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Compression of Packed
Particulate Systems:
Simulations and Experiments
in Graphitic Li-ion Anodes
Increased thermal conductivity, electronic conductivity, and reversible capacity (i.e., re-
duced irreversible capacity loss, or ICL) have been demonstrably achievable by compres-
sion of anodes into higher volume fraction plates, though excessive compression can
impair Li-ion battery performance. In our previous study, we correlated conductivity and
compression of these materials. Here, we further investigated the effects of friction and
deformability of particles on the compressibility of model carbons of Li-ion anodes. First,
we implemented a statistically unbiased technique for generating a range of random
particulate systems, from permeable to impermeable arrangements, along with a contact
model for randomly arranged triaxial ellipsoidal particles, suitable for implementation in
finite element analysis of compression of a random, porous system. We then quantified the
relationship between interfacial friction and jamming fraction in spherical to ellipsoidal
systems and applied these models to correlate maximum stresses and different frictional
coefficients, with morphology (obtained by image analysis) of graphite particles in Li-ion
anodes. The simulated results were compared with the experiments, showing that the
friction coefficient in the system is close to 0.1 and that the applied pressure above
200 kg /cm2 �200 MPa� can damage the materials in SL-20 electrodes. We also conclude
that use of maximum jamming fractions to assess likely configuration of mixtures is
unrealistic, at best, in real manufacturing processes. Particles change both their overall
shapes and relative orientations during deformation sufficient to alter the composite
properties: indeed, it is alteration of properties that motivates post-processing at all.
Thus, consideration of material properties, or their estimation post facto, using inverse
techniques, is clearly merited in composites having volume fractions of particles near
percolation onset. �DOI: 10.1115/1.2130733�
1 Introduction
Increased thermal conductivity, electronic conductivity, and re-

versible capacity �i.e., reduced irreversible capacity loss, or ICL�
have been demonstrably achievable by compression of anodes
into higher volume fraction plates �1,2�, though excessive com-
pression can impair Li-ion battery performance �3�. Our present
interest is in determining the nature of failure progression result-
ing from compression in the particulate systems that comprise
high power-density battery electrodes.

Specifically, Maleki et al. �1� demonstrated that the thermal
conductivity increased from 0.32 to 0.65 W/m·K at room tem-
perature as the compression pressure was increased from 250 to
550 kg/cm2. Striebel et al. �2� found that compression improved
reversible capacity, electronic conductivity, and cyclability. Appli-
cation of 300 kg/m2 compression to GDR-6 graphite-additive an-
odes was found to increase reversible capacity from 240 to
340 mAh/g and reduce ICL from 180 to 90 mAh/g for electrodes
without compression. Furthermore, compressed electrodes were
cycled up to 20 times, without significant capacity losses, while
uncompressed electrodes exhibited capacity fade after a single
cycle.

Gnanaraj et al. �3� found, however, that excessive pressing
might impair performance. They showed that capacities of graph-
ite electrodes, comprised of 90 wt% KS-6 graphite flakes and
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10 wt% PVdF binder, were ordered Cunpressed�Cpressed�Crolled,
for unpressed, 5000 kg/cm−2 �pressed�, and machine rolled elec-
trodes, respectively. Our own group �4� postulated that mechanical
failure associated with stress localization resulted in these losses.
We studied �4� anodes comprised of three different types of natu-
ral graphite, compressed at four levels �0, 100, 200, and
300 kg/cm2�. The natural graphites studied were SL-20, a purified
natural graphite produced by Superior Graphite, and GDR-6 and
GDR-14 natural graphites having 6 and 14 wt% amorphous car-
bon coatings and produced by Mitsui Mining. Figures 1�a� and
1�b� show scanning electron microscope �SEM� images of SL-20
with application of 100 kg/cm2 pressure. They clearly show se-
verely deformed particles in the transverse direction. These im-
ages also suggest that particles are semi-permeable; this is impor-
tant, since conductivity in compressed systems is strongly affected
by percolation onset, which in turn depends upon particle perme-
ability �4�. In our previous study, we correlated conductivity and
compression of these materials. Here, we further investigate the
effects of friction and deformability of particles on the compress-
ibility of model carbons of Li-ion anodes.

Compression of particulate systems has been widely studied in
the context of percolation. Mathematically idealized systems have
received the most attention. For example, the maximum densities
of perfectly rigid particles have been studied extensively �5,6�, as
a convenient means of determining a volume fraction immediately
preceding material failure, and the effective material properties
have been derived �7,8�. Real materials systems, however, exhibit
two important features not captured by these idealized models.
First, friction among particles alters the so-called jamming frac-

tion: in the limit, infinite friction coefficients trivially produce a
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maximum jamming fraction identical to the percolation point, for
rigid particles. Second, deformation of particles under compres-
sion results in local material failure in any realistic system, well
before the maximum jamming fraction is reached.

We define the following parameters for the discussion that fol-
lows: maximum volume fraction (MVF) is simply the theoretically
highest packing density achievable in a monodisperse system of a
given type �e.g., 0.74 for monodisperse face-centered cubic
packed spheres �9��, random close-packing fraction (RCP) is the
maximum density that a large, random collection of spheres can
attain �e.g., �6��, and maximal random jamming fraction (MRJ) is
the volume fraction which minimizes an “order parameter” among
all statistically homogeneous and isotropic jammed structures �6�.
Our objectives in the present study were fourfold:

1. Implement a statistically unbiased technique for generat-
ing a range of random particulate systems, from perme-
able to impermeable arrangements.

2. Develop and implement a contact model for randomly
arranged triaxial ellipsoidal particles, suitable for imple-
mentation in finite element analysis of compression of
random, porous systems.

3. Quantify the relationship between interfacial friction and
jamming fraction in spherical to ellipsoidal systems.

4. Apply these models to correlate maximum stresses and
different frictional coefficients, with morphology �ob-
tained by image analysis� of graphite particles in Li-ion
anodes.

Our simulation models are based on anodes comprised of natu-
ral graphite, pressed to a range of anode densities.

2 Methods

2.1 Generation of Randomly Arranged, Impermeable Tri-
axial Ellipsoids. Random placement of particles has previously
been made for purposes of simulation singly or by combination of

two basic techniques: dynamic deployment �10�, whereby initial

sectional view
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positions of particles are assigned and they are assigned velocities
to allow elastic collisions when they meet, and growth algorithms
�11,5,12�, whereby initial positions for particle center-points are
assigned randomly in a space, and particle boundaries are as-
signed a constant rate of “growth,” which involves elastic colli-
sions and is halted when further growth of the particles appears
impossible. Classically, so-called “maximal packing fractions” in
random systems have been studied using the growth algorithm.
We take a somewhat simplified approach here in generating the
particles, omitting the growth portion of previous algorithms
while retaining a statistically unbiased deployment technique to
arrange particles. We extend previous work on axisymmetric par-
ticles �spheres �13,14� and spherocylinders �15�� by considering
triaxial particles.

The general method is summarized as follows. Particles were
initially placed randomly in a cell. Initial overlaps were corrected
by placing repulsive force couples at contact points of the par-
ticles, following the laws of rigid body dynamics. The algorithm
was run until no overlap was detected among particles.

Required derivations follow. For a triaxial ellipsoid defined by
its center position X0= �x0 ,y0 ,z0�, orientation angles �= �� ,� ,��,
and three semi-axis lengths a, b, and c, respectively, motion is
assumed in R3, with linear velocity V= �vx ,vy ,vz�, and rotational

velocity �̇= ��̇ , �̇ , �̇� in the local coordinate system, or �
= ��x ,�y ,�z� in the global coordinate system. An arbitrary point
X= �x ,y ,z� on the surface of such an ellipsoid can be uniquely
described by a matrix equation,

�X − X0�TRTCR�X − X0� = 1, �1�

where C is the characteristic matrix of ellipsoid

C = �1/c2 0 0

0 1/b2 0

0 0 1/a2 � , �2�
and R is a rotation matrix given by
R = �R11 R12 R13

R21 R22 R23

R31 R32 R33
� = �cos � cos � cos � − sin � sin � − sin � cos � cos � − sin � cos � sin � cos �

cos � cos � sin � + cos � sin � cos � cos � − cos � sin � sin � sin � sin �

− cos � sin � sin � sin � cos �
� . �3�
The extreme points �x ,y ,z� on the ellipsoidal surface are then
given by

Fig. 1 SEM images of SL-20 anode materials under a pressure
of 100 kg/cm2, including „a… a top view and „b… a cross-
H = �a2R1k
2 + b2R2k

2 + c2R3k
2 ,

x − x0 = ±
a2R1kR11 + b2R2kR21 + c2R3kR31

H
,

�4�

y − y0 = ±
a2R1kR12 + b2R2kR22 + c2R3kR32

H
,

z − z0 = ±
a2R1kR13 + b2R2kR23 + c2R3kR33

H
,

where k=1, 2, and 3 in the x, y, and z directions, respectively.
Upon collision, rotational and linear velocities of an ellipsoid

ranged from � to �+�� and V to V+�V, respectively. Conser-
vation of energy in the resulting system can be used to solve for

the locations and orientations of colliding particles, per
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��TI� + �TI�� + ��TI�� + �VTMV + VTM�V + �VTM�V

= 0, �5�

where I is moment of inertia of particle, and M is the mass matrix
of particle,

M =
4

3
�abc	�1 0 0

0 1 0

0 0 1
� �6�

and 	 is the mass density of the ellipsoids. Let us consider the
moment of inertia about the center of mass with rotational axes
parallel to the axes of the ellipsoid is

Ī =
4

15
�abc	�b2 + c2 0 0

0 a2 + c2 0

0 0 a2 + b2 � . �7�

The moment of inertia I with respect to the global axes can be
obtained via the transformation matrix R as

I = R−1ĪR . �8�

Letting r denote X−X0, and n denote the surface normal at X,
balances of linear and angular momentum for an ellipsoid can be
written as

r� 
 P� = I��� �9�

and

P� = M�V� , �10�

respectively, where P is linear momentum induced by the impact
force between the ellipsoid and the rigid surface of cell. If we use

T=r�
n� = �r2n3−r3n2�i�+ �r3n1−r1n3�j�+ �r1n2−r2n1�k� and N as the
matrix form of the normal, then we can restate the above relations
in matrix form as

�� = I−1TP , �11�

�V = M−1NP . �12�

Substitution of Eq. �5� yields

�� =
− 2�NTV + TT��I−1T

�M−1� + TTI−1T
. �13�

The collision equation between two ellipsoids can be derived
similarly from the energy and momentum considerations. We can
find that

��i =
− 2�NT�V1 − V2�� + �T1

T�1 − T2
T�2�

�M1
−1� + �M2

−1� + �T1
TI1

−1T1 + T2
TI2

−1T2�
Ii

−1Ti, �14�

where i=1,2 are two distinct particles involved in a single
collision.

Iteration in the time domain allows solution for all positions of
ellipsoids as

Rj„� j�t + �t�… = Rj�� j�t�Rj„� j�t�… , �15�

Xj�t + �t� = Xj�t� + Vj�t , �16�

where j=1, . . . ,n; n is the total number of particles in the system.

2.2 Implementation of a Contact Model. Explicit contact
functions have been derived for specific particles, e.g., identical
ellipsoids of revolution �16�, and a general molecular dynamics
simulation algorithm has been developed for nonspherical par-
ticles �17�. Here we present a simplified model in which we set a
contact criterion by discretizing the surface of one ellipsoid and
successively compared relative positions of grid points with re-
spect to the surface equation of any contacting ellipsoids. These

points �given by Eq. �1�� were used to find the contact points
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between an ellipsoid and the boundary wall.
Finite element meshing of individual particles in the simula-

tions here was performed using FEMLAB© from COMSOL Ltd.
Meshes were first created on one particle and then replicated on
the others. ABAQUS/EXPLICIT �18� was used to perform the
finite element analysis, since it was designed to solve transient
dynamics problems involving complex contact interactions among
large numbers of independent bodies. The contact pairs were as-
signed using the “all element based” option to specify self-contact
for an all-inclusive element-based surface, instead of exhaustively
defining all individual contact pairs required in some other com-
mercial software. The CPU time for running a single simulation
on a SUN blade-1500 workstation was 	10–20 h, depending on
the spatial arrangement of particles and friction coefficient, etc.
The memory consumption was approximately 400 MB on the
same computer.

In the Li-ion anode, the graphite particles were initially dis-
persed in a precursor slurry of 1-methyl-2-pyroolidinone �NMP�
and a binder material, poly�vinylidene fluoride� �PVdF� �Kureha
9130� �4,19�. They were then cast onto a Cu foil current collector.
Yoo et al. �20� measured the dynamic viscosity of the precursor,
which is similar to that used in the anodes studied here, and found
that the viscosity of precursor slurry ranges from 0.2 to
5000 N·s /m2 at 1 rad/s, for various synthetic graphites. The vis-
cosity depends upon particle size, packing density, and frequency.
The sizes of the SL-20 graphite particles are between 16 and
23 �m �4�, and fall within the ranges studied by Yoo et al. �20�;
our graphite particles had a density of 2250 kg/m3 �21�.

We conclude then that the shear force due to viscosity is much
higher than the force due to gravity; the shear force can be ap-
proximated as a friction force as we suggest here. Similarly, the
pressure applied after to assure the particle contact is larger than
the gravity force acting on each particle. The force acting on the
anode particles due to gravity was thus neglected in this study.

2.3 Implementation of a Finite Element Model Incorpo-
rating Interfacial Friction. A schematic of the model is shown in
Fig. 2. As a first step in the simulation, 500 nonoverlapping par-
ticles were generated in a fixed, elastic container, using a rigid
body collision algorithm described above. The system size was
normalized to 1
1
2 along the x, y, and z directions, respec-
tively. The initial length in the z direction was assumed to be
nonunity, such that the whole system at the close packing condi-
tion would approximate a unit cube at close packing. The particle
size was predetermined in such a way that the initial volume frac-
tion was well below the jamming fraction of rigid particles. The
plate was moved at a constant velocity in the vertical z direction,
with other boundaries fixed. Each particle was discretized into
approximately 300 general-purposed tetrahedron elements and

Fig. 2 Schematics of particle compression simulations „a… be-
fore compression and „b… after compression
100 nodes, and therefore the overall size of the problem was about
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150,000 elements with 50,000 nodes. All elements were assigned
identical elastic material properties. Linear displacement with re-
spect to time was prescribed.

2.4 Image Analysis of Real Materials. Particles from previ-
ously analyzed sample Superior Graphite �SL-20� of compressed
natural graphite Li-ion anodes �0, 100, 200, or 300 kg/cm2� �4,22�
were used to inform the models developed here. Pictures shown in
Fig. 1 are SEM images of SL-20 anode under pressure of
100 kg/cm2, illustrating the effect of application of pressure dur-
ing electrode preparation on an electrode’s morphologies at the
transverse section. Most particles did not possess axial symmetry,
and were approximated as triaxial ellipsoids.

AFM �atomic force microscopy� was used to obtain the re-
quired 3D measurements. All pictures were obtained using a
NanoScope III Dimension 3000 series BioScope in air-contact
mode with Digital Instruments DNP tips. AFM samples were pre-
pared by deposition of a single layer of SL-20 graphite particles
onto a glass slide; particles were affixed using double-sided tape.
Imaged particles were selected under the optical microscope, be-
cause of their alignment in the scanning plane. The maximum
scanning range of the AFM in the depth direction is practically
only a couple of microns, much smaller than the semi-axis lengths
of a graphite particle ��7 �m�. Thus, we mapped only a small
portion of the upper surface as depicted in Fig. 3. However, we
reconstructed the original surface and derived the needed param-
eters from the properties measured by the following method. Sup-
pose an ellipsoid has semi-axis lengths a, b, and c in the x, y, and
z directions, respectively; the projected ellipse of the scanned sur-
face on the x-y plane has semi-axis lengths a* and b*, height h,
along with the measured mean radii of curvature R1 and R2 in the
x-z and y-z cross-sectional planes, respectively. Note that the
mean curvature of the scanned surface is approximately equal to
the curvature at the uppermost point �0,0 ,c�, given by

R1 =
a2

c
, R2 =

b2

c
, �17�

and the area S of the projected ellipse is

Fig. 3 A schematic showing the reconstruction of ellipsoidal
particle geometry using AFM. „a… The scanning range covers
only a portion of the upper surface, „b… geometrical relations
among the measured parameters.

Table 1 AFM „atomic force microscop
graphite particles approximated by tri
76 / Vol. 128, JANUARY 2006
S = �a*b* = ��a2
1 −
�c − h�2

c2 �b2
1 −
�c − h�2

c2 �
= ��2hc − c2��R1R2. �18�

Based on these relations, we solve for a, b, and c. A sample AFM
image for a SL-20 natural graphite particle is shown in Fig. 4.
Note that in the AFM measurement, a thin layer of the anode
material was used as the specimen, and thus the axes of each
particle were approximately aligned with the view plane.

3 Results

3.1 Image Analysis and Selection of Model Parameters.
The AFM-measured properties for SL-20 natural graphite par-
ticles are listed in Table 1.The averaged aspect ratios over all the
results are a /b=1.27 and a /c=1.49 and we use these aspect ratios
to construct ellipsoids in the simulation models with the axial
lengths listed in Table 2.

The finite element simulation parameters are listed in Table 3.
Since simulation results were normalized, material properties
were chosen principally based on reduction of time to numerical
solution convergence. The parameters listed in Table 3 were found
to be an appropriate combination for the transient finite element
analysis in terms of the fast convergence speed as well as accept-
able tolerance in solution. Briefly, since the study of the dynamic
response is beyond the scope of this study, a quasi-static or a
long-time solution is preferable as to minimize the inertia effects
caused by the motion of the pressing plate. However, it is com-
putationally impractical to analyze the simulation in a long time
scale, which would require an excessive number of small time

Fig. 4 AFM image on a SL-20 natural graphite particle

based measurement of SL-20 natural
al ellipsoids
e…
axi
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increments. Fortunately, some testing work suggested that the
speed of the analysis could be increased substantially without se-
verely degrading the quality of the quasi-static solution. The end
result of the slow loading and a somewhat accelerated loading are
nearly the same. However, if the loading speed is increased to a
point at which inertial effects dominate, the solution tends to lo-
calize and the results are quite different from the quasi-static so-
lution. Specifically, when the plate moves sufficiently fast, the
upper layers of particles would undergo severe deformation before
they transfer the loads to the lower layers. The results would be
different from a slow loading case in which a series of stress
waves pass through the entire system before the development of
any local stresses.

3.2 Simulation Results. Figure 5 is a plot of reactive force
applied on the pressing plate as a function of the volume fraction
�vf�, for both spherical and ellipsoidal particles. The reactive force
applied on the plate at the early stage of the simulation was pro-
vided solely by the intermittent, dynamic impact of particles
against the plate until particles were in intimate contact. After that
point, the contribution of the reactive force was primarily a result
of local deformation of the particles, and the magnitude of force
thus increased significantly. Figure 6 is an enlarged picture of the
plot in Fig. 5. In this figure, it is clearly seen that there is a
transition region in which the mean amplitude of the pressure
increases significantly.

Clearly there is no “jamming fraction” for nonrigid particles if
material failure is not considered, since the compression process
can continue towards vf=100% by deforming the geometrical
shape of particles without giving rise to any convergence prob-
lems, although the required external load would be much higher
once the system becomes “jammed.” However, we still retain this
term for reference to the jamming fraction for rigid particles.
From the same figure, we can also observe that a sudden increase
of the reactive force on the pressing plate at a certain stage of the
compression process �for example, when the volume fraction of
the ellipsoidal particles reaches approximately 58% in the absence
of friction�, implying that the particles are in full contact, reaching
the point at which the system is “jammed.” This point corresponds
to the “jamming fraction” for rigid particles. This is consistent
with the above discussion about the two distinct stages in com-
pression. When friction is absent, the systems experience oscilla-
tions in the reactive force, implying the rapid changes of contact
areas of the interfacial regions between the plate and upper layers
of particles when particles are under compression.

The jamming densities for ellipsoids are higher than those for
spheres under the same conditions, which is consistent with the
results reported in literature �12�. For example, the ellipsoidal sys-
tem studied here has a “jamming” fraction of 58%, which is
slightly higher than that for spheres �55%�. In addition, the value
of the “jamming” fraction strongly relies on packing history, i.e.,
the specific method involved in the compression process of a spe-
cific system including the initial conditions, boundary conditions,

Table 2 Geometrical parameters of triaxial ellip-
soids used in the simulations

Table 3 Parameters for finite elem
Journal of Engineering Materials and Technology
compression rate, and the criteria of determining jamming status.
In this study, the estimated packing limit 55% for spheres falls
inside the range reported in literature �23� but well below the
higher bound �64%�. This is because “vibration” or “shaking” �as
described in a classical experiment �24�� is not used to facilitate
the packing in the present study. We believe that the method used
in this study can properly represent the compression procedure in
many practical applications where vibration is likely not involved.

Simulation results related to the effects of interfacial friction are
presented in Fig. 7. Clearly the presence of interfacial friction
impedes particle adjustment, and therefore reduces the jamming
fraction. This also leads to energy dissipation in the system, caus-
ing reduced oscillations in the reactive force. Figure 8 shows the
jamming fraction as a function of the friction coefficient, f . In the
packing process described in this study, a friction coefficient of
0.3 can reduce the jamming fraction from 58% to 55%, a reduc-
tion of 3% in volume fraction. A friction coefficient of 0.5 further
reduces the jamming fraction to 52%, a reduction of 6% in vol-
ume fraction compared to the no-friction case. The maximum re-
duction in jamming fraction can be 7% when the friction coeffi-
cient is close to 1 and the particles become very “sticky” �25�. No
further reduction is observed for greater values of friction coeffi-
cient, implying that f =1 is sufficient to model “sticky” conditions.

Figure 9 shows the result of Von Mises stress distribution for
different friction coefficients. It can be seen that the maximum
Von Mises stress increases with volume fraction after close pack-
ing and that the existence of friction raises Von Mises stresses
significantly. For example, at volume fraction 70%, the Von Mises
stresses for f =0.5 is almost doubled compared to f =0.1.

Figure 10 shows the spheres under compression right after
reaching the jamming fraction.

Figure 11 is a close-up picture in the simulation showing severe
deformation in the ellipsoidal particles under a high volume frac-
tion 80% �well above the jamming fraction�. It can be seen that
the boundary shapes of some of the particles are no longer ellip-
soidal.

t analysis of particle compression

Fig. 5 Reactive force on the pressing plate as a function of
volume fraction, for systems of spherical and ellipsoidal
particles
en
JANUARY 2006, Vol. 128 / 77



4 Discussion

4.1 Theoretical/Modeling Considerations. Although calcu-
lation of the maximum packing density can trivially be found as
� /�12�90.69% for elliptical and circular disks of the same size
�26�, it had not been rigorously proven until very recently that the
volume fraction of the densest possible arrangement for identical
spheres in three dimensions is � /�18�74.05%, corresponding to
close-packed face-centered cubic �fcc� packing �9�. For random
close packing of identical spheres �i.e., amorphous monodisperse
sphere packing�, however, the volume fraction is lower than that
for the crystalline packing. The value could vary �27,28�, depend-
ing on the experimental or simulation protocol used �6�. In fact,
random packings denser than 64% could be achieved, by allowing
partial formation of crystallites. For ellipsoidal geometries, studies
by Donev et al. �29� revealed that a higher value of packing frac-
tion 77.07% is possible for crystalline arrays of ellipsoids of
maximal aspect ratio 3. Recently, the same research group re-
ported via simulation that ellipsoids can also randomly pack more
densely �12�, up to 68% to 74% in comparison with the maximal

Fig. 6 Close-up picture of Fig. 5 for ellipsoids without friction,
for demonstrating the transition between pre-jamming and
post-jamming stages during compression

Fig. 7 Reactive force applied on the pressing plate as a func-
tion of volume fraction, for systems of ellipsoidal particles, un-

der different friction coefficient ranging from 0 to 10.0

78 / Vol. 128, JANUARY 2006
density 64% in the random packing for spheres. They also sug-
gested that these values might not be the densest and higher val-
ues could exist for aspect ratios other than the ones they used.

4.2 Battery Design Considerations. The curves presented in
Figs. 5–8 can be used to guide the material design against the
onset of material failure with material properties including bulk
modulus and ultimate stress of the particle material, along with an
estimated coefficient of friction. In this study, we are interested in
the Li-ion anodes, which were comprised of three different types
of natural graphite as mentioned in the Introduction. Reports of
mechanical properties of natural graphite �including the materials
studied here� have varied widely, depending on both initial struc-
ture and preparation history. Reported values of elastic modulus
from the open literature, for example, range from 4.8 GPa �bulk
modulus� �30,31� to 37 GPa �in the direction parallel to the basal
planes�, and further to 1060 GPa �in the direction parallel to the
hexagonal axis� �32�. The ultimate stress of graphite has been
found to be sensitive to the processing history of the crystal �32�;
reported values range from 0.029 MPa �32� to 131 MPa �30�. The
ultimate stress of 131 MPa was derived based on the hardness of
1–2 Mohs �30� scale for graphite and the conversion table of

Fig. 8 Jamming fraction as a function of friction coefficient for
ellipsoidal particles

Fig. 9 Maximum internal Von Mises stresses versus volume
fraction, for systems of ellipsoidal particles. The stress is nor-

malized against the elastic modulus.
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Mohs scale and a previously reported ultimate stress �33�.
In the packed particulate networks studied here, the particles

were oriented randomly. Hence, the effective modulus �4.8 GPa�
of the graphite networks was averaged over the values along all
axes. For the natural graphite �SL-20� electrodes studied here, the
volume fraction of particulate networks increased from 68% under
an applied pressure of 100 kg/cm2 �0.01 GPa� to 83% under
200 kg/cm2 �0.02 GPa�. A volume fraction of 90% was found
under a pressure of 300 kg/cm2 �0.03 GPa�. Using the lower
bound of 4.8 GPa for the modulus of the particles, the normalized
pressure in the experiments �applied pressure/modulus
=0.01 GPa/4.8 GPa� would be around 2
10−3 for the first case
�68% volume fraction�. Figure 7 shows this case, which has a
friction coefficient close to 0.1. Per Fig. 9, the maximum Von
Mises stress for a friction coefficient of 0.1 would be approxi-
mately 500 MPa �0.1
4.8 GPa�, at the same order of magnitude
as the upper bound 131 MPa of the ultimate stress reported above.
However, when higher pressure, 200 or 300 kg/cm2, is applied,

Fig. 10 Von Mises stress distribution in a sy
Fig. 11 Severe local deformation of ellipsoids can be obs

Journal of Engineering Materials and Technology
the maximum Von Mises stress would be at least one order of
magnitude higher than the ultimate stress. This suggests possible
breakage in graphite particles under the applied pressures 200 or
300 kg/cm2.

As discussed in �4�, the average electronic resistivity of a com-
posite graphite electrode and the average contact resistance at the
interface of the composite graphite and the current collector of
SL-20 electrodes improved as the applied pressure increased.
However, the variance in contact resistance decreased as applied
pressure increased from 0 to 200 kg/cm2 �0.02 GPa�. The vari-
ance again increased as the applied pressure was increased to
300 kg/cm2 �0.03 GPa�. This result suggests that local failures
occur with application of high pressure ��200 kg/cm2�. The
simulation results presented in this work are consistent with elec-
tronic conductivity experiments reported in �4�, that is, the applied
pressure above 200 kg/cm2 �0.02 GPa� can be detrimental to the
SL-20 electrode.

m of 1000 ellipsoids at friction coefficient 0.5
ste
erved at volume fraction 90%. Friction coefficient 0.5.
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5 Conclusions and Future Work
We presented a method to simulate the compression of packed

particulate systems in graphitic Li-ion anodes and investigated the
quantitative relations among the interfacial friction, packing limit,
applied pressure, and maximum internal stresses. Simulation re-
sults were compared with experiments, showing that the friction
coefficient in the system is close to 0.1 and that applied pressure
above 200 kg/cm2 �200 MPa� can damage the materials in SL-20
electrodes.

We also conclude that the use of maximum jamming fractions
to assess likely configuration of mixtures is unrealistic at best, in
real manufacturing processes. Particles changed both their overall
shapes and relative orientations during deformation sufficient to
alter the composite properties: indeed, it is the alteration of prop-
erties that motivates post-processing at all. Thus, consideration of
material properties, or their estimation post facto, using inverse
techniques, is clearly merited in composites having volume frac-
tions of particles near percolation onset.

For compression of deformable materials, the internal stress
results from �1� dynamic impact caused by the rapid motion of the
pressing plate and �2� post-packing deformation of the particulate
system, as discussed earlier. The presence of interfacial friction
reduces relative motion among particles, causing localized defor-
mation at the interfaces. This can result in faster increase of Von
Mises stresses for a system with a high friction coefficient com-
pared to the low friction cases, as seen in Fig. 9.

Although the technique developed in this study was based on a
monodisperse system of simple elastic material properties, it can
be readily extended to more complicated systems. For example,
Fig. 12�a� shows a system of ellipsoids of varied aspect ratio with
a normal distribution of mean 2.0 and standard deviation 1.0. A
system of ellipsoids of hard core covered by a thin layer of pen-
etrable coating materials can also be generated as shown in Fig.
12�b� via uniformly dilating the particle along the axial directions.
Different material properties will be assigned to the core and coat-
ing layer in the finite element model accordingly. These models
can be considered as a natural extension of the method developed
in this study and will be incorporated in our future work.
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