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Abstract: Silicon-based, high-energy-density electrodes show severe microstructural degradation
due to continuous expansion and contraction upon charging and discharging. This mechanical
degradation behaviour affects the cell’s lifetime by changing the microstructure morphology, altering
transport parameters, and active volume losses. Since direct experimental observations of mechanical
degradation are challenging, we develop a computer simulation approach that is based on real
three-dimensional electrode microstructures. By assuming quasi-static cycling and taking into
account the mechanical properties of the electrode’s constituents we calculate the heterogeneous
deformation and resulting morphological changes. Additionally, we implement an ageing model
that allows us to compute a heterogeneously evolving damage field over multiple cycles. From
the damage field, we infer the remaining electrode capacity. Using this technique, an anode blend
of graphite particles and silicon carbon composite particles (SiC-C) as well as a cathode consisting
of Lithium-Nickel-Manganese-Cobalt Oxide with molar ratio of 8:1:1 (NMC811) are studied. In a
two-level homogenization approach, we compute, firstly, the effective mechanical properties of silicon
composite particles and, secondly, the whole electrode microstructure. By introducing the damage
strain ratio, the degradation evolution of the graphite SiC-C anode blend is studied for up to 95 charge-
discharge cycles. With this work, we demonstrate an approach to how mechanical damage of battery
electrodes can be treated efficiently. This is the basis for a full coupling to electrochemical simulations.

Keywords: micromechanics simulation; battery simulation; silicon anodes; cyclic aging; mechanical
degradation

1. Introduction

Lithium-ion batteries are ubiquitous electrochemical energy storage devices and are
widely used in applications starting from small portable devices to bigger items such as elec-
tric vehicles. During service life, the battery experiences capacity fades due to a variety of
degradation mechanism [1]. Especially for silicon-based electrodes mechanical degradation
is very significant [2–4]. Their large volume expansion during lithiation is still a challenge
for building long-lived, high-energy batteries since it causes irreversible particle–particle
detachment, delamination, and particle fracture, which accelerates the mechanical deterio-
ration and capacity fading [5–8]. According to research done by Beaulieu [9] using atomistic
simulations, amorphous silicon (Si) thin films’ lithiation can result in a 300% increase in
thickness. Extreme volume changes can result in Si particle damage [10], recyclable lithium
loss from solid–electrolyte interface (SEI) growth due to internal stresses [11], and loss of
electrical contact as a result of Si particle detachment [12,13]. According to the literature on
the negative electrode, these three factors are the main causes of cell ageing. The volume
expansion studies [14,15] in positive, state-of-the-art NMC811 electrodes are also important,
since mechanical failure becomes critical at higher operating voltages [16–19]. Multiple
mechanically driven degradation phenomena have been reported at atomistic and particle
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level simulations to investigate the mechanical characteristics limiting the structural stabil-
ity of cathode materials [14,17,20–22]. Pietsch et al. [23] determined that the microstructural
changes in porous anodes have a comparable level of influence on service life as the spatial
inhomogeneities resulting from the manufacturing process. As a result, the dynamics of
microstructural changes can affect transport properties, local potential differences, and
ultimately lead to lithium plating and degraded microstructure [24,25].

Previous studies have been conducted to investigate structural degradation phe-
nomena at various scales, including atomistic, particle, and electrode level (effective and
microscopic material models [2,26–28]). These studies have their own advantages and dis-
advantages. The atomistic level offers the most detailed view of the underlying processes,
especially structural properties, but the simulations are computationally expensive and
cannot capture the large scale degradation behaviour. On the level of a single particle,
the intercalation-induced stresses and particle fracture can be considered, but the models
are not able to capture the multi-particle interactions and electrode heterogeneities [29,30].
Approaches on the electrode scale, i.e., p4d models [31–33] can describe the effective me-
chanical properties, but at the cost of simplification and loss of detailed information, and
they need user input from smaller scales. Through homogenization methods, efficient para-
metric study of complete electrode is also addressed by multi-scale approaches. However,
most of them relate atomistic to effective simulation models [34] or particle to continuum
scales [35,36] to reduce microstructural complexities which arise when geometries are re-
solved at a microstructure level. Currently, there is a growing trend in research towards the
use of microscopic material modelling to understand structural degradation phenomena at
the electrode level and to acquire significant insights into how to counteract degradation
issues. One of the most promising approaches is three-dimensional image-based electro-
chemical and mechanical simulation [37–40], as it facilitates more precise modelling of
electrode heterogeneities and their impact on cell performance and degradation. Perform-
ing direct modelling of electrode structures by utilizing images obtained through X-ray
tomography or Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) involves a
significant cost to characterize each constituent. Additionally, to ensure statistical represen-
tativeness, the microstructure needs to be of a larger size, which leads to a restriction in the
simulation time and cycles for the solution of electrochemical and mechanical equations.

The aim of the present research paper is two-fold: firstly, we describe our approach
to predict macroscopic mechanical properties of electrode mixtures based on the bulk
properties of the constituents. Secondly, we will present a model for mechanical degradation
due to mechanical stresses. As negative electrode we consider a blend of graphite and
silicon composite particles. The composite particles are assumed to consist of submicron
silicon flakes embedded in a graphite matrix. Based on the mechanical bulk properties and
on a three-dimensional, segmented voxel-image, which identifies graphite particles, matrix,
and silicon flakes, we describe a two-step approach to compute the effective mechanical
properties of the electrode for different states of lithiation. In a similar but simplified fashion
we treat the positive NMC electrode. Concerning the mechanical degradation, we apply
a model in a three-dimensional, microstructural simulation to predict the development
of a phenomenological damage field. By considering quasi-static charging-discharging
cycles and by using our software FeelMath (Available online: https://itwm.fraunhofer.
de/feelmath (accessed on 1 November 2023)) [41–44] we are able to the study damage
evolution over 100 cycles on a standard workstation.

The paper is structured as follows: in the next chapter we describe the battery cell
that we are considering and outline the mathematical model and the methodology we
apply. Afterwards, we discuss the results of our simulations. There, we successively
discuss the mechanical properties of negative and positive electrodes, and finally present
the mechanical damage evolution in the anode blend over many charging cycles. Finally,
we finish with a conclusion.

https://itwm.fraunhofer.de/feelmath
https://itwm.fraunhofer.de/feelmath
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2. Simulation Approach

To simulate the macroscopic mechanical response and degradation of an electrode
we start off with a representative 3D microstructural image and apply the methods of
continuum structural mechanics. In contrast to the NMC cathode, the process for the
graphite-SiC-C anode is more complex: due to the sub-micrometer silicon flakes embedded
in a graphite matrix we compute the effective properties in two steps, cf. Figure 1. First,
representative subvolumes of the composite regions are selected, from which the effective
mechanical properties are computed. In a second step the full microstructure is taken into
account, but now with the homogenized SiC-C-properties. This approach is described in
the following subsection. Afterwards the model for mechanical degradation is presented.

Figure 1. FIB-SEM image segmentation of a graphite SiC-C anode blend. In the structure on the
left the SiC-C particles are identified by particles with green silicon flakes included. The pure red
particles consist of graphite alone. The six small cubes are SiC-C substructures used for effective
property computation. On the right we show the same structure, but with SiC-C homogenized.

2.1. A General Approach for Mechanical Simulation at Continuum Scale

Strain energy is normally stored within the deformed electrode microstructure due
to the rearrangement of Li-ions. For a given three-dimensional microstructure of active
material the mechanical stresses σ for all material points can be calculated within the
microstructure by simply implying Hooke’s law for a specific mechanical strain εel. Hooke’s
law incorporates the recoverable strain energy within the proportionality limit and can be
defined by Lamé constants λ and µ such as:

σ = λ Tr[εel]I + 2µεel . (1)

This is a constitutive equation for stress σ and elastic strain εel (where I denotes the identity
matrix). However, due to the intercalation of Li-ions, there is also an additional internal
strain contribution, the chemical strain εch. In analogy to thermal expansion, εch describes
the induced strain based on the distribution of lithium ions within the active material. It is
characterized by a molar expansion coefficient Ω of the material. For a given concentration
of Li-ions (∆cLi) the chemical strain can be defined as

εch = ∆cLiΩ I . (2)
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The total strain ε is then given as sum of elastic and chemical strains

ε = εel + εch . (3)

Using (1)–(3) the elastic constitutive relation is

σ = λ Tr[ε− εch]I + 2µ(ε− εch) . (4)

Together with appropriate boundary conditions and assuming mechanical equilibrium
(divergence of Cauchy stress tensor σ )

∇ · σ = 0 (5)

this equation is solved for a given SOC with our software FeelMath [41–44] on the seg-
mented three-dimensional image, where the individual material properties of the con-
stituents are taken into account.

For a range of lithium concentrations ∆cLi within the active material (related to the
SOC) the macroscopic electrode properties of the NMC cathode can be readily computed
for different states of charge (cf. Section 3.2). To determine ∆cLi in the silicon composite
particles, however, is more complex since it consists of two materials (graphite and silicon).
We adopt the following two-step approach for the anode: First we discriminate between
SiC-C (graphite with silicon flakes) and pure graphite particles (cf. Figure 1). We choose
subvolumes inside the SiC-C particles in order to determine the effective SiC-C properties.
In a second step we process the anode microstructure, assign the effective properties to
the complete composite particles, and perform the computation on the complete electrode
microstructure. However, in both steps there are two electrode materials involved, which
differ in lithium content due to their individual OCV.We now explain how the respective
lithium concentrations ∆cLi required for (1) are determined. If at a given SOC we can
assume electrochemical equilibrium (i.e., the same potential between materials) the elec-
trode charge QSiC-C distributes into charges QGr and QSi in the graphite and silicon phase,
respectively, such that

UGr(QGr) = USi(QSi) ,

QSiC-C = QGr + QSi .
(6)

The potential satisfying (6) corresponds to the OCV of the composite USiC-C(QSiC-C). In this
way the OCV and in particular the lithium distribution of the composite is determined, see
Figure 2. In a second step the OCV and ion distribution in the complete anode (consisting
of graphite and SiC-C) is derived analogously. With this quasistatic approach the ion
distribution for the full SOC range is determined and the mechanical Equations (1) and (2)
can be solved. We note, however, that this approach neglects the dynamic effects and
can only be considered as approximation valid for low C-rates. Once the concentration
distribution of a given SOC is determined the mechanical problem is solved. We compute
mechanical stresses as well as the effective mechanical moduli and expansion coefficients,
as shown in Section 3.1.

2.2. Mechanical Degradation Model

The mechanical model presented above can not only be used to calculate the effective
electrode properties, as it also yields the full stress and strain field for each voxel of the
structure. Due to the complex electrode structure and the different expansion characteristics
of the constituent materials (graphite and silicon) the local stresses are expected to vary
strongly across the structure. Large local stresses may lead to local mechanical damage
and, as a consequence, a reduction of electrode capacity. In this section we will present a
mechanical degradation model that allows us to predict local damage over a large number
of cycles.



Batteries 2023, 9, 582 5 of 18

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

Qi
Qmaxi

Po
te

nt
ia

lv
s.

Li
+/

Li
/

V

graphite
Si
SiC-C

Figure 2. Resulting open-circuit-voltage (OCV) for SiC-C particles (red) based on the OCVs of pure
graphite and silicon (black) [45].

Since damage initiation and evolution is a material property, additional damage
parameters are introduced that govern permanent changes in the mechanical properties
of the material. The damage state is calculated against the applied chemical strain and
current damage strain history. Initially, the material is assumed to be elastic with a constant
stiffness. Soon after it enters the damaged state, a scalar damage variable D is utilized to
represent softening effects (reducing stiffness). The material’s stiffness tensor C will be
affected by the damage variable in accordance with the following equation:

σ = (1− D) Cεel . (7)

Throughout the ageing simulation under applied chemical strain, the scalar damage vari-
able D, defined in the interval [0, 1], governs the degradation criteria. During cyclic charg-
ing, this new state variable D accumulates the damage strain field within the electrodes. In
the elastic region, the damage strain state must be constant and the damage strain rate will
be zero. However, when the material becomes inelastic, the model requires an additional
state equation that calculates the evolution of the damage variable with respect to the
applied strain and damage history. This procedure is the subject of the following section.

Before computing the damage model, the total strain tensor εij is used to compute
the equivalent damage strain dp in the elastic regime. When the equivalent damage strain
exceeds the minimum damage strain threshold (d0), the material enters the damaged region.
After this point, the elastic strain energy density is reduced due to the dissipation of energy
used to create new surfaces in the damage mechanism. However, to keep the framework
simple, the balance equations are omitted. All of the following damage modelling equations
can be found in [46,47]. A general form of the Mazar’s damage model can be written as

D =

∣∣∣∣∣1− d0(1− ∆D)

dε
− ∆D

eH−(dε−dp)

∣∣∣∣∣
dp>d0

, (8)

where dε is the equivalent total strain, dp is the total damage strain, and H is the damage
evolution modulus. The following equations show the incremental form of this equation,
which is implemented as a user material subroutine. The equivalent damage strain dp rep-
resents the 3D damage strain tensor as scalar value and can be calculated by the following
phenomenological relationship:

dp =
√

2(I2
1 ∗ Eλ + Eλ(I2 + I3)). (9)



Batteries 2023, 9, 582 6 of 18

This phenomenological relation is not derived from theoretical equations. Instead, this
equation is empirically found to be a good approximation for brittle materials. The invari-
ants of the strain tensor are denoted by I1 , I2, and I3. These invariants describe hydrostatic,
deviatoric, and volume-related deformations. This formulation applies only to isotropic
cases and is derived from Mazar’s model [47]. The elastic moduli determine Eλ as follows:

Eλ = E(
1

1− 2ν
− 1

1 + ν
).

Here, E and ν are the Young’s modulus and Poisson ratio. Once the equivalent damage
strain dp reaches the damage initiation threshold d0, the damage strain step is calculated by
the following evolution equation.

∆D = 1− eH(d0−dp) . (10)

As mentioned, the damage state of a material point ranges from zero to one, with
zero indicating no damage and one indicating full damage. The material parameter H
governs the evolution of the damaged state and can be fitted to match the damage behaviour
of different materials.

There are few limitations to the current set of simulation performed in this work.
First, all of the electrodes are deformed under boundary conditions (BC) with tangentially
free or fixed boundary movement. Normally reaction forces within a realistic microstruc-
ture develop pressure along the edge or even more specifically electrodes are deformed
preconditional under pressure BCs to influence the ageing behaviour. Secondly, effective
mechanical response and cyclic damaged simulations are always calculated with the ref-
erence geometric state. As the material state evolves, particle detachments and contact
information are lost.Third, the adjacent stresses between stacked electrodes are disregarded
in these simulations since the electrodes are deformed separately from their pristine states
in reference configuration. The fourth limitation is the lack of heterogeneous distribution
of Li+ ions concentration across the microstructure. The quasi-static charge distribution
only ensures potential equilibrium but the local charge state does not explicitly vary across
the grain thickness at intermittent charging states. Lastly, the transport properties are not
directly linked with the morphological changes in ageing simulations. Nevertheless, the
propagation of damage field in ageing simulations have shown the promising outcomes
due to microscopic chemical deformation until mechanical degradation does not contribute
any more.

3. Results

Following the description in Section 2.1 we show our results for the effective me-
chanical properties of the electrodes. We start the section with the anode properties and
then present the cathode results. In the last subsection we show the degradation results
according to the model of Section 2.2.

3.1. Anode Mechanical Properties

We build our simulation upon an electrode microstructure reconstructed from FIB-SEM
images provided by Ref. [48] in the context of the EU-project DEFACTO [49]. The structure
is shown in Figure 1 and consists of 39% pore space, 49% pure graphite, and 12% silicon-
composite particles. The latter consist of 69% graphite matrix and 31% submicron silicon
flakes. The geometry is spacially discretized into 2276× 2200× 2328 voxels. In order to make
mechanical simulations in such a large dataset feasible, we proceed in two steps and start by
considering subvolumes inside the graphite-silicon composite particles and compute their
effective mechanical properties (cf. Section 2.1). As input we use the bulk properties of pure
graphite and silicon. While the molar expansion coefficient of graphite ΩC = 1.51 cm2/mol
is taken from literature [28,50], the silicon’s expansion coefficient of ΩSi = 3.68 cm2/mol
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is a result from atomistic simulations obtained by Ref. [51] in the DEFACTO project [49].
Similarly, the Young’s modulus E and Poisson ratio ν are obtained (Appendix A Table A1).

For six representative subvolumina (cf. Figure 1) we use our software FeelMath [41–44]
to compute the effective properties based on (4) (cf. Appendix B). Going through
the whole SOC range and averaging the six results we obtain for the SiC-C particles
the SOC-dependent, effective properties listed in Table 1. Additionally, we compute
cmax,SiC-C = 104,280 mol/m3 as maximum lithium concentration in the SiC-C particle and
an SiC-C expansion coefficient of ΩSiC-C = 2.196 cm3/mol.

Table 1. Computed effective elastic moduli of the SiC-C composite at different states of
charge. For completeness we also include the corresponding relative concentration c/cmax in the
respective phases.

SOC% 0 11 19 29 38 47 57 66 82 100
cSiC-C

cSiC-C,max
0 0.1 0.1939 0.2860 0.3790 0.4720 0.5660 0.6630 0.8199 1.0

cGr
cGr,max

0 0.071 0.086 0.094 0.102 0.110 0.145 0.2168 0.5108 0.9711

ESiC-C/GPa 52.96 46.95 42.617 41.368 41.368 40.749 40.6603 39.882 38.0337 91.0
νSiC-C 0.272 0.308 0.3159 0.3085 0.3085 0.3012 0.30239 0.3031 0.3299 0.22

We note that the presented results assume isotropic behaviour such that two elastic
constants are sufficient to describe the mechanical response. We checked the validity of this
assumption by performing multi-directional mechanical loading steps on the selected sub-
volumes to compute all nine components of the stiffness tensor. The boundary conditions
are defined in such a way that three normal directions are deformed with specific loading
strains. The resultant stress values and given strains provide elastic moduli in respective
directions. Similar approach is extended to further three shear loadings and the ratio of
resultant stresses with the shear strains provided the component of anisotropic stiffness
tensor of the composite material. As Table 2 shows, only minor anisotropy is detected in
the SiC-C composite. As a result, the computed Young’s moduli and Poisson ratios can be
regarded as good approximation to the SiC-C properties.

Table 2. Components of anisotropic elastic stiffness tensor of SiC-C in GPa.

C11 C12 C13 C23 C22 C33 C44 C55 C66

62.67 27.58 27.39 27.38 62.82 61.12 18.0 18.01 18.21

Having determined the effective properties of the composite particles, the electrode
properties can be computed for the second step. To this end, the anode’s microstructure is
processed such that the SiC-C particles can be treated as homogeneous, effective material
with the parameters computed above (cf. Figure 1, right). Besides of SiC-C, also pure
graphite as second species is to be considered. The homogenization of the SiC-C particles
reduces the need for the original, very fine resolution. Hence, the geometry is coarsened
to a 137× 137× 137 voxel grid with a voxel size of 0.32 µm, which significantly reduces
the computational cost. The computation with FeelMath then basically proceeds as in the
first step.

Since we require both the effective elastic moduli of the entire electrode and unre-
stricted expansion behaviour of the electrode, two different types of boundary conditions
are used. First, free boundary conditions are applied to obtain the accurate expansion
without any reaction force on the edges. It implies that electrode geometry can expand
freely in all three directions. Secondly, the electrode is restrained in one direction and kept
strain-free in the other normal direction in order to obtain the elastic moduli. This setup
provides both the Young’s modulus and Poisson ratio using global stress and strain tensors.

Figure 3 illustrates the outcomes of the simulation setup for the effective elastic moduli.
Up to an SOC of 80%, the stiffness of the electrode slightly decreases. After that, it nearly
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quadruples its initial values. Contrarily, the Poisson ratio remains constant between 20%
and 80% state of charge. It is calculated by dividing the amount of axial compression with
the amount of transversal elongation. The sudden rise of E is similar to the effective elastic
behaviour of SiC-C particles (given in Table 1). One can see that the graphite concentration
rises only after the silicon particles are charged more than 80%. Therefore, the influence of
graphite’s elastic properties is only relevant at the end of the charging phase. In a second
set of simulations we compute the electrode expansion in the full SOC range. Figure 4
shows the results of the anode swelling in different directions by taking the ratio between
the new edge length and the original one. However, overall the expansion behaviour is
very similar in all directions. We note that the swelling speed at low and in particular at
high SOC is faster than at intermediate states of charge. As a result, it is reasonable to
anticipate greater morphological changes in the former range, which will reduce structural
integrity. After several charges, one can also anticipate an anisotropic expansion character
especially if permanent damage is attributed in the cyclic charging; however, this is not the
objective of current work. For the complete Gr-SiC-C anode we obtain the effective molar
expansion coefficient of Ω = 0.8541 cm3/mol and an average maximum concentration of
cmax = 26,864.36 mol/m3.
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Figure 3. Computed effective Young’s modulus E (left) and Poisson ratio ν (right) for the graphite
SiC-C anode blend’s relative lithium content cA/cA,max.
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Figure 4. Relative thickness change of the graphite SiC-C anode blend vs. lithium content.

3.2. Cathode Mechanical Properties

In this section, the effective mechanical properties of the cathode are discussed. In
principle, the positive electrode can be treated using the same process as described in the
previous section. In contrast to the anode with its composite particles and submicron silicon
flakes, the situation here is more straightforward because the effective parameters can be
computed directly in a single step. Additionally the volume expansion of NMC is much
less pronounced. In the following, we briefly summarize the mechanical properties of the
cathode as well as its SOC-dependent swelling behaviour.

The positive electrode in Figure 5 consists of Lithium-Nickel-Manganese-Cobalt Oxide
with molar ratio of 8:1:1. As the anode, the segmented structure based on FIB-SEM images
is provided by Ref. [48] in the framework of the EU-project DEFACTO [49]. The provided
voxel geometry is 44.16 × 43.54 × 43.5 µm in size with a voxel size of 0.32 µm. It consists
of 59% NMC811, 6% additives and 35% pore space.
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Figure 5. FIB-SEM image of the NMC811 microstructure provided by Ref. [48]. Red voxels represent
NMC811 while green areas are conductive additives and binder.

The maximum lithium concentration of NMC is taken to be cNMC = 48,583 mol/m3

from [28]. Its molar expansion coefficient ΩNMC is much smaller than that of graphite
or silicon but it has a nonlinear dependency on lithiation state, see Figure 6. The elastic
moduli of NMC depend on state of charge: according to DFT simulations of the NMC811
unit cell the stiffness reduces with increasing lithiation [52]. The computed Poisson ratio,
however, is reported to be basically constant at 0.3. We reproduce this data in Table A2. In
contrast to the active material the additives do not expand as they do not store ions. Their
mechanical behaviour is solely characterised by Young’s modulus and Poisson ratio, which
are estimated to be E = 2.2 GPa and ν = 0.3 [53], respectively.

0.2 0.4 0.6 0.8 1

0.2

0.3

0.4

cNMC/cNMC,max

Ω
N

M
C

/
(c

m
3 /

m
ol
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Figure 6. Dependence of the molar expansion coefficient of NMC811 on the lithiation state, based
on Ref. [28].

As in the anode case, we solve for the effective elastic response and the constitutive
relation between chemical strain and internal stresses. Therefore, two types of boundary
conditions are applied, as already addressed in the previous subsection. Simulations are
performed at 10%, 17%, 45%, 75%, and 100% lithiation. The remaining stoichiometric states
are not investigated due to a lack of elastic moduli data for NMC811. However, these are
the most diverse regions when it comes to change in elastic moduli data and can produce
satisfactory overall behaviour [54–56]. In Figure 7 the effective Young’s modulus EC and
Poisson ratio νC of the complete cathode microstructure are shown. The effective electrode
stiffness is clearly reduced compared to NMC’s bulk properties due to the microstructure
and the comparatively soft binder phase. The overall trend, however, follows the bulk
behaviour. In contrast to the almost constant Poisson ratio of the bulk material, a slightly
more pronounced dependency on lithiation is observed for the complete electrode.
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Figure 7. Effective mechanical properties of the NM811 microstructure for the different lithiation
states. Left: Young’s modulus EC. Right: Poisson ratio νC.

Looking at the overall electrode expansion, an increasingly faster swelling is ob-
served with a larger lithiation state, cf. Figure 8. Similar behaviour is observed in other
studies [20,27] and reasoned for the combined behaviour of transition metal ions and MO6
slabs. Moreover, after 40% SOC, MO6 slabs generate repulsive forces, which are positively
charged fields in highly delithiated states and create an expansion. On the other hand, the
radius of transition metals reduces due to fewer electrons, and further contradiction can
happen in transition metals at elevated valance. This competing phenomenon goes on until
it reaches 70% SOC. Afterwards, NMC811’s contraction is mitigated and only expansion
continues until it is fully charged. Since the expansion in the three Cartesian directions in
Figure 8 lie on top of each other, it can be concluded that the structure does not introduce
any anisotropic effects.
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Figure 8. Relative thickness change of the cathode NMC811 vs. lithium content.

3.3. Mechanical Ageing Simulations for Gr-SiC-C Anode at Electrode Level

In this subsection we show results obtained with the mechanical degradation model
of Section 2.2, which was implemented into our software FeelMath. For the computation,
the homogenized, three-dimensional Gr-SiC-C anode microstructure from previously is
considered, cf. Figure 1, right. From the large volume expansion of silicon, the different
expansion coefficients of graphite and SiC-C and the complex microstructure, one can
expect a very heterogeneous stress distribution from which the damage field is derived.
Starting with an undamaged structure repeated charging and discharging will evolve the
damage field and reduce structural integrity. Since coupling of a mechanical simulation
with an electrochemical cycling simulation of anode microstructure would incur high
computational costs, we use the quasi-static distribution of lithium ions, as described above.
This means that at each evaluation point during the cycles we assume an equilibrium
lithium distribution according to (6). Throughout 95 cycles the chemical strain is evaluated
and the history of the damaged state evolved.

Eventually, the reference geometry and updated heterogeneous state variables are
employed throughout the ageing simulation. A stress-free boundary condition is used in
the degradation simulation. Alternatively, one can also use user-defined stress boundary
condition. However, this may lead to a non existent solution due to the conflict between the
externally defined stress state and the reducing stiffness within the damaged phases since
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the damage model alters the stiffness of the material. The damage initiation and evolution
are controlled by the damage strain threshold d0 and the damage evolution modulus H,
which are phenomenological parameters by nature. These parameters are chosen in such a
way that the microstructure matches the expected damage state: the damage threshold d0 is
set to be 0.002 for all materials, which is equivalent to 0.2% of strain for the onset of damage.
The speed of damage evolution is tuned by H. The morphology of grains and the dissimilar
expansion behaviour of particles create higher local strain fields and with a given H, the
overall damage evolution is governed. In a first series of simulations we adapted H such
that the damage evolution is in a realistic range in comparison to Ref. [26]. In the following
results we selected H = 0.004 and H = 0.0012 for graphite and SiC-C, respectively.

In Figure 9 the computed damage field of a slice through the structure is shown after a
different number of cycles. After 20 cycles, the damage strain starts growing at the interface
of Gr-SiC-C due to the heterogeneous deformation behaviour. At this point, trapped
graphite particles within SiC-C grains already start showing damage state. However, the
non-confined graphite particles are uniformly damaged to a small extent. This means
that the grain phase heterogeneity is higher in the beginning of the degradation process.
Since, SiC-C has higher stiffness, trapped graphite particle is moved towards a higher
damaged state. Morphological heterogeneities are also visible at the interfaces of grains.
However, this starts becoming prominent after 30 cycles. The damage strain grows within
the whole microstructure geometry in a similar fashion onward at 40 cycles. The distinction
of damaged and non-damaged stains is widened after 50 cycles. On the bottom right side
of the domain, the larger SiC-C particle shows damage strain with some delay since there
are no adjacent SiC-C particles in the vicinity. Similarly, in the top right side of the contour
during 50–60 cycles, graphite grains also exhibit a comparatively lesser damaged state
since there are no silicon grains in the adjacent space. At this point, the trapped graphite
particles has highest damaged state. These morphological patterns of damage strains lead
to a fully damaged state of these confined grains. However, a further investigation into
the damage strain contour is not provided since the effective damaged state after 60 cycles
deviates from experimental values and will be provided in the next paragraph. In summary
we observe that the damage strain is more severe in certain regions due to heterogeneous
materials. This is followed by the morphological factors. This is attributed to the higher
stiffness of the SiC-C composite, which leads to higher reaction forces to the neighbouring
regions as well.

From the value Di of the damage variable in voxel i, the average damage D̄ per species
can be computed as

D̄α =
1

Nα
∑
i∈α

Di with α ∈ {Gr, SiC-C} (11)

where Nα is the number of voxels of species α. The result is shown in Figure 10. It can be
seen that on average the graphite particles are damaged more than SiC-C, which is expected
since, locally, graphite particles in the proximity of SiC-C particles receive considerable
damage, as revealed by the analysis of the three-dimensional solution field (cf. Figure 9).

Assuming that the mechanical damage reduces the capacity of the electrode, we
estimate the residual active volume of phase α at cycle k to be Vα(k) and the lithium
capacity nα(k) as

Vα = ∑
i∈α

(1− Di)vi (12)

nα = ∑
i∈α

(1− Di)vicmax,i with α ∈ {Gr, SiC-C} (13)

where vi is the volume of voxel i and cmax,i is the corresponding pristine maximum lithium
concentration. Using (12), the total active volume fraction and the respective SiC-C fractions
are evaluated as a function of the cycle number k, as shown in Figure 11. We note a very
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slight deceleration of volume loss with the number of cycles. The active part of material
in total solid volume fraction decreases over the period of charging cycles. The SiC-C
grains show a volume loss similar to the overall volume degradation trend. Since, the total
damage ratio for both SiC-C and graphite does not reach a maximum limit, the volume
degradation will be decreasing even after 95 cycles until these phases are completely
damaged or detached.

Figure 9. Top left: Slice through the pristine microstructure (gray: pore). The remaining images show
the damage strain field D after the indicated number of cycles.
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Figure 10. Average value of the damage strain D̄ in graphite and SiC-C particles during
quasi-static cycling.
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Figure 11. Decrease of active volume ratio Vα/VA during cycling due to mechanical degradation.
Here, VA is the total volume of the pristine anode structure, including pores.

In a similar way the residual capacity is estimated according to (13) and plotted in
Figure 12. In correspondence to the loss of active volume the capacity also decreases.
In the investigated number of 95 cycles it reduces to almost 70% of the initial capacity.
Müller et al. [26] have experimentally studied the Si/C-NMC811 chemistry in pouch format
under different pressure boundary conditions. At the beginning, the charge reduction curve
slowly lowers. After few charging cycles, other factors, i.e, particle detachments and loss of
electric contact, also come into effect. The higher damage strain in damage field contours
around the grain boundaries can be the reason for electric contact loss. Their detachment
from the rest of the active material, as a result, brings the overall battery performance to a
lower discharge capacity state.

Our damage model is compared to the aforementioned experimental outcomes since
our material definition is similar albeit design details and the microstructure composition
might be different. By tuning the damage modulus H we could fit the simulated capacity
loss to the initial phase of their experimental data. However, after 60 cycles, the experi-
mental and simulation results start deviating. The experimental degradation drastically
accelerates while we observe a steady decrease in the damage state in the simulations. This
indicates the limitations of our model: firstly, our current setup is limited to quasi-static
lithium concentration distribution, which means that no lithium transport is taken into
account, such that contributions due to inhomogeneous lithium distributions cannot arise.
Secondly, the particle-to-particle interactions are not considered in the constitutive equa-
tions of our model (e.g., sliding, rotation, detachment). Thirdly, other degradation effects
might set in, possibly triggered by mechanical degradation, which are not accounted for
here, e.g., particle breakage that reduces available capacity. Further electrochemical effects
that we cannot address in the current scope are lithium reduction due to growth of the
solid electrolyte interphase (SEI) and lithium plating as well as reduction of active material
due to irreversible phase transitions.
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Figure 12. Decrease of the relative capacity during cycling. Here n0 is the capacity of the pristine elec-
trode. Experimental data from [26].

4. Conclusions and Outlook

In this paper, a multiscale simulation methodology for computing effective mechan-
ical properties and ageing phenomena with a damage strain model is presented for the
electrodes, which can be applied to electrode blends such as the mixture of graphite and
silicon composite particles. We computed the effective electrode properties based on three-
dimensional microstructures and the individual properties of its constituents, taking into
account the state-of-charge dependent material expansion. From elemental to effective
scale, a two-step homogenization scheme is applied. We started with a homogenization of
the SiC-C particles by considering different realizations of the composite particle substruc-
tures and computed the effective mechanical response of the homogenized particles. In the
next step, full electrode simulations for both anode and cathode are performed, which give
the effective mechanical properties on electrode scale. This data can be used in simulations
of the full cell—be it purely mechanical or in the context of a pseudo-two-dimensional
electrochemical cell model. Since this approach provides the deformed geometries for
different SOC, a dependence of porosity can easily be derived. Furthermore, additional
transport simulations in the deformed geometries can be carried out to determine the
change in effective transport (quantified by tortuosity). Again, this will be an important
input for p2d-models if expansion effects are taken into account without the idealized
assumptions of spherical active particles, e.g., see Ref. [57].

The second focus of the present paper is the description of mechanical degradation
effects. A scalar damage strain model is presented and implemented in the user material
subroutine of our solver FeelMath. By quasi-statically cycling the anode up to 95 times
between SOC 0 and 1, the microstructure deforms and accumulates damage strain. While
the elastic parameters are taken from literature or atomistic simulation data, the damage
moduli are treated as tunable parameters. We observed that damage is severe in electrode
areas where the heterogeneity of different constituents is higher. In the future we want to
replace the quasi-static cycling method with dynamical, three-dimensional ion transport
simulations of our Battery and Electrochemistry Simulation Tool BEST [31,58]. In this case,
more inhomogeneous lithium ion distributions are expected, which might lead to different
stress and damage distributions. It needs to be evaluated to what extent this more detailed,
but computationally more expensive, approach is relevant for the practical results. In
addition, the opposite coupling is of interest: we will integrate the mechanical damage
field D into BEST’s electrochemical transport model. The idea is to incorporate the effect of
mechanical ageing into electrochemical cell simulations by making the model parameters
in the transport equations such as ion capacity or the solid diffusion coefficient depending
on the local damage variable. This way we cannot only evaluate the capacity loss but also
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consider how mechanical degradation affects the dynamical electrochemical behaviour of
the electrodes. The mechanical model also needs to be developed further: since it does not
treat the solid material as individual, discrete-element-like particles but as a single material
phase, the model will be extended to account for particle–particle contact.
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Appendix A. Dependence of Elastic Moduli on State of Charge

The outcome of atomistic simulations at an elemental level is given in the following.
Using DFT methods, the elastic character of Si and NMC is calculated. In our simulations,
these material behaviours are used to represent the mechanical properties of the electrodes
at certain charged states.

Table A1. Bulk modulus (K) and shear modulus (G) of the silicon at different states of charge [51].

cSi
cSi,max

0.01 0.11 0.22 0.32 0.43 0.48 0.58 0.69 0.79 1.0

K (GPa) 81.17 67.58 54.43 44.16 35.98 36.10 36.30 34.10 31.86 31.11
G (GPa) 60 47.9 35.5 32.95 31.9 31.98 31.73 29.40 27.76 26.14

Table A2. Youngs modulus E and Poisson ratio ν of NMC811 at different states of charge [52].

cN MC /cN MC,max 0.19 0.45 0.73 1

E (GPa) 145.10 82.95 77.23 37.64

ν (-) 0.299 0.30 0.299 0.301
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Appendix B. Selection of SiC-C Realizations

Since the silicon content within the SiC-C particles varies, we tried to select represen-
tative subvolumes for computing effective SiC-C properties. Therefore, we chose visually
representative regions of a different size within the composite particles and computed their
effective Young’s moduli. The results are shown in Figure A1. From the six realizations we
used the average value for our further computations.
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Figure A1. This image describes the calculated effective Young’s modulus for different SiC-C subvol-
umes of different sizes.
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