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ABSTRACT: To clarify the thermal degradation mecha-
nisms of uniaxially drawn poly(vinylidene fluoride)
(PVDF) films, variations due to annealing in the polymeric
structures of the films were investigated using the small-
angle X-ray scattering (SAXS) and Fourier transform infra-
red (FTIR) spectroscopy. The films were composed of la-
mellar crystals that were stacked perpendicular to the
stretch direction. Although the crystallinity of the films
decreased during annealing in the temperature range
above the preannealing temperature, the lamellar structure
was maintained even after the annealing process. There
are two kinds of irreversible relaxation mechanisms dur-
ing the annealing process of the films, including both a
decrease in crystallinity within the lamellae and also thick-

ening of the lamellae. A significant lamella thickening
effect was observed when the films were annealed above
� 100�C. FTIR spectra suggested some disordered struc-
tures are developed during thickening of the lamellae.
Furthermore, a long-range periodic structure was formed
in the films that were annealed above the melting temper-
ature of PVDF. The polymeric structures formed during
the fabrication process (including high-order structures
and disorders in molecular conformation) were clarified as
having a significant influence on the annealing behavior of
ferroelectric PVDF films. VVC 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 111: 2837–2843, 2009
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) and its copolymers
with trifluoroethylene (TrFE) or tertrafluoroethylene
(TFE) are well known as typical ferroelectric poly-
mers.1–3 The b-phase of PVDF is especially impor-
tant for the realization of piezoelectric effects, since
it has an all-transconformation structure, resulting in
a net dipole moment.4,5 However, PVDF films often
form the nonpolar a-phase when they are fabricated
using the melt crystallization or solution cast techni-
ques. Therefore, mechanical stretching is generally
utilized to obtain the b-phase. Although PVDF-based
polymers can exist in a single crystal form,6,7 in
most cases they are provided in a semicrystalline
form in which the crystalline phases form a lamellar
structure.8,9

From the viewpoint of application of PVDF films,
the thermal stability and annealing behavior of these
films is an important issue because the temperature

ranges for assembly process and for applications are
limited because of the thermal degradation in piezo-
electricity of these films. To discuss the thermal deg-
radation mechanisms of these films, variations in
polymeric structure of these films during annealing
at elevated temperatures need to be clarified.
The present authors discussed the relationship

between the thermal stability of PVDF films and the
preannealing condition in a previous article.10 As a
result, it was clarified that the piezoelectricity of the
films significantly deteriorates because of crystal
relaxation during annealing above the preannealing
temperature because the content of the ferroelectric
b-phase decreases, accompanied by shrinkage of the
film. In fact, the piezoelectricity decreased in propor-
tion to the decrease in the content of the b-phase in
the temperature range below � 100�C. However, the
ratio of the decrease in the piezoelectricity was
apparently large compared with that for the content
of the b-phase above � 100�C. Therefore, it was
suggested that there are additional relaxation mecha-
nisms above � 100�C. In addition, several thermody-
namically nonequilibrium phenomena were observed
during annealing above the preannealing tempera-
ture. Unfortunately, the origin of these phenomena
which are induced during the annealing process still
remains unclear.
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In most of the previous works in this subject area,
the majority of researchers have focused on informa-
tion concerning the ordering of polymer chains in
the crystal phases as obtained from wide-angle X-
ray diffraction (WAXD) studies to analyze the PVDF
films.3–5,8 However, clarifying in high-order struc-
tures (such as the lamellar structure) is considered
to be essential to discuss the degradation mecha-
nisms during the annealing process from the view-
point of the concerted dynamics of polymer chains.
For example, the high-order structures significantly
affect the diffusion behavior of polymer chains
because of their topological nature.11–15 Although
WAXD is effective for analyzing the crystal structure
and crystallinity, it cannot provide information on
the long-range ordered structures. The small-angle
X-ray scattering (SAXS) technique can be a comple-
ment to WAXD because it can provide structural in-
formation in the range from 1 to 100 nm. In
addition, the Fourier transform infrared (FTIR)
spectroscopy can provide structural information con-
cerning the molecular structures (molecular confor-
mation) and molecular packings in polymeric
materials. By combining the information from these
analytical techniques, we can comprehensively dis-
cuss the polymeric-structural features in PVDF films.
In the present work, variations in the polymeric
structures in a uniaxially drawn PVDF film during
annealing at various temperatures are examined
using SAXS and FTIR to discuss the annealing
behavior of the PVDF film.

EXPERIMENTAL

Uniaxially drawn PVDF films (Measurement Special-
ties Inc., PIEZO FILM: 28 lm in thickness) which
included Ag electrodes that were prepared by a
screen-printing process were used as the specimens
in the present work. The Ag electrodes were care-
fully wiped away from the PVDF films using ace-
tone. The manufacturer had already annealed the
films at 60�C during the fabrication process. Several
specimens of the PVDF films were additionally
annealed at 40–200�C for 1 h. During the annealing
process, the films were placed between metal blocks
to maintain their planarity. After finishing the
annealing process, the specimens were rapidly
cooled in air. Subsequently, the SAXS (Cu Ka radia-
tion: 50 kV, 250 mA; detector distance: 300 mm)
spectra of these films were measured in the scatter-
ing angle range between 0.1 and 4� by using trans-
mitted X-rays. The FTIR spectra were also measured
in the wavenumber range of 400–1000 cm�1 at ambi-
ent temperature. In addition, films that had been
annealed at 100 and 120�C were subsequently
annealed at 80–160�C for 1 h to examine variations
in their SAXS profiles. The WAXD analyses of the

films were also conducted using Cu Ka radiation
(50 kV, 200 mA).

RESULTS AND DISCUSSION

Structural characterization of PVDF films
preannealed at 60�C

Figure 1(a,b) show the SAXS profiles of a PVDF film
preannealed at 60�C. The horizontal axis indicates
the scattering angle (2y) that is related to the magni-
tude of the scattering vector (q), as represented in
eq. (1):

q ¼ 4p sin h=k (1)

where k is the wavelength of the X-rays.
In the case of Figure 1(a), the X-rays were incident

to the film specimens in the direction shown in this
figure. A broad peak indicating a long-range peri-
odic structure is detected between 0.5 and 1.7� in 2y.
This peak in the SAXS profile is attributed as origi-
nating from the lamellar structure of the crystalline
phase (stacked lamellar structure)16 in the PVDF

Figure 1 SAXS profiles of a PVDF film preannealed at
60�C obtained from two different incident directions.
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film. The average lamella thickness (d) can be esti-
mated from the scattering angle of the peak top
(2ytop) using the Bragg’s equation;

d ¼ k=2 sin htop (2)

By contrast, no long-range periodic structure was
observed in the SAXS profile when the film was
rotated 90� in the in-plane direction from the posi-
tion in Figure 1(a), as shown in Figure 1(b). Hence,
the lamellar structure is considered to be orientated
perpendicular to the stretch direction. The PVDF
film was confirmed to be mainly composed of the
ferroelectric b-form crystal phase using WAXD.10

The crystalline phase is clarified to form a lamellar
structure that is orientated perpendicular to the
stretch direction in the PVDF film by using SAXS.

On the other hand, the FTIR can provide struc-
tural information concerning molecular conforma-
tion. Figure 2 shows the FTIR spectrum of film
preannealed at 60�C. The infrared absorption bands
can be categorized into three groups.17–19 Groups 1
and 2 are limited to the a-form (alternating trans
and gauche sequences; TGTG�) and to the b-form
(all-trans planar zigzag conformation; TT), respec-
tively. Group 3 of the absorption bands is observed
in both forms. Because strong absorption bands (840,
510, 445 cm�1) that are categorized into group 2 are
clearly observed in Figure 2, the FTIR spectrum sup-
ports the results of WAXD analysis reported in a
previous article.10 However, some bands that are not
assigned to the optically active fundamentals of the
regular crystal lattice of the a- and b-forms8,17,18 are
clearly observed in the FTIR spectrum (as indicated
as X in Fig. 2). These bands are attributed to disor-
ders in molecular conformation. For example, the
band that is observed around 675 cm�1 is considered

to be assigned to a localized mode associated with
the head-to-head or tail-to-tail units in the crystalline
region.18 At least, the crystalline region in this film
seems to contain some disorders in molecular
conformation.

Polymeric-structural variations in the PVDF
films during postannealing

Figures 3(a,b) show the SAXS profiles of films prean-
nealed at 60�C after annealing at 80–160�C for 1 h.
When the films were annealed at 40, 50, and 60�C
for 1 h, hardly any variations in the SAXS profile
were observed (not shown here).
The lamellar structure is maintained even after

annealing at a temperature above the preannealing
temperature, although a decrease in crystallinity due
to annealing was detected by WAXD in these films
in this temperature range (Fig. 4). However, the av-
erage lamella thickness varied significantly during

Figure 2 FTIR spectrum of a PVDF film preannealed at
60�C. The absorption bands are categorized into four
groups; 1: group 1 (a-form), 2: group 2 (b-form), 3: group
3 (both forms), X: disordered structures.

Figure 3 SAXS profiles of the PVDF films preannealed at
60�C after annealing at (a) 40–120�C and (b) 130–160�C for
1 h.
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the annealing process. Figure 5 shows the average
lamella thickness that was estimated using the SAXS
profiles as a function of annealing temperature. The
average lamella thickness decreases slightly in the
temperature range between 80 and � 100�C because
of annealing. By contrast, the thickness increases sig-
nificantly with increasing annealing temperature
when the annealing was conducted above � 100�C.

Figure 6 shows the FTIR spectra of the films
before and after annealing at 80�C for 1 h. By com-
paring these spectra, a slight variation is only
observed in the absorption bands in the wavenum-
ber range of 620–730 cm�1. Tadokoro et al.18 pointed
out that the band splittings and additional weak
bands can occur in PVDF films because of the effect
of disordered structures consisting of slightly
deflected chains. The slight increase in magnitude of

the bands due to annealing at 80�C (shown in Fig. 6)
is supposed to relate to the development of some
disordered structures. By contrast, the magnitude of
some bands that are attributed to disorders in mo-
lecular conformation becomes large significantly af-
ter annealing above 100�C, as shown in Figure 7.
Therefore, some kind of disordered structures are
considered to be developed significantly during
thickening of the lamella crystals.
The SAXS analysis was also applied to estimate

variations in the average lamella thickness due to
annealing in films preannealed at 100 and 120�C.
Figure 8 shows the relationship between annealing
temperature and average lamella thickness in these
films. Lamella thickening is also observed in these
films. Interestingly, the average lamella thickness
seems to be principally determined by the annealing
temperature, regardless of the preannealing temper-
ature, when the annealing is conducted above the
preannealing temperatures.

Figure 4 WAXD patterns of the PVDF films preannealed
at 60�C before and after annealing at 80, 100, 120, and
160�C for 1 h.

Figure 5 Variation in the average lamella thickness in the
PVDF films preannealed at 60�C after annealing at 40–
160�C for 1 h.

Figure 6 FTIR spectra of the PVDF films preannealed at
60�C before and after annealing at 80�C for 1 h.

Figure 7 FTIR spectra of the PVDF films preannealed at
60�C after annealing at (a) 100, (b) 120, and (c) 150�C for 1 h.
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Polymeric-structural features of the PVDF film
after annealing above the melting temperature

When the PVDF films are annealed at elevated tem-
peratures above the melting temperature (160–
170�C), the crystallinity is significantly decreased
because melting and recrystallization is promoted
during the annealing and subsequent cooling proc-
esses. Figure 9 shows the FTIR spectrum of a film
annealed at 200�C for 1 h. The specimen was rapidly
cooled in air after the annealing process. The spec-
trum indicates that the b-form crystals are formed as
well as the a-form crystals during the recrystalliza-
tion. This result agrees with the result of WAXD
analysis reported in a previous article.10 The FTIR

spectrum suggests that some disordered structures
are also formed during the recrystallization.
Figure 10 shows the SAXS profile of a film

annealed at 200�C for 1 h. A broad peak, which sug-
gests the existence of a long-range periodic structure,
is apparently observed at 0.4–0.7� in 2y. If the
stacked lamellar structure (which is formed because
of mechanical stretching during the fabrication pro-
cess of the films) disappeared completely in the
melting state, no long-range periodic structures are
formed after solidification. Therefore, this SAXS pro-
file suggests that the nuclei originating from the
lamella crystals existed before melting were formed
in the melting state.

Discussion regarding annealing mechanisms
of the PVDF films

The present authors have previously reported vari-
ous nonequilibrium phenomena that are observed in
PVDF films during the annealing process.10 The
high-ordered structure (such as stacked lamellar
structure) that was formed during the fabrication
process is considered to be the critical factor that
controls these phenomena. For example, the b-phase
of PVDF is believed to thermodynamically transform
to the a-phase during the annealing process.3 How-
ever, a phase transformation to the a-phase had
never been observed in the present PVDF films. The
experimental results of SAXS (Figs. 5 and 8) and
WAXD (Fig. 3) indicated thinning and thickening in
the lamella thickness because of annealing although
the crystallinity of the b-form crystals decreases
monotonically with increasing annealing tempera-
ture. Because the motion of the polymer chains that
exhibit the topological nature11–15 should be re-
stricted because of the existence of the high-order

Figure 8 Variations in the average lamella thickness in
the PVDF films preannealed at 100 and 120�C after anneal-
ing at 80–160�C for 1 h.

Figure 9 FTIR spectrum of PVDF film preannealed at
60�C after annealing at 200�C for 1 h. The film was rapidly
cooled in air after the annealing process. The absorption
bands are categorized into four groups; 1: group 1 (a-
form), 2: group 2 (b-form), 3: group 3 (both forms), X: dis-
ordered structures.

Figure 10 SAXS profile of PVDF film preannealed at
60�C after annealing at 200�C for 1 h.
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structures, then phase transformation is suppressed
in these films.

By combining the information from WAXD with
that from SAXS, it is considered that there are two
kinds of relaxation mechanisms during annealing of
the PVDF films. Relaxation originating from the for-
mation of disorder structures, such as deflection of
polymer chains, is likely to occur in the temperature
range between the preannealing temperature and
� 100�C. As a result of FTIR spectroscopy (Fig. 6),
some disordered structures were suggested to be
developed during annealing at 80�C although the
molecular conformation in regular crystalline regions
was not varied. In this case, the disorder structures
that intrinsically exist in the PVDF film are likely to
predominantly play an important role in this relaxa-
tion mechanism. Since the films were mechanically
stretched during the fabrication process to stabilize
the b-phase of PVDF, residual stress would have
been introduced into the films. The residual stress
can be partly released because of the aforementioned
relaxation mechanism during the annealing process,
and hence the average lamella thickness can be
decreased by this relaxation mechanism. In this case,
the piezoelectric coefficients of the films decrease
with decrease in crystallinity accompanied by the
lamella thinning.

By contrast, the thickening of the lamellae occurs
in the temperature range above � 100�C. The thick-
ening is considered to be due to Ostwald’s ripening
accompanied by interlamella diffusion (sliding diffu-
sion) of the polymer chains.13–14

The previous article10 discussed the relationship
between the b-phase content and the piezoelectric
coefficients of the PVDF film. In the temperature
range up to 100–120�C, the piezoelectric coefficients
decreased in proportion to the b-phase content.
However, the ratio of the decrease in the piezoelec-
tric coefficients was apparently large compared with
that in the content of the b-phase in the temperature
range above 100–120�C. In addition, Johnson
et al.20,21 pointed out that there is an additional
relaxation mechanism above � 100�C in PVDF films
because the kinetics of the shrinkage and of the
decrease in piezoelectricity cannot be characterized
by a single activation energy in this temperature
range. The additional relaxation mechanism that was
predicted by Johnson et al.20,21 is attributed to the
thickening of the lamellar crystals. When sliding dif-
fusion of the polymer chains occurs, which thickens
the lamellar crystals, many defects22 and disorders
should be introduced into the crystalline regions,
resulting in a decrease in the magnitude of polariza-
tion in the crystallites. In fact, FTIR spectra (Fig. 7)
show the magnitude of absorption bands that relate
to the disordered structures significantly increases
accompanied by the thickening of the lamellar crys-

tals. The disordered structures formed during the
lamella thickening are likely to cause the additional
decrease in piezoelectricity.
Figure 8 shows how the average lamella thickness

in the PVDF films is determined by the highest
annealing temperature, regardless of the thermal his-
tory of the films. During the annealing process, the
lamellar crystals in the films adopt a meta-stable
state, which is determined by the annealing temper-
ature. The free energy of the meta-stable states is
likely to be lowered with increasing annealing tem-
perature because the meta-stable crystals can exist
stably in the temperature range below the annealing
temperature after the annealing process.10 In other
words, the lamella thickening is an irreversible pro-
cess, in addition to the development of disordered
structures below � 100�C. This irreversible anneal-
ing effect is important for controlling the thermal
stability of the PVDF films.10

The effect of the high-order structure extends to
the melting and recrystallization behavior of the
PVDF films. The SAXS profile indicates the existence
of a long-range periodic structure in the film after
annealing at 200�C as shown in Figure 10. This ex-
perimental result suggests that some localized or-
dered structures15 originating from the stacked
lamellar structure in the films before annealing
remained meta-stably in the melting state, even at
200�C. Because these localized ordered structures
can act as nuclei for recrystallization, a long-range
periodic structure is considered to be formed in the
film after solidification, as shown in Figure 10. In
addition, the b-phase (which is not usually formed
during the recrystallization process) was detected in
the film by WAXD10 and FTIR (Fig. 9) after anneal-
ing at 200�C. The formation of the b-phase is also
believed to be related to the localized ordered struc-
tures that exist meta-stably in the melting state dur-
ing the annealing process.
The polymeric structures of PVDF films can be

widely controlled, depending on the exact fabrica-
tion conditions.6–9,23 Because the polymeric struc-
tures in these films significantly influence the
annealing behavior (as discussed in this section), the
thermal stability should be examined with reference
to the polymeric-structural features (including high-
order structures and disorders in the crystalline
region) of the films formed during the fabrication
process.

CONCLUSIONS

Variations in the polymeric structures in ferroelectric
PVDF films due to annealing are discussed in this
article based on analyses of SAXS profiles and FTIR
spectra. The main results obtained in the present
work are summarized as follows:
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1. A stacked lamellar structure is formed perpen-
dicular to the drawing direction in uniaxially
drawn PVDF films during the fabrication pro-
cess. In addition, some disordered structures in
molecular conformation such as head-to-head
or tail-to-tail linkages can be formed in the films
during the process.

2. The lamella thickness slightly decreases simul-
taneously with the crystal relaxation due to
annealing in the temperature range between the
preannealed temperature and � 100�C. By con-
trast, significant lamella thickening accompa-
nied by sliding diffusion of the polymer chains
occurs during annealing above � 100�C. The
disordered structures are developed during the
thinning and thickening of the lamellar crystals.

3. The lamella thickness that is achieved after
annealing is mostly determined by the highest
annealing temperature, regardless of the ther-
mal history of the films.

4. A long-range periodic structure can be formed
in the films during the annealing process
(including melting and recrystallization proc-
esses) above the melting temperature of PVDF.
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