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An experimental study of the ram extrusion and subsequent spheronisation of water-based
microcrystalline cellulose (MCC) pastes has been performed. The effects of extrusion
velocity, die geometry, and paste water content on the integrity of the extrudate produced
were investigated. The apparent severity of extrudate fracture increased with decreasing
die length/diameter ratio (L/D), and increasing extrusion velocity. The spacing between the
fractures was approximately constant for a given set of process conditions, and increased
with increasing L/D and decreasing extrusion velocity, whilst the flare of the extrudate
fracture segment increased with decreasing L/D and increasing extrusion velocity. Two
types of fracture shape were identified, viz. knuckle-bones and cups, the occurrence of
which is explained in terms of the relative extent of the radial and axial strain release at the
surface of the extrudate upon exiting the die.

The shape and size distributions of the corresponding spheronised pellets were analysed
and related to the geometry of the extrudate fracture segments. Severe knuckle-bone
fracture gave spherical pellets with a wide size distribution. Visibly smooth extrudates gave
non-spherical pellets with an apparently narrow size distribution (as measured by sieving).
Extrudates displaying the cup type of fracture generated the best quality pellets in terms of
both sphericity and size distribution. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
One simple and effective way to deliver a dosage of
drug in a controlled manner is to use small pellets, ide-
ally spheres of 1–2 mm in diameter, that are compacted
or filled into tablets and capsules. The majority of each
pellet comprises an excipient, such as lactose or mi-
crocrystalline cellulose (MCC), containing or coated
with a small amount of active ingredient. Sphericity
and a narrow size distribution of the constituent pellets
are important for coating quality, dose uniformity and
reproducibility, as well as allowing for good flow prop-
erties and uniform packing of the particulate material
[1]. One of the main methods of forming such pellets is
that of extrusion-spheronisation [2], where paste extru-
dates are introduced onto a rotating friction plate, the
action of which breaks up the extrudates and shapes the
segments into spheroids of roughly the same diameter
of the extrusion screen or die orifice [3, 4].

Conine and Hadley [5] suggested a basic criterion for
successful spheronisation, in that the extrudate must be
able to break up into sections that are plastic enough to
be rounded by the forces imposed by the rotating fric-
tion plate. The stages in spheronisation were outlined
by Rowe [6] using descriptions of the shape of the pel-
lets, progressing from a cylinder, round-ended cylinder,
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dumb-bell, ellipse and finally to a sphere. Chapman
et al. [7] added that the shaping process is a result of
densification as the segment of extrudate is compressed
along its length; however, neither Kleinebudde et al. [8]
nor Galland et al. [9] observed any densification during
the spheronisation of MCC paste extrudates, presum-
ably because the extrudates had already attained a min-
imum porosity. Baert and Remon [10] suggested a dif-
ferent spheronisation mechanism, in which the round-
ended cylinders are twisted and broken into two parts,
each with a round and a flat side. The edges of the flat
side subsequently fold together to form a sphere with a
dimple.

It is imperative that the extrudate to be spheronised is
of a suitable moisture content—too wet a mixture will
result in uncontrollable agglomeration, whereas for dry
mixes, the pellets will fail to round and thus remain as
cylinders [11]. A low moisture content can also generate
a large amount of small attrition product, or ‘fines’ [12,
13]. Thus it is important that the extrudate maintains an
homogeneous water content, since any variation will
result in pellets with a wide size distribution and non-
uniform shape [14].

Whilst screen extruders are employed industrially
for the continuous production of extrudates, research
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workers make use of the ram extruder, which is es-
sentially a batch process that allows for the controlled
study of extrusion under a variety of processing and
design conditions. One of the first major research stud-
ies on ram extrusion-spheronisation of pharmaceutical
pastes was that by Harrison [15], where the effects of
the die geometry and process conditions on the sur-
face integrity of MCC/lactose paste extrudates were
investigated and related to the attributes of the sub-
sequent spheronised product. He observed that high
extrusion velocities produced extrudates with a rough
surface, and for a die length/diameter ratio (L/D) less
than or equal to one, the extrudate became what is
commonly termed ‘shark-skinned’, a surface impair-
ment characterised by regular circumferential cracks.
Both types of defect produced brittle and short extru-
dates, and the defects became more pronounced with
increasing extrusion velocity. This produced poor qual-
ity pellets since the extrudate broke up unevenly in the
spheroniser resulting in many fines and a wide size dis-
tribution. He suggested that the surface impairments
were a result of an imbalance of stresses on the extru-
date surface as it exited the die. For the screen extru-
sion of MCC-based pastes, it has also been observed
that a decrease in the screen thickness often led to
highly porous, surface-impaired extrudates (e.g. [16,
17, 18, 19, 20]). This was attributed to a higher den-
sification of the paste occurring in a screen of greater
thickness.

An extensive experimental study of the fracture of
pastes during ram extrusion fracture was performed
by Domanti [21], some results of which were reported
in Domanti and Bridgwater [22]. They observed that
the depth of fracture of alumina/glucose paste extru-
dates increased with decreasing L/D, increasing extru-
sion velocity, decreasing extrusion ratio (barrel diam-
eter/die diameter), and by reducing the taper of the
die entry. They also showed that the fracture spacing
along the extrudate was constant and approximately
equal to D/2, regardless of the extrusion velocity and
die length. This periodicity was also reported by Ama-
rasinghe and Wilson [23] and Russell et al. [24] for
a variety of pastes, and can also be observed in some
of the photographs of Harrison [15]. Periodic extru-
sion defects are not only observed in paste process-
ing, but have also been reported for metals (e.g. [25])
and polymer melts (e.g. [26, 27, 28, 29]). Much work
has been performed on polymers in an attempt to
understand the related mechanisms of melt extrusion
fracture.

Since the integrity of the paste extrudate has been
shown to affect the shape and size distribution of the
spheronised pellets (e.g. [12, 30, 31]), fracture or sur-
face impairment of extrudates prior to spheronisation
has always been anathema within pharmaceutical re-
search. For example, Harrison et al. [32] state that extru-
date surface impairments such as roughness and shark-
skinning “will severely mar the qualities of the prod-
uct and should be avoided wherever possible”. Mesiha
and Vallés [33] also conclude that “the absence of sur-
face defects promotes uniform breakage of the extru-
date during spheronisation and minimises fine parti-

cles resulting from the segmentation of deep ridges”.
These studies thus suggest that smooth, defect-free ex-
trudates are necessary for successful spheronisation.
However, Pinto et al. [12] add that “not all good ex-
trudates will produce a good sphere”. Similarly, one
may ask the following: do all extrudates with poor sur-
face quality produce poor quality spheres ? It is this
question that the present work attempts to address by
investigating the relationship between the quality of
water-based MCC paste extrudates and the spheronised
product, and by determining the influence of the pro-
cessing conditions and material properties upon the
extrudate surface impairments. From these results, a
mechanism for extrudate fracture is also discussed in
terms of previous paste and polymer melt extrusion
studies.

2. Materials and methods
2.1. Paste preparation
The pastes studied consisted of deionised water and
a standard excipient MCC powder (Avicel PH-101,
Sigma-Aldrich, Germany). Two paste compositions
that led to successful extrusion-spheronisation (55 and
50 wt% water-MCC on a wet basis, corresponding to
solids volume fractions of 0.35 and 0.40 respectively
for saturated pastes) were prepared using an A200 Ho-
bart planetary mixer. The dry powder (ranging between
300–500 g) was loaded into the mixer bowl and the
water slowly poured onto the stirred powder bed. The
paste was mixed for 10 min, during which time any
caked mixture was disrupted from the sides and bot-
tom of the bowl using a plastic spatula at 2, 5 and 8
min mixing time. The paste was then pugged through
a 4 mm diameter holed die plate in order to break up
agglomerates, and was stored in a sealed plastic bag at
room temperature for 2 h before extrusion.

2.2. Extrusion and spheronisation
A computer-controlled ram extruder (Dartec A100
screw strain frame, Stourbridge, UK), incorporating a
cylindrical 25 mm internal diameter stainless steel bar-
rel and various concentric cylindrical square-entry dies,
was used to produce the paste extrudates. A detailed
description of the apparatus is reported elsewhere [34].
About 70–75 g of paste was loaded into the barrel using
a scoop and funnel, and was tamped down by hand ev-
ery ∼ 25 g to produce a billet about 150 mm in height.
A ram attached to the cross-head of the strain frame
was used to pre-compact the paste to a mean stress of
1 MPa. The ram velocity was set at a given value, and
the paste was extruded through the die for a ram dis-
placement of 100 mm. A relatively high ram velocity
was used (ranging from 0.89 to 10 mm s−1) in order
to minimise any re-distribution of water within the bar-
rel paste during the compaction stage, thus producing
extrudates of homogeneous water content throughout
the extrusion [35]. Profiles of extrusion force against
ram displacement were relatively steady, indicating that
liquid phase redistribution was minimal. Details of the
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TABL E I Values of the average extrusion pressure and their variation obtained for 55 wt% and 50 wt% water-MCC paste at various mean extrusion
velocities (V) and die geometries

55 wt% 55 wt%

D = 3 mm D = 2 mm D = 1 mm D = 3 mm

Extrusion Wall shear Extrusion Wall shear Extrusion Wall shear Extrusion Wall shear
V pressure stress pressure stress pressure stress pressure stress
(m s−1) L/D (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

140 1 4.6 ± 0.24* 0.21 5.4 ± 0.71 0.28 – – 7.4 ± 0.58 0.35
2 5.1 ± 0.47 6.5 ± 1.4 – 9.4 ± 0.31*
4 6.9 ± 0.04 8.4 ± 1.4 – 13 ± 1.4
8 10 ± 0.20* 13 ± 0.98 – 17 ± 1.5

16 17 ± 0.02 22 ± 1.0* – 24 ± 0.72
350 1 4.5 ± 0.24* 0.29 – – – – 8.9 ± 0.36 0.44

2 5.3 ± 0.29* – – 10 ± 0.29*
4 7.3 ± 0.14* – – 15 ± 0.74
8 11 ± 0.00 – – 21 ± 1.6

16 22 ± 0.63* – – 35 ± 1.7
690 1 4.6 ± 0.37* 0.33 5.3 ± 0.04 0.37 – 0.32 9.0 ± 0.24 0.48

2 5.7 ± 0.0 7.1 ± 0.55 8.9 ± 0.77 10 ± 0.60*
4 8.0 ± 0.65* 9.4 ± 0.67 11 ± 0.51 15 ± 0.92
8 12 ± 0.43 15 ± 0.14* 17 ± 0.91 22 ± 1.6

16 24 ± 0.10* 28 ± 0.15 – 38 ± 1.1*

∗Indicates a negative pressure-displacement gradient, i.e. the extrusion pressure decreases with increasing ram displacement. The die wall shear stress
values are obtained from Bagley plots.

extrusion pressures are given in Table I for various die
geometries and mean die land paste velocities, V; val-
ues of the die wall shear stresses are also listed, as
estimated from ‘Bagley’ plots of extrusion pressure vs.
L/D. The apparent shear rates were calculated as rang-
ing between 370 and 1850 s−1 for the 3 mm dies, 556
and 2780 s−1 for the 2 mm dies, and 5560 s−1 for the 1
mm dies. These values are reported here for comparison
with other studies but are not intended to characterise
the flow reliably as some wall slip is expected in these
systems [15].

The extrudate (∼30–50 g) was collected, and ∼0.5 g
was reserved for microscope analysis. The remain-
ing extrudate was spheronised using a bench-top 120
Spheroniser (Caleva Process Solutions Ltd., Dorset,
UK) incorporating a 120 mm diameter cross-hatched
friction plate (3 mm pitched truncated square pyramids,
1 mm high). The extrudates were spheronised for 2 min
at a constant plate rotational speed of 1600 rpm. The re-
sulting pellets were carefully removed from the sphero-
niser drum using a soft-haired brush, and dried at at-
mospheric pressure in an oven at 60◦C for 20 h in order
to allow for further characterisation without significant
deformation.

2.3. Extrudate and pellet characterisation
The extrudates and dried pellets were viewed optically
using an Intel©R PlayTM QX3TM computer microscope
(Mattel, California, USA). The extrudates were anal-
ysed as soon as possible in order to minimise shrinkage
due to drying. Geometrical features of the extrudates,
as defined in Fig. 1, were determined by examining
enlarged microscope pictures of ∼20 mm of extrudate
(including a ± 0.25 mm scale) and averaging over a
number of measurements. The values ascertained in

Figure 1 An example of a fractured paste extrudate (50 wt% water-
MCC extruded at V = 350 mm s−1 through a 3 mm diameter die with
L/D = 4), and a schematic representation of the fracture geometry
introducing the symbols used in the text.

this manner included the fracture spacing, x, and the
extrudate flare, y.

The pellet size distribution of each test sample was
determined using a 21/2 progression of sieves, with
an additional 21/4 progression around the modal di-
ameter. The sieving was carried out by hand, and
the mass of each fraction collected was determined
to within ±0.01 g. The shrinkage of the pellets due
to drying was measured for a number of different
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Figure 2 Extrudates of 55 wt% water-MCC extruded at V = 140 mm s−1 through a 3 mm diameter die with L/D = [a] 1, [b] 2, [c] 4, [d] 8 and [e]
16 mm. The scale shows 0.5 mm divisions.

sized pellets using vernier callipers, and was on av-
erage ∼22 and 27% for the 55 and 50 wt% water-
MCC compositions respectively. It was assumed that
the shrinkage was independent of pellet size and
shape, and occurred homogeneously throughout a given
pellet.

3. Results
3.1. Effect of die length
Fig. 2 shows the extrudates of a 55 wt% water-MCC
paste extruded through a 3 mm diameter die with L/D
equal to 1, 2, 4, 8 and 16 at V = 140 mm s−1 (cor-
responding to a ram velocity of 2 mm s−1). Regularly
spaced fractures occur for L/D = 1, 2 and 4, whereas
an apparently smooth extrudate is formed for L/D = 8
and 16, with some very faint surface fractures visible
occasionally. Repeat experiments confirmed the repro-
ducibility of the observed fracture geometries. For the
two shortest dies, the extrudate broke under gravity
whist leaving the die into segments ∼15 mm (∼5 diam-
eters) in length, whereas the smooth extrudates broke
downstream of the die exit upon hitting the base of
the collection beaker. The surface outline of the frac-
tures appear quite ragged for the shortest die, becoming
smoother with increasing die length. Values of the mea-
sured geometrical features of the extrudates are listed
in Table II. The fracture spacing (x) increases with in-
creasing die length, with the L/D = 2 die producing a
spacing of D/2. As the die length increases, the extru-
date flare (y) decreases from 4 mm to the value of the
die diameter (3 mm) for the smooth extrudates. A corre-
sponding decreasing trend in the extrudate ‘skirt’ angle
α (see Fig. 1) is also apparent from the micrographs,

although a numerical value for this feature could not
be assigned with certainty. However, by assuming that
d is equal to the die diameter (i.e. 3 mm), then α can
be represented by tan−1{(y − 3)/2x}. This term (now
symbolised by α′) is listed in Table II, and shows a de-
creasing trend with increasing die length; thusα′ may be
considered as a measure of what is commonly called the
‘severity’ of fracture. Upon drying, the extrudate sam-
ples that fractured could be easily broken by hand into
their constitutive fracture sections, with the two shorter
die lengths producing ‘knuckle-bone’ shaped portions
(i.e. α ∼ θ , see Fig. 1) whereas the L/D = 4 extrudate
produced portions more in the shape of a ‘cup’ (i.e.
α < θ ).

Micrographs of the corresponding spheronised
extrudates are illustrated in Fig. 3. For L/D = 1
and 2 (knuckle-bone fractures), the pellets are fairly
well-formed and spherical with few satellites and
surface depressions. For L/D = 4 (cup fractures),
the spheres formed are noticeably larger, whereas
a number of ellipses and dumb-bells (some up to
∼6 mm in length) are evident for the two longest
dies which formed the smooth extrudate. The size
distributions of the pellet samples are shown in Fig. 4.
The sample produced by the shortest die (L/D = 1)
has a broad size distribution, with approximately equal
mass fractions for pellet diameters ranging between
1.00 and 2.36 mm. For L/D = 2, the distribution is
once again wide, although a modal diameter within
the 2.36–2.80 mm size fraction is now apparent.
(Assuming 22% linear shrinkage on drying, this
corresponds to a wet size fraction of 3.0–3.6 mm).
The same size fraction contains the modal diameter
for the L/D = 4 sample, although the distribution is
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TABL E I I Extrudate geometry (as defined in Fig. 1) of 55 wt% and 50 wt% water-MCC pastes extruded through a 3 mm die at various mean
extrusion velocities (V) and die length/diameter ratios (L/D).

55 wt% 50 wt%

V (mm s−1) L/D Shape x (mm) y (mm) α′ = tan−1
(

y−3
2x

)
/(◦) Shape x (mm) y (mm) α′ = tan−1

(
y−3
2x

)
/(◦)

140 1 K 1.25 4.0 22 K 1.25 4.75 35
2 K 1.5 4.0 18 K/C 1.5 4.5 27
4 C 2.0 3.5 7 C/S 2.25 3.0 0
8 S • 3.0 0 S • 2.75 0

16 S • 3.0 0 S • 2.75 0
1 K 1.0 4.0 27 K 1.25 4.75 35

350 2 K 1.25 4.0 22 K/C 1.5 4.5 27
4 K/C 1.25 4.0 22 C 1.75 3.25 4
8 C 1.5 4.0 18 C 1.75 3.0 0

16 C 1.5 3.5 9 C 1.75 3.0 0
690 1 K 1.0 4.25 32 K 1.25 4.75 35

2 K 1.25 4.25 27 K/C 1.5 4.5 27
4 K 1.25 4.25 27 K/C 1.5 3.5 9
8 K/C 1.25 4.25 27 C 1.5 3.5 9

16 C 1.5 3.75 7 C 1.5 3.25 5

Fracture shapes represented by K = Knuckle-bone, C = Cup, S = Smooth.

Figure 3 Dried pellets obtained from the spheronisation of 55 wt% water-MCC extruded at V = 140 mm s−1 through a 3 mm diameter die with L/D
= [a] 1, [b] 2, [c] 4, [d] 8 and [e] 16 mm.

Figure 4 Size distributions in terms of mass fraction of dried pellets obtained from the spheronisation of 55 wt% water-MCC extruded at V = 140 mm
s−1 through a 3 mm diameter die with L/D = 1, 2, 4, 8 and 16.
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now skewed to the right. As the die lengths are further
increased, the pellet size distributions shift further to
the right, become narrower, and have a modal diameter
within the 2.80–3.35 mm size fraction (3.6–4.3 mm
wet), although a number of fines are still present. The
two longest dies appear to produce similar pellet size
distributions in terms of the sieve diameter. Extended
spheronisation of the L/D = 16 smooth extrudate (up
to 10 min, results not presented here) showed that the
ellipses and dumb-bells did eventually attain a spher-
ical form (confirmed by a Camsizer©R digital image
processing system, Retsch Technology, Germany),
although the size distributions of the later samples
were distinctly bimodal, e.g. the 10 min sample gave
peaks at sieve diameters of 1.8 and 2.7 mm, the lower
diameter modal peak being due to coalescence of fines.

A rough estimation of the mean size of the pellets
formed from the fractured extrudates can be obtained
using the measurements of the fracture shape geometry.
Assuming that there is no densification of the paste
during spheronisation, and estimating the shape of the
fracture segment as a cylinder of diameter (y + D)/2
and length x, then the diameter of a sphere, δ, produced
from such a cylinder is given by

δ = 3

√
3x(y + D)2

8
(1)

For the fractures obtained with the D = 3 mm dies at
the lowest extrusion velocity, using the data in Table II,
δ is calculated as 2.8, 3.0 and 3.2 mm for L/D = 1, 2
and 4 respectively. These calculations show that the
fracture segments are able to form spheres with diam-
eters approximately equal to that of the die, whereas
the apparently smooth extrudates generate consistently
larger pellets (Fig. 4), indicating that fracture extrusion-
spheronisation allows some control over the pellet size
distribution.

3.2. Effect of extrusion velocity
The effect of increasing the extrusion velocity was in-
vestigated for the same paste and die geometry as de-
scribed in Section 3.1. The chosen additional extru-
sion velocities (V) were 350 and 690 mm s−1 (cor-
responding to ram velocities of 5 and 10 mm s−1 re-
spectively). For these two velocities, regularly spaced
fractures occurred for all L/D values tested. Exam-
ples of the extrudates produced at all three velocities
are displayed in Figs 5 and 6, and show that the ap-
parent severity of the fractures increases with increas-
ing extrusion velocity for L/D ratios of 4, 8 and 16.
Fractures produced with the two shortest dies were of
similar appearance to those shown in Fig. 2a and b. The
measured geometrical features are once again listed in
Table II. For a given velocity, the increase in x and
decrease in y and α′ with increasing die length is still
present. For any given L/D, the two higher velocities
yield a smaller value for x when compared with the pre-
vious 140 mm s−1 velocity data. y and α′ also appear
to have an increasing trend with increasing extrusion
velocity, which corresponds to the visual interpretation
of increasing fracture severity. Table II also shows that

Figure 5 Extrudates of 55 wt% water-MCC extruded through a 3 mm
diameter die with L/D = 4 at V = [a] 140, [b] 350 and [c] 690 mm s−1.

knuckle-bones are more likely to be produced as the
extrusion velocity increases. Using Eq. (1), the corre-
sponding spheronised pellet diameters are predicted as
2.6 and 2.7 mm for the shortest die, and 2.9 mm for
the longest die, at the two higher velocities. Occasional
‘fir-tree’ fractures (Fig. 7) were also produced at the
higher velocities, more so for the shorter dies, although
they constituted <5 wt% of the total extrudate sample
collected.

For L/D = 1 and 2, the pellets formed at the two
higher velocities were found to have similar morpholo-
gies to those formed at the lower velocity, as shown in
Fig. 3a and b, whereas for L/D = 4, the pellets were
more irregularly shaped. For the two shortest dies, the
corresponding size distributions for each velocity are
similar, as illustrated in Fig. 8a and b. For L/D = 4
and 8, the size distribution is broader for the two
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Figure 6 Extrudates of 55 wt% water-MCC extruded at V = 140, 350
and 690 mm s−1 through a 3 mm diameter die with L/D = [a] 8 and [b]
16.

Figure 7 An example of a ‘fir-tree’ type of fracture, obtained from the
extrusion of 55 wt% water-MCC at V = 690 mm s−1 through a 3 mm
diameter die with L/D = 4.

highest velocities (see Fig. 8c and d), and is similar
to the distributions for L/D = 1 and 2, perhaps even
bimodal. For the two longest dies, the pellet morphol-
ogy was markedly different at the higher extrusion ve-
locities. For L/D = 8, only one or two dumb-bells
were formed at the higher velocities, the rest of the pel-
lets being well-formed spheres and ellipses, although
some were dimpled. The number of dimpled pellets in-
creased for the L/D = 16 sample, although no dumb-

bells were formed at the highest velocity, as displayed
in Fig. 9 (cf. Fig. 3e). The change in pellet morphology
corresponds to the appearance of knuckle-bone and cup
fractures as opposed to the visibly smooth extrudates
formed at the lowest velocity. The pellet size distribu-
tion in Fig. 8e also shows a decrease in value for the
modal diameter at the two higher velocities, as well as
a decrease in the amount of fines produced. These data,
along with the results from Section 3.1, indicate that cup
shaped segments are the best type of fracture in terms of
generating spherical pellets of narrow size distribution.

3.3. Effect of paste water content
The results from the extrusion/spheronisation of a 50
wt% water-MCC paste were compared with those for
the 55 wt% paste. The drier paste required larger extru-
sion pressures, and the data yielded larger wall shear
stress terms for a given velocity and die geometry (Ta-
ble I). For the lowest velocity, the extrudates produced
with L/D = 1, 2 and 4 are displayed in Fig. 10. The
fracture shapes are similar to that for the 55 wt% paste
(cf. Fig. 2a–c), although the apparent severity of fracture
for the L/D = 4 sample is significantly less. Smooth
extrudates were produced for L/D = 8 and 16 at the
lowest velocity, although very faint surface fractures
were evident occasionally. Micrographs of the corre-
sponding pellets are shown in Fig. 11. For the two short-
est dies, many of the spherical pellets formed were dim-
pled. For L/D = 4, some of the spheres were dimpled
and a few dumb-bells were present (<5% by volume).
For the two longest dies, the pellets consisted mainly
of rough-edged dumb-bells and cylinders up to ∼5 mm
in size (>90% by volume), with a few spheres present,
some dimpled. Comparing these morphologies with the
pellets obtained from the 55 wt% paste (Fig. 3), the drier
paste produces poorly shaped pellets, with dimples for
the shorter dies and more dumb-bells and cylinders for
the longer dies. The size distributions for the two pastes
are compared in Fig. 12. For all die lengths, the drier
paste produces more fines when spheronised, accompa-
nied by a shift in size distribution to the left, although
it should be noted that the 50 wt% paste shrinks by
27% during drying as opposed to 22% for the 55 wt%
paste. The two shortest dies appear to produce a modal
diameter value within the size fraction 1.00–1.40 mm
(1.4–1.9 mm wet). For L/D = 4, 8 and 16, the dis-
tribution is also narrower around the modal value, and
the two longest dies show a decrease in the value of the
modal diameter compared to that of the 55 wt% sam-
ple, although the peaks may coincide since the 50 wt%
paste shrinks more during drying.

Examples of the 50 wt% extrudates produced at all
three extrusion velocities for the longer dies (L/D =
4, 8 and 16) are displayed in Fig. 13, and show that
the apparent severity of the fractures increases with in-
creasing extrusion velocity for a given L/D ratio. The
severity does, however, appear less than that for the 55
wt% paste as displayed in Figs 5 and 6. These visual in-
terpretations are borne out by the comparison of the val-
ues of x, y and α′ in Table II for L/D = 4, 8 and 16, and
also the fracture shape (i.e. knuckle-bone vs. cup). For
the two shortest dies, the velocity had no measurable
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effect upon the fracture geometry, although the values
of x, y and α′ were equal to or larger than those for the
corresponding 55 wt% samples. For L/D = 1, 2 and
4, the 50 wt% pellets formed at the two higher veloci-
ties were found to have similar morphologies to those
formed at the lower velocity, as shown in Fig. 11a–c. For
L/D = 8 and 16, a smaller number of dumb-bells and
cylinders were produced at the highest velocity (<1%
by volume), and the pellets consisted mainly of dim-
pled spheres. For the 50 wt% paste at any given L/D
ratio, it was found that an increase in extrusion velocity
had no major effect upon the pellet sizes as shown in
Fig. 12, although the two highest velocities produced
slightly wider distributions. Fig. 14 compares the size
distributions for the two pastes extruded at the highest

Figure 8 Size distributions in terms of mass fraction of dried pellets obtained from the spheronisation of 55 wt% water-MCC extruded through a
3 mm diameter die at V = 140 (�), 350 ( ), and 690 (�) mm s−1 with L/D = [a] 1, [b] 2, [c] 4, [d] 8 and [e] 16. (Continued.)

velocity with L/D = 4, 8 and 16, and shows that the
50 wt% paste begins to attain a narrower distribution
about the modal diameter at L/D = 4, whereas the 55
wt% paste does so at L/D = 16. This again coincides
with the onset of cup fractures.

3.4. Effect of die diameter
Extrusions were conducted with the 55 wt% water-
MCC paste using dies of diameter 2 mm and 1 mm,
with L/D = 1, 2, 4, 8 and 16 for the former, and
L/D = 2, 4 and 8 for the latter. The ram velocities
were altered accordingly in an attempt to maintain the
die land extrusion velocities, V, used in the 3 mm diam-
eter experimental series. The new ram velocities were
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Figure 8 (Continued).

Figure 9 Dried pellets obtained from the spheronisation of 55 wt%
water-MCC extruded at V = 690 mm s−1 through a 3 mm diameter
die with L/D = 16.

calculated assuming continuity in paste volumetric
flowrate, and hence ignored any density changes that
may occur during extrusion. With this in mind, for a
given L/D ratio, then the die wall shear rate may not
be equal when comparing extrusions using different die
diameters, and so any comparison of fracture geome-
try must be treated with caution. However, the extent of
fracture of the individual extrudates may still be related
to the morphology and size distribution of the sphero-
nised product. Only the highest extrusion velocity was
used for the 1 mm diameter die (corresponding to a ram

velocity of 1.11 mm s−1) in order to avoid the effects
of water migration that were apparent with this die at
the two lowest velocities.

For the 2 mm diameter dies, the extrudates fractured
forming knuckle-bone shapes for all velocities and
L/D values studied, and all the extrudates had flares
of y = 3.0 mm and fracture spacings of x = 1.0 mm
(δ = 2.1 mm from Equation 1). No cup fractures or
smooth extrudates were formed, as observed for the cor-
responding 3 mm die experiments, which implies that
the extent of fracture is not simply a function of the die
wall shear rate. Table I shows that the values obtained
for the wall shear stress in the 2 mm diameter dies were
larger than those in the 3 mm dies for a given extrusion
velocity. An example of the extrudates produced at the
lowest and highest velocities is displayed in Fig. 15 for
L/D = 8, and the fractures are visibly more severe at
the highest velocity, although this could not be moni-
tored quantitatively to within measurement error. For
L/D = 1, 2 and 4, the morphology of the pellets was
similar at each velocity, being that of near-spherical
pellets, some with dimples (e.g. see Fig. 16a and b).
For L/D = 8 and 16, the lowest velocity produced
many ellipses and some dumb-bells, whereas the high-
est velocity yielded mostly spheres, many with dimples
(e.g. see Fig. 16c and d). The corresponding pellet size
distributions are illustrated in Fig. 17, and for the low-
est velocity, the distributions for L/D = 1, 2 and 4
are similar, with the modal diameter occurring within
the size fraction 1.40–1.70 mm (1.8–2.2 mm wet). For
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Figure 10 Extrudates of 50 wt% water-MCC extruded at a V = 140 mm
s−1 through a 3 mm diameter die with L/D = [a] 1, [b] 2 and [c] 4.

L/D = 8 and 16, the modal diameter has increased, oc-
curring within the size fraction 1.70–2.00 mm (2.2–2.6
mm wet). For the highest velocity, the distributions are
similar for all die lengths, and show a bimodality with
the modal diameters occurring within the size fractions
of 0.71–1.00 mm and 1.40–1.70 mm.

For the 1 mm diameter dies, the extrudates frac-
tured forming cup shapes for all L/D values studied,
and all the extrudates had flares of y = 1.25 mm
and fracture spacings of x = 0.5 mm, as shown in
Fig. 18 (δ = 0.98 mm from Eq. (1)). No knuckle-
bones or smooth extrudates were formed. The fractures
are visibly more severe for the shortest die, although
once again this could not be monitored quantitatively
to within measurement error. The morphology of the

pellets was similar at each die length, being that of
well-formed spheres (no visible dimples) and ellipses,
with some dumb-bells and cylinders present (e.g. see
Fig. 19). The corresponding pellet size distributions are
displayed in Fig. 20, and are fairly similar for each die
length, with the modal diameter occurring within the
size fraction 1.00–1.18 mm (1.3–1.5 mm wet).

4. Discussion
Although there has been much debate regarding the
origins of extrusion defects in polymer melts, litera-
ture discussing the cause of fractures in paste extrusion
has, until fairly recently, been sparse. Russell et al. [36]
showed that the extrusion pressure measured at the die
for a range of stiff pastes undergoing regular fracture
contained distinct peaks in the frequency spectrum, in-
dicating a cycling of stresses during fracture, the pe-
riod of which was similar to the occurrence of frac-
ture reported by Domanti and Bridgwater [22]. Russell
et al. observed that the frequency peak became more
distinct as the apparent severity of the fracture and the
magnitude of the die wall shear stresses increased. The
apparent severity of fracture increased with extrusion
velocity, i.e. larger tensile shear stresses. The use of a
PTFE coated die land greatly reduced the severity of
fracture, in some cases eliminating it altogether. These
results suggested that the paste appeared to rupture only
when the stresses exceeded a certain crack onset thresh-
old for the material. The results presented here indi-
cate that fracture onset and mode are not simple func-
tions of parameters such as geometry and wall shear
stress.

Pharmaceutical studies had also proposed that cer-
tain rheological material parameters may influence the
surface impairment of paste extrudates, and hence the
final shape and size distribution of the spheronised
product. For example, Harrison et al. [37] suggested
that these may be the upstream pressure loss and the
mean die wall shear stress. Raines [38] characterised
MCC/lactose pastes using the Benbow and Bridgwater
[39] approach, and observed that formulations with low
values of the initial bulk yield stress and initial paste-die
wall shear stress were more likely to produce extrudates
with surface defects. The following discussion attempts
to describe the fracture mechanisms involved in the cur-
rent MCC paste extrusion experiments, and what effect
the processing and material parameters have on them as
characterised by the change in fracture geometry. The
discussion then addresses how the extent of fracture is
related to the quality of the spheronised product in terms
of the pellet morphology, size and size distribution.

4.1. Fracture mechanism
The area with the most published work on extrusion
defects is polymer melt extrusion, in which shark-
skinning is usually associated as originating at the die
exit. One explanation for shark-skinning is that it is
caused by the rupturing of material at the die exit due
to high tensile stresses (e.g. [27, 28, 29]). Benbow et al.
[40] were one of the first to suggest such a die exit
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Figure 11 Dried pellets obtained from the spheronisation of 50 wt% water-MCC extruded at V = 140 mm s−1 through a 3 mm diameter die with
L/D = [a] 1, [b] 2, [c] 4, [d] 8 and [e] 16.

mechanism. They argued that a polymer melt flowing
at steady state through a die has a radial distribution of
axial velocities initiated by frictional effects at the die
wall, with the centreline material travelling at a maxi-
mum velocity. However, when the extrudate is free of
the die, it travels at a constant average velocity, and
so upon exiting the die, the central material decelerates
whilst the surface material accelerates. Richardson [41]
used mass conservation to show that this acceleration
creates a tension in the surface layer, whilst the deceler-
ating centreline material is compressed. If the tension
in the surface layer thus exceeds a critical stress, the
material fractures. Benbow et al. [40] also mention that
further stresses will be induced by the radial elastic
recovery of the extrudate on exiting the die. This ten-
sion/compression effect was also proposed by Nickell
et al. [42] who used a finite element method to model
polymer melt extrusion, and was confirmed experimen-
tally by Osakada et al. [43] and Polyakov et al. [44]
for metal extrudates. The existence of exit zone stress
concentrations in polymer melts has been confirmed
by birefringence experiments [45] and numerical mod-
elling [46]. Domanti and Bridgwater [47] used a finite
element method and a perfect elasto-plastic material
model to describe ceramic paste extrusion, and they
observed compressive and tensile stresses at the centre
and surface of the extrudate respectively.

Similar surface stretching mechanisms were pro-
posed by Yamada et al. [48] for the cause of fir-tree
cracks in metal alloy extrusion, Cogswell [49] for poly-
mer melts, and more recently by Kulikov and Hor-
nung [50, 51] to explain extrusion defects of a clay
powder/mineral oil mixture. Fiorentino et al. [25] sug-
gested a slightly different mechanism for circumferen-
tial cracks occurring in beryllium metal extrudates. As
the extrudate exits the die, it expands elastically. The
stress discontinuity causes the surface fibres to bend

which results in longitudinal tensile stresses. These
coupled with residual axial tensile stresses developed
at the die inlet deformation stage, and those due to fric-
tion, cause cracking.

The idea of tension/compression effects within a ma-
terial exiting a die was embraced by Harrison [15] and
Harrison et al. [32] as an explanation for fracture in
pharmaceutical paste ram extrusion. They argued that
higher extrusion velocities resulted in higher wall shear
stresses, thus increasing the tension effects at the sur-
face of the extrudate, leading to more severe fractures
(as seen in the present work). In order to explain the
effect of the die length, they used the concept of wall
slip, in which shearing occurs in a uniform lubricating
layer (liquid or liquid/solid) adjacent to the die wall,
with the central core of the extrudate flowing as a plug.
For paste entering a die land, there will be a finite en-
try length before this layer can fully develop. For short
dies, the entry length will be longer than the die length,
and hence the flow within the die will be unsteady. The
thickness of the lubricating layer would therefore vary
within the die, with zero thickness creating a stick con-
dition, and some finite thickness allowing for maximum
slip. For the extreme case of stick, the material adja-
cent to the die wall will be static, and the heightened
velocity gradient of the flow profile would intensify
the stretching of the surface layer, thus increasing the
severity of fracture. Raines [38] calculated the lubricat-
ing layer thickness for the ram extrusion of water-based
MCC/lactose pastes using a paste flow mechanics ap-
proach [52]. She related the film thickness to the ex-
trudate quality at constant shear rate, with the thickest
layer resulting in a smooth surface, and the thinner lay-
ers resulting in surface impairments. However, Tomer
et al. [53] used magnetic resonance imaging to mea-
sure the water distribution within MCC paste extrudates
(L/D = 4, V = 54 and 540 mm s−1), and found that
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the distribution was “surprisingly uniform” across the
diameter, although it should be noted that the samples
were examined ex situ.

There are four main questions that can be asked
about the nature of the extrudate fractures seen in the
present work: (a) why are the fractures circumferential
and concavely shaped upwards in the direction of paste
flow; (b) what determines the apparent severity of the
fractures; (c) why do the fractures occur periodically;
and (d) what determines the spacing of the fractures,

Figure 12 Size distributions in terms of mass fraction of dried pellets obtained from the spheronisation of 50 wt% (�) and 55 wt% (�) water-MCC
extruded at V = 140 mm s−1 through a 3 mm diameter die with L/D = [a] 1, [b] 2, [c] 4, [d] 8 and [e] 16. (Continued.)

as defined by x in Fig. 1? These questions are now
addressed.

4.1.1. The shape
The concave circumferential shape of the fractures is
similar to that reported by Train [54] in the ejection
of pressed compacts of magnesium carbonate powder.
These ejection cracks were explained in terms of the ra-
dial and axial strain relief of the compact whilst exiting
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Figure 12 (Continued).

the die, the resultant of which created a rupture along a
concave-shaped stress path. This was commented upon
further by Long [55] for the ejection of metal powder
compacts, and more recently by Nam et al. [56] for
compacts of spray dried alumina agglomerates. Long
argued that the formation of the stress concentrations
were a result of the compact being restricted from ex-
panding axially at the die wall due to friction, whereas
the centreline of the compact was relatively free to
move. A crack would temporarily relieve the stress con-
centration in the material immediately upstream, but
as the compact continued to exit the die, the stresses
would begin to build up again in a new uncracked re-
gion. In this way, a series of concave cracks would be
formed. It is thought that similar stress concentrations
may be established during paste extrusion, which there-
fore generate a series of concave shaped fractures. Do-
manti and Bridgwater [47] have also reported similar
concave fractures for alumina/starch pastes in rectan-
gular slot dies. By using transparent die material they
were able to confirm that the cracks initiated at the die
exit.

4.1.2. The severity
Work is done on the paste as it undergoes convergent
flow at the die entrance and shear along the die land.
Much of the former contribution will be plastic work,

arising from re-alignment and modification of particles,
but some will be stored in the form of elastic energy,
to be released when the constraining factors (e.g. the
die walls) are removed. Expansion of the paste can
occur both radially and axially upon exiting the die,
the former being constrained by the die walls, and the
latter being constrained by both the wall friction (for
paste adjacent to the die wall) and the internal fric-
tion of the paste material. The radial expansion can be
visually quantified by comparing the extrudate flare,
y, with the actual die diameter. For large values of
y, the fracture appears to be more severe (as repre-
sented by α′ in Table II). Table II shows that y increases
with decreasing L/D and increasing extrusion veloc-
ity, both of which also tend to produce knuckle-bone
fractures.

The particle matrix undergoes rearrangement during
the die entry phase and this can result in several changes,
the most relevant here being consolidation which re-
duces the number of crack initiation sites (e.g. by break-
down of agglomerates or reduction in void sizes). For
a given extrusion velocity, larger extrusion pressures
(i.e. L/D values) are likely to result in a paste which
is less likely to fracture, i.e. it undergoes a hardening
process. Russell et al. [36] suggested that the increase
in die length will increase the compressive stress in
the deforming zone, which may result in a less brittle
material which would reduce fractures when extruded.
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Figure 13 Extrudates of 50 wt% water-MCC extruded at V = 140, 350
and 690 mm s−1 through a 3 mm diameter die with L/D = [a] 4, [b] 8
and [c] 16.

Thus for short dies the material contains a higher den-
sity of crack initiation sites, and hence the radial and
axial strain released is more significant. This postula-
tion is supported by the reduction in fracture severity
observed as L/D increases. Longer die lands also give
the paste more time to develop lubricating layers at the
wall and relax extensional strains resulting from the die
entry (e.g. by further particle re-alignment), viz. an en-
try length effect. It is not possible to separate these two
components reliably within the experiments performed
here. It is noteworthy, however, that plots of average ex-
trusion pressure vs. L/D (i.e. Bagley plots) for almost
all series of tests were linear, indicating that the wall
shear stress was uniform, and that fracture is a strong
micro-mechanical response to stress-strain conditions
imposed upon the material.

Increasing the die land velocity increases the wall
shear stress in the die land (evident from the Bagley
plots). If the die entry contribution is strain-rate inde-
pendent (e.g. there is no redistribution of liquid, which
is a reasonable point borne out by the extrusion pressure
data), then the fracture behaviour at different velocities
is the response of similarly ‘hardened’ material to dif-
ferent shear stress/strain and elastic energy conditions.
Increasing the velocity uniformly resulted in greater
severity of fracture, which is consistent with both die
land entrance effect, and wall shear stress/elastic energy
explanations.

4.1.3. The periodicity
One explanation for the periodicity shown by the frac-
tures is that a type of stick-slip mechanism is occurring
within the die land prior to exit. This mechanism could
occur either upstream at the die entry, or at the die exit,
and would be initiated by friction at the die-paste inter-
face. However, Domanti and Bridgwater [22] reported
a periodic fracture spacing of D/2 for alumina-glucose
paste extrusion with L/D varying between 1/6 and 16.
The fact that fracture still occurred at a relatively small
aspect ratio of 1/6 implies that die wall friction is not
the major cause of the periodicity. For metal alloy ex-
trusion, Yamada et al. [48] suggested that any stick-
slip mechanism was itself caused by the stress relief
produced during cracking. For the present MCC paste
extrusion, it is suggested that the fracture periodicity
is established purely by the geometrical layout of the
cracks, which is itself determined by the shape of the
stress rupture path upstream in the paste.

4.1.4. The spacing
Domanti and Bridgwater [22] reported that the spacing
of periodic circumferential extrudate fractures is ap-
proximately equal to D/2 for many paste systems and
geometries. This spacing was also observed with the
present MCC paste extrusion for dies of diameter 1 and
2 mm, and can be explained by assuming a hydrostatic
release of the stresses within the paste upon exit from
the die. (Work performed by Amarasinghe and Wilson
[23] indicated that ceramic pastes transmit stresses in
a hydrostatic manner.) This creates a rupture path at an
angle of θ = 45◦ for a material with isotropic tensile
yield properties. As the crack propagates, it relieves the
stresses in the paste adjacent to it bounded by the die
wall, and the fractured segment is allowed to expand
both axially and radially upon leaving the die exit. The
next fracture will thus be initiated in an uncracked por-
tion of paste bounded by the die wall upon reaching
the die exit; this portion of paste occurs at a distance
of D/2 from the first crack initiation point. However,
for the 3 mm diameter die, the fracture spacing is not
simply defined by D/2, but varies from D/3 to 3D/4
(see Table II). This range of values can be explained by
the development of non-equal radial and axial strains,
which occur if either a hydrostatic stress is released in a
paste with non-isotropic tensile yield properties, or the
radial and axial stresses are themselves non-equal.

4212



Figure 14 Size distributions in terms of mass fraction of dried pellets obtained from the spheronisation of 50 wt% (�) and 55 wt% (�) water-MCC
extruded at V = 690 mm s−1 through a 3 mm diameter die with L/D = [a] 4, [b] 8 and [c] 16.

Part (b) of this discussion explained how the mag-
nitude of the radial and axial strains released at the
die exit may be affected by the extrusion velocity and
the die length. A summary of the proposed fracture
mechanism is now outlined in Fig. 21. Two extreme
fracture geometries are shown, which in turn produce
[a] knuckle-bone and [b] cup shaped fractures. If the
fracture angle θ > 45◦, then the radial strain (εr ) is
greater than that of the axial (εz) and knuckle-bones
are produced. As a consequence the fracture spacing
x < D/2. This fracture geometry occurs, in general,
for small L/D values or high extrusion velocities (see
Table II) as discussed in parts (b) and (d) above. As
L/D increases, or the extrusion velocity decreases, if
the rate of decrease in radial strain is more than that of

the axial, then a point will be reached when the radial
strain release will be less than that of the axial. This
produces a fracture angle θ < 45◦ and a subsequent
fracture spacing of x > D/2, which corresponds to
cup shaped fractures. Since a finite amount of energy
is released and hence expended during crack growth,
the crack is unable to fully propagate across the central
core of the paste extrudate. This, coupled with a further
decrease in θ and an increase in spacing x will result in
extrudates with faint surface fractures, until eventually
for either very long dies, or low extrusion velocities,
smooth extrudates will be formed, since both the radial
and axial strain release will be minimal.

Harrison et al. [32] reported that surface impairments
were more pronounced for MCC/lactose paste with a
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Figure 15 Extrudates of 55 wt.% water-MCC extruded at V = 140 and 690 mm s−1 through a 2 mm diameter die with L/D = 8.

Figure 16 Dried pellets obtained from the spheronisation of 55 wt.% water-MCC extruded at V = 140 mm s−1 (left hand column) and 690 mm s−1

(right hand column) through a 2 mm diameter die with L/D = [a&b] 1 and [c&d] 16.

higher water content, which they attributed to a reduc-
tion of forces required to maintain a smooth surface.
Table II shows that the radial expansion of the 55 wt%
water-MCC paste is greater than that of the 50 wt%
paste for the three longer dies, although the opposite
effect occurs for the two shortest dies. This suggests a
larger variation in elastic response for the drier paste un-
der the extrusion conditions studied. The 50 wt% paste

also has a tendency to produce cup fractures rather than
knuckle-bones when compared with the corresponding
55 wt% extrusion. This implies that the radial strain
release is less than that of the axial, which is probably
due to the increased compressive stress in the defor-
mation zone and the increase in wall shear stress (as
listed in Table I). The smooth extrudates are less than
3 mm in diameter, which implies the formation of a
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Figure 17 Size distributions in terms of mass fraction of dried pellets obtained from the spheronisation of 55 wt.% water-MCC extruded through a
2 mm diameter die with L/D = 1, 2, 4, 8 and 16 at V = [a] 140 and [b] 690 mm s−1.

fully developed liquid slip layer. The preferential abil-
ity of the drier paste to generate this layer may be a
result of it experiencing higher stresses within the die
land, which would increase the pore pressure and hence
enhance the movement of the liquid phase towards the
die wall.

No definitive trend can be seen for the fracture shape
with respect to die diameter. The comparison is com-
plicated by the inability to accurately assess the shear
rate of the paste at the die wall, and also by the in-
ability to monitor whether a slip layer is being formed.
Also the accuracy of measuring the geometric features
such as the fracture spacing and extrudate flare for the
smaller diameter dies is compromised by the irregular-
ity of the fracture shapes themselves, as discussed by
Domanti and Bridgwater [22]. This could be amelio-
rated by the use of other measuring systems, such as
laser profilometry. Hence at present the authors cannot
offer any satisfactory explanation as to why the 2 mm
diameter dies only produced knuckle-bone fractures,
whereas the corresponding 3 mm diameter extrusions
at equal L/D and die land velocities produced cup frac-
tures and smooth extrudates. For the highest die land
velocity and L/D = 2, 4 and 8, the radial expansion

of the fractured extrudates is 42, 50 and 25% for the 3,
2 and 1 mm diameter dies respectively, with the lowest
amount of radial expansion corresponding to cup frac-
tures. The reason why the radial expansion is smaller
for the 1 mm dies, whereas one could expect more due
to the increase in extrusion ratio and hence the resulting
radial extension, is not fully understood and an area for
further work.

4.2. Fracture geometry and spheronisation
mechanism

During spheronisation, the extrudate initially breaks
into its individual fracture segments, if any, which are
then further shaped by the rotating friction plate. The
experimental results show that the type of fracture shape
affects the spheronised pellet morphology, size and size
distribution. For example, the 55 wt% paste extruded
through a 3 mm diameter die with L/D = 4, 8 and 16
produces a change in the fracture shape as the velocity
increases from 140 mm s−1 (cup, smooth, smooth) to
350 mm s−1 (knuckle-bone, cup, cup). The transition in
fracture shape clearly affects the pellet size distribution,
as illustrated in Fig. 8c–e.
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Figure 18 Extrudates of 55 wt.% water-MCC extruded at V = 690 mm
s−1 through a 1 mm diameter die with L/D = [a] 2, [b] 4 and [c] 8.

For the knuckle-bone fractures, the pellets generated
are spherical and have a wide, sometimes bimodal, size
distribution. The wide size range can be explained by
fines that are created from the breakage of the ragged
edges of the fracture segments, as shown in Fig. 2(a).
The increase in the occurrence of dimpled spheres can
be correlated with either a decrease in water content
of the paste, or an increase in extrusion velocity, both

Figure 19 Dried pellets obtained from the spheronisation of 55 wt.%
water-MCC extruded at V = 690 mm s−1 through a 1 mm diameter die
with L/D = 2.

of which cause an increase in the value of the maxi-
mum extrusion diameter, y, for the two shortest dies
(Table II). A dimpled sphere is formed by the skirts of
the fracture segment folding over together [10], an ex-
ample of which is displayed in Fig. 22. The drier paste
generates more dimpled spheres since it is less plas-
tic, and hence the wider skirts of the knuckle-bones
cannot fold over fully and deform to eliminate the de-
pression. As the extrusion velocity increases, the num-
ber of dimpled spheres increases since the knuckle-
bone fractures produced have a larger skirt diameter
due to the increase in radial expansion of the extrudate
at the die exit, which also have difficulty in folding over
completely.

Cup fractures produce visibly larger spherical pel-
lets with a mono-modal, narrower size distribution (e.g.
see Figs. 3c and 4). The morphology of the pellets and
the narrowing of the size distribution implies that the
cup type of fractured extrudate breaks down and de-
forms more regularly within the spheroniser. Less fines
are produced since the fracture segment edges are less
ragged.

Smooth extrudates, or those with faint surface frac-
tures, are more resistant to breakage during spheroni-
sation, and will initially fracture into short rods which
are rounded off and compacted at the ends by the ac-
tion of the rotating plate, thus forming dumb-bells.
The number of dumb-bells increases with increas-
ing L/D, decreasing extrusion velocity, or decreasing
paste water content. Pellets are generated with typi-
cally mono-modal and narrow size distributions (e.g.
see Fig. 4), which is not surprising since the sieving
process only measures the minimum width of a pel-
let [57, 58], which in this case is equal to or greater
than the initial extrudate diameter. For the 50 wt%
paste, cylinders as well as dumb-bells were some-
times produced (e.g. see Fig. 11d and e), which sug-
gests that the drier paste is less plastic since the ends
of the pellets are unable to be rounded off to form
dumb-bells.
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Figure 20 Size distributions in terms of mass fraction of dried pellets obtained from the spheronisation of 55 wt.% water-MCC extruded at V =
690 mm s−1 through a 1 mm diameter die with L/D = 2 (�), 4 ( ) and 8 (�).

Figure 21 Schematic representation of the fracture mechanism occurring in [a] short dies (e.g. L/D = 1) and [b] intermediate length to long dies
(e.g. L/D = 4 to 16).

Figure 22 A dimpled dried pellet obtained from the spheronisation of
50 wt.% water-MCC extruded at V = 690 mm s−1 through a 3 mm
diameter die with L/D = 1.

5. Conclusions
The relationships between extrusion behaviour and
spheronisation performance of a typical pharmaceuti-
cal excipient formulation (MCC-water) have been in-
vestigated and related to the existing understanding of
surface defect formation in pastes (wet powder masses)
undergoing extrusion. The type of MCC paste extrudate
circumferential fracture has been shown to affect the
morphology, size and size distribution of the sphero-
nised product.

Knuckle-bone fractures tended to produce pellet
samples containing more fines due to the breakage of
ragged edges, and spheres with more dimpled surfaces
since the segments have difficulty in folding over com-
pletely in the spheroniser. Smooth extrudates tended
to produce dumb-bells and cylinders since they cannot
break up evenly in the spheroniser: extended operation
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resulted in a wide range in sizes of spherical products.
It appears that cup shaped fractures are desirable in or-
der to produce well-formed spheres with a narrow size
distribution, intimately related to the diameter of the
die land via the spacing of fractures.

Fractures featured regular periodicity which, whilst
constant for a given set of process conditions, increased
with increasing L/D and decreasing extrusion velocity.
The apparent severity of the fracture was related to the
extent of the radial expansion of the extrudate, and de-
creased with increasing L/D and decreasing extrusion
velocity.

We propose that the fracture geometry can be ex-
plained in terms of a mechanism based upon the extent
of the release of axial and radial strains on the extru-
date surface upon exiting the die. Fracture is postulated
to be a micro-mechanical phenomenon related to the
presence of crack initiators (duly suppressed by high
consolidating stresses) and the tensile strains generated
in the die land, which resonates with the conclusions of
Domanti and Bridgwater [47] for ceramic paste extru-
sion. Thus for long dies and low extrusion velocities,
the strains released will be minimal and a smooth extru-
date will be formed. Knuckle-bone fractures are formed
with short dies at all extrusion velocities, and with inter-
mediate length dies at higher velocities, and are thought
to be a result of the radial strain release being greater
than that of the axial. Cup fractures are formed with
intermediate length dies at low velocities, and with the
longest dies at high velocities, and are thought to be a
result of the axial strain release being greater than that
of the radial. This suggests that the change in die length
(and hence the paste crack initiator density) has more
influence upon the extent of the radial strain than that
of the axial, whereas the change in extrusion velocity
(and hence the die wall shear stress) has more influ-
ence upon the extent of the axial strain than that of the
radial.

Nomenclature

d diameter of extrudate section (see Fig. 1) [m]

D die diameter [m]

L die length [m]

V mean velocity of paste in die land [ms−1]

x fracture spacing (see Fig. 1) [m]

y extrudate flare (see Fig. 1) [m]

α extrudate skirt angle (see Fig. 1)

α′ a representation of the severity of frac-
ture, given by tan−1

( y−3
2x

)
δ diameter of sphere [m]

εr radial strain

εz axial strain

θ extrudate fracture angle (see Fig. 1)
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