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In this work, granule compression is studied both experimentally and numerically with the overall objective
of investigating the ability of the discrete element method (DEM) to accurately simulate confined granule
bed compression. In the experiments, granules of microcrystalline cellulose (MCC) in the size range
200–710 μm were used as model material. Unconfined uniaxial compression of single granules was per-
formed to determine granule properties such as the yield pressure and elastic modulus and compression pro-
files of the MCC granules were obtained from granule bed compression experiments. By utilizing the
truncated Hertzian contact model for elastic-perfectly plastic materials, the rearrangement and plastic defor-
mation stages of the force displacement curve were found to be in reasonable agreement with experiments.
In an attempt to account for the final compression stage, elastic deformation of the compact, a simple mod-
ification of the contact model was proposed. This modification amounted to the introduction of a maximal
plastic overlap, beyond which elastic deformation was the only deformation mode possible. Our results sug-
gest that the proposed model provides an improved, although not perfect, description of granule bed com-
pression at high relative densities and hence may be used as a basis for future improvements.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Tablets are today the dominating dosage form available on the
pharmaceutical market due to their safety and ease of administration.
Compression of powders or granules (secondary particles) is however
an intricate procedure. Confined compression of granular materials
may typically be divided into a series of stages [1–3]. During initial
compression, rearrangement of particles dominates with predomi-
nantly elastic particle deformation until a confined particle arrange-
ment is reached and the motion is restrained. At increased pressure,
the particles experience plastic deformation and possibly fragmenta-
tion that is followed by an elastic deformation of the compact. During
the last stage of the compression cycle, unloading, the tablet first re-
covers elastically and may finally undergo an inelastic deformation
at the end. Material properties such as plasticity, elasticity and con-
tact forming ability are hence essential in order to manufacture a tab-
let with suitable mechanical properties.

By utilizing numerical simulations, an increased understanding of
the mechanical properties that govern the compression process may
be obtained. In addition, simulation may be a powerful tool in formu-
lation development in order to predict compression properties. Nu-
merical simulations may be based on either continuous or discrete
models or a combination of both. The finite element method (FEM)

is adopted for simulations at the continuum level and is typically
used to determine density and stress distributions within compacts
of different shapes [4–7]. The FEM however requires indirect consti-
tutive models for the powder behaviour that make predictions
based on particle properties challenging.

The discrete element method (DEM), originally developed by
Cundall and Strack [8], enables simulation at a microscopic level
where the interparticle forces, particle velocities, etcetera, are calcu-
lated for each time step. Compression simulations of large systems
comprising several thousand particles are possible using the DEM
[9,10]. In the DEM, the interparticle contacts are generally introduced
as a function of the particle overlap and the contacts are typically
assumed to be independent.

The FEM may be used for investigating local contact behaviours of
powders during compaction when used in a combination with a
micromechanical model [11]. The combined finite/discrete element
(FE/DE) method gives a more thorough description of the particles
during compression but is unfortunately also very time consuming.
However, compression of plastically deforming granules has been
investigated by the FE/DE method [12]. In order to save computation-
al time when simulating contact forces, the extraction of a contact
expression from the FE/DE method has proven successful in DEM
simulations [13]. In order to simulate more realistic systems, corre-
sponding to experimental compressions, the combined FE/DEmethod
is impracticable. This and the simplicity of the DEM render the latter
suitable for investigations of confined granule bed compressions and
the DEM was therefore the focus of the current project.
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DEM simulations have been used to investigate various powder
compression processes. Both isostatic and closed die compressions
have been performed to study particle rearrangement [14,15] and
the effect of size ratio in binary powder mixtures [9] and for friction-
less spheres [10]. In addition, simulations of uniaxial compressions
have previously been evaluated by experiments. By utilizing single
granule mechanical properties, the potential of DEM simulations to
accurately describe the bulk mechanical response has been proven
[16–18].

During compression, the coordination number and contact area
change with applied pressure. In order to enable simulations of gran-
ules, the formulation of a contact law between particles is critical.
Various contact models have previously been derived, e.g. the models
developed by Thornton and co-workers [19,20] and Storåkers [21].
The choice of model is dependent on the material properties making
the first suitable for elastic-perfectly plastic materials and the latter
suitable for visco-elastic materials. As pharmaceutical materials
most often display elastic-perfectly plastic behaviour the contact
model developed by Thornton and Ning [20] is frequently utilized
[16,18]. The model accurately describes the initial particle rearrange-
ment and the following plastic deformation. The model does however
not depict the final elastic compact deformation and hence the con-
tact model is not suitable for compressions at high relative densities.
Before initiation of compression, the relative density of randomly
close packed spheres is approximately 0.64 [22]. At increased com-
pression pressure the interparticle contacts are independent up to
relative densities of approximately 0.8. At higher relative densities,
the contact deformation is dependent on the influence of neighbour-
ing particles [14], which is not considered in the contact model. How-
ever, simulations at relative densities exceeding 0.8 are feasible using
a contact law derived from a combined discrete and continuum
model in which Voronoi cells are used to estimate particle volumes
[13].

In this work, granule bed compression was studied both experi-
mentally and numerically with the general aim of investigating the
ability of the DEM to accurate simulate confined granule compres-
sion. In order to match the experimental conditions, the properties
of unconfined single granules composed of microcrystalline cellulose
(MCC) were measured. In addition, granules of varying size were
studied. In an attempt to account for the elastic deformation of the
compact we propose a simple modification of the contact model for
elastic-perfectly plastic materials. The modification amounts to the
introduction of a maximal plastic overlap, where elastic deformation
is initiated, in a similar manner as in a recent effective medium
model of confined compression [23]. The simplicity of the modifica-
tion was important in order to retain the computational efficiency
of the original DEM and hence a perfect correlation to experimental
data was not expected.

2. Theory

2.1. Original contact model

The normal contact force between two particles and between a
particle and a confining surface was based on the model developed
by Thornton and co-workers [19,20]. The classical Hertz analysis is as-
sumed to be valid before any plastic deformation has occurred. Hence
the magnitude of the normal force (Fn) increases nonlinearly with
normal overlap (δn), according to

Fn ¼ 4
3
E�R

1=2
� δ3=2n ; ð1Þ

where R⁎ and E⁎ are the effective radius and Young's modulus (see
Appendix A). A limiting contact pressure Py (henceforth referred to
as the yield pressure) is introduced, such that plastic deformation

commences once the maximal pressure in the contact region equals
Py. From the Hertz analysis it follows that plastic deformation starts
at a normal overlap δy, calculated as

δy ¼
πPy

2E�

� �2

R�: ð2Þ

This overlap corresponds to a normal force of magnitude
Fy=(4/3)E⁎R⁎ 1/2δy3/2, according to Eq. (1). The post-yield behaviour
is inferred from a Hertzian contact pressure distribution that is trun-
cated at Py. As a result, the normal force increases linearly with the
normal overlap during plastic loading,

Fn ¼ Fy þ πPyR� δn−δy
� �

: ð3Þ

When unloading of plastically deformed particles takes place, the
model accounts for plastic deformation by using a contact curvature
1/Rp that is smaller than 1/R⁎. The expression for the normal force be-
comes

Fn ¼ 4
3
E�R

1=2
p δn−δp

� �3=2
; ð4Þ

where Rp and δp are parameters that depend on the amount of plastic
loading. The parameter Rp is calculated as

Rp ¼ Fe
Fm

R�; ð5Þ

where Fe is an equivalent normal force and Fm is the maximal normal
force from which unloading starts. Specifically, if unloading starts
from a maximal normal overlap δm, corresponding to a normal force
Fm as inferred from Eq. (3), an equivalent elastic force Fe is deter-
mined by using δm in Eq. (1). Finally, the parameter δp is determined
from the condition that Eqs. (3) and (4) must produce the same nor-
mal force at a normal overlap of δm.

The tangential contact force between two particles and between a
particle and a confining surface was based on the modification of the
Mindlin–Deresiewicz model proposed by Di Renzo and Di Maio [24].
As long as no slip occurs, the magnitude of the tangential force (Ft)
hence increases linearly with the tangential overlap (δt) with a con-
stant of proportionality that depends on the normal overlap,

Ft ¼
16
3

G�R
1=2
� δ1=2n δt ; ð6Þ

where G⁎ is the reduced shear modulus (see Appendix A). The tangen-
tial force was truncated in accordance with Coulomb friction, using a
sliding friction coefficient μs. In addition, rolling torques were included
in the model, as proposed by Zhou et al. [25], with a rolling friction co-
efficient μr.

2.2. Modified normal force model

A shortcoming of the truncated Hertzian model in its original form
is that it allows plastic deformation to continue indefinitely. This
poses no problems in typical DEM analyses that entail limited particle
overlap, but is unsatisfactory for simulations of powder compression,
where the overlap becomes much larger. During confined compres-
sion, a porous particle may densify plastically, but plastic deformation
must come to an end once the particle has become essentially non-
porous. To account for this phenomenon in a simplified manner, a
maximal plastic overlap was introduced, denoted by δe, beyond
which elastic deformation was the only mode of deformation possi-
ble. Once δe was exceeded, the elastic unloading law, Eq. (4), was
in effect employed both during loading and unloading (with Rp
and δp calculated from δe rather than δm). For contact between

250 A.-S. Persson, G. Frenning / Powder Technology 219 (2012) 249–256



Download	English	Version:

https://daneshyari.com/en/article/237411

Download	Persian	Version:

https://daneshyari.com/article/237411

Daneshyari.com

https://daneshyari.com/en/article/237411
https://daneshyari.com/article/237411
https://daneshyari.com/

