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Abstract

Blends of poly(vinylidene fluoride) (PVDF) with a perfluorosulfonate ionomer, Nafion�, have been prepared and examined in terms of the
crystallization kinetics of the PVDF component. In blends of PVDF with Naþ-form Nafion�, the rates of bulk crystallization, as observed by
DSC, and the spherulitic growth rates of the PVDF component, as observed using optical microscopy, were found to be very similar to that
of pure PVDF. This behavior was attributed to the course phase separation of Naþ-form Nafion� from PVDF and melt incompatibility of
the physically cross-linked ionomer with the crystallizable component. In this segregated state, the PVDF component of the blend is allowed
to crystallize in pure phases that are isolated under the influence of Nafion�. In contrast, when the ionomer was exchanged with more weakly
interacting quaternary alkylammonium counterions, a decrease in both the rate of bulk crystallization and spherulitic growth was observed. Fur-
thermore, the crystallization kinetics of PVDF in these blends was found to be dependent on the counterion size; as the size of counterions
associated with the Nafion� component increased, the rate of crystallization decreased. This behavior was attributed to a weakening of the
electrostatic interactions in the ionomer phase and thus an increase in the extent of phase mixing with the larger ions.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline poly-
mer that possesses a strong electric dipole moment associated
with the CeF bonds in its monomer units; and consequently,
PVDF is capable of interacting with a variety of polar polymers
via dipoleedipole interactions [1e13]. In an attempt to utilize
the tendency of PVDF to interact with polar polymers, several
blend compatibility studies have been reported for blends of
PVDF with a variety of ion-containing polymers [14]. Moussaif
et al. investigated the miscibility of PVDF with poly(methyl
methacrylate-co-zinc acrylate) ionomers [15] and polycarbon-
ate grafted with poly(methyl methacrylate-co-zinc acrylate)
[16]. These studies showed an increasing tendency toward
miscibility with an increase in the ionic functionality of the
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ionomer. Linares et al. [17] showed that blends of PVDF
and sulfonated polystyrene have improved compatibility and
mechanical stability relative to control blends containing un-
modified polystyrene. In a study directly relevant to this inves-
tigation, Kyu and Yang examined the phase behavior in blends
of PVDF and Nafion� in the acid and sodium neutralized forms
using small-angle laser light scattering (SALLS) [18,19]. These
studies demonstrated that PVDF/Nafion� blends were partially
compatible below the crystalline melting point of the PVDF
component; however, liquideliquid phase separation occurred
when the blends were heated above the PVDF melting point.

In a more recent study involving the morphological charac-
terization of PVDF in blends with a perfluorosulfonate
ionomer (Nafion�) [20], we found that the nature of the
Nafion� counterion can significantly affect the extent of phase
separation of PVDF in this blend system. Using optical micro-
scopic and scattering techniques, blends of Naþ-form Nafion�

with PVDF were shown to exhibit a large degree of phase sep-
aration, which was attributed to the strong electrostatic forces
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involved within the ionic aggregates of the Nafion� ionomer.
At temperatures above the melting point of PVDF, irreversible
phase separation was observed. In these blends, the ionic ag-
gregates act as electrostatic cross-links in the Nafion� rich
phase thereby reducing the mobility of the ionomer chains
and hindering the phase mixing with the PVDF component.
However, when the Nafion� counterions in the blend with
PVDF were exchanged from the strongly interacting Naþ cat-
ions to larger alkylammonium counterions, i.e., tetrabutylam-
monium (TBAþ), a weakening of the electrostatic network
allowed for a greater degree of phase mixing. At temperatures
above the Tm of PVDF, the blend was found to be homoge-
neous and characteristic of a melt-miscible system.

For a polymer blend containing a crystallizable component,
the extent of phase mixing can profoundly affect the crystalli-
zation behavior. Martuscelli has demonstrated that the rate of
crystallization of semi-crystalline polymers in blends is
greatly affected by the extent of phase mixing of the dispersed
component [21]. In general, miscible polymer blends (i.e.,
where the polymer chains are mixed on a molecular level)
will show the greatest decrease in the rate of crystallization
due to a dilution of crystalline polymer at the crystal growth
front and/or an increase in the glass transition temperature
of the blend. The increase in the Tg of the blend is associated
with a decrease in chain mobility near the crystallites, which
hinders the diffusion of crystallizable segments to the crystal
growth front, thereby reducing the rate of crystallization.

In blend systems which are not miscible on the molecular
level (i.e., immiscible) and exhibit some degree of phase sep-
aration, Martuscelli has shown that the crystallization kinetics
of the crystallizable component is dependent on the size of the
dispersed domains [21]. In highly immiscible blends which
exhibit strong phase separation (i.e., large phase-separated
domains), the crystallizable component can crystallize in a
manner virtually independent of the second blend component
and no significant reduction in the rate of crystallization is
observed relative to the pure homopolymer. Conversely, in
blends containing dispersed domains that are small relative
to the size scale of the developing crystalline domains, the
growing crystals may reject, occlude and/or deform the
phase-separated domains. This behavior generally reduces
the crystal growth rate of the crystallizable component to a
degree correlated with the size of the dispersed domain.

Based on our previous investigations on PVDF/Nafion�

blends [20], the choice of counterion type may be used to con-
trol phase mixing and thus affect the crystallization kinetics of
the PVDF component. In this study, we compare the phase
behavior and crystallization kinetics of PVDF/Nafion� blends
containing alkali metal ions to systems containing a series of
alkylammonium ions of increasing size. By changing the
counterion type and systematically varying the counterion
size, the extent of phase mixing in these blends may be con-
trolled by altering the electrostatic interactions in the Nafion�

component. With a variety of blend morphologies at elevated
temperatures (i.e., suitable crystallization temperatures for
PVDF), ranging from a system with large-scale phase separa-
tion to a homogeneous, melt-miscible state, the influence of
phase mixing on the crystallization kinetics of PVDF may
be evaluated.

2. Experimental section

2.1. Materials

Poly(vinylidene fluoride) (Kynar� 720, Mw¼ 140,000 g/
mol) was obtained from Atofina. Nafion� 117 (1100 equiva-
lent weight, sulfonic acid form) was provided by E.I. DuPont
de Nemours & Co. Alkylammonium hydroxides and sodium
hydroxide were obtained from Aldrich Chemical Co. and
used without further purification. All other solvents and re-
agents were obtained from Aldrich Chemical Co. and used
without further purification.

2.2. Preparation of Nafion�/PVDF blends

Soluble powders of Naþ-, tetramethylammonium (TMAþ)-,
tetraethylammonium (TEAþ)-, tetrapropylammonium (TPAþ)-
and tetrabutylammonium (TBAþ)-neutralized Nafion� were
prepared using previously described techniques [22]. The
as-received, acid-form Nafion� membranes were refluxed in
an 8 M methanolic sulfuric acid solution for 1 h to ensure com-
plete conversion of the films to the acid neutralized form. The
films were then washed several times in boiling water to remove
excess acid. To convert the Nafion� membranes to the neutral-
ized forms, the acid-form films were refluxed in a 1 M
solution of the appropriate sodium or alkylammonium hydrox-
ide in 50/50 methanol/water for 1 h. The resulting films were
washed several times in boiling water and dried in a vacuum
oven for 24 h at 80 �C. Gravimetric analysis confirmed that
this neutralization procedure resulted in Nafion� membranes
with greater than 95% neutralization of the sulfonic acid
groups.

Using a Parr reactor [23], the neutralized Nafion� mem-
branes were dissolved at 250 �C and ca. 1400 psi in a 50/50
ethanol/water solution for the Naþ-, TMAþ- and TEAþ-neu-
tralized ionomer and in a 45/5/50 ethanol/2-propanol/water so-
lution for the TPAþ- and TBAþ-neutralized ionomer sample.
Two separate procedures were utilized to recover the perfluor-
osulfonate ionomers (PFSIs) from solution. The TPAþ- and
TBAþ-form Nafion� samples were recovered by a ‘‘steam-
stripping’’ process [22]. The solutions were slowly dripped
into a large volume of boiling water, causing the organic sol-
vents to rapidly evaporate, leaving a white, fluffy residue of
the hydrophobic ionomer. The TPAþ and TBAþ-form Nafion�

residues were recovered, dried in a vacuum oven for 24 h at
80 �C and ground into a fine powder using a mortar and pestle.
The Naþ-, TMAþ- and TEAþ-form Nafion� samples were
recovered from solution by slowly evaporating the ionomer
solutions at room temperature under a nitrogen purge. The ion-
omer residues were removed from the glass evaporation dish,
dried in a vacuum oven at 80 �C for 24 h and ground into a
powder using a mortar and pestle. Using these two techniques,
all of the neutralized forms of Nafion� were amorphous and
readily soluble in solvents such as dimethyl sulfoxide.
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Solution blends of the Nafion� ionomers with PVDF were
prepared by combining the powdered polymers in the proper
weight fractions in glass vials and dissolving in dimethyl sulf-
oxide (DMSO) on a hot plate at 150 �C. Approximately 0.1 g
of solid polymer mixtures were dissolved in 5 ml of dimethyl
sulfoxide. Films for DSC and optical analysis were prepared
using two different casting techniques. Thin films (ca. 2e
10 mm in thickness) for optical analysis were prepared by cast-
ing the blend solutions onto glass slides on a hot plate at
150 �C, followed by vacuum drying at 80 �C for 24 h. Thicker
films for DSC analysis were prepared by solution processing
ca. 5 ml of the polymer solutions in 20 ml glass vials on
a hot plate at 150 �C. After vacuum drying at 80 �C for
24 h, the resulting films had a thickness of 100e150 mm.

2.3. Dynamic mechanical analysis

Dynamic mechanical analysis was performed on pure Na-
fion� samples in all counterion forms to investigate the effect
of counterion type and size on the dynamic mechanical prop-
erties. Dynamic mechanical measurements were performed
using a Seiko Instruments SDM 5600 Series dynamic mechan-
ical spectrometer (DMS 210). Samples were cut from the
dry, neutralized membranes to dimensions of 1 cm� 5 cm�
0.2 mm and analyzed in the tensile mode at a frequency of
1 Hz and at a heating rate of 5 �C/min.

2.4. Small-angle laser light scattering analysis

The effect of the Nafion� counterion type on phase separa-
tion within Nafion�/PVDF blends was examined using
a small-angle laser light scattering (SALLS) apparatus similar
to that described by Stein and Rhodes [24]. Thin films of the
polymer blends were cast onto microscope slides from a 1.5%
(w/v) solution in DMSO resulting in a final film thickness
of 2e3 mm. The microscope slides were placed in a Mettler
FP82HT hot stage mounted on the sample holder in the
SALLS setup. The incident light was produced from a
3 mW HeeNe laser with l¼ 632.8 nm (Oriel� Corp., Model
6697), and the scattered Vv patterns were projected onto a pa-
per film that could be moved in order to adjust the sample to
detector distance. A digital image of the projected pattern was
acquired using a Photometrics SenSys 1401E CCD area detec-
tor. The acquisition software was RSImage from Roper Scien-
tific and the intensity of the scattering pattern as a function of
pixel position was integrated using the POLAR� software
package (SUNY Stonybrook).

2.5. Thermal analysis of bulk crystallization kinetics

The isothermal crystallization kinetics of the Nafion�/PVDF
blends was examined using a Perkin Elmer Pyris 1 Differ-
ential Scanning Calorimeter. The mass of each of the blended
films used in the DSC analysis was 15e20 mg. The thermal
program of the DSC involved heating the samples to 220 �C
for 5 min to remove any residual crystallinity of the PVDF
component, followed by a rapid quench (ca. �200 �C/min) to
the appropriate isothermal crystallization temperature. The
samples were held at each crystallization temperature until
completion of the exothermic crystallization event. For the
PVDF resin chosen for this study, the lowest achievable isother-
mal crystallization temperature was found to be between 138
and 142 �C, and dependent on Nafion� concentration and
counterion type. Isothermal crystallization at lower tempera-
tures allowed for crystallization during the cooling process
resulting in a final crystalline morphology which is not indic-
ative of an isothermal process.

The resulting crystallization isotherms of the blends were
analyzed using the Perkin Elmer software package to obtain
plots of the fractional degree of crystallinity, Xc, versus time.
These bulk crystallization isotherms were then analyzed using
the Avrami approach [25,26]

ln½� lnð1�XcðtÞÞ� ¼ ln Kþ n ln t ð1Þ

where t is the time of crystallization, K is the crystal growth rate
constant and n is the Avrami exponent, which is related to the
nucleation and growth mechanisms of the polymer crystallites.
For this Avrami analysis, the linear region of the data, plotted in
the form of Eq. (1), was set between the limits Xc¼ 0.25 and
0.75, where the spherulites of measurable radii grow with
time in a linear, unperturbed manner (i.e., free of impingement
and contributions from secondary crystallization).

2.6. Optical microscopic analysis of the spherulitic
growth rate

The growth of the PVDF spherulites in the various blends
with Nafion� was characterized using a Nikon Optiphot2 po-
larizing optical microscope with an attached Mettler FP82HT
hot stage. The thin cast films (ca. 10 mm, prepared as described
above) were heated to 220 �C for 5 min to remove any residual
crystallinity and rapidly cooled (ca. 20 �C/min) to the appro-
priate isothermal crystallization temperature so as to observe
the growth of individual spherulites. Images of spherulite
growth during the crystallization of PVDF were obtained by
a Nikon DXM1200 digital still camera mounted on the micro-
scope. The diameters of at least three individual spherulites (of
similar size and identical crystal form) were measured at sev-
eral time intervals and averaged to obtain the growth rate of
the spherulites.

3. Results and discussion

3.1. Effect of counterion type on the mechanical
relaxation of Nafion�

Fig. 1 shows the dynamic mechanical behavior (plotted as
tan d versus temperature) of Nafion� samples neutralized
with Naþ, TMAþ, TEAþ, TPAþ and TBAþ counterions. For
each of the alkylammonium neutralized Nafion� samples,
two relaxations above 0 �C are clearly evident, and assigned
as the a (high temperature peak) and b (low temperature
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peak) relaxations. For the Naþ-form sample, the dynamic me-
chanical behavior is dominated by the a relaxation observed at
ca. 230 �C. In our recent studies [27,28], we have defined the
molecular origins of these relaxations such that the a relaxation
is attributed to the onset of long-range mobility of both the
main- and side-chains facilitated by a profound weakening
of the electrostatic interactions within the ionic aggregates.
At temperatures in the vicinity of the a relaxation, a significant
destabilization of the electrostatic network may be observed
(i.e., through the activation of a dynamic network involving
significant ion-hopping processes). In contrast, the b relaxation
is assigned as the Tg of Nafion� associated with the onset of
thermally activated main-chain motions that are facilitated
through side-chain mobility within the framework of a static
physical (electrostatic) network.

With an understanding of the effect of counterion size on
chain dynamics and phase behavior in Nafion�, we are now
able to correlate the impact of electrostatic interactions on
the crystallization behavior of PVDF in blends with Nafion�.
Included in Fig. 1 are markers indicating the important temper-
ature regimes relevant to this study of the PVDF/Nafion�

blends. The solid line indicates the annealing temperature,
Ta, at which the blend samples were heated above the melting
temperature of the PVDF component (Tm¼ ca. 180 �C) in
order to eliminate the thermal history prior to the isothermal
crystallization experiments (see below). The dashed and
dashedotted lines indicate the lower and upper limits of the
isothermal crystallization temperatures used in this study,
respectively. As will be discussed below, it is of particular
importance to note the range of these crystallization tempera-
tures relative to the specific thermal relaxations of the Nafion�

component.
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Fig. 1. Dynamic mechanical tan d versus temperature plots for Naþ-, TMAþ-,

TEAþ-, TPAþ- and TBAþ-form 1100 EW Nafion�. Curves are offset verti-

cally for clarity.
3.2. Phase behavior of Nafion�/PVDF blends

Using small-angle laser light scattering analysis, Kyu and
Yang [18,19] showed that a halo in the SALLS pattern of
acid-form Nafion�/PVDF blends developed immediately
above the melting point of PVDF. This behavior was attributed
to the phase separation of the blend components consistent
with the latter stages of spinodal decomposition. Similarly,
we have found that Naþ-form Nafion�/PVDF blends heated
to temperatures above the PVDF melting point phase-separate
and yield a scattering halo (attributed to phase separation) that
increases in intensity and moves to smaller scattering angles
with increasing temperature, implying that the dimensions of
the phase-separated domains become larger through a phase
coarsening process [20]. In contrast, TBAþ-form Nafion�/
PVDF blends, with an identical thermal treatment, remain
melt-miscible and show no evidence of phase separation
upon cooling to room temperature. This behavior was attrib-
uted to the weakened electrostatic interactions and greater
chain mobility of the TBAþ-form Nafion� which allowed
for a more intimate mixture of the Nafion� and PVDF chains
at elevated temperatures [20].

SALLS patterns of the 50:50 wt% Nafion�/PVDF blends,
in all counterion forms, are shown in Fig. 2. Upon heating
the Naþ-form Nafion�/PVDF blend to 220 �C for 5 min, a dis-
tinct scattering halo develops indicative of phase separation. A
similar scattering behavior is observed for the TMAþ-form
blend; however, the size of the scattering halo was larger
and of lower intensity than that observed for the Naþ-form
blend. This behavior suggests that the characteristic dimen-
sions of the phase-separated domains in the TMAþ-form blend
are somewhat smaller than that of the Naþ-form blend and that
the extent of phase mixing is enhanced and/or the number of
these smaller domains is less than in the Naþ-form blend.
From the position of the scattering maxima, the average
inter-domain distances for the Naþ and TMAþ-form blends
were found to be 25 mm and 13 mm, respectively. Since both
the Naþ- and the TMAþ-forms of Nafion� exhibit high a relax-
ations (at temperatures greater than the annealing temperature
of 220 �C), it is expected that the strong electrostatic interac-
tions in these systems would yield a driving force for de-mix-
ing through an irreversible gelation process of the Nafion�

component [20]. Nevertheless, the distinct b relaxation ob-
served with TMAþ-form Nafion� apparently yields sufficient
mobility to slightly counteract the process of de-mixing at
these elevated temperatures.

As the size of the alkylammonium counterion associated
with the Nafion� component is increased, the intensity of
the scattering halo decreases significantly. For the large coun-
terions in the TPAþ- and TBAþ-form blends, a featureless
scattering profile is exhibited with no evidence of a halo up
to a temperature of 220 �C. It is apparent through this analysis
that Naþ- and the TMAþ-forms of Nafion� are immiscible
with PVDF and yield phase-separated domains with dimen-
sions on the order of micrometers. With an organic counterion
of intermediate size, as in the TEAþ-form Nafion� blend,
a much higher mobility at 220 �C (Ta of 160 �C) apparently
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Fig. 2. Small-angle laser light scattering patterns of 50/50 Nafion�/PVDF blends held for 5 min at 220 �C. The scattering vector scale is the same for all patterns.
yields a more ‘‘melt-compatible’’ blend with PVDF (i.e.,
phase separated with significant phase mixing) and thus
a very weak scattering halo at temperatures above the melting
point of PVDF. For the large counterions, the rheological be-
havior of the Nafion� component becomes more liquid-like at
220 �C and the phase dimensions of the TPAþ- and TBAþ-
form Nafion�/PVDF blends (if they exist) are not measurable
or on a size scale below that which can be probed using
SALLS. In agreement with our previous study, the TPAþ-
and TBAþ-form Nafion�/PVDF blends are considered to be
melt-miscible [20].

3.3. Bulk crystallization kinetics of Nafion�/PVDF
blends

The results of bulk crystallization kinetics indicate that the
nature of the Nafion� counterion has a significant effect on the
crystallization kinetics of the PVDF blend component. Fig. 3
shows the DSC crystallization isotherms of a 50/50 blend
composition of Naþ- and TBAþ-form Nafion� with PVDF
at various isothermal crystallization temperatures. The iso-
therms of the 50/50 Naþ-form Nafion� blends with PVDF
(Fig. 3a) show much shorter crystallization times in compari-
son with the isothermal data of the bulk crystallization rate of
PVDF in the presence of TBAþ-form Nafion� (Fig. 3b). Dy-
namic mechanical studies of Naþ-form Nafion� show that
the a relaxation, attributed to the onset of significant mobility
within the ionic domains (i.e., a transition from a static net-
work to a dynamic network), is found at a temperature of ap-
proximately 230 �C [22,27]. At temperatures associated with
the ‘‘melt’’ of the blends (i.e., at 220 �C), the Naþ-form Na-
fion� is still electrostatically locked in a static network and
is unable to phase mix with the PVDF component of the blend
[20]. In contrast, the a relaxation in TBAþ-form Nafion� is
found at a temperature of approximately 115 �C (Fig. 1),
well below the temperature of the PVDF melt. This greatly
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reduced a relaxation temperature is due to the weak electro-
static interactions between ion pairs containing the large,
diffuse alkyl counterions and a potential plasticization effect
from the bulky organic ions within the ionomer matrix.
TBAþ-form Nafion� becomes a viscous liquid above this
temperature allowing phase mixing with the molten state of
PVDF. As a result of the intimate mixture of the Nafion� and
PVDF chains in the melt, and the subsequent dilution of PVDF
segments at the meltecrystal interface, the crystallization
isotherms of 50/50 TBAþ-form Nafion� blends with PVDF
display longer crystallization times indicating an overall de-
crease in the rate of crystallization of the PVDF component
in this blend system.

In Fig. 4, the bulk crystallization isotherms for PVDF and
five Nafion�/PVDF blends (20/80 blends in Fig. 4a and 50/
50 blends in Fig. 4b) containing Naþ ions and a range of alky-
lammonium counterions (TMAþ through TBAþ) are plotted as
the relative crystallinity versus time at 146 �C. These iso-
therms are useful in determining the crystallization half-times
of a crystallizable sample (where t1/2 is the time required for
the samples to reach 50% of its maximum crystallinity) as
well as determining the Avrami exponents and coefficients

Fig. 3. Crystallization exotherms of 50/50 Nafion�/PVDF blends at various

temperatures. (a) Naþ-form Nafion�/PVDF, (b) TBAþ-form Nafion�/PVDF.
(discussed below). From these data, it is clear that the rate
of PVDF crystallization decreases systematically with increas-
ing counterion size in the Nafion� component, and as expected
with an increase in the overall Nafion� composition in the
blends. Furthermore, the uniform (superimposible) shape of
the isotherms for all samples suggests that the mechanism of
crystallization does not change significantly with blend com-
position or counterion type.

For the Naþ-form Nafion�/PVDF blends, it is important to
note that the isotherms are quite comparable to that of pure
PVDF. Again, this behavior is attributed to the distinct phase
separation between the Naþ-form Nafion� and PVDF that
occurs once the blend is heated above the melting point of
PVDF. With this coarse phase separation, the PVDF compo-
nent is able to crystallize in a state isolated from the Nafion�

component. For the blends containing the alkylammonium
counterions, the isotherms show a profound shift to longer
times, with uniform progressions in time with increasing coun-
terion size. As observed in the SALLS data of Fig. 2, the ex-
tent of phase separation decreases with increasing counterion
size as the strength of the electrostatic interactions within
the Nafion� component weakens. This behavior apparently

Fig. 4. Crystallization isotherms of PVDF and Nafion�/PVDF blends. (a) 20/

80 Nafion�/PVDF, (b) 50/50 Nafion�/PVDF.
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allows for increased phase mixing with counterion size and
thus the crystallization of the PVDF component becomes
more intimately influenced by the mobility of the Nafion�

chain segments in the melt. During crystallization, the growing
PVDF crystallites must reject the small Nafion� domains or
mobile chains from the crystal growth front resulting in a
reduced crystal growth rate.

As the alkylammonium counterion size of Nafion� in-
creases from the tetramethylammonium counterion through
the tetrabutylammonium counterion, it is important to recall
that the a relaxation (Fig. 1) decreases from 235 to 110 �C.
Thus, after quenching the blends from 220 �C to the crystalli-
zation temperature, it is likely that the TMAþ blend still con-
tains small gel particles (in agreement with the data in Fig. 2),
while the domains decrease in size and extent of phase mixing
for the larger counterion systems. Consequently, it is likely
that the retarded crystallization behavior for the alkylammo-
nium ion series of blends progresses from a rejection of small
domains (for the TMAþ-form Nafion�/PVDF blends) to a pro-
cess involving the dilution of crystallizable PVDF segments at
the crystal growth face by highly mobile TBAþ-form Nafion�

chains. Depending on the extent of phase mixing, crystalliza-
tion of the blends containing counterions of intermediate size
may involve contributions from both processes.

The crystallization isotherms shown in Fig. 4 (and at each
of the other isothermal crystallization temperatures) exhibit
a sigmoidal shape which can be analyzed in terms of the Av-
rami equation [25,26]. The average Avrami exponents at each
isothermal crystallization temperature, calculated from the
analysis of the crystallization isotherms for PVDF and all Na-
fion� blends with PVDF at 146 �C, are summarized in Table 1.
The value of each of the Avrami exponents for the blends of
Nafion� with PVDF was within a close approximation of
n¼ 3, indicating that crystallization of PVDF proceeds via
three-dimensional growth and that the presence of Nafion�

in the blend system does not significantly affect the nucleation
mechanism of the PVDF component.

The crystal growth rate constants, K, derived from the Av-
rami analysis of the Nafion�/PVDF blends are also shown in
Table 1 for a variety of Nafion�/PVDF blend compositions.
For each blend composition, a progressive decrease in the
magnitude of the crystallization rate constants is observed
with an increase in counterion size. In addition, the rate con-
stants generally decrease with increasing Nafion� content in
the blends. An exception to this trend is observed for the
Naþ-form Nafion�/PVDF blends, where the rate constants
remain relatively constant and somewhat higher than that ob-
served for pure PVDF. This contrast in behavior is attributed to
the crystallization of PVDF in a coarsely phase-separated
Naþ-form Nafion�/PVDF blend relative to that in a more
phase mixed state, as observed for the blends containing
alkylammonium counterions.

Bulk crystallization kinetics can be more thoroughly exam-
ined over a variety of blend compositions and crystallization
temperatures by plotting the crystallization half-times, t1/2,
as a function of crystallization temperature (as shown in
Fig. 5), where the magnitude of t1/2 is an inverse measure of
the overall rate of crystallization of the sample. It should be
noted that the values of t1/2 were obtained in the same temper-
ature range for all counterion forms of the Nafion�/PVDF
blends to enable better comparison between the counterion
forms. The data in Fig. 5 are plotted for pure PVDF and all
of the counterion forms of the Nafion�/PVDF blends at com-
positions of 20/80 (Fig. 5a) and 50/50 (Fig. 5b). For all of the
samples and compositions, the crystallization half-times are
observed to increase exponentially with Tc, characteristic of
crystallization in the nucleation-controlled regime.

A comparison of the crystallization kinetics between pure
PVDF and the Naþ-form Nafion�/PVDF system again demon-
strates that the crystallization of PVDF is not greatly influ-
enced by the presence of Naþ-form Nafion�. However, at
high crystallization temperatures, the data in Fig. 5 indicate
that Naþ-form Nafion� actually tends to accelerate the overall
crystallization rate of the PVDF component. Although the mo-
lecular factors governing the kinetics of bulk crystallization in-
volve contributions from both growth and nucleation, and the
Naþ-form Nafion� components in these blends are presum-
ably rather solid domains, it is most reasonable to expect
that the accelerated crystallization behavior is attributed to
an enhanced nucleation process. This phenomenon will be
explored in further detail below.

When the counterion of the Nafion� component in the
blend is changed from Naþ to the alkylammonium counter-
ions, a significant change is observed in the crystallization
half-times of the PVDF blend component. TMAþ-Nafion�,
which has an a relaxation centered at 230 �C, shows little ev-
idence of phase mixing with PVDF through SALLS analysis
(Fig. 2), but produces a noticeable reduction in the crystalliza-
tion rate of PVDF especially at the high end of the crystalliza-
tion window examined. With an increase in Nafion� content,
there is a proportional increase in the crystallization half-
times. By increasing the alkyl chain length of the counterion
Table 1

Avrami analysis of PVDF and Nafion�/PVDF blends at 146 �C

PVDF Nafion� counterion 10/90 Nafion�/PVDF 20/80 Nafion�/PVDF 40/60 Nafion�/PVDF 50/50 Nafion�/PVDF

K (min�1) n K (min�1) n K (min�1) n K (min�1) n K (min�1) n

6.18 3.30 Naþ e e 8.61 3.63 7.12 3.22 7.89 3.65

TMAþ 2.14 2.93 2.05 2.86 0.22 3.07 0.15 2.94

TEAþ 1.90 3.10 1.60 3.10 0.16 2.95 0.08 2.64

TPAþ 1.60 2.98 0.99 2.73 0.084 2.85 9.53e-3 2.73

TBAþ 0.72 3.08 0.12 2.75 0.016 2.93 1.64e-3 2.90
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to TEAþ, the a relaxation of Nafion� drops to 160 �C, which
is slightly above the temperature used as the crystallization
window, but well below the Tm of PVDF. The expected vis-
cous, liquid-like mobility of the TEAþ-form Nafion� compo-
nent at the melt temperature of 220 �C allows increased phase
mixing between Nafion� and PVDF. This condition signifi-
cantly reduces the crystallization rate, and increases the
crystallization half-time significantly compared to that of
TMAþ-form Nafion� blends. An increase of the counterion
size to TPAþ- and TBAþ-forms further increases the crystalli-
zation half-times, but to a lesser extent than the jump between
TEAþ and TMAþ.

All alkylammonium counterions larger than TMAþ yield
Nafion� a relaxations below that of the PVDF melt tempera-
ture, allowing for intimate phase mixing and a reduction in the
bulk crystallization kinetics of PVDF. Since the size of the
counterions principally affect the strength of electrostatic in-
teractions in Nafion� [27], the most remarkable result of the
data in Fig. 5 is that these interactions, which are specific to
the non-crystallizable Nafion� component, are capable of im-
parting a high degree of control over the organization of the
PVDF chain segments.
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Fig. 5. Crystallization half-time of Nafion�/PVDF blends. (a) 20/80 Nafion�/

PVDF, (b) 50/50 Nafion�/PVDF.
3.4. Spherulitic crystallization kinetics of Nafion�/PVDF
blends

In order to further probe the influence of electrostatic inter-
actions on the crystallization behavior of Nafion�/PVDF
blends, the isothermal crystallization kinetics of the PVDF
component may be evaluated by measuring the radial growth
rate of the PVDF spherulites. The radial growth rate (G) of
polymeric spherulites (obtained from the slope of the line ac-
quired from plotting the experimental spherulitic radius versus
time) can be described by the TurnbulleFisher crystallization
equation [29,30]

G¼ G0 exp

�
�DF�

kT

�
exp

�
�DF�

kT

�
ð2Þ

where the preexponential term G0 is weakly temperature de-
pendent and generally treated as a constant, T is the crystalli-
zation temperature, k is the Boltzmann’s constant, DF* is the
activation energy for transport of the crystallizable chain seg-
ments across the liquidecrystal interface, and DF* is the free
energy required to form a nucleus of critical size from the
melt. Based on the analysis of Martuscelli [21], a non-crystal-
lizable, melt-miscible component acts as a diluent that can
influence both the transport term DF* and the thermodynamic
term DF* in Eq. (2). In the case where the Tg of the non-
crystallizable component is greater than the Tg of the pure
crystallizable component (as is the case for the Nafion�/
PVDF blends in this study), DF*(blend) will be greater than
DF*(cryst. comp.). The presence of the diluent also acts to
increase the free energy of nucleation DF*. Thus, the contri-
bution of these two factors (separately or in combination)
tends to depress the radial growth rate G in the compatible
blend.

In the case of incompatible blends containing phase-sepa-
rated domains of a non-crystallizable component, Martuscelli
suggests that additional energies must be dissipated by the
growing spherulites in order to reject, engulf, or deform these
domains [21]. These additional energies are considered to con-
stitute new energy barrier contributions to Eq. (2) that act
collectively to depress the radial growth rate G in the incom-
patible blend. Of particular relevance to this study, the depen-
dence of the growth rate G on the domain size of the dispersed
phases was found to be quite strong, such that the finer the dis-
persion, the more pronounced the decrease in the growth rate.

Fig. 6 shows the isothermal growth rate of a-form spheru-
lites in pure PVDF and PVDF in the presence of 50 wt% Na-
fion� neutralized in a variety of counterion forms. The growth
rate of the PVDF spherulites in the presence of Naþ-form
Nafion� is essentially the same as the growth rate of pure
PVDF at low crystallization temperatures and is only slightly
retarded at higher temperatures. This observation is consistent
with that expected for a highly phase-separated blend mor-
phology with PVDF crystallizing in a pure phase with little ef-
fect of the relatively large Naþ-form Nafion� domains. For the
TMAþ-form Nafion�/PVDF blend, the system may be also
classified as immiscible and phase separated (as shown by
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the SALLS results in Fig. 2); however, the domain sizes in this
blend are smaller than that of the Naþ-form Nafion�/PVDF
blend and thus the suppression of G is more distinct [21].

In contrast to the clearly immiscible Naþ and TMAþ-form
Nafion�/PVDF blends, the incorporation of the larger alky-
lammonium forms of Nafion� in the blends causes a significant
decrease in the spherulitic growth rate as the size of the alky-
lammonium counterion increases. This observation suggests
that due to the greater degree of phase mixing found in these
alkylammonium-form Nafion�/PVDF blends (with the great-
est phase mixing observed in the TBAþ-form Nafion�/PVDF
blends) the growth of the PVDF spherulites is retarded by ei-
ther a dilution of crystallizable segments at the crystal growth
front or a rejection of very small domains (as would be unde-
tectable with SALLS) from the crystalemelt interface.

Since the measurement of spherulitic crystallization kinet-
ics provides quantitative information concerning the crystal
growth process [31,32], while the bulk crystallization kinetics
stems from contributions of both growth and nucleation
[25,26,33,34], the complementary combination of these data
sets may be used to separately evaluate the important contribu-
tion of nucleation in these blends. With knowledge of the
Avrami rate constant, K, from the analysis of bulk crystalliza-
tion kinetics, and the spherulitic growth rate, G, the nucleation
density, N, at a specific crystallization temperature may be
estimated by

N ¼ 3K

4pG3
ð3Þ

assuming that nucleation results in the formation of three-
dimensional spherulites and that the increase in crystal dimen-
sions is linear with crystallization time [1].

Fig. 7 shows the variation of the nucleation density of the
PVDF component within Naþ- and TBAþ-form Nafion�/
PVDF blends crystallized over a range of temperatures. For
all samples, the nucleation density, N, is observed to decrease
with an increase in the crystallization temperature (as expected
for crystallization in the nucleation-controlled regime). For the
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Fig. 6. Spherulitic growth rate of 50/50 Nafion�/PVDF blends.
Naþ-form Nafion�/PVDF blends, the incorporation of 30 and
50 wt% Naþ-form Nafion� in blends with PVDF had little
effect on the nucleation density compared to the pure PVDF
homopolymer (perhaps only a slight increase in N compared
to PVDF). This relative independence of the nucleation den-
sity with blend composition yields further evidence that
PVDF is crystallizing in a distinctly different phase from the
Nafion� domains, and thus the crystallization behavior is ba-
sically that expected for pure PVDF domains. While the slight
increase in nucleation density in the Naþ-form Nafion�/PVDF
blends is essentially negligible in this data set, it is important
to note that in blends containing very low levels of Naþ-form
Nafion� (e.g., 1e10 wt%), the extremely small Nafion�

domains actually act as efficient sites for nucleation and thus
significantly enhance the PVDF nucleation density [35].

In contrast to the Naþ-form Nafion�/PVDF blends, addition
of TBAþ-form Nafion� to PVDF substantially reduces the
nucleation density by several orders of magnitude as compared
to pure PVDF. Moreover, this effect is strongly dependent on
composition and becomes more pronounced with increases in
the Nafion� content and with the crystallization temperature.

With respect to counterion type, the nucleation density
decreases with increasing counterion size, and is attributed
to a weakening of the electrostatic interactions in the melt.
Fig. 8 shows optical micrographs of pure PVDF and 50/50 Na-
fion�/PVDF blends in all 5 neutralized counterion forms iso-
thermally crystallized at 146 �C for 30 min. PVDF (Fig. 8a)
and the 50/50 Naþ-form Nafion�/PVDF blend (Fig. 8b) are
found to be completely volume-filled at 146 �C after periods
of 9 min and 7 min, respectively. Nucleation was observed to
occur very rapidly in both of these systems with almost exclu-
sive crystallization into the strongly birefringent, kinetically
favored a crystal form [36]. The TMAþ-form blend (Fig. 8c)
has a crystallization half-time of 15.7 min, which results in ap-
proximately 95% of the total crystallization achievable in the
sample after isothermal crystallization for 30 min. The optical
texture of the spherulites in this sample is also consistent with
the predominant development of the a crystal form.
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Fig. 8. PVDF and Nafion�/PVDF blends isothermally crystallized at 146 �C for 30 min. (a) Pure PVDF, (b) 50/50 Naþ-form Nafion�/PVDF, (c) 50/50 TMAþ-form

Nafion�/PVDF, (d) 50/50 TEAþ-form Nafion�/PVDF, (e) 50/50 TPAþ-form Nafion�/PVDF, and (f) 50/50 TBAþ-form Nafion�/PVDF.
For the blends containing TEAþ-, TPAþ- and TBAþ-form
Nafion�, the relatively long crystallization half-times of
26.4 min, 33.8 min and 41.6 min, respectively, yield samples
that are not volume-filled after 30 min. Nucleation and
spherulitic growth rates of PVDF in these systems gradually de-
crease as the size of the alkylammonium counterion increases.
In addition, the inhibited growth rates facilitate the partial for-
mation of the more thermodynamically favored g crystal form
(i.e., the weakly birefringent spherulites) [36]. This behavior
is attributable to an increase in the degree of phase mixing be-
tween the blend components with counterion size, which drasti-
cally reduces the ability of the PVDF component to rapidly
develop stable nuclei due to a dilution of the crystallizable
PVDF chains in the melt. With the largest counterion form,
the greatly diminished nucleation density yields further support
for the recognition of TBAþ-form Nafion�/PVDF blends as
a truly melt-miscible system [20].

4. Conclusions

In blends of PVDF with a perfluorosulfonate ionomer, such
as Nafion�, the nature of the neutralizing counterion can have
a significant effect on the crystallization behavior of the PVDF
component. Using Avrami analysis of isothermal crystalliza-
tion DSC data, the bulk crystallization rate of PVDF in the
presence of Naþ-form Nafion� was shown to be comparable
to the crystallization rate of pure PVDF homopolymer. Simi-
larly, the spherulitic growth rate and the polymorphic compo-
sition of the resulting crystalline phase were found to be
virtually identical to that of pure PVDF. Using SALLS, these
blends were observed to be immiscible and phase separated in
the melt state. Therefore, the crystallization behavior observed
for these immiscible Naþ-form Nafion�/PVDF blends was
attributed to the highly phase-separated blend morphology,
which allowed the PVDF component to organize in a pure
state free of the influences of the electrostatically cross-linked
Nafion� component.

In contrast, blends of PVDF with alkylammonium-form
Nafion� displayed a dramatic decrease in the bulk crystalliza-
tion rates of the PVDF blend component relative to pure
PVDF. Furthermore, this effect was observed to be systemati-
cally dependent on the size of the alkylammonium counterion.
With an increase in the counterion size or the content of the
Nafion� component, the rate of crystallization (bulk and
spherulitic) decreased. By reducing the strength of the electro-
static network through the use of large organic cations, an
increase in the melt-flow characteristics of Nafion� can occur
at elevated temperatures. This increase in the mobility of the
polymer chains within the ionomer allows for a greater degree
of phase mixing with the PVDF blend component. Thus, the
reduction in the rate of crystallization of PVDF in the presence
of alkylammonium-form Nafion� was attributed to the greater
degree of phase mixing, which caused the growing PVDF
crystallites to reject the small domains or chains of the Na-
fion� blend component from the crystal growth front. As the
size of the alkylammonium counterion increased, the blends
became more compatible, shifting from an immiscible system
with relatively small Nafion� domains (e.g., with the TMAþ-
form Nafion� blends) to a melt-miscible system (e.g., with the
TBAþ-form Nafion� blends). In agreement with the work of
Martuscelli [21], this shift in blend morphology/miscibility
with changes in electrostatic interactions results in a slowing
of the overall crystallization rate due to the presence of small
solid domains at the meltecrystal interface (for the immiscible
systems) and due to a dilution of the crystallizable chains at
the growth face (for the melt-miscible system).

The crystallization behavior of the Nafion�/PVDF blends
was also shown to be defined by the interplay of nucleation
density and the variation of the spherulitic radial growth
rates of the spherulites at different isothermal crystallization
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temperatures and concentrations of the Nafion� component.
The nucleation density of the blends was calculated by com-
bining the spherulitic growth rate results obtained through
polarized optical microscopy with the crystallization rate
constant obtained through Avrami analysis of DSC isothermal
experiments. The spherulitic growth rate of PVDF in blends
with Nafion� was also shown to be affected by the type of
counterion of the Nafion� blend component. Naþ-form
Nafion� caused no significant change in the nucleation density
or the spherulitic growth rate of the PVDF component indicat-
ing that this blend system was highly immiscible. In contrast,
the nucleation density and the spherulitic growth rate of PVDF
in blends with TBAþ-form Nafion� were significantly reduced
relative to pure PVDF. As in the bulk crystallization results,
the developing PVDF crystallites must form and grow by
rejecting the TBAþ-form Nafion� chains from the crystal
growth front, which consequently inhibits the formation of
stable nuclei and lowers the growth rate of the resulting
spherulites.
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