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ABSTRACT: Effect of immiscible polyamide 6 (PA6) on the melt rheology and stretch-induced crystal transformation of poly (vinyli-
dene fluoride) (PVDF) matrix is reported. PA6 is dispersed as submicron droplets in the PVDF matrix, responsible for significant
enhancement in the melt elasticity. Nevertheless, crystallization habits of PVDF matrix from melt are little affected by submicron PA6
droplets, and the a-form of PVDF prevails in the blends. Upon mechanical stretching, the o-form is converted to the f-form, which
is remarkably reduced with the increasing of PA6 content in the blends. It could be correlated with the decreased tensile stress in the

presence of submicron PA6 droplets that act as stress concentrators. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43499.
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INTRODUCTION

Poly (vinylidene fluoride) (PVDF) is a semicrystalline polymer
with good chemical resistance and physical properties. However,
it usually suffers from low ductility and toughness. To overcome
this limitation, a common route is to blend PVDF with other
polymers.'™ The miscibility is a key factor to affect structural
formation and resulted properties of the blends. PVDF is
immiscible with most polymers due to lack of enough chain
interactions.” The second component is dispersed as micron
droplets in the PVDF matrix, and there exists remarkable phase
interface between two components. Thus, in the past, much
attention was paid to tailor phase morphology and interfacial
interactions in the blends by introducing compatibilizers.'®"?

Polyamide 6 (PA6), an engineering plastics, is also immiscible
with PVDF over the whole composition range.'®™"® However,
due to the presence of specific interactions between two compo-
nents,'”'® submicron PA6 droplets can be generated in the
PVDF matrix under normal processing conditions. It is respon-
sible for enhanced ductility and toughness of PVDF/PA6 blends.
On the other hand, crystallization habit of PVDF matrix is little
affected by PA6 droplets; and the o-form is usually produced

for PVDF matrix upon cooling from melt.

Understanding of rheological properties is critical to optimize
processing conditions for PVDF/PA6 blends. Rheological prop-
erties are very sensitive to blend morphology in the melt. While
submicron droplet morphology is taken into account, it is
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expected that rheological properties of the PVDF matrix could
be significantly affected by adding PA6. On the other hand,
stretching of PVDF can induce transformation of the a-form
into the f-form, which has been well demonstrated.*>** Forma-
tion of the f-form that is electrically active is of great interest
for the extended applications of PVDE As illustrated above,
blending of PVDF with PA6 is beneficial for the improvement
in the mechanical properties. However, effect of PA6 droplets
on the crystal transformation of PVDF matrix is absent yet.

The results in this study clearly demonstrate that the presence of
PA6 droplets remarkably enhances melt elasticity and viscosity of
PVDF matrix. It arises from large interfacial area and good inter-
facial interactions in the blends. On the other hand, «—f crystal
transformation in the PVDF matrix is suppressed, which becomes
severe with the increasing of PA6 content in the blends.

EXPERIMENTAL

Materials and Sample Preparation

The PVDF (tradename FR907) was provided by shanghai 3F
new materials Co. Ltd, China and had a melt flow index of 8 g/
10 min (230°C, 2.16 kg). The PA6 (tradename YH3400), with a
relative viscosity of 3.3, was purchased from Baling petroleum
and chemical corporation of China. Prior to blending, both
materials were vacuum dried at 80 °C for 24 h. Melt blending of
PVDF with PA6 was carried out in a twin-screw extruder at
240°C with a screw speed of 15 rpm. The PA6 content in the
blends was 15 and 30 wt % (by weight), respectively. For
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Figure 1. SEM micrographs revealing phase morphology of PVDEF/PA6
blends with (a) 15 wt % and (b) 30 wt % PA6 content, respectively. The
PA6 droplets were removed by formic acid treatment, and the scale bars
correspond to 1 pm.

comparison, neat PVDF and PA6 were also subjected to same
procedures. Samples for mechanical stretching and structural
characterizations were prepared by hot pressing at 240°C and
cooling down to room temperature in a cold press.

Characterizations

Thermal behaviors were recorded by a TA Q2000 differential scan-
ning calorimetry (DSC) under a flowing nitrogen atmosphere at a
rate of 10°C/min. Samples were melted at 240°C for 5 min and
then cooled down to 40°C to record crystallization traces. There-
after, melting traces were obtained by reheating up to 240 °C. Rheo-
logical measurements were conducted by a TA discovery hybrid
rheometer (DHR-2) with a 25 mm parallel-plate geometry having a
gap of 0.9 mm under a flowing nitrogen atmosphere. Dynamic
oscillatory shear measurements were carried out at 240 °C in the fre-
quency range between 0.01 and 10 Hz with a strain of 1%. The
chosen strain was well located in the linear viscoelastic regime, as
determined by a strain sweep prior to each measurement. Mechani-
cal stretching was conducted by a universal testing machine at a
cross-head speed of 5 mm/min at room temperature. Engineering
stress—strain curves were deduced from measured force and displace-
ment. Fourier-transform infrared spectroscopy (FTIR) measure-
ments were performed by a Thermo Nicolet FTIR spectrometer
with a resolution of 4 cm™' at room temperature. A polarizer was
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used to obtain spectra parallel and perpendicular to stretching direc-
tion for mechanically stretched samples. Allowing for neck forma-
tion during stretching, true strain instead of engineering strain was
adopted by measuring separation of inkmarks preprinted on the
samples. X-ray diffraction (XRD) measurements were conducted by
a Bruker D8 ADVANCE X-ray diffractometer at room temperature;
and the wavelength of the X-ray was 0.154 nm. Morphology was
disclosed by a Nova NanoSEM 450 scanning electron microscope
(SEM) at room temperature. Samples for SEM observation were
prepared by cryofracture in liquid nitrogen.

RESULTS AND DISCUSSION

Figure 1 shows the SEM micrographs of PVDF/PA6 blends after
removal of PA6 component by formic acid. Submicron PA6
droplets are dispersed in the PVDF matrix, as a result of specific
interactions between the polar amide group in PA6 and the CF,
groups in PVDE'”'® The PA6 droplets become large with its con-
tent in the blends due to enhanced coalescence during mixing.
Thus, it can be roughly deduced that the interparticle distance is
decreased with the increasing of PA6 content in the blends. It
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Figure 2. (a) DSC cooling and (b) heating traces of PVDF/PA6 with the
indicated PA6 content, respectively. For comparison, those of neat PVDF
and PA6 were included.
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Figure 3. (a) XRD profile and (b) FTIR spectra of PVDF and its blends
with the indicated PA6 content, respectively.
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means available space for PVDF matrix is reduced at high PA6
content, which could affect molecular mobility in the melt.

Submicron PA6 droplets have little influence on crystallization
and melting behaviors of PVDF matrix, as depicted by DSC traces
in Figure 2. PVDF matrix has a crystallization temperature around
137°C, irrespective of PA6 content. It is nearly same to that of
neat PVDE. Meanwhile, melting of PVDF crystals, with an endo-
thermic peak around 165°C, is almost identical for neat PVDF
and its blends with PA6. The crystallization behaviors in the
immiscible PVDF/PA6 blends are totally different from that
observed in the miscible blends, where crystallization and melting
of PVDF component are significantly suppressed.”>>> On the
other hand, crystallization in the submicron PA6 droplets is
retarded to a large extent. Only a small exothermic peak around
185°C is observed in the blends with 30 wt % PA6. It is correlated
with the suppressed nucleation and growth of crystals in the sub-
micron droplets, i.e., confined crystallization.s’26 Therefore, most
crystallization in the submicron PA6 droplets can only occur
upon heating, responsible for the appearance of an exothermic
peak around 195°C before dominant melting of PA6 crystals.

The crystal form of PVDF matrix also remains intact, irrespective
of PA6 content in the blends. It is illustrated by XRD profiles and
FTIR spectra in Figure 3. Only the a-form is exhibited by the
PVDF matrix, same to that observed in neat PVDE. The o-form
has characteristic reflections at 20 around 18.4, 20, and 26.6° in
the XRD profiles, and typical absorption at 764, 796 cm™ ' in the
FTIR spectra.”””*® In combination with above DSC results, it sug-
gests that crystallization habits of PVDF matrix from melt are
little affected in the presence of immiscible PA6 droplets.
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Figure 4. Rheological properties of PVDF/PA6 blends with the indicated PA6 content at 240 °C: (a) storage modulus, (b) loss modulus, (c) complex vis-
cosity, and (d) loss tangent. For comparison, those of neat PVDF and PA6 were included.
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Figure 5. Engineering stress—strain curves of PVDF and its blends with
the indicated PA6 content.

Figure 4 gives the linear viscoelastic behaviors of PVDEF/PA6
blends as a function of frequency. For comparison, those of neat
PVDF and PA6 are included. Neat PA6 has lower melt elasticity
(storage modulus) and complex viscosity than neat PVDF in the
measured frequency range. However, the presence of PA6 droplets
in the PVDF matrix significantly enhances melt elasticity and
complex viscosity at low frequencies. The enhancement effect is
increased with PA6 content in the blends. At high frequencies,
the enhancement effect disappears, and the curves of storage
modulus and complex viscosity in the blends merge with those
of neat PVDE That is, viscoelastic responses in the blends at
high frequencies are dominated by PVDF matrix rather than by
PA6 droplets. On the other hand, loss tangent reflecting relaxa-
tion process is reduced in the blends, as compared to that of
neat PVDE It suggests that submicron PA6 droplets suppress
molecular relaxation of PVDF matrix in the melt to some extent.

The enhanced elasticity and suppressed relaxation in the PVDF/
PA6 blends should arise from submicron dispersion of PA6
droplets in the PVDF matrix. That is, chain motion in the
PVDF matrix is significantly restrained by large available phase
interfaces,'" albeit of low melt elasticity and viscosity of PA6
droplets themselves. It is intensified by the increase in the inter-
facial area and the decrease in the interparticle distance at high
PA6 content such as 30 wt %. The change in viscoelastic prop-
erties in the PVDF/PA6 blends is much outstanding, as com-
pared to other immiscible PVDF blends with coarse phase
morphology. For instance, in a study regarding PVDF blends
with polylactide (PLA), micron PLA droplets only have a slight
effect on the viscoelastic properties of the blends.*

Figure 5 shows the engineering stress—strain curves of neat
PVDF and the blends with the indicated PA6 content. The pres-
ence of submicron PA6 droplets reduces yield stress of the
blends because of stress concentrating effect. It becomes signifi-
cant with the increasing of PA6 content in the blends. The
decrease in yield stress results in easy deformation and thus
high elongation at break of the blends, as compared to neat
PVDE. Furthermore, significant plastic deformation of PVDF
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matrix is facilitated by simultaneous elongation of dispersed
PA6 droplets upon stretching. As an example, Figure 6 shows
the SEM micrographs of PVDF/PA6 blends with 15 wt % PA6
content after being stretched up to fracture. Good interfacial
adhesion between two components prevents debonding at inter-
faces, as demonstrated by morphological observation on the
stretched samples without formic acid treatments. As a compar-
ison, numerous elongated voids along stretching direction, cor-
responding to elongated PA6 droplets, appear on the stretched
samples after formic acid treatments. Thus, cooperative defor-
mation of PA6 droplets, with little interfacial debonding, is
responsible for remarkable elongation of the blends.

It is well established that the a-form in PVDF can be converted
into the f-form under mechanical stretching.”®>* As illustrated
above, the a-form prevails in the PVDF matrix, irrespective of
PA6 content. Thus, it is of great interest to explore o—f§ crystal
transformation in the PVDF/PA6 blends induced by stretching.
As it is very powerful to distinguish crystal forms of PVDE
FTIR technique was used to disclose crystal transformation with
respect to strains.””*® Figure 7 presents polarized FTIR spectra
of the blends parallel and perpendicular to stretching direction,
respectively. Of note, due to inhomogenous deformation (i.e.,
necking) during stretching, true strain rather than engineering
strain was adopted. Mechanical stretching results in the

Figure 6. SEM micrographs of cross-sections of PVDF/PA6 blends with
15 wt % PA6 content after being stretched up to fracture: (a) as-fractured,
(b) removal of PA6 droplets by formic acid. The scale bars correspond to
1 um, and the stretching direction was nearly vertical.
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formation of the fi-form as demonstrated by the appearance of
the absorptions at 840 and 510 cm™'.*”**?! It becomes signifi-
cant at large strains accompanied by gradual weakening of the
absorptions at 796 and 764 cm ™' that are contributed by the o-
form.

To get detailed information about o—f crystal transformation,
relative fraction of the f-form, F(f8), was calculated according
to egs. (1) and (2).

A=(A;+2A1)/3 (1
F(f)=As10/(As10+ Az4) (2)

where A/, and A, is the absorbance of the desired IR band par-
allel and perpendicular to the stretching direction, respectively.

Figure 8 shows the corresponding results for the blends with the
indicated PA6 content. Note that, due to severe necking and pre-
mature fracture, only FTIR result at a true strain of 3 was
obtained for neat PVDE As expected, relative fraction of the f3-
form is increased with true strains as a result of gradual crystal
transformation upon stretching. It is independent of PA6 content
in the blends. However, the presence of submicron PA6 droplets
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Figure 7. Polarized FTIR spectra of PVDF/PA6 blends with (a) 15 wt %
and (b) 30 wt % PA6 content after being stretched to the indicated true
strain. The solid and dashed lines represent spectra parallel and perpen-
dicular to the stretching direction, respectively.
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Figure 8. Relative fraction of the f-form in the PVDEF/PA6 blends with
the indicated PA6 content after being stretched to various true strains.
The data of neat PVDF stretched to a true strain of 3 was included.

significantly suppresses mechanical crystal transformation in the
PVDF matrix, as compared to that observed in the neat PVDE
Moreover, the suppressed effect becomes more severe in the
blends with higher PA6 content. It is well established that a—f
crystal transformation is mainly dominated by the exerted stress
during stretching. Thus, the suppressed crystal transformation in
the blends could be correlated with low stress transferred to the
o-form of PVDF matrix (Figure 5).

CONCLUSIONS

This study gives comprehensive insights into rheological proper-
ties and mechanical crystal transformation in the PVDEF/PA6
blends. Due to submicron droplet morphology and specific
interactions, melt elasticity and viscosity of the blends are sig-
nificantly enhanced. However, the presence of submicron PA6
droplets suppresses a—ff crystal transformation in the PVDF
matrix to a large extent, which could be related to the stress
decrement during mechanical stretching. The findings demon-
strate that, although other properties are improved, blending
PVDF with PA6 is not favorable for the generation of the f-
form upon mechanical stretching.
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