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Semicrystalline polymers play an important role as materials for engineering purposes. Such a polymer is
poly(tetrafluoroethylene) (PTFE), for which Araki investigated the compressive relaxation behaviour at
temperatures between 60 and 150°C and met major difficulties in achieving a satisfactory systemization of
his curves when using the principles of thermorheologically simple materials. The objective of this study is to
investigate whether an improved systemization can be achieved on the basis of a two-component (TC) model
containing an elastic component and a viscous component corresponding to the crystalline phase and the
restricted amorphous phase in PTFE, respectively. The properties of the components show pronounced
temperature dependence characterized by three different transition temperatures and activation energy
distributions. To check the consistency of the model approach, tané was calculated on the basis of
theoretical parameter values and compared with experimental data taken from the literature. Prediction and
experiment agree to an extent where even the fine structure of the tané peak for the a-transition is
reproduced. The investigation thus shows that the compressive relaxation curves measured by Araki are
consistently described by the TC model, leading to the detection and description of three individual
transitions that govern the overall viscoelastic performance of PTFE in the a-transition region. Copyright
T 1996 Elsevier Science Ltd.

(Keywords: poly(tetrafiuoroethylene); compressive stress relaxation; time—temperature superposition)

INTRODUCTION

Semicrystalline polymers play an important role as
materials for engineering purposes, and it is thus that
an in-depth understanding of their viscoelastic perfor-
mance and hence of their long term performance is
of principal importance. However, the viscoelastic
performance of semicrystalline polymers is generally
considered as not being very well understood!.

In a series of papersz’é, the author and Schulz
proposed a two-component (TC) model to systemize
the relaxation performance of semicrystalline isotactic
polypropylene. It was shown that the application of this
model leads to a consistent analysis of the temperature
dependent viscoelastic performance of this polymer?*,
and in this exhibits major advantages over the appli-
cation of the principles of thermorheologically simple
(TRS) materials’.

A polymer of major engineering importance is
poly(tetrafluoroethylene) (PTFE), owing to its high
melting point, resistance against corrosive agents, non-
adhesive properties and low coefficient of friction. The
mechanical properties of PTFE have been intensively
investigated, as reviewed by McCrum et al’.

i.e. in the a-transition region’. He met major difficulties
in achieving a satisfactory systemization of the relaxation
curves, namely their superposition on the basis of the
TRS principles, and thus in providing a reliable basis for
the prediction of the long term viscoelastic performance
of the material. More favourable experiences with the
application of the TRS principles for PTFE are reported
by Nagamatsu and coworkers”'® and others'""'?.

To check whether an improved systemization of the
viscoelastic performance could be achieved on the basis
of the TC model, the relaxation curves from Araki’s
paper for a sample with 59% crystallinity were digitized
and the resulting data reanalysed, as already exercised on
literature data for polypropylene*. A good fit of the data
was obtained, revealing three different transitions for the
parameters of the model and a prediction of the dynamic
mechanical properties of PTFE that is consistent with
literature data'3.

DATA AND MODEL APPROACH

Araki® investigated the stress relaxation of moulded
cylindrical PTFE samples of various degrees of crystal-

Araki® investigated the compressive relaxation perfor-
mance of PTFE at temperatures between 60 and 150°C,

* Dedicated to Professor Helmut Zahn on the occasion of his 80th
birthday

linity in compression. He obtained relaxation moduli of
the order of megapascals over a time range between
approximately 2s and 45min. These are given for a
sample with 59% crystallinity and for temperatures
between 60 and 150°C in Figure 2 of his paper®. In the
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Figure 1 Compressive relaxation curves for PTFE given as log E vs. log 1. The points relate to the digitized curves of Figure 2 in the paper by Araki®.
The solid lines represent the theoretical curve fits through the data on the basis of the individual parameter values for the TC model. The curves for 85,
90 and 115°C are omitted for reasons of clarity. The limits for the accepted data range are indicated by using open (not accepted) and filled (accepted)

circles for the points

terminology introduced by McCrum et al’, this tem-
perature range relates to that of the a-transition in
PTFE.

The curves were digitized at 50 equidistant places on
the x axis (log ¢ axis) and transformed into the respective
values of modulus in pascals and time in seconds. These
data, given as a log E vs. logt plot in Figure 1, are the
basis of the analysis of the relaxation behaviour using the
TC model, as described below.

The first point is located at 2 s. For short times of up to
about 6 (logt = 0.78), the curves at lower temperatures
especially show a pronounced upward curvature in the
modulus vs. log¢ plot, indicating influences of the short
time and low temperature (-process. To avoid these
effects, we omitted data for ¢ < 6s. The short time
restriction is indicated in Figure 1.

Owing to the onset of a further relaxation at longer
times and for temperatures above 130°C, restrictions had
to be introduced for the long time range of the higher
temperature curves. The individual upper limits that
were imposed are indicated for the curves in Figure 1.
For the relaxation curve at 150°C, the long term process
appears to have merged with the process under
consideration, preventing the analysis. The need for the
introduction of upper time limits for temperatures
beyond 130°C coincides with McCrum’s!® observation
for the torsional modulus that the a-process ends in this
temperature range and leads towards the melting
transition.

The data are analysed, as previously described in detail
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for polypropylene (PP)**, by applying a two-component
(TC) model of the form

E(1,T) = E(T) + AE(T)¥(:, T) (1)

where E, (T) and AE(T) are the temperature dependent
limiting elastic moduli of an elastic and a viscous
component, respectively, and ¥(z, T) is the temperature
dependent relaxation function.

From a morphological point of view, and in a similar
way as for PP**, the modulus parameters of the TC
model are interpreted on the basis of a structural two-
phase model for PTFE composed of a crystalline and an
amorphous phase”.

Here, ¥(log?) is described using the cumulative log—
normal distribution (CLND) function given for the log ¢
scale by

Bllog) = 1/[(20)2] [ exp{~4{(x - log )} dx

@)
where 7, is the characteristic relaxation time, log 7, the
mean and z the standard deviation of the underlying log—
normal distribution. Here, x is the integration variable
on the log scale. The function ¥(log¢) forms a strictly
symmetrical sigmoid curve which drops from 1 to 0
within a range of approximately log7, +4z. From a
formal point of view, equation (1) for stress relaxation
is equivalent to the description given by Schapery for
the creep of a so-called thermorheologically complex
material of type 2 (TCM-2)"°.



Attempts were made to fit equations (1) and (2) to the
data without any restriction, making use of the tanh
approx1mat10n for ¥(log ) given elsewhere'®, and apply-
ing the non-linear optimization routine 1mplemented
in the program Quattro Pro (Borland). However, the
results showed pronounced instabilities of the fit,
originating mainly from the low resolution of the data
source. In a 31m11ar way as for the analysis of the
literature data for PP* and from the concepts developed
elsewhere?, the constant ‘universal’ value for z of 1.95,
equivalent to z = 4.5 for the In 7 scale, was introduced to
describe the shape of the relaxation function. This
restriction implies, for example, that a change in
temperature affects all relaxation times in a way that is
described by a temperature dependent multiplicative
factor. This assumption is also inherent to the theory of
thermorheologically simple (TRS) materials' and leads
to a simplification of equation (1) as

E(1,T) = Ex(T) + AE(T)¥(t/ar) (3)

where ap 1s the acceleration factor, or as log ay is referred
to as the shift factor, and is given by

ay = 1(T)/7¢ (4)

where 78 is the mean relaxation time at a reference
temperature.

It is interesting to note that the assumed constancy of
the shape of the relaxation function through the
temperature range of the a- relaxatlon corresponds to
the observations by Connolly e al.'” on the dielectric
behaviour of substituted poly( p-phenylenes).

The combination of equations (2) and (3) with the a
priori restriction applying to z could stably be fitted to
the experlmental data for the compressive relaxation
curves of PTFE?, yielding the individual values for E,,
AFE and log7. for 18 temperatures between 60 and
150°C.

RESULTS AND DISCUSSION

Figure 1 gives the relaxation data in a log E vs. log ¢ plot
for ease of presentation, and the curves fitted through
them for the accepted data range. The curves were
calculated on the basis of the TC model using the
individual curve specific sets of parameter values. Good
fits were achieved in all cases.

To elucidate the temperature dependence of the
parameters, we plotted them in so-called Arrhenius
diagrams (Figures 2a—c), first for the viscous component
and then for the elastic component

The previous investigation of PP* showed the advan-
tages of using sigmoid fits in the Arrhenius plot to arrive
at a satisfactory prediction of the dynamic mechanical
properties. The sigmoid curve is given by

y=a+b/{l +exp[-(x - c)/d]} ()

where y is the logarithm of the parameter of the TC
model under consideration and x = 1/7 x 10*K. The
parameters 4 and b in equation (5) give the lower level
and the intensity of the process, respectively. The upper
low temperature level is hence given by (a + b). Here, ¢
gives the position of the turnover point of the curve and d
describes its width. The results of the curve fits are given
as solid curves in Figures 2a—c, for which the parameters
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Figure 2 Values of the parameters of the TC model in Arrhenius plots;
(A) AE, (B) 7. and (C) E,. Sigmoid curves (solid lines), for which the
parameter values are given in Table I, are fitted through the data. A
point considered as an outlier is given as an open circle. The arrows
indicate the estimated onset temperatures of the transitions

Table 1 Parameter values and standard errors (SE) of the sigmoid fits
for the Arrhenius 2plots in Figure 2 (see equation (5)). The coefficients of
determination (r*) and the characteristic temperatures (T,, = onset
temperature, 7, = transition temperature) are also given

Parameter AE E. Te

a 5.7 7.5 0.2
SE 4.7 1.1 0.6
b 24 2.8 22
SE 4.8 19.5 0.7
¢ 2.3 3.4 25
SE 0.4 5.0 0.04
d 0.13 0.5 0.06
SE 0.06 L5 0.03
% 0.97 0.95 0.88
Ton (°C) 100 —60 100
T, (°C) 163 24 120

are summarized in Table I together with thelr standard
errors, their coefficients of determination (+*) and the
characteristic temperatures of the transitions.

The results for the elastic limiting modulus of the
viscous component (AE) are fitted well by the sigmoid
curve (¥ = 0.97, see Table 1). AE decreases from an
upper level of 132MPa (= 10%! Pa) by approximately
2.5 orders of magnitude to a lower level of 490 kPa
=107 Pa). Such a decrease is generally consistent with
the modulus change to be expected for an amorphous
crosslinked polymer at the glass transition. The lower
level is a rather rough estimate, considering its standard
error, owing to the fact that it is well outside the
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experimental range. This level for AE is expected to be
reached at temperatures beyond about 250°C (1/T =~
1.0 x 103K~ ) The onset temperature is estimated, as
mdlcated in Figure 2a, at about 100°C (1/T =~ 2.7 x
10°K™.In modlfymg the view expressed elsewhere for
PP, we take the transition temperature as the inflection
point of the curve, which is given by the parameter c
(see Table I) at 163 C(/T=23x107K™.

The shape parameter of the transition, d = 0.13,
agrees, in view of its standard error, reasonably well
with the value determmed for the analogous transition in
polypropylene* (d = 0. 3)

The change in log 7, in the Arrhemus plot is also weli
described by a sigmoid curve (+* = 0.88). The character-
istic relaxation time starts off at a rather low level of
log 7. = 2.4 (about 260s) and decreases by 2.2 orders
of magnitude beyond an estimated onset temperature
of 100°C to a lower level of 0.2 (about 1.6 s), indicating a
fast relaxation process. The inflection, i.e. the transition
temperature, is at 120°C. It is interesting to note that
both AE and 7., assumed to originate from the
amorphous component in PTFE, show onset and
transition temperatures that cover the range in which
by drlatometry and X-ray diffraction at 130°C a
transition is observed for the amorphous phase'®.

The shape of the sigmoid curve for log., given by
d = 0.06 (see Table 1), again agrees well with the results
for polypropylene*. Furthermore, the agreement in the
shape factor for the transition in log7, is not the only
coincidence between the properties of PTFE and PP.
Good agreement is also observed for the upper (PTFE,
2.4; PP, 2.8) and lower (PTFE, 0.2; PP, —0.8) levels of
log 7.

The unrestricted fit of the sigmoid curve for the elastic
component E_ reveals that the points only cover a narrow
range of the lower part of the curve. Though the quahty of
the fit in the data range is very satisfactory (> = 0.95),
the values for most of the parameters are accompanied
by large standard errors (see Table I), so that appro-
priate care has to be taken with their interpretation.

According to the fit, the upper limit value for E_ is
22GPa (10'93 Pa), which is reached at temperatures
below approximately —60°C. This upper limit of the
modulus is in adequate agreement with the related value
for PP* (10°°Pa), and can thus be considered as
reasonable. The modulus drops by 2 8 orders of
magnitude to a low level of 0.6 kPa (10 Pa) which is
reached at temperatures above approx1mately 260°C.
This temperature agrees with the upper service tem-
perature of PTFE'® (260°C) and approaches the crystal-
line melting point at 327°C. On the assumption that
E__ originates in the crystalline phase of the polymer,
this change is rather large compared, for example, to
the analogous change for polypropylene* (about 1.6
decades). However, in view of the fact that the turnover
point of the sigmoid curve in Figure 2c at 24°C coincides
with the temperature range for which in the literature®
are described first-order transitions from a more to a less
ordered crystal structure for PTFE (19°C, 30°C), the
large change in E is understandable. It is interesting to
note that the shape factor of the sigmoid curve, d = 0.5,
agrees well with the corresponding value for poly-
propylene (d =0.5).

It is thus that for all three parameters of the TC
model, agreement in the shapes of the sigmoid transitions
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Figure 3 Distributions of activation energies for the parameters of the
TC model as derived from the sigmoid curve fits of the Arrhenius plots
in Figure 2

in the Arrhenius plots with those for polypropylene4
is observed, which may indicate a certain material
invariance of the nature of these transitions for
semicrystalline polymers, which corresponds to an
invariance of the shape of the relaxation function.

The fit of the sigmoid curves (Figures 2a—c) implies, on
the basis of the Arrhenius equation

y = Aexp(Ex/RT) (6)

that the process is controlled by a distribution of
activation energies. Here, y is the parameter under
consideration, 4 the pre-exponential factor, i.e. the value
of y at infinite temperature, and E4 the activation energy.
The distributions of E, were calculated in the usual
way on the basis of the first derivatives of the curves in
Figure 2, and are presented in Figure 3. Owing to the fact
that a sigmoid curve is a good approximation for a
cumulative normal distribution, the activation energies
are basically normally distributed on the 1/7 scale.

The shapes and maxima of the distributions are quite
different for the three parameters, reaching 29, 88 and
190kJmol™! for E, AF and 7, respectively. The
maxima are substantrally higher than those that may
be estimated on the basis of simple straight line fits for the
experimental data range, where, however, the absolute
values of maximum E, for all parameters are still well
below those estimated on the basis of the TRS
principle7’8 (around 500-1000kJ mol‘l).

To investigate the validity of the application of the TC
model and the descriptions for the temperature depen-
dence of the parameters, as for PP**, we checked the
prediction of the dynamic mechanical performance namely
of tan é, for its consistency with experimental data.

McCrum' investigated by the free torsional oscil-
lation method the damping performance of PTFE sheets
of various degrees of crystallinity in the temperature
range 4-600K (—269 to 327°C). The two curves for
crystallinities comparable to Araki’s” sample (59%) and
for the relevant temperature range of 50-250°C are given
in Figure 4a. Since McCrum’s curves are given in terms
of the logarithmic decrement A, tané is calculated
according to?!

tanéy = A/w (7)
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Figure 4 (a) Experimental tané data from torsion experiments on
PTFE samples of two degrees of crystallinity (as indicated) from
McCrum". (b) The tan § values (points) deduced from the individual
curve fits of the TC model to the static relaxation curves via equation (8)
and the tan é prediction (solid line) based on the sigmoid curve fits of
the Arrhenius plots (see Figure 2). The various onset and transition
temperatures for the parameters are indicated. The y scales for (a) and
(b) differ by a factor of two for reasons of clarity

where the subscript T indicates that the parameter relates
to a torsion experiment.

Figure 4a shows two single peaks for the a-transition
located at 126°C (48% crystallinity, 0.62Hz) and at
128°C (64% crystallinity, 0.98 Hz), respectively, that are
well separated from the transitions at lower tem-
peratures. Owing to its decrease in intensity with increase
in crystallinity, this o- process has been attributed to
the amorphous ?hase in PTFE". Although this has
been questloned turther studles by Satokawa and
Koizumi'®, using dllatometry and X-ray diffraction,
support this view. In view of the similarities between
the tané spectra of PTFE’ and PP**, showing two
adjacent peaks of comparable spacing, we attribute the
a-relaxation of PTFE to the restricted amorphous phase.
It is interesting to note that both tan é curves in Figure 4a
exhibit a further shallow peak or shoulder around 70°C
assumed to be part of the 3-process’.

Introducing the individual values for the parameters of
the TC model, as given by the points in Figure 2, into
equations (2) and (3), we can calculate tan § for a given
frequency w according to”

tan ég(w) = —(n/2)dlog E/dlog1|,_,, (8)
where the subscript E for tan é refers to extension. The
individual results for w = 1 Hz are given in Figure 4b.
Making use of the theoretical values for the parameters
as derived from the sigmoid fits in Figures 2a—c leads to
the solid curve for tan é in Figure 4b.
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The theoretical tané values form a peak that
adequately describes the data that are derived from the
experimental relaxation curves. The position and the
shape of the peak coincide well with McCrum's'? results.
In view of the differences in the test geometries, the
agreement between the absolute values of tané is
considered as satisfactory. It is interesting to note that
the peak in Figure 4b is not symmetrical but also
reproduces the experimentally observed low temperature
shoulder between 50 and 100°C, usually attributed to the
(B-transition in PTFE’.

Consideration of the various characteristic tempera-
tures indicated in Figure 4b (see also Table 1) reveals how
the shape and the shape changes of the tané curve are
related to the transitions of the viscous component of the
TC model. The shoulder between 50 and 100°C is
actually the expression of the onset temperatures of the
transitions in AE and 7,. The peak itself is only
controlled by the transition in the characteristic relax-
ation time. The transition temperatures for 7. (120°C)
and AE (163°C) agree reasonably well w1th the two
transitions, presumably of second order® 24 that are
observed in this temperature range®.

It has thus to be conciuded that the tan é peak does not
signify a singular transition in PTFE or possibly a
combination of the a-process and the g3-process, but is
rather the final result of the complex interaction of
various transitions occurring in the material in the
a-transition region.

As described in the literature™ <’ there are up to six
transition temperatures or temperature ranges detected
in PTFE by a wide variety of methods that can be
attributed to first-order and second-order transitions. It
will be the objective of further investigations to elucidate
further the relationships between these transitions and
the characteristic temperatures of the parameters of the
TC model.

24.25

CONCLUSIONS

The static, compressive relaxation performance of
semicrystalline PTFE in the region of the a-transition
shows that the curves can be nicely systematized on the
basis of the two-component model in a way that is
consistent with the dynamic mechanical properties.

The temperature dependent performance of the
parameters of the model, attributed to the crystalline
phase and the restricted amorphous phase, reveals the
characteristic and individual transition temperatures of
the components, which are considered as one source of

the controversy over the transition temperatures in
PTFE.
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