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Microcrystalline cellulose pellets for oral drug delivery are often produced by a
combined wet extrusion-spheronization process. During the entire process, the
cylindrical as well as the spherical pellets are exposed to various stresses resulting
in a change of their shape and size due to plastic deformation and breakage. In
this work, the effect of moisture content of pellets on their mechanical behavior is
studied. In static compression tests, the strong influence of water content on
deformation behavior of pellets is confirmed. Moreover, impact tests are per-
formed using a setup consisting of three high-speed cameras to record pellet-wall
collisions. Material properties, such as stiffness, restitution coefficient, breakage
force, and displacement, were analyzed depending on the water content.
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1 Introduction

In agglomeration technology, cylindrical pellets are commonly
produced by extrusion or press agglomeration [1]. Especially in
the pharmaceutical industry, microcrystalline cellulose (MCC)-
based pellets, which are filled into capsules or compressed to
multiparticulate tablets, are mainly produced by wet extrusion
and subsequent rounding in a spheronization process to
achieve an equal, spherical pellet shape [2]. During spheroniza-
tion, the cylindrical pellets undergo breakage, plastic deforma-
tion, and attrition, leading to the desired shape change [3]. On
the other hand, in the downstream drying and coating process-
es, the deformation and breakage of wet pellets has to be
avoided to reduce the change of their shape. In any case, the
knowledge of the mechanical properties, the deformation and
collision behavior of pellets is crucial.

The moisture content of the pellets or saturation degree of
their pores plays a dominant role in the nature of their defor-
mation and collision behavior as described in numerous stud-
ies. The deformation and breakage mechanisms of wet pellets
are strongly influenced by the stress state (static or dynamic,
load direction) and loading history (single or multiple cyclic).

For the case of static loading, Schubert [4] investigated the
influence of the degree of saturation of wet particulate systems.
He found that the strength of pellets strongly depends on their
hydro-textural state. Thus, the highest strength of wet pellets is
achieved in the so-called capillary state at a degree of saturation
of about 0.9, where all pores are nearly filled with liquid (see
more in the next section). Pepin et al. [5] reported that the
interparticle friction in the contact between the primary par-
ticles of wet pellets has a dominant effect on the yield strength.
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However, this result is only valid if the dynamic effects during
the loading are negligibly small.

At a dynamic stress state, the energy dissipation based on
viscous effects due to a high shear flow of the liquid can be
dominant. This case occurs typically at the high stress rates
and can be significant by high viscous liquids distributed inside
the porous structure or in the liquid bridges as well as in the
form of layers on the surface of particles [6-11]. Different
effects that lead to an increase in energy dissipation for wet pel-
lets are described in the literature [12]. During the approaching
of two colliding wet granules, liquid is squeezed out from the
pores between primary particles as well as from the contact
zone between granules. In addition, a liquid bridge may arise
during rebound of the granules. Adams et al. [13] measured
the collision behavior of wet granules. They found that at least
97 % of the kinetic impact energy is dissipated by viscous
effects due to the liquid bridge, which is generated in the con-
tact region for small impact velocities and by bulk viscoplastic
effects at higher speeds.
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The strength of the wet pellets, which show viscoplastic
behavior after the yield point caused by the viscous forces, is
described in the work of Tardos et al. [14] on the basis of
Stokes deformation number which is a ratio of the initial
kinetic energy to internal energy resisting deformation. The
work of Iveson and Litster [15] reports on a dynamic yield
stress of cylindrical wet pellets obtained by extrusion. They
showed in the further work [16] that the influence of the vis-
cous forces on the yield strength of the pellets can be related to
a capillary number Ca, which describes the ratio of the viscous
force and the surface tension force [17]. Iveson et al. [16] per-
formed compression tests of pellets with different Ca numbers
and found that for Ca>10"* the viscous forces will be domi-
nant and significantly influence the yield strength of the wet
particles. For this case, the adhesion criteria based on the
Stokes number and the “wet” restitution coefficient are used.

The Stokes criterion according to Ennis [10] considers ener-
gy dissipation due to viscous effects in the liquid layers on the
colliding particles assuming that no plastic deformation is
occurring, but a part of kinetic impact energy can dissipate due
to an inelastic contact deformation. Liu et al. [12] extended this
criterion for the case of the plastic contact deformation. Davis
et al. [11] developed a correlation between the so-called "wet"
restitution coefficient, which describes the energy dissipation at
the collision of wet particles, and the ratio of the Stokes num-
ber to its critical value as well as “dry” restitution coefficient,
which considers the energy dissipation only due to contact
deformation of particles.

To advance the understanding of the strength of wet pellets,
this paper focuses on the deformation behavior of pellets with
varying water content with respect to the extrusion and sphero-
nization processes. MCC pellets after each process step are
tested and the contact behavior is investigated. Single pellet
compression tests are conducted for the cylindrical pellets as
well as for the spherical pellets. The water content of the pellets
is varied, resulting in different deformation behavior from
dominantly soft and plastic to stiff elastic. In addition, the resti-
tution coefficient of the pellets is measured with a self-devel-
oped setup consisting of three high-speed cameras.

2 Theory
2.1 Strength of Wet Pellets

Agglomerates or pellets produced by wet extrusion are three-
phase systems consisting of a dispersed solid and two immisci-
ble fluid phases. As described in Sect. 1, Schubert [4] investi-
gated such systems using limestone with different water con-
tent. Besides, the porosity € AY and the water content w, the
degree of saturation S are typically used to characterize the
hydro-textural state:
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1)  List of symbols at the end of the paper.
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where V' is the overall pellet volume, and Vyy and Vg are the
volumes of the water and solid phases, respectively; p,, and p
denote the densities of the water and solid phase. The degree of
saturation indicates the ratio of the water volume and the over-
all pore volume. For S = 0, no liquid is present, at S = 1 the
entire pore volume is filled with water. Generally, three main
ranges of saturation degree of hydrophobic primary particles
are differentiated according to Schubert [4] (Fig. 1).
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Figure 1. Tensile strength and capillary pressure as a function of
degree of saturation according to Schubert [4].

The pendular state is referred to a degree of saturation of
S < 0.3, since at a sufficiently small amount of water content in
the pellet individual liquid bridges are formed between the pri-
mary particles. Increasing the liquid content above S = 0.3 leads
to a funicular state, where liquid bridges and pores filled with
liquid can coexist. From a saturation value of S > 0.8, the pores
are mostly filled with liquid. In this so-called capillary state, the
capillary negative pressure in the agglomerate is the strength-
determining factor.

Under the assumption that the liquid is evenly distributed in
the agglomerate, Schubert has developed the following equation
for the maximum tensile strength in the capillary state [18]:

1—8A

(4)

1
Oter = Spcap = Sa)/la cos 0 d_ <
32 A

where p.,; is the capillary pressure, which is calculated from the
surface tension yj,, the wetting angle 3, Sauter diameter ds,, the
porosity of the agglomerate €4, and a correction factor a.. For
monomodal spherical primary particles, o can be assumed to be
6, for irregularly shaped primary particles 8. If the degree of sat-
uration becomes larger than 1, a coating on full saturated par-
ticles or a droplet containing the particles are formed [4, 19].
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2.2 Extrusion and Spheronization

As described in the introduction, the spherical pellets were pro-
duced from the extrudates in a subsequent spheronization pro-
cess. Fig.2 demonstrates the typical change of the hydro-tex-
tural state of the pellets during extrusion and spheronization
according to Galland et al. [20]. In the first step, the wet mass
(2) is prepared. Different types of granulators are used for the
mixing of the powders (1) and the granulation liquid [21]. The
granulation can also be carried out in the first zone of the
extrusion process. It can be seen that the extrusion of the wet
mass (2) results in an increase of the saturation degree and a
decrease of the porosity while the water content remains con-
stant. Thus, in the extrusion step a total drainage of the gas
phase is possible, resulting in nearly biphasic (solid/liquid)
extrudates (3b) [22].

During spheronization, the hydrotextural state of the pellets
remains constant if the saturation degree of 1 was reached in
the extrusion step. In this case, only the pellet shape changes.
However, if the saturation of the extrudates is not reached dur-
ing the extrusion step (3a), the porosity and the saturation
degree might vary [20]. After spheronization, the resulting wet
pellets have a saturation of 1 (3b). In a final step, the spheron-
ized pellets can be dried, leading to a lower porosity and water
content.

2.3 Coefficient of Restitution

The coefficient of restitution (COR) is a parameter describing
the impact behavior during dynamic loading. COR is defined
as the ratio of the rebound velocity and the initial velocity
between two bodies after their collision [23,24]. It describes
the energy dissipation Egss during the impact of two bodies by
the radio of the kinetic energy after Ej;, r to before the impact
Ekin:

Ey E4
COR — kin,R _ 1— diss (5)
Ekin Ekin

Assuming that there is no mass loss due to attrition or break-
age during impact, the following impression can be made for
COR:
cor - o

7
where vy is the velocity after the rebound and v the velocity
before the impact. COR ranges from 0 for an entirely plastic
collision up to 1 in the case of a perfect elastic behavior. While
no kinetic energy is dissipated for a COR of 1, the entire energy

is converted to heat or dissipated due to viscous or to plastic
deformation for a COR of 0.

3 Experimental Setups and Material
3.1 Compression Test

The experimental setup for the compression tests is displayed
in Fig. 3. For the experimental investigation of the deformation
behavior of the pellets, a Texture Analyser® (TA.XTplus, Stable
Micro Systems) was used. In order to examine the influence of
the water content, the compression tests were carried out in a
climatic chamber at a relative humidity of 90-95 % to prevent
the pellets from drying. Thus, the pellet, the compression plate,
and the punch were located within the climatic chamber. As a
result, the measured water content of the pellets at the begin-
ning and at the end of the compression tests remained con-
stant. The water content of the MCC pellets before each test
series was determined with a MA100 Moisture Analyzer (Sar-
torius, Goettingen, Germany).

In order to capture the dimensions of each pellet, images of
the pellet were taken immediately before the compression tests.
For taking the images, the pellets were placed on a black surface
with a scale inside the climate chamber and photographed with
a camera (1334 x750 pixels, 326 ppi). The images were trans-
ferred to a binary image and evaluated by using the MATLAB
Image Processing Toolbox. Thus, the diameter, length, spheric-
ity, and aspect ratio of the pellets were calculated by determin-
ing the number of pixels in the length and width of each pellet.

The pellets with different water content were
uniaxially loaded with a velocity of 0.02mms™.
Tests were performed until breakage occurred. In
addition, loading-unloading and cyclic loading
tests without breakage were carried out.

3.2 Setup for 3D High-Speed Capturing
of Pellet-Wall Impact (Coefficient of
Restitution)

The dynamic loading was studied using a setup
consisting of two synchronized high-speed cameras
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Figure 2. Typical change of the hydro-textural state of the pellets during extru-

sion and spheronization according to Galland [20].

(camera 1 and 2; IDT Os7) to record the pellet-wall
collision three-dimensionally (Fig.4). In addition,
a third high-speed camera (camera3; IDT Y8)
equipped with a 12.5x distance microscope lens
(MacroLens) was employed in order to resolve the
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Figure 3. Experimental setup for the compression tests.

contact between the surface and the pellet. This setup was
developed in order to measure the restitution coefficient of
small particles down to a size of 30 um and non-spherical pel-
lets [24]. With the cameras, aligned in an angle of 90° relative
to each other, it is possible to record the trajectory, the rotation,
and the rebound angle of the pellet during the free fall tests.
This is particularly important for cylindrical pellets, as different
contact scenarios, depending on the contact angle 6, have to be
considered (Fig. 4).

For the exposure, two LED light sources (Constellation
120E) were used. The cylindrical pellets were vertically fixed on
the vacuum nozzle and dropped on a flat surface with an
impact velocity of about 2m ™" (Fig. 4). Using a motion trigger,
the pellet impact was recorded simultaneously by the cameras
with a frame rate of 6000 fps and a resolution of 1024 x460 px.

]
Vacuum needle

Light source

Distance
microscope

3 High speed cameras

In order to determine the COR, 100 frames before and after
the impact were processed by a MATLAB script using the
Image Processing Toolbox. The images were transferred to a
binary image. For every image, the area center of the pellet was
calculated and thus the pellet position during collision could be
tracked. Knowing the scale factor and the frame rate of the
cameras, the exact pellet velocity before and after the impact
could be determined and the coefficient of restitution was cal-
culated by Eq. (6).

3.3 Materials

The pellets in this study were produced by the extrusion and
spheronization process. An amount of 2 kgh™ of a powder mix-
ture consisting of a mass fraction of microcrystalline cellulose
(Vivapur 102, JRS Pharma, Germany) of w; = O.Zgg’1 and a
mass fraction of a-lactose monohydrate (Granulac 200, Meggle,
Germany) of w; = 0.8 gg™' were extruded in an extruder (Micro
27 GL-28D, Leistritz, Germany) with 100 rpm under dosage of
conserved water (0.8 kgh™). The extrudates were then spheron-
ized in a laboratory-scale spheronizer (R250, Gabler, Germany)
with a load of 300 g and a rotational speed of the friction disk of
750 rpm for 5 min. The resulting MCC pellets before and after
the spheronization process are depicted in Fig. 5.

Figure 5. Wet cylindrical pellets (a) after extrusion and (b) after
spheronization.
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Figure 4. Setup for measurement of the restitution coefficient of cylindrical pellets and possible contact scenar-

ios of the cylindrical pellet with the surface.
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The water content of the pellets after the extrusion and after
the spheronization step was found to be 37.2%. In order to
investigate the influence of the water content of the MCC pel-
lets on their deformation behavior, the wet pellets were dried
for variable time intervals at ambient air (19°C). The final
water content of the pellets could thus varied from 37.2% to
1.3 % after 24 h of drying (Tab. 1).

Table 1. Drying time and water content of the pellets.

Drying time [min] Water content [%)]

0 37.17
10 32.70
20 19.46
32 10.75
65 5.49
75 3.56
>24h 1.33

The pellet dimensions were obtained by the image analysis
procedure described in Sect.3.1, which was applied in total
to 700 cylindrical and 500 spherical pellets. The mean length
and standard deviation of the extrudates was found to be
2.23 £0.41 mm while the diameter was 1.06 + 0.06 mm. For the
spherical pellets a diameter of 1.21 +0.09 mm was measured.

4  Results

4.1 Compression Tests of Pellets with Different
Water Contents and Shapes

During the process of extrusion and spheronization, the pellets
change their shape and hydro-textural state. To capture the
mechanical properties of the pellets after the different process
steps, cylindrical as well as spherical pellets with different water
contents were investigated, respectively.

In Fig.6, typical force-displacement curves of a cylindrical
pellet with a water content of 37.2 % (Fig. 6a) and with a water

Before compression Before compression

After compression

Figure 6. Typical force-displacement curves for (a) the wet MCC pellet and

(b) the dry MCC pellet during the uniaxial compression.

.

After compression

content of 1.3 % (Fig. 6b) are presented. Since the extrudates do
not have an ideal cylindrical shape, the diameter varies over the
length. For this reason, the pellets were not in contact with the
compression plate over the entire length at the beginning of the
compression. Therefore, the force-displacement curve is non-
linear at the beginning of the measurements. This effect is
smaller for pellets with higher water content, as they are softer
and deform more plastic.

The slope in the range of the linear increase of the force-dis-
placement curve before the primary breakage occurs (Point A
in Fig.6) corresponds to the stiffness of the pellet. It can be
seen that the slope of the graph for the dry pellet is much high-
er, which means that the pellet is significantly stiffer than the
wet pellet. For the wet pellet breakage occurred at a force of
0.13N, while the breakage force of the dry pellet was much
higher. In the present case, the required breakage force was
2.4N.

In Fig.7, the images of the tested MCC pellets before and
after compression until breakage are displayed. Although the
initial sizes of the pellets were similar, the wet pellet showed a
failure strain of 10.1 % while breakage occurred at a strain of
4.6 % for the dry pellet. Thus, the deformation until breakage
for the wet pellet is more than twice as high. As demonstrated,
e.g., in [25], a more brittle breakage (the cracks extend un-
steady) led to a higher drop in the force displacement curve. In
the force-displacement curve for the wet pellet, no decrease in
force is observed, which is an indication of a ductile fracture.
The curve for the dry pellets shows a significant decrease in
force, which is more indicative of an elastic-plastic fracture. If
the punch continues to load the wet pellet after primary break-
age, the broken fragments of the pellet are further deformed
and therefore the curve increases again. In the case of the dry
pellets, further secondary breakage is observed (Points B, C, D
in Fig. 6).

The results of the compression tests till primary breakage of
the spherical and cylindrical pellets with different water con-
tents are presented in Fig.8. For each data point, 100 pellets
were examined by compression tests. In Fig. 8a, the measured
stiffness is plotted versus the water content of the pellets. It is
obvious that the stiffness of the pellets with low water content
is significantly higher than that of cylindrical pellets with high-
er water content. Fig. 8b indicates the breakage displacement as
a function of the water content of the pellets. Due to a more
plastic deformation behavior of the wet pellets, the
deformation of the pellets before breakage is high-
er. In Fig. 8¢, the breakage force is plotted versus
the water content of the pellets. It can be seen that
pellets with low water content require a higher
force for breakage than pellets with higher water
content. The performed compression tests corre-
spond to a Ca number of 2.74 x 1077, therefore, the
viscous effects can be neglected.

According to Galland [22], the degree of satura-
tion of the extrudates during the extrusion can
reach values close to 1 (see Fig.2). At this high
degree of saturation the pellets can be assigned to
the capillary state according to Schubert [4]. In this
case, the pores are mainly filled with water and the
strength is determined by the capillary pressure.

Chem. Eng. Technol. 2020, 43, No. 5, 887-895  © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA.  www.cet-journal.com
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Figure 7. Images of an MCC pellet with a water content of (a) 37.2% and (b) 1.3 % before and after the compres-

sion test obtained by a high-speed camera.
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Figure 8. Influence of the water content of cylindrical and spherical MCC pellets on (a) the stiff-

ness, (b) the breakage displacement, and (c) the breakage force.

Galland [22] showed that the water content is the same for wet
extrudates and wet spheronized pellets. Assuming that the
extrudates are saturated, also the porosity does not change dur-
ing spheronization. Therefore, the hydro-textural state of the
pellets does not change during pellet rounding, which explains
that there is no significant difference in the deformation and
breakage behavior for wet cylindrical and spherical pellets with
water contents higher than 20 %.

However, the measured breakage forces are in a critical
region regarding stresses occurring in a spheronization process.
In our previous work [26], the forces acting on cylindrical as
well as spherical MCC pellets with a water content of 37.2%
during the spheronization process were obtained by simulation.
Due to the different mass and shape of the extrudates
compared to the spherical pellets, different average values of
the collision force were obtained, namely, 0.13 N for the cylin-
drical extrudates and 0.06 N for the spherical pellets. The
comparison with the breakage forces measured in this study
for the wet pellets indicates that the forces, which act on the
spherical pellets during spheronization, should not lead to
pellet breakage. On the other hand, the forces acting on the
cylindrical pellets are in the critical region regarding pellet
breakage. Therefore, only for the cylindrical pellets breakage
can occur during spheronization while the spherical pellets
remain stable.

During the drying process, the water content decreases and
solid bridges are formed between primary particles. These solid
bridges are more stable than the capillary bridges. For this

Chem. Eng. Technol. 2020, 43, No. 5, 887-895
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pared to the extrudates. This effect
could explain the higher stiffness
and breakage force of spherical pel-
lets with water contents less than
20 %.

4.2 Cyclic Loading of the Cylindrical Pellets

During the spheronization process, the cylindrical MCC pellets
are subjected to repeated stressing in order to achieve the
desired rounding. The influence of cyclic loading and unload-
ing on the deformation behavior of the cylindrical pellets was
examined. In Fig. 9, the force-displacement curves for a cyclic
loading-unloading test of a pellet with 37.2 % water content are
displayed. In each cycle, the pellet was loaded to a force of 75 %
of the average breakage force obtained by the experiments in
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Figure 9. Force-displacement diagram for a cyclic loading-un-
loading test of a wet MCC pellet (37.2 % water content).
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Sect. 4.1. The plastic strain, which is a ratio of the plastic defor-
mation over the initial diameter of the pellet, could be calcu-
lated by determining these data from the measurement. During
the first loading-unloading cycle, a plastic strain of 4.4 % was
obtained. The plastic strain decreased during further cycles,
e.g., in the second cycle a plastic strain of 0.7 % occurred.

In Tab. 2, the plastic strain for 100 pellets with a water con-
tent of 37.2 % as well as for 100 pellets with a water content of
1.3 % after each cycle is given. As already shown in Fig. 7, the
dry pellets deform not as much as the wet pellets during load-
ing. The average plastic deformation from the first to the sec-
ond cycle for the dry pellets was 1.9 %. Tab. 2 demonstrates that
the plastic strain of dry pellets under cyclic loading is less than
half the plastic strain for wet pellets.

In Tab. 2 also the stiffness for the dry and wet pellets is listed.
For the wet pellets, the calculated stiffness was determined in
the plastic deformation range, which is characterized by an
approximately linear slope of the force-displacement curves
(Fig. 6). From cycle1 to 2, there is an increase of 118.5% for
the wet pellets. As can be seen from the force-displacement dia-
gram in Fig. 9, the change from the second to the third cycle is
less significant, namely, an increase of 13.4 % for the wet pel-
lets. The dry pellets show a similar behavior, yet the differences
are less strong. From the first to the second cycle, there is an
increase of 34.2% for the dry pellets and of 2.22 % from the
second to the third cycle. These changes can be attributed to
the enlarged contact area due to plastic deformation and to
hardening of the material in the contact area.

4.3 Measurements of the Coefficient of Restitution

The measurements of COR were performed with the setup
described in Sect. 3.2. In order to prevent the pellets from dry-
ing during the experiments, the climate chamber was also used.
In contrast to spherical pellets, the COR for cylindrical pellets
also depends on the contact scenario, which means on the con-
tact angle O between the impact plate and the pellet, as can be
seen in Fig. 4. Therefore, the collision of the pellets was
recorded by two cameras and the velocities before and after the
impact are determined as:

2
Vy1 TV,
v = \/v§+v§ + (4“ 5 Z"Z) @)

Table 2. Dependence of the plastic strain and stiffness on the number of cycles

for wet and dry MCC pellets.

Where v, is the captured velocity in horizontal direction
from cameral, vy is the velocity in horizontal direction from
camera 2, and v,; is the velocity in vertical direction from each
camera. In Fig. 4, the location of the coordinate system is indi-
cated. The restitution coefficient is then calculated by the ratio
of the velocity after to before the impact (Eq. (6)). Caused by
different rotational movements of the cylindrical pellets during
acceleration, they hit the plate with different contact angles.
The COR for the wet cylindrical pellets could not be deter-
mined, because breakage occurred. Apart from the wet cylin-
drical pellets, the other pellets tested showed no breakage and
thus no loss of mass; therefore, the COR could be calculated by
the impact and rebound velocities.

In Tab.3, the average values of COR are given calculated
based on 100 repeated free-fall tests, respectively. As in the
compression tests, the wet pellets had a water content of 37.2 %
and the water content of the dry pellets was 1.3 %. In compari-
son with the quasi-static compression tests, the energy dissipa-
tion because of vicious shear flow is much higher due to the
capillary effects because of the higher Ca number of 0.027. The
wet pellets exhibit a much more plastic behavior during impact
than the dry pellets, resulting in the distinct decrease of the
COR. In the case of cylindrical pellets, a part of the impact
energy is transferred into rotational energy during rebound.

Table 3. Measured restitution coefficient (COR) of MCC pellets
during dynamic impact.

COR (mean + std. dev)

Dry spherical pellet 0.664 +0.057
Wet spherical pellet 0.110 £0.058
Dry cylindrical pellet 0.422 +£0.194

The first contact of the cylindrical pellet with the wall was
usually observed with one end of the pellet. As a result, the pel-
let starts to rotate during the rebound. It was observed that the
pellet rotates mainly around its center of gravity. Therefore, the
measured COR is generally lower compared to spherical dry
pellets. In addition, the different contact scenarios also have an
influence on the energy dissipation during the dynamic impact.
Depending on the angle of impact, the contact area is different
and due to an uneven pellet surface, several contact points can
occur during the impact. As a consequence, the standard devia-
tion of cylindrical pellets is much higher compared
to the spherical ones.

Plastic strain (mean + std. dev) [%] Stiffness (mean * std. dev) [Nmm '] 5

Wet pellets® Dry pellets” Wet pellets®

Conclusion

Dry pellets”

The deformation behavior of spherical and cylin-

Cycle 1 4.40 £0.14 1.86 £0.39 1.39+0.23 17.76 + 1.63 drical MCC pellets with different water contents
Cycle 2 069 + 0.14 0.19 + 0.09 304+ 025 23.83 + 0.84 were experimentally investigated by compression

and impact tests. The uniaxial compression tests
Cycde3  028+0.19 0.13 +0.05 344027 24.36 % 0.64 showed a high dependence of the deformation

337.29% water content; P1.3 % water content

behavior on the water content of the MCC pellets.
The obtained results indicate that the stiffness and
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breakage force of the pellets increase with the decreasing water
content. At low water content, the spherical pellets require a
higher force for breakage than the extrudates; however, at water
contents higher than 20 % no difference can be observed.

During the drying process, the water content decreases and
solid bridges are formed between primary particles. These solid
bridges are more stable than the capillary bridges. It can be
assumed that during the spheronization process more interpar-
ticle contacts are created which lead to an increasing number
of solid bridges. This effect could explain the higher strength of
the dry spherical pellets.

The degree of saturation of the extrudates during the extru-
sion can reach values close to 1. Assuming that the extrudates
are saturated, also the porosity does not change during sphero-
nization. Therefore, the hydro-textural state of the wet pellets
does not change during pellet rounding, which explains that
there is no difference in the deformation behavior for the cylin-
drical and spherical pellets with water contents higher than
20 %.

The measured average breakage forces were compared with
simulation results of the spheronization process with cylindri-
cal and spherical pellets. It could be shown that the average
breakage force is not reached for the spherical pellets, but for
the cylindrical ones. Thus, breakage is expected for the cylin-
drical extrudates while the spherical pellets do not break.

The analysis of the force-displacement curves obtained by
cyclic loading-unloading tests showed a more plastic behavior
of the material with higher water content. With an increasing
number of cycles the residual displacement decreases. Conse-
quently, the contact stiffness of the particles increases with the
number of cycles. These changes indicate that the repeated
mechanical stress leads to a larger contact area and resistance
of the material against deformation in the contact area.

The dry spherical pellets have the highest coefficient of resti-
tution, whereas the wet spherical pellets have a value close to 0
due to their high plastic deformation behavior. The COR of the
wet cylindrical pellets could not be measured since parts of the
pellets break off at impact. Compared to the dry spherical pel-
lets, the COR of the dry cylindrical pellets is lower. During the
rebound, a part of the kinetic energy is converted into rotation-
al energy. Additionally, the different contact scenarios of the
pellet with the surface have to be considered. Depending on the
angle of impact, the contact surface varies. Moreover, several
contacts can occur during impact due to the uneven pellet
surface. This influences the energy dissipation during the
impact.

The findings of this study can improve the accuracy of simu-
lation models in the prediction of the deformation and break-
age processes in spheronization of MCC pellets. The obtained
mechanical properties are essential parameters of the contact
models in the numerical simulation with the discrete element
method. Moreover, the results of this study can help to derive
meaningful data from simulation results.
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Symbols used

COR [-] coefficient of restitution
ds, [m] Sauter diameter

Egiss 1] dissipated energy

Eyin [J] kinetic impact energy
Eyinr 7 kinetic rebound energy

Peap [Nem™?] capillary pressure
S [-] degree of saturation

VR [ms™] velocity of the rebound
v [ms™] velocity of the impact
\%4 [m?] overall pellet volume
Vi [m®] volume liquid phase
Vs [m?] volume solid phases

w [%] water content

Greek letters

a [-]

correction factor

Vla [Nm™'] surface tension

0 [°] wetting angle

€A (-] porosity of an agglomerate

0 [°] contact angle between impact plate
and pellet

pL [kgm™] density liquid

ps [kgm™] density solid

o [Nem™] tensile strength

Abbreviations

MCC microcrystalline cellulose
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