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ABSTRACT: Paste extrusion experiments are reported
for three different polytetrafluoroethylene (PTFE) fine
powders using both capillary and annular dies having a
high reduction ratio (cross-sectional area of reservoir to
cross-sectional area of die at the exit) varied from 1000 up
to 4000. The extrusion pressure is reported as a function of
the apparent shear rate for various resins and dies. The ap-
proximate mathematical model for paste extrusion through
capillary dies developed by Ariawan et al. (Ariawan et al.,
Can Chem Eng J, 2002, 80, 1153) was used to describe the
experimental data by best fitting the five material constants

of the constitutive model. Using these constants, the model
developed by Patil et al. (Patil et al., AIChE J., 2006, 52,
4028) was used to predict the extrusion pressure for all
three resins in annular dies. The model predictions are
found to be consistent with experimental results and the
analogy between the rod and tube extrusion models is
demonstrated. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci
108: 1055–1063, 2008
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INTRODUCTION

In polytetrafluoroethylene (PTFE) paste extrusion,
fine powder of individual primary particles of diam-
eter about 0.20–0.25 lm is first mixed with a lubri-
cating liquid (lube) to form a paste.1,2 The paste is
consequently compacted at a typical pressure of
2 MPa to produce a preform of cylindrical shape
that is nearly free of air voids. The next step
involves loading the cylindrical preform into a ram
extruder at a temperature slightly above 308C where
PTFE particles become reasonably deformable.2

Extrusion through annular or capillary dies produces
strong extrudates due to the structure formation
through fibrillation of individual particles. This is
usually followed by the evaporation of the lubricant
by passing the extrudates through an oven. Sintering
at high temperatures (3808C) is necessary when
full strength and porosity elimination are required
for processes such as wire coating and tube fabrica-
tion.2–4

Numerous constitutive models have been devel-
oped for flows of viscoelastic materials, such as
polymer melts,5 solids under plastic deformations,6

and elastic–plastic materials that exhibit strain hard-
ening as in the case of metal forming or wire draw-
ing.7 The empirical equation suggested by Benbow
and Bridgwater3 has been proven to be a good
model; however, it cannot predict the effect of die
entrance angle on the extrusion pressure of PTFE
paste, although it works quite well for other pasty
materials.8–11 Because of its empirical nature, modifi-
cations of any theoretical significance are also diffi-
cult to incorporate. An improved analytical model
for orifice extrusion of visco-plastic materials has
recently been proposed.12 Because of structure for-
mation (fibrillation), strain hardening effects are
obtained at high contraction angles during PTFE
flow and, therefore, these models (Benbow and
Bridgwater3 and Basterfield et al.12) are not suitable
for PTFE paste flow through cylindrical and annular
dies.

Ariawan et al.4 have proposed a visco-plastic
model to predict the dependence of extrusion pres-
sure on die geometrical parameters for rod extru-
sion. This approximate model successfully captures
the nonmonotonic dependence of extrusion pressure
on die entrance angle and other geometrical charac-
teristics of the cylindrical die. Its derivation is based
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on the radial flow hypothesis (RFH), whose validity
has been demonstrated experimentally.4,13 Although
this model does not explicitly predict micromechani-
cal details of the extrudates, it describes the extru-
sion pressure as a function of the geometrical para-
meters of cylindrical dies very well and, therefore, is
very useful in die design.4 A similar approach has
been adopted by Patil et al.14 to propose a model for
the dependence of extrusion pressure in tube extru-
sion (annular flow).

The main objective of the present work is to dem-
onstrate the consistency of the two models in
describing PTFE paste extrusion through both capil-
lary and annular dies. Experiments are performed
using various PTFE powders and a variety of capil-
lary and annular dies having various geometrical
characteristics. The material constants are deter-
mined from capillary extrusion experiments and
consequently are used to predict the extrusion pres-
sure in annular flow. The consistency between the
model predictions and the experimental results and
between the two models is demonstrated.

The organization of this article is as follows. First,
the two models for capillary and annular PTFE paste
flow are presented. The experimental results for
three PTFE powders are presented in detail using
both capillary and annular dies. Then, the experi-
mental results are compared with the two models in
a way described earlier to demonstrate their consis-
tency. Finally, a short summary of the results con-
cludes the article.

MATERIAL AND EXPERIMENTAL
PROCEDURES

Materials

Three different PTFE fine powder resins were used
to compare their performance in paste extrusion.
These are listed in Table I along with some physical
properties such as density and particle size. All three
of them are copolymers (resin A and B contain the
same comonomer) with A to be of higher molecular
weight compared to B.

The lubricant used to prepare the pastes was Iso-
par1 K obtained from ExxonMobil and used as
received without any further purification. This lubri-

cant is a colorless isoparaffinic fluid, with a surface
tension of 0.0259 N/m, density of 760 kg/m3, and
viscosity of 0.00139 Pa s, at room temperature.

Paste preparation

The PTFE pastes were prepared as follows. First, the
fine powder was mixed slowly with the appropriate
amount of the processing aid to produce a paste of
18 wt % (38.8 vol %) in lubricant. Consequently, the
paste was continued to be mixed in a thoroughly
sealed rotating jar mill at low speed for a few hours.
Finally, before testing, the paste was aged for 24 h at
room temperature in a sealed jar to avoid lubricant
evaporation.

Experimental procedure

A Universal Testing Machine (UTM) was used for
both the preforming and extrusion experiments. The
UTM comprised of a load cell of capacity 222,687 N
(maximum load) attached to a motor driven cross
head. After the preparation, the paste was pre-
formed into a cylindrical billet by first placing it into
a barrel of diameter equal to 2.54 cm with four heat-
ing zones to keep the temperature uniform. A blank
die was used for the preforming stage. A pressure of
2 MPa was applied for 30 s to remove the air voids
and to produce a cylindrical billet of good dimen-
sional stability. It has been concluded from previous
studies that such conditions can remove the air and
significantly reduce the voids from the paste.4,14–16

Upon the completion of preforming, the blank
die was replaced either by a cylindrical die or an an-
nular die and extrusion then proceeded at various
piston speeds that resulted into different shear rates.
All extrusion experiments were carried out at
the temperature of 358C. After the extrusion experi-
ments, extrudates were collected and dried at
100–1208C under vacuum for about 24 h for further
examination i.e. mechanical properties are of no con-
cern in the present article.

Dies used

The capillary (cylindrical) dies used for extrusion
were all made of stainless steel. The entrance angle
of all dies used was 408. Dies having various length-
to-diameter ratios, L/Da, were also used to assess
the effect of L/Da; dies having L/Da 5 0, 5, 10, 20,
and 30 were constructed for this purpose. In this
work, the effect of the high reduction ratio on the
extrusion pressure was assessed; three reduction
ratios were used, namely, 1000, 2500, and 4000. The
geometry of the cylindrical die is defined by die
reduction ratio, RR 5 (Db/Da)

2, die length to dia-
meter ratio (L/Da), die entrance angle (2a) as shown
in Figure 1(a). Dies with three different die land

TABLE I
PTFE Powders Used in this Work

Sample Comonomer SSG Bulk density D50

A PFMD/PFP 2.166 450 577
B PFMD/PFP 2.162 460 634
C PFP 2.164 454 637

PFMD, perfluoromethoxydioxole; PFP, perfluoropropene;
D50 is the particles’ dimension at which 50% of the powder
is below and 50% is above.

1056 PATIL ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



diameters (Da) were used to achieve the reduction
ratios of 1000, 2500, and 4000.

PTFE fine powder resin was extruded in a tube
shape by using concentric dies. The concentric die
comprises of an outer fixture with fixed dimensions
shown in Figure 1(b). The main dimensions of the
tube die are: entrance angle of 2a 5 408 and length
to diameter ratio, L/Da. This outer die can accommo-
date different inserts to produce tubes with different
thickness and inner diameter. In this study, two dif-
ferent inserts were used producing reduction ratios,
defined by RR � ðD2

b �D2
mÞ=ðD2

a �D2
pÞ of 352 and

1000 as shown in Figure 1(b). A picture of the annu-
lar die is seen in Figure 2. The insert is supported on
the outer tube by the spider arms [see also Figure
1(b)]. These spider arms provide additional resist-
ance to flow (extra pressure drop) which could not
be assessed experimentally. This excess pressure
drop due to spider arms will be discussed below
when the experimental results are compared with
the model predictions.

The extrusion results are presented as extrusion
pressure versus apparent shear rate, _gA. For a cylin-
drical die, it is defined as _gA � 32Q=pD3, where Q is
the volumetric flow rate and Da is the diameter of
the die at the exit. The apparent shear rate for an an-
nular die, _gAt, can be estimated by approximat-
ing the tube by a slit die yielding the following
expression:

_gAt ¼
6Q

p Db=2þDp=2
� �

Db=2�Dp=2
� �2 (1)

where Db is diameter of the capillary and Dp is the
diameter of the insert’s tip at the exit.

MATHEMATICAL MODELS

The model for PTFE paste flow through cylindrical
dies (Ariawan et al.4) and annular dies (Patil et al.14)

is discussed below.

Cylindrical dies

The model which predicts the dependence of extru-
sion pressure on die geometrical parameters for rod
extrusion was developed by Ariawan et al.,4 based
on an earlier development by Snelling and Lontz.13

Both developments are based on the assumption that
the paste obeys the following approximate, one-
dimensional constitutive equation:

r ¼ Cgnmax þ h _gmmax (2)

where r is the shear stress, C, h, n, and m are the
material parameters and gmax, _gmax denote the maxi-
mum strain and strain rate, respectively. Using this
constitutive model, Ariawan et al.4 have derived the
following capillary flow model which can be used
for rod extrusion:

Figure 1 Schematic of (a) Cylindrical die for rod extru-
sion and (b) annular (cocentric) die for tube extrusion.

Figure 2 (a) A picture of the two inserts with the spider
arms to support them at the inside of the die and (b) The
die with the insert inside.
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Prod ¼ rrb ¼ rraRR
B1 þ 2 1þ B1ð Þ

3 C
Db

2 sina

� �� 2B1
Z

b¼ Db
2 sina

a¼ Da
2 sina

3 ln rb=rð Þð Þn
r2Bþ1

dr

þ h

3mþ 2Bð Þ
12Q sin3 a

p 1� cosað ÞD3
b

 !m

ðRRB1þ3m=2 � 1Þ
)
;

ð3Þ

where Prod is the extrusion pressure through capil-
lary dies [see Fig. 1(a)] f is the friction coefficient,
and B1 � f sina=2 1� cosað Þ. Moreover, the following
equations are needed to fully define the model.

rra ¼ �rzo ¼ �N1ðe�4fL=eDa � 1Þ þ rzLe
�4fL=eDa (4a)

�N1 ¼ C
3

2
ln RRð Þ

� �n

þh
12Q sin3 aRR3=2

p 1� cosað ÞD3
b

 !m

: (4b)

Annular dies

Similarly, Patil et al.14 have developed a model for
tube extrusion in annular dies [see Fig. 1(b)] with a
contraction angle of 2a, initial external and internal
diameters of Db and Dm, respectively and final exter-
nal and internal diameters of Da and Dp respectively
and a land length of L. The same constitutive equa-
tion has been used and therefore the material con-
stants C, h, n, and m of Eq. (1) have the same meaning
in both capillary and annular flow models. The fol-
lowing tube flow model has been developed by Patil
et al.14:

Ptube ¼ rrb ¼ rraRR
B2 þ 2 1þ B2ð Þ C

Db

2 sina

� �� 2B2

3

Z
b¼ Db

2 sina

a¼ Da
2 sina

3 ln rb=rð Þð Þn
r2B2þ1

dr þ h

3mþ 2B2ð Þ

3
12Q sin3 a

p cosX� cosað ÞD3
b

 !m

RRB2þ3m=2 � 1
� �)

; ð5Þ

where the volumetric flow rate for annular dies is
Q � p=4ð Þ D2

b �D2
m

� �
V, B2 � f sinXþ sinað Þ= 2 cosX�ð

cosaÞ and X ¼ tan�1ðDm=Db tanaÞ. Finally, the fol-
lowing two equations are needed to define fully the
flow model.

rra ¼ �rzo ¼ �N1aðe�4fL=eDa � 1Þ þ rzLe
�4fL=eDa (6a)

�N1a ¼ C
3

2
ln RRð Þ

� �n

þ h
12Q sin3 aR3=2

p cosX� cosað ÞD3
b

 !m

:

(6b)

RESULTS AND DISCUSSION

Paste extrusion through capillary dies

Figure 3 depicts transient paste extrusion experimen-
tal runs for pastes prepared with resin B and various
concentrations of Isopar1 K, namely 17 (36.6), 18
(38.8), 18.5 (40), 19 (41), 19.5 (42), and 20 (43) wt %
(vol %) at the apparent shear rate of 2112 s21 using
a capillary die. All transients exhibit three zones
which have been discussed extensively else-
where.16,17 Initially, the pressure increases and goes
through a maximum while during this period there
is very little flow (zone I). This is due to jamming of
the paste at the contraction zone of the die. Once the
structure breaks due to applied pressure, flow starts
and as a result decreases to its steady-state value
(zone II). At the end of the experimental run and
due to liquid migration the paste has become rela-
tively dry and as a result the pressure increases
slightly (zone III).

The results plotted in Figure 3 indicate that the
extrusion pressure is very sensitive to the amount of
lubricant concentration. In fact, the extrusion pres-
sure significantly decreases with increase in lubricant
concentration. For example, an increase in concentra-
tion from 17 (36.6) to 20 (43) wt % (vol %), causes a
decrease of pressure from about 50 MPa to about 10
MPa, that is a reduction of 40 MPa (80%). Therefore,
it is expected that a small variability of the concen-
tration within experimental error might cause a
measurable effect in terms of extrusion pressure. In
addition, a higher amount of lubricant makes it diffi-
cult to obtain a steady-state pressure due to case of
lubricant migration. The steady-state is obtained
only over a short period of time for high amount of
lubricant. On the other hand, lubricant amounts of
17 (36.6) and 18 (38.8) wt % (vol %) stabilize the
extrusion pressure over longer periods of time.

Figure 3 Transient paste extrusion experiments for pastes
prepared with resin B containing different lubricant con-
centration at the shear rate of 2112 s21.
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Figures 4–6 depict the results for the three resins
A, B, and C, respectively. The extrusion pressure is
reported as a function of the apparent shear rate for
three different reduction ratios of RR 5 1000, 2000,
and 4000. First, the extrusion pressure increases
significantly with increase of the reduction ratio,
roughly by 50% from 1000 to 2500 and by more than
100% from 1000 to 4000. Resins A and C are
extruded at about the same levels of pressure,
whereas resin B is extruded at relatively smaller
ones. This is due to the higher molecular weight of
powder A4. The effect of the apparent shear rate on
the extrusion pressure is less dramatic and in many
cases insignificant.4,15,16 The lines in Figures 4–6 are
model [eq. (3)] fits which are discussed below.

Figure 7 shows the effect of length-diameter ratio,
L/Da, of the die on the extrusion pressure. Dies with

different land length were used to extrude the paste.
For each die, the paste was extruded at different
shear rates and representative results are plotted in
Figure 7 for several L/Da values for all three resins
at the apparent shear rate of 8333 s21. The reduction
ratio was kept fixed at 2500 for these cases. The dif-
ference in the extrusion pressure between the two
groups of resins is evident again. Resins A and C
extrude at higher pressures compared to resin B.
Similar results were obtained at other apparent shear
rate values.

Figure 8 shows the effect of the reduction ratio on
extrusion pressure of pastes extruded at the same
shear rate of 8333 s21. It is possible to see how the
extrusion pressure increases nonlinearly with an
increase in the reduction ratio at a given apparent
shear rate. The same picture is obtained for many
other values of the apparent shear rate. As discussed

Figure 4 The effect of apparent shear rate on the extru-
sion pressure of PTFE (Resin A) paste for cylindrical dies
having a different reduction ratio (rod extrusion). Solid
lines represent the fits of eq. (3).

Figure 5 The effect of apparent shear rate on the extru-
sion pressure of PTFE (Resin B) paste for cylindrical dies
having a different reduction ratio (rod extrusion). Solid
lines represent the fits of eq. (3).

Figure 6 The effect of apparent shear rate on the extru-
sion pressure of PTFE (Resin C) paste for cylindrical dies
having a different reduction ratio (rod extrusion). Solid
lines represent the fits of eq. (3).

Figure 7 The Effect of L/Da ratio on the extrusion pres-
sure of pastes prepared with different resins and extruded
at the apparent shear rate of 8333 s21 (rod extrusion). Con-
tinuous lines represent the fits of eq. (3).
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earlier, the continuous lines represent model [Eq.
(3)] fits to the experimental data.

Paste extrusion through annular dies

Figures 9 and 10 plot the extrusion pressure for resin
A, B, and C in tube extrusion for reduction ratios of
352 and 1000, respectively, at a given L/Da ratio of
20 and contraction angle of 408 for several apparent
shear rate values. The effect of apparent shear rate
on the extrusion pressure is small. The small
decrease of extrusion pressure at small apparent
shear rates (Fig. 9) is due to lubricant migration
which is facilitated due to long times of extrusion.
Resins A and C extrude at higher pressures com-
pared to resin B as was the case in the extrusion
through capillary dies. Moreover, the extrusion pres-
sure in annular dies is considerably higher than
those in capillary at given L/Da ratio, apparent shear

rate, reduction ratio, and contraction angle. The con-
tinuous lines are model [eq. (5)] predictions as
opposed to the lines in Figures 4–7 which are model
fits. This is discussed in the following section.

Model predictions and comparison
with experiments

In this section, the models for paste extrusion
through capillary and annular dies, that is eqs. (3)
and (5), respectively, are compared with the avail-
able experimental results. Both models are based on
the ‘‘approximate,’’ one dimensional constitutive Eq.
(2) and therefore, include the same material parame-
ters. The idea is to first fit the model parameters
using the experimental data for the extrusion
through capillary dies and then use the parameters
to predict the extrusion pressure through annular
dies. The dependence of the extrusion pressure on
the apparent shear rate, the die entrance angle (2a),
and the die reduction ratio (RR) will be discussed in
detail to demonstrate the consistency of the models.

The material parameters C, n, h, m, and f of eq. (3)
are evaluated by fitting the model to experimental
data for resins A, B and C plotted in Figures 4–7. In
fact more data have been used not presented here
for the sake of simplicity. The calculated model pa-
rameters C, n, h, m and f are determined by nonlin-
ear dynamic optimization using a Gauss-Newton
iterative algorithm that minimizes the objective func-
tion. The objective function in the present study has
a form of:

SSE ¼ 1

N

XN
i¼1

Pexp � Pcalc

Pexp

 !2

(7)

where SSE is the sum of squares error.

Figure 8 Effect of reduction ratio on the extrusion pres-
sure of paste prepared with different resins and extruded
at an apparent shear rate of 8333 s21 (rod extrusion). Con-
tinuous lines represent the fits of eq. (3).

Figure 9 The effect of apparent shear rate on the extru-
sion pressure of three PTFE pastes extruded through an
annular die having a reduction ratio of 352 (tube extru-
sion). Continuous lines represent the fits of eq. (5).

Figure 10 The effect of apparent shear rate on the extru-
sion pressure of three PTFE pastes extruded through an
annular die having a reduction ratio of 1000 (tube extru-
sion). The continuous lines represent the predictions of
eq. (5).
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The values of the parameters are listed in Table II
for the three resins. To make sure that the global
minimum has been achieved during nonlinear
parameter estimation, the sensitivity analysis is per-
formed.18 Sensitivity analysis is applied to each of
the five estimated parameters by means of perturba-
tion of the parameter value (keeping the other pa-
rameters in their estimated values). Perturbations are
preferable done in the range of 6 20%. For each per-
turbation in the parameter values the objective func-
tion is reevaluated and then for each parameter the
perturbation percentage is plotted against the corre-
sponding value of the objective function. If all per-
turbations in all the parameters give the minimum
of the objective function with their original values
(0% perturbations), then the global minimum has
been achieved. On the contrary, if at least one pa-
rameter does not give the same minimum as the
others at 0% perturbation, that means poor nonlinear
parameter estimation. In the present study, it is
clearly seen from Figure 11 that the estimated pa-
rameters are the optimum since at 0% perturbation
the SSE is the minimum. It is also seen that the
model predictions are very sensitive to parameters n
and m as compared to C, h, and f.

Overall, the model describes the data reasonably
well both quantitatively and qualitatively predicting
the correct trends. These trends include increase of
pressure with increase of apparent shear rate, L/Da

ratio, and reduction ratio. The model predicts cor-
rectly the nonmonotonic variation of pressure with
contraction ratio (existence of a minimum at contrac-
tion angles between 208 and 408 depending on the
resin), a trend not presented here as this has been
published and discussed extensively elsewhere.4,14,16

Figures 9 and 10 depict the extrusion pressure for
resins A, B, and C in tube extrusion for reduction
ratios of 352 and 1000, respectively. The lines indi-
cate model predictions for tube extrusion using the
model parameters calculated before. As expected,
the extrusion pressure in annular dies is higher than
in cylindrical dies under comparable conditions.
This is mainly due to the presence of the additional
wall surface area within the annular die. The model
overall under predicts the experimental data in all
cases although as will be discussed here the pre-
dicted trends are correct. One reason for the under
prediction is that the experimental data includes
the additional excess pressure due to the presence of
the spider arms (see Fig. 2). This additional pressure
drop could not be assessed independently.

Figure 12 shows the model predictions for the de-
pendence of extrusion pressure on the die reduction
ratio for annular die using the parameters for the
three resins. The reduction ratio of the die is
increased by decreasing the diameters Da and Dp for
the annular die. The nonlinear dependence of extru-
sion pressure on the die reduction ratio is clearly
seen from the model predictions; however similar
behavior could not be confirmed from the experi-
ments due to lack of experimental data.

Finally, Figure 13 compares the model prediction
with experimental results for the dependence of the
extrusion pressure on the die L=ðDa �DpÞ ratio in the
case of annular dies. The extrusion pressure linearly

TABLE II
Values of Material Constants and Coefficient of Friction
Needed in Eq. (3) to Predict the Extrusion Pressure for

Paste Flow in Cylindrical and Annular Dies

Resin C (MPa) n h (MPa s) m f

Resin A 1.26 3 1021 2.31 1.343 1023 1.36 0.01013
Resin B 9.81 3 1022 2.26 4.063 1023 1.22 0.0193
Resin C 1.11 3 1022 2.15 7.683 1024 0.91 0.0281

Figure 11 Sensitivity analysis of estimated parameters for
the rod extrusion model [eq. (5)].

Figure 12 The effect of the die reduction ratio (RR) on
the extrusion pressure of three PTFE pastes extruded
through annular dies of two different reduction ratios
(tube extrusion). Continuous lines represent the fits of
eq. (5).
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increases with L=ðDa �DpÞ ratio as shown in Figure
13 with almost the same trend for all resins (similar
dependence in the case of capillary dies, see Fig. 7).
Note the small value of the friction factor, f, which
implies that the pressure drop in the die land is
much smaller compared to that in the conical zone.
This is reasonable due to the presence of the lubri-
cant. Most of the resistance to flow occurs in the
contraction area. In spite of the presence of lubricant
at the solid walls, considerable energy is consumed
in the deformation of the paste elements as they
accelerate given that the presence of fibrils contrib-
ute tremendously in this deformation.

Overall the agreement between the model predic-
tions and experimental analysis is good, and indi-
cates that the model of eqs. (3) and (5) can be used
to describe paste extrusion in both cylindrical and
annular dies.

CONCLUSIONS

The paste extrusion behavior of three PTFE powders
at high reduction ratios was examined using both
capillary and annular dies having a variety of geo-
metrical characteristics such as length-to diameter
ratios, and reduction ratio. Based on these experi-
mental results, the validity of a flow model for tube
paste extrusion proposed by Patil et al.14 was dem-
onstrated. First, the model for rod extrusion pro-
posed by Ariawan et al.4 was used to determine the
material parameters by fitting the model to experi-
mental results. Consequently, the predictions of the
tube extrusion model proposed by Patil et al.,14 were
compared with experimental data. It was demon-
strated that the model successfully predicts at least
qualitatively and to a certain extent quantitatively

the dependence of extrusion pressure on apparent
shear rate, reduction ratio and length-to-diameter
ratio of the annular die.

A final comment relates to the limitations of this an-
alytical model. While the extrusion pressure can be
predicted well as a function of the operating parame-
ters and the geometrical characteristics of the dies, the
material’s structure (fraction of fibrillated domains), is
not explicitly calculated. For these cases, a numerical
algorithm and the use of a more sophisticated flow
model has been proposed in the literature.19

NOMENCLATURE

B1 model parameter defined as f sina=2
1� cosað Þ

B2 model parameter defined as f ðsinXþ sinaÞ=
2 cosX� cosað Þ

C proportionality constant for the elastic
term in eq. (2), Ludwik’s power law
model20

Da die exit diameter
Db die entrance diameter
Dm mandrel diameter at the inlet of the an-

nular die
Dp mandrel diameter at the exit of the annu-

lar die
E Young’s modulus of elasticity
f Coulomb’s law coefficient of friction,

between PTFE paste and die wall
L length of die land
m power law index for the viscous term of

the eqs. (3) and (5)
n power law indices for the elastic term of

eqs. (3) and (5)
N1, N1a first normal stress difference. N1a is the

first normal stress difference calculated
at the exit of the die

PExtrusion Extrusion Pressure
Prod rod extrusion pressure
Prod tube extrusion pressure
Q volumetric flow rate.
RFH ‘‘radial flow’’ hypothesis
RR die cross-sectional reduction (contraction)

ratio
SSE sum of squares error
T time

Hellenic characters

a half die entrance angle
_gAt apparent shear rate for tube extrusion
_gA apparent shear rate
gmax; _gmax maximum strain and strain rate, respec-

tively. Maximum strain is defined as the
difference of strains in the first two prin-
cipal directions

Figure 13 The effect of die length-to-diameter ratio,
L=ðDa �DpÞ, on the extrusion pressure of three PTFE
pastes extruded through an annular die having an
L=ðDa �DpÞ 5 20 (tube extrusion). Continuous lines repre-
sent the fits of Eq. (5).
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e; _e strain and strain rate, respectively
h viscosity coefficient
r total stress
rra stress at the exit of the conical section of

the die
rzo stress at the entrance of the die land
rzL stress at the exit of the die land
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