic properties for the basetioefiguration calculated using the

analytical model. The results from the FE modeésaatded for validation purpose.

Model SOC (-) E, (GPa) E,(GPa) G, (GPa) G,; (GPa)
Analytical 0 116.8 1.052 0.354 0.375
Analytical 1 116.7 1.084 0.351 0.387
Difference (Analytical) - -0.1% 3.0% -0.9% 3.1%
FE model Sq. 0 116.8 1.059 0.351 0.381
FE model Sq. 1 116.7 1.073 0.346 0.383
FE model Hex. 0 116.8 1.048 0.355 0.374
FE model Hex. 1 116.7 1.081 0.350 0.386
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