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ABSTRACT: A method with good precision has been de-
veloped to quantitatively measure the degree of a-, 8-, and
v crystallinity in poly(vinylidene fluoride) (PVDF) by means
of infrared spectroscopy. The phase composition of solution-
deposited PVDF films was found to be strongly influenced
by the presence of hydrophilic residues on the silicon sub-
strate, the relative humidity present at film deposition, the
spatial position on the substrate, and the thermal treatment
of the deposited film. Films produced on pristine surfaces
gave predominantly o-phase PVDF, but when a layer of
polar solvent (acetone or methanol) remained on the surface,
the films produced were predominantly vy phase. Higher
humidity promoted a higher fraction of y crystallinity in the
solution-deposited PVDEF films. Solution-cast films had

highly variable composition across the substrate, whereas
spin-cast films were uniform. High-temperature annealing
of PVDF films normally converts the polymer to the y phase,
but annealing the film while still attached to the silicon
substrate inhibited this phase transformation. Low-temper-
ature annealing of freestanding films led to a previously
unreported thermal event in the DSC, a premelting process
that is a kinetic event, assigned to a crystalline relaxation.
Higher-temperature annealing gave a double endotherm,
assigned to melting of different-sized crystalline domains.
© 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89: 1093-1100, 2003
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) has been extensively
studied because it is a ferroelectric polymer.'” PVDF
exists in at least three main crystalline modifications,
designated as « (Form II), 8 (Form I), and y (Form III),
and in at least one minor phase, designated as & (Form
II"). The different forms are distinguished by the con-
formation of the C—C bonds along the chain back-
bone. The B phase has all its C—C bonds in the s-trans
conformation (TTTT), the a phase has alternating s-
trans and s-gauche bonds, (TGTG), and the y phase has
an s-gauche bond every fourth repeat unit (T;GT;G).
The 6 phase is very similar to the a-crystalline phase,
except that every other chain is rotated and thus is
electrically active.® The as-cast y phase has an unor-
dered T;GT,G sequence mixed with long sequences of
s-trans conformations.”® The a phase and as-cast 7y
phase are obtained from solution deposition,”'® ori-
ented 8 phase can be produced by stretching a PVDF
film,'" the y phase with regularly repeating intervals is
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obtained by annealing near the melting point, and the
8 phase is obtained by poling in an electrical field.'*'?

The fraction of crystallization of each phase is gen-
erally determined quantitatively by X-ray diffraction,
but this can be challenging for thin films. Using infra-
red spectroscopy to quantitatively characterize the
crystalline phases hase been attempted,'* but the mea-
surements were quite imprecise. Gregorio et al.'” mea-
sured the degree of a- and B crystallinity, assuming
the IR absorption follows Beer’s law. The a phase had
a characteristic infrared absorption at 766 cm™"', and
these investigators assumed that the 840 cm ™' absorp-
tion was uniquely characteristic of the 8 phase. Osaki
et al.'® performed similar estimations for the a- and
y-crystalline phase using the 530 and 510 cm™' IR
absorption peaks, respectively, as the phase-specific
bands. However, neither method considered the sim-
ilarity of the B- and y-crystalline forms and the fact'”
that both these crystalline modifications contribute to
the IR absorptions of 510 and 840 cm™'. Thus, an
objective of this work was to develop an improved
quantitative method for the determination of the three
main crystalline phases of PVDF by means of infrared
spectroscopy.

A second objective of this study was to better un-
derstand the role of the preparation conditions on the
phase composition of the deposited PVDF. The IR
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method developed allowed us to rapidly assess the
degree of crystallinity and the amounts of a-, 8-, and
v phases in PVDF polymers. PVDF films were solu-
tion-deposited, either by simple casting or spin-cast-
ing, and thermally annealed. The four types of crystal
modifications strongly depend on the solvent evapo-
ration rate, temperature, and polarity of the sol-
vent.*'”'® We found that the phase composition of the
initially formed films also depended on the gas-phase
humidity, the nature of the substrate surface, and the
spatial position of the film on the substrate. Thermal
annealing of the pristine films caused further changes
in the crystallinity. The thermal behavior was moni-
tored using differential scanning calorimetry (DSC),
and we found that every annealing temperature re-
sulted in a different bulk composition of the PVDF.
The transformation from the - to the <y-crystalline
form through annealing was described by Prest and
Luca.” Ishida and coworkers'®?’ studied the crystal-
line transformation associated with the heat treatment
and found the development of a double endotherm in
the DSC thermogram of PVDF. The dependence of the
double endotherm on the heating rate was studied
comprehensively by Wunderlich et al.*"** We report
here on the results our much more detailed examina-
tion of the annealing process at different tempera-
tures. We found that the annealing temperature was a
critical feature, with major differences observed if the
annealing was done above or below a temperature of
about 150°C. Our results indicate that the occurrence
of the double endotherm is not linked to the a- to
v-form transformation. Finally, a third endotherm was
observed in the DSC thermograms from samples an-
nealed at low temperatures.

EXPERIMENTAL
Polymer solutions

All solvents and chemicals were used as received from
Aldrich and Fischer. PVDF powder with a molecular
weight of 534,000 was obtained from Aldrich (Mil-
waukee, WI). The polymer was dissolved in a solvent
composed of 90% acetone and 10% dimethylform-
amide (DMF), sonicated in an ultrasonic water bath
below 30°C for 20 min, and then thermostated at 30°C
or 37°C for another 30 min without sonication. The
PVDF concentration was 50 g/L unless otherwise
noted. Some polymer solutions were heated above
50°C for complete dissolution, as described earlier.**

Film deposition

The polymer thin films were either deposited by cast-
ing from solution or spin coating onto highly polished
single-crystal silicon wafers. These wafers were RCA-
cleaned (rinsed with acetone, methanol, and deionized
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water and then N, dried) prior to use. Spin coating or
-casting was done at room temperature, followed by
drying of the polymer film at room temperature or in
a temperature-controlled oven. The spin coater from
Laurell Technologies Corporation (Model WS-400)
was programmed for an acceleration rate of 1245
rpm/s, but different maximum angular velocities and
spin times were used. To obtain the oriented crystal-
line form of PVDF, solution-deposited films were
stretched at elevated temperatures as described previ-
ously.”

Film measurement

IR spectroscopy was performed using a Perkin-Elmer
Model 1650 FTIR spectrometer at a 2 cm ™' resolution.
DSC experiments were measured with a TA Instru-
ments DSC-Q100 calorimeter with modulated capabil-
ity. The same mass (+0.1 mg) of PVDF sample was
used for each DSC measurement when the width of
the melting enthalpy peak at half height was com-
pared. Otherwise, the sample weight was about 10 mg
of PVDF thin film. The heating rate was 10°C/min for
standard DSC and 2°C/min for modulated DSC, with
a modulation period of 50 s. The melting heat en-
thalpy integration was set from 60°C to 175°C. Infra-
red spectral manipulations such as baseline correction
and offset were performed with the computer pro-
gram Grams/32 Al (version 6.00; Galactic Industries).
The elemental analysis was performed with a Perkin—
Elmer 5500 Multitechnique Surface Analyzer with
ESCA capability.

RESULTS AND DISCUSSION

Quantitative crystallinity measurement using IR
spectroscopy

The a phase of PVDF had a unique IR absorption band
at 762 cm ™' IR that was baseline separated from all
other peaks. In contrast, the B- and <y-crystalline
phases resembled each other structurally and spectro-
scopically and made the differentiation more difficult.
The B phase had two distinguishable IR absorption
bands, at 468 and 1275 cm ™. The 468 cm ™! band had
a very small absorption coefficient, and quantitative
measurements were insensitive. The 1275 cm™' IR
absorption, although a shoulder band, was suitable for
quantitative calculations because a reproducible base-
line correction could be performed simply using a
linear background derived from the main peak. The
y-crystalline form had a unique IR band at 1233 cm™".
However, the 1233 cm ™! IR band was also a shoulder,
qualitatively very helpful but quantitatively not useful
because no baseline correction could be performed
independent of the other two crystalline phases. Con-
sequently, the y-crystallinity had to be accomplished
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Figure1 IR spectra of three thin films from the same PVDF
solution (dissolved at >50°C): (a) predominant « phase (X,
= 046, X, = 0.11), film deposited at low humidity (<10%)
and on a new wafer; (b) pure y phase (X, = 0.61), film
deposited at high humidity (>50%) and on an often-used
wafer; (c) predominant 8 phase (X, = 0.02, Xz = 0.53, X,
= 0.08), stretched film (stretching ratio = 3).

with an IR absorption band that accounted for both
the B- and vy phases. Two possible IR bands for this
purpose were at 510 and 835 cm™'. The 510 cm ™' IR
band had a much smaller absorption coefficient than
did the 835 cm ™! band and thus was less sensitive, so
we used the 835 cm ™! band. To obtain a reproducible
baseline for measuring the intensity of the 835 cm™*
band, the minima at 860 and 780 cm ™ (see Fig. 1) were
used as two points on a linear background, which was
subtracted from the peak intensity at 835 cm ™. This
removed some, but not all, of the intensity resulting
from the amorphous phase, so an absorption coeffi-
cient for the amorphous was also required.

The crystallinity can be found from the IR spectra
using the following equations

Ager = Ka762Xth (1)

Arrs = K61275X3t (2)

A835 = (KB835XB + Ky835Xy + Kﬂn1835(1 - Xtoml))t
(3)

where A; is the baseline-corrected absorbance at j
em ™!, Kl is the absorption coefficient at j cm ™" for the
i phase X; is the mole fraction of the i phase, X,y is
the total crystallinity, and ¢ is the thickness in mi-
crometers. The thickness of the PVDF films were de-
termined as described previously®® using the IR ab-
sorbance band at 1070 cm !, which has an absorption
coefficient reasonably independent of the crystalline
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phase of the polymer—a, B, or vy (Ayy,y = 0.095¢
+ 0.07).

DSC was used to establish the total crystallinity for
each sample. The area under the melting peak was
compared with the enthalpy of fusion for a 100%
crystalline material, AH.. (AH., for PVDF = 104.6
1/8°%%°) to give X,o- This is a valid technique as long
as the stretching ratio is less than 3,” which was the
case for all samples evaluated in this work. Enthalpy
values for pure a- and y-crystalline PVDF are not
known and were assumed to be the same, following
the work of Prest and Luca.!” In addition, we did not
see different peak widths for the melting endotherm of
samples with different crystalline modifications.

Pure a phase PVDF films were obtained by quench-
ing melts in liquid nitrogen or ice water as previously
described.” This allowed determination of K,,,*** us-
ing eq. (3) to be K,,,,*®> = 0.0259 pm ™" (N = 8 samples,
standard deviation, o, = 0.0027). Solution-deposited
films always contained both a- and vy phases, as indi-
cated by the IR peaks at 762 cm ™', 1233 em ™, and 835
cm ™. Using egs. (1) and (3) gave K,7** = 0. 365 um?
(N =32, 0 = 0.036) and K,** = 0.150 um ™" (N = 32,
o = 0.015). Finally, the values for K™ and Kz
were found using stretched polymer films. Films that
were predominantly o phase but contained a small
amount of y phase (X, ~ 0.10) were stretched at
120°C-150°C to a stretching ratio of no greater than 3.
Under these conditions, the o phase was converted to
B phase, but the amount of y phase was left un-
changed, as confirmed by the decrease in the intensity
of the peak at 762 cm™ ', the growth of the 1275 and
835 cmf bands, and the unchanged intensity at 1233
cm ™. X, was estabhshed prior to stretching using the
absorbance at 835 cm ™! and X, found from the inten-
sity at 762 cmf1 after stretching. This gave Kg'*"
= 0 140 pm™' (N = 24, ¢ = 0.016) and K;**° = 0 132

(N =24, ¢ = 0.021).

Influence of preparation conditions on crystalline-
phase behavior

Equipped with an easy, fast, and reliable method to
determine the crystallinity of PVDF thin polymer
films, we were able to investigate the crystalline com-
position of PVDF prepared under a wide variety of
conditions. The total amount of crystallinity was
found in the range of 50%—65% for all PVDF samples
(solution-cast, spin-coated, stretched), coincident with
the results of Nakagawa and Ishida.” The inhibition
of a more complete crystallization of the simple PVDF
monomer structure was accounted for by the presence
of head-to-head structures in the polymer chain. First,
we faced the question of controlling the phase of so-
lution-deposited PVDEF films. As described else-
where,* the relative humidity present when deposit-
ing a polymer solution has a tremendous effect on the
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Figure 2 The fraction of crystallinity of (A) « phase, (O) vy
phase, (O0) total crystallinity, and (@) film thickness along
the diameter of a 10-cm-wide solution-deposited PVDF film.
The film was cast from an acetone-DMF PVDF solution,
dissolved at 30°C, and dried at 50°C. The dotted lines are
guides for the eye.

PVDF film surface morphology. Furthermore, we also
found that the bulk crystallinity depended on the rel-
ative humidity at film deposition. Higher humidity
always promoted a higher fraction of y crystallinity in
the PVDF films, presumably because of the electro-
static interactions between water and the polar vy
phase. The dissolution temperature of the polymer
solution affected the phase composition of the films
produced: solutions prepared by dissolving the poly-
mer at high temperatures produced more y phase.
Figure 1 shows the IR spectra of three PVDF films
from the same polymer solution. The predominately
a- (spectrum A) and - (spectrum B) crystalline films
were deposited at different relative humidities and on
silicon wafers with different histories (vide infra). Spec-
trum C shows a predominately B-crystalline film, ob-
tained by stretching a solution-deposited film. These
spectra compare well with the predicted spectra of
pure components of PVDF as calculated using princi-
pal components analysis.*

We also discovered that the crystallinity of solution-
cast films could vary enormously within the same
film. Figure 2 shows an example of the phase changes
across a solution-cast film of about 10 cm in diameter.
Although the total crystallinity was relatively con-
stant, the proportions of a- and y phases changed
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substantially across the film. This means that for large
area applications, film formation by simple solution
casting can lead to variable results. Polymer films that
were more uniform in crystallinity and thickness were
obtained by spin-coating the polymer solutions. With
spin casting the variation in crystallinity and thickness
never exceeded 10%.

The second major influence on PVDF phase gener-
ation was the substrate. Although the same silicon
wafer type was used to deposit the polymer, the num-
ber of uses made a difference. The pristine wafers
were highly polished single-crystal silicon with about
300 A of oxide on the surface. Films cast on pristine
wafers gave a higher content of the « phase, but used
wafers gave increasing amounts of y phase. ESCA
analysis showed an increased carbon content on the
used wafers compared to the pristine wafers, but no
evidence of fluorine or nitrogen. The residue remain-
ing after use was either acetone or methanol from the
previous depositions or RCA cleaning. The residual
solvent film of these polar organic molecules induced
a higher fraction of the polar vy phase in the deposited
PVDF films.

Spin-coated polymer films were dried at different
temperatures immediately after deposition. The dry-
ing temperature ranged from room temperature to
180°C. The crystallinity of the films was predomi-
nately y phase when dried at less than 80°C and
mainly a phase for all films dried at greater than 100°C
because of the reduced humidity at higher tempera-
tures. All freestanding films undergo substantial geo-
metrical deformation (shrinking) during annealing.
However, dried spin-coated films remained attached
to the silicon wafers and so did not undergo signifi-
cant deformation. Normally, annealing above about
160°C (vide infra) induced a transition from « phase to
v phase, but under conditions in which the films re-
mained adhered to the substrate, we found no evi-
dence of an increase in the amount of y phase. Thus,
for the first time we were able to anneal a-crystalline
films above 160°C with no transformation to the vy
form. Apparently, the surface adhesion was enough to
prevent any intramolecular rotation from the TGTG to
the T,GT,G conformation.

Annealing and thermal treatment of PVDF strongly
influence polymer structure.** > As previously re-
ported,® melting points are different for the different
crystalline phases of PVDF films. In our measure-
ments, for predominantly « phase, T,, = 157.9°C
* 0.6°C; for pure as-cast y phase, T,, = 161.3°C
*+ 0.9°C; and for stretched, predominantly 8 phase, T,
= 160°C-161°C, depending on the film crystallinity
before stretching and the stretching rate. All solution-
deposited and/or stretched PVDF freestanding films
showed only a single melting endotherm in the DSC
thermogram. We were interested in the effect on the
polymer crystalline phase when a PVDF film was
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annealed at successively higher temperatures close to
and above the melting temperature. Three polymer
films with different crystalline modifications were an-
nealed attached to a metal ring to avoid deformation.
The annealing time at increasing temperature was set
to 100 h, following the method of Tashiro et al
Figure 3 shows the change in crystallinity of the films,
which initially was primarily « phase [Fig. 3(a)]l, B
phase [Fig. 3(b)], or as-cast y phase [Fig. 3(c)] when
annealed at progressively higher temperatures until
destruction of the polymer film. In all films the frac-
tion of a phase decreased after its melting point, but
annealing above 180°C re-created the a phase (X,
= 0), although the total crystallinity was reduced. In
contrast, the fraction of y phase increased after an
annealing temperature of 160°C until it decreased rap-
idly after 178°C, which appears to be the melting point
of the annealed y-crystalline phase with a regular
repeat sequence. The difference between the as-cast y
phase and the crystalline y form (annealed) is recog-
nizable in the IR spectrum only as a small split of the
835 cm ! IR band into two bands, at 833 and 839 cm ™.
The feature at 833 cm ™' was dominant until an an-
nealing temperature of 168°C. Thereafter, it was the
839 cm ™! absorption that was more pronounced until
the annealed y phase transformed into the o form at
178°C. In those films with no 8 phase present initially,
there was growth of the 8 phase when the annealing
temperature reached 165°C, but this phase was subse-
quently destroyed when annealing above 180°C. In
the samples in which there was an appreciable fraction
of B phase present initially (formed by stretching),
there was no increase in the amount of 8 phase; only
loss was observed above 180°C.

The temperature of annealing had a significant im-
pact on the DSC measurements, as shown in Figures 4
and 5. In these experiments all the films initially were
predominantly y phase. At temperatures below the
main melting peak, two more enthalpy features (AH,;
and AH,) could be found, depending on the annealing
temperature, as shown in Figure 4. The lower-temper-
ature enthalpy feature, AH,, appeared only in the
samples annealed at temperatures lower than 148°C,
and its melting point shifted from 83°C to 153°C with
a higher annealing temperature. The higher-tempera-
ture enthalpy feature, AH,, appeared only in PVDF
films annealed above 135°C, and its melting point
shifted from 121°C to 157°C with a higher annealing
temperature. As shown in the lower graph in Figure 5,
the main melting enthalpy peak, AH,, shifted to
higher temperatures with an increased annealing tem-
perature because of the transformation of the as-cast y
phase to the annealed y phase. The center plot in
Figure 5 shows the peak width at half-height for the
main melting as a function of annealing temperature.
There was a distinct transition in peak width at 148°C,
coincident with the loss of AH; and with the rise in the
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Figure 3 (a) A predominately a-crystalline PVDF film, (b)
a predominately B-crystalline PVDF film, and (c) a pure
v-crystalline PVDF film annealed at successively increasing
temperatures close to and above the melting point; (A)
a-crystalline mole fraction phase; (¢) B-crystalline mole
fraction; (O) y-crystalline mole fraction; (OJ) total crystallin-
ity. The dotted lines are guides for the eye.

main melting point. Finally, the top graph in Figure 5
shows the enthalpy for each process. Total enthalpy
showed a slight decrease for annealing temperatures
above 140°C, consistent with the crystallinity changes
noted above. More dramatic changes can be seen with
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Figure4 DSC thermograms of annealed PVDF samples. (a)
Shift of AH, toward higher melting temperature: (") anneal-
ing temperature of 25°C; (- -) 100°C; (--) 135°C; (-) 142°C. (b)
Shift of AH, toward higher melting temperature: (") anneal-
ing temperature of 160°C; (-) 163°C; (- -) 166°C; (—) 169°C.

AH,, and AH,. As the annealing temperature was in-
creased, AH,, decreased and AH, increased at 165°C.
Finally, the enthalpy associated with the low-temper-
ature feature, AH,;, was small for low annealing tem-
peratures, rose slightly for annealing temperatures up
to 140°C, and then dropped back to zero.

We performed modulated DSC (MDSC)**?° to aid
in our interpretation of the nature of the two unas-
signed enthalpy features, AH; and AH,. We found that
AH,, which occurs in PVDF films when annealed be-
low 148°C, was associated with the nonreversing por-
tion of the MDSC, implying that the heat change is
part of a kinetic process. The second enthalpy feature,
AH,, which appears in PVDF films when annealed
above 135°C, was found in the reversing portion of the
MDSC, which is generally thought to signal a thermo-
dynamically reversible process. The integrated area at
AH, was determined for several polymer films an-
nealed at 135°C for different lengths of time. AH, fit
well to a first-order rate expression, AH; = a, (1
— e ko), with ay = 2.72 J/g and k.ps = 0.099 min .
This corresponds to a half-life of only 7 min, a rela-
tively fast process for a polymer.

BENZ AND EULER

To determine the required time for the annealing
process, freestanding PVDF films (predominately vy
phase) were heated at 157°C for different times, rang-
ing from 2 min to 250 h. The results showed that the
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Figure 5 Predominately y-phase crystalline, freestanding
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enthalpy width at half peak height was reduced from
12°C to 4.7°C in only 30 min. However, an equili-
brated melting point shift from 159°C to 165°C did not
occur until 50 h of annealing.

Finally, freestanding, predominately a-phase films
were annealed at different temperatures. The a-phase
film changed toward an increased y phase when an-
nealed above 158°C, as previously discussed. The DSC
thermograms showed the exact same features as when
the y-phase films were annealed. In addition to the
main melting peak, low annealing temperatures (be-
tween 25°C and 148°C) gave rise to the AH, feature,
and higher annealing temperatures (above 135°C) in-
duced the AH, endotherm. The peak associated with
AH, shifted from 75°C to 150°C with an increased
annealing temperature, whereas the response at AH,
had peak maxima ranging from 120°C to 157.5°C. As
the AH, feature increased at higher annealing temper-
atures, the main melting endotherm shifted to a higher
temperature, became sharper, and was less intense.
These features were observed even for films annealed
on the silicon substrate, in which the a-phase to
v-phase transition was suppressed. Thus, we can con-
clude that each of these heat capacity responses is
independent of the phase and so cannot be attributed
to changes in conformation along a given polymer
chain.

We interpret the DSC data as follows. The first
premelting enthalpy feature, AH,, is a crystalline re-
laxation process, perhaps similar to the alpha-relax-
ation described by Teyssedre et al.*” Although Teysse-
dre et al. did not find any temperature dependence of
the alpha-relaxation peak, our results clearly show a
shift of the nonreversing enthalpy peak with a higher
annealing temperature. The second premelting en-
thalpy response, AH,, is more complicated. This fea-
ture is found in both a-phase and y-phase samples
and so is not caused by an on-chain structural change.
Further, the peak maximum and area for AH, in-
creased with annealing temperature, and the DSC
peak width also became narrower, similar to the poly-
mer melting peak. Finally, as the total enthalpy asso-
ciated with AH, grew, the enthalpy at the main melt-
ing, AH,,, and the DSC peak width decreased. Several
research reports'®*** have speculated about the ori-
gin of the two endothermic peaks (AH, and AH,,). Our
results show clearly that the two endotherms are
phase independent and that AH,, shifts to a higher
melting temperature with an increased annealing tem-
perature. These conclusions support the findings of
Nakagawa and Ishida,® who attributed the higher
melting peak (AH,,) to the melting of larger and well-
formed folded-chain crystals reorganized by anneal-
ing. The larger line width of the lower-melting peak
(AH,) indicates less ideal crystals and is associated
with the melting of smaller crystals. Total crystallinity
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does not change significantly because the annealing is
only a reorganization of different-sized crystals and is
not creating or destroying crystallinity in any notable
fashion. Finally, this mechanism is phase independent
and does not rely on any conformational changes
along the polymer backbone.

CONCLUSIONS

We have established a quantitatively reliable method
for determining the crystalline phase composition in
PVDF thin films using IR spectroscopy. The technique
is fast and simple to apply, thereby allowing for a
rapid assessment of the amounts of a-, 8-, and vy
phases in any PVDF thin-film sample. Using this tech-
nique, we examined the composition of PVDF thin
films when prepared under a variety of solution dep-
osition and thermal conditions. The gas-phase humid-
ity, the polarity of the substrate surface, the spatial
position on the substrate, and the time and tempera-
ture of thermal treatment all had a significant influ-
ence on the phase composition of the PVDF thin films.
Thus, with this detailed information we are now able
to produce PVDF films of a desired phase composition
using a single solvent system. This work has empha-
sized the important role of interfacial conditions on
the development of crystal phases of thin films in
PVDF.

In addition, DSC analyses of annealed PVDF films
indicated the presence of previously unreported pre-
melting thermal events and the double endotherm
generally found in semicrystalline polymers. When
annealed at low temperatures, PVDF was found to
have a kinetic process associated with crystalline re-
laxation in a small portion of the sample. Annealing at
higher temperatures removed the kinetic process but
introduced the double endotherms that were assigned
to melting of different-sized crystals.

The DSC instrument used in this work was purchased with
support from the URI Transportation Center/U.S. DOT.
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