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ABSTRACT: To understand the deformation of biaxially
stretched polytetrafluoroethylene (PTFE) membrane during
the tenter frame transverse stretching process, a finite ele-
ment analysis (FEA) model was established to study the
stress and displacement distribution during the transverse
stretching. The morphology, pore size, and mechanical
properties of the membrane were also characterized. It has
been found from the experimental and FEA simulation
results that the tentering transverse stretching of PTFE
membrane is a nonuniform stretching, the stress and dis-
placement distribution of the PTFE membrane during ten-

tering is nonuniform because of the nonuniform
deformation and the ease of yield and plastic deformation
originated from the specific structure of the virgin PTFE
particles. The nonuniform thickness and pore size distribu-
tion across the membrane width resulted from this nonuni-
form deformation was also characterized and discussed.
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INTRODUCTION

Microporous polytetrafluoroethylene (PTFE) mem-
brane and its composite membranes have been
applied into many fields as functional garments,
medical care products, filtering and separation, and
electronics'™ because of their unique microporous
structure and excellent chemical inertness. One
widely employed method for producing porous
polytetrafluoroethylene (PTFE) membranes is by a
series of mechanical operations including paste
extrusion, rolling, and biaxial stretching under dif-
ferent temperatures and then heat treatment.®® In
recent years, some papers have been published
concerning the preparation, structure-property rela-
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tionship, and morphological dependence on the
stretching conditions of porous PTFE membranes.
Hatzikiriakos extensively investigated the processing
conditions including extrusion die design, resin mo-
lecular structure, and lubricant concentration on the
preforming behavior and properties of PTFE paste
extrudates, and a model was developed to study the
effects of die design on the preforming process.” '

Kurumada et al. studied the morphological param-
eters, the process of structure generation and their de-
pendence on the stretching parameters (stretching
rate, stretching ratio, stretching sequence) of porous
PTFE membrane.'” Kitamura et al. further studied the
relationship between the porous morphological
parameters and the stretching parameters, and then
discussed the formation mechanism of porous struc-
ture in PTFE membranes based on the distinctive
microstructures of the PTFE particles.>'* Kitamura
investigated the morphology change and properties
improvement on heat treatment above 320°C." Chen
studied the structural dependence of PTFE porous
membrane on the stretching conditions.'®

But the porous PTFE membranes of the aforemen-
tioned studies were prepared by a two-step sequen-
tial equal-stretching process, which is far different
from the industrial tentering biaxial stretching pro-
cess. Transverse tenter stretching after first longitu-
dinal stretching is widely adopted in industry
because of its ease of process control and large scale
of productivity. PTFE membrane undergoes compli-
cated heat and mechanical coupled deformation
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Figure 1 Process of PTFE membrane. (a) extrusion (b)
rolling (c) longitudinal stretching in oven (d) transverse
stretching and setting.

during its stretching, especially during the tenter
transverse stretching process, which is a nonuniform
or unequal stretching in itself. Owing to the higher
research costs and complicated deformation, the
tenter stretching process was always studied by
trial-and-error experiments in the industrial control-
ling of the so-called “black box” transverse stretch-
ing process.17

Although many results on structural and proper-
ties nonuniformity induced by the tentering process
of biaxially oriented films such as BOPP, BOPET
have been published and well documented, few
reports have been reported concerning the nonuni-
formity of porous PTFE membranes prepared by
tentering biaxial stretching. In this article, a finite
element analysis (FEA) model for the tentering pro-
cess of PTFE membrane was established to analyze
the nonuniform distribution of the stress and strain
in the tenter stretching zone, and the thickness and
pore size nonuniformity of the PTFE membrane was
also characterized and discussed in this article.
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EXPERIMENTAL
PTFE membrane preparation

Expanded PTFE fine powder produced by emulsion
polymerization (3.0 x 10° in number averaged molec-
ular weight, F-103, Daikin Industries) was mixed
with naphtha as a lubricant (20%) and then aged for
about 24 h at 37°C. It was first pre-extruded into a
cylindrical billet with diameter of about 100 mm, and
then ram extruded into a rod of about 13 mm in di-
ameter. Thereafter, the rod was rolled between two
metal rollers into a sheet. The rolled sheet was longi-
tudinally stretched by rollers in an oven at 210°C,
whereas the naphtha was being evaporated to pro-
duce the PTFE base sheet with a thickness of 120 pm
in this study. The stretching ratio was varied from
100% to 400%. Then the PTFE base sheet underwent a
transverse stretching with a tenter frame machine at
140-170°C. The two opposite sides of the PTFE base
sheet was clipped by a running chain, which held the
base sheet tightly and stepwise stretched the base
sheet into the final width of the PTFE membrane.
Finally, the PTFE membrane was heat set at 320°C for
about 5s on a stainless steel roller. The process is
schematically shown in Figure 1.

PTFE membrane characterization

SEM observation

The membrane morphology was examined using an
Amary-1845FE scanning electron microscope (SEM)
after the membrane samples were gold sputtering
coated.

Pore size measurement

Pore sizes of the membranes characterized by mean
flow pore sizes (M.F.P.) were obtained through
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Figure 2 Stress—strain curves of the PTFE base sheet
at stretching temperature of (a) 35°C, (b) 90°C, (c) 140°C,
(d) 170°C.
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Figure 3 SEM of the PTFE membrane with different stretching temperature of (a) 35°C, (b) 90°C, (c) 140°C, (d) 170°C.

Coulter Porometer II manufactured by Coulter Elec-
tronics. Testing principle and theory of the Coulter
Porometer II is a modified bubble point technique,
which has been described in detail in references.'®"”

Mechanical properties test

Mechanical properties of the PTFE base sheet
between 35-170°C after longitudinal stretching was
measured through an INSTRON 5565 tensile testing
apparatus. The PTFE sheet was first cut into size of
150 mm (length) x 25 mm (width), and the gauge
length of the mechanical tester was 10 mm, and the
rate of the crosshead was set at 300 mm/min.

RESULTS AND DISCUSSION

Transverse stretching behavior of the PTFE
base sheet

The typical stress—strain curves of PTFE base sheet
under different transverse stretching temperatures is
given in Figure 2, from which it can be found that
the PTFE base sheet changes from brittle to ductile
characteristic with the raise of stretching tempera-
ture, suggesting the temperature sensitivity of PTFE

Journal of Applied Polymer Science DOI 10.1002/app

base sheet on stretching temperatures. The mem-
brane can be stretched into a porous structure with
less nodes and fibrils under temperature as low as
35°C, but it breaks at stretching strain of 25% [Figs.
2(a), 3(a)]. Even at 90°C, the PTFE base sheet still
undergoes breakage at strain of 100% (Figure 2b and
Figure 3b), but with the temperature increasing
above 140°C, the PTFE base sheet can be stretched
even more than 300% without a breakage (Figure 2c
and Figure 3c). It was found that in order to achieve
small nodes and more fibrils, the transverse stretch-
ing temperature must be higher than the o transition

Figure 4 Simulated displacement distributions of equally
transverse stretched PTFE base sheet. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 5 Observations of equally transverse stretched PTFE base sheet under 170°C.

temperature (at about 120-140°C) of PTFE,* which
is attributed to the molecular motions in the crystal-
line phase and the restricted amorphous phase. To
get more fibrils and small nodes, after the PTFE base
sheet has been yielded during stretching, there must
be a ]Solastic stress plateau, ie. a steady tensile
stress,”” which corresponds to the steady fibrils
forming process. In this article, the transverse
stretching temperature was chosen at 170°C, which
would ensure a steady tensile stress after it yielded.

FEA on the transverse stretching process
of PTFE membrane

To understand the stress distribution field during
the transverse stretching process, a finite element
model was established to analyze the stress and
strain filed in the PTFE membrane. In this model,
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Figure 6 Transverse stress (c,) distribution. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

following assumptions were assumed: (1) the tem-
perature field was uniform and constant across the
PTFE base sheet, (2) the PTFE base sheet was
mechanically isotropic, (3) the effect of viscocity was
omitted, that is, the rate or viscous effect was omit-
ted during the elastic and plastic deformation pro-
cess. Because the PTFE base sheet would undergo
large deformation and plasticity, a 2D 8-node struc-
tural solid element (Plane82) with plane stress has
been adopted; this element formulation has plastic-
ity, creep, swelling, stress stiffening, large deflection,
and large strain capabilities. A nonlinear inelastic
rate independent isotropic hardening plastic material
model with Mises multilinear plasticity was selected
based on the model assumptions. To simulate the
deformation process, a series of step wise displace-
ment loads were imposed on the boundary of the
two edges of the PTFE base sheet.
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Figure 7 Transverse displacement (u,) distribution. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 8 Transverse stress (o,) distribution.

FEA simulation on the equally transverse
stretching of PTFE base sheet

To check the feasibility of finite element simulation,
first equally transverse stretching of PTFE base sheet
was experimentally conducted, and the FEA simula-
tion was carried out on the above assumptions.
Because transverse stretching was conducted under
170°C, the mechanical properties of the PTFE base
sheet under 170°C was used, which was illustrated
in the stress—strain curve of Figure 2(d). The elastic
modulus and poisson’s ratio was measured as 3.0
MPa and 0.2, respectively.

The simulation model size of the PTFE base sheet
was 40 mm long, 10 mm wide, and 120 pm thick.
The simulated displacement contour of the PTFE
base sheet after it was stretched by a total of dis-
placement of 10 mm, 30 mm, and 40 mm, respec-
tively was given in Figure 4, and the experimental
results were shown in Figure 5, where stretching
ratios of the samples increase from A to D, and the
stretching rate is 300 mm/s. From Figures 4 and 5, it
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Figure 9 Transverse displacement (u,) distritbution.
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Figure 10 Longitudinal stress (o) distribution. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

was seen that the PTFE base sheet was deformed
gradually from the middle to the two edges, with
the two edges had larger displacement and strain;
moreover, the PTFE base sheet exhibited obvious
necking phenomena, indicating that even under
equal stretching, the deformation of the PTFE base
sheet was nonuniform at different stretching stages.
The deformational similarity between the deformed
experimental and simulated results also suggested
the feasibility of the FEA model in the stress and
strain distribution analysis.

FEA simulation on the tenter frame transverse
stretching of PTFE base sheet

A finite element model with initial PTFE base sheet,
60 cm long, 40 cm wide, and 120 pm thick, was

Figure 11 Longitudinal displacement (u,) distribution.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 12 Membrane thickness vs distance to the left
edge.

established. Based on the transverse symmetry of
the model, only half of the solid model was
employed during computation.

Transverse stress and displacement distribution
during tenter frame stretching

The simulated transverse stress and displacement
distribution of PTFE membrane after tenter frame
stretching were shown in Figures 6 and 7 respec-
tively. From Figures 6 and 7, it can be seen that with
gradual enlargement of the width of PTFE base
sheet, the transverse stress and displacement along
the longitudinal direction are gradually increasing;
and the transverse stress and displacement exhibit
an ascending trend from the middle to the two
edges of the PTFE membrane along the transverse
direction. Figures 8 and 9 gives the transverse stress
and displacement along the transverse at a distance
of 55 cm from the entrance of the PTFE base sheet,
respectively.

Longitudinal stress and displacement distribution
during tenter frame stretching

Figures 10 and 11 gives the simulated results of lon-
gitudinal stress and displacement distribution of
PTFE base sheet during the tenter frame stretching,
respectively. Due to the longitudinal contraction
from transverse stretching and inelastic properties
of the PTFE base sheet, there are a nonuniform
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Figure 13 Micropore structure of PTFE membrane vs.
distance to the left edge.

longitudinal stress and displacement during trans-
verse stretching of the PTFE base sheet. From Figure
11, it is obviously observed that in the middle of the
membrane, the longitudinal displacement is larger
than the two edges at the same distance from the
entrance of the PTFE base sheet.

The effects of transverse stretching on the
thickness and pore size of PTFE membrane

A PTFE base sheet 250 mm wide and 120 pm thick
was transversely stretched into a final width of 1800
mm membrane with a stretching rate of 80 mm/s at
stretching temperature of 170°C. The thickness of the
membrane was measured at different locations of
the membrane; the results were given in Figure 12,
from which it can be seen that the membrane was
thicker in the middle but thinner in the two edges.
Easy slippage between crystalline ribbons in the
PTFE fine particles and easy cleavage inside the rib-
bons, and low stress activation energy to fibril for-
mation facilitate the stretching process of PTFE base
sheet into a mircoporous membrane. But when the
PTFE base sheet was stretched, the stress and dis-
placement was transferred from the two edges to the
middle of the PTFE membrane, which can be seen in
Figures 8 and 9. Therefore, the lateral area of the
membrane is more stretched than the middle zone
when the base sheet is stretched to the width of
1800 mm, leading to a thicker middle area across the
width of the PTFE membrane.

TABLE I
Effect of Transverse Stretching on the Micropore Sizes of PTFE Membrane

Distance to the left edge (mm) 100 300

600 900 1200 1500 1700

Micropore diameter (um) 0.513

0.423

0.346  0.281 0.361 0.418  0.528

Journal of Applied Polymer Science DOI 10.1002/app
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Pore sizes of the membrane after transversely
tenter frame stretching were given in Figure 13 and
Table I, from which it can be seen that the central
area of the membrane has a smaller pore size, the
lateral zone of the membrane has a larger pore size.
Moreover, the pore size of the membrane is related
to the thickness of the membrane, the thicker area
has a smaller pore size, which means the thicker
central area is less stretched than the lateral thinner
area.

CONCLUSIONS

Transverse stretching through tentering process in
manufacturing of two-step biaxially stretched PTFE
microporous is a nonuniform stretching, which will
lead to nonuniform deformation of the membrane.
Due to the easy yield and plastic deformation of the
PTFE base sheet, which results from the special
folded ribbon-like crystalline structure of the emul-
sion-polymerized virgin PTFE particles, the PTFE
base sheet is inclined to nonuniform deformation,
even in the equal transverse stretching. A prelimi-
nary FEA model was established to analyze the
stress and displacement distribution of the PTFE
membrane during tentering transverse stretching.
Experimental and simulated results indicate that the
central area of the membrane has lower stress and
displacement than the bilateral area, which results in
the larger thickness and lower pore size in the cen-
tral area.

Journal of Applied Polymer Science DOI 10.1002/app
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