J MATER SCI 41 (2006)2895-2906

A study of surface fracture in paste extrusion using
signal processing

B. D. RUSSELL
Department of Chemical Engineering, New Museums Site, Pembroke Street, Cambridge CB2
3RA, UK

S. BLACKBURN
IRC in Materials Processing, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK

D.l. WILSON*
Department of Chemical Engineering, New Museums Site, Pembroke Street, Cambridge CB2

3RA, UK
E-mail: ian_wilson@cheng.cam.ac.uk

Published online: 21 April 2006

Gross circumferential fracture (GCF) is a surface defect sometimes observed during the
extrusion of particulate pastes. In this study particular attention was paid to the frequency of
fracture in pastes undergoing ram extrusion through dies with circular, square and rectangular
slot cross section. Three methods for estimating the fracture frequency were employed. The
first was determined from the observed fracture periodicity, the second was determined from
the application of short time Fourier transformation (STFT) techniques to the pressure signal
measured at the die plate and the third was the application of the geometrical result first
reported by Domanti and Bridgwater (2000). All were found to be in agreement within
experimental error where failure was observed. In some materials the fracture frequency was
still observed in the frequency domain after fracture ceased in the extrudate, indicating the
existence of a flow instability in the paste: if the extrudate was smooth throughout the process
STFT detected no peak. Fracture was more pronounced with short dies and/or where the paste
experienced high wall shear stress. Square dies were more prone to fracture than circular dies
(corner effects) and the fracture spacing could be related directly to the hydraulic diameter.
Rectangular slot dies were more prone to irregular fracture. It was shown that lowering the die

wall friction by using Teflon-lined dies reduced the propensity of the paste to fracture for all die
geometries tested. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Solid-liquid pastes featuring a high volume fraction of
solids (typically > 50%) frequently exhibit visco-plastic
behaviour and are extruded to generate a wide range
of products with controlled shape and relatively high
density. Surface defects are a particularly unwelcome
feature owing to the loss of surface finish or their
impact on the mechanical strength of the product. The
liquid fraction can provide some degree of interparticle
cohesion (e.g. via capillary interaction) but the tensile
stresses generated during extrusion can exceed this and
lead to sharkskin [1] or gross circumferential fracture
(GCF) as illustrated in Fig. 1. This work will refer to
the surface defects as GCF, to differentiate from the
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sharkskin term used in polymer literature. This is because
the physical systems, and thus fracture mechanisms, are
believed to be significantly different.

Domanti and co-workers [2, 3] undertook a systematic
study of GCF in ceramic pastes, and compared their obser-
vations with models for fracture or flow instabilities based
on ductile metal strain analyses such as that by Pugh and
Low [4]. These metal analyses were not able to explain all
the features observed, which is not unexpected given that
pastes exhibit non-isotropic strength (weaker in tension)
and often feature a range of crack initiators, e.g. agglom-
erates, air bubbles, laminations (where flows join) efc. An
alternative approach is to attribute GCF to phenomena
which are known to cause surface fracture in polymer
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Figure 1 Tllustration of gross circumferential fracture for a micro-
crystalline cellulose paste undergoing ram extrusion. Conditions: die land
length/diameter L/D = 48/3 mm/mm, mean extrudate velocity V = 10 mm/s.

extrusion, including surface instability (e.g. stick-slip,
[5]), flow instabilities (e.g. [6]) and compressibility ef-
fects (e.g. [7]). The difficulty arising in these approaches
is how to quantify the parameters corresponding to melt
properties for these heterogeneous multi-phase materials.
This paper reports phenomenological observations which
suggest that a complete understanding of GCF in pastes
will feature contributions from both of these areas.

Previous phenomenological observations include those
by Domanti et al. [3], who reported that increasing the die
land length, L, and decreasing the die entry angle reduced
surface fracture in all pastes tested. For their «-alumina
based pastes containing glucose additives in particular, it
was found that increasing the extrusion velocity and using
a smaller reduction ratio increased the severity of surface
fracture, in agreement with the findings of Harrison et al.
[1], who also noted that GCF in pharmaceutical pastes was
much less likely to occur for dies with a L/D ratio (where D
is die land diameter) greater than 1. Kulikov and Hornung
[8] reported that GCF in clay/oil mixes extruded through
tubular dies could be avoided by using an annular die with
a long central rod, but the mechanism for this result has
yet to be established. Stick-slip mechanisms are known
to cause surface defects in the ejection of compacts (e.g.
[9]) featuring particulates with low liquid content, but the
existence of a Coulombic friction or sticking wall interac-
tion is seldom reported for pastes. On the contrary, their
steady shear behaviour is often characterised by extensive
slip at solid walls [10].

The mechanisms underlying GCF and related phenom-
ena in pastes are not well understood and there is therefore
a need to provide more information on the processes in-
volved. This paper presents results from a study of surface
fracture where signal processing techniques have been
used to extract quantitative information on characteristic
stresses and forces associated with fracture from normal
stress measurements made by pressure transducers lo-
cated near the extrusion die plate. Three pastes exhibiting
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different fracture behaviour were studied in a ram extru-
sion system and the extracted parameters are compared
with qualitative observations.

An important feature explored in this work is the ob-
servation by Domanti and Bridgwater [2] that the period
of fracture observed in their circular die geometries, i.e.
the spacing between encircling circumferential cracks,
was approximately equal to the die radius. For a process
operating at constant throughput, this geometrical result
links the frequency of fracture to the die geometry, and
suggests that forces associated with the fracture mecha-
nisms should feature this periodicity. For axisymmetric
ram extrusion from a circular barrel of diameter Dg
through a die land of diameter D at ram velocity Vg, the
associated ‘defect frequency’, Fp, is given by

Ve (D)’
wEB) o

where A, is the fracture period (= D/2 for circular
dies). Amarasinghe and Wilson [11] used simple
frequency analysis methods to interrogate pressure
transducer data collected during experiments where
various pastes exhibited GCF on extrusion through
circular dies. Discrete peaks in the power spectrum were
evident at the Fp value but the magnitude of the periodic
component was not discussed in detail. This paper builds
on that earlier work, employing more rigorous techniques
to search for periodic components and quantifying these
components for different materials, geometries and
surfaces. The effect of geometry and particularly corners
on GCF is also investigated, as is the scope for reducing
GCF by using dies lined with Teflon (PTFE).

2. Experimental

Ram extrusion experiments were performed at room
temperature using an instrumented, computer-controlled
strain frame (Dartec SA 100 Load Frame with stroke
transducer, Tamworth, UK) configured to act as a ram
extruder. The paste was loaded into a 190 mm high cylin-
drical barrel with inside diameter 25 mm, compacted, then
extruded through a range of axisymmetric square-entry
dies (i.e. 90° entry angle). Further details of the extruder
configuration can be found in Chen et al. [12]. Stain-
less steel was used as the material of construction unless
stated otherwise. Extrusion pressure measurements were
made using 3 mm diameter solid stage pressure transduc-
ers (Kulite XTM 190, Basingstoke, UK) calibrated over
the required stress range. The transducers were located
flush with the die plate or along the die land. Compari-
son studies indicated that the fluctuations in pressure sig-
nal were not significantly affected by the location of the
transducer. Transducer signals were logged at speeds up
to 1 kHz, depending on extrusion velocity: the sampling
rate was selected to ensure that F'p was smaller than the
Nyquist frequency.



TABLE I Rheological characteristics of pastes using 6 parameter
Benbow-Bridgwater correlation (Equation A1)

TABLE II Parameters studied with variation in die diameter, D. Note
orifice dies used, L ~ 0

Parameter Starch [14] Detergent Glucose ceramic D (mm) L (mm) VR (mm/s) No. of trials
o0 (MPa) 0.11 0.46 0.20 L5 0 0.5,1,5,10 12
o (MPa.(s.m™1)™" 1.3 1.5 1.7 3.5 0 0.5,1,5,10 12
m 0.33 0.15 0.91 4.5 0 0.5,1,5,10 12
70 (MPa) 0.125 0.30 0.049 6.0 0 0.5,1,5,10 12
B (MPa(s.m™ )™  0.30 2.1 0.13 9.0 0 0.5,1,5,10 12
n 0.36 0.61 0.46 12.0 0 0.5,1,5,10 12
. . . TABLE III Parameter range in study of variation in die land length, L
Three different pastes were used in this work: a potato
starch-based food dough (subsequently termed ‘starch L (mm) D (mm) VR (mm/s) No. of trials
paste’), adetergent paste, and an «-alumina based ceramic 6 ; 05.1.5.10 1
paste similar to that used by Amarasinghe and Wilsonbut |, 3 0.5.1.5.10 12
with the addition of glucose syrup which had been shown 24 3 0.5,1,5,10 12
to increase the likelihood of fracture [13]. 36 3 05,1,5,10 12
48 3 0.5,1,5,10 12

The detergent paste was used primarily as a control,
as this material very rarely exhibited fracture in previous
experiments. This material was therefore used to establish
whether periodic signals, particularly those close to Fp,
were evident when no fracture was observed visually. The
glucose paste was known to fracture easily, and afforded
comparisons with the starch paste in order to determine
if the amplitude of the periodic signals associated with
fracture, where this occurred, depended on the material,
the process conditions, or both.

Additional shear behaviour measurements were car-
ried out using a parallel plate controlled stress rheometer
(Bohlin Instruments, Gloucestershire, UK, Model CVO
120 High Resolution) on the detergent and glucose pastes.
The starch paste, due to its powdery nature, could not be
tested in this device. Using roughened 25 mm diameter
plates, 3 mm apart, the rotational velocity was increased
until flow of the paste material became apparent. Inter-
nal deformation rather than slip was observed with the
roughened plates and this allowed an estimate of an inter-
nal yield stress under shearing conditions, albeit in condi-
tions dissimilar to those encountered in the die land during
extrusion. The detergent paste did not flow at all within
the parameters of the test; however, the glucose paste
appeared to have a yield shear stress of approximately
20 kPa.

The rheological behaviour of the pastes was charac-
terised separately using the approach described by Ben-
bow and Bridgwater [10] summarised in Appendix 1 and
the results are presented in Table I. A detailed rheological
investigation of the starch paste was reported by Cheyne
et al. [14]. The values of o indicate that for the exper-
iments performed in this study the contribution of the
total extrusion work due to deformation is relatively large
compared to the shearing work in the die land which is
related to 7, although geometric factors also play a role.
Thus these types of pastes are termed stiff pastes, and they
usually feature slip flow in the die land. Additionally, the
values of the stress velocity-dependency factors m and n
are all less than 1, indicating shear-thinning behaviour
(i.e. viscosity decreases as more work is applied). It is

TABLE IV Parameter range in study of variation in die land velocity, V/

VR (mm/s) V (mm/s) Y, (571 D (mm) L (mm)
0.5 35 93 3 6
1 69 185 3 6
5 347 926 3 6

10 694 1852 3 6

also interesting to note that the detergent paste featured a
noticeably larger T value than the other materials, indi-
cating that the die-land contribution to the work required
for extrusion is greater than the other cases.

Since previous studies (e.g. [2, 15]) have shown that
D, L, V, die geometry and die lubrication have an ef-
fect on the occurrence of circumferential surface fracture,
these were all varied in the tests summarised in Tables
[I-IV. Studies over a range of ram velocities allowed the
frequency dependency of the periodic stress components
to be established as (i) either geometry dependent (as in
equation (1)) or (ii) an inherent feature of the material
(e.g. a natural relaxation characteristic). All data sets in-
dicated that the periodicity, where observed, was directly
related to the ram velocity, i.e. (/). Where fracture was
observed, the angle, 0, periodicty A, and depth of fracture
were also measured (see Fig. 2). Three different frequen-
cies will be discussed: the (predicted) defect frequency,
Fp; the observed frequency of fracture, F, determined
from the measured periodicity and extrusion speed after
an experiment; and the fracture frequency extracted from
signal processing analysis, Fg.

The internal microstructure of selected detergent
and glucose-ceramic extrudates was studied post extru-
sion using an X-Tek HM160 Computed Tomography
System, with a spatial resolution of approximately 30 pm.
No distinct variations in material density or porosity were
evident over cross sections of fractured extrudates, except
that the material bordering a fracture showed a small re-
duction in density (expansion) and the presence of cracks.
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Figure 2 Tllustration of physical measurements (period, angle and depth of
fracture). Angle (9) did not vary significantly in these tests and was typically
60° to the extrudate axis.

TABLE V  Summary of die geometries

Die geometry Ap (mm?) dy (mm) L (mm)
Circle 28.3 6 6

Slot 30 6.4 6,48
Square 30.3 6.4 6

The effect of die geometry and surface condition was
investigated using the series of dies detailed in Table
V and Fig. 3. The non-circular dies all featured similar
cross-sectional areas to the 3 mm circular dies. Separate
extrusion experiments indicated that the force required
to extrude the pastes through the different die geometries
was reasonably well predicted by the Benbow-Bridgwater
model given in Appendix I (equation A2) for brass dies.
The use of Teflon die land surfaces, however, signifi-
cantly reduced the force or extrusion pressure required to
extrude the paste through the die at a given value of V, as
well as reducing the extent of fracture. Separate extrusion
tests with the glucose-ceramic paste indicated that similar
extrusion pressures were observed for the brass and
Teflon dies when the flow rate through the latter was
raised by 100% for shorter round and square dies and 50%
for longer round dies. This is an important observation as
effects of die land (or capillary) materials are rarely re-
ported in paste extrusion studies: where slip is a dominant
phenomenon, it is understandable that the factors con-
trolling adhesion to the wall will vary with the interaction
(surface energy) of the wall material. Onoda and Hench
[16] describe several methods by which wall adhesion
can be modified by changing properties of the wall and
the extrudate — including surface interaction (likely to
be the dominant factor in the case of Teflon) and surface
roughness. It was noteworthy that the Teflon surfaces
were found to be more rough (Ra ~ 0.6 wm) than the brass
surfaces (Ra ~ 0.3 um), so that the use of smoother Teflon
surfaces could be expected to give further reduction in
defects.
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Figure 3 Schematic of die land geometries detailed in Table V. Grey area
indicates region covered by Teflon in reduced wall friction dies. Hatched
areas indicate recessed entry. (a) circular, 3 mm die land; (b) square; (c)
rectangular slot. Not to scale.

3. Spectral analysis

Amaransinghe [17] used a conventional Fourier Trans-
form (e.g. [18]) to calculate the average amplitude of a
particular frequency component in a pressure signal over
the sampling time. If the amplitude of the periodic sig-
nal varies with time, then conventional Fourier analysis
gives erroneous results so the Short Time Fourier Trans-
form (STFT) was employed here. The STFT divides the
data set into a number of contiguous blocks, of length N,
and transforms this shorter data series into the frequency
domain using the conventional Fourier Transform. The
average value of the amplitude of the sinusoidal compo-
nent in this short block is simply the spectral density, &,
of the relevant frequency component. Ideally, N will be
very small but Fourier methods require many data (ide-
ally, infinity) in order to give accurate information [19].
A compromise is therefore required between useful time
domain resolution (small N) while preserving accuracy
(large N). Numerical investigations [20] have indicated
that for the series studied here, an N value of approxi-
mately 100 yields a reasonable compromise.

Other real-time spectral analysis methods have also
been considered, such as wavelet analysis [19] and a
Bayesian parametric estimator which has been investi-
gated in detail by Bretthorst [21] and also O Ruanaidh
and Fitzgerald [22]. These have proved more versatile
for continuous extruders (see [20]) whereas the STFT is
sufficiently robust for analysis of ram extrusion data.

4. Results and discussion

4.1. Occurrence of fracture

Circular dies will be considered first. GCF was not ob-
served with the detergent pastes in any of the experiments
outlined in Tables II-V. Some variation in surface rough-
ness was occasionally evident, such as is shown in Fig. 4
for an orifice die (negligible length, where steady flow in
the die land is not accomplished). This type of surface
defect is not periodic in nature and is not considered fur-
ther here. No periodic stress components were expected
for this case: Fp for this experiment was 13 Hz, and the
power spectrum in Fig. 5a confirmed the absence of any
periodic stress components. This result contrasts sharply
with the starch paste under the same process conditions,
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Figure 4 Illustration of non-periodic surface roughness observed on detergent extrudate under severe conditions (orifice die, D = 9 mm, Vg = 1 mm/s).

where fracture was observed at an Fg value of approxi-
mately 13 Hz. The corresponding power spectrum from
this run in Figs. 5b and c¢ shows a distinct peak at ap-
proximately 12 Hz. Most cases with circular dies featured
closer agreement between Fo and Fg than shown here:
some of the mismatch arises from error in the die and
velocity measurements, and the assumption of paste in-
compressibility.

The starch and glucose pastes proved more successful
in terms of promoting fracture. However, it was noted that
in all cases where GCF was observed, this occurred in the
initial stages of extrusion; thereafter, the extrudates ap-
peared smooth. This is discussed in further detail below.
Occurrence of fracture was found to depend strongly on
the die land length. For D = 3 mm dies, fracture was ob-
served consistently with starch dough for L/D values of
6/3 and 12/3 mm/mm, while the glucose paste only ex-
hibited GCF with the L/D = 6/3 mm/mm die (or shorter).
No fracture was observed with D = 1.5 mm dies for either
paste, whilst for diameters greater than this fracture did
occur.

The depth of fracture did not appear to depend on the
diameter for a given value of Vi, and was almost con-
stant at approximately 0.5 mm at Vg = 1 mmy/s. For both
glucose and starch materials, in cases where the die ge-
ometry promoted fracture, the depth of fracture depended
on ram extrusion velocity. At low velocities, such as
Vr = 0.5 mm/s, the average depth of fracture was ap-
proximately 0.5 mm for D = 3 mm. With the highest
velocity, Vg = 10 mm/s and D = 3 mm, this increased to
approximately 1.5 mm. These observations are consistent
with the behaviour reported by Domanti and Bridgwater
for ceramic paste formulations.

4.2. Detection of periodic stress components

Where fracture was observed visually in circular dies, a
peak in the frequency domain was also detected, similar in
frequency to both Fp and Fo. Where no fracture was ob-
served visually, as with all detergent paste tests, no peaks
were evident in the frequency domain close to Fp (or Fo).
Fig. 6 shows the correlation between the calculated pa-
rameters, F'p and Fr, and the measured value, Fo. The plot

features many data points overlapping, and shows that all
three indicators were effectively equal, within the bounds
of experimental error. The mechanism underlying GCF
is thus demonstrated to be strongly related to geometry
in these configurations, confirming the result of Domanti
and Bridgwater [2].

The direct correlation between the occurrence of frac-
ture and the existence of a distinct peak in the frequency
spectrum, in the region of Fp, suggests that signal process-
ing techniques could be employed to detect or monitor the
occurrence of periodic surface fracture. Russell et al. [20]
discuss the applicability of different algorithms for esti-
mating Fr on-line. It should be noted that false negative
results, i.e. where fracture was observed visually and no
peak was evident in the frequency spectrum, were only
recorded in tests featuring low fracture frequencies where
the periodic component was not distinguishable from the
low frequency noise.

False positives, i.e. where a periodic component was
observed in the frequency spectrum but fracture was not
observed visually, were not recorded under circumstances
where no fracture occurred. However, periodic compo-
nents corresponding to Fp continued to be evident in the
frequency spectrum in many tests after visible fracture
had stopped. Examples of this behaviour for the glucose
and starch pastes are shown in Fig. 7, which plots the
amplitude of the periodic component corresponding to
fracture, ap, calculated by STFT, over time. For the starch
paste in Fig. 7a, surface fracture was only observed during
the initial stages of extrusion, i.e. [t < 50 s], after which
the extrudate surface appeared smooth. The Figure shows
that the end of visible fracture was accompanied by a
change in the magnitude of ag. In the case of the glucose
paste in Fig. 7b, fracture was found to occur at 6.8 Hz and
was also only observed prior to ¢ ~ 10 s, but in this case
the end of visible fracture is not accompanied by a clear
change in ag: this difference was observed consistently.
This observation suggests that GCF is associated with a
flow instability, which generates stresses in the extrudate
which are large enough to overcome the cohesive inter-
actions in the paste. For a ceramic or metal, the growth
of a fracture would be described in terms of a fracture
toughness or brittle failure strength (see, for example, the
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Figure 5 (a) Spectral density of data gathered from ram extrusion of de-
tergent paste with no regular fracture observed, as in Fig. 4; (b) Spectral
density of data gathered from ram extrusion of starch paste when Fo ~ Fp =
12 Hz; (c) Plot of entire spectrum up to Nyquist Frequency (50 Hz), showing
harmonic at 24 Hz. Conditions: L/D = 0/4.5 mm/mm, Vg = 1 mm/s.

analysis by Bentham and Koiter [23] for growth of an
edge crack in a cylindrical bar under tension), but anal-
yses of this form rely on elastic energy considerations
which are not immediately transferable to visco-plastic
materials such as these pastes. However the disappear-
ance of GCF on further extrusion, despite the presence of
periodic stresses, indicated that the tendency of the mate-
rial to fracture did not remain uniform. It was noteworthy
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Figure 6 Comparison between observed frequency of fracture (Fp) and
defect frequency (Fp—triangles) and peak in frequency domain (Fp—
circles) for circular dies (various lengths). Grey—glucose paste, black—
starch paste; dashed line shows line of equivalence.

that the mean extrusion pressure did not vary significantly
over the course of these experiments apart from the initial
transient as paste filled the die land etc.

The most likely explanation of this behaviour was that
the ram extrusion configuration generated a distribution in
material cohesion (or fracture toughness), either via com-
paction of material to eliminate voids (potential crack
initiation sites) or density (and therefore strength). Such
variations are likely to arise during the compaction of
these materials in the barrel, where small frictional forces
can result in density differences and a variation of stress
transmitted through the material. The consolidation step
is unlikely to feature wall lubrication, which is estab-
lished during steady flow. This postulation was tested by
two experiments for each paste. Firstly, extrusion was
performed with a varying level of fill in the barrel and
uniform consolidating stress (~4 MPa). No fracture was
observed when the barrel was filled to less than two barrel
diameters, whereas GCF was observed during the initial
stages of extrusion for greater levels of fill. Secondly,
the starch paste billets generated by the compaction stage
were removed from the barrel and the strength of the paste
quantified using an indentation tester: the glucose paste
was not stiff enough in the green state to give meaningful
data. Fig. 8 shows the strength — presented as the maxi-
mum force recorded by the indenter — as well as the ag
parameter obtained from extrusion of a similar billet. The
compact strength was determined by the amount of force
required by an indenter to break the section of paste taken
from the barrel. The paste was positioned on a flat plate,
so that this was not a standard bending test but affords a
comparative measure of the compact strength. It can be
seen that fracture occurs when the initial, weak, paste is
extruded, marked by a large ar value: the periodic flow
instability remains after fracture has finished, when more
cohesive material is being extruded, and its amplitude in-
creases — albeit without incurring fracture — as the final,
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Figure7 Amplitude of periodic stress component, ag, during ram extrusion
of (a) starch paste (conditions: L/D = 0/4.5 mm/mm, Vg = 0.5 mm/s); (b)
glucose paste (conditions: L/D = 6/3 mm/mm, Vg = 5 mm/s). Crosses:
amplitude from STFT, grey line: amplitude from overall FT.

stronger material passes through the die. This behaviour
is consistent with the observations of Pugh and Low [4]
and Kulikov and Hornung [8], who observed a reduc-
tion in fracture by increasing the stress or pressure on the
material being extruded by raising the hydrostatic pres-
sure and increasing frictional resistance post extrusion,
respectively.

These pastes therefore exhibit features associated both
with granular solids, particularly sharp fracture, and con-
tinuum materials such as polymers and metals. The under-
lying mechanism, linking periodicity and geometry, has
not been elucidated further here, but the pool of available
information has been extended.

4.3. Amplitude of periodic stress components
It was not possible to obtain ag values for the detergent
paste as this did not exhibit fracture under these tests.
Fig. 9 compares the values obtained for the glucose and
starch materials during fracturing periods against the ef-
fective wall shear stress, T, for all sets of ram velocity,
die land length or die diameter studied. The t.y values
were estimated from the measured extrusion pressure val-
ues using = AP D/4L, where the pressure difference was
corrected for any die entry contribution in the transducer
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Figure 8 Relationship between starch paste strength measured by inden-
tation testing of a compacted billet (circles) and amplitude of periodic
stress component (crosses). Data plotted against location in barrel billet
after compaction or ap corresponding to when a zone would be extruded.
Periodic stress component taken from data in Fig. 7a. Conditions: L/D =
0/4.5 mm/mm, Vg = 0.5 mm/s.
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Figure 9 Effect of wall shear stress on the amplitude of periodic stress
component from ram extrusion of starch (crosses) and glucose (circles)
pastes. Circular dies, various L/D and velocities.

reading using equation (A1). The individual data sets did
not show any systematic difference for each of these vari-
ables. It is immediately evident that ap appears to be
relatively insensitive to the nature of the material, with a
weak dependence on T, suggesting a weak frictional in-
teraction, or possibly a compressibility contribution. The
magnitude of the ag values is also noteworthy, at two or-
ders of magnitude lower than the estimated wall shear
stress, and around three orders of magnitude smaller than
the corresponding mean extrusion pressures. This result
is consistent with the observations that ceramic and other
green pastes are very weak in tension (Benbow and Bridg-
water [10]) compared to compression. An interesting area
for further work would be to compare these ar values with
estimates of cohesive interactions owing to liquid bridge
effects.

The observed depth of fracture did not map simply with
ag, being more sensitive to ram velocity and die land shear
stress rather than die land length and absolute extrusion
pressure. This suggests that the depth of fracture is related
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Figure 10 Elimination of GCF using a Teflon die land wall in circular
geometry. (a) steel die; (b) Teflon lined die. Conditions: glucose ceramic
paste, L/D = 6/6 mm/mm, Vg = 1 mm/s.

to the elastic strain energy generated by the shear stress
in the die land which is released on fracture.

4.4. Effect of die wall lubrication
Table VI summarises the experiments with circular dies
which were repeated with a Teflon sleeve inserted in the
die land. Significant reductions in the extent and occur-
rence of GCF were observed for these Teflon-lined dies,
which could be attributed to the reduced level of die
land wall shear stress compared to the brass or steel ver-
sions at a given velocity. The recorded extrusion pressures
were consistently lower for the Teflon dies than for their
brass/steel counterparts, which was attributed to die land
wall effects as the die entry component is dominated by
internal extensional shear rather than wall conditions.
The role of die land lubrication was investigated by a
crude attempt at matching the die land shear stresses. A
reference was generated using a steel or brass die of a

particular geometry at a ram velocity of 0.5 mm/s. Ex-
trusions were then performed for the same material using
the Teflon die land of the same geometry, with the ram
velocity varied until the extrusion pressure matched that
in the reference. Table VII reports the ratio of ram ve-
locities used for Teflon over the steel/brass equivalent in
this ‘shear stress matching’ exercise. The die entry com-
ponent on the extrusion pressure will also increase with
ram velocity, but the m values in Table I indicate that
this contribution generally varies less strongly than the
die land shear stress component. The circular and square
dies required the same velocity increase for shear stress
matching, which could be related to the fact that the square
geometry is reasonably axisymmetric.

In many cases, the Teflon inserts eliminated GCF com-
pletely, as illustrated in Fig. 10. Signal processing con-
firmed the absence of periodic stress components. These
results indicated that the onset of fracture is not simply a
function of wall shear stress, rather that the response of
the material is dependent on geometry, wall interactions
and paste state.

4.5. Non-circular geometries

The use of die lands with corners in the duct cross-section
introduced a different form of fracture, described by Onda
and Hench [16] as ‘edge tearing’, ‘dog’s teeth’ or ‘feather
edging’. The corners act as stress concentrators and there-
fore represent fracture initiation sites. Fig. 11a shows edge
tearing in a square cross-section die, while Figs 11b and
¢ show acute cracking along the short side of a slot die
which we here term ‘fronding’. The latter image shows
that the periodicity of fracture on each side of the slot die
could vary independently. It is noteworthy that these ma-
terials exhibit little die swell: this is chiefly a crack onset
phenomenon.

As with circular dies, the depth of fracture was most
sensitive to the ram velocity. The average depth of
fracture was taken as the maximum extrudate width
(distance from tip of one ‘frond’ to the other) minus the
minimum extrudate width. The average depth of frac-
ture at low ram velocities, 0.5 mmy/s, was approximately
0.5 mm, which increased linearly to c. 2 mm when ex-
truded at velocities of 10 mm/s. No dependence on the die
land length was noted in terms of fracture occurrence for
both the square and slot dies.

As with circular dies, periodic stress components were
not evident in the STFT spectra for non-circular dies when

TABLE VII Shear stress matching conditions (Sanders-Hewett and

TABLE VI Parameter range in study of die land wall lubrication Davies [13])

Die geometry L (mm) VR (mm/s) Die geometry Teflon:Steel/Brass V Ratio
Circle (D = 6 mm) 6 0.5,1,5,10 Circle, L/D = 6/6 mm/mm 2.0

Slot (15 x 2 mm) 6 0.5,1,5,10 Slot, L = 48 mm 1.4

Slot (15 x 2 mm) 48 0.5,1,5,10 Slot, L = 6 mm 3.4

Square (5.5 x 5.5mm) 6 0.5,1,5,10 Square, L = 6 mm 2.0
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Figure 11 Tlustrations of fracture observed during ram extrusion of glucose
paste through (a) square die (5.5 x 5.5 mm); and (b) slot die (2 x 15 mm),
regular fracture, (c) slot die, irregular fracture and ‘fronding’.

no visible fracture was observed. Where fracture was ob-
served with square dies, peaks close to the Fo value were
observed but were occasionally masked by higher lev-
els of noise in the spectra. This is illustrated by Fig. 12
for notionally identical extrusions with the starch paste,
where Fo was c. 30 Hz. The base line noise in Fig. 12a
shows a slight decrease with increasing frequency as one
would expect for white noise, but with ® values signifi-

(b)

%4 26 28 30 32 34 36
® (Hz)
Figure 12 (a) & (b) Spectral density of starch paste extrusion data from

notionally identical tests when Fo ~ Fp ~ 30 Hz for square die (5.5 x
5.5 mm) showing different baseline behaviour. Conditions: Vg = 10 mm/s.

cantly greater than those in 12b and which almost swamp
the fracture peak. In both cases, the fracture was peri-
odic and was observed throughout the entire extrusion.
For non-circular dies, the corners acted as permanent
crack initiation sites and promoted GCF throughout the
extrusion.

As with circular dies, Fr correlated very closely with Fp
for the square dies. When it was possible to identify a peak
corresponding to the frequency of fracture, the temporal
behaviour in ag mirrored the trend reported above for
circular dies. Fig. 13 shows such a profile for a case with a
square die where fracture did cease during extrusion, after
c. 4 s. Continuous fracture was the norm, so removing
corners from die designs, or reducing their interaction
with the material, therefore appear to be logical methods
to avoid GCF in extruding complex shapes.

Data gathered from slot die experiments exhibited few
peaks in the frequency domain, as the ‘fronding’ observed
with these dies was not as periodic as in circular or even
square dies. It is noteworthy that the fronding was re-
stricted almost entirely to the shorter sides of the dies,
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Figure 13 Amplitude of periodic stress component for starch paste ex-
trusion through a 5.5 x 5.5 mm square die, when Fo ~ Fr ~ 30 Hz.
Conditions: Vg = 10 mm/s. Fracture ceased in this case after ~ 4 s. Solid
line indicates average periodic stress component, taken from complete FFT.

Fo (H2)

Figure 14 Comparison between observed fracture frequency (Fo) and peak
in frequency domain (F) for square (CJ) and slot (+) dies. Grey line: line
of equivalence. Glucose paste, various L/D and velocity values. The square
dies show a stronger correlation.

where the corners were closest, and would frequently vary
in nature between the different sides. The variability in
fracture periodicity resulted in considerable differences
between Fg and Fg values for slot dies, particularly at
low frequencies (and extrusion rates). This variation is
reflected in Fig. 14: there were distinctly different trends
for square and slot dies.

The use of Teflon inserts in the square and slot dies again
reduced the extent of fracture. With square dies, circum-
ferential cracking was usually eliminated, and fracture
restricted to a small region next to the corner (if any).
With the slot dies, the extent of fronding was less severe
and often more regular.

Calculation of the ‘defect frequency’ requires knowl-
edge of the appropriate length scale for the periodicity in
these systems. One candidate is the hydraulic diameter,
dy, given by 4 x (Ap)/C, possibly justified by GCF being
the result of a flow instability. Fig. 15 shows that dy gave a
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Figure 15 Comparison between observed frequency of fracture (Fp) and
defect frequency (Fp) calculated using hydraulic diameter as characteristic
length scale for ram extrusion with (a) square dies (5.5 x 5.5 mm) and (b)
slot dies (15 x 2 mm).

good correlation for the square (and round) dies, whereas
the slot dies did not show any systematic trend.

5. Conclusions

The phenomenon of gross circumferential fracture in the
ram extrusion of soft-solid pastes has been studied us-
ing a number of different paste materials across a range
of operating parameters known to give rise to fracture in
previous studies. When fracture did occur, the effects of
these operating parameters were broadly in line with pre-
viously reported results, in particular that short die lands
and high wall shear stresses promote fracture. For square
entry dies with circular and square die land cross sections,
the periodicity of the fracture planes exhibited a simple
relationship to the geometry, as reported by Domanti and
Bridgwater.

Insight into the mechanisms underlying GCF was pro-
vided by interrogation of the pressure signal measured
at the die in the frequency domain. Short Time Fourier
Transform techniques confirmed that the observed frac-
ture periodicity was accompanied by a distinct peak in



the power spectrum at the frequency corresponding to the
observed fracture frequency. False negatives were not ob-
served unless the signal to noise ratio was too small, such
that the noise masked the periodic component. A key fea-
ture was that periodic components were not observed if
fracture did not occur anywhere during an extrusion test,
but would continue to be detectable after fracture had oc-
curred, often in the initial states, but whenever GCF was
no longer visible. These effects, which were observed for
several pastes, indicate that this form of ram extrusion is
susceptible to a flow instability which will generate GCF
if the combination of shear stresses and material cohesion
(or other factor analogous to a fracture toughness) are suf-
ficient to induce cracking. The magnitude of the periodic
component was small compared to the stresses imposed
on the paste and exhibited a small frictional dependence.

Extrusion through non-circular dies was subject to frac-
ture initiated at the stress-concentration corners, such that
GCF was usually observed throughout an experiment. The
observed periodicity was again observed in the frequency
domain, and the length scale appropriate for the geome-
try criterion was found to be the hydraulic diameter for
square dies. A wide variation in fracture frequency was
observed with slot dies, including gross peeling and dif-
ferent periodicities for different sides, presumably due to
the separation of the corner zones. For cases of regular
fracture, the appropriate length scale for the geometric
criterion was found to be the hydraulic diameter.

The use of a lubricating die land surface, namely Teflon,
both decreased the wall shear stress in the die land and
reduced, and sometimes eliminated, the extent of frac-
ture. Teflon surfaces were not, however, able to suppress
fracture initiation at corners.

Nomenclature

Roman

Ag  Cross sectional area of barrel (m?)

Ap Cross sectional area of die land (m?)

Ap amplitude of periodic stress component (Pa)

C  Perimeter (m)

D Die land diameter (m)

Dg Barrel diameter (m)

dy Hydraulic diameter (m)

Fp Defect frequency (Hz)

Fr Frequency of periodic
frequency domain (Hz)

Fo Observed fracture frequency (Hz)

L  Die land length (m)

m  Die entry yield stress velocity index

n  Die land wall stress velocity index

N Length of data sub set

P

Ra

t

Vv

stress component in

Mean extrusion pressure (Pa)
Surface roughness (pm)
time (s)

Extrudate velocity (m s~!)

Vk  Ram velocity (m s~!)

Greek

a Die entry yield stress velocity factor (Pa (s m~!)™)
B Die land wall stress velocity factor (Pa (s m~')")
Yo Apparent wall shear rate (= 8x Vi /D) (s™1)

® Spectral density (Pa)

Ap Fracture period (m)

oo Die entry yield stress (Pa)

7o Die land wall yield stress (Pa)

Toff Effective die land wall shear stress (Pa)

6 Angle of fracture (°)

Appendix: Benbow-bridgwater characterisation

The rheological behaviour of the pastes undergoing extru-
sion was characterised by capillary rheometry following
the methodology described by Benbow and Bridgwater
[10]. In this approach, a series of ram extrusion tests
is performed through axisymmetric circular dies over a
range of different die land L/D ratios and mean die land
velocity V, and the force on the ram required to extrude
the paste is presented as the average ‘extrusion pressure’,
P. The data are then fitted to a 6-parameter equation, viz.:

D L
P=2 (00 +an)ln <30) + 4 (To +ﬂV") (5>
(A1)

In this model the dominant contributions are attributed
to plastic extension in the die entry (characterised by o,
« and m) and wall slip in the die land (characterised by
the parameters 7, 8 and n). A detailed critique of this
approach can be found in Blackburn et al. [24]. For non-
circular axi-symmetric dies as employed here, Benbow
and Bridgwater proposed a model for the extrusion pres-
sure, P, in terms of the cross-sectional area of the barrel,
Ag, die land, Ap and die land perimeter C of the form:

P = (0o +aV")In <ﬂ> +4 (10 + BV") (L'C)
Ap Ap
(A2)

Fig. A1 shows that this model gave reasonable agree-
ment for extrusion of the glucose paste through the non-
circular brass dies described in Table V. The paste pa-
rameters are reported in Table I and were obtained by
characterisation tests in axisymmetric circular die lands
with 2 < L/D < 16 [13].
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