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Abstract:

When charging or discharging a structural battemyposite heat will be generated and the
active electrode materials will expand or shrimkiucing internal stresses within the
material. These stresses may cause mechanicak abelttrical failure. It is therefore crucial
to be able to predict the stress state when ewatutite performance of the material. In this
paper, a semi-analytical framework to predict thexmal and diffusion induced stresses in a
structural battery under galvanostatic cyclingrissgnted. The proposed model is a
concentric cylinder (CC) model coupled with an gmisetric diffusion model and a one-
dimensional heat generation model. The preseny stinolws that the heat generated during
electrochemical cycling must be accounted for wénaduating the internal stress state in
structural battery composites. Furthermore, thelteshow that the charge/discharge current,
lamina dimensions and residual stresses have isigmifeffect on the internal stress state and

effective properties of the composite lamina.

Keywords: A. Carbon fibres; A. Functional composites; B.dilieal properties;

B. Mechanical properties; C. Modelling



1. Introduction

A structural battery composite is a multifunctionemposite material with ability to carry
mechanical load while storing electrical energg.(iork as a battery). This emerging
material is made from carbon fibre reinforced patyrwhere the carbon fibres work as both
mechanical reinforcement and active material inbiduery cell. Previous studies have shown
that carbon fibre provides high specific mechanaal electrical properties, which makes it
ideal for multifunctional application [1,2]. Thergttural battery is often referred to as
“massless” energy storage due to its inherenttglidistore energy without adding parasitic
weight. Thereby the material has the potentialftersignificant mass and volume savings
on a system level [3,4] and significantly improte performance of future electric vehicles
and devices. Two ways to realise the structurdebahave been proposed, the laminated and
the three-dimensional (3D) battery architectures Tdrmer was first proposed by Wetzel et
al. [3,5] and later demonstrated by Ekstedt gitdland Carlson [7] while the latter was
developed by Asp and co-workers [7-9]. In the lated battery each lamina has a separate
function and works as electrode, separator, calteetc. while in the 3D battery each fibre is
coated with a thin polymer coating and works asdividual micro battery cell. In this

work, the 3D battery architecture is studied to destrate the capabilities of the developed

semi-analytical framework.

As for ordinary batteries, charging and dischardimgstructural battery will generate heat
and cause the electrode materials to expand arksfrhis will generate internal stresses
inside the material. High internal stresses mageanechanical and/or electrical failure [10]
and for this reason it is crucial to be able tadpmtthe internal stress state generated during
electrochemical cycling. Furthermore, it is crititmunderstand how charge/discharge
current (often referred to as C-rate) and desigarpaters such as cell dimensions, properties

of constituents, etc. affect the developed stre$smsexample, the electrical and ion



conductivity of the individual phases in the sturat battery (electrodes,
electrolyte/separator and current collectors) enel compared to ordinary lithium ion
battery counterparts. The electrical conductivitgarbon fibres [2] is about three orders of
magnitude lower than for copper, commonly usedtorent collectors in ordinary lithium
ion batteries. Furthermore, the ion conductivitysolid polymer electrolytes used in
structural batteries has been reported in the raf4ed.0® S/cm [11,12] while the
conductivity of ordinary liquid electrolytes oftame in the range 1910° S/cm [13]. This
means that the ohmic losses over a given areaiatahde will be significantly higher in the
constituents of the structural battery compareth witunterparts in ordinary lithium ion
battery. Furthermore, the cell dimensions (rel&tetthe length of the current flow in the
different phases) and charge/discharge currenthailke significant effect on the generated
heat inside the material. The generated heat ¥f@ttthe properties of the constituents and,
in combination with volume change of constituenttgrnal stresses will build up inside the

material during electrochemical cycling.

In previous work on diffusion-induced stressestincural batteries, stresses caused by
volume change of electrode materials have beemestwdthout considering the thermal
effects associated with electrochemical cyclingours et al. [14] studied the diffusion-
induced stresses in carbon fibres due to lithiunteatration gradients associated with
electrochemical cycling. Xu et al. [15,16] have eleped a nhumerical framework using a
Multiphysics FE-model to study how the internaksties in 3D structural batteries are
affected by volume change of constituents. Moredvamisi et al. [17] developed an
analytical model to predict deformations and s&ess laminated structural batteries due to
volume change of the active materials. Severalssutave though shown that the developed
stresses in lithium ion batteries are highly dependn generated heat and temperature

inside the cell. For example, work done by Wu efi8] and Zhang et al. [19] on ordinary



lithium ion batteries concluded that thermal arftldion-induced stresses should be
considered simultaneously and that the thermatsffare highly dependent on the properties
of the components. To date a model to predictritermal stresses in structural batteries due

to a combination of heat generation and volume gbaf electrode materials is lacking.

The objective of this paper is to study the intéstigesses in a 3D structural battery
composite caused by heat generation and volumegehafrconstituents under galvanostatic
cycling (constant current charge/discharge cyckesemi-analytical framework has been
developed to predict the internal stresses basedoomcentric cylinder (CC) model [20,21].
In this work the model has been modified and ex¢drtd predict internal stresses due to
changes in volume (linked to lithium concentratian§l temperature in constituents during
electrochemical cycling. The CC-model is couplethvain axisymmetric diffusion model
describing the lithium concentration distributioiside the fibre. Furthermore, the
temperature variation inside the material duringrapon is derived using a one-dimensional
heat generation model based on thermal energydmldahe developed model is used to
study how the internal stresses in a 3D struchatkery are affected by C-rate, lamina
dimensions and residual stresses. To validateame-gnalytical framework a finite element
(FE) model is setup in the commercial FE softw@@MSOL. The assumptions and

limitations of our semi-analytical framework are@masized in the following.

(1) In the CC-model, perfect adhesion between dglirphases are assumed and the
concentric cylinder is free to expand. The matgofeses are assumed to be transversally
isotropic or isotropic and the response is assuimée linear elastic (small deformations).
(2) The internal stresses are resolved at fibrel lgwicrolevel). Lithium ion concentration
gradients in electrode particles (nanolevel) agdawted. (3) Galvanostatic operation is
assumed and the analysis is one-way. Hence, tredaed model only studies how heat

generation and volume expansion/shrinkage of domestis associated with electrochemical
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cycling affect the mechanical stresses. The mechhsiresses are assumed not to affect the
electrochemical capacity and flow of current wittie cell. This assumption is motivated by
observations made by Jacques et al. [22] who foeelectrochemical capacity of T800
carbon fibres to be unaffected by mechanical laadh) Generated heat inside the material
due to electrochemical cycling is assumed to beidated by the ohmic heat generation rate.
Hence, reversible and reaction heat generatios eateneglected. (5) Mass transport
limitations in the electrolyte are not accounted(felated to electrical performance). This
should be accounted for when estimating the etattperformance during operation in
future studies. (6) The diffusion coefficient okthbre is assumed constant during
electrochemical cycling. This assumption is madginaplify the analysis and to allow for

superposition of load steps. This assumption haa heed in other studies [14,15].

2. Materials and geometry

In the 3D battery design concept, the carbon fibrescoated with a thin solid polymer
electrolyte which works as a combined electrolytd separator layer [23]. The surrounding
polymer matrix is doped with positive electrodetigdes (e.g. LiFeP¢) to make it work as
positive electrode in the battery cell. The maisialso doped with an electrically conducting
material, e.g. carbon black (cb), to enable elegticonduction within the matrix. The benefit
of using this design concept is the significandguced distance between electrodes [9]. The
3D battery cell and the link between the materaistituents and battery cell components are
illustrated in Fig. 1. The carbon fibres are asslitoebe made of IMS65 unsized fibres and
the polymer electrolyte coating is assumed to béenwd the polymer system used by
Leijonmark et al. [23]. The polymer matrix is assdrio be made of a bi-continuous
polymer network developed by lhrner et al. [L1hferced with LiFeP@and carbon black
particles. In the current analysis a baseline goméition of the composite lamina is defined

based on previous work done by the authors [21448.volume fraction of fibres is



assumed to b = 0.3, thickness of coating. = 0.5 pum and a volume fraction of particles
within the matrix ofl; = 0.5. The assumed configuration represents valuesifor a

electrochemically balanced cell.

2.1 Current flow inside battery

The current flow inside the battery cell duringatliarge is illustrated in Fig. 2. The current is
assumed to be driven by electron transport initire$ and ion transport in the polymer
coating and the polymer matrix from the coatingfimanterface to the electrode particles.
Furthermore, the current is assumed to be drivesldutron transport from the positive
electrode patrticles to the current collector ongbsitive side (aluminium foil) via carbon
black particles distributed in the matrix. The eumtris finally driven by electron transport
through the aluminium foil and external circuit kdo the fibres completing the circuit. The
assumed lengths of the individual paths for theenrflow in the different phases are listed
in Table 1. No lengths are defined for the exteawalit and aluminium foil as the resistive
losses in these phases are considered negligibipared with other contributions. It is
assumed that the length of the current path ircéneon fibres is equal to half the length of
the lamina [,,,/2). This corresponds to the average distance focuh@nt to travel along
the fibres inside the cell in the fibre directi¢iurthermore, the length of the ion transport
inside the matrix is assumed to be half the digtidratween the radius of the fibre plus

coating (. = ¢ + §.) and the equivalent cylinder radius for the coticercylinder ¢, =

rf/\/Vf) defined by the volume fraction of fibreélé¢f. The length for the electrons to travel
via the carbon black particles inside the matriassumed to be half the thickness of the
lamina. This corresponds to an average distaneeceeteach fibre and the aluminium foil.
This assumption is based on the fact that the suneeds to flow from each fibre to the foil
and this distance will vary between 0 afgl,,. It should be noted that the volume fraction of
carbon black patrticles in the matrix is assumeoktabove the percolation threshold [25] and
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the electrons are assumed only to travel via cabbaxk particles in the particle reinforced
matrix. For the baseline configuration the follogrlamina dimensions are assumed:
Liam = 10 cm, §j3,, = 0.01 cm andw,,,,, = 2 cm. These dimensions correspond to assumed

sample sizes in previous work by the authors [24].

2.2 Lithium concentration, temperature and C-rate dependent properties

The properties of the constituents will dependhanlithium concentrationC(), temperature
(T) and C-rate(,:)- It should be noted that the lithium concentnagian the active
materials are normalized with respect to the cpoeding saturated concentration

C = C/Cg,. These values are defined based on the electrachlerapacities (referring to
the amount of energy a material can store) ofittre$ and particles &%, = 0.08. The
change in concentration is defined going from dasghd to fully charged state. The state of
charge (SOC) refers to the amount of energy cuyrstdred in the battery. For a fully
charged battery SOC is equal to one while for aldigged battery SOC is equal to zero. Due
to the potential mismatch in available capacitiethe active electrode materials SOC = 1
does not imply that the fibres are fully saturateth lithium at this state. During lithiation
FePQ is known to undergo phase transition [26]. In #tigdy, such phase transition is not
explicitly modelled. Instead, reported materialurak and stiffness for different lithium

concentration are considered, assuming that thhesgoaerned by the diffusion process.

The assumed properties of the constituents aremexsin Table 2. In Tablew2is Poisson’s
ratio, p the density and, the specific heat. It should be noted that thet€-(defined as

Crate) refers to the time for charging/discharging taétdry. For example] ;. = 6
corresponds to charging or discharging the battefy6 hours or 10 minutes. For simplicity
the C-rate for charge and discharge are assumwsel@qual. The electrochemical capacity

(") of the active electrode materials are approxichatesed on experimental data [27,28] and

reads



[{(Crate) = I1°(0.510 — 0.194In(Crare))  for Crace € [0.08; 6], 1)
I, (Crate) = [2(0.824 — 0.070In(Crare))  fOr Crare € [0.08; 6], )

wherel;? = 0.36 Ah/g andly = 0.16 Ah/g are the assumed reversible capacities at a C-rate
of 0.08 for the fibres and patrticles, respectivitlghould be noted that the approximations in
Egs. (1)-(2) are based on the reversible capaditieglecting the first-cycle capacity losses).

The moduli of the carbon fibre are approximatedebam experimental data [29,30] as
Ep¢(Cp) = EL¢(1 —0.10Cp) for C¢ € [0; 1], (3)
E1¢(Cy) = E¢(1+ 1.5C) for C¢ € [0; 1], (4)

whereE = 2.9 - 105 MPa andE = 0.10 - 10° MPa are the assumed longitudinal and

transverse elastic properties of the carbon fibngrgin state ¢; = 0). It should be noted that
the moduli depend on the lithium concentration #rad the approximations are limited to the
rangeC; € [0; 1]. The variation in the longitudinal modulus of tebon fibres; ) is

based on measurements done by Jacques et alT{28je authors’ knowledge no data is
available on the change in transverse modulusrbbeefibres due to lithiation. In this
analysis we assume the graphite planes withindhgoa fibre are arranged along the fibre
direction. Hence, the change in transverse modslassumed to be equivalent to the change
in the out-of-basal-plane stiffness of graphiteorégd by Qi et al. [30]. Furthermore, the
relative variation of the transverse modulus isias=d equivalent to the variation of the
longitudinal modulus. The temperature dependenthy@umoduli of the polymer coating and

matrix are approximated based on experimental[d4t81] and are defined as

E.(T) = {53(1 — 0.025033(fT —25)) .for T € [25; 40]' 5)
or T € [40;100]
En(T) = ES(1—0.007(T — 25)) forT € [25;100], (6)



whereE? = 100 MPa andt?, = 550 MPa are the Young’'s modulus at room temperature of

the coating and matrix, respectively.

The coefficients of thermal expansian (andar) for the fibres are based on experimental
data [32] and for the polymer coating and matrx expected to be in the same range as for
ordinary vinyl ester polymers. For the LiFepP@articles the thermal expansion is assumed to
be equivalent to that of iron. The expansion cogdfits due to change in lithium
concentration for the carbon fibrgg)and the particless() are based on experimental data
[27,33]. It should be noted that the expansionfomehts due to change in lithium
concentration is defined according to the standarvention for hygroscopic expansion.
This convention is used due to the resemblanctgiphysical phenomena and as no
hygroscopic expansion will be present in this tgpenaterial (the battery cell needs to be
protected against moisture). The stiffness of tik@PBQ, particles are assumed unaffected by
change in lithium concentration. This assumptiom@ivated by the fact that the average
Young's modulus of LiFeP£has been found unaffected by lithium concentrgisah). The

ion conductivities of the coating and matrix arprximated based on experimental data

[11,35] and reads
se(T) = s(1 4 1.33(T — 25)) for T € [25;100], (7)
sm(T) = s (14 0.033(T — 25)) for T € [25;100], (8)

wheres? = 5-107% S/cm and?, = 2 - 10~* S/cm are the assumed ion conductivity at room
temperature of the coating and matrix, respectivéghould be noted that the
approximations in Egs. (5)-(8) are only valid ire tiemperature rangs-100 °C. The

diffusion coefficient of the fibré; in Table 2 is assumed constant, equal to the todigial
diffusion coefficient for sized IMS65 fibres at SG@.5 reported by Kjell et al. [36]. To

evaluate the effects of an assumed constant difiuspefficient of the fibre, the two cases of
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slow and fast diffusion are studied. The diffustmefficients for these cases are assumed to
beD; = 1.4 - 10~* m%s andD; = 3.6 - 10~12 m?/s, respectively. This corresponds to the
diffusion coefficients measured at SOC = 0.05 ad€ S 1 for sized IMS65 fibres,

respectively [36].

3. Semi-analytical framework

The developed semi-analytical framework is an esitanof the concentric cylinder model
developed by Marklund et al. [20]. The three phdBbee, coating and particle reinforced
matrix) are split inV cylinder sections as illustrated in Fig. 3. In gsohematic illustration in
Fig. 3 the fibre, coating and patrticle reinforcedtrix phases are divided indg, N. andN,,
cylinder sections, respectively. An increased nunatbeylinders in the fibre region is needed
to resolve the lithium concentration distributiontihe fibre. The number of cylinders in each
phase can be altered to improve the resolutiohestress distribution as the stresses are
only derived at the interfaces. The radial dispiaeet at theék-th cylinder boundary is

defined as
uk = Akr + Akr—1, 9)

whereA¥ andA¥X are unknown constants determined by solving fasldszmen

and stress continuity. The longitudinal, radial &wedp stress at tHeth cylinder

boundaryreads

af = Qf1€10 + 247Q1, — 1f, (10)
of = AT(Q52 + Q%) + A5(Q%; — Q52)r ™ + Q2€10 — 1F, (11)
aé‘ = A’f(Qé‘s + Qé‘s) + Ag(Q§3 - Q§3)7"_2 + Q310 — 77’(3| 12)
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whereQ{‘j(C, T) is theij component of the stiffness matrix which dependsheniithium

concentration and temperature (c.f. Egs. (3)-@)g longitudinal strain is defined ag,

(1-dir in Fig. 3) and the expansion terms are aefias

n¥ = Qf (BFACK + af ATF) + Qi (BFACK + af ATF) + Q¥ (BEACK + afATY), (13)
n¥ = Qi (BFACK + af AT*) + Q5 (BFACK + af AT*) + Q53 (B5ACK + agAT*), (14)
6 = Qi3 (BYACK + af AT*) + Q5,(BFACK + af AT¥) + Q53 (B5ACK + af ATF), (15)

whereAC* andAT* are the normalized change in lithium concentratiod change in
temperature, respectively, and are derived as itbescin sections 3.1 and 3.2. Due to the
assumption of invariable diffusion coefficient bktfibre, the change in lithium concentration
is simply obtained as the change in concentratiibim rgspect to the original state. The
change in temperature on the other hand is deagdtle sum of the heat generated in the
preceding time steps. This is done in order to aettor the change in internal resistance
(related to the temperature dependency of the aiivities for the different phases) with
change in temperature. The assumed expansionaests for the different phases are given
in Table 2. The effective expansion coefficientstfee particle reinforced matrix are

estimated as [37]

* " ap—am 1 1759 1-Vp
Ameff = ApVp +“m(1_Vp)+E1p 1 3(1{ ff_(K_p+(K p))>’ (16)
E_m m,e p m
" B 1 Vp 1-Vy
.Bm,eff = .Bpr + %(K - (K_p + ( X p)>>u (17)
(K—p—a) m,eff P m

wherelj is the volume fraction of particles in the matixdK,, andkK,, are the bulk moduli
of the particles and matrix, respectively. The @ffee bulk modulus of the particle reinforced

matrix Ky, o¢¢ IS derived as explained in [21] based on workdaghin [38]. The
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displacement and stresses are derived by solvingpfttinuity as described in the following.

At the symmetry axis the displacement is set to zer

ul(r=0)=0. (18)
Displacement and stress continuity conditions dnydinder interfaces are defined as
uf () = uf () and o () = a1 (). (19)
Furthermore, the radial stress on the outer boyndaset to zero

o (ry) = 0. (20)

Generalized plain strain is assumed. Hence, thengtr the longitudinal direction must result

in zero average stress;( °) in the same direction
2 T 2 T —Tf_

Ulavg = r_zzllgzl frkk_ roydr = r_zzllgzl ((Qﬁ‘?m + 24501, — 771{) (kz—kl)> =0. (21
N 1 N

The unknown constangf andAX and the longitudinal staify, are determined by solving
the system of equations Egs. (18)-(20) for differeiues ofe;, while checking if Eqg. (21) is
fulfilled (compare with original model by Markluret al. [20]). The internal stresses at time
are derived as the total stresses (c.f. Egs. @®)-(vith respect to the change in lithium

concentratiol\C* and temperatur&T* at the given time.

3.1 Change in lithium concentration

The change in lithium concentration in the actilecttode materials (fibres and particles) are
governed by Fick’s second law of diffusion. In thisalysis the concentration gradient in the
electrode patrticles is assumed to be zero. Hehedithium concentration within the

particles is assumed constant at each time stekisffaw in cylindrical coordinates
describing the concentration distribution in tHedis (under the assumption that the diffusion

coefficient is invariable) reads

12



ot _ p 19 (9
E_Dfrar(rar)' (22)

The initial lithium concentration at dischargedtstis assumed to be zero in the fibres and
fully saturated in the particles. Furthermore, galystatic conditions are assumed which
means that the flux of lithium at the surface @& #tectrodes is constant and equal to current
densityi (A/m?) divided by Faraday’s constaft The lithium flux at the symmetry axis

(r = 0) is set to zero. These conditions provide the damnconditions to the diffusion

problem and reads

Ce=0andC, = Cl,,, fort =0, (23)
0C _ icen _ _ Icen _ )
For = F = TP forr = rrandt € [0; t.], (24)

DfZ—: =0, forr=0, (25)

wheret, is the time for charge/discharge. The currentichecell/fibre is defined as the
applied current to the lamina divided by the nunddfdibresi..; = L,am/n¢- This current is
applied for a time, = 1/C.,te (hours) and is determined based on the total dgpafche

lamina and the applied C-rate as
lham = min(l}mf; Fpmp) Crate- (26)

In Eqg. (26)m andm,, are the total mass of the fibres and particleébénamina,

respectively. An analytical solution to the bourydealue problem above is expressed as [39]

— i 2 _ 2
Ci(r, t) = lcellTf (ﬂ + = % —2y® Jo(Anr/1¢) exp < Drfztln>)’ (27)

cluDeF \ 12 2r? =122 1o (An) f

where/, (1) is the zero-order Bessel's function of the firstckandA,, is then-th root of
J1(A1). The radius of the fibre is definedsandt is the time. The lithium concentration

distribution in the fibre is solved at each cylinderface for each time step. Furthermore, the

13



lithium concentration is normalized with respecttie saturated concentratiafff = 0.026
mol/m®) based on the electrochemical capacities of tirediat a C-rate of 0.08Y). The
change in lithium concentration in the fibre at kil cylinder surface at tims finally

defined as
ACK = fot Ck@rk, t) dt = Ck(@r¥, ) — CE(r¥,0). (28)

3.2 Change in temperature

The change in temperature due to heat generatiomgdelectrochemical cycling is derived

as follows. The thermal energy balance can be egpteas
aT
mcy Py Qgen t Gext (29)

wherem is the mass;, is the specific heaQ,,, is the generated heat aqpg; is the heat
exchange with the surroundings. In the structuattieloy lamina each concentric cylinder
(illustrated in Fig. 3) corresponds to one battel. These cells are connected in parallel
which means the process for critical cells/fib@saked in the middle of the lamina can be
considered adiabatic (i.e. no transfer of heat betwthe thermodynamic system and its
surroundingg.4:=0). This can be motivated by the fact that eadhwak generate the same
heat and given the low thermal conductivity of saerounding polymer matrix only minor
heat dissipation will occur for critical cells. Maover, the individual laminae will be stacked
in a laminate and need to be protected againsttameiand oxygen. This means that heat
transfer between the battery cells and the suriognalill be further limited in the final

application. The heat generation te@q, in Eq. (29) is defined as
Qgen = Qohm F Qrev + Qrxn: (30)

whereQ,nm IS the ohmic heat generation ragg,, is the reversible heat generation rate and
Q.xn IS the reaction heat generation rate. In thissttite heat generation terr@s., and

14



Q.xn are neglected since they are assumed to be snahparison witlQ,,,,, due to the
relatively high electrical resistance of the caigints compared to counterparts in ordinary
lithium ion batteries. Under the assumption thatm@®Haw is applicable, the ohmic heat

generation rate in Eq. (30) can be defined witpeesto the curreritand resistanck as
Qohm = RIZ. (32)

The ohmic heat generation rate is related to tia¢ ¢eenerated due to motion of charged
species in the different phases. In the polymetimgand matrix heat is mainly generated
due to motion of lithium ions while in the fibrecwarbon black particles in the matrix heat
is generated due to motion of electrons. The @&t of the paths in the carbon fibRg)(

the polymer coatingR_.), the polymer matrixK,,) and the carbon black particle&.f) are

defined as
_ Liam __In(r¢/7e) _ In((rc+0.5(rm=7¢))/7c) _ Slam
Rf B erznsf' RC B 2mLiamsc’ Rm B 27LiamSm ’ RCb B 2rmLiamSch’ (32)

In EQ. (32)s; ands, are the electrical conductivity of the fibre aradtwon black particles
respectively, whiles. ands,, are the ion conductivity of the coating and matréspectively,
given in Table 2. The area for electron transpothe matrix via carbon black particles is
assumed to be, L., and the electric conductivity of the particle fenced matrix is

assumed to be equal to the conductivity of thearatilack particles.

Inserting Eqgs. (30) and (31) in (29) the changemperature with time can be expressed as

T _ RI?
at mcp

(33)

The generated heat in one cell at tinniederived as the sum of the heat generated in the

preceding time steps.{;.,) defined as
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i Reen il? Reen iI?
ATeqy = Y= (f i %dt) = yster (% (t; — tl-_l)), (34)

ti-1 McellCp McellCp

wherem,, is the mass of the cell. The total resistanceffercell R, ;) at thei-th time

step corresponds to the sum of the resistancekdandividual phases Eq. (32). Due to the
temperature dependency of the conductivity fordifferent phases the total resistance will
vary with temperature. Changes in resistancesaueltme changes during electrochemical
cycling are neglected as these variations are asstonbe small compared with changes

related to conductivities. The weighted averagtefspecific heat in Eq. (34) reads

avg 1 5
9 T e Yj=1M;Cp,j, (35)

wherej corresponds to theth phase (fibre, coating, matrix and LiFefPadd carbon black
particles). The total mass is definednas; and the mass and specific heat ofjttie phase

are defined as; andc, ;, respectively.

4. Computational model

The FE-model used to validate the semi-analytigahéwork is a 2D axisymmetric model
set up iINCOMSOL 5.3a. The displacements along the symmetry-axis (0) are set to zero
and the external surface € n,,,) is free to expand. Generalized plain strain suased as for
the semi-analytical framework. Hence, the dimengiarrdirection (corresponds to 1-dir in
Fig. 3) can be set to any value (in this model 5wams used) as the stresses along the z-
direction are constant. The model uses 2D axisymengiements and orthotropic material
properties that depend on lithium concentration tengperature in accordance with
assumptions outlined in section 2. The lithium @nation in the fibre, is approximated
using the 1D axisymmetric diffusion model presentesection 3, which provides input on

the resulting expansion and stiffness of the acteterials for each time step. The change in
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temperature inside the domain is derived using(&). and is given as input value to the FE-

model.

5. Results and discussion

5.1 Influence of C-rate on internal stresses

The internal stresses in the fully charged 3D stmat battery are calculated for different C-
rates. Model predictions for C-rates 0.08 and Gpaesented in Fig. 4. F@k,.. = 6 the

internal stresses are significantly lower compacetthose generated &t,.. = 0.08. This is
primarily a consequence of the lower diffusion ioeld volume change of the active electrode
materials with the reduced electrochemical capdttyincreased C-rate). For example, the
largest hoop stress in the matrix is founddgg. = 0.08. This stress is in tension which
means that it may cause crack initiation in therixalt should be noted that due to the low
electrochemical capacity of the fibres comparethéoparticles at high C-rates the lithium

concentration in the fibres is only about 15% atCS©OL for a C-rate of 6.

The heat generated during chargingate = 1 (AT = 9.6°C) is about five to two times
higher than at a C-rate of 0.08 or'(= 2.2°C andAT = 5.5°C, respectively). This may
seem contradictory to the assumption that increasgént will lead to increased heat
generation (c.f. Eq. (34)). However, the total eatrneeded to fully charge the battery
depends on the electrochemical capacity of the Thkis capacity is reduced with increased
C-rate (c.f. Egs. (1) and (2)). It should be ndteat the results from the semi-analytical
framework (SAF) and FE-model (FEM) are both preseémt Fig. 4. The predictions from
the semi-analytical framework and the FE-model sbaeellent agreement. In the
continuation, only the results from the semi-aneaftframework are presented (FE-model

still used for validation).
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In Fig. 5 the longitudinal stress is plotted foifetient diffusion rates (i.e. different diffusion
coefficients of the fibre) after being charged &-eate of 0.08 and 1. For both cases the
internal stresses in the polymer phases are aety@edicted assuming a constant diffusion
coefficient of the fibre. Moreover, for low C-rat€,,..~ 0.08) the difference in stress state in
the fibre between slow and fast diffusion is sn(fit). 5a). This shows that for low C-rate the
stress state in the fibre developed during galMatioscycling can be approximated assuming
a constant diffusion coefficient. In the case ofasbiffusion and high C-rate (Fig. 5b), there
is a strong variation of the longitudinal stressesr the fibre radius. With increased diffusion
rate this variation is not present due to the iaseel diffusivity of the fibre. These findings
are in agreement with previous findings by Xu e{Hb]. Hence, the internal stress state in
the fibre is highly affected by the diffusion ratehigh C-rates, while at low C-rates the
stresses in the fibre are not. Neither are thestiein the coating and matrix phases affected
by the diffusion rate at low C-rates. In the cutr@ssessment of the thermal effects on the
internal stress state, the error due to the assomgt invariable diffusion coefficient of the
fibre is considered negligible. Based on theselt®gus evident that one has to access stress
states for different C-rates and different diffusiates when evaluating the mechanical

performance of the structural battery.

The longitudinal stress is plotted in Fig. 6 foe thvo casesig, = 1 andng, = 4, when
charging aC,,.. = 1. For the case of one time step the heat genedat@tg charge is

AT = 10°C while fornge, = 4 AT~9.6°C. This illustrates that the number of time stepsdus
for deriving the change in temperature (c.f. E4)) ®nly have minor effect on the resulting

stress distribution for the studied cases. In th@inuationng, = 4 is used.

It should also be noted that the validity of theuasption that no heat exchange occurs
between the unit cell and its surrounding (adiabatocess) is stronger for higher C-rates.

This is due to the fact that the C-rate referdeotime for charge/discharge. For low C-rates,
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e.g. 0.08, the time for discharge is 12.5 hourgh&sheat is generated during such a long
time span one can assume that even with low theramuctivity of the surrounding

polymer matrix some of the generated heat willige® during the charge/discharge cycle.
Nevertheless, for high C-rates the assumption aibadic conditions is assumed valid.
Moreover, the validity of the assumption that thenic heat generation rate is the

dominating heat source is also stronger for higheates. The error due to these assumptions
for low C-rates is considered negligible as onlyaBriemperature changes are recorded for

these cases.
5.2 Influence of lamina dimensions on internal stresses

To evaluate how the lamina dimensions affect thermal stresses three composite laminae
with different dimensions are studied (Fig. 7). Theee cases represent three potential
lamina sizes applicable for this material. The hetvpsses for the three cases after being
charged at,,. = 1 are presented in Fig. 7. The heat generated dahagging inside the
material for the medium and small lamina (cased. 3rare 9.8C and 3.4C, respectively.

For the large lamina (case 2) the generated h&&t'. For the smallest lamina (case 3),
most of the heat is generated due to ohmic losees électron transport via the carbon black
particles in the matrix. When increasing the lengitthe lamina the internal resistance of the
electron transport in the fibres becomes the dotimgdactor for heat generation. In case 2
(largest lamina) the hoop stresses decrease dhe teduced stiffness of the coating and
matrix with increased temperature. Hence, theiotisin of the expansion of the carbon fibre
is reduced resulting in lower internal stresses.tk@ given cases the highest stresses are
found for the smallest size lamina (case 3). Hetlmedimensions of the lamina will play an

important role in the design of a structural bgt@ymposite component.
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It should be noted that increased temperature lsariead to electrical failure (e.g. thermal
runaway). This means that the temperature evolusiaomportant to account for when

evaluating the electrical performance of the materi
5.3 Influence of residual stresses on internal stresses

In Fig. 8a and b the thermal induced residual sege$rom manufacturing and the diffusion
induced residual stresses from irreversible volghmnge of the active electrode materials
are presented. The composite is assumed to be aug&dC and subsequently cooled down

to room temperature (25). Chemical shrinkage due to curing of the magrireglected. The
residual stresses from irreversible volume chaagesaused by trapped lithium in the
electrode materials and solid electrolyte interph@&£El) formation. This occurs during the

first charge/discharge cycles. These cycles amnasd to be performed subsequent to curing
at very low C-rates in controlled environment (as& for ordinary lithium ion batteries). For
this reason, the diffusion and SEI formation-indust&esses due to these volume changes are
considered as additional residual stresses witl@mtaterial. In this analysis, these volume
changes are assumed tolb&9 5, approximated based on experimental data [2ghduld

be noted that the irreversible expansion/shriniaddbe electrode materials is considered as a
one-time event. This assumption is made to simgtiéanalysis and is motivated by the fact
that only small volume changes have been reporedalthe continuous change of the SEI
layer with repeated electrochemical cycling after first charge/discharge cycles. For refined
damage models, the accumulation of SEI formaticlu@ed stresses should be accounted for
in future studies [40]. In Fig. 8c and d the conaloifsuperimposed load case of residual
stresses from manufacture and irreversible volunamges and stresses developed during
electrochemical cycling after being charged andhdisged at,,.. = 1 are presented. The
residual stresses from manufacture (Fig. 8a) arglarsible volume changes (Fig. 8b) are

found to have a significant effect on the intestaéss state. These residual stresses are
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enhanced during charging. When discharged thessisese relieved as the diffusion induced
volume changes create stresses of opposite signgpéred with previous states) while
additional heat is generated. The results cleadicate that it is important to consider the

residual stresses to accurately resolve the irtetresses.
5.4 Elastic properties

In earlier work by the authors [21] the state adigfe was shown to have a significant effect
on the elastic properties of this type of matetiakhat study, only extremes in SOC were
considered and thermal effects were neglected. tHereffects on electrochemical cycling on
the internal stresses in a structural battery caitpare addressed. The results show that in
large lamina, charged at high currents, the geeeratat will be significant. The increased
temperature will influence the elastic properti€the constituents. For example, assuming
that the larger lamina (case 2 in section 5.2)thagproperties of the baseline configuration of
the composite lamina studied in [21] is charged @trate of 1AT ~ 35°C). For this case

the change in the transverse stiffness of the larmétween fully charged and discharged
state is estimated to be approximately -50%, imstéa4% as predicted in [21], if the
generated heat is retained within the materiahasged. This stiffness change is related to
the reduced moduli of the coating and matrix wittreased temperature. This further
illustrates the importance of accounting for therthal effects when evaluating the

mechanical performance of structural battery contges

6. Conclusions

Electrochemical cycling of the structural battemyl generate heat and cause the active
electrode materials to expand or shrink. This iniluce internal stresses within the material
which may cause mechanical and/or electrical failur previous studies on structural
batteries only the diffusion induced stresses duwshange in lithium concentration in the

electrode materials have been studied, withoutidenag the generated heat from
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electrochemical cycling. To investigate the impoc&of thermal effects on the internal
stress state a semi-analytical framework has beealaped. By simplifying the general
multiphysics problem (involving multiple coupledystical phenomena), the developed
model provides a practical tool for analysis of ithiernal stress state of the structural battery
during electrochemical cycling. Moreover, the moglevides a powerful tool for parametric

studies and validation of future extended multiptgysnodels.

In this study the proposed model is used to esértred internal stresses in a 3D structural
battery composite due to a combination of heat geio& and volume change of electrode
materials occurring during electrochemical cyclikgrthermore, the model is used to
evaluate how the internal stress state is affdayecharging/discharging current, lamina
dimensions and residual stresses. The results 8taivwhe heat generation during
electrochemical cycling must be accounted for wiaduating the internal stress state in this
material. For a C-rate of 1 and large lamina dinmrssa temperature increase of
approximately 35C is reported at full charge. This temperaturegase has a significant
effect on the internal stresses as it resultsemtial induced stresses and alters the properties
of the constituents. Due to the reduced electroateroapacity of the active electrode
material with increased C-rate and reduced modofitise coating with increased
temperature, it is found that the highest stressear for low C-rates in small laminae.
Furthermore, it is found that the residual stre$se® significant effect on the internal stress
state. It is also found that the stress statearptilymer phases can be accurately predicted
assuming a constant diffusion coefficient of therdi Moreover, the stress state in the fibre
can be approximated for low C-rate using the preddsamework, while for accurate
predictions at higher C-rate the non-linear vasianf the diffusion coefficient should be
accounted for in future studies. Moreover, to eatduthe severity of the stresses developed

during operation failure models are needed e.ddimgi on the work by Bucci et al. [41].
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Tables

Table 1. Assumed lengths of the individual paths for theent flow in the different phases.

Material phase Length of current path Specie
Carbon fibre Liam/2 Electron
Polymer coating O lon
Polymer matrix (T —12)/2 lon
Carbon black particles in matrix 6,,,,/2 Electron

Table 2. Assumed properties of the constituents.

Property Carbon Coating  Matrix LiFePQ, CB Reference
fibre (f) (c) (m) particles particles
() (cb)
r (Ah/g) I}(Crate) - - Fp (Crate) - [27128]
E, (MPa)  E ¢(C) E.(T) E.(T) 1.2510 - [11,23,29,31,33]

Er (MPa)  Ep¢(C) E.(T) E,(T) 1.25-18 [11,23,29-31,33]

a, (LK)  -054.1F 2.10° 2-10° 1-10° 0 [32]

ar (1K)  1-10° 2-10° 2-10° 1-10° 0 [32]
B.(1/C)  0.63-10 0 0 1.64-18 0 [27,33]

Br (UC)  3.2-10° 0 0 1.64-18 0 [27,33]

s (Slcm)  6.9-1G se(T) s (T) - 7 [2,11,23,35]
virlver (5 0.2/0.2 0.38/0.380.38/0.38 0.28/0.28 -

p (g/lent)  1.85 1.0 1.0 3.6 1.8

¢, J/gK)  0.71 1.67 1.67 0.45 0.71

D¢ (m?s)  6.8-10% - - . . [36]
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Nomenclature

|4 Volume fraction of constituent

vy Volume fraction of LiFeP@particles in matrix
é Thickness

Liam Length of lamina

Wiam Width of lamina

r Radius

C Lithium concentration

C Normalized lithium concentration
T Temperature

Crate C-rate

E Elastic modulus

v Poisson’s ratio

a Coefficient of thermal expansion
B Expansion coefficient due to change in lithiunm@entration
s lon/electrical conductivity

Dy Diffusion coefficient of the fibre
r Electrochemical capacity

N Number of concentric cylinders
Uy, Radial displacement

A;, A, Constants determined by solving for displacemadtsiress continuity
Q Stiffness matrix

€10 Strain in fibre direction

n Expansion term

K Bulk modulus

o Stress

i Current density

I Current

F Faraday’s constant (96487 C/eq)
Jn n-th order Bessel’s function of the first kind
An n-th root of the Bessel’s function
m Mass

Q Heat generation

dext Heat exchange with surrounding
R Resistance

p Density

Cp Specific heat

ne Number of fibres in the lamina
Nstep NUmber of time steps

t Time

t. Time for charge/discharge
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