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ABSTRACT: The temperature dependence of the me-
chanical properties of a series of ethylene—tetrafluoroethy-
lene copolymers was interpreted reasonably on the basis
of experimental information about the crystalline phase
transition and the amorphous-glass transition behaviors.
The crystalline phase-transition temperature, the glass-
transition temperature, and the bulk modulus were found
to depend sensitively on the tetrafluoroethylene content.
The magnitude of change in the bulk modulus at the crys-
talline phase-transition temperature and glass-transition

temperature was also found to depend sensitively on the
tetrafluoroethylene content. These experimental data were
interpreted from various levels, including the distribution
of the sequential ratios of ethylene—ethylene, tetrafluoro-
ethylene—tetrafluoroethylene, and ethylene—tetrafluoroethy-
lene segments in the copolymer chains. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 114: 1710-1716, 2009
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INTRODUCTION

Ethylene—tetrafluoroethylene copolymer (ETFE) is a
melt-processable  fluoropolymer with excellent
weatherability and thermal and chemical stability."
ETFE is used as an insulator for wires and cables, a
coating for anticorrosion, and films for greenhouses.
This copolymer is known to show a high probability
of alternating arrays of ethylene (E) and tetrafluoro-
ethylene (TFE) monomeric units along the chain.
The degree of alternation of E and TFE monomer
units is dependent on the E/TFE content. Because
the physical properties of an alternating copolymer
are different in general from those of the corre-
sponding random copolymer, it is important to clar-
ify the properties of ETFEs as a function of E/TFE
content because the E/TFE alternation is dependent
on the monomer content. In this study, we treated
the dynamic mechanical behavior of a series of
ETFEs with different contents.
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The temperature dependence of the storage modu-
lus (E') has already been reported for ETFE with a
50-80 mol % TFE content, and the four transitions
(a, o, B, and y) were reported.>® The o transition
was related to the crystalline phase transition, as we
mention in a later section.

In the interpretation of dynamic mechanical prop-
erties of this copolymer, we need to take into consid-
eration the crystal phase transition between the low-
and high-temperature crystal phases.>'* Thermal
analysis and X-ray diffraction measurement and
vibrational spectral measurement have clarified that
the crystalline phase-transition temperature (T)
depends on the TFE content sensitively.®”'>'* At the
same time, the melting point and glass-transition
temperature (T) were also found to change depend-
ing on the TFE content.*'*

In this article, we report the temperature depend-
ence of the dynamic viscoelastic properties of the
bulk ETFE samples and reveal that the mechanical
properties were intimately related with the struc-
tural change in the crystalline phase transition and
the thermal motion of the chains in the amorphous
region. This type of study has never been reported
for ETFEs and should give us important information
necessary for the interpretation of the physical prop-
erties of this copolymer.
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TABLE I
Compositions of the ETFE Copolymers Determined by
Elemental Analysis

Polymer composition (mol %)

No. TFE E
1 39 61
2 50 50
3 54 46
4 65 35
5 71 29

EXPERIMENTAL

ETFEs were synthesized by radical polymerization
in a fluoro solvent.””™ The copolymer composition
was determined by elementary analysis for fluorine
content. Table I shows the copolymer compositions.
As an example, the ETFE with 50 mol % TFE content
is called the 50 mol % TFE copolymer in this study.

Unoriented films of 200 pm thick were prepared
by compression molding at 300°C followed by
quenching in a water-cooled press instrument or by
slow cooling to ambient temperature at a rate of
2°C/min. E’ and tan 0 were measured at 35, 10, and
1 Hz by an IT rheometer (DVA200 IT Co., Ltd., Ja-
pan). The heating rate was 2°C/min. The degree of
crystallinity (X) was evaluated with wide-angle X-
ray diffraction (WAXD) data taken with a RINT2500
X-ray diffractometer (Rigaku Co., Ltd., Japan). The
temperature dependence of the lattice spacings was
measured between —40 and 200°C with a Rigaku
RINT/TTR-III diffractometer.

RESULTS AND DISCUSSION
T, and T,

Figure 1 shows the temperature dependence of E’
and tan § (tan 6 = E'/E’/, where E” is the loss modu-
lus) measured at 35, 10, and 1 Hz for the melt-
quenched 50 mol % TFE copolymer sample. There
are four transition peaks, o, o/, B, and vy, as already
reported.’*® The o and y transitions are related to
the thermal motions of chains in the amorphous
region because the transition temperatures depend
on the measurement frequency. The a transition cor-
responds to the glass transition of the amorphous
region. The o is assigned to the crystal transition
between the low- and high-temperature phases, as
reported.*'® The broad peak B is also assigned to
the structural change in the crystal lattice, but the
details are not yet clear.

Figure 2 shows the temperature dependence of E’
and tan 6 of the 50 mol % TFE copolymer compared
between the samples prepared under different con-
ditions. In case of the slowly cooled sample, the o
transition temperature or T, was higher and the
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Figure 1 Temperature dependence of E' and tan & mea-
sured for a melt-quenched sample with 50 mol % TFE co-
polymer at 35, 10, and 1 Hz.

peak height of tan & was lower than those of the
quenched sample. The tan & peaks of the o' and B
transitions were higher and those of the o and vy
transitions were lower for the slowly cooled sample.
When we took into account the difference in crystal-
linity between these two samples, the assignments of
the o and P transitions to the crystalline phase
seemed reasonable from these data.

Figure 3(a—d) shows the temperature dependences
of E’ and tan 6 measured for the ETFEs with TFE 39,
50, 65, and 71 mol % contents, respectively. In these
figures, the temperature dependences of the crystal
lattice spacings d(120) and d(200), estimated by the
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Figure 2 Comparison of the temperature dependence of
E" and tan 6 for samples prepared under different condi-
tions with 50 mol % TFE copolymer (frequency = 10 Hz).
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Figure 3 Temperature dependence of E’ and tan & measured for melt-quenched samples of ETFE with various TFE con-
tents: (a) 71, (b) 65, (c) 50, and (d) 39 mol % (frequency = 10 Hz). LT and HT are the low-temperature and high-tempera-

ture phase, respectively.

X-ray diffraction data, are also shown for compari-
son. The o peak position shown in the tan & curve
corresponded well to T, for all of the samples.
Figure 4 shows the plot of T, and T, versus the
TFE content. The o peak or T, was higher than T,
for the copolymers with 50-70 mol % TFE content,
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whereas the copolymer with 39 mol % TFE showed
the crystalline phase transition in a temperature
region that was higher than T,.

In this way, T, and T. were sensitively dependent
on the E/TFE content of the copolymers, and the
crossover occurred around the 40 mol % TFE region.
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Figure 4 Influence of the TFE content on T. and T, of
melt-quenched samples of ETFE (frequency = 10 Hz).

T, corresponded generally to the temperature region
where the micro-Brownian motion of the skeletal
chains occurred in the amorphous region through
the torsional motions around C—C bonds. Simply
said, T, was governed mainly by the energy barriers
for the C—C torsional motion of the amorphous
chain. On the other hand, T. was the temperature
where the rotational (or librational) motion of the
essentially planar zigzag chains occurred around the
chain axis, and the pseudohexagonal packing of
these chains was attained as a result. In contrast to
the vinylidene fluoride copolymer,?>?! the chain con-
formation was almost the trans zigzag form, and the
change to gauche form occurred only at a low prob-
ability."*'* Therefore, the intermolecular interaction
energy between the nonbonded H:--H, H--F, and
F--F atoms were considered to affect the transition
temperature significantly. The X-ray structure analysis
told us that the unit cell size (the a and b axial
lengths) increased with increasing TFE content.'
Therefore, the distance between the neighboring
chains became longer, and the intermolecular interac-
tions were weaker, which resulted in the easier libra-
tional motion of the chains and a remarkable decrease
in T, (as shown in Fig. 4). On the other hand, the ease
of torsional motion around the skeletal chains (in the
amorphous region) was governed by the local tor-
sional energy barriers around the C—C bonds and
was not affected very much by the TFE content; this
reflected on the small change in T,. T, and T. were,
of course, the transition temperatures intrinsic to the
amorphous and crystalline regions and were inde-
pendent each other. Therefore, the crossover of T,
and T, was only apparent. However, it might be valu-
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able to discuss the reason why such a crossover was
observed from the energetic point of view.

Another key point in Figure 4 was the observation
of a maximum of T, for the 50 mol % TFE copoly-
mer. This copolymer had an almost perfect alternat-
ing arrangement of E and TFE units along the
skeletal chains. As pointed out previously, in the 50
mol % TFE copolymer, it was difficult to change the
chain conformation in the phase transition phenom-
enon because of the overwhelming stability of the
trans zigzag form.'***

This suggests that the alternately arranged sequen-
ces of E and TFE units showed higher energy barrier
for the trans-gauche conformational exchange. This
situation may have also been realized for the chains
in the amorphous region. The origin of the maxi-
mum T, for the 50 mol % TFE copolymer may have
come from such a high rigidity of the alternate co-
polymer chain. For more detailed and quantitative
discussion, we need to perform the molecular dy-
namics calculation by taking all the energy terms
into consideration at the various temperatures.

Temperature dependence of E' with respect to the
crystal phase transition and glass transition

E’', measured below T, showed the maximum for
the copolymer with 50 mol % TFE content, as shown
in Figure 5. This maximum modulus of an almost
perfectly alternating copolymer sample may be inter-
preted qualitatively on the basis of the rigidity of
the molecular chain in the amorphous region.

When the change of E' (and tan ) occurring in
the T. region was compared among the various
copolymers, one remarkable point was noticed. The
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Figure 5 TFE content dependence of E’ for melt-
quenched and unoriented ETFE samples measured at
room temperature.
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Figure 6 TFE content dependence of the reduction mag-
nitude of E’ at the phase-transition point for unoriented
ETFE samples (frequency = 10 Hz).

change in the storage modulus (AE') or the magni-
tude of the E’ reduction before and after the phase
transition was dependent on the TFE content, as
shown in Figure 6. AE’ was larger for the copolymer
with a higher TFE content.

These changes in E’ of the bulk samples were nat-
urally related to the changes in the higher order
structure of the crystalline and amorphous phases.
These higher order structures and the crystalline
state structure was dependent on the chemical regu-
larity of the copolymers. As a result, we can say that
the physical properties of these phases were related
more or less to the chemical regularity of the copoly-
mer chains or the degree of alternation of the E and
TFE units.

When we assumed an ideal copolymerization
reaction for this system, the E-E, TFE-TFE, and E-
TFE sequential ratios were calculated as shown in
Figure 7. The monomer reactivity ratios used for the
calculation of the sequential ratios were 0.06 and
0.14 for TFE (first monomer) and E (second mono-
mer), respectively.'®

In the region of TFE contents of 0.5-1.0, the TFE-
TFE and TFE-E sequential ratios were almost line-
arly in proportion to the TFE content. Therefore, the
TFE content dependence of AE’ could be redrawn as
shown in Figure 8, where AE’ is plotted against the
TFE-TFE sequential ratio of the copolymer chains.
AE' increased in proportion to the increase in the
TFE-TFE sequential ratio. This remarkable change in
AE" was interpreted as follows. Let us assume here
the mechanical series model between the crystalline
and amorphous phases as often used in a good
approximation. E’ is expressed as the bulk modulus

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Dyad sequence ratios calculated for ETFE [the
monomer reactivity ratios were 0.06 and 0.14 for TFE (first
monomer) and E (second monomer), respectively].

(Ep) hereafter for clearer expression. E, may be given
as follows:

1/E, = X/Ec + (1 - X)/E, (1)

where E, and E, are the moduli of the crystalline
and amorphous regions, respectively. If the change
in the modulus is small, the following relation is
obtained in a good approximation.

AEy = [X/(Ep/Ec)*]AE: + [(1 = X)/(Ey/Eo)*|AE;  (2)
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Figure 8 TFE-TFE sequential ratio dependence of the
reduction magnitude of E' measured for unoriented ETFEs
at T..



ETHYLENE-TETRAFLUOROETHYLENE COPOLYMER

where AE, is the change in modulus occurring in the
amorphous region at T,, AE, is the change in the
bulk modulus, and AE. is the change in modulus
occurring in the crystalline region at T.. Because the
samples used in this study were unoriented, E. was
an isotropic modulus of the crystalline region and
could be expressed as the average of the modulus
along the chain axis (Echain) and the modulus in the
lateral direction (Ejateral):

3/Ec = 1/Echain + 2-/Elateral (3)
Ehain was much higher than Ej,era1. Therefore
EC ~ (B/Z)Elateral (4)

Elaterar is mainly governed by the intermolecular
interactions between the neighboring chains in the
crystal lattice and may be in the same order as E,.
With egs. (1) and (4), E; can be approximately
expressed as

Ey~[3/(3 — X)|E, = E,(X < 1) ®)

where Ej,eral is substituted by E,. Then, it is reasona-
ble to assume that E, ~ E, =~ E, in a rough estima-
tion. As a result, eq. (2) becomes

AE, ~ XAE, + (1 — X)AE, 6)

This equation is reasonably understandable in
such a point that AE, is governed by the changes of
E. and E, in a linear relation.

At the crystalline phase transition point, T,, where
the mechanical modulus in the amorphous region is
almost not changed or AE, = 0, the AE, is deter-
mined almost by AE. of the crystalline region:

AE, ~ XAE, (at T.) 7)

On the other hand, AE, at T, is governed mainly by
AE, of the amorphous region:

AEb

[~(1-X)AEa]

rﬂ Tg
Temperature

Figure 9 Schematic illustration of the relation between
the reduction of E’ and the transitions at T, and T,.
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Figure 10 TFE content dependence of the reduction mag-
nitude of E' measured for unoriented ETFEs at T,.

AE, ~ (1 — X)AE, (atTy) )

In this way, these two types of modulus changes
given in eqs. (7) and (8) contribute to AE, observed
at the o/ (T.) and o (T,) peaks, respectively, as illus-
trated in Figure 9.

As shown in Figure 8, AE’ (or AE,) at T, increased as
the TFE-TFE sequential ratio was higher. As shown in
Figure 3(a—d), the change in the lattice spacing at T,
occurred more remarkably for such a high-TFE
copolymer sample. This larger change in the unit cell
size resulted in the weaker intermolecular interactions
and gave a larger AE, of the crystalline lattice, which
resulted in a larger AE, at T,, as known from eq. (7).
On the other hand, the copolymer with the lower
TFE-TFE sequential ratio showed a small change in
the chain packing density at T, because the molecular
chains were more slim and packed more strongly,
even above the transition point to the pseudohexago-
nal phase. Then, the change in AE, was smaller, and
AE' (or AE;) was also smaller.

The modulus change AE, at T, was also depend-
ent on the TFE content of the copolymer, as shown
in Figure 10. The energy barrier of torsional motion
around the C—C bonds was higher for the CF,—CF,
bonds than for CH,—CH, bonds.?*? Therefore, the
micro-Brownian motion of the amorphous chains
was more difficult for the copolymer with a higher
TFE content. This means that the change in E, at T,
was smaller, which resulted in a smaller change in
Ep, as known by eq. (8).

CONCLUSIONS

The temperature dependence of E' of ETFEs was
related reasonably to AE. and AE,. Because AE. and

Journal of Applied Polymer Science DOI 10.1002/app
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AE, were dependent on the TFE content, the magni-
tude of AE, was also dependent on the E/TFE con-
tent or the sequential ratios of E-E, TFE-TFE, and
E-TFE units. As the TFE content was higher, the
TFE-TFE sequential ratio was increased, and AE,
became larger. This was interpreted reasonably on
the basis of egs. (7) and (8).

In this way, we related the mechanical property
changes of ETFE at T, and T, to the changes in the
structure and motion of the chains in the crystal and
amorphous regions. Of course, we need to clarify
the change in the higher order structure or the mor-
phological change to interpret the bulk mechanical
properties in a more direct manner. It may be
emphasized here that intimate relations could be
detected among the chemical structure, the phase
transition behavior of the crystal lattice, and the mo-
lecular motion in the amorphous region to interpret
the temperature dependence of the macroscopic me-
chanical properties of the ETFE bulk samples.
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