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bstract

The objective of this study was to investigate the effect of fracture strength of paracetamol particles on their compactability. For this purpose
wo series of paracetamol particles were prepared by crystal agglomeration and by granulation using different solvents. A free flowing particle
ize fraction of all types of particles was characterized with respect to their shape, degree of agglomeration and single fracture strength. The
owders were compressed to tablets and the compression mechanism of the particles and the evolution in tablet micro-structure were assessed
y compression parameters derived from the Heckel and Kawakita equations and by a tablet permeabililty coefficient. Tablet tensile strength and
orosity were determined. The degree of deformation and fragmentation during compression varied between agglomerates and granules and was
ependent on their failure strength. The granules varied in compactability with particle failure strength while the agglomerates showed limited

ariation. It is proposed that, the dominant mechanism of compression for the granules was permanent deformation while for the agglomerates it
as fragmentation. It was thus found that the compression mechanism of the particles was dependent on both the degree of agglomeration and the
article failure strength.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fine particulate drugs are often processed into granules
efore tableting to preserve the fineness of the drug while a pow-
er that is suitable for a tableting operation is accomplished.
n the preparation of such granular solids, the most common
rocedures used in pharmaceutical production are based on the
eprocessing of fine particles into secondary particles by wet
ranulation, i.e. granule formation with a liquid, and roller com-
action. An alternative approach is obviously to control the
rystallization of the drug in such a way that agglomerates of fine
rug particles are formed during precipitation from solution.

The steps involved in the crystallization of organic and other

ompounds, including agglomeration and parameters influenc-
ng agglomeration during crystallization, have been subjects of
nterest in the literature (Ålander et al., 2004). Also regarding
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e of agglomeration; Tablet tensile strength

ctive pharmaceutical ingredients, several studies are reported
n which agglomerates are formed during precipitation from
olutions, e.g. paracetamol (Fachaux et al., 1995a, 1995b),
cebutolol hydrochloride (Kawashima et al., 1995), ibuprofen
Rasenack and Müller, 2002), lobenzarit disodium (Amaro-
onzalez and Biscans, 2002), and ascorbic acid (Kawashima et

l., 2003). By agglomeration, downstream processing and han-
ling of the powder in terms of flow properties and packing
ehavior can be improved. The question if the compactabil-
ty is improved for the agglomerates compared to the original
articles used in the preparation of the crystallization solution
as also been addressed in some studies. It is reported that the
gglomerates showed improved compactability (Kawashima et
l., 1994; Fachaux et al., 1995b) and reduced capping propensity
Kawashima et al., 2003) compared to the original unagglomer-
ted particles.
Ålander and co-workers (Ålander et al., 2003) have shown
hat paracetamol agglomerates crystallized from different sol-
ents differ in physical properties in terms of size and number
f primary particles and nominal fracture strength. The degree

mailto:goran.alderborn@farmaci.uu.se
dx.doi.org/10.1016/j.ijpharm.2006.11.046
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Nomenclature

a compression parameter
am cross-sectional area of the manometer arm
A cross-sectional area of the compact
Ap particle projected area
AR particle aspect ratio
1/b compression parameter
C degree of compression
Cat pressure degree of compression at 300 MPa
Cremaining degree of compression at the time upper punch

detaches from the powder bed
D tablet diameter
ER elastic recovery
F force needed to cause particle breakage
Ft compression force needed to fracture a tablet
FF particle form factor
g standard acceleration of gravity
h1 stop point an the manometer arm
h2 start point on the manometer arm
h2N tablet height at 2N after compaction
hat pressure tablet height at maximum pressure
ht tablet height
L height of the compact
P pressure
Pc permeability coefficient
Pp particle perimeter length
Py yield pressure
r particle radius
t time for airflow
w tablet weight

Greek letters
δ density of the manometer liquid
ε porosity
εt tablet porosity
ρ300 MPa density of the powder bed at 300 MPa
ρapp apparent particle density
ρbulk bulk density
σN nominal particle fracture strength
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σt tablet tensile strength

f agglomeration, expressed as the number of crystals forming
he agglomerate, were of an order of magnitude of 2–10 which
s considerably lower than obtained when granules are formed
rom primary particles by wet granulation.

For paracetamol agglomerates formed by crystallization in
ater it is reported (Fichtner et al., 2005) that the distribution in

gglomerate size, obtained by varying the conditions during the
rystallization process, had no effect on the compactability of
he agglomerates. However, there are hitherto no papers address-

ng the question if agglomerates of different nominal fracture
trength behave differently while processed by confined com-
ression. The aim of this work was to study the effect of the
racture strength of paracetamol agglomerates, prepared by pre-

a
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m
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ipitation form different solvents, on their compactability. As a
omparison, granules of paracetamol were formed by wet gran-
lation using the same solvents. Two sets of secondary particles
ith different degrees of agglomeration were thus prepared.

. Material and methods

.1. Nomenclature

In this study, two types of secondary particles of paracetamol
ere prepared: Firstly, cluster formation during precipitation

nd secondly, cluster formation during convective mixing with
required proportion of liquid. The first procedure is often

eferred to as crystal agglomeration and the latter as wet gran-
lation. Thus, the first type of secondary particle is hereafter
eferred to as agglomerate (A) and the latter type as granule (G).

.2. Preparation of powders

Micronised paracetamol (AstraZeneca, Sweden) with an esti-
ated particle size of 12 �m was used for the preparation of all

articles. The particle size was assessed from the powder surface
rea, experimentally determined according to Blaine (Blaine,
943) and corrected for slip-flow (Carman and Malherbe, 1950),
nd an assumed surface to volume shape coefficient of 10
Heywood, 1954).

.2.1. Granulation
An amount of 400 g paracetamol (AstraZeneca, Sweden)

as poured into a planetary mixer (Kenwood Major, UK) and
ixed with a relative mixing speed of 2. 100 g ethanol 99.5%

LS/Ph.Eur. Solveco Chemicals AB, Täby, Sweden), methanol
9.8% (LiChrosolv, Merck, Germany), acetone 99.8% (LiChro-
olv, Merck, Germany), or 150 g of a mixture of acetone and
eionised water (30/70 w/w) were pumped (Watson Marlow
05s, USA, flow rate: 100 ml/min) to the powder. The mixer
as stopped after 2 min of mixing. The granules were dried at

oom temperature for at least 2 days. The particle size frac-
ion 500–710 �m was obtained by dry sieving using stainless
teel laboratory sieves (ASTM test sieves, Retsch, Germany)
nd a mechanical sieve shaker (Retsch, type RV, Germany).
ortions of about 70 g were sampled and sieved for 9 min at
relative vibration intensity of 50. The particle size fraction

00–710 �m was stored at 40% r.h. for at least 7 days before
urther experiments.

.2.2. Agglomeration
Four batches of paracetamol were prepared by precipitation

rom a saturated solution of ethanol 99.7% (Solveco chemi-
als AB, Sweden), methanol 99.8% (Anala R BDH Laboratory
uppliers Poole, England), acetone 99.5% (Anala R BDH Labo-
atory Suppliers Poole, England) and acetone/water (30/70 w/w)

t 50 C. Saturated solutions were obtained by dissolving 341.6,
51.2, 172.9, and 308.4 g paracetamol per kilogram ethanol,
ethanol, acetone and acetone/water, respectively. A 2-l double-
alled glass beaker with circulating water between the walls was
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sed to cool down the solutions from 50 to 10 ◦C using cool-
ng rates of 0.50 ◦C/min for methanol, 0.56 ◦C/min for ethanol
nd acetone (Julabo FP45, Germany) and 1.11 ◦C/min for ace-
one/water (Julabo FP50, Germany). The beaker was equipped
ith baffles and a propeller shaped impeller was used for stir-

ing. In all cases, the agitation rate was 400 rpm (RW 20 DZW
anke & Kunkel, Germany). At 10 ◦C, the agglomerates were
eparated from the solution by filtration and dried at room tem-
erature. The particle size fraction 500–710 �m was obtained
y dry sieving and stored at 40% r.h. for at least 7 days before
urther experiments.

.3. Bulk density and apparent density

A variable amount of powder (0.7–4.8 g) was poured into
graduated 10 ml cylinder (20 ◦C, scale: 0.1 ml) and the bulk

ensity (ρbulk) (n = 6) was calculated from the volume and the
eight of the powder.
The apparent particle density (ρapp) of each powder

as determined using a helium pycnometer (AccuPyc 1330,
icromeritics, USA) (n = 3).

.4. Single particle characterization

.4.1. Particle dimensions
Pictures of at least 30 particles of each powder were taken

sing a CCD camera (Olympus DP 50 CCD, Japan) connected
o a light microscope (Olympus Vanox, Japan). Digital images
ith a pixel resolution of 1.8 �m/pixel were acquired at 5×
agnification. For each particle the projected area (Ap), the

erimeter length (Pp), the form factor (FF) and the aspect ratio
AR) were determined by using the non-commercial software
mageJ 1.31v and its plug-in “Shape Descriptors” (both available
t http://rsb.info.nih.gov/ij/, National Institutes of Health, USA).

steel sphere (SKF, Sweden) with a diameter of 1 mm and
n assumed circularity of 1.00 was used as reference (Eriksson
t al., 1993). According to the software specification the form
actor and the aspect ratio were calculated using the following
quations (Cox, 1927):

F = 4πAp

P2
p

nd

R = Major axis

Minor axis

Additionally, the radius (r) of a circle of corresponding area
as calculated in the following way:

=
√

Ap

π

.4.2. Nominal particle fracture strength

Single particles were fractured in a materials testing machine

Texture analyzer TA-HDi, Stable Micro Systems Ltd., UK),
sing a 5 kg load cell (0.98 mN display resolution) and a flat
aced cylindrical 6 mm steel punch. Measurements were made

l
n
d
T
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n about 50 particles one by one from each batch at a loading rate
f 3 mm/min (0.05 mm/s). The recorded force value increased
ntil the first major breakdown of the agglomerate occurred. At
hat point, a drop in the force value was obtained resulting in
peak. The agglomerate strength was determined as the force

equired to cause the first particle breakage (first peak). Parti-
le breakage was considered to have occurred when the force
ropped below the threshold value which was set to 9.8 mN.
he program “Texturexpert exceed 2.16” was used to analyze
ollected data.

From the mean projected area and the mean force (F) needed
o cause breakage the nominal particle fracture strength (σN)
as calculated as follows:

N = F

Ap

.4.3. Degree of agglomeration
For the agglomerates the number of crystals per agglomerate

esignated as C/A number was estimated as reported earlier
y Ålander and co-workers (Ålander et al., 2004). For single
rystals the C/A number is equal to 1. Agglomerates consisting
f two or more crystals are characterized by C/A numbers higher
han 1.

The number fraction of particles consisting of less than two
rystals per particle, i.e. the number fraction of unagglomerated
rystals, was used to derive the degree of agglomeration. The
egree of agglomeration is high for agglomerates with a low
umber fraction unagglomerated crystals and low for agglom-
rates with a high number fraction unagglomerated particles.
or the granules the number of crystals per particle was roughly
stimated from the relation of the dimensions of the raw material
nd the produced granules.

.5. Powder compression

A materials testing machine (Zwick//Roell Z100, Germany)
quipped with flat-faced circular punches (diameter of 11.3 mm)
as used to apply a maximum pressure of 300 MPa to 300 mg
owder beds (n = 3 for each batch). The movable upper punch
as connected to a 100 kN load cell and an external extensome-

er was used to record the upper punch position. The lower
unch and the die were stationary mounted to the lower grip.
t a pre-load of 2 N compression speed was set to 25 mm/min.
ata collection started at a force of 100 N. Upper punch posi-

ion and pressure data were monitored and collected by the
oftware “testXpert V11.0” and saved in intervals of 10 N. To
ssess the elastic deformation of the punches and the punch
older punch deformation curves were recorded by pressing the
unches against each other at the compression speed used in
he experiments. System deformation data (n = 3) was recorded
nd force-displacement curves were plotted. Except for the ini-
ial part at low pressures the force-displacement curves showed

inearity. The equation y = kax + la + lbe(−kbx) where the expo-
ential term accounts for the initial curvature was fitted to the
eformation data and values for ka, kb, la and lb were obtained.
he punch displacement data obtained from powder compres-

http://rsb.info.nih.gov/ij/
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πhtD
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ion was corrected for the system deformation error, calculated
ith the above equation, to assess the correct compact height.
he system deformation was approximately 0.5 �m/MPa.

.5.1. Heckel parameter
The in die compression parameter Py reflecting the particle

eformability during compression was derived from the Heckel
quation (Heckel, 1961b, 1961a):

n

(
1

ε

)
= P

Py
+ intercept

here ε is the porosity of the compressed powder bed at applied
ressure P and Py the yield pressure. Py was determined by
inear regression for pressures between 50 and 150 MPa. This
nterval corresponds to the linear region of the plot and spans
000 data points.

.5.2. Kawakita parameters
The compression parameters, 1/b and a, were derived from

he Kawakita equation (Kawakita and Lüdde, 1971):

P

C
= P

a
+ 1

ab

here C is the degree of compression of the powder bed at
pplied pressure P. The compression parameter a reflects the
otal degree of compression at infinite pressure and the recip-
ocal of the compression parameter b, 1/b, is considered as
n indication of deformation or failure stress of the particles
Kawakita et al., 1977; Adams and McKeown, 1996; Nicklasson
nd Alderborn, 2000). The parameters a and 1/b were deter-
ined from the equation obtained by linear regression in the

ressure interval 1 to 300 MPa. This interval corresponds to the
inear region of the plot and spans 3000 data points.

.5.3. Degree of compression
The degree of compression of the powder beds at a load of

00 MPa (Cat pressure) was calculated by the following equation:

at pressure = ρ300 MPa − ρbulk

ρ300 MPa

here ρ300 MPa is the density of the powder bed at 300 MPa cal-
ulated from the dimensions of the powder bed at that pressure
nd the apparent density of the material.

.5.4. Elastic recovery
The elastic recovery (ER), which describes the percentage

f axial expansion of a compact, was calculated from the tablet
eight at 2 N (h2N), the pressure at which the punch is consid-
red to lose contact to the powder bed surface and the height at
aximum pressure (hat pressure) according to following equation:
R(%) = h2N − hat pressure

hat pressure
100

The degree of compression at the time the upper punch
etached from the compact will be referred to as Cremaining

t
i
t
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nd used as an indicator for the permanent deformation of the
articles.

.5.5. Permeability coefficient
The materials testing machine (Zwick//Roell Z100, Ulm Ger-

any) used as described above, was used to apply a pressure of
0 MPa to a powder bed poured into a die that could be con-
ected to a Blaine apparatus as described earlier (Alderborn et
l., 1985). The permeability coefficient (Pc) was calculated using
he following equation:

c = ln(h2/h1)Lam

At2δg

here h2 and h1 are the start and stop points on the manometer
rm, L is the height of the compact, am the cross-sectional area
f the manometer, A the cross-sectional area of the compact, t
he time for air flow, δ density of the manometer liquid and g
he standard acceleration of gravity. The distance between the
unches at 2 N during the upward movement of the upper punch
as chosen as compact height L.

.6. Powder compaction and tablet characteristics

Tablets of 300 mg (granulated powders) and 400 mg (agglom-
rated powders) were prepared with an instrumented single
unch press (Korsch EK 0, Germany) equipped with circular
diameter of 11.3 mm) flat-faced punches at applied pressures
etween 30 and 150 MPa. For each tablet, the powder was poured
anually into the die, which was pre-lubricated by spreading
agnesium stearate powder (Kebo, Sweden) on the punch and

ie surfaces with the aid of a small paint brush in-between
very powder compression. The lower punch was stationary dur-
ng compression and the upper punch machine driven, i.e. the

achine was started when the upper punch was in its upper
ost position relative to the die. The compaction pressure was

ecorded for each tablet and a variation in compaction pressure
f ±3% of the nominal value was accepted.

The porosity of the tablets (εt) was calculated from the appar-
nt particle density (ρapp) and the diameter (D), height (ht) and
eight (w) of each tablet in the following way:

t = 1 − 4w

πhtD2ρapp

The compression force (Ft) needed to fracture the tablets
long their diameter was determined in a materials testing instru-
ent (Holland C50, UK) at a loading rate of 1 mm/min. The

ablets generally failed in tension and the tensile strength of the
ablets (σt) was thereafter derived according to (Fell and Newton,
970), i.e.:

2Ft
Some of the tablets formed at the highest compaction pressure
ended to laminate during strength testing and the transformation
nto a tensile strength is not correct. Nevertheless, to simplify
he comparison, all data are presented as a tensile strength.
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Table 1
Results of the ANOVA analysis

D.f. Sum Sq. Mean Sq. F value Pr (>F)

a. Bulk density
Solvent 3 0.0101 0.0034 27.76 <0.001
Method 1 0.1165 0.1165 957.67 <0.001
Solvent:method 3 0.0313 0.0104 85.67 <0.001
Residuals 39 0.0047 0.0001

b. Fracture force
Solvent 3 0.0033 0.0011 3.73 0.011
Method 1 0.0457 0.0458 153.50 <0.001
Solvent:method 3 0.0119 0.0040 13.26 <0.001
Residuals 445 0.1327 0.0003

c. 1/b
Solvent 3 0.8631 0.28770 875.08 <0.001
Method 1 0.3799 0.37989 1155.51 <0.001
Solvent:method 3 1.1758 0.39194 1192.16 <0.001
Residuals 16 0.0053 0.00033

d. Cremainig

Solvent 3 0.0037 0.0012 87.20 <0.001
Method 1 0.0393 0.0393 2804.24 <0.001
Solvent:method 3 0.0111 0.0037 263.36 <0.001
Residuals 16 0.0002 0.0000

e. Permeability coefficient
Solvent 3 2.13 × 10−5 7.11 × 10−6 33.47 <0.001
Method 1 6.87 × 10−5 6.88 × 10−5 323.48 <0.001
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Solvent:method 2 1.80 × 10−5

Residuals 14 2.98 × 10−6

. Results

For this study particles were prepared by two different particle
reparation methods: wet granulation and crystal agglomeration
rom a saturated solution by cooling. As granulation and agglom-
ration liquids four different organic solvents were used: ethanol,
ethanol, acetone and a mixture of acetone and water. After par-

icle preparation, a consistent particle size fraction showing good
owder flow properties was chosen.

.1. Bulk density

ANOVA analysis showed that the preparation method as well
s the choice of solvent had a statistically highly significant
ffect on the bulk density of the powders (Table 1a). By wet
ranulation powders of lower bulk density were obtained than
y crystal agglomeration. The lowest and highest bulk densities
ere observed for granules made of the acetone/water mix-

ure (0.344 g/cm3) and agglomerates crystallized from acetone
0.512 g/cm3), respectively (Table 2).

.2. Single particle characteristics

.2.1. Particle dimensions
The particle preparation procedures used gave granules and
gglomerates of similar size but of some variation in shape.
nalysis of the two-dimensional images of the particles with

mageJ showed that variation within the parameters projected
rea (Ap), perimeter length (Pp), form factor (FF), and aspect

a
p
m
a

8.99 × 10−6 42.27 <0.001
2.13 × 10−7

atio (AR) was slightly higher for the agglomerates than for the
ranules. Generally, the form factors obtained for the granules
ere higher than those obtained for the agglomerates but for

ll particles they were much lower than one. Therefore, the
articles could not be described as spherical. No clear relation-
hip between perimeter length or aspect ratio and the particle
reparation procedure could be observed.

.2.2. Nominal particle fracture strength
By crystallization agglomerates of higher nominal parti-

le fracture strength were obtained than by wet granulation.
NOVA analysis confirmed the significant effect of the par-

icle preparation method on the force needed to break a particle
nd at the same time the limited effect of the chosen solvent
as shown (Table 1b). The highest and lowest nominal particle

racture strength values were observed for agglomerates crys-
allized from acetone (0.118 MPa) and granules made of the
cetone/water mixture (0.022 MPa), respectively.

.2.3. Degree of agglomeration
For the agglomerates the mean number of crystals per particle

anged between 2.0 and 6.9 while the mean number of crys-
als per particle of the granules was estimated to be about 100
imes larger. Thus, the degree of agglomeration distinguishes
learly between granules with a high degree of agglomeration

nd agglomerates with a low degree of agglomeration. The SEM
ictures (Fig. 1) which show particles of each batch at 50-fold
agnification confirm this statement. Within the agglomer-

tes the particles produced from the acetone/water mixture are
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Table 3
Degree of agglomeration

C/A < 2 % C/A number median

AEtOH 7.9 6.9
A 11.0 5.7
A
A

r
f

3

c
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y

3

e
F
p
b
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o
o
o
A

3

(
o
d

3

p
p
7
t
t
d
e
e
p

3

p

MeOH

Acetone 9.2 6.6

Acetone/water 50.5 2.0

emarkable for their low number of crystals per particle and thus
or their low degree of agglomeration (Table 3).

.3. Compression mechanisms

The values obtained from the compression experiments are
ompiled in Table 4 and described in the following.

.3.1. Heckel parameter
Yield pressure values (Py) were obtained for both granules

nd agglomerates within the pressure range 50–150 MPa. The
alues can easily be grouped according to the particle prepara-
ion procedure. By wet granulation particles of clearly higher
ield pressure were obtained than by crystal agglomeration.

.3.2. Kawakita parameters
The compression parameters a and 1/b were derived from

quations obtained by linear regression of the Kawakita profiles.
or both granules and agglomerates the values of the com-
ression parameter 1/b were in the same order of magnitude
ut nevertheless, ANOVA analysis showed a highly signifi-
ant effect of the solvent choice and the preparation method
n this parameter (Table 1c). Generally, higher values were
btained for granules than for agglomerates with the exception
f GAcetone/water for which the lowest value was obtained and
Acetone for which the highest value was found.

.3.3. Degree of compression
For all powders the degree of compression at 300 MPa

Cat pressure) equals the values for a, which reflect the degree
f compression at infinite pressure. For the granules a higher
egree of compression was observed than for the agglomerates.

.3.4. Elastic recovery
The elastic in die recovery during the period of maximum

ressure and the last measurable pressure (2 N) before the upper
unch detached from the powder bed surface was approximately
%. Generally, elastic recovery was higher for agglomerates
han for granules and highest for the powders prepared with
he acetone/water mixture. The only exceptions were the pow-
ers prepared with ethanol. They showed an equal ability to
lastic recovery. ANOVA analysis indicated a highly significant
ffect of the solvent choice and the preparation method on the
ermanent deformation (Cremaining) of the particles (Table 1d).
.3.5. Permeability coefficient
The air permeability of powder beds that were exposed to a

ressure of 20 MPa was measured and the air permeability coef-
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etamol granules and agglomerates.

fi
t
o
A
t
h
p

3

c
fi
i
i

u

Fig. 1. SEM pictures of parac

cient was calculated. The mean resistance to gas flow through
he powder bed was clearly higher for the powder beds made
f agglomerates than for the powder beds made of granules.
t 20 MPa it was impossible to form a coherent powder bed of

he acetone/water granules. ANOVA analysis demonstrated the
ighly significant effect of the used solvent as well as the chosen
reparation method on the permeability coefficient (Table 1e).

.4. Tablet characteristics

For all powders tablet porosity decreased with increasing
ompaction pressure. The porosity-compaction pressure pro-
les discriminated between the two types of particles while
n-between each group the profiles coincided with higher poros-
ty for tablets made of granules (Fig. 2).

Tablet tensile strength of ejected tablets made of gran-
les or agglomerates was generally very low. The highest

Fig. 2. Porosity of tablets made of granules (♦ ethanol, � methanol, � acetone,
© acetone/water) and agglomerates (� ethanol, � methanol, � acetone, �

acetone/water) as a function of applied compaction pressure.
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Fig. 3. Tensile strength of tablets made of granules (♦ ethanol, � methanol, �
a
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cetone, © acetone/water) and agglomerates (� ethanol,�methanol,� acetone,
acetone/water) plotted as a function of applied compaction pressure.

ablet tensile strength values obtained for tablets made of the
ethanol granules were just above 0.3 N/m2. Coherent com-

acts were generally obtained although of lower strength than
s normally required for tablets. Thus, the focus is on rel-
tive effects of the agglomerate and granule properties on
ablets strength. With increasing compaction pressure, tablet
ensile strength rose to a critical compaction pressure and then
ecreased or leveled off with further pressure increase. Variation
n the evolution of tablet tensile strength with increasing com-
action pressure was only observed for tablets made of granules
Fig. 3).

. Discussion

.1. Particle characteristics

A consistent sieve fraction of all particles was used in this
tudy and the values derived from the two-dimensional particle
rojections supported that the particles generally were of the
ame size. Although the degree of agglomeration was consid-
rably lower for the agglomerates than for the granules, their
elative dimensions were similar. It can thus be expected that
he bulk voidage should generally be similar but nevertheless,
owders of the agglomerates had a higher bulk density than pow-
ers of the granules. This difference in bulk density can thus be
xplained by the assumption that the intra-granular porosity of
he agglomerates was lower than for the granules. The nominal
article fracture strength was nearly linearly related to the bulk
ensity (Fig. 4) of the powders and the differences obtained in
ominal particle fracture strength could thus at least partly be
xplained by a variation in intra-granular porosity of the parti-
les. Albeit the particles were generally of similar dimensions,
nd could be categorized into two groups dependent on their

ethod of preparation. Generally the agglomerates had a lower

egree of agglomeration and porosity but were of higher single
article fracture strength than the granules. The relative varia-
ion in bulk density and particle fracture strength was similar
ithin the two groups of particles.
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The compactability of a powder is commonly assessed by
the relationship between tablet tensile strength and applied com-
paction pressure. Over a wide range of compaction pressures,
ig. 4. Nominal particle fracture strength of granules (�) and agglomerates (�)
lotted as a function of bulk density.

.2. Compression mechanisms

In earlier studies on the compression of different types of
ranules, characterized by a good ability to form tablets, it has
een proposed that granules tend to keep their integrity while
ompressed as a powder and permanent granule deformation is
o be the single most critical factor for the evolution in tablet

icro-structure during compression (Johansson et al., 1995).
owever, for weak and irregular granules, fragmentation or attri-

ion may also be significant mechanisms in the compression
rocess.

A common approach to derive an indication of the compress-
bility of a powder is to describe how global tablet properties,
uch as porosity and volume, depend on the applied pressure
uring compression. A concentrated way to describe such a rela-
ionship is to calculate compression parameters. Two common
arameters in this context are the Heckel (Py) and the Kawakita
/b parameters, both suggested to indicate the failure strength
f particles during confined compression.

The relationship between tablet porosity and applied pres-
ure grouped the particles in accordance to their method of
reparation but in-between each group, the relationships more
r less coincided. The Heckel parameter grouped the particles
n the same way and in-between each group, the parameter did
ot discriminate between particles of different nominal fracture
trength.

For the Kawakita parameter 1/b, a larger spread in val-
es than for the Py parameter was obtained and for each
ype of particle, a positive correlation with the nominal parti-
le fracture strength was obtained (Fig. 5). It seems thus for
ranules and agglomerates, the Kawakita parameter discrimi-
ated between the particles dependent on their nominal fracture
trength.

The variation in Kawakita parameter 1/b indicated that a vari-
tion in failure strength between the agglomerates and granules
xisted although the final tablet porosity within each group was
imilar. However, the absolute values for the Kawakita parame-

er 1/b were not of the same order of magnitude as the nominal
article fracture strength values and the interpretation of the
arameter is thus difficult. To further investigate the degree of
eformation or fragmentation that was expressed during com-

F
f
f

ig. 5. Kawakita 1/b of compacts prepared from granules (�) and agglomerates
�) plotted as a function of nominal particle fracture strength.

ression, the degree of compression of the powders and the
ermeability of the tablets formed from them were determined.

Since paracetamol is considered to show an elastic expansion
Malamataris et al., 1996) during unloading, both the degree
f deformation during loading (Cat pressure) and the remaining
egree of deformation (Cremaining) were determined. As another
ndicator of the evolution in tablet micro-structure during com-
ression, the tablet permeability (Pc) was used. Cremaining and
c are thus used as indicators of the permanent degree of
eformation or fragmentation of the particles occurring dur-
ng compression while the tablet elastic recovery is used as an
ndication of the elastic particle deformation.

Since the total and permanent degree of compression as well
s the permeability of the tablets varied with bulk density and
ominal single particle fracture strength (Figs. 6 and 7), it is
oncluded that a variation in fracture strength of the particles
ave a variation in the degree of deformation or fragmentation
hat was expressed during compression and is also remaining
fter the compression.

.3. Compactability
ig. 6. Kawakita C at 2 N after compaction (Cremaining) for compacts prepared
rom granules (�) and agglomerates (�) plotted as a function of nominal particle
racture strength.
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A
volume relationship for powders under confined uniaxial compression.
ig. 7. Permeability coefficient at 20 MPa for compacts prepared from granules
�) and agglomerates (�) plotted as a function of nominal particle fracture
trength.

his relationship is often described as sigmoidal or tri-phasic.
ince paracetamol shows poor compacatability and is prone to

aminate or cap (Malamataris et al., 1996), the tablet strength
evelled off and the tablets subsequently capped at relatively
ow applied pressures and complete compactability sigmoidal
r tri-phasic profiles could not be obtained. The tablets formed
ere generally of low tensile strength. In the pressure range

n which apparently flawless tablets were formed, the granules
ave a clearly different evolution in tablet tensile strength depen-
ent on their failure strength while the agglomerates gave similar
ompactability profiles. Thus, although similar variations in bulk
ensity and failure strength were obtained for the respective type
f particles, reflected also in variations in deformation or frag-
entation as discussed above, a variation in compactability was

btained only for the granules.
Due to the weak and variable tablet tensile strength and the

imited range of increasing tablet tensile strength with pressure,
t is difficult to derive measures of the compactability. For the
ranules, the variation in compactability tended to vary with the
article strength of the granules, i.e. an increased compactability
ith a decreased bulk density. This conclusion is thus consis-

ent with earlier experiences on the compactability of granular
olids (Zuurman et al., 1994). It can thus be hypothesized that
he variation in compactability is related to a variation in the
egree of deformation that is expressed during compression due
o a variation in failure strength of the granules. Thus, permanent
eformation is proposed to be the dominant compression mech-
nism for the granules. The relatively poor correlation between
ompactability and bulk density may be due to both a difficulty
n deriving an indication of compactability and to an effect of
he elastic behavior of the particles.

An explanation for the limited variation in compactability
btained for the agglomerates is that the dominant compression
echanism for this type of particles was fragmentation. A vari-

tion in the degree of fragmentation affects the evolution in the
nter-granular pore system and the number of inter-particulate

unctions in the tablet. However, it has been proposed that a vari-
tion in the degree of fragmentation has a limited effect on the
otal area of contact at the inter-particulate junctions and thus on
he tablet tensile strength (assuming that some proportionality

A
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xists between total inter-particulate contact area and tablet ten-
ile strength) (Eriksson and Alderborn, 1995). A consequence of
his discussion is that the dominant compression mechanism dif-
ers between agglomerates and granules. A possible explanation
s that the degree of agglomeration differs considerably between
hese two types of particles and that the degree of agglomeration
s a factor affecting their compression mechanism.

.4. Effect of nominal particle strength on the evolution in
ablet micro-structure and tensile strength

Two series of powders in the form of clusters of particles
ere prepared with different physical characters in terms of
egree of agglomeration, nominal fracture strength and intra-
ranular porosity. The tableting behavior of the particles was
nalyzed and an overall interpretation of the data in terms of
volution in micro-structure and tablet tensile strength as a func-
ion of applied pressure can be summarized in the following
ay:
The global tablet porosity reduction during compression and

he final tablet porosity of the ejected tablets were independent
f the variation in failure strength of both the agglomerates and
ranules, which indicated that also a reduction in porosity of
he granules and agglomerates affected their compressibility.
evertheless, the evolution in tablet micro-structure was corre-

ated to the particle failure strength, indicating that the degree
f deformation and fragmentation that was expressed during the
ompression phase varied between agglomerates and granules
ependent on their failure strength. The evolution in tablet tensile
trength was for the granules dependent on their porosity while
he compactability of the agglomerates was less affected by
heir failure strength. Thus, permanent deformation is proposed
o be the dominant compression mechanism for the granules
hile fragmentation is proposed to be the dominant mechanism

or the agglomerates. The compression mechanism of granular
olids thus depends on both the degree of agglomeration and the
article failure strength.
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