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depends itself on the salt concentration of the solution. In
the case of the low molar mass DNA fragments and the
salt concentration used in the present investigation, only
two of these equations are needed. There are, for d¢/dR

dé/dR = —(2/R){1 - Yy cot (Ve In (R*/R) +
sin”! (a/e'/?R¥)]}
2%X10%<C,<2%10% mol dm™ (A.5a)

d¢/dR = —(2/R){1 + Y%a cot [Ye In (R/R*) +
sin”! (a/e¥?R¥)]}
4x102<C,<5x 10! mol dm™ (A.5b)

In these equations e is the base of natural logarithms (e
= 2.71828). Note that for (A.5a) R* must satisfy the
condition 0.601973 < R* < 1.552651 and for (A.5b) R* >
1.552651. The value of the parameter « can be related to
that of R* through the second condition (A.4).

a = HeR*2 - (2 - [R*K,(R*) /K, (RDNV2  (A.6)

Equations for the derivatives of ¢ have been used here
because the value for d¢/dR at the surface of the polye-
lectrolyte may be calculated from the surface charge
density by using Gauss’s law. At the surface where R =
RO = ka

(d¢/dR)R=R° = —Qv/ka (A7)

Values of R* may be calculated in an iterative way by using
either (A.5a) or (A.5b). Once R* is known, v may be
calculated from eq 17 with B! = K (R*).
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Kinetics of Isothermal Crystallization and Curie Transition of the
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ABSTRACT: The kinetics of crystallization and Curie transition of the 81/19 mol % vinylidene fluoride-
tetrafluoroethylene (VF,—F E) copolymer are investigated for different isothermal conditions by wide-angle
X-ray diffraction, small-angle light scattering, and differential scanning calorimetry. The results of this study
indicate that, in agreement with previous investigations, the isothermal crystallization from the melt produces
first the paraelectric crystal phase. The paraelectric phase is observed to undergo isothermally a crystal-crystal
transition into the ferroelectric phase. Examination of the melting behavior of samples crystallized for different
lengths of time indicates that the ferroelectric phase does not undergo any crystal-crystal transition upon
heating, as was suggested by other investigators, but melts at a temperature about 10 deg higher than the
original paraelectric phase. The crystallization and crystal—crystal transition kinetics are extremely temperature
dependent and the ratio of the crystallization rate to Curie transition rate increases with crystallization

temperature.

Introduction

Considerable work has been carried out in the past few
years to investigate the existence and characteristics of the
Curie transition in poly(vinylidene fluoride) (PVF,) and
related copolymers.1# The intrinsic ferroelectric nature
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Blacksburg, VA 240861.
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of PVF, was first suggested by the observation of a ferro-
to paraelectric transition in vinylidene-trifluoroethylene
copolymers (VF,—F3E) of various VF, mole fractions.!”!
Lovinger et al.”® proposed a value of 205 °C for the Curie
temperature of PVF, by extrapolation of X-ray and di-
electric data for VF,—F3E copolymers to 100% VF, content.
To avoid any ambiguity in the interpretation of the data
as a result of the alteration of the chemical structure of
PVF, by a different chemical species (F3;E) (difference in
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tacticity or regicity), copolymers of vinylidene fluoride and
tetrafluoroethylene (VF,~F,E) were examined.'*?" In the
latter case, the presence of F,E units is analogous to an
increase in the number of head-to-head (HH) linkages in
PVF, homopolymer. However, it should be noted that in
PVF,, conversely to the VF,-F,E copolymer, each HH
linkage is followed by a tail-to-tail (T'T) linkage, these
HH-TT defects amounting to 3.5-6% in commercial
PVF,. Studies similar to these carried out on the VF,-F;E
copolymer yielded an extrapolated Curie temperature of
196 °C for pure PVF, and demonstrated that the Curie
temperature of the copolymer increases linearly with VF,
content up to around 81/19 mol % fraction, where the
Curie transition is aborted by melting.?!¢-26

More recently, Lovinger et al.? were able to synthesize
PVF, homopolymers of various HH-TT content between
0.2 and 23.5 mol % and to demonstrate unequivocally the
existence of the Curie transition in pure PVF,, when the
HH-TT content is between 13.5 and 15.5%. For com-
mercially available PVF, grades, the lower amount of
HH-TT defects raises the Curie transition above the
melting temperature, preventing the observation of the
ferro- to paraelectric transition.

In any case, the F;E or F,E units and the HH-TT
linkages act as defects copolymerized with VF,; monomers.
As a result of the chemical defects in the chain, the crystal
packing efficiency decreases, reducing the steric and
electrostatic repulsions between neighboring segments.
Such a decrease in interchain interaction favors at low
temperature the all trans conformation (ferroelectric
phase) as opposed to the usually obtained TGTG’ con-
formation of the « crystal phase. A concomitant effect of
the chemical defects is the reduction of the Curie tem-
perature below the melting transition of the ferroelectric
phase for large defect contents.”824-26,28

Most of the investigations of the crystallization from the
melt and the incipient Curie transition in VF,-F,E systems
have been focussed on the 81/19 mol % composition.'#%
Results from differential scanning calorimetry (DSC),
wide-angle X-ray diffraction (WAXD) and dielectric
studies have suggested that by cooling from the melt this
particular copolymer crystallizes into the paraelectric phase
and then undergoes a crystal-crystal transition into the
ferroelectric phase upon further cooling. The Curie tran-
sition was reported to exhibit a hysteresis and to be ob-
served at higher temperature during heating runs than
during cooling runs.?*¥" For the 81/19 mol % copolymer
composition, however, the Curie transition lies in the vi-
cinity of the melting transition and competition between
crystallization and crystal-crystal transition should be
expected to affect the content in various crystalline phases.
In this study, wide-angle X-ray diffraction, small-angle
light scattering (SALS) and differential scanning calori-
metry will be used to estimate the kinetics of crystallization
and Curie transition (para- to ferroelectric crystal tran-
sition) in isothermal conditions.

Experimental Section

Samples of 81/19 mol % (73/27 wt %) VF,-F,E random co-
polymers (Kynar 7200) were kindly supplied by Pennwalt Corp.

For the WAXD studies, the copolymer sample was placed in
a thin wall capillary tube 2 mm in diameter and mounted in a
hot stage with thin mica windows. The diffraction studies were
carried out on a four-circle Siemens diffractometer, Model D-500,
operated in the transmission mode with Nickel-filtered Cu K«
radiation (A = 1.542 A). /26 scans between 17° and 21° 26 angles
were recorded at different times during the isothermal crystal-
lization.

For the SALS studies, 20-um thick compression molded films
were prepared. The films were inserted between glass slide and
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Figure 1. Wide-angle X-ray diffractograms as a function of
crystallization time at 124 °C; (a) 30 min, (b) 3 h, (¢) 6 h, (d) 20
h, (e) 36 h, (f) 45 h, (g) 60 h, (h) 90 h, (i) 120 h.

cover slip, mounted in a Mettler hot stage type FP 2, melted at
200 °C for 10 min, and quenched to the desired crystallization
temperature. The samples were allowed to crystallize isothermally
for different lengths of time and were then heated from the
crystallization temperature up to 200 °C at a 2 °C/min rate.
During both the isothermal crystallization and the melting, SALS
patterns were obtained in H,? conditions with a monochromatic
He/Ne laser light (A = 632.8 nm). The patterns were recorded
digitally by means of a two-dimensional position sensitive detector
interfaced with an optical multichannel analyzer (OMAS3).30:81

For the DSC experiments, as received samples of weight 10 mg
were used. The thermal behavior was studied in a Perkin-Elmer
differential scanning calorimeter, Model DSC-2, operating under
N, atmosphere. The differential heat flux was recorded as a
function of time during both crystallization and melting. The
crystallization experiments were carried out at 117, 118.5, and
122 °C for different lengths of time and the melting behavior was
followed by heating the sample at a 10 °C/min rate (unless
otherwise specified) from the crystallization temperature. To
ensure that the experimental results were not affected by thermal
degradation, new copolymer samples were used at the beginning
of every DSC run. Indium and tin standards were used to calibrate
the temperature scale and heats of fusion. Overlapping endot-
herms were deconvoluted in the same manner for all DSC traces
by considering the shape of the endotherms at early and late stage
of crystallization (when only one of the endotherms is present)
and by ensuring that the sum of the differential heats of the
deconvoluted endotherms yields the differential heat of the or-
iginal endotherm at all points. Where the overlap was important,
different shapes for the low-temperature tail of the endotherms
were considered (cf. error bars on Figure 7a-c). This enabled us
to ensure that the deconvolution process was not too sensitive
to the author’s subjectivity. For the study of the effect of heating
rate on the melting behavior (Figure 8), the ordinate axis (dQ/dt)
of each DSC trace has been scaled differently for convenience in
the data display. What matters in these curves is not the absolute
total enthalpy, which did not vary with heating rate, but the ratio
of the first to second endotherm for each trace.

Results

Wide-Angle X-ray Diffraction. Crystallization of the
81/19 mol % copolymer was carried out at 124 £ 1 °C.
6/26 scans recorded during the isothermal crystallization
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Figure 2. H, SALS pattern of copolymer sample crystallized at
117 °C. The polarization directions are horizontal and vertical.

are shown on Figure 1. In agreement with Lovinger et
al.,”>% the first crystalline phase to be produced by
crystallization from the melt is the paraelectric phase as
evidenced by its reflection around 18° (d = 4.85 A). The
intensity of this reflection is first seen to increase with time
and then to decrease after approximately 36 h. The re-
flection characteristic of the ferroelectric phase (19.6° 26)
appears only after 6 h of crystallization and steadily in-
creases in intensity with time. The time dependence of
the intensities characteristic of the ferro- and paraelectric
phase indicates that after being formed, the paraelectric
phase transforms into the ferroelectric phase by erystal—
crystal transition. Because of the unavailability of the
structure factors for either the paraelectric phase or the
ferroelectric phase and the lack of knowledge concerning
the crystallization and Curie transition rates, it was not
possible to derive from the X-ray data the amount of para-
and ferroelectric phases at any time and therefore not
possible to estimate whether or not part of the ferroelectric
phase is formed by direct crystallization from the melt.
Because of the very slow transition rate at this tempera-
ture, it was not possible to observe the total conversion of
the para- to ferroelectric phase in a reasonable experi-
mental time. On the other hand, because of the slow
cooling rate achievable in this hot stage and also because
of the rather low flux of the X-ray source, it was not
possible to study this process at a lower temperature where
the crystallization process takes place in a shorter time.

Small-Angle Light Scattering. Examination of the
H, SALS patterns of the samples crystallized at 117 °C
indicates that the intensity of maximum scattering is lo-
cated at zero scattering angle (Figure 2). Although the
details of the analysis of the H, SALS patterns as a
function of crystallization temperature and comonomer
content will be given in a separate publication,? it can
already be said that the morphology consists of incomplete
spherulites, rodlike crystal agregates and hedrites. Al-
though, for a fully developed spherulitic morphology, it
is usually possible to relate quantitatively the maximum
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Figure 3. SALS intensity at zero angle as a function of tem-

perature during heating run (2 °C/min) for different crystallization
times at 117 °C.

scattering intensity to a “degree of crystallinity”,*® such
is not the case, yet, for any different morphology.

It has been shown that, for rodlike crystal agregates, the
H, scattered intensity falls off with scattering angle 6.3
It was also demonstrated that both the rate of intensity
fall with scattering angle and the azimuthal angle (u) de-
pendence of the scattering are dependent on the orienta-
tion correlation function of the crystal optic axes. Con-
sidering the particular scattering profile of this material
(Figure 2), it was convenient to follow the crystallization
and melting processes by monitoring the depolarized
transmitted intensity (in the present case, the scattered
intensity at zero scattering angle). One has to be aware
that during an actual measurement of the intensity of
transmitted depolarized light, one actually measures the
total integrated scattered intensity in a small solid angle
about the undeviated transmitted beam®? (as a result of
the finite aperture of the photomultiplier’s tube or the
finite surface of the photodiode array used for detection).
In the present study, a two-dimensional photodiode array
was used to record the time evolution of the scattering
pattern and the maximum scattering angle contributing
to the measured depolarized light transmission was esti-
mated to be about 0.5°. For such experimental condition,
one can assume that the major contribution to the intensity
of depolarized transmitted light arises from pure trans-
mission. It was demonstrated by Clough et al.% that for
a randomly oriented set of crystal agregates, the depo-
larized transmitted light intensity T' can be written as

T = (/) (N,Ae/Ao) sin? (5/2)

where Nj is the number of correlated regions (agregates),
A is the correlated area for one of the N| structures, A,
is the field area containing the N structures, é is the crystal
birefringence (for a uniaxial crystal). Although the term
N A,/ A, is not rigorously equal to the degree of crystal-
linity, its variation during crystallization or melting reflects
the behavior of the crystallinity.

The copolymer sample was crystallized at 117 °C and
heated up to 200 °C after crystallization for different
lengths of time. The H, SALS patterns were recorded
during the crystallization and during the heating runs (2
°C/min) at regular time intervals, and the intensity at zero
angle was measured as a function of temperature and
crystallization time. Figure 3 clearly shows that, for both
very short and very long crystallization times, only one
single melting process is observed (respectively at 128 and
137 °C). These experiments also indicate that the am-
plitude of the first melting process (around 128 °C) con-



Macromolecules, Vol. 22, No. 1, 1989

3

> W _—

=

2]

<

w

[

z

>

I

T L] L] T T L L) Ll L L} L} ) 1

5 10
TIME {Min}

Figure 4. SALS intensity at zero angle as a function of time
during crystallization at 117 °C.
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Figure 5. Crystallization exotherms at 117 °C (a), 118.5 °C (b),
and 122 °C (¢).

tinuously decreases with crystallization time whereas the
amplitude of the second melting process continuously in-
creases with crystallization time. These results are con-
sistent with the WAXD data and unambiguously indicate
the existence of a crystal-crystal transition subsequent to
crystallization of the paraelectric phase. By comparison
of the time dependence of the amount in crystal phase
(either para- or ferroelectric phase) (crystallization curve,
Figure 4) with the time dependence of the Curie transition,
one can readily see that the rate of the Curie transition
is much slower than the rate of crystallization.

Finally, it must be noted that the first fall in transmitted
intensity corresponds to the melting of the paraelectric
phase (around 128 °C) and not to the observation of the
Curie transition as was reported earlier.%2?%% A crystal-
crystal transition cannot occur during the heating run since
no melting process is observed after the first intensity fall
at early crystallization time. Furthermore, a crystal—crystal
transition is not expected to produce such a large decrease
in scattered intensity. The second fall in transmitted
intensity corresponds to the melting of the ferroelectric
phase and takes place at a higher temperature (around 137
°C). Further elaboration on these points will be provided
after examination of the DSC results.

Differential Scanning Calorimetry. The crystalli-
zation behavior was also investigated by differential
scanning calorimetry between 117 and 122 °C. Figure 5
shows the crystallization isotherms for 117, 118.5, and 122
°C. The rate of the primary crystallization is seen to be
extremely temperature dependent. For temperatures lower
than 117 °C, the crystallization could not be prevented
during the cooling from the melt whereas above 122 °C the
crystallization is so slow that no detectable change in the
heat flow rate could be measured. The approximate time
for completion of the primary crystallization step is ap-
proximatively 7, 21, and 90 min at respectively 117, 118.5,
and 122 °C. If we now consider more specifically the
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Figure 6. Melting behavior for samples crystallized at 117 °C
for different lengths of time.

crystallization behavior at 117 °C and carry out heating
runs after various crystallization times, we can see the
thermal behavior depicted in Figure 6. The time evolution
of the melting behavior for samples crystallized isother-
mally exhibits three different regimes. For very short
crystallization times, one single endotherm is observed
around 131 °C. In the first regime, the enthalpy of fusion
is observed to increase with crystallization time, indicating
the primary crystallization of the paraelectric phase. In
the intermediate time range, the enthalpy of melting of
the first endotherm is still increasing with time, while a
second endotherm appears at higher temperature (ca. 140
°C). This latter endotherm is attributed to the melting
of the ferroelectric phase. The end of the second time
range (where the enthalpy of fusion of the paraelectric
phase is maximum) corresponds closely to tail of the
primary crystallization exotherm. In the last stage, the
enthalpy of fusion of the paraelectric phase keeps de-
creasing while that of the ferroelectric phase steadily in-
creases. This indicates that the paraelectric phase has
transformed into the ferroelectric phase by isothermal
crystal—crystal transition. The same behavior is observed
for crystallization at 118.5 and 122 °C. From the heating
curves of samples crystallized for different lengths of time,
an estimate of the heat of fusion for each melting peak can
be obtained as a function of crystallization time (Figure
7a-c). These results indicate that the degree in parae-
lectric phase crystallinity, achieved during primary crys-
tallization, decreases notably when the crystallization is
carried out at higher temperature. The observation of low
Curie transition rates for the investigated crystallization
temperatures seems quite expected in view of the fact that
no exotherm could be observed for the crystal-crystal
transition at intermediate and long time of crystallization.
Furthermore, the Curie transition enthalpy is certainly
much smaller than the enthalpy of fusion. It is unfortu-
nately not possible to deduce from Figure 7a~c the time
dependence of the degree of crystallinity in either parae-
lectric or ferroelectric phase since the enthalpy of fusion
for either pure phase is unknown. Such information would
allow for the determination of the temperature dependence
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Figure 7. Heat of fusion of paraelectric (O) and ferroelectric (®)
phases as a function of crystallization time at (a) 117 °C, (b) 118.5
°C, and (c) 122 °C.

of the Curie transition rate from the data presented above.
Extrapolation of the transition rate to zero rate should give
an estimate of the “equilibrium Curie temperature” T,°
above which the paraelectric phases crystallizes without
undergoing a crystal-crystal transition to the ferroelectric
phase. Qualitative examination of Figure 7a-c suggests
that the ratio of the rate of crystallization to the rate of
Curie transition increases with crystallization temperature.

The effect of heating rate on the melting behavior of the
para- and ferroelectric phases was also investigated by DSC
for a sample crystallized at 118.5 °C for 18 min. For this
time and temperature conditions, no noticeable further
crystallization should take place during the heating runs
(even at the lowest heating rate investigated). Figure 8
shows the DSC traces for the melting of identical samples
at rate between 2.5 and 40 °C/min. The paraelectric phase
melting peak is seen to shift markedly to higher temper-
atures (by 10 °C) when the heating rate is increased from
2.5 to 40 °C/min. On the other hand, the ferroelectric
phase melting peak is only shifted by 4 deg in the same
range of heating rates. The heat of fusion of either en-
dotherm does not vary with heating rate indicating that
no change in the phase content (by melting recrystalliza-
tion or crystal-crystal transition) is taking place during
the heating run from the temperature T, for a sample
crystallized at T..

Discussion

In agreement with previous investigations,??-% our re-
sults indicate that the paraelectric crystal phase is pro-
duced from the melt by isothermal crystallization of the
(81/19) mol % VF,~F,E copolymer in the range 117-124
°C. This study has also demonstrated that the paraelectric
phase transforms isothermally into the ferroelectric phase
at the crystallization temperature and has suggested that
the rate of transformation decreases with increasing tem-
perature. Furthermore, our investigation has shown that,
up to at least 124 °C, the para- to ferroelectric transition
can be observed within a reasonable time span. This im-
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Figure 8. Effect of heating rate of the melting behavior of
samples crystallized at 118.5 °C for 18 min.

plies that the equilibrium Curie temperature must be
higher than 124 °C and that the ferro- to paraelectric phase
transition should not be observed at temperatures lower
than about 125 °C unless the ferro- to paraelectric tran-
sition temperature depends markedly on the temperature
at which the ferroelectric phase was formed. No such
evidence is available in the literature. The existence of
such a ferro- to paraelectric transition for the 81/19 mol
% composition has been much debated in the past.’®?7 In
the study by Hicks et al.!® and Tasaka et al.?% no Curie
transition was observed. On the other hand, Lovinger et
al. 2% and Green et al.?” have reported the observation of
the ferro- to paraelectric transition, respectively, at 110-120
°C for the former group by a combination of WAXD, DSC,
and dielectric relaxation and around 113-118 °C by Raman
scattering and DSC for the latter. These results are a priori
inconsistent with our experimental observations (no
transformation between ferro and paraelectric phases was
observed during heating at rates from 2.5 to 40 °C/min)
and are also inconsistent with the fact that the ferroelectric
to paraelectric phase transition is expected to take place
at much higher temperature.

It is possible to provide an alternate interpretation of
their results by examining carefully the experimental
procedure used to suggest the existence of the ferro- to
paraelectric transition. The samples were either crystal-
lized isothermally and further quenched to room tem-
perature® or to lower temperature? or were directly cooled
from the melt.212226 In all cases, as was shown here and
elsewhere,?2-2 the ferroelectric phase was produced. For
a sample crystallized isothermally for one day at T = 117.0
°C and heated from 7T up to 200 °C, the enthalpy of fusion
amounts to about 6-7 cal/g (cf. Figure 7a) which is half
of the value obtained for a sample cooled at constant
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cooling rate from the melt down to room temperature.?223
This suggests that this copolymer will not completely
crystallize in isothermal conditions and will further crys-
tallize upon cooling. It is therefore reasonable to suggest
that the crystals grown from the melt or from the
amorphous phase at the lowest temperature will melt first
during the heating run and will have the chance to re-
crystallize rapidly into the paraelectric phase. When the
melting-recrystallization process occurs at low temperature
(100-110 °C), the subsequent formation of the ferroelectric
phase by crystal-crystal transition is relatively fast. At
higher temperature (120 °C and above) the crystal-crystal
transition becomes much slower (cf. this work) and the
crystallized material remains in the paraelectric phase.
Any technique (such as WAXD) that can follow the con-
tent in both crystal phases as a function of temperature
could in principle prove this hypothesis. We believe that
the X-ray data obtained by Lovinger et al.,? although it
was interpreted differently, is indeed consistent with our
explanation. They examined the same copolymer com-
position crystallized for 1 day at 120 °C and subsequently
quenched to room temperature. They obtained diffrac-
tograms from such samples heated at 2 °C/min with the
temperature of each X-ray scan held isothermal. They
reported that heating above 100 °C caused a gradual de-
crease in the intensity of the ferroelectric phase reflection
at 19.6° 26, while the reflection characteristic of the par-
aelectric phase only appeared around 122-129 °C and
never reached the same intensity as the ferroelectric phase.
Our scenario suggests why there is a delay between the
decrease in the intensity of the ferroelectric phase reflec-
tion and a very small increase in the intensity of the
paraelectric phase reflection. It also gives an alternate
explanation for the low intensity of the paraelectric phase
reflection observed during heating. A similar line of rea-
soning can be held against the Raman and DSC data of
Green et al.?” and the DSC and dielectric data of Murata
et al.??® Although it was recognized by the previous in-
vestigators that the melting of the ferroelectric phase would
hinder any clear observation of the ferro- to paraelectric
transition, the explanation of the formation of the parae-
lectric phase in terms of a melting-recrystallization
mechanism had been overlooked. We believe that all
previous “evidences” of a ferro- to paraelectric transition
for the 81/19 mol % composition?%" can be reanalyzed
according to such a mechanism.

These considerations fully justify the necessity to study
these phenomena in isothermal conditions and to examine
any multiple transition behavior without any cooling or
quenching to room temperature in the case of an easily
crystallizable material. This study is not, in any way,
inconsistent with the results obtained for VF,.-F,E co-
polymers having a larger content in tetrafluoroethylene
units, since for these compositions the melting and the
Curie transition are well separated and easily character-
ized. %2 However, it showed a more rigorous way to obtain
the “equilibrium” Curie temperature as a function of co-
monomer content, through the temperature dependence
of the Curie transition rate. Work is in progress to measure
such a temperature dependence for various F,E contents.

Conclusion

The study of the kinetics of crystallization indicates that
in agreement with the work of Lovinger et al.222 the co-
polymer principally crystallizes from the melt in the
paraelectric phase. The Curie transition was found to take
place in isothermal condition subsequently to crystalliza-
tion and at a rate that strongly depends on the tempera-
ture. Our results suggest that the ratio of crystallization
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rate to Curie transition rate increases with temperature.
Finally, in contrast with the results of previous investi-
gations,?"%" our study of the melting behavior indicates
that for this copolymer composition, no ferro- to parae-
lectric crystal transition is observed during heating prior
to melting. It is suggested that previous “evidence” of a
ferro- to paraelectric transition during heating can be
reinterpreted in terms of a melting-recrystallization pro-
cess.
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