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Pharmaceutical tablets are formed using formulations consisting of ingredients such as filler, binder,
disintegrant, and active pharmaceutical ingredients. In the present study, these formulations were tested to
determine mechanical properties at low to medium pressure regime using a medium pressure (b10 MPa)
flexible boundary cubical triaxial tester. Hydrostatic and conventional triaxial compression tests were
conducted at 10 and 20 MPa/min loading rates. Fundamental elastic, elastoplastic, and rate-dependent
properties such as bulkmodulus, compression index, spring-back index, shearmodulus, and failure stresswere
determined from these tests. The bulk modulus increased linearly in all cases with pressure. At 10 MPa/min
loading rate, the bulk modulus value increased with the binder content. The compression index values
increasedwith pressure in all cases of 10 and 20 MPa/min loading rates. At 10 MPa/min, the compression index
generally decreased with the binder content. The spring-back index increased with the increase in pressure at
both 10 and 20 MPa/min loading rates. At 10 MPa/min, the spring-back value decreased with the binder
content. Shear modulus and failure stress values increased with the increase in the confining pressure. The
effect of binder on failure stress values was not very prominent. These results were further used to predict the
tablet quality parameters.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Powder compaction is a very important unit operation for making
various industrial products. Products manufactured using powder
compaction include pharmaceutical tablets, cosmetic tablets, graphite
electrodes, ceramic components, metal parts, coal briquettes, and
sugar cubes. These products are manufactured by applying external
pressure onto the powder contained in a die; which is a very rapid
process. Tablet formation by applying compressive forces involves
complex mechanisms during densification, i.e., compaction [7,8,20].

Pharmaceutical tablets are formed using powder formulations
consisting of ingredients such as filler, binder, lubricant, disintegrant,
and active pharmaceutical ingredient (API). Tablets are typically
formed by blending and/or granulating these ingredients followed by
lubrication and compaction. Each ingredient contributes towards
tablet formation. Binder helps in granule formation as well as
strengthening the tablet. Lubricant helps in reducing both die wall–
particle and inter-particle friction. The function of disintegrant is to
promote the disintegration of a tablet, which may influence the
dissolution rate of the API and its absorption by the body.
The present ‘Quality by Design’ (QbD) study was initiated with a
goal to study the mechanical properties of pharmaceutical powder
formulations and relate these properties with tablets' quality
parameters using statistical modeling. In the present paper, the
mechanical properties of dry blended powder formulations deter-
mined using a flexible membrane cubical triaxial tester (CTT) is
discussed. Tablet quality parameters and their relation with powders'
mechanical properties will be discussed in forthcoming papers.
Constitutive model parameters of modified Cam-clay model [6] were
determined for mechanical characterization of powder formulations.
Constitutive models have been used by various researchers to study
the compaction behavior of powders. Chtourou et al. [5] developed
standard calibration procedure for the cap material model for 316L
stainless steel powders. The developed calibration procedure was
based on a series of isostatic, triaxial and uniaxial compaction tests as
well as resonant frequency tests. Lee and Kim [11] studied the
densification behavior of aluminum alloy. They proposed a special
form of Cap model (hyperbolic) from experimental data of Al6061
powder under triaxial compression at various loading conditions. The
proposed model was implemented into a finite element program to
compare with experimental data of Al alloy powder under cold
compaction. Experimental data were also compared with finite
element results from several other models such as Shima–Oyane;
Fleck–Gurson; Cam-clay; and Drucker–Prager. Ransing et al. [22] used
discrete and continuum approach to model the powder compaction
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process. Wu et al. [25] studied the mechanical behavior of powder
during compaction using the finite element method. They performed
uniaxial compression experiments using a compaction simulator for
their study and calibrate the Drucker–Prager Cap model. Leuenberger
[12] studied the compressibility and compactibility of the powder
system. He related the deformation hardness of the compact as a
function of the applied pressure and the relative density. Batcher et al.
[2] studied the bulk properties, compactibility and compressibility of
granules produced by wet and dry granulation methods. The flow and
compressibility were determined by measuring the bulk and tap
density of the granules. The compactibility was estimated using the
specific crushing strength. Vromans and Lerk [24] studied the effect of
lubricant (magnesium stearate) on the compactibility and densifica-
tion behavior of the brittle and directly compressible material. They
reported that the negative effect of lubricant on the binding properties
is counteracted by the facilitated densification.

Many researchers have used flexible membrane CTT for studying
the mechanical behavior of powder. Li and Puri [14] used a flexible
membrane CTT to measure the true three-dimensional response of
powders. In their study, the compression behavior and strength of
three powders: Avicel (PH 102), a spray-dried alumina powder, and a
fluid-bed-granulated silicon nitride based powder were measured.
Mittal and Puri [17] studied the rate-dependent mechanical proper-
ties of a dry industrial powder using CTT within the context of a new
elasto-viscoplastic model (PSU-EVP model). The compression and
shear properties of the powder were quantified at different
compression levels. All of these research studies focused mainly on
determining the mechanical properties and compaction behavior of
single powder however the effect of mixing other ingredients on the
properties was not studied. Hence, the present research was initiated
to: (1) develop a full set of elastic, plastic, and failure properties in the
low to medium pressure regime (b10 MPa) for a real pharmaceutical
formulation, i.e., elastoplastic properties were measured and results
reported, (2) evaluate the loading rate effect on a full set of
elastoplastic properties, and (3) to determine the effect of the binder
content, a critical ingredient for tablet's mechanical integrity, on the
mechanical behavior of a powder mixture. The significance of
measuring accurately properties in low to medium pressure range is
that when tablets are formed, substantial amount of densification (i.e.,
void disappearance) occurs in this regime. Some estimates place it at
or about 65–75% of the overall densification. Therefore, understanding
of this crucial stage of densification and its impact on the final tablet
quality is of considerable technical and economic importance. This
paper reports the property values while the forthcoming articles will
demonstrate the relationship (including a hypothesis) between select
powder properties to tablet quality metrics (such as axial strength,
diametral strength, hardness, and attrition).
2. Material

The formulation used for the research was composed of Avicel
PH 102 (filler), Methocel (E15 Premium LV from Dow Chemicals),
magnesium stearate (lubricant), Ac-Di-Sol (disintegrant), and acet-
aminophen (active pharmaceutical ingredient) as given in Table 1.
Three different levels of methocel (binder): 0 (none), 5, and 10%, were
Table 1
Ingredients and their proportions used in formulation of pharmaceutical powder for
dry blend and granulation.

A. Methocel (Binder) 0% 5% 10%
B. Other ingredients 100% 95% 90%

B1. Avicel PH 102 90% 85.5% 81%
B2. Acetaminophen 5% 4.75% 4.5%
B3. Ac-Di-Sol 3% 2.85% 2.7%
B4. Magnesium stearate 2% 1.9% 1.8%
used in powder formulation. The proportions of other four ingredients
were maintained at the same level, i.e., Avicel:Acetaminophen:Ac-Di-
Sol:Magnesium stearate: 0.90:0.05:0.03:0.02. The amount of binder and
other ingredients was based upon the actual tablet formulation being
used by the industry [23, 9]. Micrographs of formulation ingredients are
shown in Fig. 1a–e. Select physical properties of ingredients are given in
Table 2.
3. Methodology

The ingredients were blended at different binder contents
(Table 1). All the powder constituents were weighed using a balance
(Acculab, readability±0.001 g) as per the proportion mentioned in
Table 1. The powders were blended using manual Mini-Inversina
(Bioengineering AG, Switzerland) capable of giving 360° motion to
powder. For determining the mixing time, colored cosmetic powder
was used. The size and shape of the particle size were comparable to
the ingredients used in formulations. Following various trials it was
visually observed that after 5 min the colored particleswere uniformly
distributed. Based on these trials, themixingwas performed at 80 rpm
for 5 min. Hydrostatic triaxial compression (HTC) and conventional
triaxial compression (CTC) tests were conducted using a flexible
boundary medium pressure cubical triaxial tester (CTT). HTC tests
were conducted at pressures up to 10 MPa and CTC tests were
conducted at pressures up to 3 MPa. These pressures were selected to
study the compression property at the low tomediumpressure regime
as explained earlier. Hence these pressures are much less than the
pressure used by the industries for tablet formation. These tests were
conducted at loading rates of 10 and 20 MPa/min to evaluate if powder
has rate dependency. Initial dimension of the powder sample was
50 mm×50 mm×50 mm. Due to the size of the sample, at loading
rates higher than 20 MPa/min, the applied pressure could not reach
the center of the cubical sample. Hence, loading rates higher than
20 MPa/minwas not used. Detailed description about the HTC and CTC
tests are given in Pandeya [21]. The experimental design for the HTC
and CTC tests is given in Tables 3 and 4, respectively. The statistical
power to evaluate the individual and combined effect of variables for
the HTC test was determined to be 0.8 for bulk modulus assuming a
minimum effect of 10 MPa, a standard deviation of 7 and an alpha
value of 0.05. The statistical power for the CTC test was determined to
be 0.8 for the shear modulus assuming a minimum effect of 5 MPa, a
standard deviation of 4 and an alpha value of 0.05. Details on CTT and
triaxial tests can be found in Li and Puri [14,15], Mittal [16], and
Pandeya [21].
4. Results and discussion

4.1. HTC test results

Bulk modulus, compression index, and spring-back index were
determined from HTC tests. These parameters determined at different
binder contents, pressures and loading rates are presented and
discussed in the following sections.
4.2. HTC test profile

In HTC tests, the samples at binder contents of 0, 5, and 10% were
unloaded and reloaded, at three different hydrostatic pressures of 2.5,
5.0 and 10.0 MPa. A typical HTC test profile for dry blended powder is
shown in Fig. 2. From the figure it can be observed that the powder
have limited recovery during unloading, i.e., responses were predom-
inantly plastic. The HTC test results were evaluated for the effect of the
binder and loading rate.



Fig. 1. Micrographs of pharmaceutical ingredients (a) Avicel, (b) Methocel, (c) Acetaminophen, (d) Ac-di-sol, and (e) Magnesium stearate.
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4.3. Determination of bulk modulus, compression index, and spring-back
index

Bulkmodulus (K) was determined by using the HTC test results. To
determine the bulk modulus at a given mean pressure, a linear
regression was performed on the entire unloading and reloading
curve (Fig. 2) with stress as an independent variable and strain as a
dependent variable. The slope of the linear regression line gave the
inverse of the bulk modulus (K) at the pressure at which the sample
was unloaded.



Table 2
Select mechanical properties of formulation ingredients.

Parameters

Ingredients Bulk density (g/cc) Particle densitya (g/cc)

Avicel PH 102 0.41 1.61
Methocel 0.42 1.33
Acetaminophen 0.25 1.36
Ac-Di-Sol 0.46 1.66
Magnesium stearate 0.26 1.13

a Measured using Micromeretics Multivolume Helium Pycnometer 1305 (Boynton
Beach, FL).

Table 4
Experimental design for CTC tests.

Loading rate
(MPa/min)

CP
(MPa)

Stress path (MPa) Binder content (%)

0 5 10

10 1 0.0 – 1.0 – 0.0 – 1.0 – 0.0 3a 3 3
2 0.0 – 1.0 – 0.0 – 2.0 – 0.0 –

2.0 – 0.0
3 3 3

3 0.0 – 1.0 – 0.0 – 2.0 – 0.0 –

2.0 – 0.0
3 3 3

20 1 0.0 – 1.0 – 0.0 – 1.0 – 0.0 3 3 3
2 0.0 – 1.0 – 0.0 – 2.0 – 0.0 –

2.0 – 0.0
3 3 3

3 0.0 – 1.0 – 0.0 – 2.0 – 0.0 –

2.0 – 0.0
3 3 3

CP — confining pressure.
a Number of replicates.
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Todetermine thecompression indexandspring-back indexgraphof ln
(pressure) vs. void ratio was plotted. The void ratio was determined by
using the change in thevolumeassuming that thevolumechangewasdue
to change in pore space volume only. The solid volume was determined
using the particle density determined using pycnometer (Table 4). The
volume was estimated by measuring the change in dimension in three
directions using a Linear Motion Potentiometer (LMP).

The slope of the consolidation line was used to estimate the
compression index. The slope of the unloading–reloading line was
used to estimate the spring-back index (Fig. 3).
4.4. Bulk modulus

At 10 MPa/min loading rate, (1) the bulk modulus increased with
increase in the binder content (Fig. 4a), and (2) the average bulk
modulus values at 2.5 MPa unloading pressure were 102, 116, and
136 MPa at 0, 5 and 10% binder content, respectively. These values
increased to 139 (36%, percent change with respect to 2.5 MPa), 143
(23%), 170 (25%) MPa at 5.0 MPa and 215 (111%), 216 (86%) and
251 (85%) at 10.0 MPa unloading pressure. At a low loading rate
(10 MPa/min), the binder had sufficient time to spread and make
contact with other ingredients. Hence, with the increase in the binder
content, the material had less recovery; as a result, the bulk modulus
increased. The regression equations for bulk modulus vs. pressure at
10 MPa/min for various binder contents are given in Table 5. The slope
of the regression line at three binder contentswere nearly the same i.e.
the increase in the modulus values with pressure had a similar trend.

At 20 MPa/min, (1) the bulk modulus was maximum at 0% binder
followed by those at 10 and 5% binder contents (Fig. 4b) and (2) the
average bulk modulus at 2.5 MPa unloading pressure were 163, 127,
145 MPa at 0, 5 and 10% binder content, respectively. These values
increased to 207 (27%), 172 (35%), and 196 (35%) MPa at 5 MPa and
314 (92%), 256 (101%) and 280 (93%) at 10.0 MPa unloading
pressure. To explain the behavior a hypothesis was proposed that
at a high loading rate the binder particles get deformed much more
compared to 10 MPa/min loading rate to create sufficient void space
to be filled by the ingredients which resulted in more recovery and,
hence, bulk modulus was less in the presence of binder at a higher
loading rate. The regression equations for bulk modulus values vs.
pressure at 20 MPa/min for various binder contents are given in
Table 5. The slope of the regression line at three binder contents, as in
the case of 10 Pa/min loading rate, was nearly same.

Analysis of Covariance (ANCOVA) was done to evaluate the
relationship of bulk modulus with pressure at different levels of binder
content and loading rate. Based on the ANCOVA neither binder content
Table 3
Experimental design for HTC tests of powder formulations.

Stress path (MPa) Loading rate Binder content (%)

0 5 10

0.0 – 2.5 – 0.1 – 5.0 – 0.1 –

10.0 – 0.1 – 10.0 – 0
10 MPa/min 3 3 3
20 MPa/min 3 3 3
nor loading rate had a significant effect (pN0.05) on the bulk modulus
value. In addition, slopes of the regression lines did not differ significantly
(pN0.05). Bulk modulus did increase as a linear function of pressure.

The bulk modulus at 20 MPa/min loading rate was higher than at
10 MPa/min loading rate in all cases, which indicated that the
mechanical behavior of powder formulations is rate-dependent. At a
higher loading rate, the powder did not have sufficient time to
respond to applied stress, i.e., the residual stress during loading
continued the process of compression during unloading leading to
less recovery and higher bulk modulus values. This is consistent with
the time-dependent response such as creep and stress relaxation
reported in the literature for particulate systems [3,4].
4.5. Compression index

The compression index, an elastoplastic parameter, is the measure
of compressibility of the material using void ratio as the dependent
variable. Compression index incorporates both elastic and plastic
deformations. For a given formulation, the magnitudes of these elastic
vs. plastic contributions change with regime and rate of loading. In all
cases, the compression index value increased with pressure (Fig. 5a
and b). Similar trend was observed by Li [13] for micro-crystalline
cellulose (MCC). Mittal and Puri [19] also observed similar trend for
MCC up to 9 MPa pressure. In the present research, the formulation
contained 80 to 90% MCC, which appears to dominate the results.

At 10 MPa/min loading rate, the average compression index values
for 0% binder were 0.460, 0.577 (25.4%, percent changewith respect to
2.5 MPa) and 0.787 (71.0%) at 2.5, 5.0 and 10 MPa unloading
pressures, respectively (Fig. 5a). These values were 0.283, 0.579
(104.5%), and 0.699 (146.9%) for 5% binder content and 0.250, 0.537
(114.8%) and 0.726 (190.4%) for 10% binder content. Based on the
values, the material became more compressible with an increase in
pressure. The powder formulations contained irregular shaped
Fig. 2. Typical HTC response at a loading rate of 10 MPa/min and a binder content of 5%.

image of Fig.�2


Fig. 3. ln(pressure) vs. void ratio plot for determination of compression and spring-back
index.

Table 5
Regression equation for predicting bulk modulus at 10 MPa/min and 20 MPa/min.

Binder, % Regression equation

10 MPa/min 20 MP/min

0 BM=15*P+64.0 (r2=0.98) BM=20*P+110.0 (r2=0.93)
5 BM=13*P+79.9 (r2=0.98) BM=17*P+84.8 (r2=0.87)
10 BM=15*P+95.9 (r2=0.91) BM=17*P+103.1(r2=0.72)

BM — bulk modulus (MPa); P — pressure (MPa).
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ingredients such as MCC (81–90%), methocel, and acetaminophen
which have needle-like shape (Fig. 1). Due to irregular shapes, the
particle rearrangement continued throughout the pressure loading
regime of 10 MPa. The compression index was higher for powder
formulation without binder compared to powder formulations having
5 and 10% binder at 2.5 MPa pressure, which means that powders
with binder were more resistant to void ratio change due to the
presence of binder. The compression index in the case of 5 and 10%
binder were very close, which indicated that increasing the binder
from 5 to 10% had a limited effect.
Fig. 4. Bulk modulus of powder formulations at (a) 10 MPa/min loading rate and three
binder contents and (b) 20 MPa/min loading rate and three binder contents.
At 20 MPa/min loading rate, as in the case of 10 MPa/min,
compression index increased with increase in pressure. The average
compression index values for 0% binder were 0.345, 0.485 (40.5%) and
0.632 (83.1%) at 2.5, 5.0 and 10 MPa unloading pressure, respectively
(Fig. 5b). These values were 0.279, 0.530 (89.9%), and 0.695 (149.1%)
for 5% binder and 0.280, 0.500 (78.5%) and 0.651 (132.5%),
respectively, for 10% binder.

In general, the compression index valueswere higher at 10 MPa/min
compared to thoseat20 MPa/min loading rate. Thisdifferencewasmore
in the case of 0% binder content. At 10 MPa/min the powder had more
time to respond to the applied load, and hence wasmore compressible,
resulting in a higher compression index. Similar trend has been
observed by Huang and Puri [10] for MCC at pressures up to 3 MPa.

Compression index was analyzed for interaction at different level
of binder contents, pressure, and loading rates. Tukey comparisonwas
performed between the mean values of compression index using
Minitab to evaluate the effect of pressure, binder content and loading
rate. Based on the ANOVA table pressure, binder content, and loading
rate together did not have a significant effect (pN0.05) on the
compression index value. However, treatment combinations of binder
content and pressure, binder content and loading rate, and pressure
and loading rate were significant (pb0.05).
Fig. 5. Compression index of powder formulations at (a) 10 MPa/min loading rate and
three binder contents and (b) at 20 MPa/min loading rate and three binder contents.
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Table 6
Regression equation for predicting spring-back index at 10 and 20 MPa/min.

Binder, % Regression equation

10 MPa/min 20 MPa/min

0 SI=0.003*P+0.0830 (r2=0.85) SI=0.003*P+0.0431 (r2=0.90)
5 SI=0.004*P+0.0577 (r2=0.89) SI=0.002*P+0.0622 (r2=0.32)
10 SI=0.004*P+0.0586 (r2=0.81) SI=0.003*P+0.0538 (r2=0.29)

SI — spring-back index; P — pressure (MPa).
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4.6. Spring-back index

Spring-back index, an elastic parameter, is the measure of elastic
recovery of the material's void ratio after the applied pressure during
HTC loading has been released. In all cases, the spring-back index
value increased with pressure (Fig. 6a and b). With an increase in
pressure, the powder formulation particles became more stable and
gained strength which resulted in the solid-like behavior of powder
formulation, i.e. greater elastic response as reflected in the spring-
back index values. Similar trends were observed by Li [13] for MCC,
alumina, and silicon nitride. Mittal and Puri [19] reported similar
result for silicon nitride.

At 10 MPa/min loading rate, the spring-back index values
decreased with the binder content (Fig. 6a). The binder material
being soft and more plastic, reduced the elastic recovery of the
powder hence the spring-back index declined with an increase in the
binder content. The average spring-back index values for 0% binder
were 0.090, 0.096 (6.7%) and 0.109 (21.4%) at 2.5, 5.0 and 10 MPa
unloading pressure, respectively. These values were 0.064, 0.083
(29.7%), and 0.096 (50.0%) respectively for 5% binder and 0.066, 0.080
(21.7%) and 0.094 (43.5%), respectively for 10% binder. The regression
equations for the spring-back index values at 10 MPa/min for various
binder contents are given in Table 6.

At 20 MPa/min the spring-back index values were the lowest at 0%
binder followed by 10 and 5% binder content (Fig. 6b). The average
spring-back index values for 0% binder were 0.050, 0.057 (15.5%) and
0.070 (41.41%) at 2.5, 5.0 and 10 MPa unloading pressure, respec-
tively. These values were 0.065, 0.075 (14.5%), and 0.081 (24.3%),
respectively for 5% binder and 0.059, 0.068 (14.6%), and 0.079,
respectively for 10% (33.0%) binder. The regression equations for
Fig. 6. Spring-back index of dry blended powder formulations (a) at 10 MPa/min
loading rate and three binder contents and (b) at 20 MPa/min loading rate and three
binder contents.
spring-back index values vs. pressure at 20 MPa/min for various
binder contents are given in Table 6. No clear trend for the effect of
binder was observed at 20 MPa/min.

The relationship of the spring-back index with pressure was
analyzed at different levels of binder content and loading rate. Based
on the ANCOVA table, neither binder content nor loading rate had a
significant effect (pN0.05) on slopes of the regression lines, i.e., slopes
did not differ significantly. Therefore, it was a case of common slope
model and Tukey mean comparisons were performed. The binder*-
loading rate interaction was significant (pb0.05).

The spring-back index values were higher at 10 MPa/min loading
rate as compared to 20 MPa/min loading rate. This difference was
largest in the case of 0% binder. At 10 MPa/min loading rate, the
powder particle had more time to respond to the applied force as a
result the applied force reached up to the center of the sample and
gained more strength compared to 20 MPa/min loading rate. This
resulted in more decrease in void space at 10 MPa/min loading
condition and increase in solid-like behavior and, consequently,
greater elastic recovery response.

4.7. CTC test profile

In CTC tests, the samples at binder contents of 0, 5, and 10% were
unloaded and reloaded up to a stress difference of 2 MPa, at three
confining pressures of 1, 2 and 3 MPa. A typical CTC test profile for
powder formulation is shown in Fig. 7. From these CTC profiles, as the
confining pressure increased, the strain difference decreased. The
effect of binder on the strain difference values was not very
prominent. The strain difference at 20 MPa/min loading rate was
more than at 10 MPa/min loading rate in the case of 1 MPa confining
pressure.

4.8. Shear modulus

The shear modulus (G) is the measure of resistance of the material
to deformation in shear loading. At 10 MPa/min loading rate and
stress difference of 1 MPa, the average shear modulus values at
Fig. 7. Typical CTC response at 2 MPa confining pressure and 10 MPa/min loading rate
for binder content 10%.
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1.0 MPa confining pressure were 13, 18, and 18 MPa at 0, 5 and 10%
binder content, respectively. These values increased to 31 (72%,
percent change from the 1.0 MPa confining pressure value), 30 (66%),
30 (25%) MPa at 2.0 MPa and 36 (176%), 37 (105%) and 33 (83%) at
3.0 MPa confining pressures (Fig. 8a). The average shear modulus
values at a stress difference of 2 MPa and 2.0 MPa confining pressure
were 25, 26, and 26 MPa at 0, 5, and 10% binder content, respectively.
These values at 3.0 MPa confining pressure were 37 (48%, percent
change from 2 MPa confining pressure), 35 (35%), and 34 (30%) MPa,
respectively (Fig. 8a). The shear modulus increased with increase in
the confining pressure in all cases. With increase in confining
pressure, the strength of the sample increased, and hence, the
resistance to deformation increased as a result the shear modulus
increased. An increase in shear modulus with pressure has also been
reported by earlier researchers [10,13,18,19]. Chtourou et al. [5] also
reported an increase in shear modulus with an increase in relative
density.

At 20 MPa/min loading rate and stress difference of 1 MPa, the
average shear modulus values at 1.0 MPa confining pressure were 26,
28, and 28 MPa at 0, 5 and 10% binder content, respectively. These
values increased to 35 (35%), 32 (14%), 30 (7%)MPa at 2.0 MPa and 37
(42%), 36 (29%) and 35 (25%) at 3.0 MPa confining pressures (Fig. 8b).
The average shear modulus values at a stress difference of 2 MPa and
2.0 MPa confining pressure were 28, 25, and 24 MPa at 0, 5 and 10%
binder content, respectively. These values at 3.0 MPa confining
pressure were 30, 32, and 34 MPa, respectively. Similar to the case
of 10 MPa/min loading rate, the shear modulus increased with an
increase in the confining pressure in all cases. No clear trend of the
effect of binder on shear modulus values was observed unlike bulk
modulus. The hypothesis proposed to explain the behavior was that
binder in dry form spreads and fills the void spaces. In the case of HTC
Fig. 8. Shear modulus of dry blended powder formulations at 1 MPa stress difference
and three binder contents at loading rates of (a) 10 MPa/min and (b) 20 MPa/min.
tests, the hydrostatic pressure compressed the sample from all
directions and binder under pressure spread and filled the void
spaces. In the case of CTC tests, the pressure is applied differently in
the form of deviatoric stress; as a result binder could not spread and
fill the void spaces.

Tukey comparison was performed between the mean values of
shear modulus using Minitab to evaluate the effect of pressure, binder
content, and loading rate. Based on the ANOVA table, pressure, binder
content, and loading rate together did not have a significant effect
(pN0.05) on shear modulus values. However, treatment combination
of pressure and loading rate was significant (pb0.05).

The shear modulus values at 10 and 20 MPa/min loading rate were
different, which indicated that the formulations were rate-dependent.
However, no clear trend of the effect of loading rate was observed.
Other researchers also observed variation in shear modulus values
with loading rates. Huang and Puri [10] observed decrease in shear
modulus value with strain rate. Mittal [16] also observed decrease in
shear modulus with compression rate. In general, the shear modulus
increased with loading rate at 1 MPa stress difference. The results
were different from results reported by other researchers. This may be
due to the use of formulation containing lubricants and binder instead
of single powder. The shear modulus values at 2 MPa stress difference
were only marginally different at the two loading rates.

4.9. Failure stress and critical state line

The stress difference value at failure (failure stress) was deter-
mined at a strain difference value of 14%. In some cases of 3 MPa
confining pressure, the 15% strain difference value [1] was not reached
hence for uniformity, the stress value at 14% strain difference value
was taken as the failure point. The failure stress value increased with
confining pressure in all cases. The modified Cam-clay model assumes
that the critical state line (fixed yield surface), a plot between mean
pressure and failure stress, is a straight line passing through the origin.
However, in the present case the line was not linear. Therefore, using
Mittal and Puri's [17] mathematical formulation, the critical state line
equation was obtained using a power law representation passing
through the origin.

At 10 MPa/min loading rate, the average stress difference values at
failure point for 1.0 MPa confining pressure were 0.95, 1.01, and
1.02 MPa at 0, 5, and 10% binder content, respectively. These values
increased to 1.81 (103%, percent change from 1 MPa value), 1.71
(80%), 1.69 (72%) MPa at 2.0 MPa and 1.97 (111%), 1.99 (92%) and
1.88 (76%) at 3.0 MPa confining pressures (Fig. 9a). The equations of
critical state line at different binder contents are given in Table 7.
Increases in failure stress value with confining pressure are also
reported by other researchers [10,13,16].

At 20 MPa/min loading rate, the average failure stress values at
1.0 MPa confining pressure were 1.33, 1.42, and 1.38 MPa at 0, 5 and
10% binder content, respectively. These values increased to 1.84 (38%,
percent change from 1 MPa value), 1.82 (29%), 1.83 (32%) MPa at
2.0 MPa and 1.90 (43%), 1.95 (38%) and 1.99 (44%) at 3.0 MPa
confining pressures (Fig. 9b). The equation of the critical state line at
different binder contents is given in Table 7.

The failure stress values at 10 and 20 MPa/min loading rate were
different at a confining pressure of 1 MPa. At 2 and 3 MPa confining
pressures, these values were very close. Mittal [16] also reported that
failure stress values at different loading rates were very close.

Tukey comparison was performed between the mean values of
failure stress to evaluate the effect of pressure, binder content and
loading rate. Based on the ANOVA table, pressure, binder content, and
loading rate together did not have a significant effect (pN0.05) on
failure stress values. However, treatment combination of pressure and
loading rate was significant (pb0.05).

The result of the research has wide application in industry
involved in powder compaction especially pharmaceutical. Previous
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Fig. 9. Failure stress and fixed yield surface of dry blended powder formulations for
different binder contents at loading rates of (a) 10 MPa/min and (b) 20 MPa/min.
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works reported in this area were mostly mechanical properties of
single powder however, powder compaction in industries including
pharmaceutical is done in mixed form consisting of various
ingredients. In this study, emphasis was on the role of the binder
content on powder mixture's response and the effect on full range of
elastic, plastic, and failure properties. The compression behavior of the
powder can be evaluated using the CTT at a low pressure regime for
different formulations and can be used for optimizing the formulation
suitable for the desired quality. For e.g. in the present research the
effect of binder was evaluated. In the case of the spring-back index the
value does not change when the binder content changed from 5 to
10%. Subsequently, in the research the tablets were formed using
same formulation and their quality parameters were determined.
These tablets demonstrated a similar effect with respect to binder i.e.
the quality do not change much when the binder content changed
from 5 to 10%. The powders' mechanical properties related well with
the tablet quality and statistical relationships were developed
between the two with r2N0.8. (Tablet quality and its relationship
with powders' property will be discussed in detail in forth coming
paper). Also, the powder formulation was found to be rate-dependent
i.e. mechanical properties had different values at different loading
Table 7
Critical state line equation at 10 and 20 MPa/min loading rates.

Binder
content, %

Critical state line equation

10 MPa/min 20 MPa/min

0 FS=0.870*(MP)0.634 (r2=0.96) FS=1.119*(MP)0.416 (r2=0.93)
5 FS=0.846*(MP)0.685 (r2=0.98) FS=1.216*(MP)0.359 (r2=0.96)
10 FS=0.796*(MP)0.751 (r2=0.95) FS=1.211*(MP)0.370 (r2=0.98)
rates which mean that the rate of application of pressure or force has
its effect on the tablet quality.

5. Conclusions

Pharmaceutical powder formulations were tested to quantify
fundamental mechanical properties. HTC and CTC tests were
conducted using a flexible boundary medium pressure CTT. Bulk
modulus, compression index, spring-back index, shear modulus and
failure stress were determined at different binder contents and
loading rates. The results obtained are summarized below:

Bulk modulus increased linearly in all cases with pressure from 2.5
to 10.0 MPa. Different results were obtained for different loading rates
which showed that the powder formulations were a rate-dependent
material. The bulk modulus value increasedwith the binder content at
10 MPa/min loading rate. Based on the ANCOVA neither binder
content nor loading rate had a significant effect (pN0.05) on bulk
modulus value. Bulk modulus did increase as a linear function of
pressure.

Compression index values increased with pressure in all cases. At
10 MPa/min loading rate, the compression index generally decreased
with the binder content. Based on the ANOVA table pressure, binder
content, and loading rate together did not have a significant effect
(pN0.05) on the compression index value. However, treatment
combinations of binder content and pressure, binder content and
loading rate, and pressure and loading rate were significant (pb0.05).

The spring-back index increased with the increase in pressure in
all cases. At 10 MPa/min loading rate, the spring-back value decreased
with the binder content. At 20 MPa/min the value was lowest at 0%
binder followed by 10 and 5% binder content. Based on the ANCOVA
table, neither binder content nor loading rate had a significant effect
(pN0.05) on the slopes of the regression lines. Tukey mean
comparisons were performed and binder–loading rate interaction
was found significant (pb0.05).

Shear modulus increased with an increase in the confining
pressure in all cases. No clear trend of the effect of binder on shear
modulus values was observed. Based on the ANOVA table, pressure,
binder content, and loading rate together did not have a significant
effect (pN0.05) on shear modulus values. However, treatment
combination of pressure and loading rate was significant (pb0.05).

Failure stress value increased with an increase in the confining
pressure in all cases. The effect of binder on failure stress values was
not very prominent. The failure stress was different at two loading
rates; however, no clear trend was observed. Based on the ANOVA
table, pressure, binder content, and loading rate together did not have
a significant effect (pN0.05) on failure stress values. However,
treatment combination of pressure and loading rate was significant
(pb0.05).
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