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Effect of Porosity on Strength Distribution of Microcrystalline Cellulose
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Abstract. Fracture strength of pharmaceutical compacts varies even for nominally identical samples, which
directly affects compaction, comminution, and tablet dosage forms. However, the relationships between
porosity and mechanical behavior of compacts are not clear. Here, the effects of porosity on fracture
strength and fracture statistics of microcrystalline cellulose compacts were investigated through diametral
compression tests. Weibull modulus, a key parameter in Weibull statistics, was observed to decrease with
increasing porosity from 17 to 56 vol.%, based on eight sets of compacts at different porosity levels, each
set containing ~50 samples, a total of 407 tests. Normal distribution fits better to fracture data for porosity
less than 20 vol.%, whereas Weibull distribution is a better fit in the limit of highest porosity. Weibull
moduli from 840 unique finite element simulations of isotropic porous materials were compared to
experimental Weibull moduli from this research and results on various pharmaceutical materials. Devia-
tions from Weibull statistics are observed. The effect of porosity on fracture strength can be described by a
recently proposed micromechanics-based formula.
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Weibull modulus.

INTRODUCTION

Mechanical properties of compacted powders are impor-
tant in understanding the behavior of pharmaceutical mate-
rials during compaction, comminution (1), and as tablet
dosage forms (2). Fracture behavior of Avicel powders has
been reported for tensile (3), three point bending (4), and
diametral compression (5) tests. However, even the nominally
identical pharmaceutical tablets break at different loads
(6-13). In this context, statistical functions such as Weibull
distribution (14,15) has been used in pharmaceutical sciences to
describe tablet strength (6-13), pellet strength (16,17), tablet
brittleness (18), disintegration time (19), dissolution rate
(20-22), stability (shelf life) (23), and compaction behavior
(24). Tablet strength is also closely related to disintegration
time (25,26). Despite the common use of Weibull distribu-
tion in mechanical characterization of tablet dosage forms
(6-13), the effect of porosity on Weibull statistics (27) and
associated deviations (28) are unclear.

Conventionally, pharmaceutical tablets are defined as
powder compacts consisting of active and inactive ingredi-
ents. Variables that influence tablet strength include porosity
(8,29-31), porosity gradient, spatial distribution of pores
(27), powder size distribution (32,33), powder aspect ratio
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(34), humidity (2), speed of compaction (8), coating (35),
type of the fracture test (8,36), loading rate during testing
(18), tablet volume (18,31), tablet material (6) and compo-
sition (18), lubrication (33,37), temperature, and processing
history of the compaction powder. Thermal fatigue and
humidity fatigue can also affect tablet strength variability.
Limited precision in commercial manufacturing of tablets
also causes variations in tablet thickness, porosity, and
weight, which, in turn, introduces variability in fracture
strength (7,9,12,13). In this context, Weibull or normal dis-
tributions are commonly used to quantify the fracture
strength variation (6,12).

The two-parameter Weibull distribution has been used to
quantitatively describe the variation in fracture strength
(14,15):

F(o,V) =1-exp {_VLO (i>m} 1)

g0

where the failure probability (F) is related to the uniaxial
homogeneous tensile stress (o) and the specimen volume
(V); Vy is the normalizing volume. The Weibull modulus “m”
(shape parameter) has an inverse relationship with the
scattering of strength, ie., higher m means lower strength
variability and vice versa. Characteristic strength, g, (scale
parameter) corresponds to the failure probability at 63%.
Weibull distribution describes an increase in the failure
probability with an increase in the sample volume. Howev-
er, the stress term (o/co)” has the power of Weibull
modulus, whereas the volume term V/V, has the power of 1.

1530-9932/15/0600-1455/0 © 2015 American Association of Pharmaceutical Scientists



1456

Accordingly, the effect of specimen volume on the failure
probability is limited for the compacts that have nominally the
same size. Therefore, the volume term is assumed to be one,
which should be included in a Weibull analysis when
investigating the effects of specimen size or testing type (38,39).

Weibull arrived at Eq. 1 based on a heuristic approach.
Later, a direct mathematical relation between the Weibull
distribution and Cauchy-type crack size distributions through
fracture mechanics and weakest link theory was reported by
Freudenthal (40). A physical relationship between the Weibull
modulus and experimental crack size distribution of glass (41)
was obtained by Jayatilaka and Trustrum (42). In general, if
the crack size distribution is an inverse power law function
f(a)oca™*, the fracture behavior obeys a Weibull distribution.

Weibull analysis requires that cracks do not interact, the
crack size distribution does not change throughout the mate-
rial and with the size, and that the material is under a uniaxial
homogenous tensile stress. As a result, the Weibull modulus
can only be regarded as a material property if the fracture
behavior does not change with size and shape, in addition to
the previous requirements.

However, in porous materials, stress interactions between
pores (27) and other micromechanical inhomogeneities exist; thus,
conventional Weibull theory cannot be applied. Nonetheless, any
fracture data can be fitted to a Weibull distribution, but often
deviations from Weibull behavior occur (28). Weibull modulus
has been reported to change with the introduction of notches
at various angles for graphite and silicon nitride specimens
(43), which indicates an increased complexity in estimation of
Weibull parameters for notched or embossed tablets.

Statistical investigation of fracture behavior requires a
significant number of fracture tests to obtain reliable statistics.
For ceramics, the number of specimens should be larger than
30 based on the standard ENV 843-1 (44). In addition, the
relative error in estimated Weibull modulus does not decrease
significantly for N>40 (45). These values, N>30, are larger
than the suggested number of test specimens ten in European
Pharmacopoeia (46) and six in US Pharmacopoeia (47).
Pitchumani er al. (16) used a robotic compression tester to
investigate crushing force of microcrystalline cellulose (MCC)
pellets (particle size is 1010-1050 pm, N=64) and reported a
Weibull modulus equal to 6. A similar approach can be
extended to different testing geometries to obtain better
statistics for pharmaceutical materials.

The only extended experimental study on fracture prob-
ability for MCC is by Sonnergaard (6), which reports coeffi-
cient of variation (CV) for the crushing force together with an
equation to calculate Weibull modulus from CV. One hundred
tablets of Avicel PH 102 containing 0.5% magnesium stearate
were tested at three different porosity levels. The Weibull
moduli for MCC decreased with increasing porosity (6). It
should be noted that the crushing force is related to sample
thickness. Therefore, these results cannot be directly used to
infer effect of porosity on Weibull statistics.

It is important to have an understanding of the statistical
distribution that describes fracture strength because a normal
distribution of fracture strength is required for parametric
inference tests such as the ¢ test, F test, and analysis of vari-
ance (6). In addition, porosity directly affects fracture vari-
ability and fracture strength, which are directly related to the
milling process (6-9,12,13).

Keles er al.

Accordingly, the aim of this study is to investigate the
effect of porosity on fracture variability in Avicel PH 200
compacts through diametral compression test. Eight sets of
about 50 specimens—a total of 407 specimens—were tested.
Porosity levels between 17 and 56 vol.% were chosen because
this level includes common porosity levels for roller
compacted ribbons and tablets (4). Chi-squared and Ander-
son-Darling goodness-of-fit tests were used to compare nor-
mal and Weibull distribution fits to fracture data.
Experimental Weibull moduli were compared with the litera-
ture data and finite element simulations of microstructures
containing uniform pores.

MATERIALS AND METHODS

Experimental Procedure

Avicel PH 200 microcrystalline cellulose (provided by
FMC BioPolymer) powder was used to produce compacts;
these compacts are used to simulate tablet porosity effects.
According to the manufacturer, the nominal particle size
of Avicel PH 200 is 180 um. Powder was weighted using a
Shimadzu AUW320 analytical scale with great care to
avoid variability in weight, which, in turn, affects final
thickness of the tablet. This is not the case for the com-
mercial filling (8). Tablet porosity values were calculated
using a true density of 1.46 g/cm® for MCC, which was
based on a report from Sun (48).

Flat-faced cylindrical compacts in ~10 mm diameter
and ~2.5 mm thickness were compressed using an Instron
5800 testing machine at a rate of 6 mm/min. This relatively
slow compaction speed, 0.1 mm/s, alleviates the local tem-
perature increases during compaction and limits the effect of
temperature on fracture behavior of compacts (49). Dwell
time was set to 0 s. The testing machine was set to a load
limit to achieve constant size for each tablet. Tablets in each
porosity level were compacted nominally to the same size to
avoid possible size effects on fracture strength and scatter-
ing. A decrease in porosity was achieved by compacting a
smaller amount of powder at a lower compaction load
(Table I).

After ~24 h of compaction, a diametral compression test
was performed on compacts using an Instron 5800 machine
with a loading rate of 1 mm/min except for the set with
36.1 vol.% porosity, which was tested after 7 days. Fracture
strength (o) was calculated through (50):

ot =2F/rnDt (2)

where F is the load at fracture, D is the diameter and ¢ is
the thickness of the compact. The ratio of the thickness
() and diameter (d) of compacts was ~0.25, which is in
the range of suggested values between 0.25<t/d'<0.5 for
diametral testing (7).

The number of specimens for each porosity level was
set to ~50 to meet the ENV 843-1 standard requirement
of at least 30 samples (44) and to obtain better statistical
significance (45).

Weibull modulus and characteristic strength values were
estimated by the maximum likelihood (ML) method because
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Table I. Weibull statistics of Avicel PH 200 compacts of the present study estimated from diametral compression tests

% test P value

AD test P value

Material M oo (MPa) P (vol.%) N Weibull ~ Normal  Weibull Normal RH (%) S (MPa) w (mg)
MCC 37 (31-44)  5.89+0.17  16.8+0.6 50 0.07 0.74 0.24 0.85 59 115 244
MCC 32 (28-38) 5.67+0.18 17.0+£1.2 50 0.24 0.53 0.26 0.79 47 115 243
MCC 44 (38-52)  5.18+0.12  18.4+0.6 54 0.07 0.96 0.66 >0.99 61 115 240
MCC 24 (20-29) 3.75+0.21 25.3+0.5 50 0.02 0.01> 0.61 0.14 53 70 219
MCC 13 (10-15)  1.47+0.15  36.1+1.3 48 0.03 0.01 0.57 0.23 81 37 187
MCC 11 (9-13) 0.79+0.08 39.9+0.7 50 0.01> 0.01 0.17 0.17 50 21 172
MCC 17 (15-20)  0.62+0.04  45.4+0.7 52 0.07 0.33 0.27 0.77 31 19 158
MCC 9 (8-11) 0.21+0.03 55.8+0.7 53 0.98 0.36 0.95 0.87 57 8 129

P values of Pearson 3> and Anderson-Darling (AD) goodness-of-fit test results for Weibull and normal distribution were generated using
Mathematica 9 (Wolfram). A higher P value indicates a better fit

m is the Weibull modulus, o is the characteristic strength, P is the porosity, N is the number of the samples tested, RH is the relative humidity

during testing, S is the compaction pressure, w is the weight of the powder

ML estimators asymptotically become unbiased and minimum
variance as the sample size increases (51). Pearson 3> and
Anderson-Darling (AD) tests were used to quantify the good-
ness of fit and demonstrate a preference between Weibull and
normal distributions (ND). The difference between Pearson
»* test and Anderson-Darling test is that AD test puts more
emphasis on the upper and lower tail of the distribution than
Pearson x2 test.

Theoretical Framework

The details of the numerical procedure can be found in
(27). Briefly, finite element simulations on 840 unique two-
dimensional microstructures containing uniform non-
overlapping circular pores up to 31 vol.% were performed to
obtain stress distributions under tensile loading. The stress
distributions around pores were combined with classic
fracture mechanics. On each pore surface, cracks were
randomly generated from a normal distribution with a
mean=8.8 um and standard deviation=2.8 pm. These mi-
crostructures contain non-overlapping circular pores of
diameters: 48, 80, 120, and 160 pm. The fracture statistics
in the simulations depend on pore-pore stress interac-
tions, crack size, and crack orientation (52).

RESULTS AND DISCUSSION

Effect of Porosity on Fracture Strength of Avicel PH 200
Compacts

An increase in porosity should decrease the fracture
strength of all dense brittle materials. All results here are
consistent with this expectation. The change in fracture stress
of Avicel PH 200 compacts with porosity is given in Fig. 3
together with Avicel PH 102 (53) and Emcocel 90M (37); all
tests were performed on flat faced tablets under diametral
compression. Cracks started at the center of the compacts
(Fig. 1). Crack initiation and propagation at the center of the
tablet indicates that the use of Eq. 2 and the calculated frac-
ture strengths are valid. However, with porosity levels below
the levels used in this study, flattening of the samples may
compromise use of Eq. 2. This flattening will result in a
deviation from the ideal contact situation, which is assumed

for Eq. 2. Further discussion about the diametral compression
test and a review of other mechanical tests that are performed
on pharmaceutical tablets can be found in Podczeck (12).
Various functions have been suggested to describe the relation-
ship between fracture strength and porosity such as power law
o=00exp(—bP/100), op=co(1-P/100)" (54), o=00A,(1-PIPg)"
(55), and exponential o=0coexp(—bP/100) (56,57). However,
these equations lack a physical microstructure-based explana-
tion for the decrease in op with increasing porosity. Recently,
finite element simulations on isotropic porous materials showed
that there is a slow decrease in o up to 5 vol.% porosity,
followed by a steeper decrease between 5 and 20 vol.%
porosity, and a less steep decrease in oy for P>20 vol.%
(27). Accordingly, there are two plateaus in the decrease in
fracture strength: at low P>5 vol.% and high porosity P>20
vol.%. This oy versus P behavior was fitted by

Of = Omax—TdeceXp(—d/P) (3)

where o,y 1S the maximum fracture strength at the lowest
porosity level, o4 is related to the o¢ decrease up to the
highest porosity, and d is related to the steepness of the oy
decrease (27). The higher the d value, the steeper the fracture
strength decrease. All the data in Fig. 3 were fitted to Eq. 3,
assuming zero strength at 60 vol.% porosity, as shown by the
dashed line in Fig. 3. Although the Avicel PH 102 and
Emcocel 90M have similar nominal powder size ~100 pum,
fracture strength of the Emcocel 90M is higher, which can be
due to testing conditions such as humidity. Overall, fracture
strengths of three different MCC compacts follow a similar
trend and Eq. 3 describes the change in oy with porosity.

The high porosity plateau starts around P=35 vol.%. This
observation can be related to the change in crack tip yielding
that was reported for the Avicel PH 102 compacts at
~30 vol.% (3) and the change in the degree of deformation
at the particle level for compaction pressures above ~80 MPa
(58). Furthermore, MCC compacts were reported to have a
linear relationship between fracture strength and compaction
pressure up to 27 vol.% porosity corresponding to 100 MPa
and a nonlinear behavior for lower porosity levels (59). As the
Avicel PH 200 compacts of ~36 vol.% porosity were
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Fig. 1. Scanning electron micrographs of a as-received Avicel PH 200
powder containing various shapes of particles, b compact with
~18 vol.% porosity showing the deformed particle shape, and ¢ com-
pact with ~56 vol.% porosity showing the preserved particle shape

compressed at 37 MPa, particle deformation is limited to the
interparticle contacts. Accordingly, fracture is mainly due to
interparticle separation for porosity levels higher than ~35%.
The particle shape and size of as-received Avicel PH 200 are
given in Fig. 2a. Deformed particle shapes for P=18 vol.%
(Fig. 2b) and preserved particle shapes for P=56 vol.%
(Fig. 2¢) in fractured compacts indicate that higher porosity
tablets fail through interparticle separation. As a result, a less
steep decrease in oy is observed for P>~35%, which is related
to the decreasing contact area between particles.

Fracture tests were performed after 24 h of compaction
except for the set with P=36 vol. %, which was performed after
7 days. Haware et al. (5) reported that stored elastic energy is
recovered after 24 h and does not change significantly after up
to 7 days for the Avicel PH 105 and other pharmaceutical
materials. The majority of the elastic recovery occurs imme-
diately after tablet ejection and is complete after 24 h. The
slow recovery is due to the viscoelastic behavior of microcrys-
talline cellulose (5).

Keles er al.

Despite the viscoelastic behavior of MCC, the compacts
of Avicel PH 200 were reported to have similar fracture
strengths: 7.90 MPa for a compaction speed of 10 mm/s and
7.64 MPa for 100 mm/s with a dwell time of 0 s (5). Accord-
ingly, the present fracture strength data for the compaction
speed of 0.1 mm/s are likely relevant for compacts that are
produced at higher speeds.

Mechanical properties of MCC compacts are sensitive to
the humidity (60,61). Malamataris et al. reported an initial
plateau following a decrease in fracture strength of Avicel
PH 101 compacts of 10% porosity with an increase in relative
humidity (60); these compacts have lower porosity than the
highest density compacts tested here. Similarly, Amidon and
Houghton investigated the effect of moisture on Avicel PH
101 compacts of ~40% porosity (61). They found that the
fracture strength and hardness values were insensitive to the
water content of MCC up to 5% moisture content, which
corresponds to ~50% relative humidity (61). The difference
in fracture strength of compacts was 9%, for an increase in
relative humidity from about 0% to 68% (61). In the present
study, all the compacts were tested under a relative humidity
level between 31% and 61%, except one set with 36 vol.%
porosity at RH=81%. Accordingly, the effect of humidity on
compact strength is expected to be smaller than the effect of
porosity. In addition, the fracture strength of the compacts
that were tested at RH=81% follow a similar trend compared
to the rest of the data and other studies on Avicel PH 102 (53)
and Emcocel 90M (37), Fig. 2.

Particle size has been observed to affect fracture behavior
of compacted tablets (8,31,33,62). Almaya and Aburub re-
ported that a decrease in particle size from 180-250 pm to
<74 pm increased the tablet strength (o) for Avicel PH 200
and Avicel PH 302, and decreased the o for Avicel PH 102
(all the changes are <5%) (33). In addition, the oy for
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Fig. 2. Effect of porosity on fracture strength of Avicel PH 200 com-
pacts tested under diametral compression is shown for the present
study (circle) (average of ~50 samples, standard deviations are given
in Table I), for Avicel PH 102 flat faced tablets (triangle) digitized
from Fig. 4 of (53), and for Emcocel 90M (square) digitized from Fig. 3
of (37). All the data in the figure is fitted to =0 max—0 geceXp(—d/P),
dashed line, which was proposed in our earlier work (27). The fitting
parameters are omax=12.9,04..=16.6,d=14.3, assuming zero strength at
60 vol.% porosity
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Fig. 3. Representative pictures of fractured tablets at various volume percent of porosity, P: a P=17%, b P=25%, ¢ P=36%, d P=40%, e
P=45%, and f P=56%. Shear cracks in ¢ occur after propagation of the central crack, when the test is not stopped

Avicel PH 101 was shown to increase with decreasing
powder size (31). For the Sorbitol Instant compacts, larger
particle size (>710 um) resulted in higher tablet strength
than smaller ones (355-500 pm) (8). The effect of particle
size on tablet strength is also dependent on porosity. An increase
in porosity results in similar fracture strengths for compacts with
different particle sizes; thus, particle size effects are prominent at
porosity levels less than ~10 vol. % (8).

Fracture strength of MCC compacts also depends on the
crystal structure and the amount of amorphous phase, which
can be induced by deformation. However, different analytical
tests result in range of values for the degree of crystallinity;
thus, complementary techniques are required to obtain accu-
rate degree of crystallinity (63). The crystallinity of Avicel
powders was reported to change with the compaction pressure
(64,65). Avicel PH 101, PH 102, and PH 302 show an increase
in crystallinity for compaction pressures up to ~10 MPa, fol-
lowing a decrease with increasing compassion pressure
(64,65). These changes in crystallinity can change the bonding
between particles, which can be amorphous to amorphous,
amorphous to crystalline, crystalline to crystalline, or mixed.
In addition, stresses that arise during compaction are inhomo-
geneous (66) and the crystallinity is expected to vary through-
out the compact. Therefore, bonding strength can vary in
tablets, affecting fracture strength, and statistics. Accordingly,
the fracture strength of MCC has been reported to decrease
with increasing amorphous content (67).

Effect of Porosity on Weibull Modulus of Avicel PH 200
Compacts

Weibull moduli of the Avicel PH 200 compacts decreased
with increasing porosity, i.e., higher porosity compacts have
lower reliability (Fig. 4). A statistically significant decrease in
m value from ~35 at P =17 vol.% down to 13 at P=36 vol. % is
observed. For porosity levels higher than 36 vol.%, moduli
stay below 17 up to P=56 vol.%. The Weibull moduli varied
even for the sets containing very close porosity levels 16.8,
17.0, and 18.4 vol.%. However, the m values are higher than
30 for these three porosity levels, which is higher than for
many high quality technical ceramics (38). This observation
indicates that the fracture strength can vary from batch to
batch even for highly controlled tests.

The increase in Weibull moduli at low porosity levels can
be explained through the increased homogeneity of the com-
pacts. To achieve low porosity, MCC powders go through a
relatively high plastic deformation, which, in turn, results in
similar microstructures; thus, the distribution of compact
strength narrows, whereas, at high porosity, the arrangement

of powders can vary significantly. As a result, compacts can
have pore structures favoring low o¢, or if the pores are
distributed homogeneously, fracture strength would be higher.
The presence of both high and low o values decreases Weibull
modulus.

Both %* and AD goodness-of-fit tests resulted in higher P
values for normal distribution than Weibull distribution for
compacts with porosity <18.4 vol.% coressponding to the
lowest three porosity levels. Higher P values indicate a better
fit to the fracture data. All the P values for x2 and AD tests
are given in Table I. The good fits to the normal distribution at
low porosity levels (P<20 vol.%) assure a safe use of ¢ in
parametric inference tests. Weibull distribution is favored by
the AD test in three of eight sets at P of 25, 36, and
56 vol.% (P=56 vol.% also favored by the x? test). Fracture
data at P=40 vol.% fit to normal distribution as good as
Weibull because the P values from x> and AD tests are very
close (Table I). Consequently, a larger number of specimens
are required to distinguish between different distributions.

The Weibull plot is a common way to visualize fracture
data that are fitted to a Weibull distribution (38). Fracture
data for Avicel PH 200 compacts together with the fitted
Weibull distributions (dashed lines) are shown in Fig. 5. The
fitted distributions result in a line in Weibull plot, where the
Weibull modulus is the slope of this line. As the fracture data
do not perfectly fit to Weibull distribution, deviations from the
straight line occur. Especially in porous materials, pore—pore
stress interactions result in various types of deviations: N-
(negative), P- (positive), or S-type (28). If the lower tail of a
fracture data deviates towards the mean oy, a P-type deviation
occurs. If the lower tail of a fracture data deviates away from
the mean oy, an N-type deviation occurs. If both the upper and
lower tails of a fracture data deviate towards the mean oy, an
S-type deviation occurs. The fracture data of the lowest three
porosity level fit better to ND; thus, a P-type deviation from
WD is observed (Fig. 5). For the fracture data of the highest
three porosity levels, P-type deviations are also observed,
which represents a group of weaker tablets in the whole
fracture data. Whereas, the compacts with 25 and 36 vol.%
porosity do not reveal any strong deviation.

Porosity Versus Weibull Modulus of Avicel PH 200 Compacts:
Comparison With Literature and Finite Element Simulations

The change in Weibull modulus with porosity for Avicel
PH 200 compacts, other pharmaceutical tablets, and simula-
tion results is shown in Fig. 6. Table II summarizes the details
of the tests under diametral compression, and Table III is for
flexural bending.
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Fig. 4. Weibull modulus as a function of porosity for Avicel PH 200
compacts (circle). Error bars indicate 90% confidence interval. Details
of the tests are given in Table I

The only extended study on Avicel PH 102 is by
Sonnergaard (6), which reports the coefficient of variation
(CV) for a wide range of materials together with an equation
to calculate Weibull modulus from CV. Sonnergaard’s study
on Avicel PH 102 tablets reports a decrease in m value for
increasing porosity (6), but the Weibull moduli are higher than
the moduli of the present Avicel PH 200 compacts. Reasons
for the higher modulus could be (a) the use of magnesium
stearate as a lubricant, which can affect the fracture behavior
and elastic recovery behavior, (b) the use of smaller particle
size¢ MCC (Avicel PH 102, with a particle size of 100 pm
compared to Avicel PH 200 with a particle size of 180 pum),
and (c) the low resolution of testing (1 N), which bins the
fracture strength data into 1-N intervals (6).

Sonnergaard reported a similar favoring of normal distri-
bution over Weibull distribution for Avicel PH 102 compacts
using the #> test (6). The fracture behavior of porous zinc
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Fig. 5. Weibull plot showing the effect of porosity on the variability of
fracture strength of Avicel PH 200 compacts for (decreasing porosity from
left to right): red ex symbol P=55.8% orange ex symbol P=45.4% light
orange ex symbol P~39.9%, yellow symbol P=36.1%, gray ex symbol
P=253%, blue ex symbol P=18.4%, violet ex symbol P=17.0%, and
green ex symbol P=16.8%. Dashed lines represent the Weibull fits to
each set of fracture data, for which the details are given in Table I
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Fig. 6. Weibull modulus as a function of porosity under uniaxial
loading for MCC (circle the present study, circle with a horizontal line
through it (6)), for aspirin (circle with ex symbol (9)), for lactose
monohydrate (LAC) (left triangle (6)), for 50% w/w mixture of
MCC-LAC (triangle (6)), for chewable vitamin C tablets from manu-
facturers A (diamond) B (slash), C (square), and D (hyphen) for
sorbitol (right triangle) (8) in black for diametral compression and in
red for three-point bend test. Simulation results are shown in plus
symbol, brown for 48-pm, red for 80-um, green for 120-um, and blue
for 160-um diameter pores. Weibull moduli from Sonnergaard’s (6)
study were calculated using the digitized data from Fig. 7 and Eq. 6.
Error bars for the experiments indicate 90% confidence interval.
Error bars for the imulations indicate the standard deviation in three
different Weibull moduli estimated from the same set of microstruc-
tures with different crack size distributions. Details of the tests are
given in Table I for the present study, in Table II for diametral
compression, and in Table III for flexural bend tests

oxide is also reported to follow normal distribution better
than Weibull (68). Despite the favoring of normal
distribution as a fit for the fracture data, the use of ND for
reliability calculations is not correct for low stresses because
ND is not bounded at zero and can result in negative stress for
high reliability calculations.

One hundred tablets of lactose monohydrate (LAC) and
mixture of 50 wt% lactose monohydrate (LAC) and 50 wt%
MCC, which included 0.5 vol.% magnesium stearate, were
tested at three different porosity levels (6). The MCC-LAC
mixture showed a decrease in m value as the porosity in-
creased (6) (Fig. 6). However, Weibull modulus for LAC,
which is more brittle than MCC, did not change for an in-
crease in porosity from 12 to 19 vol.% (6) (Fig. 6). The
addition of MCC decreases variability in tablet strength, which
could mean that the compaction of MCC results in
microstructurally similar tablets. Deformability of MCC can
result in mechanical interlocking and a more homogenous
microstructure; thus, a higher Weibull modulus. On the other
hand, a brittle powder would break during compaction, and
the resulting tablet could have various sizes of pores and
limited mechanical interlocking, which would result in a lower
value compared to tablets of deformable materials.

Weibull modulus of commercially available chewable vi-
tamin C tablets was reported to be between 5 and 16 for a
porosity range of 18-31% without a correlation between po-
rosity and m value (number of specimens N=30) (13). In
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Table II. Weibull statistics of various pharmaceutical compacts estimated from diametral compression tests
Ref. Material M oo (MPa) P (%) N Tablet geometry RH (%)
6) MCC 724 49.4 (2.58) N? 30 100 Flat face-bevel edged NS
(6) MCC 63 106.7 (2.00) N” 35 100 Flat face-bevel edged NS
6) MCC 494 149 (1.76) N” 45 100 Flat face-bevel edged NS
(6) LAC 25¢ 56.5 (4.79) N” 12 100 Flat face-bevel edged NS
(6) LAC 23¢ 105.6 (5.32) N® 15 100 Flat face-bevel edged NS
(6) LAC 26 134.5 (5.02) N” 19 100 Flat face-bevel edged NS
(6) MCCLAC 65¢ 55.7(2.39) N® 15 100 Flat face-bevel edged NS
(6) MCCLAC 55¢ 103.0 (2.29) N” 20 100 Flat face—bevel edged NS
(6) MCCLAC 53¢ 134.5 (1.95) N® 27 100 Flat face-bevel edged NS
(13) Vit. C-Al 5.4 0.41 20 30 Flat face NS
(13) Vit. C-A2 8.4 0.48 20 30 Flat face NS
(13) Vit. C-A3 13.7 0.52 19 30 Flat face NS
(13) Vit. C-A4 15.1 0.48 18 20 Flat face NS
(13) Vit. C-B1 4.6 0.78 21 30 Flat face NS
(13) Vit. C-B2 2.8 0.41 25 30 Flat face NS
(13) Vit. C-B3 9.4 0.90 19 20 Flat face NS
(13) Vit. C-C1 16.8 0.95 19 30 Flat face NS
(13) Vit. C-C2 10.0 0.95 20 30 Flat face NS
(13) Vit. C-D1 16.0 1.08 19 30 Flat face NS
(13) Vit. C-D2 15.0 1.18 31 28 Flat face NS
(13) Vit. C-D3 8.3 1.12 18 30 Flat face NS
(13) Vit. C-D4 9.9 1.12 18 20 Flat face NS
(8) Sorbitol 29.5 4.40°¢ 71 32 Flat face 53
8) Sorbitol 41.6 2.30° 11.9 32 Flat face 53
(8) Sorbitol 152 1.68° 17.6 32 Flat face 53
) Aspirin 12.2 1.1 (mean value) 5 1005 NS NS

m is the Weibull modulus, o is the characteristic strength, P is the porosity, N is the number of the samples tested, RH is the relative humidity
“Weibull modulus is calculated from the coefficient of variation using Eq. 6 in (6)
b Average crushing force (unit in Newton) is reported with percent coefficient of variation in parenthesis, see Table II in (6)

“Data are digitized from Fig. 3 of (8)

addition, the Weibull moduli did not show any dependence on
the testing technique—diametral compression or three-point
bending—for different batches (13). Similarly, acetylsalicylic
acid tablets had a Weibull modulus of ~12, which was estimat-
ed from a very large data set of 1005 tablets. The strength
variation in these 1005 tablets was related to the commercial

compaction machines that introduce variation in weight, thick-
ness, and compaction pressure. Consequently, Weibull modu-
lus can fluctuate from batch to batch for the commercial
products (9).

An extensive study on sorbitol tablets (12 mm diameter,
4 mm nominal thickness, N=32) showed an inverse parabolic

Table III. Weibull statistics of various pharmaceutical compacts estimated from flexural bend tests

Ref. Material M oo (MPa) P (%) N Tablet geometry RH (%)
(13) Vit. C-Al 3.3 1.14 20 30 Flat face NS
(13) Vit. C-A2 6.3 1.44 20 30 Flat face NS
(13) Vit. C-A3 8.5 1.31 19 30 Flat face NS
(13) Vit. C-A4 9.7 1.20 18 20 Flat face NS
(13) Vit. C-B1 5.8 2.67 21 30 Flat face NS
(13) Vit. C-B2 2.9 1.42 25 30 Flat face NS
(13) Vit. C-B3 21.9 3.22 19 20 Flat face NS
(13) Vit. C-C1 10.9 2.83 19 30 Flat face NS
(13) Vit. C-C2 9.9 3.03 20 30 Flat face NS
(13) Vit. C-D1 16.1 3.06 19 30 Flat face NS
(13) Vit. C-D2 8.2 3.04 31 28 Flat face NS
(13) Vit. C-D3 10.0 3.34 18 30 Flat face NS
(13) Vit. C-D4 10.3 3.19 18 20 Flat face NS
8) Sorbitol 12.99 8.87¢ 6.84 32 Flat face 53
(8) Sorbitol 9.81 6.38° 12.20 32 Flat face 53
8) Sorbitol 8.44 4.36¢ 17.75 32 Flat face 53

m is the Weibull modulus, o is the characteristic strength, P is the porosity, N is the number of the samples tested, RH is the relative humidity

“Data are digitized from Fig. 4 of (8)
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dependence of Weibull moduli on porosity for diametral com-
pression test, in which the maximum  values were observed at
the medium level porosity of 12-13% compared to 7-10% and
18-19% (8). For similar porosity levels, no correlation between
porosity and m values was found for three-point bending. Where-
as Weibull modulus decreased in three- out of four-test series for
ball-on-ring test, which applies a biaxial tensile stress (8).

Different fracture tests can also affect fracture statistics.
For example, the maximum tensile stress (omax) Occur at the
surface for a three-point bend test, but o,,,x occur at the
centerline under diametral compression test. On the other
hand, the maximum stress affects a larger surface for four-
point bend test compared to a three-point bend test, which can
result in a lower Weibull modulus for the three-point bend test
due to decreased probability of finding larger cracks. Similar-
ly, biaxial loading compared to diametral tensile test results in
different m values (Fig. 6).

Comparison with Finite Element Simulations

The same simulation procedure that is used in the present
study has been used to describe fracture strength variations in
brittle porous materials such as alumina (27) and glass (69)
together with the effects of loading conditions (28) and crack
orientation (52). The simulations show that, even for relatively
homogenous brittle porous materials, Weibull modulus is limit-
ed to ~10 for porosity levels higher than 2% (Fig. 6). Similar
behavior was also observed for a large set of porous hydroxy-
apatite (70). The main reason behind the upper limit in m
values (m~10) is the random pore—pore stress interactions (27).

Although the simulated Weibull moduli are similar to m
values of aspirin, sorbitol under biaxial loading, and some of the
vitamin C tablets, Weibull moduli of Avicel PH 200 compacts
with P<25 vol.% are significantly higher than the simulated
moduli. Weibull modulus of the simulations at the highest simu-
lated porosity level, 31 vol.%, is ~8 and close to the modulus of
the experimental set at 36 vol. %, m=13. Simulated porosity was
limited to the 31 vol.% because the microstructures containing
P>31 vol.% have to be three-dimensional for accurate represen-
tation. Besides, real microstructures have a nonuniform porosity,
and MCC is not an isotropic material. Accordingly, simulations
that embody these complexities should be performed to under-
stand the fracture behavior of the compacted MCC powders.

CONCLUSION

The effect of porosity on fracture behavior of Avicel PH
200 powders was investigated through diametral compression
tests across eight different porosity levels, each set containing
~50 samples. Based on the experiments, the following conclu-
sions can be made:

1. Weibull modulus of Avicel PH 200 MCC compacts
decreases with increasing porosity.

2. P-type deviations from Weibull statistics have been ob-
served for microstructures containing porosity <19 vol. %
and more than 40 vol.%, i.e., lower tail of the fracture
data deviates towards the mean fracture stress.

3. Normal distribution fits better to the fracture data of
compacts with P<20%, whereas Weibull distribution is
a better fit to fracture data for P=56 vol.%.

Keles et al.

4. The change in fracture strength of MCC compacts with
porosity is described by the function: =6 nax—0 geceXp(—d/
P), which is based on 840 unique finite element simulations
on porous microstructures (27).

5. Two-dimensional FEM simulations have to be extended
to realistic three-dimensional microstructures to investi-
gate fracture behavior of compacted MCC powders.

Pharmaceutical tablets not only have to be strong enough
to withstand stresses that arise during processing and trans-
portation but also have to be user friendly, ie., elderly
people should be able to break the tablets into half by
hand or kids should be able to masticate a chewable vita-
min tablet without any damage to their teeth or mandibular
joints (13). However, compacted powders are brittle; thus,
fracture strength inherently varies even for the nominally
identical specimens (39). The present study provides a
high-quality fracture data to compare with three-
dimensional discrete element simulations of tablet strength,
which are good at capturing the strength, but fall short in
accurately describing the strength variability (71). Further
experiments and advanced simulations are required for an
improved understanding of fracture strength variations in
pharmaceutical tablets.
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