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Structural changes in the para-ferroelectric phase transition of the vinylidene fluoride-trifluoroethylene
copolymer with 60:40 molar content have been investigated by means of real-time X-ray diffraction. A
combined study of (i) long period from small-angle X-ray scattering. (ii) coherently diffracting domains
derived from the integral width of the wide-angle reflections and (iii) lattice spacings offers the following
picture. In the high-temperature region (65 140 C) the stacks of 250 A thick paraclectric lamellae are found
10 consist of 250 A wide coherently diffracting blocks. At the Curic transition (65 50'C) a breakdown of
the large paraelectric crystals into thinner and smaller ferroelectric domains statistically mixed with the
remaining paraclectric zones is observed. In the low-temperature region (T <50 C). the ferroelectric phase
is the predominant one (75%) though a fraction of non-polar crystals (25%) is also observed. It is further
found that a part of the material in the non-polar phase can be associated with the trifluorocthylene
structure, which is supported by the persistence of the corresponding reflection above the melting point

of the copolymer.
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INTRODUCTION

The structural changes occurring in vinylidene fluoride
trifluoroethylene (VDF F;E) copolymers and their
dependence on the VDF molar content have been widely
investigated as a function of a variety of parameters
including sample preparation, annealing effects,
mechanical straining, application of electron fields,
cte.” % 1t is now well known'! that these copolymers
exhibit a Curie transition below their melting point (T,,).
At room temperature they present a ferroelectric phase
that 1s characterized by chains in a planar all-trans
conformation and packed in a pscudo-hexagonal lattice,
similar to the f§ phase of PVDF®¥1° Upon heating above
the Cune temperature (T.), the VDF F;E copolymers
undergo a structural transformation, involving a
disordered sequence of conformational isomers (tg, tg,
t1)'. to a centrosymmetric phase accompanied by large
changes in the mechanical, electrical and thermal
propertics. The specific behaviour of the transition
depends on the VDFE content. Thus, while low VDF
compositions (<40% ) give a broad transition between
the high-temperature phase and the non-polar phase,
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high VDF concentrations (> 70% ) show a discontinuous
first-order transition in which the non-polar phase is
absent'. A large amount of the above work, reported in
characterizing the Curie transition, has been mainly done
by means of wide-angle X-ray diffracion (WAXD)
techniques. The information concerning the changes
occurring in the superstructure as obtained from
small-angle X-ray scattering (SAXS) is, however, not so
abundant. Legrand has studied in situ the changes in the
long period and lamellar orientation of drawn 70:30
samples under periodic extension'?. Furthermore. SAXS
studies on isotropic samples for various compositions
(70.30, 80:20, 54,46 and 75:25) as a function of annealing
temperaturc up to the melting point and during
crystallization from the melt have also been carried
out®'? 1'% Comparison of experimental rcal-
time scattering intensities with calculated values,
derived in our laboratory'*'* from a simplec model.
yiclded information concerning the coexistence at the
Curic transition of ferroelectric and non-ferroelectric
phases within the lamellar crystals.

The main object of the present study is to supplement
our previous experiments and to investigate, in real time.
the changes in the small-angle X-ray scattering pattern
of the 60:40 copolymer. during heating of the material
to the molten state and cooling back from this state to

POLYMER, 1991, Volume 32, Number 17 3097



Real-time X-ray diffraction of VDF-F £ copolymer: E. Lopez Cabarcos et al.

500
Heating 10°C min™' Cooling 10°C min™'
450-
[
400 —
< !
-4
350- ‘\
;.—-’..0’. .......\ ./.
) [ ] ._.z
L
300!-0—.10.-./
o Lo i
50 100 150 150 100 50

T(C)

Figure 1 Long period versus temperature for 60/40 copolymer as
derived from the SAXS maximum using Bragg's law

room temperature. The 60/40 copolymer has been selected
for this investigation because the Curie transition for this
composition is well defined and also because at low
temperature the non-polar phase appears'. In addition,
T. for this copolymer lies 80°C below T, so that
structural changes can be clearly identified. Synchrotron
radiation offers the possibility to record SAXS patterns
instantly, which may detect temperature-induced structural
changes before and during the phase transition. In this
respect a combined real-time investigation of the long
period from SAXS and the integral width from the
wide-angle reflections was carried out on cooling from
the melt, in an attempt to shed more light onto the
microstructural changes occurring near the Curie
transition.

EXPERIMENTAL

Commercial pellets of poly(VDF--F;E) (60/40) from
Atochem were pressure-moulded at temperatures between
160 and 180°C to 100-200 um thick films. and the films
werc subsequently quenched in ice water. During X-ray
diffraction experiments the resulting isotropic films were
placed in a temperature chamber, melted again at 170°C
for about 5 min and then cooled at a rate of 10°C min~".
Thermal contact and homogeneous hecating were ensured
by a thin aluminium foil covering the faces of the sample.
The temperature was measured by a thermocouple
embedded near the sample. Wide-angle X-ray diffraction
and small-angle X-ray scattering measurements were
made using a double-focusing camera for synchrotron
radiation on the polymer beam line at HASYLAB
Hamburg'®. The wavelength used was 0.15 nm with a
bandpass of 64/A=5x 1073, Scattering patterns were
recorded every 20s using a linear position-sensitive
detector. They were corrected for fluctuations in the
intensity of the primary beam and for the background.
The integral breadth of the reflection. 4fi. was directly
measured from the experimental profile (without
correction) to make an estimate of the value for the
coherently diffracting domains, D =13/}, normal to the
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chain direction as a function of temperature. The time
required (20 s) to take a pattern as temperature varies
gives an accuracy in temperature of +1.7°C for each
diffraction pattern. An overview of the data acquisition
system based on CAMAC hardware and modular
software was published recently!¢~'8,

RESULTS

Small-angle X-ray scattering

The Curie transition was followed by means of
small-angle X-ray diffraction. Figure 1 illustrates the
variation of the long period L with temperature for the
heating and cooling process. The long period L =300 A
remains nearly constant within experimental error in the
low-temperature region, then it shows a sudden increase
up to 325 A at T, rcmaining constant again in the
high-temperature region. Finally a very large L increase
at about T=150"C is observed. On cooling, essentially
a symmetrically decrcasing behaviour of L with T is
observed: just below T one can follow the first steps of
crystal nucleation showing a distinct decrease of L from
410 to 325 A for a change from 140 to 130°C. In the
high-temperature range (130 60°C) thc value of
L~325A remains practically constant. At T=T, L
shows a small but nevertheless detectable decrease from
325 to 310 A, confirming the stepwise behaviour of L
near T¢. Finally the long period shows a gradual increase
with decreasing temperature up to L~325 A.

Wide-angle X-ray diffraction experiments

For additional characterization of the phase changes
through the Curie transition, WAXD experiments were
carried out as a function of temperaturc. The sample was
first heated at a constant rate of 10 C min~! from room
temperature (30°C) up to 170°C. Then it was kept at this
temperature for ~ 5 min and finally it was cooled down
at the same heating rate (10 C min~') to room
temperature. Figure 2 illustrates a scrics of WAXD
patterns in the range 16 <20 <21 following the above
temperature variation. At room temperature the
diffraction pattern shows a superposition of a very
conspicuous broad peak associated with the ferroelectric
phasc centred at 20=18.97 (d=4.55A) and a fainter
one as a shoulder at 20=18.36" (d=4.70 A) corre-
sponding to a non-polar phase (NF). The presence of
this doublet was first pointed out by Yamada'® and
Lovinger2°. It is to be noted, however, that some authors
consider only a singlet when discussing copolymers with
similar compositions?'. As the temperature is increased,
the intensity of the fainter (non-polar) pcak increases and
that of the ferroelectric maximum concurrently decreases.
At the Curie temperature the ferroclectric peak
disappcars and only the paraelectric structure is present.
On further heating the intensity of the paraelectric
reflection rapidly increases until the vicinity of the melting
point (T,,). Beyond T,, the appecarance of a broad halo
centred at 5.3 A indicates the onset of the molten polymer
phasc. When the sample is cooled down the opposite
process is observed. However, owing to the thermal
hysteresis shown in Figure 3, the reappearance of the
ferroelectric peak (Curie temperature) is shifted towards
lower temperatures. At room temperature the diffraction
pattern resembles that of the starting material. To
minimize thermal history cffects from the starting
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Figure 3 D .s.c. curves for the 60 40 copolymer (scanning speed 10 C
min ') showing the para-ferroelectric transition (left) and the melting
and crystallization peaks (right) during the heating and cooling cycles

polymer, in the present study we have just investigated
the crystallization of samples from the melt and the
changes at the Curie transition occurring during the
cooling process from the melt.

The study of the lattice spacings permits one to follow
accurately the para-ferroelectric transition. Figure 4u
illustrates the constancy in the spacing of the amorphous

halo d,, at about 5.3 A, for 5 min at T=170 C (molten
statc) and in the temperature range 170 150 C. Below
150 C, crystallization takes place and the reflection
corresponding to the spacing of the paraelectric phase,
dp~5 A, appears. In the temperature region 150-60 C
(to be called the high-temperature range) dp decreascs
linearly with T. The linear expansion coefficient x is equal
t0x=0.36 x 107" K~ '. At T~65 C (Curic temperature)
not only docs a new spacing, d,. corresponding to the
ferroclectric phase appear but also a small fraction of the
initial paraelectric crystals are gradually transformed into
a new non-ferroelectric phase with a spacing that we shall
denote dy,. Finally, in the 50 25 C range (low-
temperature range) the spacings d, and dy. corre-
sponding to two cocxisting phascs are observed: the rate
for dy,- decrease is about 0.2 x 10™* K ' and that of d,
is about 0.4 x 10" K1

The variation of the integral width of the WAXD peaks
through the Curie transition is shown in Figure 4b. In
the high-temperature range. 8, remains nearly constant.
The quoted value here of 6fpx4 x 107 A™! represents.
in fact, the smallest possible value given by the
cxperimental conditions. Just before T is reached, /i,
rapidly increases, showing a maximum value (3fi=7.5 x
10°* A 'yat T=Tc. At this point two broad diffraction
peaks corresponding to the ferroelectric and non-
ferroelectric phases emerge. In the low-temperature
range, both éfy; and 6f¢ slightly decrease on further
decreasing the temperature.

Figure 4¢ presents the variation of crystallinity X and
the relative fraction contribution of the different phases
X? XY and XF in the temperature range investigated
through T.. During crystallization, below T=150°C, it
is seen that X = X? rapidly increases with decreasing
temperature and levels off at 100°C. At this temperature
crystallization is completed. Most interesting is the fact
that. in the 60 50 C range (Curie transition), the volume
fraction of the emerging ferroclectric (XY) crystals
increases linearly, while a concurrent decrease of the
volume fraction of the paraelectric phase (X%). which
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Figure 4 Variations of (a) lattice spacing d. (b) integral width 3 and
(c) crystallinity X_ (including the crystalline ferroelectric X¥.
non-ferroelectric X and paraclectric X% fractions) as functions of
decreasing temperature

gradually changes into the non-ferroelectric phase in this
interval, is observed. Below T=50°C, the ferroelectric
phase predominates (X'~60%, XY*~18%), both
fractions X! and X>* remaining constant.

DISCUSSION

In the high-temperature range (140 60“C) (paraelectric
phase) crystallinity develops during crystallization of
the material with decreasing temperature, showing a
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levelling-off tendency as the temperature approaches
100°C (Figure 4c). As can be seen in Figure 5, in the
high-temperature range the dimensions D, derived from
df, of the emerging paraelectric coherently diffracting
domains normal to the chain direction show nearly
constant values (Dpx250 A). Figure 5 also shows the
crystal thicknesses [ as derived from the X-ray long
period, I=LX_. It is interesting to note that when
crystallization is completed, at T > 100°C, [ is of the order
of the lateral size of the crystallites Dp, in support of
Wulff’s rule?? (see Figure 6). Simultaneously, the crystal
lattice contracts with decreasing temperature in this
region (Figure 4a), exhibiting a thermal expansion
coefficient @=0.3x 1073 K ™! similar to that found in
other polymers like polyethylene?>.

At Tx65°C (onset of the Curie transition) the first
ferroelectric crystals appear, showing remarkably smaller
lateral dimensions than the paraelectric ones (Figures 4b
and c¢). This finding indicates that the transition above T
involves the breakdown of paraelectric crystal blocks into
smaller ferroelectric domains with dimensions Dy of
about 110 A. Evidence for the fragmentation of the
paraelectric crystallites into smaller ferroelectric ones
during cooling has been given previously by dark-field
electron microscopy?*. From here on (T ~65-50°C), the
increasing fraction of the new ferroelectric crystals
develops at the expense of the population of paraelectric
crystallites, which is linearly decreasing with T. Thus in
this region (Figure 4c¢) the overall crystallinity remains
nearly constant. From Figure 3 it is evident that the
para-ferroelectric phase transition is completed at T¢.
The sudden dccrease of the lattice spacing d, at T=T¢
shown in Figure 4a can be associated with a transition
from the paraelectric disordered phase, close to that of
the melt, into a new non-ferroelectric structure (dug).
which resembles that of the PFLE homopolymer crystals.
This transition parallels the simultaneous appcarance of
crystals having a new spacing dg and could explain the
splitting of the Curie transition endothermic peak into
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Figure 5 Decpendence of the average crystal size, I=LX_ and size of
lateral coherently diffracting domains Dy, Dyg and Dy as functions of
decreasing temperature

two smaller ones ds seen in Figure 3. The average
thickness of the crystalline lamellae. . containing both
ferroelectric crystalline domains and low-temperature
non-ferroelectric domains, derived from [~ L X . slightly
decreases with temperature at T (Figure 5).
Simultaneously, the coherently diffrtacting domains for
the paraelectric phase normal to the chain axis arc
transformed from Dp=250 A into the new non-polar
crystals having dimensions of about 150 A. The large
decrease of the crystal dimension Dy, seems to be directly
connected with the obscrved sudden increase of the
thermal expansion cocfficient reaching a value of
3=25x10 *K ! (Figure 4a). The increase in « is, in
turn. related to the transformation of an increasing
number of gauche-type isomers at the Curie transition
into the energetically more favoured trans conformations.
A recent study of Raman spectra for VDF FLE
copolymers with other molar contents indeed provides
quantitative evidence for such gauche-trans conforma-
tional changes with temperature®. Figure 6b illustrates a
model showing the newly formed smaller crystal blocks,
of the ferroelectric phase (white regions) embedded within
the lamellae of thickness [ and their coexistence with the
non-ferroelectric domains.

In the low-temperature range (50--25 C) the crystal
dimensions [. Dy, and D, show a slight parallel increase
with temperature (Figure 5). This increase could be
related to a thickening effect of the crystals towards an
cquilibrium state as a result of an annealing behaviour
of the material when stored at these low temperatures.
The population of the predominant ncw ferroelectric
crystals and the small fraction of non-polar ones reaches
an cquilibrium in this temperature range (Figure 4c).
Here the coeflicient of thermal expansion of the
non-ferroelectric phase is similar to that observed for the
paraelectric phase in the high-temperaturc region
(x=0.4x10 > K') (Figure 4a).

It is known?® that, in polymer crystals, the ratio of
lateral crystal size to crystal thickness (u=D/l) exhibits
values that lic between 1 and 2. However, the data of
Figure 5 show for T<T. apparently low y values of
about 0.4. This result may be related to the fact that
[=LX_ does not represent a coherence length but it must
rather be seen as a crystal dimension that comprises a
stacking of alternating ferroelectric and non-ferroelectric
crystal domains. To obtain a direct estimate of the
coherently diffracting crystalline dimensions along the
molecular direction, the X-ray diffraction profiles in the
higher wide-angle scattering region (25 <26 <50") were
analysed as a function of temperature. Figure 7 shows
the WAXD pattern exhibiting two maxima: a very broad
maximum at a spacing d=2.16 A and a fainter peak at
d=2.53 A. The latter spacing corresponds to the well
known (0 0 1) reflections of the all-trans ferroelectric
form. From the linewidth analysis, an approximate valuc
of Dggy 245 A can be derived. The ratio Dg/Dgyo, now
yields a value of ~2, which is in good agreement with
Wulff’s rule, indicating that the ferroclectric crystals in
the low-temperature region are in an cquilibrium state.
The d=2.16 A spacing could be associated with a
polytrifluoroethylene refiection. This reflection was first

] I
b
B nt .Df [o]
L e T

Figure 6 Schematic model of the lamellar structure of the copolymer
in the (a) high-temperature range. (b) Curie transition region and (c¢)
low-temperature range. (L and { denote respectively the long period
and the average crystal thickness comprising a  mixture  of
non-ferroelectric and ferroelectric domeains
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indexed by Kolda and Lando2® as (003) and later
Tashiro et al.' proposed the (201, 11 1) assignment.
From the linewidth analysis a value of D~12A is
obtained. Most revealing is the fact that with increasing
temperature the (00 1) peak disappears while the peak
atd =2.16 A prevails. These results suggest that, whereas
the ferroelectric trans crystals are molten above
T,, = 155°C, the coherently diffracting domains that
correspond to the d=2.16 A spacing persist in the molten
phasc. One may suggest that these diffracting lengths
could correspond to aggregates of trifluoroethylene short
sequences having a melting temperature at about 200°C,
which coexist with the non-polar phase.

CONCLUSIONS

The structural changes observed during cooling from the
melt for the 60/40 copolymer can be summarized as
follows:

(a) In thc high-temperature region thc stacks of
lamellar crystals yielding a long period L~ 3254 are
composed of paraclectric blocks of about 250 A in lateral
dimensions (Figure 6a).

(b) At the Curie temperaturc the large paraelectric
crystals are gradually transformed into smaller ferro-
electric domains (D, =110 A, Dy, =45 A), which become
statistically mixed with the remaining non-ferroelectric
zones.

(c) In the low-temperature region most of the material
is transformed into the ferroelectric phase (Figure 6c¢)
although a small fraction emerges as a non-polar
structure. According to this model the X-ray long period
below T, comprises the alternation of crystal blocks—
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consisting of random coexistence of polar and non-polar
domains—separated by amorphous regions.
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