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The effects of liquid-phase rheology
on the extrusion behaviour of paste
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A description is given of experiments carried out to determine the effect of liquid-phase
rheology on the extrusion behaviour of particulate pastes. These were prepared by mixing
alumina powder with chosen amounts of four liquids. Measurements show that the
properties of the pastes are directly related to those of the liquids from which they were
made. Rheological properties of the pastes and the liquid phases are related by factors
which are independent of liquid type, liquid content and extrusion rate. An additional

set of experiments used pastes made from ballotini particles and one of the liquids.
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1. Introduction bentonite clay [6]. This type of liquid phase was chosen
The amount of liquid needed to make an extrudablebecause such pastes had the advantage of having ap-
particulate paste depends in part on the packing effiproximately constant plastic viscosities at moderate
ciency of the particles in it. Before the mixture can beshear rates. This feature allowed extrapolation of the
extruded at practical pressures, sufficient liquid mustmeasurements made at moderate shear rates to predict
be present to fill the inter-particle voids and to separatehose at the high rates which are expected to be rele-
the particles. If the particles are porous, such as thoseantto paste extrusion. In the present work this extrapo-
used in the fabrication of heterogeneous catalysts, addiation was avoided by measuring the liquid properties
tional liquid must be added to fill the internal and openin the appropriately high range of shear rates.
pores of the high surface area particles. The volume The resistance of a paste to deformation is expected
of voids between non-porous particles can be approxito depend on the thickness and rheological properties
mately deduced from packing theories. These methodsf the liquid layer around the particles. The thickness
were originally described by Furnas [1] and have sinceof this layer depends on the excess of liquid above that
been extended by several other authors [2, 3]. Mixturesequired to fill the inter-particle voids. For a given paste
of approximately spherical particles with short fibresthis can be estimated from the change in extrusion prop-
have recently been shown to follow the same laws [4, 5]erties with liquid content. If the reciprocals of extrusion
It has also been demonstrated that the precise degreepfessure are plotted against the volume of liquid, the
packing is influenced by the shear conditions employedtritical value is indicated by extrapolation to zero, see
during paste preparation [6]. The effectiveness of thig=ig. 1. This is where the liquid just fills the interpar-
process, pugging as it is known in the ceramic industryticle voids and extrusion becomes feasible. The criti-
is in turn influenced by the nature of the liquid phase. cal value, V*, depends on the packing propensity of
In contrast to the amount of research done into parthe particles and on the mixing procedure and it hence
ticle packing, relatively little attention has been givenvaries with particle-size distribution.
to the influence of the rheology of the liquid phase on In the present work, one alumina powder was mixed
paste properties. It has been established that at low sheaith different amounts of four liquids, two of which
stresses a high viscosity or a significant yield valueare typical of those employed in the ceramics industry.
help to avoid phase separation during extrusion. SimiThus the work has direct relevance to commercially
lar rheological behaviour promotes shape retention ofmportant materials.
the extrudate. There is, however, a need to relate more Another feature of the work to be described here is
closely the liquid properties to those of the paste duringhat the rheological properties of the liquids were mea-
extrusion through a die. sured by using two distinctly different methods. These
In the past 30 years or so, the properties of manyenabled their rheological properties to be measured over
pastes have been measured by ram extrusion. “Extrua wide range of shear rates, from 1010 s~2.
sion parameters” derived from the results have been The flow of particulate pastes along a die-land of con-
used to design dies and to characterize a number aftant cross-section has been likened to that of a lubri-
ceramic pastes [7]. cated solid plug [8]. When liquid is added there is an
In earlier research a series of pastes was preparadcrease in the thickness of liquid surrounding particles
using mixtures ofx-alumina, glucose solutions and and between the outer particles and the die wall. At a
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TABLE Il Liquid phase compositions (wt %)

Wyoming
bentonite Glucose Water
E Type HPMG clay’ Glucosé syrugt  (de-ionized)
=
= Liquid A 8 92
a Liquid B 20 80
> Liquid C 20 56 24
Liquid D 20 57 23

aHydroxypropyl methyl cellulose, Celacol B2/15, Courtaulds Chemi-
cals, UK.

bSteatley Minerals, UK.

CFisons Chemicals, UK.

% BINDER CONTENT d“Glucose syrup”, consisting of a mixture of various sugars, Thornton

. ) . and Ross Ltd, Huddersfield, UK.
Figure 1 The dependence of the reciprocal of extrusion pressure on

liquid volume. The abscissa is the ratio of (liquid/solid) volume. The . . .
critical value,V*, where extrusion is possible, depends on the packing Havmg examined the relation between the paste and

ability of the solid powder. liquid properties with the alumina powder, an additional
set of measurements was made with pastes made from
lass ballotini and liquid D. This system was added
the shear rate between the part!cles and'the die wall. |ta| particles of a different solid. Liquid D was cho-
has, however, long been recognized that itis not easy t8en pecause, being relatively viscous, it formed stable
relate the yield properties of the liquid and paste base@astes even with the open packing spheres. These pastes
on this s?mple pic'gure and that the micro-structure neagjjowed the comparison between liquid rheology and
the wall is, in reality, rather more complex. paste extrusion properties with a different powder (from
the alumina) which would be more amenable to a quan-
titative description of the paste structure at the die wall.

2. Experimental procedure
The experimental pastes were made with the same blend
of fine ceramic particles but with four different types 2.1.3. Paste preparation
of liquid as binders. These liquids were chosen so thah\ series of pastes was prepared, containing different
their rheological properties were appreciably differentproportions of the four liquids. All the pastes were made
from each other, but all were capable of combiningusing the same procedure, i.e. the dry or powdered in-
with the ceramic powder to produce extrudable pastesgredients (alumina, HPMC or clay) were mixed in a
Additional pastes were made from glass ballotini of aplanetary mixer (Kenwood) for 1 min, then the liquid
mean diameter of 0.Am and the most viscous of the phase (water or glucose solution) was added and mix-
liquids. ing continued for a further minute. The pre-mixes were
then transferred to a high shear rotary mixer (Werner
] ] and Pfleiderer LUK 3111-2VAK) for 40 min. The pastes
2.1. Materials and paste preparation were extrudd 2 h after mixing. The surface structure
2.1.1. Powders of a dried extrudate is shown in Fig. 2. Stereoscopic
The particulate phase of the pastes was a blend of noxamination of transverse fracture surfaces showed the

porousx-alumina (White Bauxilite from Universal Ce-  structure in the bulk of the pastes to be uniform after
ramic Materials PLC, Stafford, UK). The proportions mixing and extrusion.

of the various size fractions used are given in Table I.
This distribution of particle sizes was chosen because it
was known to produce extrudable pastes with a variet@.2. Preparation of liquids for viscosity
of liquids without being unstable. measurements
Liquid A, HPMC: the water was heated to 70, dry

o HPMC was added, stirred, and the suspension cooled.
2.1.2. Liquids The water lost during heating was added before the cel-
The four liquid systems employed to prepare the pasteg|ose gelled and could still be stirred without excessive
and the details of the formulations are given in Table Il ajr entrapment.

Liquid B, water+ clay: the constituents were placed

in a plastic bag and worked by hand until a homoge-

TABLE | Powder fractions in the solid phase .
neous suspension was formed.

a-alumina dso (14m) (wt %) Liquid C, glucose solutior- clay: the same proce-
dure was adopted as that used for the water and clay
F1200 4.6 40 :
binder.
F 600 8.4 40 S : . » .
E 400 13.5 10 ~ Liquid D, diluted “glucose syrup” and clay: as for
F 280 28.0 10 liquids B and C.

Liquids A and B are similar to those frequently used

Glass ballotini 0.3 100 . L
to prepare ceramic extrudates. Liquids C and D were
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Some problems were met due to leakage past the ram
when extruding liquid D through the longer die. For
this reason, additional measurements were made using
dies of larger diameter (1.33 mm). At the lower stresses
involved with these dies, no leaking occurred, but the
shear rates were also lower at the same ram speeds as
used with the finer dies. Results from the larger dies
were found to be proportional to theD, so there was
no entry effect with this liquid. Having established that
this was so, the results for the short fine die were used to
calculate the stresses and velocities directly without the
subtraction step. Although the shear rates through this
die were up to 710073, the stresses were low enough
to avoid leakage.

2.3.2. Pastes

All the pastes were extruded from a ram extruder at the
same six ram speeds as the liquids through two dies
of 3.2 mm diameter and lengths 3.2 and 50.8 mm, to
give aspect ratios df/D = 1 and 16, respectively. The
barrel diameter was 25.4 mm. This ram extruder was
mounted in the same universal load frame that was used
for the liquids. Full details of the apparatus are given
by Benbowet al. [6].

To compare the paste properties to those of the corre-
sponding liquids, the shear stresses in the pastes were
calculated by subtracting the forces for flow through
the dies, thus giving an effective length to diameter of
15. By these methods the shear stresses relating to flow
: of pastes and liquids along dies of uniform bore were

(b) obtained, and in both cases the entry forces were elim-
inated. The wall shear stressesfor the pastes were
Figure 2 Sc_anning elegtron micrograph of e.xt‘rudate surfaces of pastegg|culated from the extrusion pressures by using the re-
prepared with () alumina powder, (b) ballotin. lation o = (AP L/4D), whereAP is the pressure drop
over the die length. This is derived from the force bal-
ance at the die wall and is independent of the type of
material involved.

chosen to introduce liquids of significantly different
rheological properties, although they are not likely to
be used to make commercial ceramic products.

3. Results

3.1. Liquid-phase rheology

The properties of the liquids measured in the Carrimed
r1rheometer at low shear rates are shown in Fig. 3, where

2.3. Rheological measuring techniques
2.3.1. Liquids
Rheological properties of the liquids were measured i
two ways:
(a) with a cone and plate rheometer (Carrimed Con-
stant Stress CSL500) using 1, 2 or 4 cm diameter, 2 | LIQuUIDS
cones. A e—
(b) by ram extrusion through two small bore dies 3 «—"
from a barrel having a diameter of 20 mm. Both dies= 3| ™ = .
had a diameter of 0.72 mm; their lengths were 10.58 "}’,/o/° B
and 30.3 mm, respectively. TheD ratio elimiting the £ 21 ¢ [N G
die entry effects was thus 27.5. The ram extruder wa<
mounted in a universal load frame (Avery-Denison, ,
Leeds, UK). The liquids were extruded at six ram
speeds of 1, 2, 5, 10, 20 and 50 mm min
From the differences in the extrusion forces through — 10 s
the two dies, the shear stresses at the die walls wel SHEAR RATE {s™)
calculated for each of six extrusion rates. By assumin%

. . . Lo . igure 3 Shear stresses versus shear rate for the four liquid phases,
no Sllp at the die walls and a parabollc distribution Ofobtained by shearing between a cone and plate in a Carrimed rheometer;

shear rates, the apparent viscosities were subsequentlyj Hpmc, (B) clay-+ water, (C) clay+ glucose, and (D) clay- glucose
calculated from the shear stresses. syrup.
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behaviour encountered. Their properties extended from
A g B soft pastes which would be difficult to handle after ex-

I trusion, to rather stiff ones which required very high
extrusion pressures. The curves also show the different
ways in which the stresses depended on the ram speeds
or extrusion velocity.
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3.3. Relations between paste and liquid
During ram extrusion the applied pressure gradient bal-
ances the forces resisting flow along the barrel, into the
die-entry and along the die-land. To account for these
mion I NS flows, pastes can be characterized by four extrusion
) N parameters, if the viscous properties are proportional
to the velocity (pastes B, C and D) and by six, when
the flow is more complex (pastes A). Similarly, in the
o o capillary flow of the liquid phases, both extension and
0 00 02 0l w o w2 1w 1w  Shear are involved. Extensional flow occurs at the die
SHEAR RATE y (s™) entry and shear flow takes place where the dies have a
constant cross-section.
e o i 1o Vg e et B sty g 10 relte he paste and liuid by comparing th abiove
the four: ) cone ang plate r,esdlts obtained bF;/ usingcones of \E)ariougsdenve_d _propertles would compqunq any errors in the
diameters; ) capillary results. descriptions of the pastes and liquids by such param-
eters. Instead the paste and liquid properties were ex-
pressed directly in terms of their shear stressjersus
the shear stresses are plotted as a function of the appaam speedR. By separating out the flow into the die and
ent shear strain rate for the four liquid systems A, B, Cconcentrating on only the flow through the die-lands,
and D. It can be seen that two, the clay plus water (Bxhe extension behaviour was avoided.
and the clay plus glucose solution (C), both exhibited The paste and liquid extrusion properties were ex-
apparent yield stresses whereas the HPMC (A), whilspressed directly in terms of the wall shear stresses at
non-Newtonian, is highly pseudo-plastic. The “glucosethe corresponding ram speeds. The ratios of the shear
syrup” (D) has an apparent yield value, but due to itsstresses for pastes to those of the corresponding lig-
higher and more Newtonian viscosity, the shear stressesids at the same ram speeds (not extrudate velocities)
it shows at high rates are more rate dependent. are given in Fig. 6. It is clear that there is a systematic
In Fig. 4 the apparent viscosities of the four liquids change of the values as the liquid content is changed.
measured in the cone and plate system and by the capithe ratios are independent of ram speed for all the
lary flow methods described above, are plotted togethesastes in spite of their different flow behaviour.
againstthe apparent shear strain rates onlog-log scales.|n Fig. 7, the ratios for liquid to powder volume in the
They show that there is good agreement between th@ainge 0.95-1.01 are plotted against ram speed. There
two sets of measurements. The shear rate at the wali seen to be only very little difference in the values
cannot be calculated exactly as the paste is a two-phaser the four liquids. Differences which do occur may
system in which it is speculated that the paste flows byye due to unequal amounts of packing during the high
plug flow on a thin liquid layer or depleted layer [9]. shear mixing during the preparation of the pastes.
The ram extruder measurements were made to obtain
the high shear strain rates which have been estimated
to occur near the wall of the die land, when a thin liquid 4. Discussion
layer is being sheared. If alayer of liquid whichigfin ~ The shear stresses in the pastes during capillary flow
thick is being sheared by a plug of paste moving at a&change systematically when the amounts of liquid
speed of 1 mm s the shear rate would be 1000's  phases are altered. The factors of proportionality be-
As there remain many unknowns, a more elaborate cabween the paste and liquid stresses are fairly constant
culation of the shear rate is unnecessary. over a 50-fold range of extrusion speeds. This shows
Because the thickness of the liquid layers has not yethat the flow properties of all the pastes are closely
been precisely determined and the paste measurememdated to those of their constituent liquid phases, even
are made over a range of extrudate speeds, it is appréhough the latter exhibited a variety of flow behaviours.
priate to determine the liquid properties at high shear In general, the behaviour of the particulate pastes
rates, i.e. in the range 3010 s1. The total range of during extrusion depend on
shear rates over which the viscosities have been mea- 1. the amount of liquid present in excess of that
sured is five decades. needed to fill the inter-particle voids,
2. the rheological properties of their liquid phases,
3. the interference between particles,
3.2. Paste properties 4. the extrusion conditions (whether the paste is free
The extrusion properties of all the pastes are showto expand or not), and
in Fig. 5. These indicate the wide range of rheological 5. the time scale of the experiments.
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Figure 5 (a—c) Wall shear stresses versus ram speed for all the alumina and ballotini pastes examined. Each part represents a particular liquid phase.

During paste extrusion, the die-land region can bewill take place. Electro-chemical effects can be impor-
considered in four parts, i.e. (1) the die-wall (usuallytant, as illustrated by the alterations in extrusion pres-
metal), (2) a thin layer of liquid between particles andsure produced by Perspex and steel dies and the changes
the die wall, (3) the thin layer of paste which is depletedwhich have been shown to occur when potential differ-
of particles owing to local packing restraints, and (4) theences are applied between the paste and the die [9, 10].
body of paste (which for stiff pastes is un-sheared). Any Considering the liquid layer between the outer parti-
roughness on the die-wall which is comparable in scaleles and the die-wall, the thickness of this depends for
to the average particle diameter may increase the sheaa-given powder on the excess of that needed to fill the
ing resistance. If there is contact between the particlemter-particle voids. Increasing the quantity of liquid in-
and the die wall, frictional forces will occur and wear creases the layer thickness. At first sightitis tempting to
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values in the paste, whereas much higher values were

[ew]

5 A measured. Because the shear stresses are at maximum
P —= 115 at the die-wall and the density of particles adjacent to
9 PASTES B the wall is reduced, it is likely that some shearing will
W 0 % P occur in this region.

18 The ratios of the shear stresses are shown to be not

1 very dependent on the type of liquid, because equal
- 0.91 . ; : : )
J//\ amounts produce similar ratios (Fig. 7). Given the size
14 0.4 of the particles involved in the study, combined with the
12 //'/‘\' uniformity of the particulates present and the neutrality

of the liquid systems in terms of pH, it was felt that
the variations in the results due to surface charge dif-

Bl e 101 ferences would be small compared to the other factors,
6 . in particular the shear forces, active in the system.
Al e 115 Increasesinliquid, therefore, increase the liquid layer
—e in direct contact with the wall, but also reduce the
2r PASTES C — 1% inter-particle interference and the resistance to rela-
L : L tive motion. At some high liquid content the whole
0 0 20 X paste will flow, but this lies outside the range of extrud-
RAM SPEED (mm/min) able pastes, because they would not retain their post-
10 extrusion shape.
sk In a paste containing mono-sized particles, the dis-
Moo T 07 tance between adjacent particles can be approximately
6 . estimated from the volume of excess liquid and the sur-
ok —:.\--—° * 1.0 face area of the particles. In the case of the alumina
E b Te—e * * 115 powders, the above reasoning suggests that this value
e PASTES D is less than a particle radius for a typical extrudable
m 1 i 1
0 0 10 20 50 paste.
&
= | .
O g e T T —— . 061
S . . 063 4.1. Ballotini powder
Se—e . e 072 In Fig. 5 the shear stress results for pastes made from a
Zr ballotini powder mixed with three different amounts of
— _BALLOTINI PASTES , liquid D are shown. The ratios of the paste shear stresses
0 10 20 50 to those of liquid D are given in Fig. 6. These again do
RAM SPEED (mm/min) not depend significantly on ram speed and change with

Figure 6 The ratios of paste shear stresses to those of the correspondin%quld content in a similar Way to the alumina pastes.
liquids plotted as a function of ram speed. The numbers associated wit he VaIL_JeS_ of the stress ratios deper_ld on th_e amount of
each line are the volume of liquid/volume of powder in the pastes.  added liquid, but because the packing is different for

this powder much less liquid is present.

assume that all shearing takes place in this layer. If this

was so, at a given extrusion speed, the shear rate would

decrease as the amount of liquid was increased. But thB. Conclusion

would not affect the shearing stresses with liquids B andr'he results show that there is a close qualitative link be-
C (Fig. 3), because their shear stresses are almost indeveen the rheology of the four liquids and the extrusion
pendent of shear rate at shear rates above 2Hence  behaviour of the pastes which were made from them.
there must also be some flow within the paste. AnothefThe ratios of the shear stresses increase as the amount
factor which supports this is the view that a liquid hav- of liquid decreases and ratios for the different liquids
ing a yield value would only produce comparable yieldare numerically similar. The small observed differences
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could be due to the unequal amounts of packing induceReferences

by each liquid during the high shear when they were be-1.
ing prepared.

The absolute values of the ratios suggest that a thin®
layer of paste is being sheared near the die wall and thag
an increase in the liquid content allows relative motion
between the particles to take place more easily. This4.
mechanism suggests that the effects of different liquids®:
will be similar, as our results show, and that additional
liquid affects the relative motion of the particles in a
thin region near the die wall. As the concentration of 7.
particlesis further diluted there comes a region in which 8.
there is no inter-particle interference. Finally, we con-
sider, more research is required to explainin more detail®
the physical mechanisms taking place near the die-walk
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