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Abstract

The structure of the free volume and its temperature dependence in poly(tetrafluoroethylene) (PTFE) and of its copolymer with
perfluoro(propyl vinyl ether) (PFA) was studied by pressure—volume—temperature (PVT) experiments (7=27-380 °C, P=0.1-200 MPa)
and positron annihilation lifetime spectroscopy (PALS, T= —173-250 °C, P=10"" Pa). From the analysis of these experiments we
conclude on the volumetric properties of the mobile (MAF) and rigid amorphous fractions (RAF) in these semicrystalline polymers. The
specific volumes of the MAF and RAF, Vyar and Vrap, were estimated assuming that Vyar agrees with the specific volume of the melt
extrapolated down to lower temperatures using the Simha—Somcynsky equation of state (S—S eos). Vrar Was then estimated from the specific
volume of the entire amorphous phase, V,, and the known Vy 5. The specific free volume Vy=V,— V.. was also estimated from V, using the
S-S eos hole fraction &, Voo = (1 —h)V,. From the analysis of PALS data with the routine LT9.0 the mean volume, (v), and the width, oy,, of
the local free volume size distribution (holes of subnanometre size) were obtained. A comparison of (vy,) with V; delivered the hole density M.
The volume parameters show that the RAF which is formed during crystallisation from the melt has a distinctly smaller specific free and total
volume than the MAF. During cooling the contraction of the RAF slows down and finally, below room temperature, the RAF possesses a
larger free volume than the MAF shows. Obviously, the restriction of the segmental mobility in the RAF by the crystals limits at high
temperatures the free volume expansion and at low temperatures dense packing of the polymer chains. These conclusions from the analysis of
the specific volume are confirmed by PALS experiments.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The structure of semicrystalline polymers is still under
discussion [1-7]. In the last years it has become clear that
a simple two phase model—crystallites embedded in
amorphous surroundings—is not sufficient to understand
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the properties of theses materials. Consensus seems now to
be reached that at least three different regions must be
considered. The non-crystalline phase must be subdivided
into the non-crystalline amorphous and the crystalline-
amorphous interfacial portions. The cause for the inter-
mediate interfacial region is the continuation across the
phase boundaries of the molecules which are much longer
than the phase dimensions. This region is amorphous but has
a constrained molecular mobility and is usually described as
rigid-amorphous fraction (RAF) [1]. The non-crystalline
amorphous region is expected to exhibit properties like the
completely amorphous bulk polymers and may be termed
as mobile amorphous fraction (MAF). Mechanical and
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dielectric spectroscopy, nuclear magnetic resonance,
Raman spectroscopy, and temperature-modulated calori-
metry are employed to investigate semicrystalline polymers
[1-7]. However, many questions with respect to the
structure and dynamic properties of the RAF remain. One
question is, for example, whether the RAF undergoes its
own glass transition or vitrifies during crystallisation [5-7].

The purpose of our paper is to contribute to the
understanding of these problems. To this aim, we have
investigated the volumetric properties on a molecular scale
and combined these experiments with macroscopic volume
measurements. The free volume of a polymer, particularly
the size of local free volumes, is an important parameter,
being closely related to the molecular mobility. We will
attempt to distinguish the volumetric properties of both
amorphous portions, the MAF and the RAF, and to conclude
on their temperature dependency and glass transition.

We employed positron annihilation lifetime spectro-
scopy (PALS) in this study, a method which has developed
during the past decade to be an important tool for studying
the local free volume of polymers [8—13]. In molecular
solids and liquids, a fraction of the positrons injected from a
radioactive source forms positroniums [12,13] and these can
annihilate from the para (p-Ps, singlet spin state), or the
ortho state (0-Ps, triplet spin state) with a relative formation
probability of 1:3. Three decay components appear in the
positron lifetime spectrum of amorphous polymers and
these are attributed to the annihilation of p-Ps, free (not Ps)
positrons, e, and o0-Ps.

In amorphous polymers Ps is formed in subnanometre
size holes of the excess free volume (Anderson localisation
[14]) When localised at a hole the Ps moves in internal
regions of the hole and collides frequently with the
molecules of the hole walls. During a collision o-Ps may
annihilated with an electron other than its bound partner and
with opposite spin with the consequence that the (mean)
0-Ps lifetime decreases from its value in a vacuum, 142 ns
(self annihilation), to the low ns-range (1-6 ns, pick-off
annihilation [12,13]). The smaller the hole is, the higher is
the frequency of collisions, and the shorter the o-Ps life.
Assuming the shape of the holes (usually spheres) the hole
size can be calculated from the o-Ps lifetime employing a
semi-empirical model [6—10].

In some semicrystalline polymers an extra, intermediate
(~1 ns), o-Ps lifetime appears. This lifetime is attributed to
0-Ps formed in crystals [15-19] and is expected to mirror the
lattice plane spacing (interstitial free volume). The lifetime
of 0-Ps annihilation from holes in the amorphous phase can
be separated from this lifetime in those cases where both
lifetimes are not too similar. In this way the microstructure
of the amorphous phase in semicrystalline polymers which
contains both the MAF and RAF can be studied. First
experiments to investigate these fraction employing PALS
can be found in the literature [20-22].

For studying the temperature dependence of the
macroscopic volume we performed PVT experiments [23].

We used the Simha—Somcynsky equation of state (S-S eos
[24,25]) for an extrapolation of the specific volume from the
melt down to lower temperatures, identified this volume
with the MAF and used this for an estimation of the RAF
volume from the specific volume of the entire amorphous
phase. The S-S eos theory also allows the specific occupied
and free volume of the equilibrium amorphous phase to be
calculated. We will use this information in combination
with the results from PALS to conclude on the density of
free volume holes. Until now this method has been applied
only to completely amorphous polymers [26-32].

As materials of our studies we selected poly(tetrafluoro-
ethylene)s (PTFE) of different crystallinity and a semi-
crystalline copolymer (PFA) and compared the results with
those for a completely amorphous copolymer (PFE) studied
previously [32] (for a review of properties of PTFE, PFA,
and PFE copolymers see Ref. [33]). One advantage of PTFE
is that the intermediate lifetime attributed to o-Ps
annihilation from crystals can be well separated from that
of the amorphous phase which exhibits, due to the stiffness
of the tetrafluoroethylene chains, rather large holes.
PALS studies of PTFE have been performed already in
past [15-18,34,35], very instructive results can be found in
the papers of Kindl et al. [15]. The progress in our work is
that we used for the analysis of the positron lifetime spectra
the new routine LT in its latest version 9.0 [36,37] and
correlate the PALS results with those from PVT exper-
iments. The routine LT9.0 allows log normal distributed
annihilation rates which lead to a more accurate fitting of the
lifetime spectra than when using the conventional discrete
term analysis and avoids possible artefacts [38]. Moreover,
from the distribution of the o-Ps annihilation rate the size
distribution of free volume holes and a reasonable value for
the mean hole volume can be calculated.

2. Experimental
2.1. Polymers

The samples under investigation were two pure
poly(tetrafluoroethylene)s (-[C,F4]-) in virgin, as-polym-
erised (TFv) and sintered, melt crystallised state (TFs), two
poly(tetrafluoroethylene)s modified with a small amount,
0.1-2.0 wt%, of perfluoro(propyl vinyl ether) (—[F,C-
CFOC;F;]-) in virgin (TFMv) and sintered state (TFMs),
and a copolymer of tetrafluoroethylene and 2-5 mol%
perfluoro(alkoxy vinyl ether) (-[CF,—~CFOC,F,, 4 ]— x=3—
4) in sintered, melt crystallised state (PFAs). Highly
crystalline PTFE powder of ~25 pm mean diameter was
pressed at room temperature with a pressure of 35 MPa into
2 mm thick plates for making the virgin samples. A second
set of samples were sintered at 375 °C under a pressure of
35 MPa for 4 h. Subsequently these samples, plates of 2 mm
thickness, were cooled down with a rate of approximately
10 K/min. Table 1 shows the characteristic properties of
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Table 1

Sample characterization and volume parameters estimated from PVT data (see text)

Sample Uncertainty TFv TFs TFMv TFMs PFAs PFE
Polymer PTFE PTFE Modified PFA PFE
Treatment Virgin Sintered Virgin Sintered Sintered -
M,, (g/mol) +10% 10° 10° ~10° ~10° 10* 10°
DSC, first melting

AH,, (J/g) +3 64.0 28.4 69.9 26.7 28.3 -
T (°C) +2 344.8 329.3 345.8 326.6 308.0 -
DSC, second melting

AH,, (J/g) +3 27.9 28.3 322 333 315 -
Tm (°C) +2 328.6 328.2 324.1 324.0 308.3 -
DSC, cooling, crystallization

AH. (J/g) +3 27.9 26.6 322 31.1 314 -

T. (°C) +2 3142 314.5 308.1 306.2 280.9 -
Density at 27 °C

p (g/em®) +0.0007 2.2693 2.1478 2.2645 2.1487 2.1286 2.0786
V (27 °C) (cm’/g) +0.0002 0.4656 0.4654 0.4698 0.4811
Tine °C) *5 354 336 352 337 325 -
Teo (°C) *5 333 335 330 337 320 -
Crystallinity X, (%)

From AH," *5 78 35 85 33 34 0
From density p +5 85 39 86 39 31 0

# First melting.

these samples. For comparison we include in our discussion
the results for a completely amorphous copolymer of
tetrafluoroethylene (45-85 mol%) and perfluoro(methyl
vinyl ether) (-[F,C—CF(OCF3)]-, 15-55 mol%) denoted as
PFE. More details about this material can be found in our
previous paper on fluorine elastomers [32]. All of the
samples were kindly supplied by Dyneon GmbH and Co.
KG, Werk Gendorf, Burgkirchen, Germany. (The exact
composition of all samples is known to the authors.)

2.2. Differential scanning calorimetry

Differential scanning calorimetry was performed with a
DSC-7 (Perkin-Elmer), PYRIS-software, Version 4.01, in a
temperature range between —60 and 360 °C applying
heating and cooling rates of 20 K/min. The heating and
cooling cycle was: first heat, first cool, second heat. DSC
scans are shown in Fig. 1. For clarity we have shown only
the thermograms measured during the first heat, and in a
restricted temperature range. Two, in case of PFAs one, first
order phase transitions in the temperature range between
0 and 35 °C and the melting peak at 300-350 °C can be
observed. Not any indications of the glass transition were
found at measurements up to minus 170 °C using a DSC 204
(Netzsch).

The crystallinity is estimated from X,= AH,/AHY
where AH,, is the heat of fusion. For 100% crystallinity a
heat of fusion of AHS1 = 82 J/g has been assumed [39-42].
This value has been used also for PFAs assuming that the
crystal in this copolymer is made from pure PTFE [41]. The
values AH,, and X, are shown in Table 1 together with other
parameters estimated from DSC and PVT experiments. T,
and T, are the midpoint melting and crystallisation

temperatures. The melting temperature analysed from the
second heating run of the TF samples agrees with the data
from the literature, 7,,=328.5°C [40], T,, of TFM s
slightly smaller, 324.1 °C. The copolymer PFAs melts at
lower temperatures than PTFE, T,,=308.3 °C. The first
melting of both virgin samples, TFv and TFMyv, shows
overheating, while all samples show undercooling before
crystallisation at T, during the cooling runs (Table 1).

The integral enthalpy of the two first-order transitions
around room temperature was estimated to lie between 5.9
and 9.9 J/g, depending on the crystallinity of the sample.
These transitions are attributed to structural transitions
known to occur in the crystalline phase of PTFE at 19 and
30 °C [1,40,42].

2.3. Density measurements
The density p of the samples at room temperature (27 °C)

200 250T (°C) 300 350

——TFv

dH/dT endo

0.5 Wi/g

Fig. 1. DSC thermograms (1st heating) of fluoro polymers measured at a
heating rate of 20 K/min.
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was determined by means of an Ultrapycnometer 1000
(Quantachrome) with an accuracy of 0.03%. From the
specific volume V=1/p the crystallinity X, of the samples
was estimated via X, = (V — V)/(V.—V,) assuming no
voids and densities of p,=2.060 g/cm’ for the amorphous
and p.=2.303 g/cm3 for the crystalline limit. p. has been
estimated from X-ray diffraction experiments [39,40] and p,
was obtained from the linear extrapolation of the V—AH,,
curve to AH,,,=0 [40]. As Table 1 shows the crystallinities
estimated from DSC and density measurements agree well.
The crystallinities of the virgin PTFE samples are estimated
to 80-85%, those of the sintered, melt crystallized samples
to 30-40%.

2.4. PVT experiments

Isothermal and isobaric PVT measurements were carried
out in the temperature range between 22 and 370 °C by
means of a fully automated GNOMIX high-pressure
dilatometer [20]. The isobaric heating and cooling exper-
iments were performed at a pressure of 10 MPa with a rate
of 2 K/min. (Note: when cooling below ca. 100 °C the
cooling rate is reduced due to the limited heat exchange).
The data of the standard isothermal experiments were
collected in steps of 10 K. At every constant temperature the
material was pressurised from 10 to 200 MPa. The specific
volumes for ambient pressure were obtained by extra-
polating the values for 10-30 MPa in steps of 1 MPa
according to the Tait equation using the standard GNOMIX
PVT software. The accuracy is within 0.002 cm®/g in the
temperature range up to 200 °C, above 200 °C it is
0.004 cm’/g.

2.5. Thermomechanical measurements

The thermomechanical analysis was performed by a
thermomechanical analyser Q400 (TA Instruments) in a
temperature range from — 100 to 180 °C. The heating rate
was 3 K/min. The dimension change AL/L (um/m) and the
linear coefficient of thermal expansion (« in pum/m K) were
analysed online in dependence on temperature. The
accuracy limits of the heat transitions are within +3 K,
the agreement of the expansion coefficient with the results
of the PVT analysis in the overlapping temperature range is
acceptable (ca. 30 pm/m K).

2.6. Positron lifetime experiments

The PALS measurements were carried out using a fast—
fast coincidence system [12,13] with a time resolution of
232 ps (FWHM, 22Na source) and a channel width of
50.0 ps. Two identical samples of 2 mm thickness and
8X8 mm” area were sandwiched around a 1X10°Bgq
positron source: *?NaCl, deposited between two 7 pm
thick aluminium foils. To prevent sticking of the source to
the samples at higher temperatures, each sample was

covered with additional foils of 8 um thick Kapton and
7 um thick aluminium. The temperature of the samples,
placed in a vacuum chamber of a pressure of 10~ Pa, was
varied, between — 173 °C and at maximum 250 °C, in steps
of 15 K, respectively, with an uncertainty of +1 K. Each
lifetime measurement lasted 6 h. The spectra contained
~6X10° coincidence counts sufficiently high to be
analysed with LT9.0 in its distribution mode. In addition
to the temperature runs, each sample was measured at room
temperature in air to collect ~ 30 10° coincidence counts
in a spectrum. Source corrections, 9.6% of 386 ps (Kapton
and NaCl) and 13.6% of 165 ps (Al foils), and time
resolution were determined by measuring a defect-free
p-type silicon reference (7=219 ps). The resolution
function used in the final spectrum analysis was determined
as a sum of two Gaussians with FWHMSs of 268 and 385 ps
and weights of 79.9 and 20.1%, the second Gaussian is
shifted by —0.22 channels with respect to the first one.

3. Results and discussion
3.1. Specific volume and S-S eos analysis of PVT data

Figs. 2-4 present selected results of our PVT exper-
iments. Fig. 2 shows the temperature dependence of the
specific volume, V, for the semicrystalline samples and for
amorphous PFE at ambient pressure derived from the
standard isothermal heating experiments. In case of the
sintered samples, TFs, TFMs, and PFAs, and of PFE
the cooling curves are very similar to the heating curves. For
the initially virgin samples TFv and TFMv the cooling
curves measured after melting behave close to those of TFs
and TFMs (not shown). Fig. 3 shows 10 MPa isobars for
TFs, TFMs, and PFA measured during heating and cooling
the samples with rates of 2 K/min.

The heating runs show the thermal expansion of the
semicrystalline samples, the melting, and the thermal
expansion of the melts. Measurements during cooling
show crystallisation, and in case of the melt crystallized
samples TFs and TFMs at medium and low temperatures

0.75
0.70+

100 200 300 400
T (°C)

Fig. 2. Specific volume V of fluoro polymers as a function of temperature 7'
at ambient pressure (heating curves).
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Fig. 3. 10 MPa specific volume isobars V of semicrystalline fluoro
polymers, as a function of the temperature 7. Lines with symbols: heating
curves, lines without symbols: cooling curves (heating and cooling rates of
2 K/min).

almost the same volume as in the heating run. The
copolymer PFAs shows a lowering of V (Fig. 3). The
melting (end) and crystallisation (onset) temperatures, Ty
and T,,, shown in Table 1, are estimated from the ambient
pressure data. T}, was defined as temperature at which the
last vestige of crystallinity disappeared, and at T, first signs
of crystallisation are detectable. These temperatures are
therefore higher than the peak temperatures 7, and T,
analysed from DSC. The cooling isobars (Fig. 3) show a
distinct undercooling.

Fig. 4 displays, for PFAs as an example, the behaviour of
the specific volume V as a function of temperature 7 and as
selection of isobars (in MPa) determined from the isothermal
measurements (standard PVT experiments [23]). In the melt,
at 7=360 °C and P=0.1 MPa, the isobaric coefficient of
thermal expansion has a value of o, =(1/V)(dV/AT)p=
1.4(+0.05)X 10" K™, the isothermal compressibility
k=—(1/V)(dV/dP); (P—0) amounts to k=3.7(1+0.1) X
1073MPa ™ '. The pressure dependence of T}y, was estimated
to dT,./dP=0.38 K/MPa for P <50 MPa.

The samples TFM consist of almost pure PTFE and show
a high Ps yield. We focus therefore in the following parts

0.75 ' | | |
0701 PFA -
0.651 %.M ]
5 0.60- L .
°c e e
o “TLe0" & ,100]
> .’ 0© o
"o O”SOOSEEEEZMMwQ
@ oo
0.45+ %%%@%@%%%wwwxwzoq
0.40 ' | | |
0 100 200 300 430
T (°C)

Fig. 4. Specific volume V of semicrystalline PFAs as a function of
temperature 7 and as selection of isobars (in MPa) determined from
standard isothermal measurements. Open symbols: experimental data, dots:
S-S eos fit (Eq. (2)) to the 0.1 MPa isobar.

our discussion to the ambient pressure data of this material
and compare PVT with PALS experiments. Fig. 5 shows the
temperature dependence of the specific volume, V, for
TFMv and TFMs from heating experiments. Together with
these data we have shown the specific volume of PTFE
crystals, V., as analysed from the wide angle X-ray
scattering (WAXS) by Starkweather et al. [39,41]. The
thermal expansion of crystals (hexagonal phase I) is almost
linear in the temperature range between 35 and 150 °C with
a coefficient of . =0.255X10"*K~!. Above 150 °C, a
shows an increase with the temperatures and reaches a value
of ozc=0.99><10_3 K~! at 320°C. For comparison, the
melt shows om=1.38(+0.05)X10"* K", The specific
volumes show that the virgin polymer is almost crystalline,
while the sintered and melt crystallized sample has a
distinctly lower crystallinity.

The temperature dependent specific volume of the
(entire) amorphous phase in a semicrystalline polymer,
V.(T), can be calculated from the experimental, V(T), and
crystalline, V(T), specific volume using

V(D) = X.Vu(T)]
VD == (1

where X, is the mass crystallinity. We assume that X, is
constant up to a temperature of 250 °C and use the value
estimated for TFMs from our density measurements at room
temperature, X.=39%. The results of the calculations are
shown in Fig. 5.

In order to obtain information on the free volume we
analysed the specific volume data employing the S-S eos
theory [24,25]. This theory describes the structure of a
liquid by a cell or lattice model which allows an occupied
lattice-site fraction y=y(V, T) of less then one. Here V is the
specific volume of the melt and 7 is the absolute

0.70

0.651

0.60

o
°c 0.55
s

> 0.50

0.45] &=

100 0 100 200 300 400
T (°C)

Fig. 5. The specific volume of the sintered, melt crystallized TFMs, V.
(filled squares), the (entire) amorphous phase of TFMs, V, (solid line, open
square: taken from Ref. [40] for amorphous PTFE), and the crystalline
phase, V. (open circles). Vyiar (dashed line) and V.. (dash-dot-dotted line)
are the specific volume of the mobile-amorphous fraction (MAF) and the
specific occupied volume both analysed from the S-S eos, while Viar
(dash-dotted line) denotes the specific volume of the rigid-amorphous
fraction (RAF). For comparison the specific volume of the virgin, as
polymerized TFMyv (filled triangles) is shown.
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temperature. The fraction of unoccupied lattice-sites (holes
which form the excess free volume) denoted in this theory
by h, is given by A(V, T)=1—y. The Simha-Somcynsky
equation-of state follows from the pressure equation P=
—(0F/0V)y, where F=F(V, T, y) is the configurational
(Helmholtz) free energy F of the liquid. It was shown that
the specific volume V of the liquid polymer can be
expressed by an universal interpolation formula which has
in the temperature range 7 =0.016-0.071 and for zero
pressure the form [24,25]

=3/2

InV=aqay+aT 2)

where the most recent determination by Utracki and Simha
[25] delivered ag= —0.10346 and a; =23.854. V and T are
reduced variables, V = V/V*, T = T/T*, where V*, and T*
are characteristic scaling parameters.

Fitting Eq. (2) to the volume data of the melt in the
temperature range 7=2340-370 °C delivered for TFMs the
parameters V*=0.448(+0.008) cm®/g and T*=8350
(£100) K which are in close agreement with those
published by Rodgers [43] for PTEE, V*=0.4339 cm’/g
and T*=8126 K. For PFAs we obtain V*=0411 (+
0.008) cm3/g and T*="7375(%100) K (Fig. 4). However, for
the completely amorphous PFE we had observed previously
that the specific volume increases at temperatures above
200 °C stronger than predicted from the fits of Eq. (2) to
experiments below this temperature. This has the consequence
that the extrapolation of the fits to the data for higher
temperatures to temperatures below 200 °C gives too small
volumes compared with the experiment. We expect that this
may be also the case for our polymers (compare Fig. 4). To
avoid this problem we included in our fits the well accepted
completely amorphous volume of PTFE at room temperature,
V=1/2.06=0.4854 cm3/g [40]. We assume that this volume
can be identified with the equilibrium amorphous volume. The
fit of Eq. (2) to the data of the melt and this data point (open
square in Fig. 5) delivered for TFMs the parameters V * =
0.4635(40.003) cm*/g and T *=8767(+50) K. With these
scaling parameters the hypothetical equilibrium volume is
calculated for a larger temperature range using Eq. (2). We
assume that this volume is identical to the volume of the
mobile amorphous fraction in the semicrystalline polymers
and denote it by Vyar. All volumes displayed in Fig. 5 were
extrapolated to 7= — 80 °C=T, (see below).

The fraction of unoccupied lattice sites, &, of a liquid
polymer at zero pressure can be calculated from the
universal algebraic expression

WT) = ap + a,T + a,T° 3)

derived in the paper of Utracki and Simha [25] where
ap=—0.09211, a;=4.892, and a,=12.56. We found that
this approximation gives almost the same h-values as the
numerical solution of the explicit pressure equation for our
polymers (Ref. [24]). With the knowledge of £, the specific
occupied and the (hole or excess) free volume can be

calculated from Vo..=yV=(1—h)V and V;=V—V, . =hV
where here V=V(T/T*, V*)=Vpmar is the calculated
equilibrium amorphous volume.

The behaviour of the calculated occupied volume V. in
the range between T, and the melt is also shown in Fig. 5. Its
value at room temperature, V,..=0.443 cm?/g, is slightly
higher than the crystalline volume known from WAXS
experiments (phase I, 7> 30 °C), V.=1/2.313=0.434 cm3/g
[39-41]. The relations Vi..=V. and V,../Vw=1.50,
(T=T,,Vw=0.296 cm3/g—Van der Waals volume of
PTFE) seem to be generally valid for polymers [27-32].
The occupied volume contains, like the crystalline, a free
volume inherent to each lattice cell (interstitial free volume
Va=(1.5—1)Vw=0.5 Vy [24]). The total volume of
an amorphous polymer is composed of the occupied,
Voces and the hole or excess free volume, Vi,
V="V, + Vi = Vi + V5 + V;. This excess free volume is
calculated in the S-S theory as the sum of volume of all
empty lattice cells, Vy=hV. In approximation V; can be
estimated from Vi;=V—V . .=V—1.50 Viw=0.14 V, (V=
Vmap=0.4854 cm3/g= 1.64Vy, at T=27°C). A certain
amount of this excess free volume is necessary to allow
segmental motions [44,45]. The excess free volume is
therefore closely related to the glass transition. The
expansion of the polymer above T, occurs in the S-S
theory mainly due to the creation of new empty lattice cells.
As we have shown recently, the fraction of the empty cells,
h, follows for amorphous polymers an Arrhenius law with a
formation enthalpy being approximately half of the
cohesive energy [30,32].

The coefficient of thermal expansion of the occupied
volume amounts t0 e =0.52X10"* K~ ". This value is
distinctly smaller than that of the crystalline volume, o, =
2.55X10" 4K ™! [39—41] (all at room temperature). Such
small values of a,.. we observed also previously for the
fluoroelastomer PFE (V,..=0.431 cm3/g, Ve Viv=1.44,
Qoce=0.38X107*K ™", all for T=300K (>T,), see
Table 1 in Ref. [32]) and for polystyrene (V.=
0.895 cm’/g, Vool Viy=1.49, apec=0.22X10"*K™!, T>
T,, T— T,=100 °C [30]), for example. We notice for TFMs
the relation V */Vy=1.51 (PFE: 1.59, PS: 1.55) which is
close to that found by other groups for a larger variety of
polymers, ~1.45 [46] and 1.57-1.60 [27]. Moreover, we
found K(T/T *)=V,y.o/V *=0.969 (PFE: 0.956, PS: 0.955).
In the literature an approximation for A is frequently
calculated from ~h=1—K/(V/V *) assuming a constant K=
0.96 [24].

The specific volume of the rigid amorphous fraction,
Vkap, may now be estimated from

_ [Va = RVyaFl

VraF = d—R “4)

where R is the mass fraction of the MAF in the entire
amorphous volume V, and Vyar= V'is given by Eq. (2). The
relations X+ X, = X, + Xyar + Xrar = I, Xmar=XuR,



G. Dlubek et al. / Polymer 46 (2005) 6075-6089 6081

and Xgap=(1 —R)X, are valid. Here X,, Xpiap, and Xrar are
the mass fraction of the entire amorphous phase, of the
MAF, and RAF, respectively. Since R is not known we
assumed tentatively a value of R=0.5 (see our estimation in
one of the next chapters) to be representative for the sintered
and melt crystallised sample. Due to this assumption, Vgar
proceeds at higher temperatures below V, as much as Vyar
is above (Fig. 5).

At room temperature both curves intersect because we
have used the value 0.4854 cm3/g for calculating both Vyar
and V,. The assumption of a crystallinity of X.=33% as
estimated from DSC experiments gives a smaller value of V,
but does not change the whole picture. The behaviour of
Vrar may be understood in the following way. When
coming from the melt and decreasing the temperature
crystallisation starts at 7., A fraction of the amorphous
phase, the RAF, becomes restricted in its segmental
mobility due to the incorporation of polymer chains into
the crystals. Our results show that this process is associated
with denser molecular packing and a distinct loss of free
volume compared with the unconstrained amorphous phase.
Owing to its high mobility the MAF shows stronger thermal
volume fluctuations near 7. which are realised by
co-operative motions leading to large local free volumes
(transient holes) and a large specific free volume (Fig. 6).

At medium temperatures the contraction of the RAF
slows down and finally, below room temperature, the RAF
shows a larger specific volume than the MAF has (Fig. 5).
This behaviour mirrors the restriction in mobility of the
RAF by the crystals which now prevents dense packing of
the polymer chains. In the MAF, however, packing
becoming denser with decreasing temperatures until 7, is
reached. Although the accuracy of our volume estimations
is not very high and the estimations are based on several
assumptions, we think that this picture describes the
behaviour of both parts of the amorphous phase in
semicrystalline PTFE correctly. We have observed this
behaviour for all of the polymers under study in this work.
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Fig. 6. The specific free volume of the MAF (V;yar, dashed line) and RAF
(Vtrar, dash-dotted line) and of the entire amorphous phase (Vy, solid line)
for the sintered, TFMs (X, =39%), and virgin, TFMv (X.=86%), samples.
The circles and squares are estimates from PALS for TFMs and TFMv (see
text).

An independent confirmation will be given later by our
PALS studies. Similar specific volume relations of RAF and
MAF as found in our work were determined to be valid for
poly(ethylene terephthalate) at room temperature (Ty=
80 °C) [21,22].

For the calculation of the excess free volume in the entire
amorphous phase, V;, we assume that the occupied volume
is the same in both regions, the RAF and MAF. Then this
free volume can be calculated from

Vf = Va - Vocc (5)

where Voee=Voecemar. Ve represents the average of the
specific free volume of the RAF and MAF phases, the
weighting factors are the mass fractions of both portions of
the amorphous phase, (1—R) and R. The specific free
volume of the RAF is Vi gar= VRAF — Voce rAF, that of MAF
Vimar= VMAF— Voce,Map, Where we assume V.. rap=
Vocc,MAF'

Fig. 6 shows the result of these calculations where, again,
R=0.5 (solid line) has been assumed for TFMs. The specific
free volumes behave similarly to the total specific volume
since the same occupied volume is assumed in both
amorphous phases. The extrapolated specific free volume
of the MAF at T=—80°C= T,, V;=0.01131 Cm3/g,
corresponds to a fractional free volume of f,=h,=Vy/
Vmar=0.01131/0.44116=0.026. This value agrees with an
estimation by Williams, Landel, and Ferry [47] from
viscosity data of a variety of polymers, f,=0.025 (WLF
equation with B=1), which was believed for a long period
to be of general validity. Other authors [46] showed that f,
increases from ~0.02 for polymers with 7,=200 K to
f¢=0.08 for polymers with T, =400 K, a result which was
confirmed recently [27]. From this result it was concluded
that the glass transition is not an iso-free volume transition
but rather determined by the structural relaxation time. We
remark that the amorphous copolymer PFE has an
exceptionally high value of f,=h,=0.084 although Ty is
rather low, T,= —8 °C (from PALS) [32]. Obviously, this
rule may be broken when the structure and mobility of the
polymer favours this.

For the highly crystalline, virgin sample TFMv, the RAF
should occupy a distinctly larger fraction of the entire
amorphous phase than for TFMs. The dashed-dotted curve
in Fig. 6 showing the behaviour of Vigrar, was calculated
with the tentative assumption of R=0.25. A further
discussion of these curves, together with the results from
PALS (circles and squares in Fig. 6) will be given later.

3.2. The analysis of positron lifetime spectra

In previous papers [18,48] some of us have investigated
in detail how many lifetime components appear in PTFE
and what their nature is. Based on these results and in
agreement with conclusion of other groups [15,35] we
decompose the lifetime spectra of PTFE into four
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components, s(f)=> (l/m)exp(—t7), D=1, i=1...4,
attributed to annihilation of p-Ps, 7, =0.125 ps, free (e*,
not Ps) positrons, 7,=300-350 ps, o-Ps in crystals,
73=1ns, and o-Ps in amorphous regions, 7,=2-6ns.
Usually, the components of the lifetime spectrum are
assumed to be discrete exponentials, exp(—#/7;), with a time
constant 7; or a decay rate A;=1/7;, and a relative intensity
of [, i

Since in the amorphous phase o-Ps annihilates from holes
of the free volume which have a size and shape distribution
the o-Ps lifetime [49,50], and probably also the e lifetime
[32], will show a distribution. In previous papers some of us
have shown that the discrete term analysis of lifetime
spectra of both amorphous [51] and semicrystalline [52]
polymers may lead to incorrect lifetimes 7; and intensities /;
when the dispersion in lifetimes is not taken into account.
The routines CONTIN (inverse Laplace transformation
[35,53]) and MELT (maximum entropy method [54]) allow
the user to calculate the lifetime distributions numerically
(without assuming an analytical shape of the distribution),
however, due to the high degree of freedom in this kind of
analysis the results show a high statistical scatter and are
also not free of artefacts [38,51,52]. We used the routine
MELT for analysing the 30X 10° count spectra and could
confirm that in each of our semicrystalline samples four
lifetime components appear, whereas for the amorphous
fluoroelastomer PFE only three were found.

As mentioned, the new routine LT9.0 assumes that for
some, or all of the annihilation channels, the annihilation
rates A;, A;= 1/7,, follow a log-normal function [36,37]. The
non-linear least-squares fit of these functions, convoluted
with the resolution function, to the spectra provides the
mean lifetime 7; and the corresponding intensity I; of the
annihilation channel i as well as the corresponding lifetime
dispersion (standard deviation ¢; of the lifetime 7;). The
assumption of the functional shape of the lifetime
distribution which comes from the experiences with the
CONTIN routine reduces strongly the degree of freedom in
the analysis and leads to sufficient correct and precise
results [38].

The number of fitting parameters in unconstrained four-
components LT fits is 13: four 7;s, four a;s, three I;s, the time
zero fo and the background B. This high number causes a
large scatter in the fit parameters where the allowance of the
dispersion in the lifetimes is one of the largest sources of
these errors. Therefore, we tested first different modes of
analysing the lifetime spectra and the consequences on the
obtained fitting parameters. Unconstrained fits showed that
71=100-140 ps, I}/(I3+1;)=1/3, and 0, =05~=0. Conse-
quently, we constrained in the final fits the p-Ps lifetime to
its value in vacuum, 7, =125 ps (i.e. neglectable pick-off
annihilation; relaxation parameter of n=1 in agreement
with Refs. [32,55]) and its intensity to the theoretical ratio of
the p-Ps/o-Ps formation probability, I,/(I5+14)=1/3
[10,11], and moreover, ;=03 =0. The background B was
determined from fitting the spectra at very high lifetimes of

38-40 ns. Free floating fit parameters are now 7, 73, T4, 02,
o4, I3, 14, and ty. All of these parameters, except £y, are
affected by material properties. The reduced chi-squares of
the fits, x*/df, varied for this mode of analysis between 0.98
(100 K) and 1.12 (473 K). When assuming only discrete
components, as usually done in past, values of x*/df=1.2—
1.5 were obtained. The constrained fits delivered the same
behaviour of lifetime parameters as the unconstrained
analysis, but the statistical scatter of the fit parameters is
distinctly smaller.

Figs. 7 and 8 show the temperature dependence of o-Ps
annihilation parameters for TFMv and TFMs, as an
example. The larger o-Ps lifetime, 74, mirrors the mean
size of holes (local free volumes) in the amorphous phase. It
shows in the sintered sample TFMs a typical glass transition
behaviour: a small increase below 7= —85°C and a
distinctly stronger one above. The temperature where the
expansivity in 74 increases sharply is usually interpreted as
glass transition temperature, T,= —83(£5) °C. The virgin
polymer TFMv shows a similar behaviour but with smaller
changes in 74 and a higher T, of about —30 °C. Below the
glass transition, 74 is larger in virgin than in the sintered
samples, this tendency reverses above T,. The dispersion o4
which indicates the width of the hole size distribution
behaves correspondingly to 74. Unfortunately, the resol-
ution of the PALS technique is not high enough to
distinguish the holes in the RAF from those in the MAF,
T4 1S an integral o-Ps lifetime representing the entire
amorphous phase.

The lifetime, 73, attributed to o-Ps annihilation in
crystals, is expected to mirror the lattice plane spacing
(interstitial free volume) and in that way the crystalline
packing density C. 73 varies approximately linearly with C.
From the study of perfect low molecular crystals [56] the
relation 73="7.92-9.616C can be derived. For the polymers
under investigations the values of 73 vary between 1.0 and
1.15 ns corresponding to packing densities C of 0.720—
0.704.

The question arises whether the behaviour of 73 mirrors
the structural phase transitions occurring in PTFE crystals.

: T T T 0.8
-200  -100 0 100 200 300

Fig. 7. ortho-Ps lifetime from crystalline (73) and amorphous regions (74)
and dispersion g4 of the o-Ps lifetime as a function of the temperature for
virgin (v) and sintered, melt-crystallised (s) TFM.
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Fig. 8. As in Fig. 7 but intensity of o-Ps annihilation from crystalline (/3)
and amorphous regions (I4).

At low temperatures PTFE crystals exhibit a triclinic
structure with molecular chains possessing a 1X13/5
helical twist. At 19 °C the amplitude of the torsional
oscillations of the molecule increases strongly and results
in a new, trigonal crystal structure that accommodates a
1X15/7 helix with increasing disorder along the chain.
Above 30°C, the longitudinal order and, therefore, the
three-dimensional character of lattice are completely lost by
further conformational disordering of the helix ([1,57,58]
and references given therein). The DSC scans in Fig. 1 show
these two phase transitions, which appear in the modified
samples TFMv and TFMs at slightly lower temperature than
in the pure PTFE. For the copolymer PFAs only one peak
with a maximum at — 3 °C appears. Fig. 9 shows the relative
change of the linear sample dimension AL/L as a function of
temperature. Obviously, only the lower transition causes a
step-like increase in the sample volume by 3X(0.36—
0.43)%=1.08-1.29%. This corresponds to an expected
increase in 73 of ~0.10 ns.

In Fig. 10 we have shown 73 and /5 for the pure, sintered
and melt crystallised, sample TFs. Like for our other
samples (compare Fig. 7), no clear increase in 75 can be
observed. Unfortunately, the allowance of distributed
lifetimes in the spectrum analysis increases strongly the
statistical errors of the lifetime parameters. I3, however,
shows a clear, step-like increase by 1.5% near the solid-
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Fig. 9. Relative change, dL/L, of the sample dimension of TFs, TFMs, and
PFAs as function of the temperature 7.

solid phase transition at — 19 °C. Due to energetic reasons
an increased Ps formation is expected when more free
volume is available [59]. Kindl et al. [15] have observed at
—19 °C a distinct increase in /5 and a smaller one in 73
when analysing the positron lifetime spectra assuming four
discrete lifetimes. Therefore, we have applied this kind of
analysis to our spectra, the results are shown in Fig. 10. Now
the step in I3 occurs more pronounced and 73 seems to
respond to the crystalline transitions. We believe, however,
that this increase in 75 is probably an artefact of the
spectrum analysis. As discussed previously by some of us in
detail [52], the assumption of discrete lifetimes leads to a
coupling of the analysed 73 to the values of 74 and I,. Thus,
the observed increases in 73 could be the result of the
increase in 74 and I above the glass transition at — 83 °C,
and in I3 at 20 °C. Further research may resolve this
question.

The o-Ps intensities /3 and Iy (Fig. 8) mirror the Ps
formation probabilities, P. and P, (I=3P/4), in the
crystalline and the amorphous phase, and the fractions of
the crystalline and (entire) amorphous phase, X. and X,,
X.+X,=1. In a naive picture one may expect I3=(3/4)
P.X. and I,=(3/4)PX,. It is generally expected that, due to
the dense packing of the crystalline phase, P, is distinctly
smaller than P,. From the intensity ratio for TFMv at room
temperature, I5/[,=14.0/12.5=1.12 and XJ/X,=86/14=
6.14 (from density) one estimates P./P,=0.18. I, of the
virgin sample is smaller by a factor of ~2 compared with
the sintered sample. A linear increase in I, with decreasing
X, is frequently observed in the literature [60]. Surprisingly,
I3 does not show the expected decrease with decreasing
crystallinity X.. Although already observed in past for PTFE
[15], syndiotactic polystyrene [61], and poly(ethylene
terephthalte) [62], the reasons for a non-linear behaviour
of I or I, are not exactly known. o-Ps formation is a very
complex process and a variation of P. and P, and an o-Ps
exchange between the crystalline and amorphous regions
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Fig. 10. ortho-Ps lifetime 73 and intensity /5 from crystalline regions of TFs
as a function of the temperature 7. Filled symbols: unconstrained four term
analysis assuming discrete lifetimes, open symbols: constrained analysis
(71=0.125 ns, I;/I3=1/3) allowing a dispersion in the lifetimes in the
second and fourth component (¢, >0, 04> 0). The lines are linear fits to the
data represented by open symbols in the two temperature ranges below 0 °C
and above 35 °C. The arrow shows 7=19 °C.



6084 G. Dlubek et al. / Polymer 46 (2005) 6075-6089

may result in non-linear relation between I3 and X,
respectively I, and X,. Some authors concluded that o-Ps
formed in crystallites of syndiotactic polystyrene may
diffuse rapidly into the amorphous phase, where localization
at free volume holes and annihilation occurs [62]. A similar
effect can be expected for the Ps precursor e *, which has a
much larger diffusion length in polymer crystals compared
with amorphous polymers [12].

The lifetime 7, (not shown) which comes from the
positron (e *, not Ps) annihilation mirrors the integral effect
of the empty space in amorphous and crystalline regions. It
shows similar behaviour to 74. For TFMs 7, is almost
constant below —80°C, 71,=0.300(4+0.003)ns. It
increases between — 100 °C and room temperature rapidly
to 7,=0.342 ns followed by a slight increase to 7,=
0.350 ns at 250 °C. The dispersion in the positron lifetime,
05, shows a behaviour corresponding to 7,. It increases from
g>,=0.03(£0.005) ns below — 80 °C to o,=0.07 ns above
room temperature. The lifetime 7, of the virgin sample
TFMyv shows a similar behaviour as for the sintered sample.
However, below —100 °C it exhibits a constant value of
7,=0.328 ns which is distinctly larger than for TFMs.
Obviously, the as-polymerised, virgin sample exhibits
below T, in the mean a larger local free volume than the
melt-crystallised sample. We already observed the same
effect in 74.

Figs. 11 and 12 show the lifetime, 7,4, and intensity, 14, of
0-Ps annihilation in the amorphous phase of the melt-
crystallised samples TFs, TFMs, and PFAs, and, for
comparison, in the completely amorphous PFE. The glass
transition occurs in TFs and TFMs at —80 and — 83 °C, in
PFAs at —73 °C, and in the elastomer PFE at —8 (+5) °C.
The semicrystalline polymers show at higher temperatures a
slowing down of the increase in 7,4, while for the amorphous
PFE a complete levelling-off of the increases is observed
at a temperature of 120 °C denoted as ‘knee’ temperature
Tk [32].

The 0-Ps intensity I, shows a minimum at — 100 °C in
the semicrystalline polymers followed by a strong increase
above T, (Fig. 12). This increase is also observed for PFE.
At 100 °C all samples show a levelling-off in the increases
in I;. A similar behaviour has been also observed for other
polymers, for example for polyethylene (PE) and its
copolymers [20]. It was found that the Ps yield in PE
increases at temperatures of —200°C and lowers with
increasing duration of positron irradiation. This effect was
explained by the accumulation of secondary electrons
shallowly trapped by radicals [63,64]. Thermalisation of
the positron injected from the source creates excess
electrons and free radicals due to the ionisation. Positrons
may combine with shallowly trapped electrons to form Ps. A
decrease in I3 above — 170 °C was interpreted as a release of
weakly bound electrons by the thermal activation of
molecules and the recombination of free electrons with
reactive species (cations and radicals containing non-
saturated bonds). It was also found that irradiation with
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Fig. 11. ortho-Ps lifetime from amorphous regions, 74, as a function of the
temperature for the semicrystalline polymers, TFs, TFMs, and PFAs, and
for the amorphous fluoroelastomer PFE.

visible light causes the same effect [63]. Above Tg, the
concentration of reactive centres will decrease due to the
recombination of mobile ions and radicals. This may lead to
the new increase in the o-Ps intensity observed for all of our
samples (Figs. 8 and 12).

3.3. Hole size distribution and the mean hole size

In the following we focus our discussion on the mean
hole size and the hole size distribution calculated from the
o0-Ps lifetime 7, and its distribution. Usually the mean radius
r(74) of the holes (assumed spherical) is calculated from the
(mean) o-Ps lifetime 74=1/A4=1/,, using the equation

Ao =2ns'|1—

4% 1 . 27‘rrh
P r, + or +%Sm<rh +5r)] ©
where A, is the annihilation rate of o-Ps due to the pick-off
process inside the holes. This equation comes from a semi-
empirical model [8] which assumes that o-Ps is localised in
an infinite high potential well with the radius r,+ dr where
ry, is the hole radius and the empirically determined dr=
1.66 A [9,10] describes the penetration of the Ps wave
function into the hole walls. The relation Ay, = 1/74 is based
on the assumption that spin conversion and chemical
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Fig. 12. As in Fig. 11, but the o-Ps intensity I4 (T, from Fig. 11).



G. Dlubek et al. / Polymer 46 (2005) 6075-6089 6085

quenching of Ps [12,13] are negligible. The mean hole
volume follows then from vy,(74) = (4/3)7Ttry(74).

This usual way of calculating the mean hole volume,
however, does not agree with the true mean of the hole size
distribution since the relation between 7, and the hole
volume vy, is not linear. A more reasonable way is to
calculate the mean hole volume as mass centre of the hole
volume distribution which itself can be calculated from the
annihilation rate distribution «;(A) of the fourth annihilation
channel. LT9.0 assumes the quantities «ai(A)A to be log
normal functions. The position of the maximum of the
distribution for the fourth annihilation channel, 449, and its
the standard deviation g4(A) are related to the mean o-Ps
lifetime, 74, and its dispersion, g4, via 7, = exp[ai(l)/Z]/)uo
and 0, = a(74) = u[exp(uﬁ(A) —11%3, respectively [36,37].
With Eq. (6) and the known distribution a4(A) of the o-Ps
annihilation rates the hole radius probability distribution,
n(ry) = — ay(A)dA4/dry,, can be calculated from [49,50]

_ 27'57}1 _ 0[4(A)
n(r,) = 3.32{005 {4(”1 n 6r)} 1}—(”h +orp @)

The fraction of the free volume holes with radii between
ry and ry, +dry, is n(ry,)dr,. From Eq. (7) the volume fraction
hole size distribution,

n(ry)
= 8
8(vh) 4o 3
and the number fraction hole size distribution,
8(vh)
ga(vp) = =0 ©)
Vh

can be calculated. g(v,) gives the volume fraction of free-
volume holes with volume between vy, and vy, +dv,, while
gn(vy) shows the number fraction of holes with volume
between v, and vy+dv,. The normalisation of the
distributions is [g(v,)dvy, = {(vy,)N, =f where f (=h) is the
fractional hole free volume, (v,) and N, are the mean
(number averaged) volume and mean number density of
holes. The distribution g,(v,) may be approximated by a
log-normal function, a I'-function, or more roughly by a
Gaussian in agreement with the theoretical considerations of
Robertson [65] and Bueche [66]. We have calculated the
mean, (v,), and the variance, aﬁ, of the hole size distribution
numerically as first and second moment of the g,(vy)
distribution.

Figs. 13-15 show the temperature dependence of {v,) and
ay, for free volume holes in the (entire) amorphous phase of
the semicrystalline polymers. Results for the amorphous
PFE from our previous work [32] are included in Fig. 13.
Since both values, 74 and ¢4, go in into its calculation, {v},)
shows a larger scatter than 74. The statistical scatter for the
PFE data is smaller than for the semicrystalline polymers
since only three lifetime components appear here, I3 =0.

The mean hole size in PFAs shows a typical glass
transition behaviour as known from amorphous polymers

and shown by PFE (Fig. 13). At low temperatures, o-Ps is
trapped in local free volumes within the glassy matrix and
(vy) mirrors the size of static holes. The averaging occurs
over the hole size and shape. The slight increase in {v,) with
temperature shows the thermal expansion of free volume in
the glass due to the anharmonicity of molecular vibrations
and local motions in the vicinity of the holes. At a
temperature of —85°C for PFAs and —8°C for PFE,
which, as mentioned, are considered as (volumetric) glass
transition temperatures T, (v,) shows a distinct increase in
its expansivity. The coefficient of thermal expansion of
holes changes for PFAs from g = (14vy)d{v)/dT=0.2 X
107K (T<Ty to ap=(1Avy)d(v,)/dT=8.9X 10>
K ' (1> T,) where (vy) is the mean hole volume at 7,
(Table 2). This behaviour is due to the rapid increase in the
molecular and segmental mobility in frequency and
amplitude above T,. Now (v,) represents an average value
of the local free volumes whose size and shape fluctuate in
space and time. The increase in (vy,) is distinctly steeper for
PFE than for PFAs. It mirrors the thermal expansion of the
completely mobile amorphous phase in PFE, while for PFAs
and all other semicrystalline samples {(v;,) is an average over
the MAF and RAF.

PFE shows at T, =110 °C a levelling-off in the increase
in {vy). Different effects such as 0-Ps detrapping from holes,
0-Ps bubble formation, the disappearance of the dynamic
heterogeneity, or segmental relaxation times in the order of
the o-Ps lifetime or smaller are discussed as possible reasons
for this behaviour [67,68]. For PFAs the increase in (v},
begins to slow down already at about 40 °C. This may be
due to the same effects mentioned for PFE. In case of
semicrystalline polymers, however, the restriction of the
molecular motion and therefore also of the thermal
expansion of the RAF by the crystalline phase (and possibly
of the MAF by the RAF) may be an additionally probable
reason for this behaviour. The width of the hole volume
distribution, oy, is small and almost constant below T.
Above that temperature oy, increases approximately parallel
to <Vh>.

TFMs shows a similar variation in {v,) and o}, as PFAs

600
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Fig. 13. Mean volume, (vy), and standard deviation, ay, of the hole size
distribution g,(v,) as a function of the temperature 7 for semicrystalline
PFAs and amorphous PFE.
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Fig. 14. Mean volume, (vy,), and standard deviation, oy, of the hole size
distribution g,(vy,) as a function of the temperature 7 for TFM in virgin (v)
and sintered, melt-crystallised state (s).

but exhibits smaller values of these quantities at higher
temperatures (Fig. 14). This difference can be attributed to
the higher crystallinity of TFMs compared with PFAs. The
highly crystalline sample TFMv shows a behaviour which
differs from TFMs in several aspects. At low temperatures
(vpy and more clearly oy, are larger than for TFMs. This
behaviour delivers evidence that the restriction of the
mobility in the RAF by crystals inhibits at low temperatures
dense packing of polymer chains. A fraction of holes occurs
which are larger than in the MAF. At high temperatures the
effect is opposite: the restriction of the mobility in the RAF
limits the thermal expansion of the holes and leads to a
lower mean hole size than for the sample with lower
crystallinity, TFMs. We have already observed this effect in
the macroscopic volume (Fig. 5). The pure PTFE samples,
TFv and TFs, show a similar behaviour (Fig. 15) as the
modified samples, however, due to the lower I, with a
larger statistical scatter.

It is interesting that the highly crystalline samples TFv
and TFMv also show a distinct increase in the hole
expansivity though at temperatures of —15 to —20°C
which is higher than the T,s of the melt crystallized samples
by 53-65 °C. If we assume, as in Ref. [20], that an abrupt
increase in the slope of the {(v,)-T curve indicates the glass
transition in a mobile amorphous portion, then this
behaviour can be considered as evidence that also in our
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Fig. 15. As in Fig. 14, but for TFv and TFs.

highly crystalline samples a MAF exists. Obviously, its
fraction Xpyap is smaller and a larger restriction in its
mobility by the crystals (and the RAF) occurs than in the
MAF of samples with lower crystallinity. Owing to this,
higher temperatures are needed to stimulate segmental
motions. Recently, it has been observed that the frequency
of segmental (a-) relaxation drops down by two orders of
magnitude due to the crystallization of poly(dimethyl-
siloxane) [69]. We remark that in high density polyethylene
of 70% crystallinity a glass transition in the mean hole
volume has not been seen using PALS [20]. It was
concluded from this observation that this polymer contains
no MAF but only RAF. In ethylene/1-octene copolymers
with crystallinities of 42% and less, however, the glass
transition has been observed. The fraction of MAF and RAF
was estimated from this behaviour.

We use the method developed by some of us in Ref. [20]
to estimate the mass portions of both amorphous phases, the
MAF (mass fraction R), and the RAF (mass fraction 1 —R).
We estimate R from the relation

_ [vn(T)) — (vp(T N
[a(T)™ — (T )™ ]

(10)

where (vy(T)) and {vy,(7)) are the hole volumes of the given
polymer at T, and at T=T,+100 K. (v,(T))™* and
(vn(T)™ denote the corresponding values for R=100.
Assuming that the data for PFE correspond to R=100, we
estimate the following values for R: 0.52 (TFs), 0.52
(TFMs), 0.48 (PFAs), 0.22 (TFv), and 0.33 (TFMv).

The volumetric glass transition temperature of the PTFE
samples with lower crystallinity corresponds well to the
v- (glass II) transition known from dynamic mechanical loss
tests [39] and dielectric dilatometry [70]. In mechanical
relaxation experiments the lowest tan 6 peak (7y) occurs in
melt-crystallised PTFE at —84 °C. This peak is replaced by
a smaller loss peak at —66 °C in the virgin sample [39]. We
remark that we have not detected a transition which could be
attributed to the a- (glass I) transition observed in relaxation
experiments at about 130 °C [39,70,71].

In Fig. 16 we show, as example, the number-weighted
hole volume distribution g,(v,) for TFMv and TFMs at low
(—158 °C) and high (4200 °C) temperatures. The curves
show, in agreement with Fig. 14, that at — 158 °C the mean
volume and its dispersion is smaller in TFMs than in TFMv.
For higher temperatures these relation reverses: TFMs has
the larger mean hole volume and dispersion.

3.4. The hole density

PALS itself is able to measure the mean volume of the
holes and their size distribution, but not directly the hole
density and the hole fraction. However, a correlation of
PALS results either directly with the macroscopic volume
V, of an amorphous polymer or with its (excess) free volume
V; allows to estimate the hole density [26-32]. The mean
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Table 2

Free volume parameters estimated from PALS data (see text)

Sample TFv TFs TFMv TFMs PFAs PFE

T, (PALS, °C) +5 —30 —80 —20 —83 -73 -8
(vng) (A%) +7 166 147 140 152 138 166

o (103K +15 6.5 8.2 45 8.5 8.9 17.8
g (1077 K™h 0.5 0.7 0.8 ~0 2.1 0.20 2.2
N}, (from Vy) (10 g7 1) +0.01 0.127 0.161
N}, (from V) (10*' g7 1) +0.01 0.123 0.157
Nyg = N}/V, (nm™?) +0.02 0.27 0.32

number of holes per mass unit, N, may be determined from
one of the relations [26,31],

Ve = Vio + Nofwp) (11)

Va = Voee +Vio + Nlﬁ("h) (12)

In these equations, the specific free volume Vi is
expressed by N/{v,), the term Vy, may count for a possible
deviation of the mean hole volume estimated from the o-Ps
lifetime data from the true mean hole volume. Egs. (11) and
(12) are applied in past for amorphous polymers [26-32].
We attempt to use this method for our semicrystalline
polymers and assume that here V, is the specific volume of
the entire amorphous phase, calculated from Eq. (1), and V¢
is the corresponding excess free volume calculated from Eq.
(5). {(vy,) and N{l are the mean volume and specific density of
holes averaged over the entire amorphous phase.

Fig. 17 shows plots of V; and V, vs. {(v,) for TFMs. The
data were taken from the temperature range between T, +
20 K (V; and V, extrapolated, see Figs. 5 and 6) and 40 °C
where () varies linearly. One observes that both volumes,
Ve and V,, follow linear functions of {vy,). This behaviour is
generally observed for amorphous polymers and from this it
is concluded that N, is not a function of the temperature. For
TFMs, the Vi vs. (v,) plot leads to N = dVi/d{v,)=
0.127(40.01) X 10*! g™! and a Vj, value being almost
zero, Vio=0.0044(40.002) cm®/g.

The V, vs. () plot shows a slope of dV,/d(v,)=0.137

(+0.007)x10*' g~ '.To estimate Nj, this slope must be
corrected for the expansion of the occupied volume,
N} = dV,/d{v,) — dV,../d{v},). From the thermal expansion of
Voee and (vp) we estimate dV,../d{vy,) = (dV,../dT)/(d{v,}/dT)
=1.8X107° cm® g ' K™/1.3 A K'=0.014 X 10*! ¢!
which leads to N, =0.123(+0.01) X 10*'g™! in agreement
with the value estimated from V;. The zero volume, V,({vy)
—0)=0.444(£0.002) cm3/g, correspond to V.. + Vi (Eq.
(11)). With Vi=0.0044 cm®/g from the V; vs. () plot we
obtain V,..=0.439(40.003) cm3/g which is in excellent
agreement with the extrapolation of the occupied volume to
0 K, Voeo T—0)=0.442(+0.001) cm®/ g. The average of both
N} values, N} =0.125(0.01) X 10*'g™! correspond to a
volume related hole number density of N, = N}/V,=
0.27(40.02)nm > (V,=0.4643 cm3/g at room temperature).
At this point we remark that we have concluded in a
previous paper [32a] for PFE that the mean hole volume
(vpy* of the corrected distribution g,(vy)* = g,(vi)/vy, follows
better the specific free volume V; (i.e. V;=0) than {v;,) does.
From this we have concluded that o-Ps may prefer larger
holes with a weight approximately proportional to the hole
volume. This conclusion is not in disagreement with the
results of this paper. Since the scatter in 7, and o4 are
amplified in the calculation of {(v,)* we have, however, not
shown here the results of such analysis. Generally, {(vp)* is
somewhat smaller than (v,), which leads to a larger value for
the hole density when being estimated from N, = Vi/{v,)*.
In Fig. 6 we have compared the specific free volume of
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Fig. 16. Number-density hole volume distribution g,(v;,) normalized to
jvhgn(vh)dvh = 1 for TEM. Dashed line: virgin sample (TFMv), solid line:
sintered, melt crystallized sample (TFMs); lower curves: — 158 °C, upper
curves: +200°C. The arrows show the mean hole volume (v,) of the
distribution.

Fig. 17. Specific free volume V¢ and specific total amorphous volume V,
plotted vs. the mean hole volume (v,) (squares) for TFMs. The lines show
linear fits to the data from the temperature range between —70 and
+40 °C.
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TFMs and TFMy directly, calculated from the relation V; =
N{{vy) with Nj as fitting parameter, with the specific free
volume V; estimated from the PVT experiments. For
TFMs a good fit is obtained when assuming
N{1 =0.143 X 10*! gfl, a value which is also obtained
from the fit of the V; vs. {v,) plot constrained to pass zero,
Vio=0. In case of the virgin sample we have calculated the
value of V;from the boundaries Vi par and Vigrar assuming
that the amorphous phase of this highly crystalline material
consists of 0.75 parts as RAF and to 0.25 parts as MAF. A
good agreement between this value for V; and that
calculated from Vi = N/{v;) ((v,) from TFMy) is obtained
assuming a constant hole density of N/ =0.26 X 10*! g
(Fig. 6, lower part). One may conclude from this value that
the RAF contains more holes than the MAF. The accuracy
of the estimation is not very high and is based on several
assumptions. A larger mean size and density of holes in the
RAF below room temperature, compared with the MAF,
however, correlates well with the higher specific volume
(Fig. 5). Due to the inhibited expansion of holes in the RAF,
the specific free and total volumes are above room
temperature in the RAF lower than in the MAF.

4. Conclusions

(1) The specific volume of the MAF and RAF, Vyar and
Vrap, of a semicrystalline polymer can be estimated
when assuming that Vyar agrees with the specific
volume of the melt extrapolated down to lower
temperatures using the S-S eos. Vgxar may then be
estimated from the specific volume of the entire
amorphous phase, V,, assuming the mass ratio between
RAF and MAF. V, is estimated from the volume of the
semicrystalline polymer using the known crystallinity
and the know specific crystalline volume. Our esti-
mations show that between room temperature and the
melting point Vgar is smaller than Vyag. Below room
temperature, the situation in PTFE reverses and at T, the
volume Vgap is clearly larger than Vyag. These
relations are also valid for the specific free volume.

(2) The positron lifetime spectra show four components, the
larger two are attributed to o-Ps annihilation in the
interstitial free volume of crystals (73=1.0-1.15 ns)
and in holes of the excess free volume in the amorphous
phase (74=1.5-5ns). The intensity of the third
component, I3, shows an increase around 20 °C
attributed to the solid—solid transition of PTFE crystals.
A clear change of 73 could not be observed, however, at
this temperature. The number-weighted mean volume,
(v, and the width, oy, of the hole size distribution,
calculated from the parameters 74 and g4 of the LT9.0
analysis of lifetime spectra, show for the lowly
crystalline, sintered, samples a typical glass transition
behaviour: an abrupt increase in the coefficient of
thermal expansion at T,. T, is estimated to be —80 °C

for TFs and — 83 °C for TFMs, — 73 °C for PFAs, and
—8°C for the amorphous fluoroelastomer PFE. The
mean hole density is found to be independent on the
temperature and estimated from a comparison of V; or
V. with (v;) to be, for TFMs as example, N} =
0.1250.01) X 10*! g7! and N,=0.27(40.02) nm 2,
respectively.

(3) The hole size of the virgin, highly crystalline PTFE
shows even a glass transition, but with a higher 7, of
—15 to —30°C, and a smaller mean hole volume and
expansivity above T,. From this behaviour the ratio of
RAF/MAF has been estimated to be 3 for the virgin
polymers, and to be 1 for the melt crystallized samples.
Apparently, some fraction of the amorphous phase
occurs in a mobile state but with inhibited mobility. The
mean hole volume, (v,), and the width of the size
distribution, oy, are below T, larger than for the samples
of low crystallinity. The hole density, N, is larger than
for the samples of low crystallinity. The behaviour of
(vi,) and N}, correlates well with the variation of specific
volumes V, and V; analysed from the PVT experiments.

(4) The behaviour of the volume parameters (vp), o, Ny, Vs,
and V; can be understood assuming that during
crystallisation from the melt a fraction of the amorphous
phase, the RAF, becomes restricted in its segmental
mobility due to the incorporation of polymer chains into
the crystals. This process is obviously associated with a
denser molecular packing and a distinct loss of free
volume compared with the unconstrained amorphous
phase which shows, due to its high segmental mobility
and the high temperature, strong thermal volume
fluctuations and in the mean a larger specific free and
total volume.

When lowering the temperature the contraction of the
RAF slows down and finally, below room temperature in the
current case, the RAF possess a larger hole volume and a
larger specific free and total volume than the MAF shows.
This behaviour mirrors the restriction of the segmental
mobility in the RAF by the crystals which now inhibits
further dense packing of the polymer chains. This denser
packing occurs, however, in the MAF until 7}, is reached.
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