
Melt-Processable Poly(tetrafluoroethylene)

Theo Tervoort,* Jeroen Visjager, Brian Graf, and Paul Smith

Department of Materials, Institute of Polymers, Eidgenössische Technische Hochschule (ETH) Zürich,
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ABSTRACT: The identification of a window of viscosities of poly(tetrafluoroethylene)s is described that
permits standard melt-processing of this unique polymer into mechanically coherent, tough objectssa
polymer that, heretofore, has been characterized as “intractable” and “not melt-processable”.

Introduction

Conventional and textbook wisdom asserts that poly-
(tetrafluoroethylene) [PTFE],1 a polymer with unique
chemical and thermal resistance and surface properties,
cannot be processed from its molten state into useful
articles (e.g., refs 2-8). Hence, products of this material
are made through elaborate, shape- and form- restric-
tive manufacturing techniques that, for example, re-
semble those employed for metals and ceramics, such
as powder compaction followed by sintering and ma-
chining, or by ram- and paste-extrusion, suspension
spinning, direct plasma polymerization, etc. (cf. the
excellent overview in ref 2).

The “intractability” of common PTFE originates in the
ultrahigh molar mass (estimated to be >107 g/mol) and
associated extraordinary high melt viscosity (>1011 Pa‚
s) that is stated9 to be required for this polymer to
exhibit useful mechanical properties.

This perceived drawback of PTFE has been noted
virtually since its invention in 1938.10 From that time
on, methods have been advanced to circumvent the
purported intractability of this polymer. For instance,
a variety of comonomers have been introduced in the
PTFE macromolecular chains for this purpose, to form
copolymers of lower molar mass and reduced viscosity
while maintaining adequate mechanical properties.
Examples of such copolymers are those comprising
hexafluoropropylene (FEP), perfluoro(alkyl vinyl ether)s
(PFA’s), or perfluoro-(2,2-dimethyl-1,3-dioxole) (Teflon
AF).2-4,11 Most of these lower molar mass copolymers,
indeed, display improved processability and can be
shaped with techniques commonly used for thermoplas-
tic polymers. However, a penalty is paid in terms of
some or many of the outstanding properties of the
homopolymer PTFE, e.g., reduced melting temperature,
compromised thermal and chemical stability, etc.

There exist commercial PTFE grades of low molar
mass and low viscosity, most often produced by scission
of the high molar mass form by γ or electron beam
irradiation.2 These gradesscommonly referred to as
micropowderssare stated to have molar masses in the
range from 2.5 × 104 to 2.5 × 105 g/mol and are widely
used as additives in inks and coatings and in thermo-
plastic and other polymers to incorporate nucleation,
internal lubrication, or other desirable properties that
stem from the unique physicochemical properties of
PTFE.2 As also shown hereafter, these commercially
available low molar mass PTFE grades unfortunately

generally exhibit extreme brittleness in their solid form
and are categorized as not suited for application as
thermoplastic materials.12

Here, we report the identification of a window of
medium polymer viscosities/molar masses that permits
ordinary melt-processing of PTFE into objects with
mechanical properties not unlike those of high-density
polyethylenes (HDPE). This finding allows the fabrica-
tion of a broad spectrum of entirely new products, as
well as compounding and recycling, of this unique
material.13

Experimental Section

Materials. Various grades of PTFE, purchased from Du
Pont (Teflon, Zonyl), Ausimont (Algoflon), and Dyneon, were
analyzed and employed in this work.

Methods. Because of the well-known difficulties in deter-
mining molar mass distributions of PTFE,2,14 we adopted the
common method of measuring the melt flow rate (MFR) for
an initial evaluation of the various materials. These MFR
values were measured, in accordance with ASTM Standard
D1238-88, at a temperature of 380 °C and under a load of 21.6
kg during a maximum extrudate collection time of 1 h using
a Zwick 4106 instrument. For more accurate analysis, rheology
(previously demonstrated to be useful15) was selected as a tool;
linear viscoelastic characteristics such as the absolute value
of the complex shear viscosity and the shear storage modulus
were determined to characterize the different polymer grades.
These values were measured from small-amplitude oscillatory
shear experiments (Rheometrics mechanical spectrometer
RMS 800) at 380 °C for several frequencies between 100 and
10-2 rad/s, using standard plate-plate geometry. The linear
range was estimated from strain-sweep experiments at
100 rad/s. Thermal analysis was conducted with a Netzsch
differential scanning calorimeter (DSC, model 200). Samples
of about 5 mg were heated at a standard rate of 10 °C/min.
Melting temperatures given hereafter refer to the endotherm
peak temperatures of once molten (at 380 °C) and cooled (at
10 °C/min) material. Enthalpies of fusion were determined of
the same specimen, and crystallinities were calculated adopt-
ing the value of 102.1 J/g for 100% crystalline PTFE.16 Tensile
tests were carried out at room temperature with an Instron
tensile tester (model 4411) using dumbbell-shaped specimens
of 12 mm gauge length, 2 mm width, and different thickness.
The cross-head speed was 12 and 500 mm/min, which corre-
sponds to linear strain rates of respectively 1 and 40 min-1.

Results and Discussion

Table 1 presents an overview of the melting temper-
atures, enthalpies of fusion, and calculated crystallini-
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ties of the various commercial grades of PTFE that were
melted at 380 °C and recrystallized by cooling at 10 °C/
min, as well as values of their melt flow rate.

All these materials were examined in terms of their
“melt processability” and mechanical characteristics.
Melt compression molding experiments were performed
at 380 °C with a Carver press (model M, 25 T) for 5
min at 1 metric ton and 10 min at 10 ton and then cooled
to room temperature for 4 min at 4 ton into plaques of
about 4 × 4 × 0.1 cm and films of a thickness of about
0.25 mm. In addition, extrusion was conducted with a
laboratory, recycling twin-screw extruder (MicroCom-
pounder, DACA Instruments, Santa Barbara, CA), the
temperature of which was kept at 380 °C, and that was
equipped with an exit die of 2 mm diameter (entrance
angle 90°). The residence time was 10 min at 75 rpm,
after which the material was discharged. It was found
that, under the present processing conditions, PTFE
grades I-X yielded brittle products, most of which could
not be removed from the mold or collected as extrudates
without fracture. Because of their high viscosities, PTFE
grades XI-XIII could not be extruded without melt
fracture or compression molded into homogeneous,
defect-free plaques or films with the equipment and
under the conditions described above.

We thus established the range of the values of the
MFR values outside which, under the present experi-
mental conditions, PTFE is either poorly or not “melt-
processable” (<0.2 g/10 min) or yields brittle products
(>2.6 g/10 min) and within which this material possibly
could be processed from the melt.18,19

In the absence of facilities and expertise to synthesize
poly(tetrafluoroethylene)s, we opted for creating PTFE
of intermediate viscosities and MFR values within the
above referred regime through blending of grades of
(too) high and (too) low viscosity, thereby producing
polymers of pseudobimodal molar mass distributions.

For this purpose, various amounts (total batch quan-
tities 5-7 g) of PTFE grades IX and XI, IX and XII, V
and XII, and VII and XIII were introduced into the

laboratory, recycling twin-screw extruder, the temper-
ature of which was kept at 380 °C. Mixing was contin-
ued for 10 min at 75 rpm, after which the blended
product was discharged. Again, values of the MFR of
the different blends were determined according to the
standard procedure. Table 2 is an illustrative summary
of the variety of combinations of PTFE blends that were
produced, characterized by an MFR value within the
desired range.

Employing the above equipment and experimental
conditions, all these (blended) PTFE materials were
melt compression molded into plaques and films and
spun into monofilaments (cf. Figure 1) without difficulty.
The samples we produced were found to be mechanically
coherent and tough, and their mechanical properties
were measured according to the standard methods
described above. Typical stress-strain curves of melt
compression molded PTFE films (thickness 0.25 and 1
mm; here of the blend V + XI of MFR ) 0.7 g/10 min
(Table 3)) are presented in Figure 2a,b; also shown for
comparison purposes is the stress-strain curve of a
sample of commercial, preformed/sintered, and skived
film (Lubriflon; Angst + Pfister, AG; 0.4 mm thickness)
(c). Figure 2 shows that the new, melt-processed PTFE
films have the typical deformation properties of a
thermoplastic, semicrystalline polymer with a distinct
yield point, strain softening, and subsequent strain
hardening. The mechanical characteristics of the melt-
processed (Figure 2a) and skived film were respec-
tively: yield stress 12.6 and 12.8 MPa; nominal tensile
strength 15.4 and 46.1 MPa; strain at break 293% and
477%. The present filmssformed by simple melt
processingsthus exhibited mechanical properties that
approach those for the laboriously produced commercial
product. Importantly, the mechanical properties of the

Table 1. Selected Characteristics of Different
Commercial Grades of Poly(tetrafluoroethylene)

PTFE grade
Tm

a

(°C)

enthalpy
of fusion

(J/g)
crystal-

linityb (%)
MFRc

(g/10 min)

I Zonyl MP 1200 325.9 66.2 64.8 .1000
II Zonyl MP 1100 325.0 68.6 67.2 >1000
III Zonyl MP 1600N 329.0 70.3 68.9 150
IV Dyneon 9207 329.8 66.5 65.1 55
V Zonyl MP 1000 329.3 60.7 59.5 52
VI Dyneon 9201 330.5 62.2 60.9 22
VII Zonyl MP 1300 329.9 61.8 60.5 10
VIII Algoflon F5A EX 330.7 63.0 61.7 9
IX Zonyl MP 1400 330.8 58.5 57.3 2.8
X Algoflon L206 332.3 62.1 60.8 2.6
XI ZonylMP 1500Jd 327.5 45.1 44.2 0.2
XII Dyneon TFM 1700e 327.0 27.0 27.6 0.0
XIII Teflon 6 328.6 34.4 33.7 0.0

a All grades exhibited the well-know thermal transitions around
room temperature,17 typical of PTFE, and only one main melting
endotherm at the peak temperatures Tm. b Crystallinity: from the
enthalpy of fusion of once-molten polymer; assuming 102.1 J/g for
100% crystalline PTFE.16 c MFR: melt flow rate, ASTM Standard
D1238-88, at 380 °C and under a load of 21.6 kg. d Infrared
spectroscopy (method according to ref 18) revealed that this
material contained a minor amount (<0.5 mol %) of a comonomer
what appears to be hexafluoropropylene. e According to the manu-
facturer,9 this material contains a minor amount (<0.1 mol %) of
the comonomer n-perfluoropropylvinyl ether.

Figure 1. Photographs of melt compression molded tensile
bars of poly(tetrafluoroethylene) blend V + XI of MFR ) 0.7
g/10 min (Table 3): (a) undrawn; (b) drawn, note the macro-
scopic “neck”; (c) drawn four times at room temperature; and
melt-extruded monofilament (d).

Table 2. Compositions and Melt Flow Rates of Selected
Poly(tetrafluoroethylene) Blends

PTFE
grades

weight
ratio

MFR
(g/10 min)

PTFE
grades

weight
ratio

MFR
(g/10 min)

IX + XI 25-75 1.2 VII + XIII 60-40 1.8
IX + XI 10-90 0.8 VII + XIII 50-50 0.8
V + XII 60-40 0.8 VII + XIII 45-55 0.6
IX + XII 60-40 0.4
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melt-processed films were not affected by storage for
prolonged periods of time (>12 h) at temperatures of
250 °C; their strain and stress at break were within
experimental error identical to the respective values of
the nontreated films.

For more detailed rheological, processing, and me-
chanical studies, somewhat larger quantities were
prepared of a series of blends of PTFE grades V and
XI. The latter material of MFR 0.2 g/10 min was selected
as the “high molar mass” component rather then XII or
XIII (both of MFR ) 0.0 g/10 min), to promote mixing
on a molecular level, which is known to be increasingly
difficult as the viscosities of the constituents are more
dissimilar.20 Various amounts (total quantity 90 g) of
PTFE grades V and XI were introduced into a Bra-
bender melt kneader (model Plasti-corder PL 2000),
which was kept at a temperature of about 380 °C, 60
rpm. After about 1 min, a void-free, clear homogeneous
viscous fluid formed that behaved like a melt of ordinary
thermoplastics. Mixing was continued for 10 min, after
which the blended product was discharged. The absolute
values of the complex viscosities of the resulting PTFE
samples were measured, as well as their MFR values.
In addition, employing the results of the approach of
Tuminello et al.,15 we estimated the (weight-average)
molecular mass and its distribution of these blended
PTFE grades (see Appendix). The weight-average molar
mass was obtained from the well-known relationship
between zero-shear viscosity, η0, and weight-average
molar mass, Mw, in the entanglement regime, η0 )

K(Mw)3.4, with a proportionality constant K ) 10-13.5,
as determined by Tuminello et al.15 Assuming the Cox-
Merz relation21 to apply, values of η0 were estimated
from fitting the measured viscosity data to the Car-
reau-Yasuda equation:22

where |η*(ω)| denotes the absolute value of the complex
viscosity, τ is a time constant, “a” is a dimensionless
parameter that describes the transition from the New-
tonian plateau (constant viscosity) to the power-law
region, and n is the power-law coefficient, i.e., the slope
of |η*(ω)| in the power-law region. The measured data
together with the Carreau-Yasuda fits and the obtained
zero-shear viscosity values are given in Figures 3 and
4 and Table 3. The zero-shear viscosity of the blends
was found to follow a relation proposed by Menefee23

(solid line in Figure 4):

where η0i is the zero-shear viscosity of blend i and wi is
the weight fraction of component i. The estimated molar
mass distributions are displayed in Figure 5. From this
last figure, the bimodal nature of all blends is evident.
Somewhat surprisingly, the high molar mass component
XI itself also appeared to be of a bimodal nature.

A most illustrative set of data, revealing the develop-
ment of mechanical characteristics at increasing viscosi-
ties and their variation with the PTFE blend composi-

Figure 2. Stress-strain curves recorded at room temperature
of PTFE: (a) melt-processed film (0.25 mm thick) of PTFE
blend V + XI of MFR ) 0.7 g/10 min (Table 3), strain rate 1
min-1; (b) same as (a), but sample thickness 1 mm, and strain
rate 40 min-1; (c) commercial, sintered and skived film,
thickness 0.4 mm and strain rate 1 min-1.

Table 3. Compositions, Zero-Shear Viscosities, Molar
Masses, and Melt Flow Rates of Selected

Poly(tetrafluoroethylene) Blends

PTFE
grades

weight
ratio η0

a (Pa‚s)
molar massb

Mw (g/mol) Mw/Mn

MFR
(g/10 min)

V 100 5.6 × 104 2.3 × 105 6 52 ( 3
V + XI 60-40 9.3 × 105 5.3 × 105 11 15 ( 4
V + XI 40-60 6.1 × 106 9.3 × 105 20 4 ( 1
V + XI 20-80 8.7 × 106 1.0 × 106 26 0.6 ( 0.1
V + XI 10-90 9.2 × 106 1.0 × 106 46 0.7 ( 0.3
XI 100 1.3 × 107 1.2 × 106 21 0.2 ( 0.1

a Absolute values of the complex viscosities from small-
amplitude oscillatory shear experiments at 380 °C extrapolated
to zero frequency invoking the Carreau-Yasuda model.22 The
linear range was estimated from strain-sweep experiments at 100
rad/s. b Calculated employing the formalisms in ref 15.

Figure 3. Linear viscoelastic characteristics of various PTFE
blends (V + XI) at 380 °C: (a, top) absolute value of the
complex shear viscosity versus shear rate; (b, bottom) storage
shear modulus, G′, versus shear rate. The notations a-f
correspond to the following V/XI blend compositions: 100/0,
80/20, 60/40, 40/60, 20/80, and 0/100, respectively.

|η*(ω)| ) η0/(1 + (τω)a)(n-1)/a (1)

η0
1/3.4 ) w1η01

1/3.4 + w2η02
1/3.4 (2)

6462 Tervoort et al. Macromolecules, Vol. 33, No. 17, 2000



tion, is presented in Figure 6. This figure displays a
series of stress-strain curves, recorded at room tem-
perature, of melt compression molded films (thickness
0.25 mm) of (most of) those blends. The gradual and
smooth increase in the zero-shear viscosity (Figure 4)
and strain to break (Figure 6) indeed appears to indicate
that molecular mixing of the different PTFE grades was
achieved for the blends at hand.

It is instructive to compare the present results,
obtained with PTFE’s of a very wide range of viscosities
(molar masses), with characteristics, notably their me-
chanical behavior, of its hydrogen analogue, i.e., linear
polyethylenes (PE). In Figure 7 are shown stress-strain
curves, recorded at room temperature and at strain
rates of 1 and 40 min-1, of melt compression molded
films (as above, except at a molding temperature of 180
°C) of two polyethylenes of weight-average molar masses,
Mw, and viscosities respectively of (a) and (b) 9.1 × 104

g/mol, 3.4 × 103 Pa‚s (“high density/HD PE”) and (c) 2.1
× 106 g/mol (“ultrahigh molecular weight/UHMW PE”),
108 Pa‚s. Evidently, and really not surprisingly, there
appears to be relatively little distinction between the
behavior of UHMW PE and common (in fact, “UHMW”)
PTFE (Figure 2c). Both materials display prominent
strain hardening immediately after the yield stress

has been exceeded. This apparent homogeneous plastic
deformation behavior (absence of necking) of both
UHMW polymers is commonly associated with micro-
voiding, i.e., inhomogeneous mechanical behavior on a
very small scale, induced by the porous character of
sintered objects of UHMW polymers.24 The high initial
void content of UHMW polymers, in its turn, stems from
incomplete sintering due to its extremely high melt
viscosity. Close resemblance also is noted between the
mechanical behavior of lower molar mass polyethylene
(Figure 7a,b) and that of the present, melt-processable
grades of PTFE (Figure 2a,b). A distinct yield point is
observed, after which strain softening sets in, resulting
in the commonly associated formation of a macroscopic
“neck”, which then consumes the tensile bar at ap-
proximately constant force until it reaches the wider
sections of the tensile bar (cf. Figure 1). The observed
neck formation and subsequent cold drawing indicates
that the medium molar mass PTFE, in contrast to
UHMW PTFE, is virtually free of voids, which is evident
also from the clarity of the films. It should be noted that
important design parameters, such as the yield stress
and the Young’s modulus (cf. Table 4), are equal to or
even slightly higher for melt-processed medium molar
mass PTFE material compared to UHMW PTFE samples
(due to the lower crystallinity of the latter; see below).

Figure 4. Zero-shear viscosity vs composition of PTFE blends
(V + XI, weight fraction XI). The solid line is the zero-shear
viscosity-composition relation calculated according to Menefee
(ref 23).

Figure 5. Molar mass distribution of PTFE compositions
calculated from the storage shear modulus using the Tuminello
transform (see Appendix). The notations a-e correspond to
the following V/XI blend compositions: 100/0, 60/40, 40/60, 20/
80, and 0/100, respectively. Compositions c and d were found
to be melt processable and yielded mechanically coherent and
tough products (see, for example, stress-strain curve (c) in
Figure 6).

Figure 6. Stress-strain curves of different melt-processed
PTFE blends. The designations a-d correspond to the follow-
ing V/XI blend compositions: 60/40, 40/60, 20/80, and 10/90,
respectively. All films were about 0.25 mm thick and were
tested at a strain rate of 1 min-1.

Figure 7. Stress-strain curves recorded at room temperature
of polyethylenes of different weight-average molar masses, Mw,
and zero-shear viscosities, η0: (a) HDPE, Mw ) 9.1 × 104 g/mol,
η0 ) 3.4 × 103 Pa‚s, film thickness 0.12 mm, strain rate 1
min-1; (b) same as (a), but film thickness 1 mm and strain
rate 40 min-1; (c) UHMW PE, Mw ) 2.1 × 106 g/mol, η0 ) 108

Pa‚s, film thickness 0.2 mm, strain rate 1 min-1.
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Comparing Figures 2 and 7, it is clear that, in contrast
to HDPE, the strain to break of medium molar mass
PTFE improves upon increasing the tensile speed (for
this tensile bar geometry and under the present experi-
mental conditions). This interesting feature will be
further investigated in future studies.

In addition to a close resemblance of their molar mass
dependent mechanical characteristics, poly(tetrafluoro-
ethylene) and polyethylene display strong similarities
in their degrees of crystallinity, as determined by
differential scanning calorimetry, for example. Typi-
cally, virgin (as-polymerized), ultrahigh molar mass
versions of both PTFE and PE are of a very high degree
of crystallinity16,25 (often >80%), whereas the same
polymer materials after crystallization from the melt
exhibit a relatively low crystallinity of about 40%. On
the other hand, melt-crystallized medium and lower
molar mass grades of both PTFE and PE display degrees
of crystallinity of 60% and more (cf. Table 1 and refs
16, 26) and, therefore, are of a (relatively) higher density
than their corresponding UHMW forms; for this reason
the term “HDPE” is used in common parlance to refer
to these grades of PE. Analogously and logically, the
designation “HD-PTFE” accurately describes the present
melt-processable grades of PTFE. (It will not escape the
reader that this terminology could be sensibly applied
to certain copolymers of PTFE; e.g., FEP could ad-
equately be classified as belonging to the family of linear
low-density poly(tetrafluoroethylene)s, or LLD-PTFE.)

Having noted salient similarities in the conforma-
tional energies of PE and PTFE macromolecules27 and
their behavior in the molten15 and solid forms (this
work), the question (re)emerges as to why PTFE re-
quires a substantially higher molar mass, or, rather,
longer chain length than PE and most other polymers,
to form (semi)crystalline solids of adequate mechanical
properties. A long time ago, it was argued8 that the very
weak interchain bonds in PTFE are responsible for this
necessity. An additional, or perhaps alternative, origin
may be found in the macromolecular requirements for
“elastic percolation”, as explained hereafter. It is well-
known that isotropic, organic molecular solids that are
composed of extended-chain crystals are brittle, because
applied stresses are transmitted via the crystal grain
boundaries only. Toughness of such materials develops
solely when the length of constituent molecular chains
exceeds the “thickness” of the crystals and form covalent
bridges between them. Upon crystallization from the
molten phasesunder ambient conditionsslinear poly-
ethylene typically forms (orthorhombic) crystalline re-
gions of characteristic thickness of about 10 nm; thus,
this polymer forms tough solids only at chain lengths
that are about 4-5 times that value corresponding to
molar masses of approximately 5 × 103 g/mol. When
PTFE is crystallized from the melt, it first forms a

hexagonal crystal phase28 in which the chains display
an extremely high mobility (hence its high melting
temperature27), leading in turn to the formation of
crystals of a thickness that are larger, often by a factor
of 10-20 or more, than those of PE.29,30 (It should be
noted that when PE is crystallized under conditions, for
example, at high pressures,31 where it also first forms
a similar hexagonal, highly mobile phase, crystals
thicknesses very similar to those of PTFE are obtained.)
Because of the dramatically larger thickness of PTFE
crystals in comparison with those of commonly solidified
PE, one must expect that the minimum chain length
for PTFE to form tough solids also be at least 10-20
times larger than that of PE (in terms of molar mass,
>(2-4) × 105 g/mol). A cursory view of the data in
Tables 3 and 4 and Figure 5 reveals that this estimate,
in view of the very crude analysis and assumptions,
appears satisfactory.

Note: handling of fluoropolymers may be hazard-
ous.32
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Appendix
The molar mass distribution of the PTFE blends was

estimated from the storage modulus as a function of
frequency, G(ω), using the storage modulus transform
according to Tuminello et al.15 To this extent, the square
root of the reduced modulus, Wu ) (G′(ω)/GN

0 )0.5, as a
function of log(ω), was fitted to the following two-
component hyperbolic tangent function, using a non-
linear least-squares Levenberg-Marquardt (LM) algo-
rithm:

where ∑iAi ) 1, 0 e Ai e 1, Bi > ln(10)/6.8 (to ensure
convergence of Mw and Mn), and X ) log(ω). Next, the
logarithmic frequency axis was transformed to a loga-
rithmic relative molar mass axis using an arbitrary
proportionality constant, according to 1/ω ∝ Mw

3.4.
Subsequently, the cumulative molar mass distribution,
CMD(M) ) 1 - Wu, was obtained by plotting 1 - Wu
versus the logarithm of relative molar mass. The
derivative of CMD(M) with respect to log(M) resulted
in the differential molar mass distribution. Finally, the
relative molar mass was transformed into absolute
molar mass by matching the relative weight-average
molar mass to the experimental value, obtained from
the zero shear viscosity (see text). For the plateau
modulus, GN

0 , a critical parameter in the analysis, a
value of GN

0 ) 1.7 MPa was adopted, as determined by
Tuminello et al.15
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