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The statistical terpolymer composed of 52mol% vinylidene fluoride (VDF), 36 mol% tetrafluoroethylene
(TFE) and 12mol% hexafluoropropylene (HFP) is a ductile material that can be highly deformed in
uniaxial tensile tests. Wide-angle and small-angle X-ray scattering (WAXS, SAXS) techniques have been
used to study the structure of uniaxially oriented samples. WAXS shows that the terpolymer exhibits a low
degree of crystallinity (x. = 0.1). The crystalline structure combines features of both VDF and TFE, in
agreement with previous studies on VDF/TFE copolymers. Concentration fluctuations do not contribute
significantly to SAXS of the VDF/TFE/HFP melt. Melt-crystallized samples exhibit a lamellar morphology
with a long period of L = 12nm and a volume fraction of crystallites of . = 0.26. Deformation of the
terpolymer at T = 50°C results in a four-point SAXS pattern, which gradually changes to a two-point
pattern when the drawing temperature increases. The mean-square fluctuation of the electron density
strongly decreases at low drawing temperatures. It is assumed that vacancies introduced near the grain
boundaries reduce the density of the crystalline layers.
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INTRODUCTION

Terpolymers containing vinylidene fluoride (VDF),
tetrafluoroethylene (TFE) and hexafluoropropylene
(HFP) have received commercial interest because of
their chemical resistance, thermal stability, processability
and optical properties. Among other applications, they
have been used in optical fibres as cladding material with
low refractive index'. Many physical properties that are
relevant to technological applications are affected by the
structure of the material. This article focuses on the
structure of isotropic and uniaxially oriented samples of
VDF/TFE/HFP as revealed by wide-angle and small-
angle X-ray scattering (WAXS and SAXS).

Lovinger et al.>~> and other groups®~1° (see also ref. 11
for review) have extensively investigated the crystalline
structure of both VDF/TFE and VDF/trifluoroethylene
(TrFE) copolymers in connection with the ferroelectric—
paraelectric phase transition that occurs in these
materials at sufficiently high VDF content. The inter-
chain lattice constants increase as the bulkier TFE and
TrFE units replace the VDF ones. Both copolymer
systems exhibit a high degree of crystallinity (x. ~ 0.7—
0.8) over the whole concentration range. On the other
hand, the incorporation of the even bulkier HFP units
reduces the degree of crystallinity of polytetrafluoroethy-
lene (PTFE)!2.13 and more drastically that of poly(vinyli-
dene fluoride) (PVDF)“. Less attention has been given
to the morpholo%l of the copolymers. Bourgaux-
Leonard et al®® have investigated VDF/TrFE
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copolymers that exhibit a ferroelectric—paraelectric
phase transition. They observed pronounced changes in
the degree of crystallinity and the lamellar morphology
during temperature cycling through the Curie transition.

From the mechanical data compiled in the literature
(see e.g. ref. 15), it is well known that copolymers
containing VDF, TFE and HFP are ductile materials
that can be stretched to high extension ratios. However,
little information is available on the structural changes
that are produced by the deformation of the copolymers.
Studies on oriented samples have frequently been
performed with the objective to facilitate the structural
interpretation of WAXS data. The deformation history
and the morphology of these samples are generally not
discussed in detail.

EXPERIMENTAL

The statistical terpolymer (supplied by Hoechst AG) was
synthesized by aqueous emulsion polymerization and
consisted of 52mol% VDF, 36 mol% TFE and 12 mol%
HFP. The samples used in these studies were prepared
from granular material, which was compression moulded
at T =175°C and then quenched in ice—water. The
thermal behaviour of the samples was studied by d.s.c.
using Perkin-Elmer DSC 7. Measurements performed at
a heating rate of 10°Cmin~' revealed a glass transition
temperature, 7, = 3°C and a broad melting range with a
peak situated at 120°C. Dynamic mechanical measure-
ments under torsion were carried out with a Rheometrics
mechanical spectrometer (model 800) operated at a
frequency of 10rad s™!. Tensile tests with an Instron
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machine were performed at a nominal strain rate of
6x107%s7". X-ray scattering experiments were carried
out using nickel-filtered CuK, radiation. A Siemens
diffractometer and a Kratky camera covered the wide-
angle and small-angle range, respectively. SAXS data of
isotropic samples measured with the Kratky camera were
corrected for slit collimation'®. Absolute measurements
were performed by using a Lupolen standard. A beam
line equipped with a rotating anode and a two-
dimensional detector provided supplementary informa-
tion on the anisotropic scattering patterns of oriented
samples.

RESULTS AND DISCUSSION
Deformation behaviour

Figure 1 shows the viscoelastic behaviour of the VDF/
TFE/HFP terpolymer as a function of temperature.
Dynamic mechanical measurements performed in tor-
sion reveal two relaxation mechanisms. The relaxation at
low temperatures is observed in the same temperature
range as the ~-relaxation of PVDF (see e.g. ref. 11) and
PTFE'*'3. There is strong evidence that this relaxation
results from local chain motions in the amorphous
regions'”'®. The relaxation at high temperatures is
associated with a change in the storage modulus by one
decade and occurs at a temperature close to T, measured
by d.s.c. The identification of this relaxation with the
glass transition is supported by the fact that PVDF!! and
PTFE'? exhibit relaxations at a lower and higher
temperature, respectively, which are both attributed to
cooperative chain motions in the amorphous regions.

Figure 2 shows the stress—strain behaviour of the
terpolymer as a function of temperature. The results are
typical for a ductile polymer that deforms by shear
yielding. However, the intensive stress-whitening of the
sample stretched at T = 20°C indicates the existence of a
cavitational mode of plasticity at temperatures close to 7.

Structure as revealed by WAXS

Figure 3 shows the wide-angle diffractogram of an
undeformed sample, which exhibits two amorphous
halos at ¢ =12.4+0.2nm™! and ¢ =27.5+0.3nm™!
(g = (4w/X)sin(0/2)). A single Bragg reflection is super-
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Figure 1 Storage modulus G, loss modulus G” and tan 6 as functions
of temperature
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Figure 3 Wide-angle diffractogram of an undeformed sample

imposed on the first halo at ¢ = 12.89 + 0.05nm™'. A
degree of crystallinity of x, = 0.1 has been estimated
from the ratio of the integrated intensities under the
Bragg reflection and the first halo. Figure 4 shows the

Figure 4 WAXS pattern of a sample stretched at 7 = 100°C to

a = 4.5. The draw axis is vertical
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WAXS pattern of a sample stretched at T = 100°C to an
extension ratio of « = 4.5. The Bragg reflection of the
oriented sample concentrates on the equator, indicating
Miller indices of the type (2 k 0). A closer inspection of
the WAXS pattern reveals two meridional reflections
(00/) with positions at g=247+0.Inm~' and
g=493+02nm™"'. The small number of reflections
excludes a detailed structural analysis of the unit cell.
Under these conditions, information on the structure of
homo- and copolymers that are chemically related to the
VDF/TFE/HFP terpolymer may be useful to interpret
the WAXS data. In fact, there is strong evidence that the
crystalline structure of the terpolymer combines features
of both PTFE and PVDF. In the high-temperature
phase, designated phase I, the molecular packing of
PTFE is metrically hexagonal with an inter-axial nearest
distance of a = 566 pm>19-22, Both the high intensity
and the Bragg spacing of the equatorial reflection in the
fibre pattern of the terpolymer indicate the same type of
molecular packing as observed for PTFE. In fact, the
Bragg spacing of this reflection assigned as (1 0 0) yields
a = 563 *+ 1 pm, which is close to the value reported for
PTFE, indicating that the packing of the terpolymer
chains is governed by the bulky TFE units. In phase I,
the molecules of PTFE adopt a 15/7 helical con-
formation'® 2. However, the terpolymer, like PVDF in
the B-phase®* =%, crystallizes in a 2/1 planar trans-trans
conformation, as revealed by the exact meridional
reflections assigned as (0 0 1) and (0 0 2). The (00 1)
reflection, which is only observed because the hexagonal
packing of the copolymer chains exhibits high long-
itudinal disorder, has a Bragg spacing of ¢ = 254 + 1 pm
as compared to ¢ = 256 pm for PVDF’.

The crystalline structure of the terpolymer has been
studied as a function of drawing temperature, 7. The
inter-axial nearest distance, a, increases from a = 563 pm
at T =100°C to a=572pm at T = 50°C whereas ¢
remains approximately constant. There is no evidence
for the existence of a second (ferroelectric) phase as
observed for VDF/TrFE copolymers®!°.

The values of @ and ¢ obtained for the VDF/TFE/HFP
terpolymer are in good agreement with data that
Lovinger et al.’ reported for VDF/TFE copolymers
with less than 35mol% VDF. However, the terpolymer
exhibits a much lower degree of crystallinity. In fact, the
value of x, = 0.1 is close to that measured for VDF/HFP
copolymers'* with the same mole fraction of HFP units,
whereas VDF/TFE copolymers exhibit a high degree of
crystallinity (x, = 0.7-0.8) over the whole concentration
range’. This result indicates that the incorporation of
HFP units into the VDF/TFE copolymers does not
appreciably affect the crystalline structure, but does,
however, strongly reduce the degree of crystallinity.

Structure as revealed by SAXS

Figure 5 shows the desmeared SAXS curve of an
isotropic VDF/TFE/HFP sample. [ is defined as the ratio
of the scattering intensity per unit volume of the sample
to that of a single electron. The peak in the scattering
curve clearly reflects the periodic arrangement of crystal-
line and amorphous regions in stacks of lamellae. The
Lorentz-corrected scattering curve included in Figure 5
exhibits a peak maximum at ¢ = 0.52+0.01 nm~!
corresponding to a long period, L = 12.0 + 0.4 nm (see
also Table I). For the subsequent analysis of the SAXS
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Figure 5 Desmeared SAXS curve of an undeformed sample. The
Lorentz-corrected scattering curve is included
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Figure 6 Kratky piot of the desmeared SAXS of an undeformed
sample

data, it is important to focus on the scattering behaviour
at high values of ¢q. The Kratky plot shown in Figure 6
demonstrates that the scattering intensity per unit
volume, I obeys for ¢ — oo the asymptotic law:

I=4/4+B (1)

where 4 and B are constants. The first term is typical for
a two-phase system with sharp phase boundaries®®. The
second term must be attributed to fluctuations of the
electron density within the amorphous regions. In the
case of copolymers consisting of units with different
electron densities, these fluctuations may result from
fluctuations of both density and concentration. In the
limit of small values of g, the scattering from thermal
density fluctuations is given by?’:

I =pk kT (2)

where p, is the average electron density, «; is the
isothermal compressibility, & the Boltzmann constant
and T the temperature. The value of k, of the VDF/TFE/
HFP melt has been measured as a function of
temperature. As shown in Figure 7, the SAXS intensities,
I, calculated from k, according to equation (2) fall only
slightly below the experimental data, indicating that
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Figure 7 SAXS of the melt as a function of temperature: (0) data
derived from the desmeared SAXS curve for ¢ — 0; (®) data calculated
from equation (2)

concentration fluctuations do not significantly contri-
bute to the scattering of the terpolymer melt. The second
term in equation (1) must therefore be attributed to the
scattering from thermal density fluctuations provided
crystallization of the material does not produce addi-
tional concentration fluctuations. After subtraction of
the second term in equation (1), the first one has been
analysed further to get information on the crystalline
morphology of the material.

The invariant yields the mean-square electron density
fluctuation (6p?), which results from the electron density
difference between the crystalline and amorphous
regions26:

(27)"! j:o 1(g)*dg = (572) (3)

where 6p, is the difference between the local electron
density and the average taken over the whole sample
volume. The value of (6p?) is indicated in Table 1. In the
case of a two-phase system (6p§) is given by:

<(5pg> = (Pg - pg)zq)c(l - 11)(,) (4)

where pS and p are the electron densities of the
crystalline and amorphous regions, respectively, and @,
designates the volume fraction of the crystalline lamellae.
The values of &, and other morphological parameters
such as the number average of the lamellar thickness d,
may be derived from the one-dimensional correlation
function. This function normalized at x = 0 is given by:

1) = ) [ 1o eosiands (9

Strobl and Schneider?® demonstrated that ®, and d,
result from the ‘self-correlation’ triangle, which is
constructed by extrapolation of the linear and horizontal
sections of the correlation function. Figure 8 shows the
correlation function of the undeformed terpolymer. The
straight section is well defined. However, the horizontal
section degenerates to a minimum indicative of a broad
distribution in lamellar thicknesses. To a first approx-
imation, the baseline has been drawn through the
minimum to obtain both ®_ and d_. The values calculated
according to Strobl and Schneider are listed in Table 1.
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Figure 8 Correlation function of an undeformed sample

Table 1 Characteristic parameters for the undeformed polymer

L 12.0nm

(602 356 nm™~°

. 0.26

d. 3.5nm

e 2078 x 10°kgm™>
s 1.945 x 10° kgm™>

The fact that &, is more than twice as high as the
crystallinity estimated from WAXS indicates that the
stacks of lamellae are embedded in an amorphous
matrix. This result is consistent with the highly distorted
spherulitic superstructure revealed by small-angle light
scattering. Inserting (pZ') and @, into equation (4) yields
pe — pa. The value of p; — pi may be converted into the
difference in densities p. — p, provided the distribution
of the termonomer units in the crystalline and amor-
phous regions is known. The results of WAXS indicate
the same type of molecular packing for the VDF/TFE/
HFP terpolymer as observed for TFE. Several
authors20.29.30 have derived strong evidence that the
HFP units are incorporated into the crytalline lattice of
TFE. The assumption that the comonomer units are
homogeneously distributed in the terpolymer yields
p. — P, and p, from the SAXS and WAXS data, respec-
tively. The values of p, and p, are included in Table 1.
The subsequent part focuses on the SAXS of samples
that have been stretched to a = 4.5 in the temperature
range of 50—100°C. The intensive stress whitening of the
terpolymer stretched at 20°C (see also the section headed
‘Deformation behaviour’) results in a strong equatorial
scattering component, which precludes a detailed analy-
sis of the fibre morphology. Figure 9 shows the results of
SAXS measurements conducted with point collimation
and a two-dimensional detector. The four-point pattern
changes to a two-point pattern when the drawing
temperature increases. This result indicates that with
increasing drawing temperature shear yielding produces
stacks of lamellae whose surfaces are oriented normal to
the draw axis. Quantitative information on the fibre
morphology has been derived from measurements using
a Kratky camera. Figures 10 and 11 respectively show
slit-smeared meridional and equatorial scattering curves.
The long-period calculated from the position of the
meridional scattering peak increases with drawing
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Figure 9 Effect of drawing temperature on the SAXS pattern of
samples stretched to a ~ 4.5
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Figure 10 Slit-smeared SAXS curves of deformed samples (a ~ 4.5)
measured along the meridian. Parameter is the drawing temperature
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Figure 11 Slit-smeared SAXS curves of deformed samples (a ~ 4.5)
measured along the equator. Parameter is the drawing temperature

temperature (Figure 12). This effect must be attributed to
the thermal treatment of the samples during the tensile
test, which results in a partial melting of crystalline
lamellae. In fact, the data for deformed samples compare
well with those for undeformed samples submitted to the
same thermal treatment (Figure 12). The invariant has
been calculated from the equatorial scattering curves.
For an oriented two-phase system with sharp phase
boundaries and slit collimation, equations (1) and (2)
may be written in the form?:

I=C/g+D (6)
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Figure 12 Long period as a function of annealing or drawing
temperature: (O) undeformed samples and (®) samples stretched to
a45

where I is the slit-smeared scattering intensity and ¢,
designates the equatorial component of the scattering
vector. C, D and K are constants, which include
geometrical parameters. Evaluation of the scattering
data according to equation (6) did not reveal any
significant effect of the orientation of the samples on
the background scattering from thermal density fluctua-
tions. After subtraction of the second term in equation
(6), (6p}) has been calculated from equation (7) and
plotted as a function of drawing temperature (Figure 13).
It can be seen that (6pl) strongly decreases when the
terpolymer is stretched at temperatures far below the
melting point. With increasing drawing temperature,
(6p2) approaches the value measured for undeformed
samples. This is shown in Figure 13, where the data for
deformed samples are compared to those for unde-
formed samples subjected to the same thermal treatment.
According to equation (4), (6p2) is a function of p¢, p?
and ®.. Supplementary information is required to
discuss the effect of drawing temperature on each of
these parameters. The method of Strobl has been used to
evaluate morphological parameters of the undeformed
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Figure 13 Mean-square fluctuation of the electron density as a

function of annealing or drawing temperature: (0) undeformed samples
and (@) samples stretched to o = 4.5
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material. Unfortunately, this method cannot be applied
to slit-smeared scattering data of oriented systems
without specific assumptions on the orientation distribu-
tion of the stacks of lamellae. Measurements performed
with a density gradient column have shown that the
effect of drawing on the density of the samples is within
experimental error. This result is not surprising because
of the low degree of crystallinity of the material.
However, there is some evidence that p, decreases with
drawing temperature. In fact, unrealistic values of p, and
@, must otherwise be assumed for the drawn material.
The experimental results shown in Figure 13 are in good
agreement with those reported for polyethylene (PE)
and poly(ethylene terephthalate) (PET) fibres. Fischer
et al.31.32 have demonstrated for these materials that p,
decreases with drawing or annealing temperature. They
assumed that vacancies introduced near the grain
boundaries reduce the density of the crystalline layers.
Since the size of the mosaic blocks increases with
drawing temperature, the number of vacancies becomes
smaller and p, approaches the value measured for the
undrawn material.

CONCLUSIONS

Dynamical mechanical measurements have shown that
the statistical VDF/TFE/HFP terpolymer exhibits two
relaxation mechanisms, which are attributed to local and
cooperative chain motions in the amorphous regions.
The terpolymer is a ductile material that can be highly
deformed in uniaxial tensile tests. The results of WAXS
indicate that the crystalline structure of the terpolymer
combines features of both VDF and TFE in agreement
with previous studies of Lovinger et al.> on VDF/HFP
copolymers. The incorporation of the HFP units
strongly reduces the degree of crystallinity. SAXS
experiments have clearly revealed the lamellar morphol-
ogy of the material. Deformation of the terpolymer at
low drawing temperatures, 7, results in a four-point
SAXS pattern that gradually changes to a two-point
pattern when T increases. The long period increases
slightly with 7'. This effect is attributed to a partial
melting of crystalline lamellae. The mean-square fluctua-
tion of the electron density (6p?) of samples stretched at
low temperatures is considerably lower than that of
undeformed samples. With increasing drawing tempera-
ture, (6p?) approaches the value measured for unde-
formed samples. To explain this effect, it is assumed that
vacancies introduced near the grain boundaries reduce
the density of the crystalline layers.
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