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A proposed structural (negative) electrode consists of carbon fibres embedded in a Structural Battery Electrolyte
(SBE). The carbon fibers swell during lithiation, causing internal stresses in the composite. Geometrical features
such as e.g. interfibre distance affect the resulting stresses in the SBE. For proper functioning of the structural
battery, it is important to ascertain that the compressive stresses generated in the SBE do not result in material
degradation. This study investigates how the nonuniform distribution of fibres inevitably caused by the battery
manufacturing process affects the local stress field variations in the SBE matrix. For this, Scanning Electron
Microscopy (SEM) images of the processed battery composite are produced and are used to calculate statistics of
interfibre distances. A procedure for reconstruction of statistically equivalent Representative Volume Elements
(RVESs) is developed and the generated RVEs are analysed in a boundary value problem with specified chemical
expansion of fibres and a recently developed constitutive model for the SBE matrix. The calculated extremes in
the local compressive stress show approximately 25% higher values than those in an idealized reference model
with a uniform (hexagonal) fibre pattern. The importance of considering manufacturing induced nonuniform
microstructure in structural batteries is thus demonstrated.

1. Introduction

The demand for high-performance energy storage systems has led to
the development of multifunctional structural batteries, which provide
a way to reduce structural weight in applications such as electric
vehicles and aircrafts by using the load-bearing structure itself as a bat-
tery. Unlike traditional lithium-ion systems, structural batteries utilize
carbon fibres both as reinforcing phase and active anode material. The
fibres are embedded within a structural battery electrolyte (SBE) that
provides both ionic conductivity and mechanical stiffness [1-5]. During
the charging and discharging cycles, the insertion of lithium ions into
the carbon fibres induces a significant chemical expansion. Because
the fibres are constrained by the surrounding solid-state SBE matrix,
this expansion generates complex internal stress fields that can lead
to mechanical degradation or affect the electrochemical performance.
Understanding these localized interactions is critical for the design of
durable and efficient structural electrodes and is the aim of this study.
The local interactions resulting in the generation of internal stress fields
would depend on the inter-fibre distances which reduce due to the
chemical expansion of fibres. The initial inter-fibre distances before
the chemical expansion occurs vary spatially caused by perturbation of
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fibre-placement during the manufacturing process. A recent structural
battery composites design has a laminated multi-cell architecture [6].
Here, a single battery cell uses a lithium iron phosphate (LFP)-coated
aluminum foil as the positive electrode and carbon fibres as negative
electrode. The two electrodes are separated by a glass fibre fabric
separator, and the stack is impregnated by SBE. The cell manufacturing
process has advanced from the earlier manual procedure to the cur-
rent vacuum-infusion technique for SBE impregnation. The resulting
composite lamina has unidirectional carbon fibres and SBE matrix. The
structural battery manufacturing process inevitably results in disorder
of the fibre distribution in the lamina cross-section. A repeating unit
cell for stress analysis is therefore inadequate. Instead, in this work,
we use the concept of representative volume element (RVE) devel-
oped for heterogeneous materials. We use SEM images of a structural
battery composite cross-section to generate inter-fibre distance statis-
tics. We then use these statistics to simulate virtual RVE samples in
which the fibres are given a specified level of chemical expansion. In
these simulations, we use for the SBE matrix the recently developed
poro-visco-hyperelastic model and determine the local stress fields by
numerically solving the boundary value problem on the RVE [7]. For
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the carbon fibres, we utilize a finite deformation model that incor-
porates lithium induced expansion and stiffness variation based on
measurements [8]. The impact of disorder in the inter-fibre distances is
then evaluated by examining the minimum principal (effective) stress
of the computed local stress fields.

2. Experimental method and imaging

T800 polyacrylonitrile (PAN)-based carbon fibres (T800SC-12K-
50C, Toray Composite Materials America, Inc.) were used as the neg-
ative electrode and processed into ultrathin unidirectional (UD) tapes
(15 mm width) by Oxeon AB, Sweden. For sample preparation prior to
broad ion beam scanning electron microscopy (BIB-SEM), the carbon
fibre tapes were cut into specimens of approximately 1 x 1 cm?. The
samples were then sealed using vacuum bagging and prepared via
vacuum-assisted resin infusion.

The SBE was prepared with minor modifications to a reported
procedure under an argon atmosphere (1 ppm H,0, 1 ppm O0,). A1 M
liquid electrolyte was first obtained by dissolving LiTFSI in EC:PC (1:1,
50:50 wt %). This was then mixed in equal volumes with bisphenol A
methacrylate (BPAMA), followed by addition of 1 wt % azobisisobu-
tyronitrile (AIBN). The mixture was vortexed and degassed prior to
infusion. The electrolyte mixture was infused into the carbon fibre via
vacuum-assisted resin infusion, followed by thermal curing at 90 °C
for 45 min. After curing, the vacuum bag was removed, and the
resulting composite samples (carbon fibre impregnated with SBE) were
collected. Prior to BIB-SEM analysis, residual liquid electrolyte phase
was removed by immersing the samples in deionized water for 24 h.
The samples were subsequently dried in an oven at 90 °C for 12 h.

To enable reliable microstructural characterization for subsequent
RVE reconstruction, high-quality cross-sectional SEM images of the
structural battery electrodes were required. Due to the mechanical
fragility of the electrode and the risk of debonding of the SBE and the
carbon fibres, a gentle preparation procedure was employed.

Cross sections were prepared by BIB milling using a Hitachi ArBlade
system equipped with an Ar-ion gun. Prior to milling, the electrode
material was pre-cut with scissors to fit the sample holder. To minimize
cutting-induced debonding, the SBE was applied after pre-cutting. Ex-
cess SBE was subsequently removed by two short BIB milling steps (6
kV, +30° swing motion, 5 min each), manually, incrementally advanc-
ing the cross-sectional edge by 100 um per step. Final cross-sectional
polishing was then performed at 6 kV for 3 h and an overhang of
100 pm, with a +30° swing motion to reduce curtaining artefacts.

The prepared cross sections were imaged using a Zeiss Ultra 55
SEM equipped with a field-emission gun. Imaging was carried out at an
accelerating voltage of 500 V and a working distance of approximately
2.3 mm. Secondary electron images were acquired using an in-lens
detector at magnifications of 1000-2000x along the 1-2 mm wide
BIB-milled cross-section.

3. Structural negative electrode microstructure
3.1. Preliminaries

The manufacturing process for structural battery composites of
interest has been described in detail in Siraj et al. [6]. As described
and outlined above, the carbon fibre electrode is impregnated with SBE
using vacuum infusion. While the carbon fibres are nearly uniformly
distributed before infusion, the infusion process inevitably perturbs
their positions resulting in nonuniformity that cannot be described
in deterministic terms due to the uncertainty of knowing the exact
dynamics of the interaction between the fibres and the infused SBE.
Following the approaches taken for polymer matrix composites where
manufacturing processes such as autoclave curing and liquid compres-
sion moulding result in nonuniform distribution of fibres, we adopt
the concept of a representative volume element (RVE) constructed to
statistically represent the microstructure. In the following, we briefly
summarize the main approaches for constructing RVEs and motivate
the approach adopted here for the structural battery microstructure.
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3.2. RVE concepts and minimum RVE size

The earliest concept of an RVE is attributed to Hill [9] who proposed
that effective properties of heterogeneous reinforced solids can be
expressed as averages over a volume element of a sufficiently large
size. He then gave a rigorous procedure applicable to elastic solids
for determining the minimum size of such an element. The procedure
consists of determining the smallest volume element on the boundaries
of which applying uniform traction (or displacement) produces uniform
displacement (or traction). While such volume is useful for the purpose
of estimating effective properties, it is not necessarily sufficient to
analyse failure within the RVE. To resolve this problem, Pyrz [10]
proposed to use statistical descriptors of the local disorder in the inter-
fibre distances on the assumption that the local stress field within a
composite was governed by these. Using descriptors of spatial point
patterns derived by Ripley [11], he demonstrated that the local disorder
in fibre distributions had a significant effect on the mean field quanti-
ties over a certain distance. Trias et al. [12] went further along these
lines and examined the variation of the local stress and strain fields
for a carbon fibre reinforced epoxy composite for different RVE sizes.
Based on the coefficient of variation of the stress and strain fields, they
found that the minimum required side length of a square-shaped region
of the composite cross-section was 50 times the fibre radius. While no
general rules for minimum RVE size appear to exist, it is prudent to
use an appropriate statistical descriptor of inter-fibre distance variation
along with a relevant local stress invariant to determine the adequate
RVE size. This approach will be used here for the structural battery
microstructure.

3.3. RVE construction procedures

Over the years numerous proposals for constructing RVEs have
emerged. A recent review provides a comprehensive account of these
[13]. The proposed procedures for constructing RVEs are usually de-
scribed in the form of algorithms to randomly disperse fibres in a square
region of composite cross-section given the fibre diameter and fibre
volume fraction along with a descriptor of inter-fibre distance. The
proposed algorithms differ in the type and sequence of actions taken
to reach the targeted parameters avoiding fibre overlaps. The starting
point in an algorithm could be a single fibre or a uniform pattern of
fibres. In the former case, the RVE region is filled fibre-by-fibre in a
random manner and in the latter case, a random perturbation (called
shaking) is given to the selected uniform fibre pattern.

Whatever is the preferred algorithm for constructing an RVE, the
important point is to have proper and adequate statistical representa-
tion of the actual composite. As noted above, the inter-fibre distance
variation is assumed to be of most relevance for capturing initiation
of the critical failure event. Recognizing that the inter-fibre distance
variation results from the manufacturing process employed, a useful
way to estimate a descriptor of this distance is from images of a
composite cross-section, if available. Alternatively, the inter-fibre dis-
tance variability can be treated in a parametric manner as a degree of
nonuniformity of fibre distribution. An algorithm for this purpose was
developed in [14]. In the present study, SEM images of the composite
cross-section were produced, as described above in Section 2. The RVE
reconstruction using these images is described next.

3.4. RVE reconstruction from SEM images

As described above, the objective of the reconstruction is to generate
synthetic RVEs that reproduce the spatial correlation of the observed
fibre centroids from rectangular SEM images of the cross-section, shown
in Fig. 1. We shall assume that the SEM images as well as the RVEs are
periodic in the horizontal direction associated with the basis vector e,.
The basis e; is associated with the vertical direction and e, in the axial
direction of the carbon fibres. In total, ten unique manually segmented
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Fig. 1. SEM image of the structural negative electrode cross-section, as well as a manually segmented representation of the SEM image of width W and height

H.

SEM images are considered for the analysis. The individual SEM images
vary in width, height and fibre volume fraction as presented in Table
2 in the Results section. For the subsequent reconstruction steps, we
shall only consider the observed mean image height and fibre volume
fraction, whereas the effect of the width and spatial arrangement of
fibres will be further analysed.

To quantify the spatial arrangement of fibre centroids, we employ
Ripley’s K-function [11] defined as

K(r) := iIE [number of centroids within distance r of a typical centroid] s

(€Y

where E[+] is the expectation operator and 4 = N/A denotes the
point intensity, i.e., the number of centroids N per unit area A. For
a completely spatially random (CSR) process, the K-function becomes
Kegr() = #r? in an infinite two-dimensional domain. In practice,
however, the K-function is determined by counting discrete carbon
fibre centroids extracted from segmented SEM images inside a finite
domain. This discrete K-function is denoted K (r). By comparing K(r) to
the complete spatial randomness (CSR) benchmark, the morphological
state of the electrode can be categorized. Values of K(r) < Kcgp(r) in-
dicate spatial dispersion, whereas K(r) > Kcgg(r) represents clustering
of points.

In this work, we modify the discrete Ripley’s K-function tailored to
the geometry of the SEM images and assumed horizontal periodicity.
The source SEM images in this study are high-aspect-ratio rectangles
where the width significantly exceeds the height. In such elongated
geometries, any sufficiently large search disc B, will frequently in-
tersect the vertical boundaries of the observation window. Standard
edge-correction methods (cf. Goreaud and Pélissier [15]) treat these
boundaries as information loss zones, which can lead to numerical
instability at large search radii or fail to capture the physics of the
underlying microstructure. To maintain consistency with horizontal
periodicity, we treat the SEM image and RVE reconstruction centroid
patterns as infinite periodic strips.

Let the observation window have width W and height H (see Fig.
1). The original set of N centroids {xi}g , Is replicated periodically
along the horizontal direction so that

X =(x; +kW.y), ke, 2

where k denotes a horizontal translation index and Z is the set of
integers. The pairwise distance between a reference centroid i and a
translated neighbour j is then defined as

4 = \JCx = x, =KW+ (3 =y )

In practice, the infinite sum is truncated to a finite range k €
[—yjless Pejles ), Where nges = [r. /W] ensures that all neighbouring

centroids within the maximum evaluation radius r,, are accounted
for. By summing the contributions of all periodic neighbours within
the truncated range, we arrive at the estimator for the periodic strip
K-function

N N
K(r)=ALNZZ Z 1<d,.(j’.‘)5r), where i # j for k = 0. 4)

j=1 k=—ntjles

I
<.

In this formulation, 4 = N /(W H) represents the average intensity and
the indicator function 1(») identifies all pairs within the search radius r
across the tiled domains.

Under the assumption of horizontal periodicity and vertical bound-
edness, the appropriate reference for complete spatial randomness
corresponds to a homogeneous Poisson process within an infinite strip
of height H. The CSR expectation, Kcsr(r), is defined as the mean
accessible area of a circle B, of radius r, centred at a uniformly
distributed height y € [0, H] within the strip. This is expressed as

H
Kesu)= 7 [ 18005 dy, )

where B = [-o0, 0] X [0, H] denotes the infinite strip domain.
To identify the relevant range of spatial correlations, we employ the
pair correlation function defined as

) = dIe(r)/dr
8= WK esn(/dr

As r increases, spatial correlations typically decay until the point pat-
tern behaves as a random process, indicated by g(r) — 1. We utilize
this property to define the maximum evaluation radius, r,,, as the
distance at which g(r) first converges to unity. By evaluating the pair
correlation function using the periodic estimator in Eq. (4) and the
infinite strip corrected baseline in Eq. (5), we ensure that the high-
aspect-ratio geometry of the SEM windows does not introduce vertical
boundary bias.

©

3.5. Reconstruction algorithm

In order to initialize the reconstruction procedure, an initial cen-
troid configuration X, € R"fibresX?) is generated by placing n;,., points
on a hexagonal lattice. This arrangement provides a uniform starting
configuration while satisfying the geometric constraints imposed on the
reconstruction problem. In particular, the initialization enforces (i) a
minimum fibre—fibre separation distance, (ii) non-intersection of fibres
with the horizontal boundaries of the domain, and (iii) periodicity
in the horizontal direction. The total number of fibres is determined
from the mean fibre volume fraction measured from the SEM images
assuming circular fibre cross sections of a constant radius r;. We base
this assumption on the results by Gusev et al. [16] who found that
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a variation in radius does not have a significant effect on the RVE
transverse elastic properties. The number of fibres in a reconstruction
domain of width W and height H is estimated as

Afibres = w’ )

m‘f

rounded to the nearest integer. To ensure that the initial configura-
tion satisfies the non-overlap constraint, a minimum centre-to-centre
separation distance d,;, = 2r¢ + h is prescribed between neighbouring
fibres, where 4 is a prescribed clearance distance. The hexagonal lattice
spacing is then chosen so that this minimum separation is respected
throughout the domain. The reconstruction problem is formulated as
an optimization task to minimize the discrepancy between the recon-
structed and experimental spatial statistics where the loss function is
defined as

L= 2 riz [le(r) - <kobserved(”)>]2 . ®)

K pservea(r) denotes the collection of vectors of the estimated
K-functions from the ten SEM images, and (K pserveq(r)) denotes the
corresponding mean K -function. This mean serves as the primary target
for the reconstruction, while the full range of experimental observations
defines the acceptable variability band used for final validation. To
minimize this loss, a simulated annealing algorithm is employed, as
summarized in Algorithm 1 [17]. The process begins with an initial
configuration that is iteratively refined; at each step, a fibre centroid
is randomly selected and perturbed by a small stochastic displacement.
These moves are accepted or rejected based on a Metropolis criterion
governed by the change in the loss function L and a decreasing
temperature parameter 7 [18]. The optimization proceeds until the
reconstructed spatial structure sufficiently matches the experimental
spread. Specifically, a candidate centroid set X is accepted as an
adequate representative RVE if 98 % of the points in its estimated K(r)
curve lie within the observed min.-max. variability band of K gpcerveq(r)-
It should be recognized further that the reconstruction relies solely on
second-order statistics, meaning that smaller domain windows inher-
ently introduce higher statistical uncertainty when capturing localized
fibre clusters. Consequently, representativeness for local stress extremes
is achieved asymptotically by scaling the domain width W.

4. Analysis of local stress field

The RVE domain, £, now consists of a carbon fibre domain
Qf = |JL_, @f, and a SBE domain Q5BE so that Q@ = Qf u QSBE,
Moreover, we denote the top, bottom, left and right boundaries as
FE\, r I%’ FE and FI‘E\’ respectively. The carbon fibres are subjected to
a normalized homogeneous and instantaneous lithium concentration
field, ¢;; € [0,1], causing anisotropic expansion. Here, we note that
the variable ¢;; denotes a relative concentration, normalized by the
saturation concentration of lithium in the carbon fibres. The application
of the time-dependent concentration field will be the primary load-
case of this study, restricted to a single rate of full lithiation in 10 h,
i.e., ¢; =1 at t=36 000 s. While transient lithium concentration gradi-
ents inevitably develop during active charging, evaluating the system
at a state of uniform full lithiation (¢;; = 1) represents the steady-state
scenario reached after sufficient time has elapsed for internal gradients
to flatten. Since this state forces the maximum expansion across all
fibres simultaneously, it can be considered a conservative, “worst-case”
scenario for the mechanical response of the surrounding matrix.

To enable simulations of the carbon fibre expansion and correspond-
ing stress analysis in the SBE matrix, we solve the linear momentum
balance as well as balance of mass in the SBE domain, using finite
deformation kinematics, inspired by previous work [7,8]. The goal is
to simulate the microscopic stresses while the electrode is considered
as macroscopically stress free. Hence, we adopt a multiscale frame-
work where the displacement field u is decomposed into macro- and
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Algorithm 1 Simulated Annealing for K-function Matching

Require: Target function (K pereq(r)), initial centroids X, =
(XX e Xy )
Require: Step size o, cooling rate q, initial temperature T},
1: X « X,
2: T« Ty

3: Compute initial loss

L= % [ROXGP) = (Ropsernea()]”

-
4: for k =1 to Ny, do

5: Randomly select fibre index i

6:  Draw displacement Ax ~ N'(0,621)

7 X « x; + Ax

8 Apply periodic boundary conditions in the 2 direction
9: if x] violates geometric constraints then
10: Reject move and proceed to next iteration
11: end if
12: Compute updated loss L’
13: AL <~ L' — L
14: if AL <0 or rand(0, 1) < exp(—AL/T) then

15: Accept move: X « X'

16: L« L

17: if K(r) lies inside experimental band then
18: return X

19: end if

20: end if

21: T < aT

22: end for

23: return X

microscale parts as

u=uM+u" ()]
The related deformation gradient can now be expressed as
F=I+u®Vy=F+H", 10)

where H* = u# @ Vy is the microscale displacement gradient and Vy is
the (2D) gradient operator in reference configuration. We express the
microscale displacements as u* = u;‘ e, +ug‘ e; and introduce macroscopic
deformation gradients as F = Fjje; ® e; + Fye, ® e, + Fy3e3 @ es.
Note that the macroscopic deformation gradient F is not resolved
as a field, the components F,; and F,, are determined to enforce a
macroscopically stress free electrode, while F3; = 1 is prescribed.
A macroscopically stress free electrode in the 3-direction is obtained
by applying appropriate boundary conditions on I} and I} in the
boundary value problem. The variation of the microscale displacement
gradient has the following form

. osul osul aaug aaug 1
SH" = + + + .
ax, 2@ty a®at ra®at Gy ®e an

Moreover, we introduce periodic boundary conditions for displace-
ments on the left and right boundaries. Any quantity associated with
the right boundary is denoted with «* € I‘é‘ and conversely, quantities
on the left boundary are denoted s~ € I'“, we introduce the jump
[[«] = «* — «~. Hence, the mechanical boundary-value-problem can be
stated as

-P-Vx=0 in O, (12a)
P-N=0 on réuré, (12b)
[w*1=0, [P]-N*t=0 on ré U ré, (12¢)

where P denotes the first Piola-Kirchhoff stress and N is the outwards
pointing unit normal vector. Furthermore, the porous-media problem
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associated with the SBE domain is formulated as

0D+ [p"gW] - Vx =0 in Q5BE (13a)
p=0 on FE‘UI"%, (13b)
[pl=0, [W]-N*=0 on IgUls.. (13c)
W-N=0 on 02fnooE (13d)

where the storage function is defined as
@ = Jp. a4

Here, ¢ denotes the current porosity, p* the fluid density in the SBE, and
W the seepage velocity of the fluid relative to the solid skeleton. The
quantity J = det(F) represents the local volume ratio. The governing
equation Eq. (13a) expresses the conservation of fluid mass in the
deforming porous medium, combining the rate of change of stored fluid
mass with the divergence of the fluid mass flux. Since the pore pressure
p is only defined in the SBE matrix and not in the fibre domain, periodic
boundary conditions for the pore pressure field are imposed only on the
SBE portions of the vertical boundaries, i.e., on I'yy, = I'j U 0Qgpg for
A=T/B/R/L. The space-time continuous weak format of Egs. (12) and
(13) becomes:

For given concentration field cj;(¢), find éu*(x,1) € Up, ép(x,t) € P,

8F),(t) € Ly, 6Fy(t) €L, for t € [0, T] such that

/ P(cy(n,F) : 6H*dQ2=0 VéueUp, (15a)
2
SFHL/ P,dQ=0 V6F, €L,, (15b)
1201 Jog
5 Fyy— / PpdQ=0 VsFy, €L, (15¢)
1251 Jog
/ 0,086pdQ2 — / pRoW - [Vxép|d2 =0 Vép € P. (15d)
QSBE QSBE

The top and bottom boundaries, FE and Fé are subjected to traction-
free and zero pore pressure boundary conditions in Eqgs. (12b) and
(13c). This choice is physically motivated by the manufacturing state
of the electrode, which is evaluated prior to full stack lamination,
leaving the top surface unconstrained. The bottom boundary interfaces
with a separator in the final cell assembly, making the traction-free
assumption an approximation on that specific face. This approach is
favoured over kinematic constraints such as zero displacement, which
would introduce over-confinement and introduce artificial stresses.
Furthermore, the electrode is considered as macroscopically stress free
through Egs. (15b) and (15c). The mechanical and transport behaviour
of the RVE is governed by the distinct constitutive responses of the
carbon fibres and the SBE matrix. Given the multiphysics nature of
the problem, we merely summarize the essential relations below; a
more comprehensive derivation in the context of structural batteries
can be found in [7,8]. The relevant material parameters for the models
described in the subsequent sections are given in Table 1.

4.1. Description of the carbon fibre domain

For the fibre domain Qf, we adopt a hyperelastic model that ac-
counts for the “free” deformation induced by lithium-ion insertion.
Following standard finite strain theory, we utilize a multiplicative split
of the deformation gradient

F=Fe¢. Fh (16)

where the chemical deformation gradient F(c;;) represents the
anisotropic expansion of the lattice. We assume transverse isotropy
relative to the longitudinal fibre axis e; so that

FNe) =T +a®ey;, ah= afhe] ®e + a%h [e;®e;,+e3®e3], (17)
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Table 1
Summary of material parameters for the carbon fibre reinforcement and the
structural battery electrolyte (SBE).

Symbol Description Value Source
Carbon fibre properties (Transversely Isotropic)

E, Longitudinal modulus 294(1 — 0.12¢;) GPa [19]
Er Transverse modulus 21.8(1 + 1.07¢;;) GPa [19]
vor Transverse Poisson’s ratio 0.2 [8]

Vit Major Poisson’s ratio 0.22 [8]1
Gyr In-plane shear modulus 12.5 GPa [8]
ash Chemical exp. (trans.) 0.066 [19]
afh Chemical exp. (long.) 0.0085 [20]
Structural battery electrolyte properties (Poro-hyper-viscoelastic)

Hy Static shear modulus 29.0 MPa [71

Ky Static bulk modulus 63.2 MPa [7]

My Dynamic shear modulus 55.7 MPa [71

t, Relaxation time 8.66 s [71

n Norton exponent 6.18 [71

o, Reference stress 10 MPa [7]

K Permeability 7.77 1078 m? [7,21]
' Initial porosity 0.21 [21,22]
KF Fluid bulk modulus 3.95 GPa [7,23]
pg Initial fluid density 1.35 g/cm’ [24]

where afh and o< are the longitudinal and transverse chemical ex-
pansion coefficients of the fibre, respectively. The resulting 2nd Piola—
Kirchhoff stress S is derived from a St-Venant hyperelastic potential y

defined on the intermediate configuration as
S =Liey) : [E-EM (). (18)

where L(cp;) is the concentration-dependent transversely isotropic stiff-
ness tensor, defined from the material properties for carbon fibres in
Table 1. Furthermore, E = 1[F" - F — I] and E®(c;;) = 2[[F ()17 -
FCh(cLi) — I are the total and chemical Green-Lagrange strains, respec-
tively.

4.2. Description of the SBE matrix domain

The SBE domain QSPF is treated as a deforming porous medium
where the solid skeleton exhibits a visco-hyperelastic response. To
capture the rate-dependent behaviour of the polymer, we adopt a finite
deformation Zener model (three-parameter model) via a multiplicative
split of the skeleton deformation gradient into elastic and viscous parts,
F = F¢. F'. The mechanical response of both the equilibrium and non-
equilibrium branches are characterized by Neo-Hookean free energy
functionals. For the equilibrium branch, the energy wEQ is a function
of the total right Cauchy-Green tensor C scaled by the static shear
and bulk moduli given in Table 1. The energy associated with the non-
equilibrium branch, wNEQ, is defined in terms of the elastic part C® =
[F']"T.C-[F']"! and involves the dynamic shear modulus, relaxation
time, norton exponent and reference stress values in Table 1. The
dissipative behaviour is then introduced via a Norton-type evolution
law for the viscous deformation F'. Furthermore, the total 2nd Piola—
Kirchhoff stress .S is decomposed into the effective stress contribution
from the solid skeleton, S’, and the contribution from the pore pressure
p

s=8-JpC, 19)

where S’ is derived from the equilibrium and non-equilibrium poten-
tials mentioned above. The total 1st Piola-Kirchhoff stress P, which
is the equilibrium stress, is subsequently defined as P = F - S =
P’ — JpF~T. The total Cauchy stress o is expressed as

1
7

where o’ represents the effective Cauchy stress in the solid skeleton.

o=

P -F'=¢6'-pI, (20)
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Fig. 2. Hexagonal reference model analysis at full lithiation (¢;; = 1): (a) Area-weighted cumulative distribution function (CDF) of the minimum effective principal
stress, a;, with markers indicating the median (50%) and tail (5%) thresholds. Spatial distribution of ag [MPa] shown for: (b) the full matrix domain with 100%

area fraction. (c) 50% area fraction. (d) 5% area fraction.

Moreover, the solid phase is assumed locally incompressible (p* =
const.), the macroscopic SBE domain is compressible due to the evac-
uation or accumulation of the liquid electrolyte within the pores. The
current porosity ¢ evolves with the total volume ratio J = det(F) as

1
d(H=1- 7[1 = ¢ol.

The transport of the liquid electrolyte through the porous skeleton is
driven by the pore pressure gradient Vy p, following Darcy’s law in the
reference configuration

(2D

¢W = —KI -Vyp, (22)

where K is the isotropic permeability. The fluid itself is assumed to
be compressible, with a density pF(p) governed by the intrinsic bulk
modulus «F.

5. Results
5.1. Properties of the structural negative electrode

The geometric characteristics and measured fibre volume fractions
of the ten SEM micrographs are summarized in Table 2. Furthermore,
all SEM micrographs are provided in Figure S1-S10, in the supplemen-
tary information. While the image width remains highly consistent at
approximately 89 pm, the domain height and local fibre density exhibit
significant stochastic variation—a characteristic of the manufacturing-
induced heterogeneity in structural battery composites. The measured

Table 2
Geometric properties and measured fibre volume fractions for the ten SEM
micrographs used for spatial statistics extraction and RVE reconstruction.

Image index Width [pm] Height [pm] Fibre Vol. Fraction
1 88.88 20.84 0.590
2 88.88 27.63 0.599
3 88.82 19.99 0.588
4 88.93 22.39 0.569
5 88.93 25.23 0.501
6 88.93 27.79 0.464
7 88.93 31.80 0.429
8 88.99 22.98 0.501
9 88.88 24.32 0.512
10 88.99 25.28 0.561
Mean 88.92 24.83 0.531
Std. Dev. 0.054 3.51 0.059

fibre volume fraction u ranges from 0.429 to 0.599, reflecting local
fluctuations in the packing density. To ensure the reconstructed RVEs
represent the global state of the laminate, the ensemble average of u ~
0.531 is adopted as the target volume fraction for both the stochastic
reconstructions and the hexagonal reference model.

5.2. Reference model

To establish a baseline for the numerical stress analysis, a determin-
istic reference model is generated using a perfectly ordered hexagonal
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(b)

Fig. 3. Modified hexagonal reference model analysis at full lithiation (¢;; = 1): (a) Minimum effective principal stress, 0'; [MPa], in the SBE matrix for an offset
central fiber resulting in a local clearance of 4 = 0.1125 pm. (b) Minimum effective principal stress, a; [MPa], for a local clearance of A = 0.075 pm.

Distance r [pm]

Fig. 4. Pair correlation function g(r) in Eq. (6). The convergence to g(r) ~ 1
at r,, = 12.5 pm.

max

arrangement of seven fibres. This model represents a uniform fibre
distribution with a constant fibre volume fraction g = 0.531, a fibre
diameter of 5 pm and a fixed nearest-neighbour clearance of 4 =
0.15 pm. A uniform cross-sectional diameter of 5 pm is assumed for
all carbon fibres to isolate the sensitivity in stresses in the matrix
with respect to centroid-driven spatial clustering. In reality, however,
carbon fibres exhibit minor diameter fluctuations. Introducing variation
in the fibre diameter would impose an additional stochastic variable
in the reconstruction and reference, likely altering the largest stress
magnitudes in the matrix reported herein.

The resulting area-weighted cumulative distribution function (CDF)
for the minimum effective principal stress, o, at full lithiation (c;; = 1)
is shown in Fig. 2a, with markers highlighting the median (50%) and
extreme (5%) stress thresholds. Note that the effective stress is the
stress in the solid polymer skeleton of the SBE as defined in Eq. (20).
The corresponding spatial stress distributions are illustrated in Fig. 2b—
d. It should be noted that the adoption of a multiaxial failure criterion
is outside the scope of this study, as experimental data to calibrate
such failure envelopes for this specific SBE material are currently
unavailable. The primary focus is placed on the minimum effective
principal stress where localized compressive crushing is expected to be
the dominant mechanical degradation mode during lithiation.

In Fig. 2b, the minimum effective principal stresses in the full
matrix domain (100% area fraction), are shown. The peak compressive
stresses are observed to be localized within the narrow matrix liga-
ments between adjacent fibres, where mechanical confinement is most
severe. Conversely, stress magnitudes relax significantly in the larger
regions between fibre triplets. By applying area-fraction thresholds to
the domain, the transition from the bulk response to the localized

peak is visualized. While the median stress distribution at 50% area
fraction characterizes the broader matrix response in Fig. 2c, the 5%
threshold isolates the most critical regions where compressive stresses
exceed —8 MPa shown in Fig. 2d. This reference model serves as a
benchmark to evaluate the impact of nonuniform fibre arrangements
in reconstructed RVEs.

The mechanical importance of the localized peaks in compressive
stress is emphasized by recent observations by Pipertzis et al. [25], who
reported an increase in effective ionic conductivity over the structural
negative electrode after lithiation-delithiation cycles. This suggests that
the electrolyte undergoes structural degradation, likely driven by the
localized crushing of the SBE as it accommodates fibre expansion.
Although this specific damage mechanism remains to be definitively
confirmed, the potential formation of additional ionic pathways high-
lights the necessity of investigating the SBE’s response under high-
confinement compressive states. Consequently, this hexagonal refer-
ence model serves as a benchmark to evaluate how nonuniform fibre
arrangements and the resulting stochastic amplification of stresses
further impact the structural integrity of the electrolyte.

5.3. Sensitivity to local inter-fibre spacing

To isolate the physical sensitivity of the localized compressive fields
to the nearest-neighbour distance, we conduct a parametric study on
the reference model by introducing a controlled geometric nonuni-
formity. In the baseline hexagonal configuration in Section 5.2, the
nearest-neighbour clearance parameter h is uniformly restricted to
0.15 pm. Here, we systematically perturb this arrangement by dis-
placing the central fibre horizontally towards the right, reducing the
localized clearance to A = 0.1125 pm and 2 = 0.075 pm while
maintaining the global periodic boundaries intact.

Fig. 3 shows the resulting minimum effective principal stress field in
the SBE matrix at full lithiation (¢;; = 1). When the clearance is reduced
to h = 0.1125 pm in Fig. 3a, the most localized compressive stress
increases from approximately —40 MPa in the uniform reference case
to —50 MPa. This amplification effect becomes increasingly nonlinear as
the nearest-neighbour clearance narrows; for 4 = 0.075 pm in Fig. 3b,
the peak localized compression increases to approximately —70 MPa.
It must be emphasized, however, that as we decrease the inter-fibre
clearance, the underlying assumptions of classical local continuum
mechanics becomes less justified and the model for the SBE becomes
less accurate. Therefore, rather than reading these high stress numbers
as exact physical realities, they should be interpreted as a flag that local
material uniformity is potentially lost in such narrow gaps.
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Fig. 5. Validation of the RVE reconstruction: (a) Representative generated geometry showing the final fibre centroid positions for W = 37.5 um. (b) Comparison
of the estimated Ripley’s K-function for the reconstructed RVE against the experimental mean and the variability band (shaded area) established from ten SEM

images.

5.4. Validation of RVE reconstruction

The first step in the reconstruction process is to identify the spatial
range over which fibre centroids exhibit significant correlation. Fig. 4
presents the pair correlation function in Eq. (6), averaged across the
ten SEM images. The results show a clear exclusion zone for r < 5
pm , followed by a primary peak at r ~ 10.6 pm, indicating a structural
preference for specific fibre spacings within the electrode cross-section.
The pair correlation function g(r) converges to unity at approximately
12.5 pm, marking the distance at which the fibre arrangement be-
comes completely spatially random. This distance effectively defines
the correlation length of the microstructure; consequently, r, = 12.5
pm is established as the evaluation radius for all subsequent RVE
reconstructions.

The spatial fidelity of the fibre distribution is now evaluated to
ensure the generated microstructure accurately represents the physical
specimens. A successful reconstruction of the fibre distribution is shown
in Fig. 5a, where the centroids have been positioned according to
the prescribed spatial constraints. To verify the accuracy of the RVE
generation algorithm, the Ripley’s K-function of the reconstructed
centroids was evaluated against the experimental targets established
in Section 3.5. As specified in the convergence criterion of Algorithm
1, the reconstruction is accepted once the simulated K-function falls
within the experimental variability band. As shown in Fig. 5b, the
final reconstructed curve closely follows the target mean (K pserved)
and remains consistent within the experimental limits. The agree-
ment confirms that the stochastic optimization successfully preserve the
second-order spatial properties of reconstructed fibres, resulting in a
statistically representative volume element.

With the representative nature of the reconstructions established,
these geometries serve as the basis for evaluating the impact of mi-
crostructural variability on local mechanical integrity. For each con-
sidered RVE width W, we generate five independent RVE realizations
to capture the inherent variability of the fibre arrangement. Each re-
alization is subjected to the boundary value problem specifics outlined
in Section 4.

5.5. Compressive stresses in the SBE

The resulting area weighted CDFs of the minimum effective prin-

cipal stress, og, recorded within the SBE matrix at full lithiation is

presented in Fig. 6 for five unique RVE widths. Fig. 6a represents the

smallest width W = 18.75 pm. There is a significant dispersion be-
tween the five stochastic realizations which emerges around —15 MPa,
corresponding to approximately 5% area fraction. As the RVE width
increases from W = 37.5 ym in Fig. 6b to W = 112.5 pym in Fig.
6e, the variance formed by the blue curves narrows significantly at
o) = —15 MPa. For the largest width in Fig. 6e, the realizations nearly
collapse onto a single master curve, suggesting that the volume is large
enough to average out local stochastic variations in fibre placement.
Notably, in all subfigures, the stochastic RVEs consistently exhibit more
severe variance in the tail regions (leftmost side of the plots). While the
stresses around 10% area fraction of the stochastic models eventually
stabilizes near the hexagonal benchmark, the peak compressive stresses
corresponding to the 0.1% area fraction is significantly higher than
those predicted by the reference model. The discrepancy in these lo-
calized regions indicates an amplified stress state due to nonuniformity
in the microstructure, where random fibre proximity in the stochastic
models creates higher local confinement than the perfectly spaced
hexagonal arrangement.

To further determine the RVE size for the SBE microstructure, the
convergence of the minimum effective principal stress, ¢, is analysed
as a function of the RVE width. Fig. 7 summarizes the mean and
standard deviation for four area fraction thresholds; the median re-
sponse at 50%, and the tails at 5%, 1%, and 0.25%. The median stress
demonstrates stabilizing near the deterministic hexagonal benchmark
of —3.65 MPa even at the smallest considered RVE width. The standard
deviation at this threshold is negligible, resulting in error bars that
are nearly invisible at the current scale. This indicates that the bulk
matrix environment is statistically homogeneous and insensitive to
local stochastic fibre arrangements.

In contrast to the median response, the 5% area fraction thresh-
olds exhibit a significant deviation from the deterministic hexagonal
benchmark. While the stochastic mean values stabilize as the RVE
width increases, they converge towards a more compressive stress value
than the reference model. The stochastic RVEs settle near —10.3 MPa,
exceeding in absolute value the —8.18 MPa predicted by the reference
model. The nonuniformity in the fibre arrangement causes localized
confinement zones and stress concentrations that are absent in periodic
arrangements. However, as the area fraction is further decreased to 1%,
we see that the relationship between the stochastic and deterministic
models shift. While the hexagonal model predicts a 1% area fraction
stress of —27.77 MPa, the stochastic RVEs converge to a less compressive
value of approximately —21.7 MPa. The perfectly ordered hexagonal
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Fig. 6. Cumulative distribution functions of minimum effective principal stress in the matrix ¢}, evaluated at ¢;; = 1 for different RVE widths: (a) W = 18.75 pm,
(b) W =37.5 pm, (¢) W = 62.5 ym, (d) W = 87.5 pm, and (e) W = 112.5 pm. Blue curves represent five individual stochastic realizations per considered width,
while the red dashed line indicates the deterministic hexagonal reference model.

arrangement imposes a higher degree of confinement over a larger area
of the matrix. Finally, at the 0.25% threshold, the stochastic means
converge almost exactly to the hexagonal benchmark of —32.6 MPa.
For extremely local stresses corresponding to area fractions lower than
1072 in Fig. 6, we see that the stochastic models produce lower stress
magnitudes compared to the uniform hexagonal reference model for
all widths considered. Furthermore, the minimum observed stresses are
accompanied by high variance.

The associated standard deviation in Fig. 7 generally goes down as
the RVE width increases, indicative that the matrix response becomes
less sensitive to local stochastic fluctuations as RVE width increases.
The highest stress magnitudes at 0.25% area fraction also demonstrate
the greatest sensitivity to the RVE size. For small widths W = 18.75 pm,
the large standard deviation (~3.48 MPa) reflects the high probability
of either capturing or missing a critical near-contact events within a

limited volume. As the width increases to W = 112.5 pm, the mean
stress stabilizes and the standard deviation narrows significantly to
2.05 MPa. The decrease in standard deviation suggest that the larger
RVEs contains sufficiently many of the critical clustering sites to be
considered statistically representative.

6. Discussion

The convergence analysis presented in Fig. 7 highlights that the
definition of a representative volume of the structural negative elec-
trode is not a fixed geometric constant but is instead dependent on
the mechanical metric of interest. While a small RVE width of W =
18.75 pm is sufficient to characterize the bulk median stress response
at 50% area fraction, it fails to provide a stable estimate for the
extreme compressive stress tails that likely govern structural integrity.



C. Larsson et al.

Composites Science and Technology 284 (2026) 111760

—20

o, [MPa)

—40 L 1
0

20 40

60

80 100 120

RVE Width [pm]

—e—50 % Area fraction

——5 % Area fraction

—+—1 % Area fraction

——0.25 % Area fraction

Fig. 7. Convergence of the minimum effective principal stress ¢} as a function of RVE width W. Solid lines and markers represent the mean stochastic response
across five realizations, with error bars indicating the standard deviation. Dashed lines of corresponding colours denote the deterministic hexagonal reference for

each area fraction threshold.

For the SBE system, an RVE width of W = 62.5 pm appears to
offer a pragmatic balance; the standard deviations for the 5% and 1%
thresholds have significantly tightened, providing a statistically reliable
estimate of stresses induced by nonuniformity. However, interpreting
these localized stress peaks in the context of material failure remains a
significant challenge. Current understanding of SBE yield behaviour is
largely limited to bulk uniaxial compression and tension measurements
reported by Tavano et al. [26]. The direct translation of such macro-
scale fracture to the microscopic ligaments between fibres, where the
clearance is as small as 0.15 pm is questionable as the dimensions of
the pore structure are at the same scale. At these sub-micron scales,
where pore sizes range from approximately 10 to 100 nm, size effects
introduce significant uncertainty regarding material behaviour. Conse-
quently, it cannot be assumed that the strength measured for the bulk
SBE translates directly to the local inter-fibre scale, where the failure
mechanics may be governed by different characteristic length scales.

The discrepancies identified in this study highlight that a nonuni-
form microstructure is essential to accurately predict local stress states
within the SBE matrix. While the hexagonal reference model provides
a useful baseline, it cannot account for the stochastic amplification
of stresses caused by fibre clustering. The hexagonal model is not
always safer or more conservative. At the 1% area fraction, the perfect
hexagonal grid predicts compressive stresses higher than random RVEs,
since it assumes that every fibre is equally cramped. In reality, a
random arrangement has both tight clusters and relief zones where
fibres are further apart. This shows that a uniform hexagonal model
is too simplistic to resolve the full spectrum of compressive intensities.

Relying on Ripley’s K-function alone as the primary optimization
target introduces an inherent limitation, as this second-order global
descriptor can average out local features such as the nearest-neighbour
distance distribution. In this work, the microstructural risk associated
with the global averaging are mitigated by two key features of the
modelling workflow. Firstly, the reconstruction algorithm enforces a
non-overlap and minimum fibre-to-fibre clearance constraint, d;, =
2r¢ + h, which serves as a first-order descriptor bounding the mini-
mum possible SBE ligament thickness. The constraint further prevents
fibre-to-fibre contact that could generate artificial stress singularities.
Secondly, instead of relying on a single optimized RVE, five inde-
pendent stochastic configurations are simulated per domain width. By
sampling different local fibre arrangement variations that all satisfy
the global experimental K-function band, the statistical distribution
and tails (e.g., the 1 % and 5 % area fractions) of the compres-
sive stress field are captured. Nevertheless, incorporating additional
multi-descriptor objectives, such as the probability density function of
nearest neighbours directly into the optimization loss function, repre-
sents a step to further tighten the local fidelity in future microstructural
reconstructions.

10

7. Conclusions and outlook

This study establishes a geometric and statistical proposal for RVE
reconstruction based on SEM images of a structural negative electrode,
focusing on the localized compressive stresses in the structural battery
electrolyte induced by carbon fibre expansion. We conclude that the
definition of a representative volume is dependent on the mechanical
metric of interest; while a small RVE width of W = 18.75 pm is
sufficient to characterize the bulk median stress response, a width of
W = 62.5 pm is in general, deemed sufficient to achieve stable and
representative estimates of the stress tails. A nonuniform microstructure
is essential for these predictions, as idealized hexagonal models fail to
resolve the full spectrum of compressive stresses. Specifically, stochas-
tic arrangements capture both the amplified stress zones within fibre
clusters and the corresponding relief zones in open gaps. By identifying
this stochastic amplification, we showed that a uniform hexagonal
microstructure models can be non-conservative, underestimating the
localized confinement by approximately 25% at the 5% area fraction
threshold.

As to future work, the mechanical interpretation of these local-
ized stress peaks remains a critical open question. Future research
can prioritize nano-scale characterization to determine the local yield
stresses or strength properties of the SBE matrix within sub-micron
gaps. Additionally, incorporating damage modelling into these RVE
simulations will be vital to evaluate if localized clusters evolve into
micro cracks.
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