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Abstract

The rheological behaviour of an industrial talc-based paste featuring a solids volume fraction of 0.49 in a viscous aqueous sur-
factant solution was studied using a form of capillary rheometry. Standard approaches for determining wall slip velocities yielded
non-physical results, although the data could be correlated using the Jastrzebski wall slip condition. The material was also char-
acterised using the Benbow–Bridgwater approach and showed variations with die land diameter which could not be correlated

using simple corrections. The parameters obtained featured an accuracy of �20%. Density measurements indicated that dilation
and liquid-phase migration were important features of the flow, and that the stresses are chiefly borne by the liquid-phase. The flow
behaviour is interpreted in terms of the component properties: the difficulty in rheological characterisation is attributed to shear-

induced re-orientation of the talc platelets during flow.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

A paste can be described as a very dense suspension of
solid particles in a viscous liquid-phase with sufficiently
high solids volume fraction to render the material stiff,
but readily deformable. Typically, a paste possesses an
apparent yield stress which is sufficient to prevent
deformation of the material under gravity. Hence, it
may be easily formed into a desired shape, and will
retain this shape until further processing. Extrusion is
commonly utilised to achieve the desired shape, and
finds application in the production of a range of goods,
including catalyst supports, ceramic items, foods and
electronic components. Rheological studies of pastes are
required to develop novel extrusion applications, and to
improve product quality and process optimisation.1�4

Powdered talc (magnesium silicate) is used in many
extruded products. It may be added to bulk out a
material, to modify its flow properties, or to modify the
final product properties. One major use is as a filler in
extruded thermoplastics, where it is added at up to 40
wt.%.5 This paper is concerned with the use of talc in
extruded agrochemical products. The concentrated
active ingredients of the agrochemical (insecticides, her-
bicides, fungicides) must be contained in a form which
may easily be stored, transported and then diluted in
water to form a solution for spraying. Water dispersible
granules (WDGs) are one product form which satisfies
these basic criteria. WDGs are manufactured by mixing
together talc and water to make a paste. Other ingre-
dients may be added, for example harborlite (milled
perlite) and surfactants which improve dispersibility. A
summary of the key constituents of a typical talc-based
WDG paste is given in Table 1. Fig. 1 shows a flowsheet
for an industrial WDG production process: cylindrical
granules are formed by extrusion of the paste through a
screen (extrusion-granulation), then dried and pack-
aged. The paste velocities within the extruder may vary
between 0.003 m/s and 0.3 m/s, and the paste flow
undergoes area reduction factors of up to 20.6

Understanding the relationships between paste for-
mulation, processing conditions and the final product
properties would enable better quality control and product
design. The large number of parameters involved makes a
generalised scientific codification of this process difficult to
express, although some aspects have been covered.7,8
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This paper describes the rheological characterisation
of a model talc-based paste, which mimics an industrial
system, and relates this in a basic way to its formula-
tion. The rheological characterisation is performed over
a range of flow conditions, and is thus appropriate for
further studies examining the flow of paste within an
actual extrusion-granulator.6 As extruder flow condi-
tions (for example, stresses generated causing paste
compaction and shear) determine to a large extent the
final granule properties, this paper helps to link paste
formulation and extruder operating conditions to the
final WDG.
For convenience, the rheology of pastes are often

described as a single-phase continuum using a single
constitutive equation. Their possession of an apparent
yield stress, and their tendency to display a power law
rate dependence, often makes the Herschel–Bulkley
constitutive model9 a suitable choice. Expressed in its
one dimensional form, this relates the shear stress, �, to
the steady shear rate, �

�
, by:

� ¼ �y þ K�
� l �5 �y ð1Þ

�
�
¼ 0 � < �y ð2Þ

where �y is the yield stress and the parameters K and l
describe the rate dependence. Although the bulk mate-
rial may be approximated as a single phase, the effects
of phase migration, i.e. two-phase behaviour, are often
significant. Of particular importance is shear-induced
Table 1

Model paste key constituents and formulation
Constituent
 Description
 Function
 Wt. frac.
 Source
Micro-Talc AT Extra
 Magnesium silicate
 Soft bulk material—easily dispersible
 0.708
 Norwegian Talc (UK) Ltd.
Harborlite S200Z
 Milled perlite—siliceous volcanic glass
 Hard bulk material—easily dispersible
 Not used
Morwet EFW
 Anionic surfactant
 Binder/rheology modifier/dispersant
 0.0833
 Petrochemicals Company Ltd.,

Ft. Worth, Texas, USA
Morwet D425
 Surfactant—sodium naphthalene

sulphonate-formaldehyde condensate
Binder/rheology modifier/dispersant
 0.0417
 Witco Corporation, Houston,

Texas, USA
Water
 Reverse osmosis water
 Solvent/liquid-phase
 0.167
 Elgastat Prima 4, Elga Ltd.,

High Wycombe, UK
Fig. 1. Schematic of an industrial WDG production process.
Nomenclature

D die land diameter
D0 barrel diameter
K Herschel–Bulkley shear rate coefficient
L die land length
m Benbow–Bridgwater die entry velocity

index
n Benbow–Bridgwater wall slip velocity

index
P extrusion pressure
P1 component of extrusion pressure

associated with die entry flow
P2 component of extrusion pressure

associated with die land flow
Q volumetric flow rate
r capillary radial co-ordinate
R2 coefficient of correlation
V mean extrudate velocity
Vp piston velocity
Vshear velocity associated with bulk shear
Vslip wall slip velocity
w mass fraction Morwet
x capillary length co-ordinate
Y die entry yielding stress

Greek
� Benbow–Bridgwater die entry velocity

coefficient
� Benbow–Bridgwater wall slip velocity

coefficient
�c Jastrzebski wall slip velocity coefficient
�
�

shear rate
�
�

A apparent shear rate
l Herschel–Bulkley shear rate index
� apparent viscosity
� density
�0 Benbow–Bridgwater die entry yield stress

term
� shear stress
�w wall shear stress
�y Herschel–Bulkley yield shear stress
�0 Benbow–Bridgwater wall yield shear stress
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migration of the liquid-phase at the interface between
the paste and the channel wall.10 This creates a liquid-
phase rich layer at the interface, which might typically
have a thickness of one particle diameter.11 This inter-
face layer may act as a lubricant and allow the paste to
slip against the wall. Precise measurements of the
interface layer thickness in pastes have not been repor-
ted; usually the shear stress acting on the paste at the
wall, �w, is simply related to the slip velocity, Vslip, by an
expression such as that proposed by Benbow and
Bridgwater:12

�w ¼ �0 þ �Vnslip ð3Þ

where �0 is a yield stress, which may occur when fine
suspensions of clays are present in the interface layer,
and � and n describe the rate dependence.
For extrusion-granulation systems, it is most appro-

priate to choose a characterisation technique based on
extrusional flow. Axisymmetric ram extrusion through a
square entry, parallel-sided die is a standard experi-
mental technique for paste characterisation.12 Fig. 2
shows a cross-section of such a ram extruder with barrel
diameter D0, die land diameter D and die land length L.
The ram forces paste to flow with a volumetric rate Q
from the barrel into the die land. The region upstream
of the constriction, where bulk deformation and exten-
sional flow occurs, is known as the die entry region, and
sometimes a static zone of paste forms in the corner of
this region. The die entry region may extend slightly
into the die land, but usually only to a negligible extent.
The flow within the die land is usually pure shear and
laminar, with mean velocity V; it may be considered as
capillary flow, and is often plug flow owing to extensive
wall slip. The force required to extrude the material
through the die is expressed as an average ‘extrusion
pressure’, P.
1.1. Capillary flow analysis

When paste undergoes shearing in the die land, three
factors may contribute to the net flow; wall slip, shear-
ing and plug flow. These are illustrated in Fig. 3, where
the flow is in the axial x-direction. The net velocity with
respect to the die at a radial distance r from the axis is
composed of two terms: namely Vslip, associated with
flow due to wall slip, and a superficial velocity, Vshear,
associated with bulk shear. Plug flow can still occur in
the core where the local shear stress �rx is less than the
paste yield shear stress �y.
An analysis of this flow for power law fluids yields the

Weissenberg–Rabinowitsch equation,13 and this was
extended by Mooney14 for Herschel–Bulkley materials,
which can exhibit wall slip, to give:

32Q

	D3
¼
8

D
Vslip þ

4

�3w

ð�w
�y

� � �y
K

� �1=l
�2d� ð4Þ

For a Newtonian fluid the right hand side of this
expression reduces to �w/K; correspondingly the left
hand term, 32Q/	D3, is sometimes called the apparent
shear rate, �

�

A.
In practice, a series of experiments are conducted at

constant flow rate and capillary diameter with a variety
of L/D ratios. It is assumed that the entry pressure drop
is independent of the absolute pressure, and that the wall
shear stress is constant along the length of the capillary.
Bagley plots15 are constructed, from which the wall
shear stress can be related to each flow rate and capil-
lary diameter used. These data are used to construct a
series of Mooney plots which indicate the paste slip
velocities over the corresponding wall shear stresses
(assuming that the slip velocity is exclusively a function
of the wall shear stress).

1.2. Die entry analysis

The plastic nature of pastes means that they often
undergo total slip at the wall and flow as a plug through
the die land. In this case the rheological behaviour may
be characterised using the approach described by Ben-
bow and Bridgwater,12 which is a development of that
Fig. 3. Generalised capillary flow pattern.
Fig. 2. Cross-section of a ram extruder with a square entry die.
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of Oveston and Benbow16 for the analysis of ceramics
and clays undergoing extrusion. For flow through a die
with dimensions shown in Fig. 2, the extrusion pressure
is modelled as:

P ¼ P1 þ P2

¼ 2 �0 þ �Vmð Þln
D0

D

� �
þ 4 �0 þ �Vnð Þ

L

D
ð5Þ

where the velocity of the paste in the die land, V, is cal-
culated by assuming that the paste is incompressible.
The first term, P1, describes the work done in the die
entry region, based on an assumption of homogeneous
deformation. It is not possible to associate a single shear
rate with the die entry region, so an approximate ad hoc
form of the Herschel–Bulkley constitutive equation has
been used. Here �0 is a die entry yield term and � and m
express the rate dependence, where the extrudate velo-
city is taken to be proportional to some sort of average
shear rate. The term (�0+�Vm) is known as the die
entry yielding stress, Y:

Y ¼ �0 þ �Vm ð6Þ

The second term, P2, represents slip flow in the die land,
ignoring any transients or entry effects. Eq. (5) has
proved to be a good first order model for axisymmetric
extrusion and provides reasonable design information,
although the assumptions involved in the analysis
makes its precision low. Further discussion of the
applicability of Eq. (5) can be found in Blackburn et
al.17 As with capillary flow analysis, material para-
meters are obtained following a Bagley plot methodol-
ogy, where the ordinate axis intercept yields P1, to
which values of the bulk yielding parameters may be
fitted.
This paper reports on the use of both capillary and

die entry flow analysis to characterise an industrial pla-
cebo paste, i.e. one without active ingredients, which are
often present in small quantities. To ensure that the
resulting material parameters may be used in further
analysis of the extrusion-granulation process, the char-
acterisation has been carried out over a suitably wide
range of flow conditions and care has been taken to
ensure that the parameters reliably reflect the variation
of the characterisation data.
2. Methods and materials

The talc paste studied was based on an industrial for-
mulation and its composition is summarised in Table 1.

2.1. Talc powder properties

Fig. 4 shows a scanning electron microscope (SEM,
acquired on JSM-820, Jeol Ltd., UK) image of the talc
powder. The particles are soft platelets, as indicated by
the worn edges. It is difficult to obtain precise particle
size distribution data for platelets since most available
methods contain some uncertainty or assumptions over
which dimensions of the platelets are measured. A par-
ticle size distribution obtained by laser diffraction (LS
200, Beckman Coulter, Inc., USA) measured all parti-
cles as having diameters between 1 and 20 mm in dia-
meter, with a mean of 7mm. The material dimensions
thus lie above the colloidal size range.
A very high voidage is possible when platelets are

loose and randomly orientated, resulting in an order of
magnitude difference between the actual particle density
and the tamped apparent density. Uniaxial compaction
experiments, using the ram extruder described in Sec-
tion 1 with a blank replacing the die, were conducted in
order to study the effect of stress on the voidage of the
dry material. The barrel of 25.1 mm diameter, �200
mm length and �12 mm wall thickness was filled to its
top by pouring in talc totalling 22.71 g (�0.01 g). The
ram was lowered to compact the sample at a velocity of
0.5 mm/s until the force on the piston had reached its
safe maximum limit of 50 kN, corresponding to a mean
axial stress on the piston of �100 MPa. The piston was
then raised at a velocity of 0.1 mm/s until the sample
had fully relaxed. The compacted talc density and voi-
dage (calculated using particle density of 2.9 g/cm3

quoted by the manufacturer) are presented in Fig. 5.
The density increases from below 0.5 to above 2 g/cm3.
On relaxation, the compacted talc displayed a small
elastic response, but the majority of the compaction was
irreversible. The compacted plug was around 23 mm in
height, similar to the barrel diameter. Wall shear stres-
ses may have resulted in uneven compaction, although
no evidence of this was observed.

2.2. Morwet solution properties

The surfactant powders contained significant amounts
of absorbed water. Weighing samples of Morwet EFW
and Morwet D425 powders before and after drying at
Fig. 4. SEM image of Micro-Talc AT Extra.
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110 	C, indicated the absorbed water mass fractions of
0.097 and 0.059, respectively (calculated on a wet basis).
Where solution concentrations have been calculated, the
water absorbed in the powders has been included. The
talc powder absorbed water mass fraction was only a
fraction of one per cent, and was treated as negligible.
The mass fraction of Morwet used in the paste liquid-
phase was 0.392.
A solution with the composition given in Table 1

would be expected to lie well above the critical micelle
concentration (CMC). Simple investigations into the
physical properties of aqueous Morwet solutions pre-
pared with the Morwet EFW to D425 ratio in Table 1
were conducted from surfactant mass fractions ranging
from 0 to 0.5, above which solutions could not be suc-
cessfully prepared. A concentric cylinder viscometer
(LVDV-II +, Brookfield Engineering Laboratories,
Inc., Stougton, MA, USA) was used with a low viscos-
ity adapter to measure solution viscosities over the
available range of shear rates at room temperature
(recorded as 20.5 	C). An electronic balance and mea-
suring cylinder were used to calculate the solution den-
sity. Apparent viscosity data for a 0.392 mass fraction
solution over the available range of shear rates are pre-
sented in Fig. 6(a). No significant shear rate dependence
is apparent over the shear rate range considered, and
the mean value is 13.4 mPa s. The plot of mean viscosity
against concentration in Fig. 6(b) indicates a CMC of
ca. 0.3, above which the solution viscosity increases
rapidly. The viscosity of the paste liquid-phase is there-
fore sensitive to the local Morwet concentration. The
variation of solution density with concentration, shown
in Fig. 6(c), appears to be linear: the density corre-
sponding to the paste formulation is 1.16 g/cm3.

2.3. Preparation of paste

Materials were weighed out on an electronic balance
(LC 62105 or BA 6100 Sartorius balance, Sartorius
Ltd., Edgewood, New York, USA). The dry talc and
Morwet constituents were mixed in a planetary mixer
(AE 200, Hobart Manufacturing Company Ltd., Lon-
don, UK) for 30 min on speed setting one, stirring
manually with a spatula every 5 min to displace any
static material. Over the period between the fifteenth
and twentieth minute the water was gradually poured
into the dry mix. The resulting wet powder was then twice
pugged through the mixer’s mincer attachment at speed
setting two. The final paste was left to relax in a hermeti-
cally sealed polythene bag for at least 2 h before use.
Batches were always used within 36 h of preparation.

2.4. Experimental programme

Extrusion characterisation experiments were con-
ducted using the ram arrangement illustrated in Fig. 2.
The barrel, of diameter D0=25.1 mm, was loaded with
140 g of paste for each extrusion, compacting manually
with a rod to enable all of the paste to fit in the barrel. A
screw action strain frame (SA100 Loading Frame, Dar-
tec Ltd., Stourbridge, UK) was used to drive the ram and
piston. The paste was precompacted with a force of 5 kN
(corresponding to a mean axial stress of 10 MPa) applied
for 5–10 s, which was considered to be sufficient to expel
any entrained air. A plug of compacted paste approxi-
mately 140 mm in length was left in the barrel. The blank
die was then replaced with the appropriate characterisa-
tion die. The piston was lowered to make contact with
the paste plug with a force of 0.5 kN, and a 100 mm
displacement characterisation run commenced. A PC
running the software Dartec Workshop 95 was used to
program a controller (Modular 9500 Digital Control
System, Dartec Ltd., Stourbridge, UK) which regulated
the strain frame’s force, position and velocity. The con-
troller recorded the force on the frame cross member
and the cross member displacement against time. At
least 220 force, displacement and time readings were
recorded during each extrusion.
A total of 60 extrusion runs were carried out, in tri-

plicate. To obtain useful capillary flow data it was
necessary for the capillary length to diameter ratio, L/D,
to be sufficiently large for flow in the capillary to
become fully developed and entry and exit effects to
become negligible. For reasons of practicality, suffi-
ciently large length to diameter ratios could only be
achieved for capillary diameters of 3 mm or less. Three
such diameters were used, namely 1, 2 and 3 mm, where
the L/D ratios varied from 2 to 16. Larger diameters (8,
15 and 20 mm) were used to provide further die entry
pressure drop data, providing a total diameter reduction
ratio, D0/D, range from 1.3 to 25. Flow rates covering a
mean extrudate velocity from 1.17 to 490 mm/s were
studied, which covers the range of likely material velo-
cities in an industrial extrusion-granulator.6

A number of piston velocities were used during the
course of a single run, enabling a large number of velo-
cities to be studied. The quality of extrusion pressure
Fig. 5. Density and voidage of Micro-Talc AT Extra against com-

paction stress.
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data is compromised by this practice since the flow pat-
tern and material changes occurring under one velocity
may affect the flow pattern developed under the next.
Where possible, the first velocity was repeated at the end
of the sequence. For all 75 runs where this was done, the
extrusion pressure for the repeated velocity was on
average 8.4% less than for the first value, presumably
due to the reduced frictional force at the barrel wall.
3. Results and analyses

3.1. General paste properties

The expected mass fraction of water in the paste,
including the absorbed water in the Morwet, may be
calculated as 0.178. The water content of triplicate
samples from seven separate batches of paste prepared
over the course of 2 months was measured by drying
samples to constant mass under partial vacuum at
60 	C. These values ranged from 0.173 to 0.178, with
a mean of 0.176, indicating that a small amount of
liquid loss occurred during preparation. It seems rea-
sonable to assume that the actual composition of the
paste lay within 1–2% of the intended composition—
although the sensitivity of the solution viscosity to
concentration evident in Fig. 6(b) could render this
variation significant.
The manufacturer’s quoted talc particle density and
the aqueous Morwet solution density from Fig. 6(c)
enable the density of the paste, assuming no air
entrainment, to be calculated as 2.02 g/cm3. The liquid-
phase volume fraction is expected to be 0.507. This
voidage is noticeably larger than the void fractions of
regularly packed mono-sized spheres (range 0.26–0.48)18

and values reported for pastes containing near-spherical
particles (near 0.40).19

A uniaxial compaction experiment, similar to that
performed on the talc powder, was conducted on a
sample of the paste. The compaction curves presented in
Fig. 7 show that the measured density and voidage of
Fig. 6. Morwet solution properties. Error bars extend one standard deviation from mean. (a) Viscosity against shear rate, at solution mass fraction

0.392. (b) Mean viscosity against concentration, (c) Density against concentration.
Fig. 7. Density and voidage of model paste against compaction stress.
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the paste approach the predicted values. No liquid-
phase was observed to escape during the compaction, so
the increase in density was due to compression and
expulsion of air entrained in the sample.
The high liquid-phase volume fraction meant that

once the majority of the entrained air has been expelled,
and after some rearrangement of the talc particles, the
voids in the paste are likely to be saturated. The paste
does not display the same change in density during
compaction as the talc powder. Above a compressive
stress of 5 MPa the paste can be assumed to be incom-
pressible; the experimental protocol of precompacting
paste to 10 MPa is well above that necessary to reach
this limit. A little elasticity of the sample is apparent;
this may be due to compression of entrained air or
particle elasticity. The bulk of the compression was
irreversible, with the post-compression sample having
a density of 1.9 g/cm3.
A length of extrudate from a typical run (D=3 mm,

L=48 mm, Vp=2 mm/s) was allowed to dry, then
snapped such that a fracture surface was exposed on the
cross section. An environmental scanning electron
microscope (ESEM, acquired on JSM-5600LV, Jeol
Ltd., UK) image of a region of this cross section is
shown in Fig. 8. The densely packed platelets are visible
in this image, and no pockets of entrained gas are
apparent. The complex microstructure formed by the
various platelet orientation is also visible.

3.2. Phase migration and dilation

As a paste flows its structure will change. Two effects
are of particular importance; the pressure gradients in
the paste may cause the liquid-phase to migrate, and a
compacted material forced to flow will dilate as particles
re-arrange to move over one another. A sample extru-
sion run was conducted to ascertain how significant
these effects are.
To maximise any phase migration a long die was

chosen to increase the extrusion pressure (D=3 mm,
L/D=16); a low piston velocity (Vp=0.05 mm/s) was
chosen to allow the liquid-phase more time to migrate.20

Samples of extrudate were collected over the course of
the test and their densities calculated through measure-
ments of mass and geometry. Once the extrusion was
complete, the remaining plug of paste in the barrel was
removed and sliced into 10 mm thick sections which
were also analysed for density and water content.
The extrusion pressure profile over time is presented

in Fig. 9(a). The profile can be divided into three flow
regions; (1) compaction; (2) transient; and (3) steady
state. Over the compaction region entrained air in the
paste is expelled until the extrusion pressure rises very
rapidly and reaches a peak, at which point flow com-
mences. Immediately after flow has commenced there is a
transient period, after which some optimal flow pattern
is reached and the rest of the extrusion run proceeds at a
nominal steady state value of 7 MPa. Inhomogeneity in
the paste (e.g. air bubbles or agglomerates) can lead to
fluctuations and spikes in the steady state extrusion
pressure. The extrusion pressure is generally constant
over time, indicating that it is insensitive to any physical
change in the paste in the barrel over the course of the
run.
It is apparent in Fig. 9(b) that both the extrudate

density and liquid content differ from their nominal
values in a uniform manner, possibly through a combi-
nation of dilatancy and liquid-phase migration. This is
in general agreement with other studies of liquid-phase
migration where the extrudate is, at least initially, found
to be wetter than expected, but the associated change in
density is not commonly reported.20,21 Fig. 9(c) shows
that the density and water content vary over the length
of the barrel plug. Liquid-phase has migrated from
material in the barrel to the extrudate, leaving the plug
with a lower liquid content, with consequent effect on
the plug density.
Incorporating these density effects into any rheologi-

cal characterisation poses considerable difficulty, and
would increase the complexity of the model signifi-
cantly. The extrusion pressure and extrudate properties
remained constant throughout the extrusion run—so
the run can still be considered as steady state flow. The
characterisation proceeds with the assumption of a
homogeneous material, but with the recognition that the
flowing density differs from the formulated one. This has
not been reported previously, and the consequences in
terms of the actual versus assumed extrudate velocity
have not been assessed.

3.3. Capillary flow

The extrusion pressure profiles over time show
noticeable transients when the piston velocity is chan-
ged, presumably due to a combination of machine
adjustment, elastic effects and changes in flow pattern.
Fig. 8. ESEM image of dried extrudate cross section. D=3 mm,

L=48 mm, Vp=2 mm/s.
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These transients are more significant for the runs with
smaller area reduction. This is most likely because the
ratio of the volume of paste in the barrel and the volume
of paste in the die land decreases as the area reduction is
decreased, for a constant barrel diameter. Thus the
effective duration of the experiments is shortened, and
the transients become more dominant. A steady state is
reached so long as the extrusion period is sufficiently
long, and the mean value of extrusion pressure in these
steady regions is used for the analysis.
Forty-five Bagley plots were constructed in order to

find the wall shear stresses and die entry pressures for
each of the six capillary diameters using all of the piston
velocities (flow rates) used. Two sample plots are pre-
sented in Fig. 10). Both show a linear relationship
between the extrusion pressure and L/D, which suggests
that the wall shear stress is not a function of the normal
stress on the wall.
It is clear that the reproducibility between indepen-

dent runs is poor, with variation up to 50% in the data
for the D=15 mm case. This problem was most appar-
ent with the larger capillaries, where the capillary dia-
meter approached the barrel diameter. As noted above,
longer periods are required at each velocity for steady
state to be reached with these diameters. It is acknowl-
edged in the following analysis that the compromise
between the quality of the extrusion pressure data and the
number of piston velocities may have been weighted too
far towards maximising the number of piston velocities.
Linear regression of the data allowed wall shear

stresses and die entry pressures to be estimated. The
variation in reproducibility of the data was quantified
by setting boundaries to what the ‘best’ linear fit might
be. If statistical information about the data were avail-
able, then exact probability distributions for the fit
parameters might be calculated. Rather, a novel
approach was used where the square of the coefficient of
correlation (often known as R2) was taken to be an
Fig. 10. Bagley plots of extrusion pressure against capillary length to

diameter ratio; V=0.00117 m/s. independent sets of

data, (—) least squares fit, (– –) boundary least squares fit.
Fig. 9. Density and water content variation over a sample ram extrusion run. D=3 mm, L/D=16, Vp=0.05 mm/s. density, water content.

Error bars bound regions of possible values. (a) Extrusion pressure against time. (b) Relaxed extrudate properties against time. (c) Relaxed barrel

plug properties against position.
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indicator of the quality of the data. Regression para-
meters were then obtained which gave a squared coeffi-
cient of correlation equal to the original raised to the
power of 1.3. This index was chosen arbitrarily to give
fitted lines which appeared reasonable. The least squares
and the boundary fits are shown in Fig. 10, and it can be
seen that the boundaries of the ordinate intercepts and
gradients would seem to cover all linear fits which might
be deemed reasonable. Reproducibility of paste extru-
sion data has been reported previously to be poor, with
a repetition reproducibility of 10% suggested.22

An example set of wall shear stress data, for the case
D=1 mm, is presented in Fig. 11 against the mean axial
velocity. The resultant Mooney plots presented in
Fig. 12 show an apparently non-linear relationship
between the apparent shear rate and 8/D. Although a
straight line could be fitted to these data with a gradient
of the slip velocity, the line would intercept the ordinate
axis at a negative value which, considering Eq. (4), is
not consistent with the physical model presented. Thus
no conclusions about the nature of the flow can be
drawn from these Mooney plots.
Successful attempts to find slip velocities usingMooney
plots have previously been reported for pastes such
as soap, alumina/water catalyst greens and ammonium
sulphate/polymeric liquid paste.22,23 However, other
physically unrealistic cases have been reported, notably
by Jastrzebski24 for kaolinite pastes. He reported the
empirical result that wall shear stress against wall slip
velocity data over a range of capillary diameters aligned
on the same curve when the wall slip velocity was divi-
ded by the diameter, but offered no physical justification
this feature. He wrote the corresponding interface layer
condition as:

�w ¼ �cVslipD ð7Þ

Substituting this into Eq. (4) gives,
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A plot of the apparent shear rate against 8/D2, at con-
stant wall shear stress, should be linear and the para-
meter �c may be calculated from the gradient.
Jastrzebski found �c to vary with wall shear stress, and
suggested that it was dependent on suspension micro-
structure. This interface layer condition has become a
common fall back for studies where Mooney analyses
have yielded unrealistic results. Adams et al.25 studied a
clay/oil paste and reported Mooney plots with negative
ordinate axis intercepts, whilst Khan et al.26 studied an
alumina/polymer paste and reported plots indicating slip
velocities greater than the mean extrudate velocity. Use
of the Jastrzebski type interface layer condition yielded
apparently sensible results in both cases, with Adams et
al. finding �c to increase linearly with wall shear stress.
Mooney diagrams based on the Jastrzebski interface

layer condition for the talc paste are presented in
Fig. 13. Linear least squares fits, forced to pass through
the origin (implying plug flow in the capillary), were
applied to these data and appear plausible. Fig. 14
Fig. 12. Mooney plot of apparent shear rate against 8/D. �w=

0.12 MPa, 0.10 MPa, 0.08 MPa, 0.06 MPa. (—) least

squares fits. Selected error bars bound regions of possible values.
Fig. 13. Apparent shear rate against 8/D2. �w= 0.12 MPa,

0.10 MPa, 0.08 MPa, 0.06 MPa. (—) least squares fits.

Selected error bars bound regions of possible values.
Fig. 11. Wall shear stress against mean extrudate velocity D=1 mm.

Error bars bound regions of possible values. (—) interpolated most

likely value, (– –) interpolated boundary value.
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shows that the �c term decreases as the wall shear stress
increases.
The value of the Jastrzebski parameter is limited, both

because the physical basis for inclusion of the diameter
is unknown, and its extension to non-cylindrical ducts is
thereby unresolved. In those cases where it has been
reported, the �c term is itself dependent on the wall
shear stress, thus the actual form of Eq. (7) is more
complex and varies case by case.24,25

In Fig. 15, the wall shear stress is presented against
both the apparent shear rate and the mean extrudate
velocity. If there were no wall slip, then the wall shear
stress would be a function of the apparent shear rate
only, whereas if there were total wall slip then it would
be a function of mean extrudate velocity only. The flow
curves for the three capillary diameters do not collapse
onto a single curve on either plot—thus indicating a
combination of wall slip and shearing (contrary to the
results of the Jastrzebski analysis which suggested total
slip). Resolution of the two components requires iden-
tification of the wall slip velocity, but as has been seen,
there is uncertainty over the validity of the values
obtained.
Where capillary flow experiments yield successful

Mooney diagrams, the paste could be considered as
‘well-behaved’. Where materials are thought to be slip-
ping and shearing, but which give unsuccessful
Mooney diagrams, such as the talc paste presented
here, the paste could be considered as ‘badly-behaved’.
However, such materials must still be characterised in
order to make process predictions. In this case it was
thought simplest to assume that the paste undergoes
plug flow with total wall slip, but for use in process
models the errors associated with this assumption
must be bounded.
Material parameters for the interface layer condition

presented in Eq. (3) were obtained by a least-squares fit
through the combined data sets for D=1, 2 and 3 mm.
The spread of the data was taken into account by fitting
lower and upper bounds to the parameters. The lower
bound parameters were found by a least squares fit
through the lower error boundary values for the D=1
mm capillary. Upper bound parameters were obtained
by a least squares fit through the upper boundary data
similarly for the D=3 mm capillary. These parameter
fits are shown in Fig. 15(b), and the parameters gener-
ated are listed in Table 2.
The wall shear stress shows a strong rate dependence,

with a shear thinning behaviour. At mean extrudate
velocities over around 0.2 m/s, the stress is practically
constant at around 0.15 MPa. Below 0.2 m/s, the wall
shear stress decreases towards zero; thus the best para-
meter fits were achieved with zero yield stress (where
�0=0). The viscosity measurements indicated that the
liquid-phase was Newtonian, with no apparent yield
stress: these liquid-phase characteristics are consistent
with the absence of an interface layer yield stress. This
is not unexpected as the solids volume fraction is not
high, thus the frictional interactions of the solid matrix
contacts with the wall would not be significant. The
non-linear rate dependency does not follow directly
from the liquid-phase properties; particle interactions
and changes in the interface layer conditions must play
a part.
Fig. 14. Jastrzebski interface layer condition: variation of �c against
wall shear stress.
Fig. 15. Wall shear stress against apparent shear rate and mean

extrudate velocity. Selected error bars bound regions of possible

values. D= 1 mm, 2 mm, 3 mm. (—) least squares fit,

(– –) boundary least squares fit. (a) Apparent shear rate, (b) Mean

extrudate velocity.
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3.4. Die entry

Capillary flow analysis did not yield information
about the bulk shearing or extensional properties of the
paste. The die entry extrusion pressures obtained from
Bagley plots, such as those in Fig. 10, have been ana-
lysed using Eq. (5).
The variation of the die entry yielding stress with

mean extrudate velocity is presented in Fig. 16(a). The
data from the different capillary diameters do not lie on
a single curve. This could be related to the problems
associated with using the mean extrudate velocity as the
rate term, as has been previously reported.17,27 The same
data are presented against V/D, a term proportional to
the apparent shear stress in the capillary, in Fig. 16(b),
but the curves do not lie any closer together in this case.
Dimensional analysis of the system indicates that the die
entry yielding stress is likely to be a function of both
V/D and D0/D, however inspection of the data did not
indicate any dependency of this nature.
The die entry yielding stress appears to follow a

power law relationship when plotted against the mean
extrudate velocity, possibly with an apparent yield stress
(that is, a non-zero ordinate intercept). The three para-
meter model from Eq. (5) was used. The same approach
as in Section 3.3, of using best fit parameters, was used
in estimating the model parameters and the results are
presented in Table 2.
The die entry yielding stress shows a strong rate

dependence, with shear thinning behaviour. As with the
wall interface layer condition, at mean extrudate velo-
cities over around 0.2 m/s, the stress is practically con-
stant, with a value around 0.8 MPa. In this range the
paste might be considered as a perfect plastic. Below
0.2 m/s, the wall shear stress decreases, very rapidly so
below 0.05 m/s. The lower bound and the best fit
parameter groups show the yielding stress intercepting
the ordinate axis at a positive value, indicating a yield
stress. However, the gradient is too steep for these
yield stress values to be quoted with much confidence.
The boundary parameter fits extend very widely over
the data, with the velocity index m varying by over a
factor of 2. The boundaries could be tightened, but at
the expense of their confidence.
4. Discussion and conclusions

The talc paste has proved difficult to characterise rig-
orously. This reflects the choice of an industrially rele-
vant paste over a wide range of flow conditions, rather
than a paste designed to be well-behaved over a small
range of conditions. Experimental difficulties were
found achieving reproducible extrusion pressures, which
is common for most pastes.22 Investigation of the paste
consistency suggested that little variation occurred
between batches, although the viscosity of the Morwet
solution was found to be very sensitive to concentration
in the range used. Improvement of the extrusion pres-
sure data quality might be achieved without increased
experimental work by reducing the number of piston
velocities used per run, and basing the characterisation
on fewer velocities.
A best fit and bounding approach has been devel-

oped to provide useful characterisation parameters for
this badly-behaved paste. The experimental and fitted
model extrusion pressures are compared in Fig. 17. The
root-mean-square normalised error over all the best fit
parameter data points is 0.22. The boundary parameter
predictions successfully bound the experimental values,
Table 2

Model paste constitutive parameters
Parameter
 Best fit
 Lower bound
 Upper bound
�0, MPa
 0.15
 0.19
 (0)
a, MPa (m/s)�m
 1.0
 0.78
 1.3
m
 0.23
 0.57
 0.10
�0, MPa
 (0)
 (0)
 (0)
�, MPa (m/s)�n
 0.22
 0.16
 0.29
n
 0.26
 0.3
 0.21
Parameters were forced to be non-negative.
Fig. 16. Die entry yielding stress against extrudate velocity and velocity

to diameter ratio. Selected error bars bound regions of possible values.

D= 1 mm, 2 mm, 3 mm, 8 mm, 15 mm, 20

mm. (—) least squares fit, (– –) boundary least squares fit. (a) Extrudate

velocity, (b) Ratio of extrudate velocity to capillary diameter.
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but in most cases deviate substantially from it. This
characterisation method provides a simple and indust-
rially relevant model of the material, but the accuracy of
predicted experimental extrusion pressures in axisym-
metric systems should not be expected to be better than
around 20%, which compares to an experimental
reproducibility of around 10%.22

The paste characterisation has included studies of the
talc particle size distribution, the liquid-phase rheology,
liquid-phase migration, paste dilatancy, paste wall slip
during capillary flow, and paste flow into a die entry.
With the formulation used, the talc platelet shape and
the high liquid fraction combine to give a paste with a
relatively low solids volume. Under a compaction stress
of over 5 MPa the voidage becomes totally saturated
with liquid-phase, and has a voidage of 0.51. The high
liquid-phase fraction reflects the ease of processing and
final dispersion property requirements of the industrial
material.
A higher solids fraction tends to cause a paste to dis-

play more plastic characteristics, such as little rate
dependence and an apparent yield stress.12 It follows
that the low solids faction of the talc paste causes sig-
nificant rate dependence, with no clear apparent yield
stress, which complicates its characterisation. The low
solids fraction is also a factor contributing towards the
observed phase migration. Whether, or not, phase
migration is significant in a particular system will be
dependent of the pressure gradients and time scales
involved, and must be considered on a case by case
basis.
A two-phase particle/liquid model is often used in the

study of soil mechanics,28 and has occasionally been
applied to pastes.29,30 The liquid-phase is characterised
as having a pore pressure, and the solid-phase as carry-
ing an effective stress. The total stress is the sum of the
pore pressure and the effective stress. The talc paste
features a high liquid-phase fraction; following the
application of a total stress, at least initially, a sub-
stantial fraction of the total is carried by the pore pres-
sure. Thus, it is likely that the talc paste exhibits largely
isotropic behaviour, although this has not been suc-
cessfully tested.
Migration of the liquid-phase towards the walls is

thought to account for a high shear wall region, which
causes the apparent paste wall slip.10,11 The capillary
analysis flow curves in Fig. 15 did not align when plot-
ted against either the mean velocity (indicating plug
flow) or the apparent shear rate (indicating no wall slip).
Either a combination of wall slip and bulk shearing is
occurring, or there is systematic error with the data. A
Mooney analysis of the data yielded plots which were
not physically plausible (an ordinate axis intercept indi-
cating a negative contribution to flow due to bulk
shearing). Using the Jastrzebski interface layer condi-
tion appeared to yield plausible results (although it
indicated plug flow, contrary to the lie of the flow
curves), but only offers a material parameter which
varies with the wall shear stress and which cannot be
applied to non-cylindrical geometries.
Previous studies known to the authors which have

discussed similar problems with the Mooney analysis
either suggest that experimental error was responsible,31

or resort to using the Jastrzebski interface layer condi-
tion.24,25,26 A simple understanding of the problem can
be gained by considering microstructural changes in the
paste during extrusion. The Weissenberg–Rabinowitsch
Eq. (4) is derived assuming constant constitutive equa-
tion parameters throughout the material. It is possible
that the microstructure of many paste materials will
change during flow, and quite possibly across the cross
section of the capillary. This is especially so for the talc
paste, where platelet orientation leads to structure as
seen in Fig. 8. If this is so, the constitutive parameters
will vary correspondingly over the diameter of the
capillary. Thus, the second term on the right hand side
of Eq. (4) may not be constant over the 8/D range, and
the Mooney analysis will fall down. In such cases, it
may still be possible to find some interface relationship
which yields apparently viable Mooney plots (e.g. the
Jastrzebski condition) but there would be no grounds to
believe that the plots provide true values of wall slip.
Where this is the case, other methods of determining

the extent of wall slip during capillary flow might be
employed, although they were not attempted as part of
this study. Two standard techniques are to use colour
marking32 and to use roughened dies.33 Colour marking
requires a plug of coloured paste (otherwise identical to
the normal paste) to enter the die mid flow. Analysis of
the shape of the plug exiting the die enables the relative
amounts of bulk shear and wall slip to be determined.
Roughened die surfaces could be used in an attempt to
eliminate wall slip. The amount of wall slip in the normal
Fig. 17. Model against experimental extrusion pressure. best fit

parameters, boundary parameters.
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case may be found by comparison to the no-slip case.
However, both of these techniques involve an increased
degree of experimental complexity, and are not without
their own difficulties.
Attempts to directly observe an interface layer using

particles large enough to be conventionally photo-
graphed have been largely unsuccessful.34 Studies using
Magnetic Resonance Imaging35 report being able to
detect an increase in liquid-phase next to the wall,
however, the imaging resolution was not sufficient to
obtain any detailed information about the concentra-
tions. Some promising work has been reported using
infrared spectroscopy,36 where an apparent decrease in
concentration next to the wall for a system of ethylcellu-
lose particles in aqueous solution was measured. An
alternative methodology is the use of Discrete Element
Simulations (DEM) of individual particle–particle inter-
actions in such systems. Simulations of wall layers in less
dense suspensions have clearly indicated the reorientation
of non-spherical particles under shear near the wall.37

Despite the efforts made to characterise the talc paste
over a range of conditions applicable to the industrial
production of WDGs, the badly-behaved nature of the
paste limits the confidence of the material parameters
found. The adopted approach of using bounding para-
meters gives an indication of the confidence, but will not
be a substitute for appropriate scale up work. Further
experiments using colour marking or roughened die
techniques could yield a more complete picture of the
interface behaviour, and help to develop a more com-
plete material characterisation.
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