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A copolymer of ethylene, tetrafiuoroethylene, hexafluoropropylene and perfluoropropylvinyl-
ether has been investigated. Uniaxial tensile tests at small strains showed improved
mechanical properties, when the copolymer was filled with short glass fibres. This is due to a
change in superstructure, as can be seen with small-angle X-ray scattering (dynamic
measurements during heating with synchrotron radiation). This results in some kind of
bonding between matrix and fibres: scanning electron micrographs of fracture surfaces
obtained at temperatures between — 192 and + 160 °C show the bonding as well as the
nucleating influence of the fibres on the matrix in their surroundings. Wide-angle X-ray
scattering up to 170°C (made with a Guinier camera) shows that the crystalline structure itself
was not influenced by the fibres and that the crystallites in the copolymer were longitudinally

disordered to a high degree.

1. Introduction

Ethylene—tetrafluoroethylene copolymer (ETFE) is a
semi-crystalline polymer consisting of mostly alterna-
ting monomer units of ethylene (ET) and tetrafluoro-
ethylene (TFE), if the chemical composition of
ET:TFE is about 50:50 mol % [1, 2]. This copolymer
has some remarkable properties [2]: mechanical beha-
viour at low and at high temperatures, chemical and
thermal resistance and dielectric properties which
are comparable to PTFE, and ETFE is also melt-
processable.

In this study an ETFE copolymer, containing small
amounts of hexafluoropropylene (HFP) and perfluoro-
propylvinylether (PPVE), was examined. The use of
these comonomers makes the material tougher, in-
creases the fracture strain [3] and, therefore, improves
machinability. Filling this ETFE-material with short
glass fibres leads to improved mechanical properties,
as will be seen later, in contrast to the specimens
of polyethylene (PE) and polytetrafluoroethylene
(PTFE), where filling with the same sort of fibres has
no positive influence on the mechanical properties [4].

In order to investigate the structure of the matrix
material, the fibre-to-matrix adhesion, and possible
changes in matrix structure caused by the fibres,
small- and wide-angle X-ray diffraction experiments
were carried out and the fracture-surfaces were exam-
ined using scanning electron microscopy.

The mechanical behaviour was analysed by making
uniaxial tensile tests until failure occurred. Because of
a glass transition in the temperature range 80-120°C
[2, 3, 5] and the occurrence of a crystal transformation
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at about 90°C [5, 6], observed in the ETFE bipoly-
mer, investigations were carrried out at several tem-
peratures up to the melting point of ETFE.

2. Experimental procedure

2.1. Matrix material

The matrix material chosen for this study was an
ETFE quaterpolymer consisting of 49.2mol%
ethylene (ET), 47.0 mol% tetrafluoroethylene (TFE),
3.6 mol% hexafluoropropylene (HFP), 0.17 mol%
perfluoropropylvinylether (PPVE), with the following
characteristics: melting temperature ~ 273°C, den-
sity 1.70-1.73 gcm ™3, and melt flow index (300°C,
load 11kg) 37g/10min (manufacturer’s data:
Hoechst).

2.2. Fibres
The fibres used were made of an alumina-boro-silicate
glass with the following properties [7]: diameter
10 ym, length 10-200 pm, density 2.53-2.55 gem ™3,
Before the glass fibres were mixed into the matrix
material, they were heat-treated at 600 °C to burn off
pollution.

Specimens were examined containing 0, 5, 10 and
20 wt % glass fibres (filler content wy ).

2.3. Preparation of the samples
Sheets were pressed between films of polytetrafluoro-
ethylene for 10 min at 295°C and with a pressure of
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0.8 M Pa. Those used for the mechanical examinations
had a thickness of about 1 mm and those used for the
X-ray $tudies were about 200 pm thick.

2.4. Geometry of the specimen

The specimens used for mechanical testing were cut
from the pressed sheets with their form and dimen-
sions as given in Fig. L.

3. Results

3.1. Uniaxial tensile tests

When an ETFE-specimen is stretched unidirectionally
we obtain the stress-strain curve schematically shown
in Fig. 2. There the stress, o, is given by the quotient of
applied load, F, which is measured experimentally,
and the cross-section, Aq, of the unstretched specimen

F/Ao (1)

g =

The deformation ratio, A, is computed from

)\,:
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Figyre 1 Geometry of the specimen used for mechanical investiga-
tions.
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Figure 2 Typical stress—strain curve of ETFE, containing yield
point and breaking point.

where L is the actual length and L, the original length
of the specimen measured between the clamps (see
Fig. 1).

For the experiments, four different testing temper-
atures (— 40, 22, 80, 150°C) and a strain rate of
A =278x107%s"* were chosen.
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From the stress—strain curves the following data
were obtained:

1. Modulus, E, given as the slope at the origin (note:
because of the special geometry of the specimen and
the non-static testing conditions, this is not equivalent
to the Young’s modulus).

2. The deformation ratio, A,, and stress, oy, at the
yield-point.

3. The deformation ratio, Ag, and stress, oy, at the
breaking point.

In Fig. 3a—¢ the changes in these quantities with
filler concentration are shown for all testing temper-
atures. It can be seen that the value of the modulus, E
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Figure 3 Tnfluence of filler content on (a) E, (b) o, (c) A, (d) o and
(e) hg; for several temperatures, T: (+) — 40°C; (O) 22°C; (A)
80°C; ((J) 150°C.

(Fig. 3a) increases with increasing filler concentration,
and decreases with increasing testing-temperature. So,
at very small strains, a better stiffness with increasing
filler concentration is obtained.

The behaviour at the yield point and (for large
deformations) at the breaking-point is interesting
when judging the filler influence on mechanical prop-
erties. At the yield point, the stress, o,, increases
(Fig. 3b), although the deformation ratio, A, (Fig. 3c),
decreases with increasing filler content. With increas-
ing filler content the stress at break, og, approaches a
nearly constant value dependent on temperature
(Fig. 3d), though the deformation ratio, Ag (Fig. 3¢),
strongly decreases.

As expected, the modulus and the measured stresses
decrease with higher temperatures.

It is interesting to note that Ay increases with tem-
perature for temperatures below 100 °C and decreases
above this. This~behaviour has been examined for
several ETFE copolymers of different chemical com-
positions and the temperature where changes in the
As(T) curve were found to lie between 110 and 120°C
[3]. This corresponds to the region where the glass
transition is supposed to be. In order to see whether
these results could be related directly to the appear-
ance of the obtained fracture surfaces, scanning elec-
tron micrographs were taken.

3.2. Scanning electron microscopy

Scanning electron micrographs of failure surfaces ob-
tained by carrying out uniaxial tensile tests at several
testing temperatures, 7' (— 100, 40, 160 °C) are shown
in Fig. 4a—c. All the samples had a glass fibre content



of we = 20 wt %. Note that the diameter of the fibres
was always 10 pm.

3.2.1. T= —100°C (Fig. 4a)

Obviously failure did not occur at the interface be-
tween matrix material and fibre, but occurs rather in
the matrix material itself or in the fibres: fibres can be
seen covered with matrix material, and there are
broken fibres lying perpendicular to the surface. At
this testing temperature there was no matrix debond-
ing, due to the brittle failure of the matrix material.
The failure of the filled specimens occurs at a deforma-
tion ratio of about A = 1.2, whilst the unfilled begin to
fail at A =~ 1.8.

3.2.2. T=40°C (Fig. 4b)

Here the behaviour is quite different. All fibres are
“swimming freely™in the failure surface (none of them
are even partially covered with matrix material). In
this case failure occurred by matrix debonding be-
cause of the toughening of the matrix material at this
temperature. Whilst failure of the filled specimen
takes place here at a deformation ratio similar to
T = —100°C (Ag ~ 1.3), the unfilled material fails at
large deformations of about Ag = 5.

3.2.3. T=160"°C (Fig. 4c)

At this temperature filled and unfilled specimens fail at
nearly the same deformation ratio, similar to that at
the testing temperature of — 100 °C: for the unfilled

Figure 4 Failure surfaces for different testing temperatures, 7 (fibre
diameter 10 pm): (a) — 100°C; (b) 40°C; (¢) 160°C.

material, Az ~ 1.3 and for the filled one Ay = 1.4 at
160 °C. The material fails in a quite different manner
than at — 100°C. However, there 1s some bonding
between fibres: bridges of matrix material can be seen.

3.3. Small-angle X-ray scattering (SAXS)

To look in more detail at the surroundings of the
fibres, we prepared failure surfaces by throwing sam-
ples into liquid nitrogen and then quickly breaking
them. Fig. 5 shows a scanning electron micrograph
taken of this sort of failure surface. Again the filler
concentration is 20 wt% and the fibre diameter
10 pm. If we look particularly at fibres perpendicular
to the surface, we see that there is a region surround-
ing the fibres (thickness comparable to the fibre dia-
meter) where the structure is different from that
beyond. In order to investigate whether this phenom-
enon is due to a change in the superstructure of the
matrix material caused by the fibres, small-angle X-
ray diffraction experiments were carried out.

The SAXS experiments were made using
synchrotron radiation (wavelength 0.15nm) at
HASYLAB, DESY, Hamburg. For details of the
equipment see [8].

Isotropic specimens filled with 0, 10 and 20 wt%
fibres were examined during the heating process (from

e
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Figure 5 Fibre surroundings in surfaces obtained by breaking at
T = 77 K (fibre diameter 10 pm).
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Figure 6 Radial sections of SAXS patterns. (a) wy = 0, (b) wy = 20 wt %.

30-290°C) (heating rate of 11 Kmin~'). Radial sec-
tions of the diffraction pattern were measured with a
position-sensitive detector (PSD) and examples are
shown for the case of unfilled and 20 wt % filled
specimens in Fig. 6a and b for different temperatures,
T. In the case of unfilled ETFE a maximum on the
intensity curve is found for all temperatures. The
scattering vector, ¢,.., at the maximum was used for
the approximate computation of the long period, L,
which is a measure of the periodicity in the superstruc-
ture (lamellae and fibrils)

I - 2n 3)
qmax
4msin 0
= 4
. )

where 20 is the scattering angle, and A the X-ray
wavelength. The values obtained for the long period
are shown in Fig. 7. At low temperatures rather differ-
ent values are obtained for the long period, depending
on the filler content. Approaching the melting point,
the difference decreases, and for temperatures above
250°C the same curve is obtained for all the investi-
gated samples.

Using a vidicon system, the two-dimensional dif-
fraction patterns for stretched samples were also re-
corded. The samples were not fixed, so they were able
to shrink during heating. For deformation ratios
smaller than A, the above-observed maximum in
scattering intensity (anisotropy of diffraction pattern
depending on the deformation ratio) was also ob-
served, which first moves away and then approaches
the primary beam as the temperature rises. For defor-
mation ratios much greater than A, a very intense and
anisotropic diffraction pattern was obtained which did
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Figure 7 Long period, L, for several filler contents, we, depending
on temperature, 7. we: (€) 0; (@) 10 wt %; (A) 20 wt %. T4 = onset
of melting, T, = position of the maximum of the melting peak.

not show a maximum and which is due to micro-voids
formed during deformation.

The results of the isotropic samples and the defor-
mation region below the yield point (which yields
qualitatively the same) show the influence of the filler
on the superstructure of the matrix material. The
fibres seem to serve as crystallization nuclei; therefore,
greater values for the long period are found for the
filled compared with the unfilled material.

3.4. Wide-angle X-ray scattering (WAXS)
The change in superstructure may be accompanied by
changes in crystallization parameters such as degree of
crystallinity and crystallite size. In order to prove
whether these parameters are also influenced by the
added filler, line-width measurements of X-ray reflec-
tions in the wide-angle region were carried out.



A Guinier camera was used with CuK,, radiation
to obtain diffraction patterns in the temperature range
20-170°C. For experimental details see [9]. A typical
diffraction pattern of the ETFE material is shown
in Fig. 8. One broad reflection can be scen in the
observable range, localized at a scattering vector
g=13.7nm™! at room temperature. Because no re-
flections of higher order appear, the crystallites must
be very small and/or badly ordered. WAXS investiga-
tions of the crystal structure led to the conclusion that
there is only a two-dimensional crystalline order and
that in the chain direction the crystals are disordered
to a high degree (longitudinal disorder) [10].

For ETFE bipolymers, this reflection is the sum of
two overlapping ones for temperatures below 80°C
[5, 10, 117. Because of a transition at 80°C from an
orthorhombic to a hexagonal crystal structure, these
two reflections change to one. For the terpolymer
ET/TFE/HFP the same transition has been observed
[6].

For a specially treated bipolymer, Tanigami et al.
[5] obtained a pseudohexagonal structure which pro-
duces only one reflection even at temperatures below

0

Figure 8 Typical WAXS pattern for ETFE.
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80°C. Lau [12] and Schrodi [3] also found that for
the quaterpolymer this reflection is not due to an
overlap of two separated reflections. Therefore, it was
assumed that the observed reflection was a single one,
due to a hexagonal crystal structure.

The digitalized intensity curves of the recorded
diffraction patterns were approximated in the range of
interest of the scattering vector, ¢ (9.0 < g < 184
nm~ ') with three “squared Lorentz-line”- shaped cur-
ves (one for the crystailine reflection and two for the
asymmetric amorphous halo)

2712
o] s
a

and a constant background, with a technique de-
veloped by Pieper ef al. [11]. Examples of these fits are
shown in Fig. 9. Near the base line, the difference
between the experimental curve and the sum of the
four theoretical curves (three Lorentz lines and the
background scattering) can be seen. The two lines
representing the amorphous scattering are due to one
single amorphous phase, because they change position
simultaneously with varying temperature.

In Fig. 10 the change in the position of the crystal-
line reflection, g, with temperature, 7, is shown. It is
interesting that there is no reversible change with
temperature. During the heating process the position
of g, remains nearly constant, but on cooling a change
occurs. When the temperature increases the small
thermal expansion is due to annealing effects, indicat-
ing that polymer chains in the crystailine regions are
able to gain better order [11]. Therefore, when
cooling, initially a higher degree of order exists in the
crystallites and the increasing value of ¢, is the conse-
quence of thermal contraction.

In Fig. 11 the reciprocal of the integral width of the
reflection as a measure of the size of crystalline or-
dered regions is shown. It is seen that there is no
dependence on the filler content, but that for higher
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Figure 9 Fits of experimental WAXS data (O)for (a) T = 40°C and (b) T = 140°C. (A) Difference between experimental data and the sum of

all filled lines.
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Figure 10 Position of the crystalline reflection, g., of the unfilled
material: (O) heating; (@) cooling.

20
g L]
E1Sr ogﬁﬁgo
Q . ;dt
1018 ° b4
10 50 100 150
7(°C)

Figure 11 Size, D, of the crystalline ordered regions, depending on
temperature, 7. w; = 0: (O) heating; (@) cooling. we = 10 wt %:
(A) heating; (A) cooling. w; = 20 wt%: ( +) heating.

temperatures the ordered regions become greater or —
more probably, as mentioned above ~ better ordered.
Investigations of the degree of crystallinity showed no
influence of the filler concentration.

4. Conclusions

Mechanical properties of ETFE are improved, espe-
cially for small strains, by adding short glass fibres.
This effect is due to a change in crystallization condi-
tions caused by the fibres. Crystallization was induced
in the fibre surroundings (transcrystallinity) which
yields a change in superstructure of the matrix mater-
ial (as can be seen from the SAXS results and the
scanning electron micrographs). However, there is no
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change in parameters such as crystallite size and
crystallinity.

In PE and PTFE, where there are highly ordered
crystals, the influence of the fibres seems to be too
small to change the crystallization conditions. For
ETFE materials, however, this influence is large
enough for the glass fibres to act as crystallization
nuclei, because of the existence of badly ordered
crystalline regions (longitudinal disorder). Thus by
adding glass fibres, the mechanical properties of
ETFE are improved, whilst those of PE and PTFE are
not. Folkes et al. [13] obtained a similar effect for
polypropylene: transcrystallinity was found in the sur-
roundings of glass fibres only when using adhesion
agents.
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