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Abstract

The mechanical properties of compacts of unlubricated microcrystalline cellulose and silicified microcrystalline
cellulose were evaluated using the diametric tensile test. The results suggested that, under comparable testing
conditions, compacts of silicified microcrystalline cellulose exhibited greater strength than those of microcrystalline
cellulose. In addition to enhanced strength, silicified microcrystalline cellulose compacts exhibited greater stiffness and
required considerably more energy for tensile failure to occur. Comparison of the data with that obtained for a dry
blend of silicon dioxide/microcrystalline cellulose suggested that the functionality benefits of silicification were not due
to a simple composite material model. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Microcrystalline cellulose (MCC) is a widely
used tableting excipient. In terms of tableting
technology, the material is described as a ‘filler/
binder’ in that it is usually added to formulations
to enhance compactibility. Recently, a new,
modified MCC, silicified microcrystalline cellulose
(SMCC), has been developed that is reported to
exhibit improved binding functionality in both
direct compression and wet granulation (Sher-
wood and Becker, 1998).

When considering any apparent improved
strength benefits of an excipient, it is important to
understand the mechanisms of bonding in a com-
pacted material. The reported data for the im-
proved functionality of SMCC was obtained
using high-speed tableting. However, these data
do not explain the reasons for this improved
performance; in particular, whether it is solely a
SMCC interparticle interaction or some synergis-
tic effect is occurring in the presence of lubricant.

In terms of materials categorisation, MCC can
be considered to be a semicrystalline polymer. It
would be expected that the mechanical properties
of the polymer would be dominated by the crys-
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talline domains. This is particularly true for
semicrystalline polymers such as polyethylene. In
these types of ‘plastic’ polymer systems, process-
ing is achieved by thermally induced flow, i.e.
heating to the melting point (Tm) of the crystal-
lites; the glass transition (Tg) behaviour is of little
importance (in terms of processing). This is in
part due to the fact that even though these types
of systems can be considered to be random block
copolymer chains (crystalline/amorphous), the mi-
croscopic structure is essentially isotropic. This is
not true for MCC. Indeed, the structure of MCC
is complex but it can be considered to consist of
particulate aggregates of cellulose (Chatrath,
1992). It is generally accepted that the material
contains amorphous and crystalline regions as
well as other ordered structures (Doelker et al.,
1987). In terms of processing, MCC is treated
very differently from other polymer systems in
that Tm and Tg are not considered; the material is
simply compressed into a desired shape. As it is
unlikely that Tm will be reached, it will be the
properties of the cellulose structures (as particles
and polymers) that will dictate the compression
and compaction behaviour of the material. The
amorphous regions will be important in terms of
chemistry and Tg, especially when processing,
storage and testing conditions are considered. It
has been reported that silicification of MCC re-
sults in no discernible modification of MCC in
terms of primary structure (Buckton et al., 1999),
as well as particle size and distribution, porosity
and crystallinity (Tobyn et al., 1998). These latter
three particle characteristics will be crucial factors
in MCC compactibility. In order to try to under-
stand the mechanisms by which the functionality
of SMCC is enhanced, the materials (MCC and
SMCC) were studied as simple powders and com-
pacted in the absence of lubricants at a relatively
slow compression rate.

2. Materials and methods

2.1. Materials

Microcrystalline cellulose (Emcocel 90M,
MCC90 and Emcocel 50M MCCO50; Penwest

Pharmaceuticals Co., NY) and silicified micro-
crystalline cellulose (based on Emcocel 90M,
SMCC90, 2% w/w silicon dioxide content and
Emcocel 50M, SMCC50, 2% w/w silicon dioxide
content; Penwest Pharmaceuticals Co., NY) were
used as supplied. A ‘dry’ mix consisting of 9.80 g
Emcocel 90M and 0.20 g dried colloidal silicon
dioxide (15% dispersion w/v Cab-o-Sperse; Cabot
Corporation, USA) was prepared by low shear
mixing (Turbula). Powders were stored under am-
bient conditions; the temperature and relative hu-
midity were regularly monitored.

2.2. Preparation of compacts

Compacts were prepared by compacting pow-
ders (6 g) in a die (25 mm diameter, heat-treated
silver steel) using a load of 100 kN (200 MPa), at
a rate of 10 mm/min and a dwell time of 1 min
using an Instron 1185 test machine. Compacts
were tested on the same day as preparation, typi-
cally 3 h after compaction. This allows com-
paction and testing to be performed under
comparable ambient conditions (temperature and
relative humidity).

2.3. Testing of compacts

Diametric tensile testing was performed at 5
and 0.05 mm/min using an Instron 1125 test
machine. Tensile strength was calculated using the
failure load over the diametric area of the com-
pacts (Fell and Newton, 1972). Stress was calcu-
lated by dividing the applied load by the compact
cross-sectional area (diameter×height). Strain
was calculated as a percentage of the deformation
divided by the original diameter.

3. Results

There are many variables that need to be con-
sidered when comparing experimental data ob-
tained for materials. This is especially true for
compacted powders. When pharmaceutical pow-
ders are compacted, data such as crushing
strength or tensile strength is often reported to
describe the integrity of the compact. It is impor-
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tant to remember that the compaction and testing
conditions will affect the resulting test data of the
same material under investigation, which makes
comparisons with literature values difficult. In
general, there are three main sets of variables that
need to be considered when comparing the me-
chanical properties of compacted powders:
1. compact preparation and testing conditions;
2. powder and compact storage conditions;
3. powder and compact characteristics.

Compaction and testing conditions can be con-
trolled, and it is the interpretation of the ‘sample
characteristics’ that are likely to be the key to
understanding the properties of compacted mate-
rials. This is a complex subject area and covers:
particle size, distribution and shape, chemical
composition, surface area, porosity, crystallinity,
batch-to-batch variability, etc.

In the case of the present study, the base mate-
rial in MCC and SMCC is similar in that the
cellulose polymers will have comparable charac-
teristics, i.e. molecular weight (Mw) and molecular
weight distribution (polydispersity); these two
characteristics will affect melt viscosity. As previ-
ously stated, it has been reported that there are no
significant differences in the particle size and dis-
tribution, porosity and crystallinity of the cellu-
lose in MCC90 and SMCC90 (Tobyn et al., 1998).
This alleviates some of the problems discussed
previously concerning quantifying apparent differ-
ences in properties of materials. It has been re-
ported that silicification of MCC results in a
marked difference in surface topography and that
silicon dioxide appears to be primarily located in
the surface of SMCC particles (Edge et al., 1999).
This would be expected to have an effect on the
compactibility of MCC since surface roughness is
reported to influence interfacial adhesion in
MCC/MCC laminates (Karehill et al., 1990). In
order to evaluate the effect of this apparent sur-
face modification, compacts of MCC and SMCC
were prepared and mechanically tested using the
diametric tensile test. One important aspect of
pharmaceutical mechanical testing is to prepare
and test samples using the same protocols. Addi-
tionally, it is essential that compacts of compara-
ble density are prepared since porosity (as in
relative density) has a marked effect on strength.

Indeed, relative density can be a more useful
representation of the total stress that a powder
bed has experienced during the compaction cycle.

3.1. Determination of suitable compaction and
testing protocols

Before the mechanical properties of compacted
powders can be compared, it is important that
reproducible compaction and testing protocols are
used. Not only will this produce reproducible
data, but the evaluation of suitable conditions
may allow any apparent differences in properties
to be magnified. For our powder compaction
studies, many compression rates and testing con-
ditions, including the effect of variations in ambi-
ent temperature and humidity, were studied until
satisfactory protocols were identified.

3.2. Diametric tensile testing

A variety of techniques have been used to in-
vestigate the mechanical properties of compacted
pharmaceutical powders (Davies and Newton,
1996). The diametric tensile test is an indirect
method of determining the tensile strength of
homogeneous disk-shaped materials. The test is
widely employed for testing the strength of phar-
maceutical (Karehill and Nyström, 1990; Elamin
et al., 1994) and ceramic (Thoms et al., 1980)
compacts. In this test, tensile failure is a result of
the application of a compression load normal to
the compaction direction. This is in contrast to a
‘true’ tensile test, where materials are tested in
tension and no compression load is applied to the
sample in the direction normal to the tensile
stress.

3.3. Tensile strength

The tensile strength of compacts of SMCC and
MCC were determined using the diametric tensile
test at 5 mm/min. Eight replicate samples of each
excipient were tested. The results are shown in
Table 1. It can be seen from Table 1 that, as
expected, MCC50 produces stronger compacts
than MCC90 (Bolhuis and Chowhan, 1996). Sili-
cification appears to produce compacts of similar
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strength, at comparable silicon dioxide contents,
for the two typical grades tested. In addition, the
apparent strength benefit of silicification appears
to be greater for the larger particle-sized MCC90,
under these specific conditions, possibly reflecting
increased surface coverage of silicon dioxide of
the larger particle sized 90 mm grade.

3.4. Toughness

Tensile strength (or crushing strength) is often
used to describe the strength of a compact. How-
ever, this measurement does not fully reflect inter-
and intraparticle cohesion within a compact. The
cohesion (integrity or binding capability) in a
compact may be further represented by the energy
of failure. The energies of failure during diametric
tensile testing at 5 mm/min (Table 1) were calcu-

lated by integration of the area under the load/
deflection curve of the tensile test. The results for
MCC90, SMCC90 and a dry blend of MCC90
and silicon dioxide (2% w/w), together with the
maximum deflection data, are given in Table 2. It
can be seen from Table 2 that silicification pro-
duces compacts of greater ductility (deflection un-
der load) than MCC. However, the effect on the
energy of failure is even more pronounced, with
an increase of over 50% in value (under these
conditions). In addition, the tensile strength, en-
ergy of failure and ductility of compacts of a dry
blend of MCC90 and silicon dioxide (2% w/w)
were less than those for pure MCC90.

3.5. The effect of test rate

The values describing the mechanical properties
of materials are usually strain rate dependent, i.e.
they vary according to the rate at which the stress
is applied to the sample (test rate). This phe-
nomenon has previously been reported for MCC-
based tablets (Rees et al., 1970). Our preliminary
investigations to determine compaction and test-
ing protocols confirmed this for MCC. In order to
understand more fully the effect of test rate on
apparent mechanical properties, compacts of
MCC and SMCC were tested at the slower rate of
0.05 mm/min. The tensile test data was integrated
to calculate the energies of failure, and the results
are shown in Table 3. It can be seen from Table 3
that, again, silicified MCCs produce compacts
which exhibit greater tensile strength, greater duc-
tility and greater energies of failure than their
respective unmodified MCCs, in agreement with
the data in Table 2. The values of tensile strength
are apparently lower than values obtained at the
rate of 5 mm/min, which suggests that, as ex-
pected, the apparent mechanical properties of
MCCs are strain rate dependent. It is also clear
that the strain rate dependence of the mechanical
behaviour of MCC has not been changed by the
silicification process.

3.6. Effecti6e stiffness

The slopes of the load/deflection and stress/
strain curves can give an indication of the resis-

Table 1
Tensile test data for compacts of MCC, SMCC and a blend of
MCC90 and dried colliodal silicon dioxidea

Sample Tensile strength (MPa) Density (g/cm3)

MCC50 11.590.3 1.4590.03
13.090.3SMCC50 1.4290.02
10.590.2MCC90 1.4590.02
12.790.2SMCC90 1.4590.02

1.4490.029.190.2Blendb

a Powder (6 g) compressed using a load of 100 kN at 10
mm/min, with a dwell time of 1 min. Tested at a rate of 5
mm/min. Values after 9 represent the range of measurements
(n=8).

b MCC90 and dried colloidal silicon dioxide (2% w/w).

Table 2
Mechanical properties of compacts of MCC90, SMCC90 and
a blend of MCC90 and dried colliodal silicon dioxidea

Sample Deflection Ef (J)Tensile strength
(MPa)(mm)

MCC90 0.8690.01 10.590.2 1.690.1
12.790.21.1190.02 2.690.1SMCC90

0.7090.03 9.190.2 1.290.1Blendb

a Powder (6 g) compressed using a load of 100 kN at 10
mm/min, with a dwell time of 1 min. Tested at a rate of 5
mm/min. Values after 9 represent the range of measurements
(n=8).

b MCC90 and dried colloidal silicon dioxide (2% w/w).
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Table 3
Mechanical properties of compacts of MCC and SMCCa

Deflection (mm) Tensile strength (MPa)Sample Ef (J)Test rate (mm/min) Density (g/cm3)

0.8890.02 10.390.2 1.790.1MCC90 1.4590.015
0.7390.02 8.990.30.05 1.290.2MCC90 1.4490.01
1.1390.03 12.790.3 2.690.1 1.4490.01SMCC90 5
0.9690.04 11.190.4 2.090.2 1.4590.010.05SMCC90

a Powder (6 g) compressed using a load of 100 kN at 10 mm/min, with a dwell time of 1 min. Tested at a rate of 5 and 0.05
mm/min. Values after 9 represent the range of measurements (n=4).

tance of a material to deformation, i.e. the effec-
tive stiffness or stiffness. The data (load/deflec-
tion), for compacts of SMCC90 and MCC90 that
were subjected to diametric tensile testing (at 0.05
and 5 mm/min), were converted to stress/strain
curves. A typical set of stress/strain curves is
shown in Fig. 1. The data in Fig. 1 suggest that
silicification produces a material which, when
compacted, exhibits a slightly greater stiffness
normal to the compaction direction when tested
at the slow test rate of 0.05 mm/min. Testing at 5
mm/min resulted in similar load/deflection and
stress/strain curves for both sets of materials. All
the samples tested exhibited this mechanical be-
haviour. In addition, the similarity in stiffness of
the different materials suggests the presence of
similar bonding mechanisms (under these condi-
tions).

3.7. Reinforcement mechanisms

Simple compaction and testing of powders of
SMCC and MCC has suggested that SMCC ex-
hibits enhanced tensile strength compared with
MCC. If SMCC was a simple composite of MCC
and silicon dioxide then, under comparable test-
ing conditions, its maximum strength (in tension
and compression) can be very roughly approxi-
mated to:

scomposite=sMCC6MCC+sSD6SD

where s is the strength and 6 the volume fraction.
The tensile test data for SMCC, MCC and a

blend of MCC and silicon dioxide suggest that the
strength of compacts of SMCC is greater than
would be expected for a simple composite, given
that compacted silicon dioxide is a very brittle

material. However, the preparation and testing of
a homogeneous blend that contains silicon diox-
ide particles of similar size to those in SMCC
would address this hypothesis. This probably
reflects the method of silicification in that the size
and distribution of silicon dioxide aggregates and
the MCC/silicon dioxide interfacial adhesion de-
termines the compactibility of SMCC. The
strength enhancement in SMCC compacts may be
as a consequence of mechanical reinforcement.

4. Conclusions

The compaction of MCC and SMCC at a
relatively slow compression rate results in com-
pacts of comparable relative density, suggesting
that the two materials exhibit comparable com-
pression behaviour. The tensile strength (diamet-
ric tensile test) of compacts of SMCC was found
to be greater than that of the respective MCC, the

Fig. 1. Stresss/strain data of compacts of MCC90 (– – –) and
SMCC90 (——) from the tensile test experiments of Table 3.
Tested at 5 and 0.05 mm/min.
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apparent enhancement being greater for the larger
90 mm particle-sized grade. The effect on compact
toughness was even more pronounced, the ener-
gies of failure being significantly greater for com-
pacts of SMCC. Again, the effect was greater for
the larger particle-sized 90 mm grade. These ap-
parent differences in mechanical strength cannot
be satisfactorily explained in terms of modifica-
tions of the particle size, porosity or crystallinity
of SMCC. Our examination of the failure surfaces
using scanning electron microscopy suggested that
when compacts of MCC fail during testing, the
failure primarily occurs at the interparticle inter-
faces. The mechanical data together with the com-
parable densification characteristics of MCC and
SMCC suggest that this apparent strength en-
hancement may be a consequence of an interfacial
interaction rather than modification of bulk MCC
properties. These data are in agreement for data
reported for lubricated SMCC and MCC tablets
in that silicification of MCC appears to produce
materials with greater binding capability. In the
test rate regimes used, it has also been shown that
the higher the rate, the higher the apparent
strength.
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