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ARTICLE INFO ABSTRACT

Keywords:
Li-ion based structural batteries

Structural batteries consist of carbon fibres embedded in a porous structural battery electrolyte (SBE), which
is composed of two continuous phases: a solid polymer skeleton and a liquid electrolyte containing Li-salt.
In this paper we elaborate on a computational modelling framework to study the electro-chemo-mechanical
properties of such structural batteries while accounting for the combined action from migration as well as
stress-assisted diffusion and convection in the electrolyte. Further, we consider effects of lithium insertion
in the carbon fibres, leading to insertion strains. The focus is placed on how the convective contribution to
the mass transport within the SBE affects the general electro-chemo-mechanical properties. The numerical
results indicate that the convective contribution has only minor influence on the multifunctional performance
when the mechanical loading is caused by constrained deformation of constituents during electro-chemical
cycling. However, in the case of externally applied mechanical loading that causes severe deformation of the
SBE, or when large current pulses are applied, the convective contribution has noticeable influence on the
electro-chemical performance. In addition, it is shown that the porosity of the SBE, which affects the effective
stiffness as well as the mobility and permeability, has significant influence on the combined mechanical and
electro-chemical performance.

Porous material
Electro-chemo-mechanical processes
Stress-assisted convection

Finite Element Analysis (FEA)

1. Introduction

A trivial observation is that Li-ion based batteries are currently
the dominating solution for energy storage in electrical vehicles, see
e.g. Cano et al. (2018). A well-known disadvantage of the classical
battery design is its large weight (or small energy to weight ratio).
In order to reduce weight, significant effort has been spent in recent
years to develop a concept that is coined structural battery, Asp et al.
(2019), Thomas and Qidwai (2004), Liu et al. (2009), Johannisson
et al. (2018), Ladpli et al. (2019), Moyer et al. (2020) and Zhao et al.
(2020), which has the ability to simultaneously carry mechanical loads
while storing electro-chemical energy. Indeed, by combining these
functionalities, the structural battery offers significant system mass and
volume savings (Carlstedt and Asp, 2020; Asp and Greenhalgh, 2014;
Wetzel, 2004; Snyder et al., 2015; Johannisson et al., 2019).

An efficient microstructural design is offered by the laminated struc-
tural battery architecture, which was first proposed by Wetzel (2004)
and later demonstrated by Ekstedt et al. (2010) and Carlson (2013).
In the laminated battery design, laminae with different functionali-
ties (e.g. electrodes, separator, etc.) are stacked into a laminate. In
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a recent study (Asp et al., 2021), the authors demonstrated a lam-
inated structural battery with unprecedented multifunctional perfor-
mance (i.e. combined electro-chemo-mechanical performance). This
material featured an energy density of 24 Wh kg~! (at low currents)
and an elastic modulus of 25 GPa.

A schematic illustration of the laminated structural battery is shown
in Fig. 1a. The negative and positive electrodes are made from carbon
fibres and coated carbon fibres, respectively, embedded in a Structural
Battery Electrolyte (SBE) (Ihrner et al., 2017; Schneider et al., 2019)
matrix. The SBE is a bi-continuous bi-phasic composite that consists
of a porous polymer network (nano-scale porosity) with an open pore
system saturated with the liquid electrolyte, as schematically illustrated
in Fig. 1b. Clearly, the solid phase makes it possible to distribute
mechanical loads, while the liquid phase enables ion transport between
the electrodes.

Due to their favourable mechanical and electro-chemical properties,
carbon fibres are well suited for multifunctional applications (Fredi
et al., 2018; Kjell et al., 2011). The carbon fibres in the positive
electrode are coated with lithium metal oxide or olivine based parti-
cles, e.g. LiFePO,, binder and conductive additives (cf. Hagberg et al.
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b) Structural battery electrolyte (SBE)

Fig. 1. (a) Schematic illustration of the laminated structural battery. (b) Numerically generated porous bi-continuous nano-structure, from Tu et al. (2020), representing an idealized
fine-scale geometry of the Structural Battery Electrolyte (SBE) that consists of a polymer skeleton (solid phase) saturated with a liquid electrolyte phase (nano-scale porosity).

(2018)), and the two electrodes are separated by an electrically insulat-
ing layer (e.g. made from a thin layer of SBE). Finally, it is noted that
the fibres in the negative electrode and the particles in the coating in
the positive electrode are the active electrode materials (i.e. hosts for
the lithium) in the structural battery cell.

During operation the electrode materials will expand or shrink due
to insertion or de-insertion of Li-ions, and the battery cell will be
exposed to external mechanical loads. For example, carbon fibres may
expand up to 1% in the longitudinal direction at slow charge rate, see
e.g. Jacques et al. (2013a). Hence, the porous structure of the SBE will
be subjected to deformation and a pore pressure gradient that will act
as the driving force for seepage of the liquid electrolyte.

As to the theoretical modelling of the multifunctional performance,
structural batteries have much in common with conventional Li-ion
batteries. Among the wealth of literature, we note important seminal
contributions by Newman and co-workers (Newman and Tiedemann,
1975; Doyle et al., 1993; Doyle and Newman, 1995; Newman and
Thomas-Alyea, 2004). In the context of electro-chemo-mechanical mod-
elling of conventional batteries, i.e. particle based electrode materials
with either liquid or solid-state electrolytes, we mention Purkayastha
and Mcmeeking (2012), Bucci et al. (2016, 2017), Wu and Lu (2017,
2019), Ganser et al. (2019a,b), Wan and Ciucci (2020), Grazioli et al.
(2016, 2019b,a), Bower et al. (2011), Hofmann et al. (2020), and
Xu et al. (2019), to mention a few. Further, we note the work on
multi-scale and computational homogenization approaches for mod-
elling conventional Li-ion battery cells (utilizing liquid electrolyte)
by Salvadori et al. (2014, 2015a,b). Notably, the convective flow of
liquid electrolyte in porous electrodes should be accounted for, e.g. Xu
and Zhao (2015) or Esan et al. (2020). Hence, one may favourably
apply the same conceptual model framework to structural batteries
while keeping in mind that the main differences are: (i) Carbon fibres
(with anisotropic properties) are used as active electrode material in
the negative electrode and as current collectors in both electrodes;
(ii) A porous structural battery electrolyte (SBE) is used (instead of
conventional liquid or solid-state electrolyte). To capture the porous
nature of the SBE, stress-assisted convection, i.e. seepage of the liquid
phase, in the SBE needs to be accounted for.

The importance of various interactions between the
electro-chemical, thermal and mechanical fields in structural batteries
have been investigated by the authors (Carlstedt et al., 2019; Carlstedt
and Asp, 2019) and by Xu et al. (2018a,b), when the battery is sub-
jected to galvanostatic cycling in terms of charging/discharging. These

studies are, however, limited to one-way coupling between the electro-
chemical and mechanical response and simplified geometries were
studied. Tu et al. (2020) have studied the bifunctional performance of
SBEs on the nano-scale, cf. Fig. 1b, while assuming linear constitutive
relations for elastic stiffness and ionic conductivity. Further, Yin et al.
(2020) have studied carbon fibre electrode half-cells using conventional
liquid electrolyte and modified carbon fibres. Only recently, the au-
thors (Carlstedt et al., 2020) developed a thermodynamically consistent
modelling approach to study the electro-chemo-mechanical properties
of structural batteries while allowing for two-way coupling between
the electro-chemical and mechanical fields. It was revealed that it is
vital to account for the two-way coupling in order to accurately predict
the multifunctional performance of structural batteries. However, the
contribution to the ion transport from convection, i.e. from seepage
of the liquid phase of the SBE, was not accounted for. To date no
attempt to evaluate how the pore structure/porosity of the SBE affects
the electro-chemo-mechanical properties of the structural battery has
been published (to the authors’ knowledge).

In this paper, we take a further step towards solving the com-
plete multiphysics problem for the laminated structural battery cell
by extending the previously developed (thermodynamically consistent)
theoretical framework (Carlstedt et al., 2020) to consider the porous
structure of the SBE. The relevant electric, chemical and mechanical
fields are thus resolved while accounting for the seepage of the lig-
uid electrolyte in the bi-continuous polymer network of the SBE. We
utilize the developed framework to solve the coupled electro-chemo-
mechanical problem for a realistic conceptual microstructure and the
appropriate interface and boundary conditions. Moreover, we account
for the highly anisotropic behaviour of the fibres in the longitudi-
nal and radial directions (transverse isotropy). Finally, by employing
the general computational framework for analysis of the studied ma-
terial, our main objectives are (i) to investigate the importance of
accounting for seepage of the liquid electrolyte within the SBE and
(ii) to evaluate how the pore structure/porosity of the SBE affects the
electro-chemo-mechanical properties of the structural battery.

The paper is organized as follows: In Section 2, we present the
conceptual microstructure and simplified architecture of the laminated
structural battery cell. In Section 3, we present the governing equations
for the individual domains of interest (fibre, electrolyte) for the simpli-
fied problem of the negative half-cell, as well as interface and boundary
conditions, while accounting for the stress assisted convection in the
SBE. Further, interpolation expressions are formulated to estimate the
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effective (microscopic) properties of the SBE as function of its porosity
based on computational homogenization utilizing artificially generated
Representative Volume Elements (RVEs). Small strain kinematics is
adopted since the considered loading will cause only small strain levels.
In Section 4, we present the complete formulation of the potentiostatic
and galvanostatic problems in the context of the time-incremental weak
format. In Section 5, we describe the numerical implementation, in-
cluding mechanical loading conditions and material properties, and in
Section 6 we present the numerical results. Finally, concluding remarks
and outlook to future work are presented in Section 7.

2. Conceptual microstructure and simplified architecture

In this paper, we study the so-called laminated structural battery
cell. The conceptual microstructure of the material is illustrated in
Fig. 2a. In the laminated design, the individual laminae provide differ-
ent functions and are stacked into a laminate to achieve mechanical
properties similar to those of conventional fibre reinforced polymer
composites while providing an efficient battery function. The battery
components are identified as follows: (i) The negative electrode (upper
lamina in Fig. 2a). This electrode/lamina consists of carbon fibres
embedded in a porous matrix (SBE); (ii) The positive electrode (lower
lamina in Fig. 2a). This electrode/lamina consists of carbon fibres,
coated with a mixture containing Li-metal-oxide or olivine based parti-
cles (such as LiFePO,) and conductive additives (see Fig. 2b), embedded
in SBE; (iii) Separator/SBE (middle lamina in Fig. 2a). This lamina
assures that the active electrode materials do not come in contact, and
is assumed to be made from SBE.

As discussed in previous work by the authors (Carlstedt et al., 2020),
it is possible to simplify the theoretical analysis and experimental
investigation of the laminated structural battery cell by using the
similarity of the two electrodes in the laminated architecture (both the
negative and positive electrodes consist of fibres embedded in a SBE-
based matrix material). Hence, we consider the conceptual design of the
negative half-cell in Fig. 2c. This battery cell corresponds to the battery
cell studied in previous works (Johannisson et al., 2018; Ihrner et al.,
2017; Schneider et al., 2019; Carlstedt et al., 2020). In the negative
half-cell, the positive electrode in the full-cell is replaced by a collector
of solid Li-metal. Further, we exclude the separator to simplify the
analysis.! The generic/idealized model representation of this negative
half-cell, which is shown in Fig. 2¢, corresponds to a repeatable unit in
the horizontal direction of the negative electrode lamina as illustrated
in Fig. 2a (where the height of the unit corresponds to the height of
the negative electrode). It should be noted that the electric potential
is assumed constant along the fibres. This assumption is reasonable
for battery design with short current path along the fibres (cf. Asp
et al. (2021), Johannisson et al. (2018)), although the electric resistivity
of the fibres is large compared with e.g. a conventional copper foil
collector.

3. Time-continuous strong format — Individual domains, inter-
faces and boundaries

The time-continuous strong format and modelling assumptions for
the individual domains, interfaces and boundaries are presented in this
section (in accordance with previous work by the authors (Carlstedt
et al., 2020)) and extended to account for stress assisted convection
in the SBE. Further, the charge balance (Gauss law) is reformulated as
compared to Carlstedt et al. (2020). Isothermal conditions are assumed,
i.e. the absolute temperature 6(x,t) = 6, is only a given parameter.
With respect to mechanical properties, the material response of both

1 1t should be noted that the separator could simply be added to the model
as an additional electrolyte domain. This would e.g. allow for other interface
conditions linked to the convective flow at the electrode-separator interface.
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the carbon fibres and the SBE skeleton are assumed to be linear (i.e. lin-
ear elastic material response). With respect to the electro-chemical
response on the other hand, nonlinearities are considered. Moreover,
self-weight and any piezoelectric effects are ignored.

3.1. Fibre domain(s) Q5 = UI.Nﬁb'“.Qﬁ i

3.1.1. Preliminaries

For the fibre domains(s) we introduce the following special assump-
tions: (i) Material properties are characterized as transversely isotropic,
whereby isotropy pertains to the cross-section (Cartesian coordinates
X1, X,); (ii) Li is the single active species, which can move into the fibre;
(iii) The current between the fibres (£2;) and the positive connector
(I,) is caused by electron transport in an external circuit. All fibres
are connected to a collector with the same potential @~ (), i.e. the
potential is assumed uniform, ¢(x,1) = @~ (), for x € Q; = uiNﬁ""’S Q.
Consequently, the electric field can be neglected and the current is
therefore not resolved in the fibres (Fig. 2c).

3.1.2. Balance equations for fibres
The governing balance equations in the fibre domain(s) in the strong
format are summarized as follows:

—0-V=0in QfxR* (1a)
pa,cLi +jLi -V=0in Qf x Rt (1b)
where ¢ is the (symmetric) stress tensor, j;; is the ion flux vector for

Li and cj; is the ion concentration of Li.? Finally, p is the fibre density.

3.1.3. Constitutive relations for fibres
The relevant constitutive relations are:

6=E: [e[u]l - e“h(cLi)] (2a)
Jui = =My - Vi (2b)

where pp; = ME{‘(G, o) 1= —pla® : o(e, o)+ ”I?i + RO, log < N iLiELi )
(20

where e[u] is the (small) strain tensor expressed as a linear operator
of the displacement field u. Further, y;; is the chemical potential for
Li in the fibres, and its definition is based on the activity coefficient
for an ideal solid solution of non-interacting particles on a lattice (cf.
Bazant Bazant (2014)). In Eq. (2c), we introduce ﬂf?(e,cu) as the
explicit (energetic) relation for the chemical potential. Furthermore,
¢é; is the normalized ion concentration of Li w.r.t. its theoretically
maximal concentration® (in any point in space-time), cj;may, thus
defined as &; = —2i-. The insertion tensor a™ is a second order

tensor containing t}LlLfl:’n{?;msversely isotropic coefficients of the insertion
induced expansion of the fibres. Further, ”Ei is a reference/standard
value, R is the universal gas constant and 6, is a reference temperature.

Further, we introduced the elasticity tensor that is pertinent to
transverse isotropy (which is defined by five independent parameters)
as follows:

E= L I®I+2G, 19" +[Ly - LI ® E; + E; ® I
+[H —4G) +2G 2L+ L ]E; ® E; +4[G| - G ]A 3)

where I = E,| + E, + E; is the 2nd order identity tensor (E; :=e;Qe; is
the i:th base dyad), I®Y™ := %[I@I +1QI] is the (symmetric) 4th order

2 It is noted that ¢;; is defined in mol kg~!, and not in mol m~3 com-
monly used in the electro-chemistry literature (cf. Newman and Thomas-Alyea
(2004)).

3 That such a maximum value can be predefined follows from the explicit
choice of the activity coefficient fi;(¢;).
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Fig. 2. (a) Possible (micro)structural design of the laminated structural battery comprising (—) and (4) electrodes with carbon fibres embedded in porous polymer electrolyte
matrix (SBE). (b) Electrode coating with embedded Li-rich particles and matrix containing electron conductor (carbon black). (¢) Schematic architecture (generic/idealized model
representation) of the negative half-cell. In the external circuit, Load represents electric loading, e.g. in terms of a given resistance. The introduced notation is defined in Section 3.

identity tensor, whereas A := i[E3§I + E;QI + IQE; + IQE;] is a
4th order symmetric tensor. Moreover, L is Lamé’s first parameter, G
is the shear modulus and H) is the uniaxial strain modulus.

Next, the lithium insertion strain €®(c;;) and the mobility tensor
M;(cy;) are introduced as follows:

(4a)
(4b)

eM(epy) = aP [eLi = cLiref] » With ah = aih [E, + E,| + aﬁhE3
Mij(ery) = My i (er) [Ey + Eo] + My (er)E5

where the reference value cy; o defines the state at which no chemical
strains are present in the material. This value is set equal to 0 (for sim-
plicity). The mobilities in the fibres in the transverse and longitudinal
directions are denoted My; , (c;;) and My, (cr;), respectively.

3.2. Electrolyte domain £2,

3.2.1. Preliminaries

For the electrolyte domain we introduce the following special as-
sumptions: (i) Material properties are characterized as isotropic. Hence,
effective properties of the SBE are used (based on the properties of
its two phases: liquid/solid); (ii) The Li-ions are positively charged
(cation, Li*), whereas the companion X-ions (anion, e.g. PFg) are
negatively charged; (iii) Convection in the pore fluid is accounted for as

— def def
4 Indicial notation: (A®B),;; = (A)y(B);, (A®B),;; = (A);(B), for A, B
symmetric 2nd order tensors.

a transport mechanism for both the Li- and the X-ions; (iv) The current
density is carried both by Lit* and the companion anion X~. There is
no current due to motion of electrons, i.e. i,- = 0; (v) The electric
potential ¢ may be discontinuous along each fibre-matrix interface
Ite;» i =1,2,..., Nipres- This discontinuity is modelled via a linearized
Butler-Volmer type of “electric resistance” relation.

3.2.2. Balance equations for SBE
The governing balance equations in the strong format are summa-
rized as follows:

—6-V=0in Q,xR*" (52)

0,8 +w-V=0in Q,xR* (5b)
—SFleyj—cxl+d-V=0in Q. xR* (5¢)
9,(Sery) + jii - V=0in Q. xR* (5d)
0,(Sex) +Jjx - V=0in Q. x R* (5¢)

where S is the “fluid storage function” of liquid electrolyte salt and @ is
the fluid mass flux. The balance Egs. (5b), (5d) and (5e) represent novel
developments in this context, cf. detailed derivation in Appendix A.°

5 The equations are linearized around a reference porosity ¢ = ¢, and
a reference fluid density pF pg, which both are considered as material
constants. Further, Egs. (5b), (5d) and (5e) correspond to Egs. (A.15a) and
(A.15b) in the Appendix A, where the ion fluxes j, for « = Li,X denotes the
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Most importantly, the expressions are valid under the assumption of
intrinsically compressible solid and fluid phases, whereby intrinsic
incompressibility represents an extreme situation. Moreover, d is the
electric flux density vector (dielectric displacement), ¢;; and cx are the
ion concentrations, defined as ion mass (in moles) per unit mass of fluid
(in kg), cf. Appendix B, and F is Faraday’s constant. For later use we
also note that i = F[j;; — jx] is the current density due to motion of
ions (known as Faraday’s law of electrolysis).°

3.2.3. Constitutive relations for SBE
The relevant constitutive relations are:

oc=E:e[ul-ppI (6a)

S=p" [p+ip+pII : elull] (6b)
w=-K-Vp (6¢)
d=-€-Vo (6d)

Jui =—My; -V — FMy; - Vo + ey (6e)

where py; = p(cy;) =l + R, log (¢1;) (69)
Jx=—My - Vux + FMy - Vo + cxii (6g)

where puy = pu(cy) 1= puy + RO, log (&) (6h)

Eq. (6a) expresses the so-called “effective stress” principle of porous
media; 6’ = E : e[u] is the effective stress, where E = LI @ I +2GIY™
(expressed in terms of Lamé’s parameters) is the standard isotropic
elasticity tensor. Further, p is the (intrinsic) pore pressure, and f is the
so-called Biot coefficient.

In (6b) we introduced the effective compressibility 4, whereas ¢ is
the porosity of the SBE (in the undeformed state) and p* is the intrinsic
density of the fluid (electrolyte). How to obtain explicit values of f and
A is further elaborated in Appendix A. Indeed, the results used in this
paper are given in (A.22a) and (A.22b).

The isotropic permeability (hydraulic conductivity) tensor K, intro-
duced in (6¢), is defined as K := pFkI, where k is the permeability
coefficient.

The isotropic permittivity tensor €, introduced in (6d), is defined as
& :=¢€l, where ¢ = ¢¢, is the permittivity (i.e. the material’s ability to
transmit an electric field). The permittivity in vacuum, is denoted ¢,
and the relative permittivity is denoted ¢,. The electrical potential is ¢.

The isotropic mobility tensors, introduced in (6e) and (6g), are
defined as My;(cy;) = npted and My(cx) = nyptexI, where 1, is
the mobility coefficient of species a for a = Li,X. It should be noted
that we have made the simplification that there is no coupling between
the diffusion of Li* and X~. Upon comparing with (A.16), we note
that the first two terms in (6e) and (6g) are associated with diffusion
and migration, ( jB), while the last term corresponds to the convective
contribution of the ion flux, (jg). As to the chemical potentials puy;
and uy, which are defined in (6f) and (6h), respectively, we define the
normalized ion concentration of species Li and X in the electrolyte as
&= C;’L:ef and ¢y = %, respectively. Both c;; o and cx ¢ are chosen
as 1 mol kg=1.7 It should be noted that the chemical potential for the
species in the electrolyte (Egs. (6f) and (6h)) are defined in accordance
with the standard definition for an ideal solution (see e.g. Chapter 2
in Newman and Thomas-Alyea (2004)). This can be compared with the
definition for y;; in the fibre (Eq. (2¢)) which is modified to account
for the phase separation occurring during intercalation (i.e. modelled
as a lattice gas or an ideal mixture of particles and holes, see Bazant,
2014) and the effect of mechanical stress (cf. Larché and Cahn, 1985).

combined motion from diffusion, migration and convection (i.e. the sum of jE
and j©).

® Here, we used that the valence number is +1 for Li and —1 for X.

7 This value is obtained from setting pc, s = 1 molar (or 10° mol m3%)
and pf = 10° kg m=3.
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Finally, upon combining the expressions above, we derive the con-
stitutive relation for the current density:

i=—FMy; -Vu;+FMy -Vuy—K-Vo—-C-Vp 2]

where we introduced the ionic conductivity K := F?[My; + Mx] and
the ionic permeability C := F[c; — cx1K.

Remark 1. A common assumption in the electro-chemistry literature
on conventional Li-ion batteries is electroneutrality, i.e. Flc;; —cx] =0
cf. Newman and Thomas-Alyea (2004)). When this condition is ful-
filled, (i) Gauss law in Eq. (5c) becomes homogeneous and (ii) the
convective contribution to the current density in Eq. (7) disappears
(C = 0). It should be noted that noticeable deviation from electroneu-
trality only occurs in the immediate vicinity of electrode—electrolyte
interfaces (see e.g. Carlstedt et al. (2020)) and that proposed framework
does not require this condition to be fulfilled. []

3.2.4. Material properties of SBE - Dependence on porosity

The porosity of the SBE, ¢, depends significantly on the composition
of the polymer/electrolyte mixture (e.g. different monomers or mixing
ratios of monomer to electrolyte before curing) (Ihrner et al., 2017;
Schneider et al., 2019). Clearly, the effective properties, such as elastic
stiffness E, permeability K and mobilities M;, M, depend strongly on
¢. Due to the fact that the SBE consists of two phases (liquid/solid) and
that the porosity/phase separation exists at the nano-scale (compare
with the micro-scale of the utilized model), effective properties of
the SBE (micro-scale) can be derived via virtual material testing on
(nano-scale) Representative Volume Elements (RVEs).

In this paper we exploit results obtained by Tu et al. (2020). Artifi-
cial RVEs are generated to mimic the geometry of the SBE, see Fig. 3.

These artificially generated RVEs are then used to characterize the
effective (microscopic) properties via computational homogenization.
The elastic bulk modulus B and shear modulus G are computed based
on assumed isotropic linear elasticity on the sub-scale. The effective
mobility 7, of species « in the SBE is computed by solving the diffusion
equation in the pore domain of the RVE. Finally, the permeability k is
identified by solving the Stokes flow problem in the pore domain, while
assuming a rigid skeleton. The homogenized effective properties are ex-
tracted from RVEs with different porosity values in the range 0.2 < ¢ <
0.8. This range was used since bicontinuity of the porous microstructure
might be lost in the intervals 0 < ¢ < 0.2 and 0.8 < ¢ < 1. Moreover,
setting the RVE size to 500 nm results in a characteristic pore size
of roughly 100 nm, which is in accordance with Ihrner et al. (2017),
Schneider et al. (2019). Since the considered RVEs are not sufficiently
large to be fully representative, we compute quasi-isotropic effective
properties by averaging the approximately isotropic components into
one single value in the same fashion as in the paper by Tu et al.
(2020). By using this averaging method, they show that the resulting
variations of the effective properties between randomly generated RVEs
within the same microstructure class are small. Further, it should be
noted that the results that are derived from using this method are
only valid for the microstructure class pertaining to bicontinuous RVE
microstructures, i.e. two-phase systems with intermingling solid and
liquid phases as observed in structural battery electrolytes (Ihrner et al.,
2017; Schneider et al., 2019).

In order to extract the effective properties as smooth functions of
¢, we employ various interpolation laws based on the discrete data
points that represent the RVE-computations. The generalized mixture
rule, which defines a generic property y, can be formulated as

z=gal +11-¢1a2)"". be -1 11\ (0} ®)

where the exponent b allows for an interpolation between the arith-
metic mean b = 1 and the harmonic mean » = —1. The constants 4, and
a, prescribe the interpolation curve at ¢ = 1 and ¢ = 0 respectively.
For the mechanical properties, such as the bulk modulus and the shear
modulus, we set a; = 0 (liquid phase in pore space) whereby a, will
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(1): ¢ = 0.29

(2): ¢ =0.49
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(3): ¢ =0.77

Fig. 3. Example RVE samples representing the nano-scale SBE of various porosities (¢). The grey body represents the solid polymer phase of the SBE, while the empty space is

filled with liquid electrolyte.

represent the intrinsic bulk modulus BS and shear modulus G3 of the
solid phase, respectively. The interpolation rule for the bulk modulus
and the shear modulus thus simplifies to

B=[1-¢1""BS, be[-1,11\{0) 9)

G=[1-¢]'""G5, be[-1,1\{0} (10)

where the exponent b corresponds to the only free parameter which is
determined via curve fitting.

The same arguments are applied for representation of the ionic
mobility. Hence, g, is set equal to the intrinsic ionic mobility #F (liquid
phase in the pore space), whereas a, = 0 in the electro-chemically
inactive solid phase. This means that the SBE would lose all of its
mobility in the event of a dense material, ¢ = 0. Clearly, it would
perform as a purely liquid electrolyte in the extreme situation that
¢ = 1. The interpolation rule for the ionic mobility thus reduces to

n=¢Y%%, be[-1,11\{0) an

which corresponds to the Bruggeman relation if we identify 1/b as
the Bruggeman exponent (Newman and Tiedemann, 1975; Bruggeman,
1937).

Finally, for the effective permeability, we adopt the Kozeny—-Carman
rule (Carman, 1997) which is used for predicting the permeability in
porous media

as —¢3
T[1-¢)?
where the proportionality constant a; corresponds to the only free
parameter which is determined via curve fitting. It should be noted that
the Kozeny—Carman rule is commonly used in the electro-chemistry
literature for estimating the permeability of porous electrodes in flow
batteries, see e.g. Xu and Zhao (2015) and Esan et al. (2020).

k= (12)

3.3. The fibre/electrolyte interface I,

We assume that the redox reactions and load transfer occur along
the entire fibre—electrolyte interface with uniform properties. The fibre—
electrolyte interfaces are assumed to be perfectly bonded such that
the displacement field u is continuous across .. Further, we assume
that pp;, as well as @, may be discontinuous across I, whereas ji;,
is continuous across I%. Finally, we note that no seepage takes place
across the interface, i.e. i, := @ -n =0 on I}, where n is the normal
on I}, pointing out from the electrolyte domain . and into the fibre
domain .

We assume that ji;, is governed constitutively by an interface
mobility M such that

Jrin(®) 1= jLi(x) - n(x)

o ] ] (13)
= —M[pu) (%) = ~M[uy;(x) - FM [@~ - ¢°], x € I},

In Eq. (13), we introduced the jump operator [[+](x) := «(xf) — o(x¢) and
xf = lim,y[x + en], x® := lim.g[x — en]. Further, we used the
identity [u;1l = [pyll + F [@~ — ¢°|, where ¢° := @(x°) is evaluated
in the electrolyte at the fibre—electrolyte interface. Clearly, this model
carries over directly to the current density flux i, across the interface
Ffe’ i.e.

in = FULi,n - jX,n ] = _FM[[”Li]] - E [(D_ - (pe]

20 a4

=—FM[uf, - y&1- K [®~ - ¢°] on Iy,
where we introduced the assumption jy ,(x) = 0, x € If, i.e. the trans-
port of X~ is blocked at the fibre—electrolyte interface. The chemical
potential in the fibre and electrolyte is denoted ”ii and uf;, respectively,

and the interface ionic conductivity is introduced as K := F?>M.
Further, we introduce the constitutive assumption
d,=—-E[® - ¢°| on Iy (15)

where d, is the electric flux density vector and £ is the interface
permittivity.

Remark 2. The relation (14) is identical to a linearized Butler-Volmer
relation, see e.g. Newman and Thomas-Alyea (2004). ]

Finally, we note that the current I(rf) corresponds to the total
current in all the fibres that are connected to the negative connector.
This current has to be transported/conducted via electronic conduction
along the fibres; however, it cannot be modelled in a 2D-setting. Its
value is known (prescribed) in the case of a galvanostatic problem,
whereas it is a “reaction” in the case of a potentiostatic problem.

3.4. Exterior boundaries I, U I,

Mechanical conditions are related to displacements () and tractions
(6,=0-n):
(16a)
(16b)

up =iy, 6,0 =000 IeyoU Ty 3
6,=0o0n I VT,

where i, denotes time-dependent prescribed displacement (to be pa-
rameterized later). Further, mechanical conditions related to pore pres-
sure (p) and seepage (i, = W - n) are defined as:

p=0o0n Iy (17a)
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W, =00n IgyoU s UT, (17b)

The motivation for the traction-free condition on Iy ; UT, in Eq. (16b)
is that the studied (part of the) lamina will in practice constitute a
layered plate structure, whereby the assumption about small magnitude
of the normal stress across the plate thickness is well taken. Moreover,
the liquid phase in the SBE is allowed to flow freely through the upper
boundary of the unit cell I'y; (i.e. permeable surface), as the pore
pressure is set to zero (cf. Eq. (17a)). This boundary condition is mo-
tivated for the structural battery design used in previous experimental
studies, e.g. Asp et al. (2021) and Johannisson et al. (2018). In these
studies, the upper surface of the carbon fibre electrode was freely
exposed towards the inside of a pouch cell bag. It should be noted that
under these conditions, the liquid electrolyte content within the unit
cell is allowed to vary.

Chemical conditions are related to ion flux (ji; , = ji; n, jx, = jxn:

Jtin=—FM [@" - ¢°] on I, (18a)
Jin =000 Loy o U Tgye 3 (18b)
JrLipn = CLithy, on Leyq (180)
Jxa =0 0N Ty UTexez U T, (18d)
Jxn = cx, on Ieyq (18e)

The assumed chemical conditions are motivated by the fact that the
ion flux occurs between the Li-metal and fibres (i.e. mainly in the x,-
direction in Fig. 2¢) and that the height of the studied unit corresponds
to the thickness of the electrode lamina. Moreover, in accordance with
the assumption of permeable upper surface Iy ; (cf. Eq. (172)), a
convective contribution (driven by the pressure gradient) of the ion flux
is allowed along this surface.
Electrical conditions are related to the electric flux density (d,):

d,=-E[®" - ¢°] on T, (19a)
d, =0o0n I (19b)

where I, denotes all exterior boundaries except I',. Further, &% is
a spatially constant value in the collector (Li-metal) at I', and € is
the electrolyte potential along I',. Moreover, we assume that @* is
henceforth prescribed at 0 V (as a given reference potential).

3.5. Convention for discharging and (re)charging phases

For charge/discharge conditions we utilize the convention of a
carbon fibre electrode vs. Li-metal half-cell (cf. Carlstedt et al., 2020).
The distinct phases of discharging and charging are summarized as
follows:

Charging (delithiation): The electric loading device is discon-
nected and either a potentiostatic or galvanostatic problem is solved.
During charging the fibres are delithiated, i.e. Li-ions move from the
fibres to the Li-metal. This phase ends when the battery is fully charged,
i.e. when either @~ (¢) or I~ (¢) reaches a predefined threshold value.

Discharging (lithiation): The electric loading device is connected.
During discharging the fibres are lithiated, i.e. Li-ions move from the
Li-metal to the fibres. This phase ends when either @~ () or 17(¢) falls
below a predefined threshold value.

4. Time-incremental weak format of half-cell problem
4.1. Preliminaries

We introduce time intervals I, = (¢,_,,t,), whose length is 4t = ¢, —
t,_i- We then employ the Backward Euler method for time integration;

however, we deviate from the fully implicit rule by replacing the
constitutive mobility tensor M, ("c,) by "M, = M,(""¢,) for a =
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Li,X, which infers forward differencing. Hence, we evaluate j, = ",
atr=r1, as
JoVita V. Vp) = ="~ 1M - Vit = "L, - Vo= "I, K-Vp, a = 1iX (20)

where L;; = FM; and Ly = —FMy.
The relevant solution (and test) spaces for solutions at the updated
time 7, are defined as:

U={ueH(Q): uy = on sV s}

00 ={ueH"(Q): u; =00n IyuoU sl (21a)
P=P'={peH'(Q): p=0on I} (21b)
=1 = {p e H'(Q,)} (21c)

Nip; = NI, = (i € Lo(2p U Qo). piilo, = H'(Qp), pilg, = H'(2e))
(21d)

My = MY = {ux € H'(2,)} (21e)

4.2. Potentiostatic problem — Controlling the electric potential @ (t)

The potential value @~ (¢) (in addition to @*(r) = 0) is a prescribed
function in time within the negative collector (fibre) domains £ :=
U;€%,. The entire problem of solving for the updated fields at ¢ = ¢, can
now be posed as follows: Findu € U, p e B, 9 € I, yi1; € My, py € Ny,
o € Ly(2; U Q,), and cx € L,(£2,), that solve the set of equations

/ o e[buldV =0 veue 0’ (22a)
QU8,
- l/ [s -S| 6pdv +/ w-V[spldV =0 vspeP  (22b)
At Jo, o,
/ SF [o; — cx| 8o dV +/ d-V[spldV —/ d,6pdS =0 Vép e 0 (22¢)
2 2. TpUl,

" @y, p e = "ey] Suy dv
1 -
77/ [Sey = "[Seyl] dpy dV
At Jo
+/ Jui - VIouy1dv +/ Jrin [8p;1dS
200, Te

—/ Jiin Oy dS =0
r+ur&xk‘l

- l/ [Sex = "'[Sex]] sux AV
At Jgo,

Vo, € N2, (22d)

+ / Jx - VduxldV — / Jxa 4 dS =0 Vouy € NIy (22€)

e ext1

/ [ = ] e dv =0 Vécy; € Ly (¢ U 2,)
Q;00,

(22f)

/ [1E" = ] bex dV =0 Vécy € L, (£2,)
2,

(22g)

where the pertinent constitutive relations were given as follows: o is
defined in Eq. (2a) on £2; and in Eq. (6a) on £,; d is defined in Eq. (6d)
on Q,; ji; is defined in Eq. (2b) on & and in Eq. (6e) on £.; jx is
defined in Eq. (6g) on Q; @ is defined in Eq. (6¢) on Q,; ”E? and y)e(“
are the energetic constitutive expressions of Egs. (2c), (6f) and (6h).
Moreover, ji;, is defined in Eq. (13) on I%, in Eq. (18a) on I', and in
Eq. (18¢) on Iy . In addition, jx, is defined in Eq. (18e) on I s-
Finally, d, is defined in Eq. (15) on I}, and in (19a) on I7,.

Remark 3. We employ a mixed method, since yu;; and uyx are treated
as independent fields in addition to ¢; and cx. This choice requires the
additional constraint conditions in Egs. (22f) and (22g). []

The current I~ is computed in a postprocessing step as

l‘=/ i,dS (23)
I

e

where the constitutive relation for i, was given in Eq. (14).
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4.3. Galvanostatic problem — Controlling the electric current I~ (1)

The potential value @*(r) is prescribed along the boundary I,
whereas the total current I~ () from/to the negative collector (fibre)
domains & := U;&, is assumed to be a known function. The entire
problem of solving for the updated fields at ¢ = 7, can now be posed as
follows: Findu € U, pe P, € F, py; € My, py € My, c15 € Ly (2,UL2,),
cx € L,(22,), and @~ € R, that solve the set of equations

/ 6 : e[su)dV =0 veue0’ (24a)
Q;U8,
- Alt/ [s -S| épdv +/ w-V[spldV =0 vspel  (24b)
-Qe ﬂe
/ SF [o; — cx| 8o dV +/ d-V[spldV —/ d,6pdS =0 Vép e (24c)
2 2, TLur,
1 wel. 1=
A p[ewi = "leyi] B dV

1 -
——/ [Sey = "[Seyl] Spy; dv
At 2,
+/ J'Li~V[5l4u]dV+/ Jrin [8p;11dS
200, T

—/ Jrin OHy; dS =0
r+urexl‘l

- l/ [Sex = "'LSex]] Sux AV
At Jo

Vouy € N2, (24d)

+/ Jx - VIsuxldV —/ Jxn BpxdS =0 Vouy € MY (24e)
2, T,

ext1

/ [Hr = ) e dv =0 Vécy; € Ly(£2; U 2,)
Q:002,

(241)
/H (1" = ] bex dV =0 Vécy € L, (2,)
(24g)

60~ [/ i,dS — r] =0 véd~ eR  (24h)
It

It should be noted that the value of @~ is now part of the solution

(cf. formulation of the potentiostatic problem); hence, the additional

Eq. (24h) is required.

5. Model specification
5.1. FE-approximation and implementation in COMSOL Multiphysics®

The numerical implementation is done in the commercial FE soft-
ware COMSOL Multiphysics version 5.4. The time-incremental weak
format of the governing equations presented in Section 4 are setup
and solved using the Weak form PDE module and the built-in solver
MUMPS (MUltifrontal Massively Parallel sparse direct Solver (MUMPS,
2008)). As to the FE-approximations, triangular Lagrange elements
are used for the various primary fields in the fibres and the SBE
domains with polynomial order as follows: u quartic (fibre, SBE), p
quadratic (SBE), ¢ quadratic (SBE), u;; cubic (fibre) and quadratic
(SBE), ux quadratic (SBE), ¢; cubic (fibre) and quadratic (SBE), cx
quadratic (SBE). By successively raising the polynomial order of the
FE-approximation for a given triangulation, a convergence study (not
further detailed in this study) shows that the results are reliable and
not flawed by discretization errors. The Fully Coupled Approach is used
to solve the coupled problem, i.e. the complete system of equations is
solved in a monolithic fashion without using any staggering between
the different physical mechanisms.

5.2. Model geometry and loading conditions

The geometry for the chosen two-dimensional FE-model is illus-
trated in Fig. 4a. The height (/) and width (w,,,) are chosen from Jo-
hannisson et al. (2018). The fibre volume fraction (V;) is set to V; = 0.45.
The model geometry and element mesh are presented in Fig. 4a.

International Journal of Solids and Structures 238 (2022) 111343

Although the FE-analysis is two-dimensional, the stress state is
three-dimensional due to the assumed stress/strain condition in the
x;—direction (along the fibres). We opt for conditions that simulate
those which are typical for beam (and plate) kinematics, whereby
the x;-direction is the beam axis. The following mechanical loading
conditions (in the x;-direction) are considered:

Load(i) Standard plane strain, i.e. e33(x;,x,,1) = &3 = 0. Postpro-
cessing then gives the field o3;3(x|, x,,#) and the normal force
N33 ).

Load(ii) Generalized plane stress, defined by e3;3(x;, x,,1) = &3(¢) and
the condition

Nas(t) 1= /Q o33(e,1)dS = 0 @5)

where we note that 2 defines a surface in 2D. This is the
extra condition that is needed to compute é;;(r) as part of
the FE-problem. Clearly, postprocessing will provide the field
033(x1, X5, 1).

With respect to the in-plane mechanical conditions in the x;-
direction (Eq. (16a)), we consider the following cases:

Bend(i) In-plane deformations constrained: &) =0 on Ioy o U Teyy3-

Bend(ii) In-plane deformation &) on Iey 5 U Iey 3- This corresponds to
the case when in-plane deformations are applied to simulate
bending of a structural battery laminate:

N h
—R(1) 2 [x, — "2, on Ty

i (xp,1) = (26)

— W h
R(0)“St[x, — 298], on Ly a

A “ramp-loading” in time is introduced, whereby the curva-
ture k() is parameterized as

0, 0<t<1
_ 1-1y
_ <
0= KOH—YU’ th <t <t @)
TRyt 4 <<t
0o, s 2
0, 1>1,

illustrated in Fig. 4b. Here, i is the magnitude of the applied
curvature. The time intervals ¢ € [ty,7,] and ¢ € [t,,1,] repre-
sent the time periods in which the mechanical deformation is
ramped up and down, respectively. For simplicity the neutral
axis is located at the mid-height of the battery cell (f¢,/2).

For galvanostatic conditions the applied constant (dis)charge cur-
rent is defined as

177 = it (28)

where if is the applied mass-specific current (intrinsic fibre property)
and mf is the fibre mass of the unit cell (depends on the fibre volume
fraction, fibre density and cell size).

5.3. Material parameters

The complete set of parameter values used in the analysis is listed
in Table B.3 (in Appendix B).

The mechanical properties of the carbon fibres, most notably the
elastic constants defining transverse isotropy, are based on experiments
by Duan et al. (2020). As to the electrochemical characteristics, the
fibre mobilities in the transverse and longitudinal directions are as-
sumed equal (for simplicity): My; (cp;) = My (cy) = mpe; where
n; is the mobility coefficient of Li in the fibres. This simplification is
motivated by the geometric features of the electrode material (fibres)
and the studied electrical loading (cf. Hagberg, 2018). The mobility
of Li in the fibres is estimated based on the longitudinal diffusion
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Fig. 4. (a) Model geometry and triangular element mesh for the FE-model set-up in COMSOL Multiphysics. (b) Schematic illustration of the in-plane bending of a structural battery

laminate, cf. Eq. (26).

coefficient for sized IMS65 carbon fibres at ¢; = 0.05, cf. Kjell et al.
(2013). The reference/standard value ;4& is based on measurements by
Kjell et al. (2013). The values of aih, ah, if and CLimax are chosen
on the basis of experiments by Jacques et al. (2013a). It should be
noted that these values are correlated and that if is defined per kg
of fibres in the electrode. For example, if = 168 A kg™! of fibres
corresponds to the electric current needed to discharge the negative
half-cell in approximately 1 h (i.e. this can be referred to as C-rate=1).
The fibre expansion and maximum Li concentration® are correlated
with the (dis)charge current (if) based on measurements in Jacques
et al. (2013a).

The interface mobility is chosen as M = i, /[ R, F]. For simplicity,
we assume that the exchange current density (denoted i,) is constant
and is defined in accordance with measurements reported by Kjell et al.
(2013). The interface permittivity is expressed as & e/5, where
6 is the assumed thickness of the electric double layer. The relative
permittivity is set to ¢, = 10, cf. Fontanella and Wintersgill (1988),
Ganser et al. (2019a). The thickness of the electric double layer is set
to 0.5 nm, cf. Ganser et al. (2019a) and Braun et al. (2015).

The intrinsic elastic stiffness of the polymer skeleton of the SBE is
set to ES = 2.5 GPa, which corresponds to a conventional polymer
system made of vinyl esters, e.g. cf. Kandelbauer et al. (2014). The
corresponding intrinsic Poisson’s ratio is set to v = 0.33. Moreover,
the bulk modulus of the liquid electrolyte is set to B = 1 GPa, cf. Gor
et al. (2014). These elastic properties are used to compute the moduli
BS and GS; thus, the effective moduli B and G for a given porosity.
In its turn, the values of BS, B, BF and ¢ are used to compute the
Biot coefficient g and the effective compressibility A. For example, for
given BS = 2.45 GPa, B = 0.52 GPa, B¥ = 1 GPa and ¢ = 0.4, we
compute § = 0.787 and A = 0.56 GPa~!. The mobility coefficients for
Li and X in the liquid phase of the SBE are set equal (for simplicity)
and are based on measurements by Ihrner et al. (2017). Moreover, the
reference/standard value of u for Li in the electrolyte (SBE) is set to
zero, i.e. /”Ei = 0. The bulk modulus B, shear modulus G, permeability
K and mobilities M;;, My of the SBE vary with the porosity ¢, and are
estimated by means of virtual testing as described in Section 3.2.4. The
derived parameters are summarized in Table 1, while the corresponding
curve fitting are presented in Fig. 5. It should be noted that the

8 It should be noted that the maximum Li concentration is estimated as
CLimax = CT3600/F, where Cf is the assumed specific capacity of the electrode
material for a given (dis)charge current.

utilized intrinsic properties of the solid and liquid phase of the SBE are
intended to replicate the SBE systems studied in Ihrner et al. (2017)
and Schneider et al. (2019).

6. Results and discussion
6.1. Assessment of stress-driven convection

Due to seepage of the liquid electrolyte in the SBE, driven by a
pore pressure gradient, convection will occur as an additional transport
mechanism. This effect will be assessed in the proposed framework as
follows:

» Conv: With convection. The problem is solved with full interac-
tion between the transport of electrolyte and transport of ions.

» NoConv: Without convection. The electro-chemical problem is
solved upon setting & = 0 (cf. Eq. (5b)).

A complete discharge/charge cycle under galvanostatic control (at
if = 168 A kg~! of fibres) and mechanical conditions Load(i) and
Bend(i) is considered, and results are presented in Fig. 6. It should be
noted that the applied current (if) corresponds to a (dis)charge time of
approximately 1 h (cf. Jacques et al. (2013a)). In this case the battery
cell is (dis)charged at a constant current I—(r) = IP* (cf. Eq. (28)).
Moreover, we set ¢ = 0.4. After the discharge and charge process,
respectively, the battery cell is allowed to rest for 500 s (during which
the applied current is set to zero: I=(r) = 0). When comparing the
results with and without accounting for convection, Fig. 6¢ and d,
we note that the electric potential is only marginally affected by the
fluid mass flux. The pore pressure and direction of fluid mass flux at
time instances + = 2610 s and ¢ = 6500 s are presented in Fig. 6e—f,
respectively, when convection is accounted for. It appears that both the
pore pressure and the fluid mass flux change sign between the discharge
and charge processes (as expected).

Fig. 7 presents the electric potential profile for the cell when it is
subjected to the same discharge/charge cycle; however, at two different
(dis)charge currents: if 168 and 58 A kg~! of fibres. It should be
noted that 58 Akg™! corresponds to a (dis)charge time of approximately
5 h (Jacques et al., 2013a).” From Figs. 7a-b it is clear that the

9 Note that the maximum Li-concentration (c;; ,q, = C'3600/F) in the fibres
is altered for the different applied currents (if) based on the assumed specific
capacity Cf provided in Jacques et al. (2013a).
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Fig. 5. Effective properties of the SBE as function of its porosity ¢: (a) bulk modulus B, (b) shear modulus G, (c) mobility 7, and (d) permeability k. Each marker « corresponds
to a RVE simulation while the line - corresponds to the interpolations rules (cf. Eqs. (9)-(12)). Note that the numbers indicated in (d) correspond to the RVE samples in Fig. 3.

Table 1

Derived parameter to approximate the effective properties of the SBE as function of its porosity ¢ (cf. Egs. (8)-(12)).
Property Intrinsic value Unit a a, as b Eq. Description
B 2.45.10° [Pa] BS 0 - 0.330 9) Bulk modulus
G 0.94-10° [Pa] GS 0 - 0.207 (10) Shear modulus
1, 4.1071 [m? mol J! s71] 0 e - 0.573 11 Mobility
k - [m? Pa~! s71] - 2.78 10714 - (12) Permeability

adopted framework has the ability to capture the relaxation behaviour
of the electric potential, which depends on the applied electric loading.
Further, it is observed that the shift in electric potential associated
with convection is hardly affected by the change in (dis)charge current
(Figs. 7c—d). Even though the insertion induced expansion of the fibres
is larger in the case of low charge/discharge current (if = 58 A kg1 of
fibres), which will result in a larger pressure gradient inside the cell,
the convective contribution to the ion transport is quite insignificant.
Moreover, it is observed that the effective stress is orders of magnitude
larger compared with the pore pressure under the given conditions
(Fig. 7e). In Fig. 7e, it can also be seen that there is a strong interaction
between the fluid mass flux and the fibre arrangement/placement.
Further, the magnitude of the fluid mass flux (|@|) is very small which
is considered reasonable given the permeability of the SBE (cf. Fig. 5d).
However, it must be born in mind that this observation was made in
the particular case when no external load has been applied.

6.2. Assessment of the SBE characteristics in the presence of convection

Computational results, obtained under galvanostatic conditions
(Conv at if = 168 A kg‘1 of fibres), are compared for different values of

10

the porosity (¢) of the SBE. From Fig. 8 it is evident that the properties
of the SBE affect the electrical and mechanical performance of the
structural battery electrode. The effective in-plane mechanical stresses
in the SBE are significantly larger in the case of low porosity (¢}, and
o), in Fig. 8c-e), which is a consequence of the higher effective stiffness
of the SBE for low porosity (cf. Egs. (9)-(10)). In the case of ¢ = 0.2,
Fig. 8c shows that the tensile effective in-plane stresses approach values
of around 5-10 MPa. These stress values can be compared with the
average apparent transverse tensile strength of carbon fibre reinforced
SBEs (around 11-17 MPa) measured by Xu et al. (2020). Furthermore,
the electric potential (Fig. 8b) and the Li-concentration in the SBE
(¢; in Figs. 8c—e) are significantly affected by the porosity dependent
mobility and permeability of the SBE. Hence, in addition to transport
properties of the liquid electrolyte and stiffness of the polymer network,
the porosity of the SBE is a crucial design parameter for the combined
electro-chemo-mechanical performance.

In Fig. 9 results with convection (Conv) and without convection
(NoConv) are compared for the porosity values ¢ = 0.2 and ¢ = 0.8,
respectively. It is clear that the shift in the electric potential associated
with the convective contribution is larger in the case of low porosity
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(¢ = 0.2). This is linked to the effective transport properties of the SBE
(cf. Fig. 5).

6.3. Assessment of out-of-plane mechanical loading conditions

The influence of two out-of-plane loading conditions (schematically
illustrated in Fig. 10a) on the electro-chemical performance are studied.

The computational results in Figs. 10b—c are obtained for the two
cases: Conv and NoConv when the cell is subjected to galvanostatic
discharge (at if = 168 A kg! of fibres and for ¢ = 0.2). It is observed
that the loading conditions have a larger influence on the electric
potential than has convection, cf. results in Carlstedt et al. (2020)
and Jacques et al. (2013b). However, the shift of the transient part
of @ (¢) is found slightly more pronounced for Load(i). This is due
to the increased internal stresses (causing a larger pressure gradient)
within the SBE for the plain strain loading condition (i.e. Load(i)). Due
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to the significant difference in stiffness of the constituents, and the
fact that the mechanical constraint is applied in the fibre direction,
the mechanical load is carried mainly by the fibres. Hence, the SBE
only experiences low mechanical stresses which result in similar and
minor difference between the two cases: Conv and NoConv, for both
the considered loading conditions.

6.4. Assessment of in-plane mechanical loading due to bending

The influence of convection in the case of in-plane deformation due
to bending of a [90/0] degree structural battery laminate (schemat-
ically illustrated in Fig. 11a) is studied. The studied case represents
the situation when two electrode laminae are stacked into a laminate
with fibre directions perpendicular to each other. When the laminate
is bent as schematically illustrated in Fig. 11a the upper lamina will
deform as shown. The bending deformation is applied during a short
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discharge process at current densities if = 168 and 336 A kg™ of
fibres, respectively (Fig. 11b). The starting state is defined by setting
é; = 0.5, and the current density is then applied and kept constant
for a duration of 450 s. In this loading case, denoted Bend(ii) and
defined in Section 5.2, the in-plane curvature is applied as a time-ramp
as illustrated in Fig. 11b. It should be noted that the magnitude of the
applied curvature (k) is selected such that the assumption of small
strains is valid (|¢;;| < 0.06).

Figs. 11c—d show the electric potential during the discharge process
with if = 168 and 336 A kg=' of fibres, respectively. The studied
currents correspond to equivalent (dis)charge times of approximately
1 and 0.3 h, respectively. It is evident that the electric potential is
noticeably affected by the convective contribution, in particular for
high applied electrical currents. When if = 336 A kg1 of fibres the
shift in the electric potential caused by the applied mechanical load is

approximately 3 mV (Fig. 11d). Further, it is evident that the duration
and amplitude of mechanical and electrical loading have noticeable
influence on the convective contribution to the electro-chemical per-
formance. It should be noted that the electro-chemical performance
of a battery during operation is commonly assessed via the measured
electric potentials of the cell (e.g. the state of health/charge). Hence, to
accurately predict the performance of structural batteries during oper-
ation, in particular for applications with highly varying electrical (and
possibly also mechanical) loading e.g. electric vehicles (Giordano et al.,
2018), it will be important to account for the convective contribution.
Moreover, Fig. 11e shows the pore pressure, the fluid mass flux field,
and the magnitude of the fluid mass flux (|:|) for Conv with if =336
A kg1 of fibres at the point of maximum mechanical deformation
(+ = 300 s). It is noted that the pore pressure is larger as compared
to the case of no external mechanical loading but still several orders of

12
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magnitude smaller than the effective stress components. Further, the
fluid mass flux is orders of magnitude larger as compared to the case
of no external mechanical loading (cf. Fig. 7e). These results clearly
demonstrate that the convective contribution must be accounted for to
accurately predict the electro-chemo-mechanical performance when the
SBE is subjected to severe in-plane deformation, or when high current
pulses are applied.

7. Conclusions and outlook to future work

In this paper we present a computational modelling framework to
study the electro-chemo-mechanical properties of structural batteries
while accounting for the combined action from migration as well as
stress-assisted diffusion and convection in the electrolyte. We demon-
strate that the framework can be used to simulate continuous electro-
chemical charge/discharge processes at different charge rates. The
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numerical studies reveal that the convective contribution to the mass
transport within the SBE (i.e. seepage of the liquid phase) has minor
influence on the multifunctional, i.e. electro-chemo-mechanical, perfor-
mance for loading situations that do not include any externally applied
mechanical loading. However, when the mechanical loading causes
severe deformation of the SBE, or when large current pulses are applied,
the convective contribution has significant influence on the electro-
chemical performance. Finally, the numerical results demonstrate that
the porosity of the SBE has a profound influence on the multifunctional
performance. On the one hand, the electro-chemical performance is
impaired whereas the mechanical stresses increase when the porosity
is reduced. On the other hand, the electro-chemical performance of the
battery cell is improved while the mechanical stresses become smaller
for a high-porosity SBE.

Experimental validation/verification of the developed framework is
the subject of future work. To assure reliable experimental data, the
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b) Three phases: S, F, D,

Fig. A.12. (a) Schematic illustration: homogenized “RVE” of the considered porous media. (b) The mixture consists of the different phases: S, F, D, for a = Li,X.

boundary conditions associated with the flow of liquid phase of the SBE
need to be controlled. Moreover, since the samples are highly sensitive
to moisture and oxygen, the tests must be performed in a controlled
environment. Finally, utilizing the developed computational framework
for material design optimization of next generation structural batteries in
terms of its combined electro-chemo-mechanical (i.e. multifunctional)
performance is also part of future work.
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Appendix A. Transport of species in a porous medium undergoing
finite deformation

A.1. Preliminaries

Consider a porous SBE with a solid skeleton (S) and pores filled
with fluid electrolyte (F) comprising a mixture of species'® that can
carry and transport electric charge (producing a current). It is thus
assumed that ions can be transported as dissolved species (D,) only in
the fluid by diffusion, migration and convection.!! Hence, in its very
basic form, the entire mixture consists of three principally different
phases: S, F, and D, for « = Li,X, as shown schematically in Fig. A.12.

The reference configuration for the solid skeleton occupying the
region By and the deformed configuration B, is defined by the mapping
x = @(X) € B, for X € Byx'? with the deformation gradient F
@ ® Vy and the Jacobian J = det F. In standard fashion for a classical
mixture, we consider substance from all constituents that occupy the
same position x € B, at time t. However, it is important to note
that the reference configurations for S, F, D, are all different, which
means that it is necessary to introduce separate time-variant “deformed
configuration functions” Bf: o), Bi (r) and Bg" (¢) for the purpose of time-
differentiation, although they all share the same ‘“value” B, at the

10 In the actual problem formulation, two different types of species are
involved in the fluid electrolyte: cation/lithium (Li) and anion (X).

11 Although it is possible to envision ionic transport in the solid as well, this
possibility is ignored for simplicity.

12 Although reference configurations for F, D, are conceivable, they have no
explicit relevance here.
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considered time ¢. The (spatial) velocity associated with the different
phases are conveniently decomposed as follows:

S . F

=v, v F

=v+wwithw :=v" —v,

D F
P 4

v
(A1)
vB =v+w+w5 with wB =v

For any given intensive quantity f” associated with the phase g,
we may now compute the time-variation of the extensive quantity con-
tained momentarily within the spatial domain Bfi(t) as follows (Ehlers,
2002):

d

= (A.2)
dr B}ﬁ( [0)

fPav, = / [0, 5+ fF @ aVF] - Vy] di
By

where AV’ = JAvP - F7T, with Av? := vf — v, is the (contravariant)

Piola-transformed relative velocity AV?. In Eq. (A.2), and subsequently,

0,(s) denotes the “reference time-derivative”, i.e. the partial derivative

w.r.t. time for X € By fixed.

A.2. Balance of mass

The mass of solid and fluid phases contained momentarily within
the current configuration B,(1)'® are

/ﬁSdVX, MF ::/ Fav,, MPe =
B, B,

X X

AF

M /pch,
B 7 (A3)

a =1LiX

In the absence of mass transfer between the solid and fluid phases, the
individual phase masses are conserved, i.e.

%M” =0, p=S,FD, fora=1Li, X (A.4)
Using the generic result in (A.2), we evaluate
A s = / 3,(J %) dvy (A.5a)
dt BX
d . .
—MF = / [0,(T5%) + (5" W1 Vy] Vg (A.5b)
dr By
d . . R
EMDH =/B [0,(J6%ce) + [ ca W1+ Vy + [55c, WP1- Vx + Ry | dVx
bx

(A.5¢)

where W := Jw-F~T and WP := Jw? - FT are the Piola-transformed
velocities w and w?, respectively. Further, Ry, := ), 5 Rx op> Where we
introduced the reaction terms Ry ,; = —Ry 5, that represent transfer of
ions to species D, from species D, for § # a. We note the constraint

Za Rx,a = Za,ﬂ Rx,aﬁ =0.

13 We do not explicitly indicate the time-variance of the “function” B2(t) for
the sake of brevity.
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Table B.2
List of symbols.

Symbol Unit Description

@ vl Electrical potential

Uy [J mol] Chemical potential of species a = Li,X

Cq [mol kg™'] Ton concentration of species a = Li,X = molar bulk
density of ions divided by bulk density of fluid
electrolyte

Cy [-1 Normalized ion concentration of species a = Li,X

c [Pa] Stress tensor

4 [Pa] Effective stress tensor

E [Pa] Elasticity tensor

u [m] Displacement field tensor

€ [-] Strain tensor

eh [-] Insertion strain

ach [kg mol~'] Insertion tensor

Ja [mol m~2 s71] Total ion flux vector of species a = Li,X

1, [m? mol s7! J-!] Mobility coefficient of species @ = Li,X

M, [mol? Mobility tensor for species a = Li,X

m! s J1]

K [Sm™] Ionic conductivity (K=F?[M; + My])

C [A Pa~! m™1] Tonic permeability (C=FI[c;; — cx1K)

£ [F m™] Permittivity tensor

M [mol? Interface mobility

m2 s g1

K [S m2] Interface ionic conductivity (K = F>M)

é [F m2] Interface permittivity

i [A m—2] Current density

d [C m2] Electric flux density vector

0 [K] Temperature

£ [F m™] Permittivity

L [Pa] Lamé’s first parameter

G [Pa] Shear modulus

H, [Pa] Uniaxial strain modulus

B [Pa] Bulk modulus

v [-1 Poisson’s ratio

ot [Vl Positive electrode potential (set to 0)

[ [Vl] Negative electrode (fibre) potential, controlled or
computed

I~ [A] Circuit current (fibre), controlled or computed

IPre [A] Applied/prescribed current (galvanostatic conditions)

c, [Pa] Traction

5 [m] Thickness of electric double layer

t [s] Time

0 [-] Domain

r [-1 Boundary

N [kg m~3] Storage function that represents the volume fraction of
pores while accounting for volume change of skeleton

w [kg m2 s7!] Fluid mass flux

P [kg m—3] Density of carbon fibre

oF [kg m—3] Intrinsic density of fluid (electrolyte) in SBE

P [Pa] Pore pressure

K [kg m~! Pa~! s']Permeability (hydraulic conductivity) tensor

k [m? Pa1s71] Permeability coefficient

¢ [-1 Porosity of SBE

a; [-1 Constant linked to variation in B, G, n, and k with
porosity (SBE)

b [-] Constant linked to variation in B, G and », with
porosity (SBE)

K [m™] Parameterized curvature

i [A kg1 Applied mass-specific current defined per kg of fibres

mf [kgl Fibre mass of the unit cell

p [-1 Biot coefficient

A [Pa~1] Effective compressibility

We then obtain the following localized result in the material format:

0,(Jp%ce) + [ caW 1 Vyx + [ c,WP1- Vi + Ry, =0

3,(Jp% =0 (A.6a)
UM +[FFW1-vx=0 (A.6b)
(A.60)

The relation (A.6¢) can be rewritten in a more condensed format

0,(Jp c) + Ty - Vx + Ry g =0

(A7)
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The ion flux J,, := J¢+ JP is thus split additively into one part due to
convection, J' S, and another due to diffusion and migration, J aD:

JC = pFew, JP = pFe, WP (A.8)

Upon using (A.6b) to eliminate 9,(J5"), we may rephrase (A.7) as
follows:

J"0,cq + 05 [Vxca] - W+ JP Vi + Ry =0 (A.9)

It thus follows that the effect of convection will disappear completely
when ¢, is spatially homogeneous (Vxc, = 0), i.e. even if W # 0.

Next, we introduce the porosity ¢ such that the phase volumes
become ¢5 = 1 — ¢, ¢F = ¢ (and thus ¢° + ¢F = 1). We also introduce
intrinsic phase densities p° and pF and mass-specific concentrations c,,
[c,] = mol /kg, such that the (partial) bulk densities become

P =% =11-91% 5= =o', P =cdf =c,ph" (A10)
whereby (A.6) can be rewritten as

0,(J[1-¢l)5) =0 (A.lla)

0(Jpp") + [ppFW]-Vx =0 (A.11b)

(A.110)

0,(Jpp"cy) + [c,pp" W1+ Vx + [capp" WPT - Vy + Z Ryap=0
B

Henceforth, we assume the constitutive parametrizations p% = pS(p, J)
and pF = pF(p), where p is the intrinsic pressure in the pore liquid. Now,
(A.11a) can be integrated to give

T = ¢1p%(p, J) = [1 = ol

where we used that J = 1 for + = 0. Hence, we may solve for ¢(p, J)
from (A.12) whenever the constitutive function p5(p, J) is known. Upon
introducing into (A.11b) and (A.11c), we obtain

(A.12)

9,S(p, ) +[X(p, NW]-Vx =0
0,(S(p, D)ey) + [cg X(p, HW - Vy + [ X (p, HWP] - Vy =0

(A.13a)
(A.13b)

where the storage function S(p,J) and the auxiliary function X(p,J)
are defined as

(A.14a)
(A.14b)

S(p, ) := J(p. Np"(p) = I X(p. )
X(p,J) := (. Np"(p)

Clearly, ¢(p, J) as well as S(p, J) and X(p, J) can be expressed explicitly
when the parametrizations pS(p, J) and pF(p) are known.

Linearized model

Introduce the approximation in the form of a linearized model in
terms of p and the strain €. We linearize at the initial state defined

byu=uy=00J=Jy=1),¢p=¢y toobtain J ~1+u-V=1+¢: 1.
Thus, (A.13) will take the linearized form

0,S+w-V=0 (A.15a)
0,(Sc)+j¢ - V+j2-V+R, =0 (A.15b)

where @ Xw is the fluid mass flux, and where the pertinent
linearized ion fluxes take the simplified forms:

:C . ~ <D

Ci=ca, j° 1=, XuP (A.16)

Next, we elaborate on the appropriate constitutive relations for .S(p, €)
and X(p,e) that are consistent with the linearized model. From the
general expressions in (A.14) we obtain

Sp.T) % S(pre) = bonl + [ @osh + du(o o] p+ [0 + @] dle : 1
(A.17a)
X(p.9) % X(p,€) = ol + [(@)onh + bo(a o] p+ @osh e < 1
(A.17b)
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Table B.3
Material parameter values.

Parameter Value Unit Description Reference

H) 296 [GPa] Uniaxial strain modulus fibre Duan et al. (2020)

L, 5.5 [GPa] Lamé’s first parameter parallel fibre Duan et al. (2020)

L, 4.7 [GPa] Lamé’s first parameter perpendicular fibre Duan et al. (2020)

G 12.5 [GPa] Shear modulus parallel (i.e. x;—x,,, plane) fibre Duan et al. (2020)

G, 9.4 [GPa] Shear modulus perpendicular (i.e. x;-x, plane) Duan et al. (2020)
fibre

s 1.82 [GPa] Lamé’s first parameter for solid phase of SBE Kandelbauer et al. (2014)

G 0.94 [GPa] Shear modulus for solid phase of SBE Kandelbauer et al. (2014)

M 5810718 [m? mol s! J1] Mobility of Li in fibre (based on diffusion Kjell et al. (2013)
coefficient)

r]fi 4.10715 [m2 mol s~! J1] Mobility of Li* in liquid phase of SBE Thrner et al. (2017)

r]; 4.10715 [m2 mol s~! J1] Mobility of X~ in liquid phase of SBE Thrner et al. (2017)

nih 1.45-1073/1.60 - 1073/1.85 - 103 [kg mol~'] Transverse insertion coefficient (if = 336,/168/58) Jacques et al. (2013a)

aﬁh 2.68-1074/3.19-1074/4.17 - 10~ [kg mol~'] Longitudinal insertion coefficient (if = Jacques et al. (2013a)
336/168/58)

if 336/168/58 [A kg™!] Applied mass-specific current Jacques et al. (2013a)

CLijini 54-1073 [mol kg~'] Initial Li concentration in fibre -

CLimax 3.51/6.27/10.8 [mol kg™'] Maximum Li concentration in fibre (if = Jacques et al. (2013a)
336/168/58)

Coref 1 [mol kg~'] Reference/initial concentration of Li* and X~ in Thrner et al. (2017) and
the SBE Schneider et al. (2019)

6y 293.15 [K] Reference temperature -

£ 8.854 1072 [F m] Vacuum permittivity -

£, 10 [-] Relative permittivity Fontanella and Wintersgill (1988)

and Ganser et al. (2019a)

iy 1 [A m™2] Exchange current density Kjell et al. (2013)

;4& 3.86 - 10* [J mol~!] Reference chemical potential Li in fibre (vs. Kjell et al. (2013)
Li/Lit)

u? 0 [J mol~] Reference chemical potential Li* and X~ in SBE -

fu 1 [-] Activity coefficient Li* and X~ in SBE -

P 1850 [kg m—3] Fibre density -

oF 1000 [kg m—3] Intrinsic density of fluid (electrolyte) in SBE -

6 0.5-107° [m] Thickness of electric double layer Ganser et al. (2019a) and Braun

et al. (2015)

F 96485 [C mol™!] Faraday’s constant -

R 8.314 [J K™! mol™!] Gas constant -

Ky 1.6-10° [m~1] Magnitude of applied curvature -

BF 1 [GPa] Intrinsic bulk modulus liquid phase of SBE Gor et al. (2014)

The sensitivities (qb;))o, (¢’J )o are computed in terms of the constitutive
tangent moduli (55, (p5)o and (p5)y upon differentiation of (A.12) w.

r. t. p and J, respectively, followed by linearization

, (Pﬁ’)o
(#,)0 = [1 = dpl—5

P
v5)o

+1

@) = [1 = o]

o

possible to derive'*

(Pf:)o [1 1 3] 1

s T—¢ BS| BS’
@ 1 B
(A.18a) oS 1 —¢y BS
(PEY)O 1
(A.18b) o B

(A.20a)

(A.20b)

(A.20c)

We thus obtain

») )
S(p.€) = dosf + o8 | [1 = ol =2 + dp—2 | p
P
0 0
+ 08 | o+ 11— olll + (pfs)"] e: I (A.192)
7
(Ps7)0 (PF’)U
X(p,€) = dopg + pf |[1 = ol —5— + do—5
P p
0 0
¢
+ ol =gl 1+ (pfs)" e: I (A.19b)
P

It remains to introduce explicit values of the constitutive tangent

moduli (pls;)o, (p?’)o and (pE')O in terms of measurable parameters. It is

17

where BS and BF are the intrinsic bulk modulus of the solid and
liquid phase, respectively, whereas B is the effective bulk modulus of
the porous material. Finally, the linearized model functions may be
formulated quite explicitly as

S(p.€)~ ph [bo+ Ap+ pe : I (A.21a)
X(p.€) ~ pf o + Ap+ [ — dole : 1] (A.21b)
where
B, 1 1
ﬂ:[l—(ﬁO—E]ﬁﬁ-(i)oﬁ (A22a)
B
f=1- 2 (A.22b)

We note that g is the classical Biot coefficient occurring in the so-called
“effective stress principle”.

14 These relations are derived under the assumption of a isotropic,
homogeneous solid phase with bulk modulus BS, e.g., Wang (2017).
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Special case of intrinsically incompressible solid and fluid
phases:

Now, consider the special case that the solid and fluid phases are
intrinsically incompressible. In terms of the chosen linearized model,
this state is defined by BS = BF = o0, whereby 4 =0, f = 1.

Appendix B. Symbols and parameters

Symbols and parameters used in the analysis presented in this paper
are listed in Tables B.2 and B.3.
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