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Effect of the granule composition on the compaction behavior of deformable dry granules
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ABSTRACT:

Calibration of the Drucker Prager Cap (DPC) model parameters provides a means for a deeper
understanding of the impact of granule composition on the compaction properties of dry granules
independent of their solid fraction (SF). In this study, monodisperse granules of mixtures of
microcrystalline cellulose and mannitol (0%, 25%, 50%, 75% and 100% mannitol) prepared as
small cylindrical compacts with well-defined size, shape and SF (0.58) were used as model dry
granules. DPC parameters--namely, cohesion, internal friction angle, cap eccentricity, and
hydrostatic yield strength of materials--were determined from the diametrical and uniaxial
compression, and in-die compaction tests. Elastic properties such as Young’s modulus and
Poisson’s ratios were also determined from the in-die compaction test. Higher level of MNT in
granules required a lower compression pressure to obtain a low SF tablet but higher compression
pressure to obtain a high SF tablets. Properties such as cohesion and diametrical tensile strength
go through a maximum as the mannitol level increases in the binary granules, and clearly do not
follow the linear mixing rule. At an industrially-relevant tablet solid fraction of 0.88, granules
with 75% mannitol exhibited the highest cohesion, and produced the strongest tablet. Other
properties either approximately follow the linear mixing rule (e.g., hydrostatic yield strength,
young's modulus and Poisson’s ratio) where some interactions between the constituents are
present, or not sensitive to the composition (e.g., internal angle of friction). In general, the
compaction behavior of granules of a multicomponent system may not be precisely estimated

from the properties of individual components, simply by using the linear mixing rule.
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1. Introduction

Most pharmaceutical tablets are manufactured from a homogeneous blend of powders of varying
physical, mechanical, and functional properties. The mechanical properties of a formulation are
typically balanced by using a combination of plastically deformable excipients such as
microcrystalline cellulose (MCC), pregelatinized starch, cellulose, polyethylene glycol (PEG)
and brittle excipients such as dicalcium phosphate, lactose, and mannitol. In general, a
granulation step is involved, where larger multi-particulate entities of drug and excipient mix are
produced [1]. Granulation locks the powder blend homogeneity, ensures robust downstream
processing of the formulation to produce tablets with desired physico-mechanical properties
(e.g., SF, strength, friability) and critical quality attributes (content uniformity and dissolution).
Granules that are composed of appropriate ingredients, at an appropriate ratio, with appropriate

properties, are important for robust production of quality tablets.

In our previous study, we have demonstrated that SF of dry granules of a single component
(MCQC) significantly impacts the tablet fracture and tensile strength [2,3]. By calibrating the
Drucker Prager Cap (DPC) model parameters we have also showed that MCC granule SF does
not affect the plastic strain driven densification in a confined compression process but increases
the propensity to fail [4]. In a multicomponent system, the compaction behaviour of one
component is expected to interact with that of the other components, and alter the granule and
tablet properties. In the literature [5,6,7,8,9,10] the effect of an individual component on the
compaction behavior of other components in the granule has not been studied with adequate
separation from the effect of granule physical and mechanical properties. To mechanistically
understand this, granule composition and granule properties need to be precisely controlled and
independently varied. This study presents calibration of the DPC parameters using simple
systems that allow analysis of effects of the levels of mannitol on the compaction behavior of
MCC/mannitol binary granules without any interference from the granule SF. In addition, elastic

properties such as Poisson’s ratio and Young’s modulus of the granules are presented.



2. DPC Model

The DPC model illustrates the permanent deformation of materials as a function of SF of the
tablet in the hydrostatic stress-effective stress (p-¢g) plane. p causes volumetric changes and ¢
causes shear-based distortion without volume change. For a given yield envelope such as that
shown in Figure 1, application of stress states within the envelope produce only elastic
distortions. Stress states exceeding the yield envelop produce permanent deformation. The
deformation involves fracture if the linear portion of the envelope is exceeded, but involves
further densification of the powder if the elliptical cap portion is exceeded. During consolidation,
the yield envelope expands as the solid fraction increases and gives a series of yield surfaces
which describes the complete behavior of a material. Four independent yield surface parameters
required for complete calibration of the model are cohesion (d), internal angle of friction (f), cap
eccentricity parameter (R) and hydrostatic yield stress (pp). Detailed description of the model is

available in the literature [11].
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Figure 1. 2D Yield Surface for the Drucker Prager Cap Model [4]



3. Materials and Methods

3.1 Virgin MCC and MNT Powders

MCC (Avicel PH200, FMC, PA, USA) and MNT (Pearlitol SD200, Roquette, IL, USA) were
used as starting materials to produce dry granules that were forward processed into tablets. The
spray dried MCC particles have fibrous morphology with very high surface area, composed of

millions of microfibrils that are 70% crystalline and 30% amorphous (Figure 2A) [12].

MCC structure deforms plastically under compression pressure. On the other hand, spray dried
MNT particles are porous, relatively fragile agglomerates of small MNT crystals (Figure 2B)
[13]. Therefore, it is reasonable to expect that the spray dried MNT particles undergo a two stage
deformation process—first, the secondary agglomerates would fracture under low pressure, and

subsequently, the MNT crystals would fracture under high pressure.



Figure 2. SEM Image of MCC (A) and MNT Particle (B)

A 150 to 250 pum size fraction of MCC and MNT powders were obtained by sieving and were
referred to as 200 pm V-MCC and 200 pm V-MNT, respectively. Both powders were
equilibrated at 20°C/30% RH condition for 24 hours prior to forward processing to eliminate the
impact of moisture content variability on compact’s mechanical properties [14]. The true density
of V-MCC and V-MNT are 1.556 g/cc [2] and 1.514 g/cc [15]. Solid fraction of the tapped
powder bed was 0.25 and 0.48 for V-MCC and V-MNT, respectively. Figure 3 illustrates the
study design.



V-MCC Powder V-MNT Powder

Mid particle size: 200 um Mid particle size: 200 um

\/

Lubricated V-MCC/V-MNT Mixture

MNT level- 0, 25, 50, 75, and 100%

Monodisperse Granules
Size: 1.5 mm x 1.5 mm
Nominal solid fraction: 0.58

In-die Compaction Test and
Uniaxial Compression Test
Tablet diameter: 12 mm
Tablet thickness: 12 mm
Solid fraction: 0.69, 0.79, 0.88

Diametrical Compression Test
Tablet diameter: 12 mm
Tablet thickness: 6 mm

Solid fraction: 0.69, 0.79, 0.88

Figure 3. Schematic Diagram of the Study Design

3.2 Monodisperse Granule Preparation

V-MCC and V-MNT powders were mixed together for 10 minutes using a Turbula mixer (model
T2F, Willy A. Bachofen AG, Basel, Switzerland) at 32 rpm to produce powder blends containing
25, 50, and 75% Mannitol. Individual powders and their binary mixtures were then mixed for 20
minutes with 1% sodium stearyl fumarate as a lubricant. Monodisperse granules of precisely
controlled size (1.5 mm diameter x 1.5 mm thickness), shape (biconvex cylindrical compact),
and SF (0.58+0.01) were produced by directly compressing the powder on a Korsch EK0
(Korsch Pressen, Berlin, Germany) tablet press equipped with standard concave, multi-tip
tooling. Monodisperse granules were equilibrated at 20°C/30% RH condition for at least 24
hours and stored in an airtight glass container to allow for any viscoelastic recovery prior to

characterizing for size and SF and forward processing into tablets.



3.3 Compression of Tablets

For each powder blend composition, 5 tablets were produced at each of 3 different solid fractions
(0.69, 0.79, and 0.88) and two different thicknesses (6 mm and 12 mm) for a total of 30 tablets
per blend. Tablets were produced using an Instron universal testing machine (model 5569,
Instron Ltd., Buckinghamshire, United Kingdom) equipped with 12 mm flat face tooling. Before
compacting each tablet, the die wall and punch faces were lubricated with magnesium stearate
powder. Compressive stresses were adjusted as required for each composition to produce tablets
with nominal SF of 0.69, 0.79, and 0.88. Tablet weights were varied to obtain the intended
thicknesses. The punch displacement rate was 5 mm/min for both compression and
decompression phases. To allow for any viscoelastic recovery, tablets were stored in airtight

scintillation glass vials for at least 24 hours prior to testing for weight, thickness, and breaking

force.
Table 1. Monodisperse Granules and Tablets Prepared There From
V-MCC/ Monodisperse Granules Tablet
V-MNT . ) ) ) ) )
Particle V-MNT Diameter Nominal Nominal Nominal Nominal Nominal
S; Level Thickness Solid Solid Thickness  Weight
ize 3 3
(um) (%) (mm) (mm) Fraction Fraction (mm) (mg)
0 740
25 6 &850
50 0.69 950
200 1.5 1.5 0.58 0.79
75 0.88 1490
100 ‘ 12 1705
1905

3.4 Characterization

3.4.1 True Density of Powder

The true densities of powder materials were determined from the weight fractions and true

densities of individual constituents using Eq. 1 [16]:



(my+ my + m3)
Pmix = T (1)
(Gr+52+%3)

where m; and p; denote the weight percent and true density, respectively, of the constituent

powder including the lubricant.
3.4.2 Solid Fraction of Monodisperse Granules and Tablets

Monodisperse granule solid fractions and tablet solid fractions were calculated using Eq. 2 [16].

T 2VeuptAgie (t-2-deup)

where m, Py, Veup, Adie, t and d..,, are defined as compact mass, true density of powder, cup
volume of the punch, die hole area, out-of-die thickness of the compact, and cup depth of the

punch, respectively. For flat faced tablets V.., and d.,,, were zero.

3.4.2 Diametrical Tensile Strength of Tablets

Diametrical breaking forces of 6 mm thick tablets were measured using an Instron universal
testing machine (model 5569, Instron Ltd. Buckinghamshire, UK) equipped with a 1 kN or a 50
kN load cell. The compression rate was 5 mm/min. Tablet TS (o) was calculated using the

following equation [17] :

2'F,

Opc = 3)

m'D-t

where F. D, and ¢ are defined as diametrical breaking force of the compact, diameter of the

compact, and out-of-die thickness of the compact, respectively.

The hydrostatic stress (ppc) and the (shear-based) deviatoric stress (qp) components of the

three dimensional stress state were obtained using the following equations [11]:

Ppc = —2E (4)
Apc = V13- Opc (%)

It should be noted that equations 4 and 5 are used for consistency with previous works
[10,11,18]. However, the stress state induced by diametrical compression is not uniform

throughout the tablet, as discussed by Procopio [19]. Equations 4 and 5 apply only at the center



of the tablet as derived by Cunningham et al. [11]. Both pp and qp increase substantially in
portions of the tablet closer to the compression platens. Ideally, pp and qp would be calculated
in the region of the tablet where fracture initiates, but since this region isn’t known, equations 4

and 5 are used for consistency.

3.4.3 Uniaxial Compression Strength of Tablets

Uniaxial breaking forces of 12 mm tall tablets were measured using an Instron universal testing
machine (model 5569, Instron Ltd. Buckinghamshire, UK) equipped with a 50 kN load cell.
Tablets were compressed axially between two rigid platens at a compression rate of 5 mm/min.
To minimize the friction between the platen and the tablet surface, mirror finished platens were
lubricated with magnesium stearate powder before each test. Uniaxial compression strength of

tablet (oy) was calculated using the relation below [11]:

4Fyc
(0} =
uc D2

(0)
where Fycis the uniaxial breaking force. The hydrostatic stress (py ) and the deviatoric stress
(quc) components of the uniaxial compression stress state were obtained using the following

equations [11]:

Jguc

Puc = — (7)
quc = Ouc (8)

3.4.4 In-die Compaction of Tablets- Axial and Radial Stresses and Elastic Properties
An Instron equipped with a 50 kN load cell, and an instrumented die with 12 mm round flat face
punches were used for in-die compaction of 12 mm tall tablets. A piezoelectric stress sensor (2.5
mm diameter, model 6159A- SN4257057, Kistler Instruments AG) was mounted in the die wall,
ground cylindrically, and was in contact with the powder compact. The center of the sensor was
positioned in the die wall such that it collected radial stress data during compression. The
compression and decompression rates were 5 mm/min with zero dwell time. Axial stress data
were logged by the Instron data acquisition system. Radial stress data were logged using an
Omega OM-SQ2040 data recorder equipped with a Kistler charge amplifier type 5073 - RS232c.

Data logging frequency was 100 Hz throughout the compression and decompression processes.

10



For each compaction cycle, the inner die wall and punch tips were lubricated with magnesium

stearate powder prior to adding powder or granules into the die cavity.

The peak axial stress (g;¢4) Was calculated as [11]:

4Fica
O1ca = 72 ©)

where Fj.,4 is the peak axial force. The peak radial stress (o;-g) Was captured directly by the

radial stress sensor.

The hydrostatic stress (p;¢) and the deviatoric stress (q;-) components were determined from the

maximum axial and radial stresses recorded during the in-die compaction process [11].

2 .
pIC — OICA +3 OICR (10)

qic = Oica — Oicr (1T)

The axial strain (g,) was calculated using the following equation [11]:
ga = Lnl(Ho — Py + Pp)/Ho] (12)
where H is the initial specimen height, Py is the upper punch displacement, and Pp is the punch

deformation determined by compressing the punches in an empty die cavity.

From the slope of the decompression phase of the axial and radial stress versus axial strain
profiles, Poisson’s ratio (v) and Young’s modulus (£) were calculated using Eqgs. 13 and 14 [11].
A linear fit of the first 200 data points of the decompression phase (two seconds) was used to
calculate slopes for all the samples. Assumptions are made that the radial strain is zero, and the

circumferential and radial stresses are equal.

doicr
dsi

V= (13)
doicr) , (291cA
("agr)+ (o)
— (49ica) _ 5., . [49cr
b= (5) -2 () (19
where <%> and <d;%> are the slopes of the axial and radial stress versus axial strain profile,
A A

respectively, of the decompression phase.

11



3.4.5 Determination of DPC Parameters

DPC parameters as defined in Figure 1 were determined at each tablet SF, based on the work by
Cunninghum et al. [11] from the uniaxial compression test, diametrical breaking force test, and
in-die compression axial and radial strain data. cohesion (d) of the material was calculated using

the following equation:
oyc.opc(V13-2)

d = oyct2:opc (15)
The internal friction angle () of the material was calculated using Eq. 16:
B = tan~! [M (16)
ouc
The pressure evolution parameter (p,) was calculated using the following equation:
—(3'6116+4'd't3n3)+\/(9'(1%c+24'd‘6116 tanB +24-pycqrc-(tanB)2+16-qfc(tanB)?)
Da = (17)

4 (tanp)?2

The cap eccentricity parameter (R) was calculated using Eq. 18:

_ |2:(pic=Pa)
k= \I 3:q1C (18)

The hydrostatic yield strength (p») of the material was calculated using the following equation:

Pp =Pq + R-[d+ pg-tanf] (19)

3.4.5 Imaging of Monodisperse Granules and Tablets

Scanning electron microscopic (SEM) images of monodisperse granules were taken with an FEI
Quanta 200 FEG SEM (version 2.4, FEI Company, OR, USA). Samples were coated with
gold:paladium (60:40) and scanning was completed at 0.3 Torr pressure and 10 kV beam energy.
Optical images of tablets of all compositions and SF were collected using a Keyence digital

microscope.

12



4. Results and Discussion

4.1 Monodisperse Granules

SEM images of monodisperse granules of each composition are shown in Figure 3. With
increasing MNT concentration, a more bi-disperse particle size distribution on the granule
surface is visible suggestive of attrition of a more brittle material. In comparison, the MCC

granules appear to be more plastically deformable.

13



0% MNT Granule 0% MNT Granule

25% MNT Granule
R Ny

NT Granule

= o

75% MNT Granule
B ) " o .'n e

Figure 3. SEM Images of Monodisperse Granules. MNT level increases top to

bottom. Magnification increases left to right.
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3.4 Tablets Produced from Monodisperse Granules

Figure 4 shows optical images of tablets at each composition and SF. There was a substantial
difference in the tablet matrix depending upon the granule composition and tablet SF. Granules
boundaries were clearly visible in tablets prepared from MCC granules even in the 0.88 SF
tablet. The appearance of residual grain structure suggests that granules plastically deformed
during tablet compression, extruding into the pore spaces between granules. With increasing
MNT level, tablet surfaces became smoother, suggestive of a more monolithic tablet. The tablet
appearance suggests that MNT granules likely fractured during compression and completely

filled the pore space between granules.

0% MNT, 0.69 SF 25% MNT, 0.69 SF 50% MNT, 0.69 SF 75% MNT, 0.69 SF 100% MNT, 0.69 SF

0% MNT, 0.79 SF 25% MNT, 0.79 SF 50% MNT, 0.79 SF 75% MNT, 0.79 SF 100% MNT, 0.79 SF

0% MNT, 0.88 SF 25% MNT, 0.88 SF 50% MNT, 0.88 SF 75% MNT, 0.88 SF 100% MNT, 0.88 SF

Figure 4. Optical Images of 12 mm Tall Tablets Prepared from Monodisperse Granules.

MNT level increases left to right. Tablet SF increases top to bottom.
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The peak axial stress exerted by the upper punch and the peak radial stress transmitted to the die
wall during the confined compression process are plotted against the granule composition in
Figure 5 and Figure 6, respectively. For 0.69 SF tablets, both the axial and radial stresses
decreased slightly as the MNT level in the granule increased. However, the trend was reversed
for higher tablet SF. Axial and radial stresses increased slightly at a 0.79 tablet SF, but
substantially at a 0.88 tablet SF. At low tablet SF, the secondary structure of the agglomerated
spray dried MNT particles likely collapsed easily (Figure 2). In general, irrespective of the
granule composition, the radial stresses were approximately 30%, 39% and 48% of the axial

stress for 0.69, 0.79 and 0.88 SF tablets, respectively.
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Figure 5. Axial Stress versus MNT level in the Granule. Triangle (A), diamond (0) and
square (0) markers represent nominally 0.69, 0.79, and 0.88 SF tablets, respectively.
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Figure 6. Radial Stress versus MNT level in the Granule. Triangle (A), diamond (0) and
square (0) markers represent nominally 0.69, 0.79, and 0.88 SF tablets, respectively.

In Figure 7, shows optical images of diametrically fractured tablets of 0.88 SF. Here again,
images suggest a more ductile nature of MCC (0% MNT) granules compared with 100% MNT
granules. For the MCC-rich tablets, the fracture plane does not appear to completely cleave the
tablets. Fracture planes also appear to bifurcate close to the platens, suggestive of locally high
shear stresses and potentially tablet flattening near the compression platen [19,20]. In
comparison, the 75% MNT tablets failed with a linear fracture line, suggestive of classic brittle
fracture. Interestingly, the pure MNT tablets exhibited triple cleft fracture which is reported in
the literature as tensile failure [20, 21]. This observation qualitatively suggests the transition of

tablets from ductile to brittle nature as the MNT level in the granule increases.

0% MNT 25% MNT 50% MNT 75% MNT 100% MNT

Figure 7. Optical Image of Diametrically Fractured Tablets (0.88 SF). MNT level increases
left to right.
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Diametrical TS of tablets of nominally 0.69, 0.79, and 0.88 SF are plotted against MNT level in
Figure 8. TS of 0.69 SF tablets decreased slightly as the MNT level increased. However, as the
tablet SF increased, a non-linear relationship was apparent with a maximum near 75% MNT. The
TS of 0.88 SF tablets prepared from the 75% MNT granules was the highest, followed by the
50% MNT granules. Surprisingly, the TS of tablets prepared from MCC granules was either
similar to or slightly lower than the MNT granules. Another complicating factor in the analysis
of data in Figure 8§ is that only the 75% MNT tablets fractured along the centerline for which the
calculation of tensile strength by Eq. 3 is applicable. Fracture in the other tablets may have
originated close to the compression platens where the stress states (and therefore the actual tablet

strengths) may have been larger than predicted by Eq. 3.

Figure 9 shows plots of uniaxial compression strength versus granule composition. Tablets
prepared from MCC granules possessed the highest uniaxial strength. Strength decreased
monotonically as the MNT level in granules increased. Compared to the MCC tablets, 50% and

75% MNT tablets have higher diametrical TS but lower uniaxial compressive strength.

18
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Figure 8. Diametrical Tensile Strength of Tablets (6 mm tall) versus MNT Level in the
Granule. Triangle (A), diamond (0) and square (0) markers represent nominally 0.69, 0.79

and 0.88 SF tablets, respectively.
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Figure 9. Uniaxial Compression Strength of Tablets (12 mm tall) versus MNT Level in the
Granule. Triangle (A), diamond (¢) and square (0) markers represent nominally 0.69, 0.79,

and 0.88 SF tablets, respectively.
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3.5 DPC Parameters

In Figure 10, cohesion (d) of materials is plotted against MNT level in granules. The plots
showed a trend that is comparable to what was seen for diametrical TS of tablets (Figure 8), as
expected since d is calculated from the diametrical tensile strength data. At 0.79 and 0.88 tablet
SF, d and granule composition exhibited a non-linear relationship. At 0.88 tablet SF, 75% MNT
granules have a 25% higher cohesion than pure MCC tablets and 20% higher cohesion than pure
MNT tablets. At 0.88 tablet SF, d is the highest (8§ MPa) for 75% MNT granules which is only
slightly higher (7.8 MPa) than 50% MNT granules. Although a trend for 0.69 tablet SF is not
obvious in Figure 10 due to the large Y-scale compared to the data points, a similar trend is

present. The cohesion of MCC granules was similar to, or slightly lower than, MNT granules.
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Figure 10. Cohesion versus MNT Level in Granules. Triangle (A), diamond (¢) and Square
(o) markers represent nominally 0.69, 0.79, and 0.88 SF tablets, respectively.
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Figure 11 shows internal angle of friction (f) against MNT level in the tablets. § was only
slightly impacted by granule composition or tablet SF. There was a trend of slightly lower S as
the MNT level increased. However, the range of f was very small, varying between 67° and 70°.
Such a small difference in f of granules will have only little impact on susceptibility of tablets to

failure.
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Figure 11. Internal Friction Angle versus MNT level in Granules. Triangle (A), diamond (©)

and square (0) markers represent nominally 0.69, 0.79, and 0.88 SF tablets, respectively.

Figure 12 plots the hydrostatic stress at the onset of evolution of cap (cap evolution parameters,
P,) against MNT level in granules for 0.69, 0.79 and 0.88 SF tablets. P, for 0.69 SF tablets was
slightly smaller as the MNT level in the granules increased. However, P, was larger for 0.79 and
0.88 SF tablets as the as the MNT level increased and the rate of increase was higher at 0.88
tablet SF. P, for MNT granules was ~33% higher than the MCC granules at 0.88 SF. This could
be attributed to densification of spray dried MNT particles by collapsing the porous

agglomerated structure at low SF and then fracture of the mannitol crystals at high SF (Figure 2).
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Figure 12. Cap Evolution Parameter versus MNT level in Granules. Triangle (A), diamond
(0) and Square (0) markers represent nominally 0.69, 0.79, and 0.88 SF tablets,

respectively.

Figure 13 shows the cap eccentricity parameters (R) against the MNT level in granules. The R
value was 0.44, 0.56 and 0.69 for nominally 0.69, 0.79 and 0.88 SF tablets, respectively. Cap
eccentricity was not significantly impacted by the granule composition. As the MNT level
increased, R decreased slightly at 0.69 tablet SF; however, R increased slightly at 0.79 and 0.88
tablet SF. Once the tablet SF reaches 1, the tablet would not densify any further even at a very
high applied stress (fully dense material behavior) [18]. However, the compact would have

elastic properties and could fail by fracture.
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Figure 13. Cap Eccentricity Parameter versus MNT level in Granules. Triangle (A),
diamond (0) and Square (0) markers represent nominally 0.69, 0.79, and 0.88 SF tablets,

respectively.

Figure 14 plots the hydrostatic yield strength (Pp) of materials against the MNT level in granules.
The data follow a trend similar to the cap evolution parameter (Figure 12). P, was significantly
impacted by the MNT level in granules and the tablet SF. Py, slightly decreased with increasing
MNT level in the granules for 0.69 SF tablets; it was ~34% lower for MNT granules than MCC
granules. However, the trend was reversed for higher tablet SF. P, increased with the MNT level
in granules for 0.79 and 0.88 SF tablets, and the rate of increase was higher at 0.88 tablet SF.
Compared to MCC granules, P, for MNT granules was ~14% and ~40% higher at 0.79 and 0.88
tablet SF, respectively. Thus the amount of stress required to further densify the compact

depends on the granule composition.
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Figure 14. Hydrostatic Yield Stress versus MNT level in granules. Triangle (A), diamond
(0) and Square (0) markers represent nominally 0.69, 0.79, and 0.89 SF tablets,

respectively.

In Figure 15, shows the DPC model fitting curves in the p-q plane for 0.69 SF, 0.79 SF and 0.88
SF tablets prepared from pure MCC granules, MCC/MNT binary granules, and pure MNT
granules. The p and ¢ components of the diametrical tensile stress (open markers), uniaxial
compression stress (grey markers), and maximum in-die compaction stress (black markers) at
each SF are also shown in the plot. The granule composition, 0, 25, 50, 75, and 100% MNT are
represented by the symbols square (0), diamond (0), triangle (A), circle (O), and star (x),
respectively. Although four independent variables are required to calibrate the DPC model, there
are only three data points per DPC envelope. The fourth parameter to satisfy the requirement is

the normality of the plastic flow vector (associative flow rule) [11,22,23].
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Figure 15. DPC Profiles for MCC Granules, MCC/MNT Binary Granules, and MNT
Granules at A) 0.69, B) 0.79, and C) 0.89 Tablet Solid Fraction.
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The plots in Figure 15 clearly show that the yield surfaces for pure MCC and 25% MNT
granules are comparable but that for granules with 50% or higher level of MNT are significantly
different. At 0.69 tablet SF, the yield locus contracts as the MNT level in granules increases to
50% or higher. At this SF, tablets prepared from pure MNT granules have the smallest yield
surface and the largest for pure MCC and 25% MNT granules. However, the trend reverses as
the tablet SF increases. At 0.79 and 0.88 tablet SF, the pure MCC and 25% MNT granules have
the smallest yield surface and the pure MNT granules have the largest surface, with larger
expansions at 0.88 tablet SF. Possibly, the two stage deformation of spray dried MNT particles
causes this shift in yield surface-- the porous agglomerates of MNT may collapse under a low
stress whereas, fracturing the primary MNT crystals may require high stress (Figure 2). At the
onset of densification, the hydrostatic to deviatoric stress ratio is similar, ~0.38 for all tablet SF.
However, the p to ¢ ratio of the maximum in-die compaction stress on the stress path increases

significantly from ~0.75 at 0.69 tablet SF to ~0.86 at 0.79 tablet SF and ~1.26 at 0.88 tablet SF.

In Figures 16 and 17, Poisson’s ratios and Young’s moduli, respectively, are plotted against
MNT level. Poisson’s ratio increased with increasing tablet SF, and with decreasing MNT
concentration. Larger increases were observed at higher tablet SF. In contrast, Poisson’s ratio for
MNT granules was insensitive to the tablet SF. Young’s moduli were not significantly affected
by the granule composition at 0.69 tablet SF. However, at 0.79 and 0.88 tablet SF, Young’s
modulus increased with increasing MNT level with a significantly higher rate of increase at 0.88

tablet SF.
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Figure 17. Young’s Modulus versus Granule Solid Fraction. Triangle (A), diamond (©) and

square (0) markers represent nominally 0.69, 0.79, and 0.89 SF tablets, respectively.
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5. Discussion

Calibration of DPC parameters in this study allows understanding the effect of granule
composition on the compaction properties of deformable granules independent of their SF. The
ratio of MCC to MNT in dry granules affects the compaction properties of granules and the
fracture and elastic behavior of the tablets. Higher level of MNT in granules requires a lower
compression pressure to obtain a low SF tablet but higher compression pressure to obtain a high
SF tablets. This is illustrated by the contraction or expansion of the cap surface with associated
change in cap evolution parameter, cap eccentricity parameter, and hydrostatic yield stress
depending upon the granule composition and tablet SF. The shear failure line is slightly impacted
by the granule composition, which could be considered reasonable based on the small difference
(1 MPa or less) between the minimum and maximum TS of tablets. Both the diametrical TS of
tablets and the cohesion of tablets follow the same trend. 75% MNT in the formulation has the
highest cohesion and diametrical TS at a pharmaceutically relevant tablet SF of 0.88. Tablets
prepared from high MNT level are stiffer with smaller Poisson’s ratio and would experience

lower relaxation during the unloading and ejection step.

The effect of granule composition on all the compaction properties of granules does not follow
the simple linear mixing rule proposed by Kuentz et al. [24]. Table 2 shows the summary of the
applicability of the linear mixing rule to various properties measured in this study. The
maximum % error of the linear mixing rule is shown in the parenthesis. For some properties such
as uniaxial compression strength, hydrostatic yield strength, young's modulus, Poisson’s ratio,
linear rules are not perfect, but close where some interaction between the constituents are
present. These properties change monotonically with the composition. Some property is just

insensitive to composition (e.g., internal angle of friction). On the other hand, for properties such
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as cohesion and diametrical TS, the linear mixing rule is clearly inappropriate. These properties
go through a maximum as %MNT increases in the formulation. This is consistent with direct
compression of MCC/spray dried lactose binary mixture, for which the crushing strength of
tablets goes through a maximum at 50%/50% composition [25]. The implication of this finding
is that many of the compaction properties of binary mixtures of MCC/MNT may be estimated to
a reasonable approximation from the properties of individual component using the linear mixing
rule. However, the most frequently measured mechanical property, the TS of MCC/MNT tablets
may not be reasonably estimated from the TS of pure MCC and pure MNT tablets using the

linear mixing rule.

Table 2. Applicability of the Linear Mixing Rules to the Compaction Properties of
MCC/MNT Binary Granules

Parameters/Properties Apparent applicability of Approximate Trend at Tablet SF
the Linear Mixing Rule (Maximum % Error of Prediction)
0.69 0.79 0.88
. . . -- -- 1
Axial stress Approximately linear (-9.3%) (4.0%) (L1
. . . -- -- 1
Radial stress Approximately linear (-28.4%) (5.9%) (12.5%)

Uniaxial compression strength Approximately linear (25 loo/ ) a 6l2‘V ) G %‘V )
. 0 . 0 . 0
. . Not linear, Sigmoid Sigmoid Sigmoid
Diametrical TS maximum at 75% MNT  (19.1%)  (264%)  (-21.5%)
. Not linear, Sigmoid Sigmoid Sigmoid
Cohesion (d) maximum at 75% MNT  (23.9%)  (292%)  (-30.1%)
Cap evolution parameter (P,) Approximately linear (-7 lS‘V) 5 ;y) @3 I‘V)
= /. 0 . 0 . 0

l i 1

Hydrostatic yield strength (P5) Approximately linear (-11.8%) (4.4%) (11.5%)

Cap eccentricity parameter (R) Not sensitive (8. 8l 5%) (1 ;% ) (2'_5_% )
Internal friction angle (f) Not sensitive (-1 _(_)% ) -1 ;% ) (1 '_5_% )
Young’s modulus (E) Approximately linear (-1 3%8% ) (122% ) (16.T1 %)
Poisson’s ratio (v) Approximately linear ( S.i% ) (- 4.T3% ) (- 6.%% )

(1) Monotonically decreases as MNT level increases
(1) Monotonically increases as MNT level increases
(--) Little or no interaction
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6. Conclusions

Calibration of the DPC model using monodisperse granules of MCC/MNT binary mixtures
determined the effect of the composition on the compaction properties of dry granules without
the interference from the effect of granule SF. Higher level of MNT in granules required a lower
compression pressure to obtain a low SF tablet but higher compression pressure to obtain a high
SF tablets. At an industrially relevant tablet SF of 0.88, 75% MNT granules exhibited the highest
cohesion, and produced the strongest tablets. The Young’s modulus increased and the Poisson’s

ratio decreased with increasing level of MNT in the composition.

The effect of granule composition on all the compaction properties of granules does not follow a
simple linear mixing rule. Properties such as cohesion and diametrical TS go through a
maximum as %MNT increases in the formulation and clearly do not follow the linear mixing
rule. On the other hand, properties such as hydrostatic yield strength, young's modulus, Poisson’s
ratio approximately follow the linear mixing rule, where some interactions between the
constituents are present. Some properties (e.g., internal angle of friction) are just insensitive to
the composition. The compaction properties of dry granules of a multicomponent system may
not be precisely estimated from the properties of individual components, simply by using the

linear mixing rule.
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