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Purpose. To analyze the mechanics of some pharmaceutical agglomer-
ates during uniaxial confined compression by using compression
parameters derived from the Heckel, Kawakita and Adams equations,
and to study the influence of these compression parameters on the
tablet-forming ability of agglomerates.

Methods. Force and displacement data sampled during in-die compres-
sion of agglomerates was used to calculate compression parameters
according to the Heckel (o), Kawakita (1/b and a), and Adams (7,")
equations. Mechanica strength of single agglomerates as well as the
air permeability and tensile strength of tablets prepared from them
were aso determined.

Results. o, from the Heckel equation did not differ between agglomer-
ates of different porosity. Both 1/b and 7o' varied with agglomerate
porosity and composition. These two compression parameters were
linearly related to each other. No general correlation wasfound between
1/band 7y’ and the strength of single agglomerates. The two parameters
were related to the intergranular pore structure and tensile strength of
tablets formed from the agglomerates.

Conclusions. I/bandty" may beinterpreted as measures of the agglom-
erate shear strength during uniaxial confined compression, and as such
they may be used as indicators of the tabletting performance of the
agglomerates.

KEY WORDS: Heckel equation; Kawakita equation; Adams equa-
tion; agglomerate shear strength; tablet pore structure; tablet tensile
strength.

INTRODUCTION

Agglomerates are handled in a variety of technical disci-
plines, such as pharmaceutical production. During handling and
processing, agglomerates are subjected to stressesand it is often
required that agglomerates can be handled or processed without
fracturing, e.g., during transport, mixing or coating. Thus, the
problems of forming agglomerates of sufficient strength, and
assessing their strength, have been discussed in the literature
(1,2). Normally, the strength of agglomeratesis measured using
single particles. However, aternative procedures by which the
strength of an agglomerate can be derived from the analysis of
compression data have been developed (3,4). Such procedures
involve the compression of abed of agglomeratesin a confined
space, and the strength of single agglomeratesis estimated from
the relationship between applied stress and strain in-die. It is
thus reasonabl e that agglomerate strength is aproperty involved
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aso in the tabletting of pharmaceutical agglomerates, such as
granules and pellets, athough its relevance in terms of the
quality of the formed tablet is not satisfactorily understood.

We have described (5,6) the response to compression of
agglomerates in-die as deformation rather than fragmentation.
Deformation was thought to occur by a process where particles
reposition or flow within the agglomerate, i.e., aprocess similar
to fracturing by shearing (a mode Il failure). However, it has
aso been reported that fracturing of agglomerates in-die can
occur by a crack-opening mechanism, a mode | failure (7). It
is possible that the stresses needed to initiate deformation or
fracturing of agglomerates are similar in magnitude. Thus, the
concept of an apparent strength of agglomerates during confined
compression may apply to both fracturing and deformation.

Themethod of preferencein order to assessthe deformabil -
ity of non-porous particles from confined compression data is
the calculation of their mean yield strength from the tablet
porosity-applied pressure relationship described by the Heckel
equation (8). Some authors have, however, concluded that this
equation is not suitable to describe the compression behavior
of porous agglomerates (7,9). In the literature, a large number
of other compression equations exist (10), although their inter-
pretation in terms of single particle mechanical properties is
not always clear. Exceptions in this context are the equations
given by Lidde and Kawakita (11) and Adams et al. (3) from
which measures can be derived which can be interpreted in
physical terms.

Thereiscurrently no recognised procedurein pharmaceuti-
cal science by which the confined compression strength of
agglomerates such asgranulesor pellets can be derived and used
in formulation engineering programs, such as expert systems.
However, the two models discussed above (the Adams and
Kawakita relationships) are promising approaches in this con-
text. Thus, in this study, the strength of three types of agglomer-
ates was derived from confined compression data by the
approaches given by Adams and Kawakita, and compared with
the Heckel yield strength of the agglomerates. The effects of
porosity and composition of the agglomerates on their confined
compression agglomerate strength was also studied. The physi-
ca interpretation of the term agglomerate strength was dis-
cussed and the relevance of the agglomerate strength in terms of
the ability of the agglomerates to form tablets was investigated.

MATERIALS AND METHODS

Materials

In earlier papers from our laboratory, the properties of
spherical agglomerates (also known as pellets), 0.71-1.00 mm
diameter, prepared by extrusion-spherosisation of microcrystal-
linecellulose (MCC) (5) or of a4 to 1 w/w mixture of dicalcium
phosphate dihydrate and microcrystalline cellulose (DCP/
MCC) (6) were presented and discussed. Some relevant charac-
teristics of the agglomerates presented in those papers are sum-
marized in Table 1. The porosities of MCC agglomerates of
denominations 1-5 were varied by the use of mixturesof differ-
ent amounts of water and ethanol as agglomeration liquids
during preparation, where the use of increasing amounts of
ethanol led to a higher agglomerate porosity. For agglomerate
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Table 1. Single Agglomerate and Bed Compression Data
Linear part,®
Agglomerate Adams 7’ Kawakita Linear part®, Kawakita Heckel oy,
porosity® Tod values 1/b values Adams eq. eg. (n = values
Agglomerate  Agglomerate (n=273) (n = 100) =13 (h=1-3 (n=1-3 1-3) (n=1-3
type denomination (%) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 11 255 36.4 36.5 21-89 19-200 735
2 14 221 259 276 18-97 5-200 79.4
MCC, set A2 3 27 105 9.79 14.7 23-98 13-200 68.5
4 40 7.24 341 9.01 19-105 10-200 68.5
5 46 3.86 1.62 6.66 23-105 8-200 67.1
I 12 24.7 43.0 415 29-102 6—200 76.3
MCC, set B2 I 22 195 18.7 22.7 21-117 11-200 7715
" 33 189 114 15.8 18-77 9-200 730
v 46 133 557 9.59 17-83 6—200 76.3
A 26 8.73 205 235 8-78 14-200 167
B 36 542 10.1 17.9 8-109 30-200 161
DCP/MCCP C 42 5.08 8.55 14.9 6-102 18-200 168
D 48 7.82 6.08 110 10-54 10-200 159
E 55 5.42 3.76 7.76 5-56 5-200 156

a Data from (5).
b Data from (6).
¢ From mercury pycnometry.

d Calculated from single agglomerate median fracture force (n = 100) according to Adams et al. (3).
¢ Pressure limits for linear region in profiles constructed from the compression equations (R > 0.9998).
" Due to a slight curvature throughout the Heckel profile, o, values were obtained from a set pressure range (50-150 MPa, R > 0.997).

denominations I-1V and A-E, porosity was varied by the incor-
poration of different amounts of a powder component (salicylic
acid) before agglomeration that was later removed from the
prepared agglomerates by extraction by ethanol.

Preparation of Tablets

500 mg agglomerates were compressed in an instrumented
(with punch strain gauges and displacement transducers) single
punch tablet press (Korsch EK 0, Germany), fitted with 11.3
mm circular flat faced punches. The agglomerates were manu-
aly filled into the prelubricated (by magnesium stearate) die
and tabletted at machine speed. The position of the lower punch
was adjusted to obtain the required maximum applied pressure;
100 M Pafor tabletsused for air permeability and tensile strength
determinations, and 200 M Pafor tablets used in the calculation
of compression parameters.

After compaction, the 100 MPa tablets were stored in a
desiccator at 40% relative humidity and room temperature for
not less than 3 days before characterisation.

The Tensile Strength of Tablets

Tablets prepared at 100 MPa were compressed diametri-
cally in a materials testing machine (model M30K, J. J. Lloyd
Instruments Ltd, UK) at aloading rate of 5 mm/min. Thetensile
strength (n = 5-10) was derived from the force needed to
fracture the tablets (12).

Air Permeability

The permeability of 100 MPa tablets to air flow (n = 3)
was determined using a constant volume permeameter. The
measurement procedure of Alderborn et el. (13) was used. The

permesbility coefficient (9) was then calculated for each
compact.

Single Agglomer ate Fracture Strength

Agglomerates from the thickness fraction 761-840 pum
were compressed individually (diametral two-point loading) at
0.5 mm/min in a materials testing machine (M30K, J.J. Lloyd
Instruments Ltd, UK) until a sharp decrease in loading force
occurred. The peak compression force before the decrease was
used as the fracture force of the aggregates.

The fracture force of aggregates was used to calculate the
nominal fracture strength of single aggregates (o) (3):

L
O mrd2

where F; is the fracture force of an agglomerate and d is the
mean diameter for the tested size fraction.

Calculation of Compression Parameters

The compression parameters derived from the Heckel,
Kawakita and Adams equations (see below) were obtained
through linear regression of force and displacement dataadapted
according to the linear forms of the equations (examples are
given in Fig. 1). Relevant data are presented in Table 1.

In the evaluation of the Adams equation, the authors (3)
used alimited pressure range well below the pressures required
for the formation of tablets of acceptable strength. However,
for agglomerates which are to be formed into tablets, the use
of compression data at compaction pressures which correspond
to the formation of tablets, i.e., considerably higher than the
pressure region used by Adams et al., seems logical to apply.
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Fig. 1. Examples of linearized compression equations: (a) Heckel
equation. (b) Kawakita equation. (c) Adams equation. All examples
show agglomerate denomination 1.

In P (MPa)

This is aso the normal procedure for the use of the Kawakita
function. Furthermore, theinterpretation of compression param-
eters as measures of agglomerate deformation means that a
small elastic component may possibly beincluded in the numer-
ical values, since in-die compression data was used in their
calculation.

oy, from the Heckel Equation

The Heckel equation (8) is based on the assumption that
powder compression follows first-order kinetics, with the inter-
particulate pores as the reactant and the densification of the
powder bed as the product. The linear form of the function is:
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1
= =kP+
InE kP + A

where E is the bed porosity at an applied pressure P, and k and
A are constants suggested to describe particle deformability and
rearrangement, respectively. The inverse of k is often proposed
to be the yield strength (o) of the particles.

1/b and a from the Kawakita Equation

The basis for the Kawakita equation for powder compres-
sion (11) is that particles subjected to a compressive load in a
confined space are viewed as a system in equilibrium at all
stages of compression, so that the product of a pressure term
and a volume term is constant. During the derivation of the
equation, Kawakita introduced the degree of volume reduction
C, aparameter equivalent to theengineering strain of the particle
bed and thus related to bed height at applied pressures zero
(ho) and P (hy):

—ho—h
C= ho
Kawakitathen derived thefollowing linear form of thefunction:
P 1. P
c o a

where P is the applied pressure, the constant a is the total
degree of volume reduction for the bed of particlesand b is a
constant proposed to be inversely related to the yield strength
of the particles (14).

7o' from the Adams Equation

The Adams equation (3) was derived in order to estimate
the fracture strength of single granules from in-die compression
data. It models the bed of granules in the die as a series of
paralel load-bearing columns. The following equation was
derived:

InP = In(l) + o' e+ In(1 — 9)
(03

where 7o' is the apparent single agglomerate fracture strength,
o' is a constant related to friction and e is the natura strain,
related to bed height at applied pressures zero (hy) and P (hy):

— in[To
o

At higher values of natura strain, the last term of the Adams
eguation becomes negligible and can be omitted, leaving a
linear function. The intercept and slope of this linear part of
the profile were used to cal culate the compression parameter 7o'

RESULTS

The deformability of al three agglomerate types studied
here has been shown previously (5,6) to be dependent on the
porosity of the agglomerates. In Table 1, the yield strength from
the Heckel equation (o) did not differ for agglomerates of
different porosities but did differ according to the material
composition of the agglomerates. Both the Kawakita 1/b values
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Fig. 2. Kawakita /b values during compression of agglomerate beds
asafunction of agglomerate porosity. Symbolsare defined in the graph.

(Fig. 2) and the Adams 7y’ values (Fig. 3) decreased with
increasing agglomerate porosity for all agglomerate types, and
the corresponding values for 1/b and 7o' were similar in magni-
tude. Furthermore, a linear relationship between these values
was found (Fig. 4). Thisis consistent with the results of Adams
et al. (3). As can be seen in the graph, the greatest discrepancy
between 1/b and 1" occurred in the lower numerical region for
the values.

In physical terms, the parameter ainthe Kawakitaequation
represents the total degree of volume reduction for a particle
bed. As can be seen in Fig. 5, the DCP/MCC agglomerates
generaly had lower values for a than did the MCC agglomer-
ates. Since the agglomerate types used in this study all have a
similar propensity for packing when poured into a confined
space, theeffect seenin Fig. 5 cannot be attributed to differences
in agglomerate arrangement in-die before compression. A possi-
ble explanation for the lower a values for the DCP/IMCC
agglomerates could, however, be the more rigid structure of
the DCP/IMCC agglomerate type, as reported previously (6).

InFig. 6, the nominal fracture strength of single agglomer-
ates (Tos) Was plotted against the apparent agglomerate fracture
strength from the Adams equation (to"). As can be seen in the
graph, the two categories of strength values were within the
same order of magnitude. The agglomerate type 1-5 showed
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Fig. 3. Adams 7y’ values during compression of agglomerate beds as
afunction of agglomerate porosity. Symbols are defined in the graph.
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Fig. 4. Kawakita 1/b values versus Adams 7y’ values. Symbols are
defined in the graph. The straight line represents the best fit to all data
points (intercept, slope and R? values are in the graph).

the most pronounced correlation between tosand 7o'. In contrast,
there appeared to be no correlation for the agglomerate type
A-E.

The permesability to air of tablets formed from agglomer-
ates is a measure of the intergranular pore structure of the
tablets(6). A low valuefor the permeability coefficient indicates
a more closed intergranular pore structure in the tablet, which
inturnis caused by ahigh degree of deformation of the agglom-
erates during compression. In Fig. 7, 1/b values increased with
the permesbility coefficient ratios. Thus, low 1/b values were
associated with the formation of a closed pore structure.

In Fig. 8, the tensile strength of tablets was plotted against
the 1/b parameter. The overal trend for al agglomerate types
was that low values for 1/b were associated with the formation
of mechanically strong tablets.

DISCUSSION

This study investigated the possibility of characterizing a
mechanical property of agglomerated particles, relevant for
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functional tabletting behavior, from confined compression data.
A common procedurein this context hasbeen to derivetheyield
strength of the particlesfrom Heckel profiles. The application of
this procedure to agglomerates has, however, been questioned
(7,9) and this study has shown that the use of Heckel numbers
based on total porosity data is inadequate to describe the com-
pression mechanics of agglomerates, i.e. the derived yield
strength valuesdid not vary with agglomerate porosity (Table 1).
In contrast, using the Adams or Kawakita equations, parameters
were derived which varied markedly with porosity and that
also were related with the agglomerate composition (Figs. 2,
3 and 5).

In an earlier study (3), it was shown that the parameters
/b, from the Kawakita equation, and 7', from the Adams
equation, represent the same mechanica property of the
agglomerates. A good correlation between these parameters
was also obtained in this study. However, athough a linear
relationship was obtained, the relationship deviated slightly
from a gradient of unity and a small positive y-intercept was
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Fig. 7. Permeability coefficient ratio (ratio of the permeability coeffi-
cient of atablet formed at 100 M Paapplied pressure to the permesability
coefficient of a bed of uncompacted agglomerates) as a function of
Kawakita 1/b values. Permeability datafrom earlier studies (5,6). Sym-
bols are defined in the graph.
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Fig. 8. Tensile strength of tablets formed at 100 MPa applied pressure
asafunction of Kawakita 1/b values. Tensile strength data from earlier
studies (5,6). Symbols are defined in the graph.

obtained (Fig. 4). Adams and co-workers have suggested that
the Kawakita parameter is |ess affected by the die wall friction
during compression than the Adams parameter (7). Since a
simplified procedure was used in this study, i.e., only one bed
height was used for each powder, afriction effect could explain
the deviation from a perfect relationship.

Adams and co-workers (7) interpreted the physical signifi-
cance of 1/b and 7o' as the strength of single agglomerates
during cracking or fracture by a crack-opening mechanism (ten-
sile failure). The values for the fracture strength of the single
agglomerates used in this study were indeed of the same order
of magnitude as the derived 1/b and 7o' parameters (Fig. 6).
However, for these agglomerates, the failure process probably
did not occur by a crack-opening mechanism but rather by a
shearing process causing deformation of the agglomerates. This
is assumed since we have earlier shown that the agglomerates
used in this study remain cohered during compression and
do not crack or fragment into smaller units to a significant
degree (5,6).

Conseguently, a genera correlation between to" and s
was not obtained (Fig. 6). However, while a relatively good
correlation between 1" and Tos was obtained (Fig. 6) for the
MCC agglomerate type 1-5, prepared from different agglomer-
ation liquid, the variation in 7" values were more pronounced
than the variation in 7 for the other two types (I-1V and A—E).
In the case of denomination A—E, the Ty values were nearly
constant. The agglomerate types |-V and A—E were prepared
so that the largest intragranular pores were of similar size,
irrespective of agglomerate porosity. Consequently, Tos may
have been controlled by the size of the largest pores within the
agglomerate while 1o was controlled by the pore structure in
a broader sense. It is thus suggested that, for the agglomerates
used in this study, 1/b and 7o' represent the stress needed to
initiate a flow of particles within the agglomerate, i.e., a com-
pression shear strength. This agglomerate shear strength was
related primarily with the overall porosity of the agglomerates,
but also with theintragranular pore structure and composition of
the agglomerates. Thedifferencesinintragranular porestructure
between the two MCC agglomerate types may account for the
differences in the relationship between 1/b and 1, on the one
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hand and agglomerate porosity on the other for the different
agglomeratetypes (Figs. 2 and 3). It isapparent from the figures
that the agglomerates containing DCP particles generally had
the highest valuesfor 1/b and 7y’. This seemsreasonable consid-
ering the more rigid structure of the DCP/MCC agglomerates,
as discussed in an earlier study (6).

The relationship between the parameter a from the Kawak-
ita equation and agglomerate porosity coincided for the two
series of microcrystalline cellulose agglomerates (Fig. 5). The
same observation was earlier obtained for the relationship
between agglomerate porosity and the degree of compression
of the agglomerates at an applied pressure of 100 MPa (6). It has
been suggested that the degree of compression of agglomerates
during uniaxial compression reflects the degree of deformation
of the single agglomerates in terms of their flattening (15).
Thus, the Kawakita a parameter can be described as a measure
of the total degree of deformation of single agglomerates.

For the Kawakita 1/b parameter, different relationships to
theintergranular pore structure and the tensile strength of tablets
were obtained for the three agglomerate types (Figs. 7 and 8).
For each type, the lower 1/b values were associated with the
formation of tablets with a more closed pore structure and a
higher tensile strength. Therelationshipsfor thethree agglomer-
ate types were, however, relatively similar and a general ten-
dency was thus that a low compression shear strength for the
agglomerates corresponded to tablets having small intergranular
pores and ahigh tensile strength. It is, hence, concluded that the
characterization of agglomerates in terms of their compression
shear strength, using the Kawakita or Adams equations, can
be used as an indicator of the tabletting performance of the
agglomerates. In this context, it seems that the Kawakita equa-
tion may have two advantages over the Adams equation: Firstly,
the Kawakita profiles showed alinear relationship over awider
range of compression pressures (Table 1) and, secondly,
according to an earlier report (3), the Kawakita parameter is
less sensitive to die wall friction.
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