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Electrode structural stability and mechanical integrity is of major importance regarding not only lithium-
ion battery performance but also safety aspects. The goal of this study is to design a simulation procedure
to reproduce the microstructural and mechanical properties of such lithium-ion battery electrodes.
Taking into consideration the particulate state of these electrodes, a discrete element method (DEM)
approach is proposed, which comprises a procedure to reproduce real electrode structures and the appli-
cation of a proper contact model to capture the bulk mechanics. This is accomplished by considering par-
ticle interactions as well as the performance of the binder. Three different electrodes are manufactured
with the aim of calibrating and validating the Hertzian-bond contact model. Experimental nanoindenta-
tion measurements prove to be in good agreement with the simulation outcome, concluding that the
method constitutes a valuable physical and mechanical basis for further applications.
� 2018 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) are widely used as electrochemical
power sources for mobile telephones, personal computers, cameras
and other modern-life appliances. They are also remarkably suc-
cessful in the electric power vehicle market due to their long life
cycles and high-rate capabilities. However, as lithium-ion batteries
increase in popularity, there is still room to improve their perfor-
mance and durability. Within this framework, the importance of
electrode structural stability and mechanical integrity has been
already pointed out by several research groups. Peterson et al. [1]
experimentally investigated the effect of several relevant struc-
tural factors on electronic and ionic conductivity. By presenting
various scenarios, it was demonstrated that electronic conductivity
is greatly increased by raising the carbon black volume fraction
and reducing the electrode porosity, whereas the ionic conductiv-
ity decreases by increasing the amount of carbon black and binder.
Among other interesting results, Bockholt et al. [2] showed that the
positive or negative impact of calendering on battery performance
is directly linked to the change in the structure of the electrode.
With regard to active material particle size, Michaels et al. [3]
experimentally confirmed that smaller particles give rise to higher
electrode adhesive strength and lower electrode conductivity.

Concerning mechanical aspects of lithium-ion battery elec-
trodes, it is well-known that stress generation within the elec-
trodes is one of the main causes for capacity fade and eventual
failure of lithium-ion batteries. For this reason, mechanical insta-
bilities, including structure disintegration and particle fracturing,
loss of contact between the electrode and the current collector or
plastic deformation have been a major subject of extensive
research activities [4–6]. In this regard, the work of Mukhopadhyay
et al. [7] must be noteworthy underlined. They presented an over-
view of the sources and relative magnitudes of stresses within the
electrodes and introduced recently developed techniques for in situ
measurements of stress evolution.

Since experimental research implies costly processes in terms
of raw materials, resources and time, modelling and numerically
simulating lithium-ion batteries have been recently in the spot-
light as an alternative approach [9–11]. Bearing in mind the effect
of electrode microstructure on voxel performance, numerical
methods have specifically become more popular due to the addi-
tional complexity of experiments. In order to be able to model
the electrode microstructure accurately, it is necessary to acknowl-
edge the particulate nature of such structures. So far, this fact has
been only partially contemplated. Within this context, this work
proposes a discrete element method (DEM) approach. This method,
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first developed by Cundall and Strack [8], is based on the character-
ization of contacts between a number of discrete particles forming
the bulk material. Even though its application to electrode simula-
tions is to date in an early phase, DEM has been already proven to
be a feasible tool in the subject. Schneider et al. [9] analyzed the
effect of electrode thickness and composition on the Triple Phase
Boundary (TPB) length by computing several composite electrodes
consisting of spherical monosized particles. Liu et al. [10] gener-
ated various numerical microstructures by sintering in order to
assess the importance of macroscopic porosity and pore surface
area of SOFC (Solid Oxide Fuel Cells) electrodes. Also in this line
of research, Forouzan et al. [11] developed a mesoscale particle-
based simulation technique to predict the microstructure of
lithium-ion battery electrodes considering the manufacturing pro-
cess. These contributions have helped to improve the understand-
ing of fundamental structural parameters such as electrode
porosity, thickness or composition on the voxel performance. Nev-
ertheless, they constitute an overall approximation of the real
microstructure. In particular, the mechanical characteristics, which
are directly affected by the structure, have not been fully compre-
hended for lithium-ion battery electrodes so far.

In the scope of this work, the focus is set on designing a sim-
ulation procedure and an appropriate DEM contact model that
can reproduce not only the microstructure but also the mechan-
ics of lithium-ion battery electrodes. Combining simulations with
nanoindentation experiments, the contact model is calibrated
and validated, bringing reliability to the developed method. It
is believed that this study offers an interesting tool which
constitutes an accurate structural and mechanical foundation
for future investigations. For instance, with the aim of studying
stress evolution within electrodes during lithium-ion intercala-
tion or investigating the effect of manufacturing processes such
as calendering.

This work is organized as follows: In Section 2, the DEM contact
model is fully explained. Section 3 includes the numerical
generation of the electrode microstructures. For calibration and
validation, several electrodes were manufactured; Section 4 briefly
introduces the materials as well as the experimental characteriza-
tion. Simulation results are gathered in Section 5. Concluding, the
outcomes are summarized.
2. Materials and experimental characterization

In the scope of this contribution, three electrodes were manu-
factured and physically characterized; one electrode for calibrating
the contact model (C1), and the other two for validating the simu-
lation results (V1 & V2).

The composite anode electrodes were prepared with MesoCar-
bonMicroBeads graphite powder (MCMB, Osaka) as active material
and a mixture of styrene-butadiene copolymer (SBR, Lipaton SB
5521, Synthomer) and carboxymethyl voxelulose (CMC, Walocel
Na-CMC2000 PA, Dow Wolff Voxelulosics GmbH) as binder. The
Table 1
Structural parameters of the manufactured electrodes: Anode composition, thickness, por

Parameter Anode used for the calibration (C1)

Anode composition 96:04
(AM/Binder, wt.%)
Anode thickness, he 76.50 mm
Porosity, e 0.45
Active material particle size x10,3 = 4.03 mm

x50,3 = 5.99 mm
x90,3 = 8.94 mm
MCMB powder and the CMC were firstly dry-mixed for 15 min in
a rotary drum mixer (Turbula� T2F, Willy A. Bachofen Corp.) with
a rotational speed of 49 min�1 for 15 min. The mixture was then
dispersed in deionized water for 70 min using a dissolver
(Dispermat CA, VMA Getzmann) with a 50 mm toothed disk. The
circumferential velocity of the disk was set to 9 m s�1 and vacuum
was applied during additional 10 min right after adding the neces-
sary amount of SBR. The resulting suspensions were coated on a 10
mm copper foil using a continuous pilot-plant scale coater (Labco,
Krönert GmbH & Co KG) with a comma bar reverse roll application
system. Drying was performed in a three stage convective drying
process (Drytec, Hamburg, Germany) at a temperature of 65 �C.
The coating and drying speed was set to 2 m min�1. The active
material mass loading for all anodes was set to 8.7 ± 1.2 mg cm�2.

With the aim of assuring reliable simulation results, active
material was analyzed via laser diffraction to acquire the particle
size distribution. Moreover, porosity of the electrodes was deter-
mined by means of mercury intrusion and electrode thickness
was measured via a digital gauge, as explained in [12]. Table 1
gathers these outcomes as well as additional information regarding
electrode composition. Taking anode C1 as the reference, anode V1
was composed of coarser particles maintaining the same composi-
tion. Anode V2 was manufactured with the same active material
particle size but with a higher amount of binder. Due to these vari-
ations, all three electrodes showed different values of porosity and
thickness.

The micromechanical properties were characterized via nanoin-
dentation (UNAT, Asmec Advanced Surface Mechanics GmbH)
using a flat punch indenter with a diameter of 100 lm. The
compressions (80 measuring points per electrode sample) were
performed by controlling the maximum indentation displacement
under a constant velocity of 0.15 mm s�1 during both loading and
unloading. As suggested by Fischer-Cripps et al. [13], a total dis-
placement of 10% of the coating thickness was chosen in order to
avoid substrate effects. The plastic (Wpl), elastic (Wel) and total
(Wtot) deformation energies can be calculated based on the force-
displacement curves as follows:

Wtot ¼
Z hmax

0
FloadðhÞdh ð1Þ
Wel ¼
Z hmax

hf

FunloadðhÞdh ð2Þ
Wpl ¼ Wtot �Wpl ð3Þ

where hmax is the maximum displacement during indentation, hf is
the residual indentation depth and Fload and Funload are the indenta-
tion forces during loading and unloading respectively. Fig. 1 shows
exemplarily an experimental force-displacement curve of a nanoin-
dentation measurement.
osity as well as active material particle size.

Anode used for the validation (V1) Anode used for the validation (V2)

96:04 92:08

79.86 mm 96.43 mm
0.59 0.59
x10,3 = 10.34 mm x10,3 = 4.03 mm
x50,3 = 17.45 mm x50,3 = 5.99 mm
x90,3 = 30.89 mm x90,3 = 8.94 mm



Fig. 1. Force-displacement curve of a nanoindentation measurement.
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3. Methodology

3.1. Hertzian-bond contact model

As it was described above, lithium-ion electrodes were com-
posed of mesocarbon microbeads (MCMB) particles embedded in
a binder matrix of styrene-butadiene copolymer (SBR) and car-
boxymethyl voxelulose (CMC) and coated on a current collector
made of copper. In this work, a Hertzian-bond contact model is
developed to capture the mechanical response of the electrode
by combining both MCMB particle and SBR/CMC binder stiffness.
This model is based on the Hertz contact model [14] and the
bonded particle model proposed by Potyondy and Cundall [15],
which is based on a transfer of normal and tangential forces with
an additional torque transfer through bonds. Thereby, the elasto-
plastic behavior of the electrodes can be described based on the
force-displacement relationship at single particle level and further
implementation of solid bonds under certain conditions.

Hertz [14] developed an elastic force model for the contact
between two spheres of isotropic material. However, as it has been
examined via single particle nanoindentation, MCMB particles are
elasto-plastic in nature, i.e., energy is lost during particle overlay.
This energy dissipation due to plastic deformation is modeled
using a velocity-dependent damping factor. The contact force in
normal and tangential direction is therefore calculated as follows:

F ¼ ðkndn � cntnÞ þ ðktdt � ctttÞ ð4Þ
where the first term describes the normal force (spring and damp-
ing force) and the second term corresponds to the tangential force
(shear and damping force) between two interacting particles. kn
and kt represent the elastic constant for normal and tangential con-
tact accordingly, while cn and ct describe the viscoelastic damping
constant in both directions. tn and tt are the normal and tangential
component of the relative velocity, dn corresponds to the normal
overlap and dt is the tangential contact displacement, as it is deter-
mined in the work of Zabulionis et al. [16]. Since the MCMB parti-
cles are embedded in the binder matrix, no friction is regarded in
order to reflect the conceivably lubricative state of the particulate
network. The elastic stiffness, kn, is defined as

kn ¼ E� ffiffiffiffiffi
R�p
dð1=2Þn ð5Þ

with E⁄ and R⁄ being the effective Young’s modulus and effective
radius, respectively [17]. Resulting from Eqs. (4) and (5), the contact
normal force becomes proportional to the particle overlap (dn)
raised to the power of 1.5, which makes the model non-linear. Fur-
ther description of tangential forces, damping forces and respective
equations are fully described by Beinert et al. [18].

Aside from active material particles, the binder represents an
essential part of the electrode formulation because it maintains
the physical microstructure assuring the connectivity of active
material particles. Hence, the binder performs a major role in the
mechanics of the system and undoubtedly must be contemplated
for the simulations. For this study, a mixture of styrene-
butadiene copolymer (SBR) and carboxymethyl cellulose (CMC)
was used, which shows an elasto-plastic behavior in the opera-
tional temperature range of a lithium-ion battery. As it has been
reported by Lim et al. [19], a network of active material particles
is built, in which the binder matrix spans the whole system con-
necting the particles via a bridging mechanism. Consequently, it
was decided to compute solid bonds between MCMB particles once
the structure was defined in order to include the effect of the bin-
der phase.

Bonds were considered cylindrical spring-dashpot elements
possessing no mass. A bond is created between two particles, i
and j with radii ri and rj, if the distance between both of them
(Lij) fulfills the following condition:

Lij < ðri þ rjÞ þ ðri þ rjÞf b ð6Þ
where fb is a factor which controls the number of bonds that are
formed during the simulation. Consequently, it is directly related
to the real amount of binder used in the experimental formulation
of the electrode. The calibration of this parameter is performed with
a custom-built numerical tool: once the particle packing is com-
pleted and the bonds are created for an initial selected fb, the dis-
tance between two-bonded particles is computed by collecting
the position of all individual particles and accounting for the com-
bination of bonded particles. Considering bonds have a cylindrical
form, their volume is approximated as pr2ijLij. The percentage of bin-
der is then reckoned as the sum of all bond volumes divided by the
whole electrode volume. An iterative procedure is followed until
the binder content in the real electrode structure is achieved. The
value of fb ranges from 0 (no bonds are present) to 1. Likewise, a sta-
tistical distribution of bonds within the assembly is assured in order
to reduce the likelihood of bond formation without modifying this
condition and still balancing the binder content. Bonds are consid-
ered to have a virtual radius, rij; which depends on the radii of the
particles and is constant during the simulation:

rij ¼ ri � rj
ri þ rj

ð7Þ

Thus, the bond radius would be half the particle radius for two
bonded particles with same radius. On the one hand, the number of
bonds can be controlled. On the other hand, contrary to the original
bonded particle novel [15], the radius of each bond does not have
to be defined prior to the simulation, as it is automatically set
depending on the particles. This constitutes a great advantage spe-
cially when dealing with polydisperse systems.

Apart from the already cited contact forces, solid bonds are able
to transfer forces between particles as well as an additional torque.
The increments of normal bond force dFn and tangential bond force
dFt are calculated every time step dt, along with the bond torques
in normal and tangential direction, dMn and dMn:

dFb;n ¼ �vn � Sn � A � dt ð8Þ

dFb;t ¼ �v t � St � A � dt ð9Þ

dMb;n ¼ �xn � Sn � J2 � dt ð10Þ
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dMb;t ¼ �xt � St � J � dt ð11Þ
where A is the cross sectional area of the bond, J is the polar
moment of inertia, vn and v t represent the normal and tangential
linear velocities, and xn and xt correspond to the normal and tan-
gential angular velocities. Both linear and angular velocities are
reckoned as relative values given the velocities of the two bonded
particles. Sn and St are the normal and tangential area-related stiff-
ness of the solid bond, which represent its resistance to deforma-
tion. In this enhanced Hertzian-bond contact model, besides the
viscoelastic damping term associated to the original Hertz contact
model, local non-viscous damping is implemented to represent
the energy dissipation of the bond. Thus, the parallel bonds do
not behave as a set of springs bringing only an increment of elastic
force and moment, but instead they also contribute to the energy
loss in the system. The non-viscous damping formulation, imple-
mented to bond forces and torques, is given by:

ub ¼ a �u0
bn þ dub ð12Þ

This expression is independently applied to each degree of free-
dom. u0

bn
is the magnitude of the unbalanced force or torque, dub

represents the increment calculated as described in Eqs. (8)–(11),
and a is the damping coefficient that needs to be specified. The
adjustment of this coefficient is extremely complicated due to
the impossibility of acquiring this value experimentally.

Additionally, the ultimate tensile strength that the bond can
withstand before breaking must be specified in normal and tan-
gential directions, rmax;n and rmax;t . Thus, the bond breaks and the
corresponding forces and torques terminate if one of these two val-
ues is exceeded. Under these circumstances, the forces and torques
acting on particles in contact will be calculated according to the
Hertzian model. Values of normal and tangential tensile strengths,
rn and rt , are determined every time step according to the classical
beam theory:

rn ¼ Fn

A
þ 2 �Mt

J
� rij ð13Þ

rt ¼ Ft

A
þMn

J
� rij ð14Þ

Bond characteristics as well as bond forces are displayed in
Fig. 2a and b. A representative force vs. overlap curve regarding
the interaction of two particles subjected to the Hertzian-bond
model is shown in Fig. 2c. As it can be seen, before the particles
come into contact (d = 0), there is a repulsive force arising from
Fig. 2. (a) Solid bond between two particles; (b) Components of a solid bond; (c
the presence of the bond. Thus, the model shifts from a zero to a
non-zero force at zero overlap. It must be noted, that there are
already some available DEM models which may be in principle
valid as well. For instance, Luding contact model, valid for elasto-
plastic and adhesive contacts, or Edinburgh Contact Model
(ECM), which is an elasto-plastic hysteretic contact model
[20,21]. However, due to the nature of granular electrode struc-
tures, not only the physical contact between particles but also
the mechanical behavior of the binder must be considered. Since
the deformation and breakage of bonds are the fundamental facts
dominating the bulk behavior under these simulation conditions,
the enhanced Herztian-bond model is deemed more appropriate.

3.2. Numerical method to generate particulate electrode structures

Previous to generating the electrode structure numerically, it
was necessary to experimentally characterize the electrodes, as it
was explained previously. Considering the laser diffraction mea-
surements, five representative particle sizes were used for each
simulation structure. The total quantity of each was calculated
regarding the particle size distribution, the electrode porosity
and the electrode thickness.

Electrode microstructures were generated using the open
source discrete element method simulation software LIGGGHTS,
which is based on the classical molecular dynamics simulator
LAMMPS [22]. The procedure to create such structures is depicted
in Fig. 3. Firstly, the spherical particles were randomly packed
within a rectangular domain. Due to computational limitations, it
is currently too costly to simulate a complete electrode on the
microscale. For this reason, both boundaries in X and Y direction
were held periodic to reduce the size of the simulation domain.
The representative volume was fixed in Z direction by introducing
a plane under the particles (Z = 0) emulating the current collector.
Since it is not feasible to directly create densely packed structures
in LIGGGHTS, the initial size of the particles was half the real size.
This initial packing was generated with the constraint that parti-
cles were not in contact. Afterwards, the radii of the particles were
gradually increased until the actual particle size was achieved. This
step was critical to originate a valid structure and thus, the growth
rate was determined in such manner that the overlap between par-
ticles was in no case higher than 10�5 % of both particle radii.
Accordingly, by setting a proper particle growth rate, high energy
increase within the boundaries could be avoided and ultimately,
a stable system could be assured while keeping a reasonable CPU
time. This novel methodology, as opposed to that employed by
) Schematic graph of the Hertzian-bond contact model in normal direction.



Fig. 3. Flowchart describing the structure generation procedure.
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other research groups [9,10,23,24], brings the possibility to create a
dense packing without performing any compression of the parti-
cles or implementing any gravity-driven packing or additional drag
force, which certainly has an effect on the final microstructure.
Once the active material particles were correctly set, bonds
between them were computed in order to represent the binder
phase. It must be noted that no effect of gravity was regarded
throughout the simulation due to the fact that particles lay in the
micrometer size range.

Finally, the generated structure was reviewed to examine if the
porosity as well as the electrode thickness were correctly
reproduced. The latter was estimated by summing every particle
z-position with its corresponding radius and taking the maximum
Fig. 4. Left: The electrode structure is divided into 512 voxels along x, y and z direction
regarding a certain voxel. Voxels are further divided into smaller units.
value. In the case of determining the electrode porosity, the proce-
dure was considerably more laborious and consisted in calculating
local porosity values within the structure. Hence, the assembly was
at first divided into a series of voxels as it is displayed in Fig. 4. The
porosity of each voxel was the total solid volume occupied by the
particles which are fully within the voxel plus the contributing vol-
ume of particles partially inside the voxel divided by the volume of
the voxel. That is, depending on their relative position within the
voxel, the volume of the particles to be considered was calculated
differently, giving rise to several possible cases (Fig. 4). Particles
corresponding to type a were entirely within the boundaries
of the voxel and, therefore, their volume calculation was
performed as
. Right: 3D schematical illustration of all possible cases for a particle to be placed
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Va ¼ 4
3
pr3 ð15Þ

where r is regarded as the particle radius. Likewise, groups b and c
gathered the particles whose center points were either inside or
outside the voxel but which were cut off by one block plane. The
corresponding partial volume was determined by the well-known
formula for spherical caps:

Vspherical cap ¼ ph2

3
ð3r � hÞ ð16Þ

h being the height of the spherical cap. However, if particles cut off
by two or three voxel planes were taken into account (groups d,e,f
and g), the formulas were no longer adequate. For the explicit pur-
pose of regarding these particles, all voxels were further divided
into a series of small voxels, here called units. Thus, every particle
being part of one of these critical groups was crossed by numerous
units. Each unit was analyzed and by comparing its distance to the
particle center point to its distance to the particle radius, it could be
appointed whether the unit was inside the particle or not. Finally,
the volume of all units inside particles was added, which corre-
sponds to the volume of particles inside the examined voxel. This
method to calculate the porosity of a particulate layer proves to
be extremely accurate. Unquestionably, its efficiency depends on
how small the voxels and the units are. In order to achieve reliable
results while guaranteeing reasonable computational time, the sim-
ulation box was divided in 8 voxels per width, length and height,
respectively. Likewise, each voxel was divided into 512 units.

4. Results and discussion

4.1. Model calibration

As it has been mentioned, the binder contributes to the overall
bulk stiffness. For this reason, the determination of the bond stiff-
ness is key to describe the mechanical behavior of the electrode. In
this work, nanoindentation experiments were simulated in order
to determine this value. Nanoindentation is a well-known method
which has already been confirmed to be a great tool for the pur-
pose of characterizing the mechanical properties of particulate
coatings, as shown by Barth et al. [25]. Combination of purely
experimental investigation with DEM simulations has been suc-
cessfully performed by Schilde et al. [26] with the aim of investi-
gating micromechanical properties of aggregates. The idea
thereby is to calibrate the bond stiffness by reproducing the
macroscopic behavior of the electrode during nanoindentation
measurements.

The first step was to reproduce the structure of the electrode
(C1) following the guideline described in the previous section. Tak-
ing into consideration the laser diffraction results, five particle
sizes were reckoned and their quantity was calculated for a repre-
sentative square electrode section of 150 mm edge length. A total of
8251 particles were simulated. In this work, 20% of the Raleigh
Fig. 5. Cross-section SEM image of the manufactured anode C1 and its analogous
time step was taken so no disturbance propagated further than a
particle’s immediate neighbor within one time step. This value cor-
responded to a time step of 10�10 s. As it has already been
explained, particles half the real size were generated within the
boundaries of the simulation box and progressively enlarged until
the real size was achieved. The particle growth rate was fixed at
5.28 � 10�6 cm s�1. Bonds were created and the binder content, 4
wt% as displayed in Table 1, was captured by setting fb to 0.24
(Eq. (6)). Finally, the generated structure was reviewed regarding
its porosity and thickness. The numerically calculated thickness
was 76.492 mm, presenting a deviation of 0.008 mm from the exper-
imental value. The porosity, computed with the in-house designed
method, was 0.451 and the experimental porosity was 0.45, as
shown in Table 1. The remarkable accuracy of the whole process
is therefore confirmed. Fig. 5 illustrates the simulation structure
of electrode C1 along with a cross-section SEM image of the real
manufactured anode C1.

Once the structure was reconstructed, the force acting on a
mesh representing the flat punch indenter was calculated analo-
gous to the experimental measurements. The procedure started
with the indenter stressing the electrode till a maximum displace-
ment of 7.65 mm, followed by the unloading of the indenter and
returning to its initial position. The indentation rate was 0.15 mm
s�1 and it was held constant during loading and unloading, in order
to reproduce the experimental conditions. Fig. 6 shows the simula-
tion setup (left) as well as three snapshots at different simulation
steps (right). In order to better clarify the process, the nanoinden-
ter is not displayed so the displacement of the particles with refer-
ence to their initial positions can be easily discerned. It can be seen,
that the particles are motionless at the beginning of the simulation
(all are in dark blue displayed). As the nanoindenter penetrates
into the electrode, the particles start to move from their original
location until hmax is reached (Fig. 6b). At this point, the maximum
displacement of the particles is achieved. Finally, the nanoindenter
gets back to its initial position (Fig. 6c). The microstructure of the
electrode is only partially recovered as a result of plastic
deformation.

A sensitivity analysis was performed in order to assess the influ-
ence of the individual input parameters on the mechanical macro-
scopic response. For convenience, the effect of single variables was
evaluated within a certain realistic range while other parameters
were fixed. Poisson ratio and coefficient of restitution of active
material particles proved to have a minor impact on the force–
displacement curve, possibly due to the prevailing effect of the
bonds on the bulk mechanics. As a result, these parameters were
taken from the literature and left constant for all simulations
[27–29]. On the contrary, Young’s modulus of active material par-
ticles and bond stiffness were confirmed to be key values in the
determination of the bulk behavior. The values of Young’s modulus
for MCMB particles vary from 0.03 to 10 GPa according to the liter-
ature [28,29]. Hence, single particle nanoindentation experiments
were performed in order to narrow this range and assure a reliable
base value for the simulation. Using a flat punch indenter, a host of
numerically generated structure. Bonds between particles are not displayed.



Fig. 6. Schematic of the nanoindentation simulation setup showing the nanoindenter above the electrode structure at the beginning of the process (left). Snapshots of the
nanoindentation simulation without showing the nanoindenter for better understanding (right); (a) At the beginning of the simulation; (b) After loading till the maximal
displacement is reached; (c) After completely unloading the nanoindenter. The colors are accounted for the displacement of the particles with reference to their initial
positions, ranging from red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Comparison of measured and simulated force-displacement curves for
electrode C1.
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particles were indented to a maximum depth of 10% of their diam-
eter. The Young’s modulus was obtained from the slope of the
unloading curves at maximum load, as shown by Heinrich et al.
[30]. The average Young’s modulus was 0.32 ± 0.18 GPa, which
was assumed as the initial value for the simulation. No literature
data were found concerning the binder stiffness of the SBR/CMC
mixture. 1 � 1010 N m�3 was chosen as the initial value for the fur-
ther iterative calibration. The calibration of the model was per-
formed by iteratively coupling the two aforementioned
parameters in order to accurately reproduce the experimental
force-displacement curve. This procedure was completed for a
Young’s modulus of 0.45 GPa and an area-related bond stiffness
of 13.5 � 1010 N m�3. Table 2 lists the parameters and their corre-
sponding definitive and calibrated values used in the simulation.

Another aspect that needed to be regarded was the original
position of the particles within the boundaries. It became evident
that depending on where the particles were positioned, the results
could deviate considerably. Therefore, all simulations were run five
times with different stochastic initial packings. The presented
result comprises the mean force-displacement curve and the corre-
sponding standard deviation. Likewise, the mean experimental
force-displacement curve of the 80 measurements is displayed
along with the standard deviation.

Fig. 7 shows the experimental and simulative outcome. It can be
stated that both mean curves are in good agreement; hence the
simulation was able to properly capture the macroscopic elasto-
plastic behavior of the anode. Micromechanical properties of such
particulate structures often exhibit a lognormal distribution due to
differences in contact area between particles and interaction forces
[25]. This fact directly leads to a distribution of the bulk mechani-
cal properties and, consequently, a different force-displacement
curve after every nanoindentation. As it can be seen in Fig. 7, such
a deviation can be accomplished via simulations as well. The max-
imum indentation force obtained via simulation differs only 0.45%
from the experimental value, as it is shown in Table 3. Even
though the simulated loading curve was extremely close to the
experimental one, the plastic behavior could not be fully captured
Table 2
Calibrated DEM simulation parameters.

Parameter Value

Density, q 2.2 g cm�3

Young’s modulus, E 0.45 GPa
Poisson ratio, m 0.30
Coefficient of restitution, e 0.25
Area-related bond stiffness, Sb 13.5 � 1010 N m�3

Damping factor, a 0.95
during unloading. Simulations were run with a damping coefficient
of 0.95, leading to a reduction of restoring forces and torques as it
has been explained in the Methodology Section. This parameter
was determined with the final set of Young’s modulus and bond
stiffness. Simulations were carried out under different damping
coefficient values ranging from 0.7 to 1.0 (force was not dissi-
pated). However, in light of the results, it is believed, that a more
sophisticated damping formulation may be required in future work
to fully capture the macroscopic plastic behavior of the anode.
4.2. Model validation

The aim of the experimental validation was to determine
whether the structure generation method, including the chosen
contact model, was able to reliably predict the mechanical behav-
ior of different anode structures. For this purpose, two anodes, V1
and V2, were manufactured with different structural properties
(Table 1). As it has already been shown, anode V1 was composed
of coarser particles maintaining the original amount of binder of
anode C1, while anode V2 was thicker and had a higher binder con-
tent in comparison to anode C1. The porosity of V1 and V2 was
greater as that of C1, reaching a value of 0.59. Due to these
variations, all three electrodes presented different structural
characteristics.



Table 3
Experimental and simulation quotients of elastic and total deformation energies (Wel/Wtot) and plastic and total deformation energies (Wpl/Wtot) as well as maximal indentation
force (Fmax) for the electrode structures.

Electrode Parameter Experimental nanoindentation Simulation Deviation [%]

C1 Wel/Wtot [–] 0.33 ± 0.07 0.27 ± 0.03 18.18%
Wpl/Wtot [–] 0.67 ± 0.07 0.73 ± 0.03 8.96%
Fmax [mN] 40.05 ± 6.47 40.23 ± 4.00 0.45%

V1 Wel/Wtot [–] 0.30 ± 0.02 0.32 ± 0.01 6.53%
Wpl/Wtot [–] 0.70 ± 0.02 0.68 ± 0.01 2.83%
Fmax [mN] 62.71 ± 11.56 62.69 ± 7.52 0.0003%

V2 Wel/Wtot [–] 0.31 ± 0.03 0.29 ± 0.0002 6.45%
Wpl/Wtot [–] 0.69 ± 0.03 0.71 ± 0.0002 2.90%
Fmax [mN] 27.11 ± 6.25 25.95 ± 3.11 4.28%
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The validation of the numerical model required a comparison
between the numerically predicted mechanical behavior and that
actually obtained via nanoindentation experiments. Considering
anode V1, five particle size fractions were simulated based on
the laser diffraction measurements within a representative square
electrode section of 200 mm edge length. At the beginning, 565 par-
ticles half the real size were generated and progressively enlarged
until the real size was achieved. The particle growth rate was fixed
at 6.14 � 10�6 cm s�1, guaranteeing a stable system. Bonds were
created and the binder content was captured by setting fb to 0.25
(Eq. (6)). Finally, the numerically calculated thickness was 79.82
mm (experimental thickness corresponded to 79.86 mm) and the
porosity was 0.593 (experimental porosity equaled 0.59). The pro-
cedure to numerically generate anode V2 was the same as for
anode C1. A total of 7693 particles were simulated under the same
conditions of growth rate. The value of fb was 0.42, for the purpose
of capturing the higher binder content by creating a greater num-
ber of bonds between particles. Both porosity and thickness were
calculated for these structures. The numerically calculated thick-
ness was 96.15 mm and the porosity was 0.587, extremely close
to the correspondent experimental values: 96.11 mm and 0.59,
respectively. The accuracy of the whole process could be confirmed
again since the values only differ slightly from the experimental
data. Schematic views of the simulation structures of electrodes
V1 and V2 are illustrated in Fig. 8 along with corresponding
cross-section SEM images of the real manufactured anodes.

The indentation rate was once again 0.15 mm s�1 and it was held
constant during loading and unloading, in order to reproduce
the experimental conditions. When comparing simulated to
Fig. 8. Left: Cross-section SEM image of the manufactured electrodes V1 (top) and V2 (bo
Bonds between particles are not displayed.
experimental force-displacement curves, it became evident that
the model had notable shortcomings for anode V1. It was therefore
required to increase the precision of the simulations. In light of the
fact that the binder composition was the same for structures C1
and V1, it was decided not to modify the bond stiffness. Conse-
quently, the Young’s modulus of the particles had to be adjusted.
In fact, a dependence of elasticity and particle size has already been
mentioned by Barth et al. [25]. It was confirmed that the fitting of
the experimental and simulation curves worked better for greater
values of Young’s modulus. The calibration procedure concluded
with a Young’s modulus of 0.52 GPa.

Fig. 9 displays the conclusive force-displacement curves
obtained via simulation and their analogous experimental curves
for electrode V1 (left) and V2 (right). Table 3 gathers the informa-
tion related to elastic and plastic deformation energy quotients of
these structures along with electrode C1. The accuracy of the
method predicting the mechanical behavior of different anode
structures can be underlined by taking a look at the minor devia-
tions between numerical and experimental values.

The goal of this work was not meant to pursue a comparison
among the manufactured electrodes, but rather to demonstrate
that the developed DEM-based procedure was able to structurally
and mechanically represent different electrode coatings. Bearing
this in mind, Fig. 10 presents an overview comparing analytical
and numerical results for the three manufactured and simulated
electrodes. On the one hand, the model could accurately represent
the maximum indentation force for smaller (anode C1) and coarser
particle-based structures (anode V1). Closely examining these two
structures and without overlooking their differences in porosity, it
ttom). Right: Analogous three-dimensional numerically generated structures (right).



Fig. 10. Overview of analytical and numerical results for manufactured and simulated electrodes. Right: Three-dimensional numerically generated structures V1, C1 & C2.
The colors are accounted for the particle radius. Bonds between particles are not displayed. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Comparison of measured and simulated force-displacement curves for electrodes V1 (left) and V2 (right).
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can be discerned that a decrease in particle size leads to a reduced
maximum indentation force. This fact has already been experimen-
tally observed for other particulate coatings, i.e., for alumina
nanoparticulate coatings, and it is related to the number of particle
contacts [31]. Coarser particles have fewer contacts, resulting to a
straightforward transmission of the force to the substrate, here the
current collector. Evaluating the presented results, the simulations
were able to capture this phenomenon. On the other hand, this
value could also be reached when varying the binder content
(anode V2). The maximum force obtained by indenting anode V2
is lower than that of anode C1 due to the amount of binder and
the increment in porosity, which reduces the number of particle
contacts and therefore decreases particle constraint within the
structure. By means of increasing fb to 0.42 and adjusting the
porosity likewise, the simulation of anode V2 was able to repro-
duce this behavior as well. Thus, not only the properties of the
active material particles were well reproduced, but also the prop-
erties related to the binder. On account of this, the calibrated bond
stiffness proved to be correct to represent the elasto-plastic behav-
ior of the SBR/CMC binder.

5. Conclusions

Taking into consideration the discrete nature of composite
lithium-ion battery electrodes, this study proposed a simulation
procedure and a proper DEM contact model to reproduce the
microstructural and mechanical properties of such structures.
The novelty of this work lies in the fact that real experimental val-
ues of porosity as well as particle size distribution and electrode
thickness could be replicated via simulations. Moreover, the
macromechanical properties could also be captured by means of
combining nanoindentation measurements with simulations.



C. Sangrós Giménez et al. / Advanced Powder Technology 29 (2018) 2312–2321 2321
Three electrodes were numerically generated by firstly insert-
ing the size-reduced active material particles within the simulation
domain. The radii of the particles were gradually increased to
match the real particle size distribution, assuring a stable system
while keeping a reasonable CPU time. Subsequently, bonds
between active material particles were implemented in order to
represent the binder phase, which plays a fundamental role in
the macromechanical properties of the electrode. For this reason,
a bond-contact model based on the Hertz contact model was
adapted to appropriately describe the elasto-plastic behavior of
the interconnected network of binder and active material particles.
Ultimately, the final electrodes were examined regarding their
porosity and thickness. These results revealed the good agreement
between simulations and real manufactured electrodes. Further-
more, the anodes were mechanically analyzed via flat-punch
nanoindentation. By reproducing the experiment, the bond stiff-
ness was calibrated for the so called anode C1. Due to the fact that
the binder composition was not altered, the Hertzian-bond contact
model could be validated for the remaining two anodes (V1 & V2)
without any required modification of bond stiffness. On account of
the presented force-displacement curves, it could be concluded
that the DEM procedure to generate targeted microstructures, in
combination with the enhanced Hertzian-bond contact model,
offers an interesting tool for analyzing such electrode structures.

Providing more realistic numerical microstructures that better
reflect the macromechanics of lithium-ion battery electrodes
constitutes a valuable physical basis for a great number of applica-
tions. Future research may adopt the given method to quantita-
tively assess the effect of structural and mechanical parameters.
Exemplarily, the applications of this work may comprise analyzing
elastic and fracture properties of porous electrodes under different
stress conditions and/or examining possible particle rearrange-
ments with regard to diverse electrode compositions. Additionally,
by including carbon black particles, this method may be useful to
investigate the percolation threshold and predict electrode struc-
tures giving certain morphological parameters.
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