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Abstract: Solvent-free (SF) manufacturing of Lithium-ion battery
(LIB) electrodes is safer and more environmentally friendly than the
traditional slurry casting approach. However, as a young technique,
SF manufacturing is under development of its pathways and operation
conditions. In different SF processes reported in literature, extrusion
is a common step. A detailed model of this process would be
extremely computationally demanding. This work proposes a novel
simplified discrete element model at the mesoscopic scale for the
extrusion during SF manufacturing of LIB electrodes. In addition to
active material particles, we consider fluid-like solid particles to
approximate the molten polymer and the carbon additive phases. The
formulation and other process parameters are taken from our
experimental facility that uses extrusion to fabricate filaments for 3D
printing of LIB cells. The simulations are carried out in a conical twin-
screw extruder. Our approach allows to obtain representative
electrode microstructures after extrusion, where electrical conductivity,
ionic effective diffusivity, tortuosity factor and porosity are calculated.
The model is a proof of concept that is employed to investigate the
influence of the extruder speed and the cohesion level on the resulting
electrode properties.

le]

Introduction

The rise of the production of Lithium-ion batteries (LIBs) calls for
a global improvement of the electrode manufacturing process. At
present, slurry casting is the standard technique. The solvent-free
(SF) approach appears as a prominent alternative as it avoids the
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use of toxic solvents and decreases the environmental impact.!'I2l
Four different processes have been employed in the SF
approach: hot pressing, spray deposition, dry process by melting
extrusion (MeltE) and 3D printing by material extrusion (3DP).["
The MeltE approach in the SF porous electrode manufacturing
has been proposed recently by a few research groups.PI#I3]
Although the stages themselves may vary, the main steps of this
process typically adhere to a similar pathway (Fig 1a). Initially all
the raw materials are in solid phase and include active material
(AM), carbon additive (CA), permanent binder and sacrificial
binder. The latter allows to create the porosity in the electrode and
also improves the extrusion processability by increasing the
polymer content. Extrusion allows the melting of the binders and
facilitates the mixing of all formulation components under high
shear rates. This process can be performed in twin-screw
extruders (TSE) or in internal mixers. The latter are typically
employed only at an academic scale to minimize the use of raw
materials. ['l After going through the extruder outlet, the resulting
paste solidifies, which allows for subsequent calendering and
partial debinding steps. This is necessary for attaining the desired
final electrode microstructure.

Material extrusion is one of the seven categories of 3D printing.®]
Fused Filament Fabrication (FFF/FDM), a material extrusion
process, has been used for SF manufacturing of electrodes.
However, some solvent is still required for the mixing stage.l'l A
completely solvent-free 3DP is challenging, and to the best of our
knowledge only the recent work conducted by our team has
achieved this as a proof of concept thus far.’l The main steps of
this process are depicted in Fig 1b. Here AM, CA and two
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Figure 1. Pathways of solvent-free LIB electrode manufacturing that employ extrusion: a. dry process by melting extrusion (MeltE) and b. 3D printing by material
extrusion (3DP).

polymers feed the TSE. The key difference is that both polymers
are fundamental components of the final electrode microstructure,
therefore there is no debinding step. Polypropylene (PP) acts as
a binder giving mechanical stability to the electrode, while
polycaprolactone (PCL) provides the electrolyte path after
soaking with liquid electrolyte. The resulting filament is fed into
the 3D printer allowing for the creation of arbitrary shapes of
electrodes. All of the above highlights the key importance of the
extrusion step in SF electrode manufacturing. As a relatively new
application in the battery field, the extrusion process still holds
considerable untapped potential for improvement and
optimization. To this end, numerical modeling emerges as an
exceptionally promising tool. It offers the opportunity to gain a
deeper understanding of the extrusion process and explore
various avenues for enhancing its efficiency.

Numerical modeling of single polymer extrusion has extensively
been applied in other fields; recent reviews can be found in (8l and
¥l Basically, the process can be divided in three stages: solid
transport, melting and liquid flow. The Discrete Element Method
(DEM) is commonly employed for studying the particle-particle
and particle-extruder interactions during the first stage.['ol'"l'2
For the second and third stages, continuous approaches, like
Computational Fluid Dynamics (CFD) or Smoothed Particle
Hydrodynamics (SPH), are more suitable. Recently, Celik et al.
13l proposed an approach coupling DEM and CFD, that allows the
study of the three extrusion stages. This approach which presents
a high computational cost has not yet been applied to real
extruder geometries. The challenge is even greater when
modeling the extrusion of dense suspensions, such as those
encountered in SF battery electrode manufacturing. This is
because in this process, the AM and CA do not melt but are

present in high concentrations within the paste. A similar fluid-
solid interaction in twin-screw domains arises in other applications
such as wet granulation and wet mixing. Washino et al. ['4
proposed a CFD-DEM model of wet granulation in a small domain
of a mixer. Computational cost can be reduced by implicitly
considering the fluid effect on the particles by using a
hydrodynamic force. This approach was employed for the
simulation of a section of a twin-screw granulator 'S and for the
modeling of a dense suspension extrusion in a square-entry
die.l'8l This methodology ensures a robust representation of the
fluid influence; however, this fluid phase is not part of the obtained
microstructure.

On the other hand, in the slurry casting process, Coarse Grained
Molecular Dynamics and DEM methods developed by our
research group were able to represent explicitly a liquid phase
during slurry,['”1 drying [l and to calibrate their parameters with
experimental viscosities and densities.'™ The same methods
were applied by our group for the simulation of the calendering
process.”l These are mesostructural approaches, yet, the term
microstructural is employed hereafter, as commonly used in the
battery field. By considering explicitly the AM solid particles and
the other particles, DEM allows to study mixing and aggregation
among all the materials. The influence of the dispersion of carbon
black was analyzed experimentally and numerically for a small
amount of particles.?' Srivastava et al. ? related the cohesion
and adhesion at the mesostructure with the electrochemical and
mechanical properties of the electrode. Finally, Ludwig et al. %3
investigated the scenarios of dry mixing (carbon, binder and
active material) for different values of cohesion among the
particles in a simple geometry. Finally, for the slurry process, a
model was proposed to investigate the behavior of a viscous fluid
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(high solid content) in a section of a TSE using SPH.4  This
model, using real slurry rheological data, allows to calculate local
shear rates, however a microstructure cannot be obtained due to
its continuum nature.

To the best of our knowledge, the modeling of the extrusion
process for the dry manufacturing of electrodes has never been
reported before. The present study proposes a new
microstructural DEM model of extrusion during SF battery
electrode manufacturing. The solid and molten phases are
explicitly considered in the entire geometry of a twin-screw
extruder. The simplifications made regarding the molten phase
allow to simulate hundreds of thousands of particles, which yield
representative electrode microstructures.

In the following we start by describing the characteristics and
assumptions of our model. Subsequently, we investigate different
feeding approaches, cohesion levels and extruder rotation
speeds. The obtained electrode microstructures, using a realistic
experimental formulation, are critically analyzed. Finally, we
conclude and indicate further directions for our work.

Model

Our model is intended to describe the extrusion step of both SF
processes that are shown in Fig. 1. The following description is
focused in the 3DP process (Fig. 1b) due to the availability of the
required experimental apparatus in our facilities. The raw
materials used in our experiments are the active material LiFePO4
(LFP), carbon nanofibers, the polymeric binder PP and PCL the
polymer for the electrolyte path. For simplicity, and to focus on the
electrode microstructure, the PCL is not considered in this study.
Our SEM images of the extruded filament show complex networks
among PP, carbon nanofibers and LFP (see Fig. S1 in SI). For
simplicity in this first model, we assume two distinct particle types,
one for the AM and another, labeled BC (Binder-Carbon), which
is composed of PP and carbon nanofibers, as shown in Fig. 2.
Our model is based on the classical DEM,?3 where particles are
represented as spheres. The extrusion simulation is carried out in
a generic conical twin-screw extruder, adapted from 28], the same
type as our laboratory extruder. The particle size distribution of
LFP (Fig. S2 of SlI) ranges from 0.3 um to agglomerates of 20 um.
Assuming 10 um LFP agglomerate particles, filling the extruder
completely would require around 10° particles, which is unfeasible
for DEM simulations with reasonable computational cost.
Neglecting fluid coupling, using periodic boundary conditions and
the scaling of the particles are the main solutions for reducing the
computational cost.?”l The former is already assumed, while the
second one is avoided due to the absence of guaranteed periodic
flow in the current extruder setup. Therefore, we opt for a change
of scale of the extruder as a means of reducing computational
cost. The outlet is reduced from its experimental diameter of 2000
um to 60 pm (Fig. 2). According to our preliminary tests, any
further decrease in the extruder size causes a change in the
particle dynamics due to the accumulation of the particles in the
inter-screw region. The BC particles are assumed to have a lower
size than the AM particles so that they are able to form a
continuous phase. However, very low values significantly

increase the computational time, as a compromise, 5 pm is the
selected diameter. The impact of lower diameter particles will be
investigated in future work.

In our extrusion simulation, the particles are subjected to gravity,
particle-particle and particle-wall interactions. Two types of
interactions are identified: a repulsive force due to collisions and
an attractive force caused by cohesion. Regarding the latter, we
neglect noncontact forces (Lennard-Jones and van der Waals) for
simplicity. The cohesion force (F ) for particles in contact is given
by the Simplified JKR model:

Fo = —coppAn (1)

where ¢, is the contact energy density, A the contact area and
n the unit normal vector. The normal (F;) and tangential (Fé)
collision forces are calculated with the elastic Hertzian model:

3/2

Fy = k6" n—y 6"} )

st

F = —min( |F2], |-k.6"%s, - ¥ 3)
where & is the overlap distance, v!' and v. the normal and
tangential relative velocities, p the friction coefficient, S, the
accumulated tangential displacement and t the unit tangential
vector. The remaining constants are given by the following
expressions depending on the effective material parameters E,
Young’s modulus, Shear modulus G, (depending on the Poisson
ratio Po), restitution coefficient and the effective radius of the two

particles in contact: k, = %EefJRef ) Yn =
V5 1
\/_ FEraV2Eme\[Rey . ke =8Ge Ry and  y, =

V5 Ine

J_ m,/% Mer/Res. In order to give a more fluid-like solid

behavior for the BC parhcles, low Young’s and high Poisson ratio
are defined for this particle type. Experimental measurements
show that PP has a very high viscosity (800 Pa.s) during the
extrusion (Fig. S3 in Sl). In addition, solid carbon nanofibers are
part of the BC particle. All this mitigates the inaccuracy of
representing this phase as a solid. The cohesion parameter value
is chosen to achieve a dense suspension flow, which is assessed
by visual inspection of the trajectories. The impact of this value is
investigated in the next section. A calibration of these values with
experimental data is needed in future work. Rolling friction is also
considered by employing the constant directional torque (CDT)
model.

The Young’s Modulus and the Poisson ratio of LFP is found in
literature.®! Using these parameters, the Rayleigh time step can
be estimated. The immediate choice of a timestep equal to 20 %
of Rayleigh time, as suggested in literature, results in a very long
simulation time for filling the extruder. Higher timesteps yielded
numerical instability in the simulations. Therefore, a decrease in
3 orders of magnitude of LFP Young’s modulus is necessary in
order achieve feasible running times and stability. A similar
reduction changed the quantitative results for DEM simulations of
cohesionless particles but not the trend,?% which is the essential

https://doi.org/10.26434/chemrxiv-2023-g5cfx ORCID: https://orcid.org/0000-0001-7362-7849 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-g5cfx
https://orcid.org/0000-0001-7362-7849
https://creativecommons.org/licenses/by/4.0/

LFP aggregate

LFP particles

Inlet

]

y

PP - carbon

aggregate
5um PP molten
Carbon
Fluid-like nanofibers

solid particle

Obtained
microstructure

Figure 2. Schematic of the particles and extruder considered in this work.

for our comparative analysis in this work. The same decrease was
applied on the Young’s modulus of all materials to minimize the
effect on the real particle dynamics. The values of the model
parameters are given in Table S1 of the SI. Our simulations,
involving around 200 000 particles, take between 6-15 days
depending mainly on the chosen rotation speed of the extruder.
We used 64 cores AMD EPYC 7513 @ 2.60GHz (256 GB of
RAM) of the MatriCs platform (Université de Picardie-Jules Verne,
France). The following open-source software were used:
LIGGGHTS B9 for the DEM simulations, OVITO B for
visualization and MeshLab B2 for modifying the extruder
geometry. The commercial software GeoDict (Math2Market)®!
was employed for post-processing.

Results and Discussion

Our proposed model is used for the same formulation than in our
extrusion experiments,/’! excluding the PCL polymer, which is not
considered here (Table 1). We investigate the influence of the
feeding approach, cohesion level and extruder speed on the
materials mixing and resulting electrode microstructure. A
cylindrical section is added at the extruder outlet (Fig. 2) to mimic
the cylindrical filament formed after the solidification of the paste
on a conveyor belt downstream from the extruder. In the
simulations, the electrode properties are analyzed in the
microstructure obtained at the cylindrical section. Except case E,
all simulations are carried out at 500 rpm in order to save
computational time.

Selection of Feeding Approach

The order in which the materials are fed into the extruder impacts
the final product. In our experiments, the polymer powders are fed
initially and go through the extruder in a continuous loop by means
of a recirculation system. Once the polymers are molten, a premix
of LFP and carbon powders is fed into the extruder. We simulate

Table 1. Formulation and density of the components considered in extrusion.

Component Density Mass Volume
(kg/md) fraction fraction
LFP 3.51 0.65 0.35
PP 0.90 0.28 0.58
Carbon 1.90 0.07 0.07

one passage of the materials until the extruder is filled and a
steady-state at outlet is achieved. Therefore, the exact feed
conditions of experiments cannot be reproduced. As an
alternative, three different strategies are employed and analyzed
(Fig 3). Scenario A mimics a premix of LFP and BC, while the
others consider the two powders as initially separate. B considers
the two powders entering continuously one after the other, while
in the feeding approach C, the inlets are located side by side.
The 3D view of the extrusion process (Fig. 3) clearly shows that
scenario C has the lower mixing quality. In order to quantify the
extent of mixing across the entire extruder, a Radial Distribution
Function (RDF) can be estimated (right hand side of Fig. 3). The
RDF shows a larger peak at 10 um corresponding to LFP-LFP
contacts, in scenario C, indicating poor mixing. Due to the
recirculation system used in our laboratory, this is not observed in
our simulations, but it could appear in industrial extruders that
commonly have a single passage. In that case, the scenario can
be mitigated by a premixing of all the components as reported in
at least one laboratory SF process.”® Scenarios A and B only
slightly differ near the inlet region, though they quickly
homogenize. Therefore, scenario C is the most critical for mixing
quality during the simulated extrusion. This is the one chosen for
the investigations in the subsequent sections, since in that case
the simulations can provide more interesting information.

https://doi.org/10.26434/chemrxiv-2023-g5cfx ORCID: https://orcid.org/0000-0001-7362-7849 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-g5cfx
https://orcid.org/0000-0001-7362-7849
https://creativecommons.org/licenses/by/4.0/

600

RDF
g
8

___N
0
4 6 8 10
Pair separation distance (um)
600
400

; S -

4 6 8 10
Pair separation distance (um)

4 6 8 10
Pair separation distance (um)

Figure 3. Mixing states and radial distribution functions (RDF) for three different feeding approaches. In RDF graphs, BC-BC (grey), BC-AM (red) and AM-AM
(blue). The black arrow highlights the larger value of AM-AM contacts for case C.
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Figure 4. Evolution of extruder filling for a highly cohesive (case D) and low cohesive (case C) pastes.
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Here the impact of the cohesion strength of LFP-BC and BC-BC
on the electrode microstructure is evaluated. In simulations, this
is achieved by changing the cohesion energy density (CED) of
both interactions. The aim of this comparison is to indirectly
elucidate the impact of polymer viscosity, which depends on the
chosen extrusion temperature, that is not an obvious decision for
experimentalists. Broadly speaking, an increase in viscosity can
be represented by an increase in CED. One simulation with lower
values of CED (case C) and one with higher values are carried
out (case D). The specific CED values are presented in Table S2.
Fig 4. shows snapshots of the extruder as if completely fills for
both scenarios. As expected, case D exhibits a more compact
flow. The difference is expected to accentuate for the case where
the extruder has a continuous screw section, as in many real
configurations. Furthermore, in the initial stages, the extrusion
product shows poor mixing for case C, which is improved as the
extruder fills.

Once these two cases with different cohesion were obtained, its
impact on the electrode properties can be studied. To calculate
the structural parameters of the resulting electrode a similar
procedure is used as in our previous publication.*4 The details
are specified in the Sl section. Due to the difficulty in accurately
measuring some of the AM and BC properties, those values are
calculated from estimated parameters. While no absolute values
are provided, our characterization allows us to compare between
simulation cases. The 3D-resolved electrode microstructures for
each case are depicted in Fig 5. Case D has higher electrical
conductivity (g,) mainly because of the lower porosity () that
allows the presence of more conductive BC particles. On the other
hand, mesostructure C presents a lower tortuosity factor (r) and
a higher effective diffusivity (D.rr) which means higher ionic
conductivity. This highlights a compromise between electrical and
ionic conductivities

Case D

£=048
0o = 0.64

Figure 5. Microstructures and properties of the obtained electrodes for a

highly cohesive (case D) and low cohesive (case C) pastes.

6

Influence of extruder speed

Our lab experiments are carried out at a screw rotation frequency
of 50 rpm. Tests at higher frequencies are planned to investigate
its effect on the produced filament. While this extruder allows up
to 400 rpm, due to the high viscosity of the paste, maximum
feasible experiments should be at around 150 rpm. For industrial
applications, extruders should allow higher frequencies.
Numerical simulations can contribute to anticipate the effects at
very high rotations in a cheaper and safer way. For comparison
purposes, here simulations at 50 rpm (case E) and 500 rpm (case
C) are carried out.

Case E

£ =053

Figure 6. Microstructures and properties of the obtained electrodes for
different extruder rotations speeds: 500 rpm (case E) and 50 rpm (case C).

Fig. 6 shows the obtained 3D electrode microstructures for both
cases. The lower speed case resulted in lower porosity, leading
to slightly lower ionic conductivity, and higher electrical
conductivity. Therefore, there is a compromise when increasing
the rotation speed. In experiments, Dreger et al. ®% found a
compromise during the extrusion step in the wet electrode
manufacturing. Increasing rotation speed under a given speed
caused an increase of the electrical conductivity. However further
increases of speed had the opposite effect. They pointed to the
high reduction of the carbon agglomerates size as a cause for the
decrease of electrical conductivity at very high speeds. Although,
we do not explicitly consider the carbon in the simulation, we can
study the agglomeration through our BC particles. To this end, we
investigated and removed the AM particles in the obtained
microstructures as a post-processing step. Then the coordination
number is calculated to provide an idea of the BC-BC
agglomeration. Fig. 7 shows lower coordination numbers for the
higher speed case. Thus, similar to the experimental observations,
simulations confirmed that very high speeds decrease the size of
the carbon agglomerates, which results in lower electrical
conductivities. On the other hand, the lower speed case shows
poor mixing, which can result in some decreasing of its electrical
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conductivity when modeling explicitly the carbon additive in future
work.

Coordination

ol Mo

Figure 7. Coordination number of the obtained electrode considering only BC-
BC contacts and for different extruder rotations speeds: 50 rpm (case E) and
500 rpm (case C).

Conclusion

A 3D microstructural proof of concept model of extrusion during
solvent-free LIB electrode manufacturing is proposed. Active
material particles and an equivalent particle consisting of binder
and carbon additive were considered. In this respect, some
experimental studies with carbon black as well as our SEM
images with carbon nanofibers suggest that an explicit
consideration of carbon nanofibers in the simulations will improve
in future work the description of the carbon additive mixing in
extrusion.

Although extrusion simulations present high computational cost,
our appropriate assumptions make feasible the simulation in the
entire geometry of a reduced size extruder. This allows the
consideration of the complex trajectories of the particles in the
extruder that directly impacts the aggregation/disaggregation
phenomena. In this way, despite that a simplistic representation
of the molten phase is chosen, the model was able to reproduce
pastes with different cohesion level, that experimentally can be
obtained by changing the extrusion temperature. Still, a further
calibration with experimental data and the inclusion of shear
forces are required in future work.

Furthermore, the developed approach was able to produce
representative 3D electrode microstructures by extrusion. This
feature allowed the study of the influence of the extruder speed
on the electrode microstructure. Simulations for very high
extruder speeds were able to reproduce the experimental
observation of decreased in cathode electrical conductivity due to
carbon contact loss. Prediction of increasing conductivities as
speed raises at low values, are to be expected with an explicit

consideration of carbon additive, following experimental evidence.

Moreover, experimental and numerical investigations are called
for a better understanding of the PP-C interactions, which still
remain unknown, unlike the PVdF-C matrix in slurry casting. We
also plan to accelerate computational speeds through innovative
numerical methods and the use of machine learning.

7

Our model can be employed for a deeper understanding of the
effect of binder-active material ratio studied in solvent-free
experiments®! or adapted to investigate other types of battery
technologies such as sodium ion and solid-state batteries. It
brings for the first time a digital solution to assist in the
optimization of the dry processing of battery electrodes, towards
the reduction of the time to market of these new processing
methods.
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