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By separating the matrix from the agglomerate it was possible to determine the nature of
agglomerate breakdown during extrusion within a known geometry. Previous attempts at
observing agglomerate breakdown have been unsuccessful at relating the properties of the
paste to the properties of the agglomerate due to the indistinguishability of the paste and
the agglomerates. By using well-characterized materials, it was found that the breakdown
probabilities of the agglomerates during extrusion were independent of the position of the
agglomerate. This indicated that as the shear strain rate was known to be highly position
dependent, the agglomerate breakdown was shear strain rate independent. Following
breakdown, the distributive mixing was observed to be position dependent. C© 1998
Kluwer Academic Publishers

1. Introduction
Extrusion has been used as a method for the production
of ceramics since 1835 when stiff-bodied clays were
first made into bricks. The technology changed little un-
til the 1950s when shaping by extrusion became impor-
tant in a wide range of areas including the food industry,
pharmaceuticals, and catalyst support production [1]. A
simplified view of an extrudable paste is that it consists
of two phases, a liquid and a solid. To achieve a suitably
plastic material, a liquid, generally an aqueous solution
containing a binder, is added to a solid powder. In the ce-
ramics industry, clay-water suspensions were tradition-
ally used to modify paste rheology, but more recently
polymer solutions and gels have been used [2, 3].

Agglomerates can either be naturally occurring or
they may be introduced into powders to improve their
flow characteristics. They have many serious implica-
tions for the ultimate strength and durability of cera-
mics [4]. If the particle size of a powder is small, say
for example less than 100µm, then the natural adhe-
sion forces are frequently significantly larger than the
force of gravity. The adhesion forces become increas-
ingly dominant as the particle size decreases, which
leads to serious and potentially detrimental agglomera-
tion. Upon sintering any ceramic precursor, e.g., pastes,
compacted powder, or slip cast bodies, the differential
shrinkage rates of the agglomerate and the matrix may
cause imperfections to occur, producing a significantly
weaker material [5].

The deagglomeration of ceramics by extrusion can
be seen as an important method of improving the uni-
formity, and therefore the strength, of the product. It

has been noted recently that the process of extrusion
is similar to mixing as the paste is subjected to large
amounts of shear at the die entry region, which leads to
a greater degree of homogeneity in the product than in
the pre-extruded mix [6].

Agglomerate breakdown during extrusion has pre-
viously been studied in paste systems consisting of
commercially available materials [6–8]. Using image
analysis, the rate of breakdown was determined for a
set of agglomerates that existed in the paste as a result of
natural agglomeration processes in fine alumina pow-
ders. A problem associated with this technique was that
isolation of the dominant factors was difficult to deter-
mine. A refinement of this technique was to separate the
agglomerates from the matrix. The two separate com-
ponents were produced and characterized separately,
allowing any correlation between the agglomerate pro-
perties and the paste rheology to be ascertained once
extrusion had been performed.

2. Experimental procedure
2.1. Materials
A system was devised to locate the agglomerates and
then determine their behavior during extrusion. Pastes
of similar composition, but of differing color, were pro-
duced and arranged in such a manner as to enable
the insertion of agglomerates into a known plane.
Fig. 1 shows the harlequin arrangement employed. This
checkered pattern of paste color allowed the plane of
insertion to be maintained and also aided in the identifi-
cation of the approximate location of the agglomerates
contained within the extrudate.
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TABLE I Proportion of materials used to produce white, black, and
red pastes

Proportion, wt %

Ingredient White Black Red

Kaolin 76.2 75.7 75.3
PEG 1500 0.2 0.2 0.2
De-ionized water 23.6 23.5 23.3
Carbon black — 0.6 —
Methyl red — — 1.2

(3% solution in ethanol)

Figure 1 Harlequin arrangement of pastes containing agglomerates.

The pastes consisted of kaolin with polyethylene gly-
col (PEG 1500) and water acting as a binder, with car-
bon black and methyl red added as stains. The propor-
tion of each material combined to produce each colored
paste is shown in Table I.

2.2. Mixing
The paste was prepared using two mixers to produce
a matrix that was mixed well both dispersively and
distributively. Initial wetting of the powders was per-
formed using a Kenwood planetary mixer with a whisk
attachment. The mixer circulated around the bowl at
66 r.p.m. with the whisk attachment rotating at 140
r.p.m. The geometry of the whisk ensured that all the
powder was affected and that compaction was mini-
mized [6]. Pre-mixing continued for two minutes until
the powder was completely wetted and a “crumble” was
formed. The pre-mixing ensured that the water was dis-
tributed about the powder, but the low stresses involved
during this process did not allow break-up of fine ag-
glomerates or dispersive mixing to occur. Following
pre-mixing and wetting, the “crumble” was transferred
to a kneading machine (Werner and Pfleiderer LUK
3 III-2 Vak) that comprised two 125 mm long masti-
cator blades counter-rotating at speeds of 25 and 52
r.p.m. The gap between the blades and the trough wall
was measured to be 1.25 mm, resulting in deforma-
tion rates of approximately 130 and 270 s−1 for the two
blades, respectively. To ensure that complete mixing oc-
curred, the walls and blades were scraped free of paste at

intervals of 15 min. Following a total mixing time of
45 min, the paste was removed from the kneading ma-
chine and placed into an airtight container. The knead-
ing machine forced the paste through repeated large
cross-sectional changes by dragging the paste through
a narrow gap, creating stresses large enough to break
down any visible agglomerates.

2.3. Paste characterization
The rheology of the feed stock material was ana-
lyzed using the equations proposed by Benbow and
Bridgwater [9] to maintain consistency from batch to
batch and also to ensure that the different colored pastes
were similar. Extrudable pastes can be considered as
two-component systems containing a particulate pow-
der phase and a continuous liquid phase [4]. If a plastic
body is forced from a barrel of areaAo into a die of
cross-sectional areaAD and lengthL, then the pressure
drop P can be separated into two parts: the pressure
required to reduce the cross-sectional area,P1, and the
pressure to push the paste along the die land,P2. Then,
from the theory of plastic extrusion of metals,

P1 = σy ln

(
Ao

AD

)
(1)

where σy is a uniaxial yield stress [9]. From semi-
empirical relationships, the above may be modified by
a velocity factor,α, such that

P1 = (σo+ αv) ln

(
Ao

AD

)
(2)

wherev is the velocity of the paste in the die andσo is the
uniaxial yield stress at zero velocity. The pressure drop
P2 in the die land is opposed by the wall shear stressτ ,
which, it is argued, is uniform in highly loaded pastes
because of plug flow. This can be a velocity-dependent
parameter, which by analogy with the uniaxial yield
stress can be given by

τ = τo+ βv (3)

whereτo is the wall shear stress at commencement of
movement andβ is a factor indicating the change of
wall shear stress with velocity. The termβv describes
viscous flow in a thin layer at the die wall/paste inter-
face. A force balance gives

P2 = (τo+ βv)L

(
E

AD

)
(4)

whereE is the die perimeter. Thus, the total pressure
drop during extrusion is given by

P = P1+ P2

= (σo+ αv) ln

(
Ao

AD

)
+ (τo+ βv)L

(
E

AD

)
(5)
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For dies and ram extruders of circular cross-section,
with diametersDD and Do, respectively, this can be
simplified to

P = 2(σo+ αv) ln

(
Do

DD

)
+ (τo+ βv)4

(
L

DD

)
(6)

Where the binder used in the paste shows non-
Newtonian behavior, the velocity can be raised by the
powersm andn to provide the required agreement with
experimental observations:

P = 2(σo+ α1v
m) ln

(
Do

DD

)
+ (τo+ β1v

n)4

(
L

DD

)
(7)

whereα1 andβ1 (MPa·(m/s)−(n or m)) are not equal toα
andβ (MPa·(m/s)−1). By using a range of die lengths
and ram speeds, it is possible to determine estimates for
the values of the paste parameters through graphing or
regression techniques [9].

2.4. Agglomerate production
Alumina powder (RA 107LS, Baco U.K.) was used as
a source of primary particles for the production of the
agglomerates. De-ionized water was used as a binder.
To produce agglomerates in the range 1.00–1.18 mm,
a pan-granulating machine was employed. The equip-
ment consisted of a 500 mm rotating dish inclined at a
45◦ angle. A plate was suspended in the dish to deflect
the powder as it rotated with the pan, which prevented
the majority of the powder from sticking to the dish. A
batch size of 500 g of alumina powder was employed,
and the pan was rotated at a speed of 33 r.p.m. Moisture
was introduced over the whole of the exposed powder
surface using an atomized spray. Every 30 s 15 ml of de-
ionized water was added, for a total of 6 min. The pan
was allowed to continue rotating for 60 s after the final
spray to ensure that the moisture was distributed and
the system stabilized. The required agglomerates were
separated from the bulk of the powder using two sieves,
1.00 mm and 1.18 mm in mesh size. Several batches
were mixed together to produce a sufficient number of
agglomerates in each size fraction. The moisture con-
tent of the agglomerates was tested by measuring the
weight loss when placed in an oven at 110◦C overnight.

The strength of the agglomerates were determined
by diametrical compaction that consisted of two flat
platens that crushed the agglomerates between them.
The strength was calculated from

χAGG = 0.7

(
4Fo

πd2
A

)
(8)

whereFo is the load at failure anddA is the agglomerate
diameter [10].

Figure 2 Standard extrusion geometry.

2.5. Extrusion
Discs of paste were produced by first compressing the
paste at a pressure of 25 MPa. The paste was then sec-
tioned into discs 10 mm thick and halved. Black and
red “half-discs” were pressed together and the agglom-
erates inserted. The discs were then combined to create
a stack. The combination as shown in Fig. 1 was then
inserted into the barrel ready for extrusion.

The experimental geometry is shown in Fig. 2. A 45◦
conical entry die was used to minimize smearing of the
extrudate surface. The pastes were extruded at three
ram speeds, 10, 50, and 100 mm/min, to enable any
variation in agglomerate breakdown with shear strain
rate to be observed. A total of 12 agglomerates were
subjected to extrusion at each position and ram speed.

2.6. Sample preparation
Following extrusion, the extrudates were sectioned
into samples 30–40 mm in length and allowed to dry
overnight. The approximate position of a set of agglom-
erates was determined by observing the relative posi-
tions of the colored pastes in the extrudate. The dried
extrudates were placed so that the black/red interface,
and therefore the agglomerate plane, was parallel to
the glass slide and consequently parallel to the plane of
grinding. The fixing of the samples was achieved using
an epoxy resin adhesive, which was allowed to set over
48 h.

To reduce the possibility of brittle fracture under the
forces imposed by grinding, the samples were strength-
ened by the application of a fast-setting epoxy resin as a
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thin supporting layer. This layer was produced by dip-
ping each sample into a bath of epoxy resin after the
fixing the extrudates to the glass slide.

2.7. Grinding
The slide holder fixed the extrudate parallel to the grind-
ing wheel. Grinding was completed in set stages at
depths of 1.91, 2.29, 2.54, 2.79, and 3.00 mm. The
polishing disc, 200 mm in diameter, rotated at a speed
of 125 r.p.m. At each stage of grinding, the slide was re-
moved and the extrudate was checked for agglomerates.
Any agglomerates that were found could be analyzed,
and grinding could then recommence.

2.8. Analysis
When an agglomerate was found, the depth of polishing
and the radial position was recorded. The agglomerate
was then studied closely using a binocular microscope
at a magnification of 50×. Using a scale inserted into
one of the objective lenses of the microscope, the di-
mensions of the agglomerate were determined. The ag-
glomerates were sketched to scale on graph paper to
obtain data pertaining to the aspect ratio and the area.
Once the agglomerates were sketched, the length and
breadth of the agglomerates could be measured using
image analysis and the aspect ratio calculated using the
relationship

Aspect ratio= Length

Breadth
(9)

Two aspect ratios were measured. First, the total aspect
ratio for an associated set of fragments, i.e., the total
length divided by the breadth of the widest agglomerate,
was measured, and then the length and breadth of each
fragment was measured and the average aspect ratio for
the associated fragments calculated.

2.9. Fragment size analysis
The data was plotted on a log-normal scale to determine
the particle size distribution of the fragments resulting
from agglomerate breakdown. Linearity on a scale of
this nature indicates that the fragment area distribution
followed a log-normal distribution, which can be ex-
pressed as follows

F(AAGG) = 1− 1√
2πK1

×
∫ ∞

AAGG

exp

(
− 1

2

(
log(AAGG)− K50%

K1

)2
)

d AAGG

(10)

where AAGG is the area fraction,K1 is the difference
in the logarithm of area fraction between 15.87% and
50%, andK50%is the value of the logarithm of area frac-
tion at the 50% cumulative point [11, 12]. It is known
that in dispersions produced by comminution, a log-
normal distribution is likely to be seen [13]. The mean

TABLE I I Characterization of pastes using Equation 7

Parameter White Black Red

σo (MPa) 0± 0 0.16± 0.28 0.25± 0.22
α1 (MPa·(m/s)−m) 0.89± 0.06 2.88± 1.96 0.99± 1.04
m 0.09± 0.02 0.28± 0.26 0.66± 0.70
τo (MPa) 0± 0 0± 0 0± 0
β1 (MPa·(m/s)−n) 0.89± 0.05 0.75± 0.27 0.77± 0.20
n 0.39± 0.04 0.28± 0.11 0.37± 0.06

area fraction was determined from the 50% cumulative
point and then converted to mm2. The diameter was
then calculated from the area fraction.

3. Results
3.1. Paste rheology
Table II shows that the three colored pastes were rhe-
ologically similar. The data were a combination of up
to five pastes, resulting in the mean and standard de-
viation given in Table II. This analysis indicates that
the yield value associated with parallel flow is zero and
that the behavior of the paste, or more specifically the
slip layer, corresponds to that seen with a “power law”
fluid.

3.2. Agglomerate properties
The moisture content of the agglomerates was mea-
sured to be 15.17%, a value associated with moisture
present in the atmosphere. The strength of the agglom-
erates was found to be 0.120± 0.013 MPa.

3.3. Total agglomerate aspect ratio
The total agglomerate aspect ratio gives an indication
of how much the agglomerate has been stretched out
and the degree to which its components have been dis-
persed. When an agglomerate is extruded, particularly
in the system in use here, the majority of the strain-
ing forces are experienced at the die entry region. This
particular system, consisting of a clay-based paste, has
been shown to exhibit plug flow in the barrel and die
land region [14]. This implies that in these areas, the ag-
glomerates will only experience the hydrostatic forces
due to the increase in pressure required to cause the
paste to flow. At the die entry, these forces become hy-
drodynamic and the shear stress and shear strain rates
become non-zero.

Fig. 3 indicates that once break-up occurs, the frag-
ments will tend to be distributed by an amount that
depends on the position of the agglomerate. The great-
est mixing is observed near the wall, and the amount of
distributive mixing is proportional to the distance from
the center. The amount of distributive mixing is also
seen to be independent of ram speed within the errors
associated with the experiment.

3.4. Probability of breakdown
It is sometimes observed that following extrusion, some
agglomerates do not suffer breakdown. This is due to
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TABLE I I I Probabilities of breakdown for agglomerates in the size
range 1.00–1.18 mm

Center Half Edge

10 mm/min 0.5 0.25 0.57
50 mm/min 0.38 0.4 0.43
100 mm/min 0.57 0.88 0.86
Mean± Standard 0.48± 0.06 0.51± 0.19 0.62± 0.13
Error

Figure 3 Total agglomerate aspect ratio of fragmented agglomerates fol-
lowing extrusion at a ram speed of 10 mm/min.

the distribution of agglomerate strengths. Therefore, the
probability that an agglomerate, from a set of agglom-
erates of known mean strength, will break down will
increase as the stress during extrusion is increased.

One measure of the probability of an agglomerate
breaking down is simply the fraction of agglomerates
that have been observed to suffer breakdown,

Pr(Breakdown)= Number of agglomerates broken up

Number of agglomerates found

(15)

This probability then gives an indication of the relative
forces likely to be experienced by an agglomerate.

Table III shows the calculated probabilities of break-
down. They indicate no clear correlation between
breakdown probability and ram speed. The data in-
dicates that within experimental errors there are only
small changes in breakdown probability with position
and that these can be neglected.

3.5. Average individual aspect ratio
Fig. 4 shows the average individual aspect ratios for all
the ram speeds and initial sizes of agglomerate. This is
the average aspect ratios of the fragments as opposed to
a measure of the distributive mixing of the fragments.
The data show that there is little difference in behavior
of the agglomerates regardless of the speed of extrusion,
which has already been seen to have a negligible influ-
ence on the agglomerate breakdown, and these results
confirm these earlier conclusions [6, 14]. The fragments

TABLE IV Av erage maximum aspect ratios

Center Half Edge

Average Maximum 3.467± 0.369 3.299± 0.174 4.468± 0.435
Aspect Ratio

Figure 4 Average individual fragment aspect ratios for extrusion per-
formed at ram speeds of 10, 50, and 100 mm/min.

situated at the edge are seen to have a slightly higher
aspect ratio than those situated at other points. This im-
plies that those agglomerates at the edge have either
suffered a greater strain before fracture has occurred or
they have been exposed to a straining force for a longer
time, resulting in the greater strain.

3.6. Maximum aspect ratios
The maximum aspect ratio from each set of agglomer-
ates at three speeds was taken, and the average max-
imum aspect ratio for each position was calculated.
Table IV shows that the largest maximum aspect ra-
tio is observed at the edge positions. The maximum
aspect ratios observed at the half and center positions
are similar, and quite clearly lower than that observed
at the edge. This is similar to that observed in Fig. 4,
where the edge aspect ratio is larger than that seen at the
center and half positions. This implies again that either
the level of stress or the time of straining is different at
the edge compared to a position within the body of the
paste.

3.7. Fragment size distribution
The diameters associated with the average area frac-
tion of the agglomerates were calculated with the aid
of Fig. 5 and are shown in Table V, which shows that
the mean size of the fragments were independent of the
speed of extrusion. The mean sizes of the fragments
were in the range 200–300µm, whereas the primary
particle size of the alumina powder was 1µm. This
indicated that there were several levels of bonding in-
volved in the formation of agglomerates and that either
the dispersion forces involved in extrusion were only
strong enough to break down the agglomerates partially
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TABLE V Mean size and standard deviation of agglomerate fracture
products following extrusion

Initial Agglo-
merate Size 10 mm/min 50 mm/min 100 mm/min

1.00–1.18 mm 0.24± 0.04 mm 0.27± 0.04 mm 0.24± 0.03 mm

Figure 5 Log-normal probability graph of the fracture fragments of ag-
glomerates following extrusion.

or that the agglomerates did not spend sufficient time
subjected to the required forces.

4. Discussion
The breakdown probability of the agglomerates can be
related to the stress to which they are subjected. Within
a batch of agglomerates, there is a distribution of the
agglomerate strengths. Therefore, when a batch of ag-
glomerates is subjected to a fixed stress, a proportion
will be seen to fail, depending on the level of the stress
compared to the strength distribution of the agglom-
erate. A higher stress will result in a higher propor-
tion of agglomerates being broken down. Therefore, as
the proportion of agglomerates suffering breakdown is
similar regardless of position, it can be assumed that
the break-up stress is independent of the position of
the agglomerate, i.e., the fluid is imparting a constant
stress across the radius of the barrel/die arrangement.
Once fragmentation has occurred, the behavior of the
agglomerate is then highly dependent on position. The
fragments at the wall are distributed up to 6 times as
much as those at the center. Following the break-up of
the agglomerates, the strain behavior of the materials is
the dominant factor.

5. Conclusions
It has been found that the distributive mixing action
of extrusion varies as a function of position across the
barrel or die. The probability of break-up of the ag-
glomerates is a good indication of the power of the dis-
persion forces involved during extrusion. There was no
clear trend across the barrel, neither increasing nor de-
creasing, that clearly indicated significant differences
in dispersion with position. This indicated that in extru-
sion, distributive mixing is position dependent, whereas
dispersion is geometry dependent. The fragment size
distribution followed a log-normal distribution, com-
monly seen in comminution studies. Analysis of the
mean sizes also indicated that the break-up forces were
independent of the ram speed.
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