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ABSTRACT

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline thermoplastic polymer that is of
interest for sensor, actuator and biomedical applications because of its piezoelectric and
pyroelectric properties, as well as outstanding mechanical and chemical properties. Although it is
known that the shear-induced crystallization behavior of nanocomposites can be significantly
affected by the presence of nanoparticles, the effects of the incorporation of carbon nanotubes on
the deformation-induced crystallization and associated morphology development of PVDF have not
been previously investigated. Here the dynamics of the shear induced crystallization of carbon
nanotubes incorporated in PVDF were investigated using simple shear flow. The shear-induced
crystallization behavior was affected by the deformation rate, temperature, and the concentration of
the carbon nanotubes. Time-dependence of linear viscoelastic properties indicated that the presence
of multi-walled carbon nanotubes (MWNTs) in PVDF greatly altered the shear-induced
crystallization kinetics of PVDF, while no significant changes in crystallization behavior were
observed for pure PVDF samples sheared under similar conditions. Upon increase of the
concentration of the MWNTs the crystal size of PVDF decreased while its rate of crystallization
increased in conjunction with an increase of the 3 phase crystallization. Overall, these findings
suggest that the shear-induced crystallization of PVDF nanocomposites (and in general flow-
induced crystallization effects associated with the thermo-mechanical history experienced by the
nanocomposite during processing) should be integral parts of attempts to generate a comprehensive
understanding of the development of the microstructural distributions and the coupled ultimate
properties of polymer nanocomposites.
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1. INTRODUCTION

Polyvinylidene fluoride (PVDF) is a semicrystalline thermoplastic polymer which is used
widely for various device applications, including sensors and actuators, due to its promising
piezoelectric and pyroelectric properties, which are governed by its crystalline structure. There are
five known polymorphs of PVDF, such as a, B, v, & and &.'” The a-phase is most common upon
crystallization from the melt and is the dominant crystalline phase, while the B form exhibits the
most piezoelectric, pyroelectric and ferroelectric activities; it is this latter form that endues PVDF
with great potential for various device applications such as sensors and transducers.” It is for this
reason that various processing methods have been pursued to yield this B form crystal structure in
PVDF. For example, crystallization in the B-phase can be achieved by melt crystallization under
high pressure, by application of strong electric field, by uniaxial stretching during crystallization, or
by crystallization from solution.”'® The B form can also be formed upon melt-spinning and drawing
of PVDF."" During melt spinning the p phase was found to increase with the spinline normal stress
difference, while the quiescently crystallized PVDF exhibited the a-crystalline form. Schultz et al'?
studied the mechanisms of microstructure development upon crystallization from melt-spinning of
PVDF, using in-situ X-ray techniques and documented the formation of shish-kebab type crystals.
Such extensional flow based processing techniques significantly affect the polymer crystal structure
due to the preferred orientation of the macromolecules prior to crystallization and thus lead to the
improvement of the mechanical properties.” "' Further, the incorporation of nanoparticles can
also affect the crystal structure of polymers. Shah et al found that melt compounding of nanoclays
into PVDF increases the toughness and B-phase formation in the nanocomposite.'® ' The p-phase
can also be increased by the presence of carbon nanotubes.'® The compounding of nanoparticles
into PVDF is especially attractive because of the significant increase in the electromechanical
coefficient to enable the use of the resulting nanocomposites as actuators for artificial muscles and
sensors for vibration control, along with improvements in the mechanical properties.'® >

The physical properties of semi-crystalline polymers depend upon the processing conditions
and can also be strongly influenced by the presence of nanoparticles, which affect the
crystallization behavior and the resulting crystal morphology developed within the processed
sample.”?° Industrial polymer processing methods involve very complex deformation histories,
which may affect the nucleation and crystallization behavior of polymers and their
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For example, it is known that the application of a shear stress to a
polymer melt at temperatures which are in the vicinity of the crystallization temperature of the
polymer (at which crystallization would not have occurred under quiescent conditions) leads to the

preferred orientation of the macromolecules, thus reducing the entropy of the melt and leading to



the flow-induced crystallization from the melt.”* Furthermore, the presence of nanoparticles alters
the dynamics of shear induced crystallization from the melt. For example, it has been found that
the incorporation of multi-walled carbon nanotubes (MWNTs) promote the shear-induced
crystallization behavior and the developed morphology of poly (butylene terephthalate) (PBT)
nanocomposites.®> Thus, a detailed understanding of the roles played by the nucleation and
crystallization processes under shear is necessary to optimize the processing of the nanocomposites
and to tailor their various ultimate properties. Although various studies have been carried out to
understand the effect of processing conditions on crystal structure and morphology of PVDF, to our
knowledge there are no studies focusing on the influence of the processing conditions on the
development of the PVDF crystalline forms in the presence of nanoparticles. The goal of this study
is: (1) to study the shear-induced crystallization behavior of MWNT-PVDF nanocomposites using
the time and the deformation rate dependence of the linear viscoelastic properties as the principal
tool and (2) to document the effects of the presence and concentration of the MWNTs on
crystallization behavior of MWNT-PVDF nanocomposites and on the development of the
microstructural distributions (and B-crystal formation) in articles processed from MWNT-PVDF

nanocomposites.

2. EXPERIMENTAL

Materials

Powdered PVDF (Kynar 741) was obtained from Arkema Inc (USA). As reported by the
manufacturer, its weight average molecular weight is 250,000 and its density is 1.78 g/cm’. The
MWNTs (trade name: MWNT-A-P) were purchased from Sunnano (China). As reported by the
manufacturer, the diameter of the MWNTSs was 10-30 nm, and the average bulk density was 1.5
g/em’. To examine the size and shape distributions of the MWNTSs a LEO 1550 scanning electron
microscope (SEM), operated at 5kV, was used. Figure 1 shows a typical scanning electron

micrograph of the as-received MWNTs used in this work.

Melt processing of MWNT-PVDF nanocomposites

There are several ways of dispersing nanofillers into polymers including solution mixing,
in-situ polymerization, and melt compounding. In many potential applications melt compounding is
the generally preferred method due to its relatively low cost, high productivity, and its
compatibility with other conventional polymer processing techniques. Here MWNT-PVDF

nanocomposites were melt compounded in a Haake torque rheometer with a 300 ml intensive



mixing head. The torque rheometer is an intensive mixer (a mini-Banbury mixer) with the
capability of measuring torque and hence specific energy input during the mixing process under
isothermal conditions. Mixing of MWNTs with PVDF was carried at 220°C for 10 minutes at 50
rpm. The loading levels of the nanocomposites were 0.01, 0.1, 0.5, 1, 2 and 5.0% (by volume) of
MWNTs. After mixing the nanocomposite was removed and sealed within two polyethylene bags.
These specimens were compression molded using a Carver hot press at 220°C for 5 minutes,
followed by the characterization of linear viscoelastic material functions of the nanocomposite

samples. Pure PVDF was processed and characterized under identical conditions as a control.

Characterization of linear viscoelastic properties

The linear viscoelastic material functions of PVDF and MWNT-PVDF nanocomposites
were characterized by employing small-amplitude oscillatory shear using an ARES (Advanced
Rheometric Expansion System) with a force rebalance transducer (2K-FRTN1) available from TA
Instruments. The actuator of the ARES is a dc servomotor with a shaft supported by an air bearing
with an angular displacement range of 0.05-500 mrad. Oven temperature is controlled within +
0.1°C. The test fixtures consisted of 25 mm diameter stainless steel parallel plates. Frequency
sweeps between 0.01 and 100 rad/s were carried out at 1% strain, which was determined to be
within the linear viscoelastic range for all of the samples tested. For the isothermal crystallization
study under shear, the samples were molten at 200°C and the final gap was set to 0.7 mm, after
which the excess specimen protruding out of the gap was carefully trimmed using a razor blade.
Upon loading and temperature equilibration, the specimen was allowed to relax for 5 minutes, after
which it was cooled to the targeted test temperature for the characterization of the dynamic

properties as a function of the strain amplitude, frequency and time.

Thermal Analysis and WAXD analysis

Differential Scanning Calorimetry (DSC) studies were conducted using a TA Instruments
(New Castle, DE) DSC model Q1000 on pure PVDF and PVDF nanocomposites. The DSC
samples were ramped from 25 to 200°C, and maintained under isothermal conditions for 5 minutes
at 25 and 200°C. The specimens were heated and cooled at a rate of 10°C /min. The relative degree
of crystallinity was determined as the ratio of the integrated heat of fusion of the sample,
determined during the heating of the sample to 200°C, to the heat of fusion of purely crystalline
PVDF. Wide angle X-ray diffraction (WAXD) data were collected at room temperature by

positioning the sample on a quartz sample holder using a Rigaku Miniflex diffractometer in



conjunction with a CuK, radiation source (A= 0.154 nm) operated at 30kV. The x-ray
diffractograms were collected in the scan range 20 of 10-50° at the scan speed of 1° min™ and using

a step size of 0.04°.

3. RESULTS AND DISCUSSION

Linear viscoelastic material functions (storage moduli, loss moduli, magnitude of complex
viscosity) are very sensitive to structural changes in the molten polymer and can provide
information on the change in the physicochemical properties of the polymer during deformation.
For example, for thermally sensitive polymer melts, an irreversible decrease in viscosity with time
at a constant shear rate suggests the possibility of molecular weight break-down, whereas an
irreversible increase in viscosity with time can suggest the possibility of chemical cross-linking.
Both thermal degradation and chemical cross-linking are irreversible. On the other hand, a
reversible change in the linear viscoelastic properties with time during shearing under constant
frequency, temperature and strain amplitude can indicate the flow-induced crystallization of the
polymer melt occurring at a temperature which is greater than the crystallization temperature of the

pure melt.*** 3> During the time sweep experiment unbounded monotonic increases in the storage

moduli (G'), magnitude of complex viscosity |n* |, and loss moduli (G"') with time thus suggest
the onset of crystallization induced by the applied shear. Pennings and co-workers have
documented that the morphology of such crystals is typically of the “shish kebab” type and is thus
very different than the spherulitic morphologies that are generally observed under quiescent
crystallization conditions.*®>*

Figure 2 shows the the storage modulus (G") of PVDF and PVDF nanocomposites at 190°C
at 1% strain amplitude and 1 rps as a function of time. The behavior is steady suggesting that the
PVDF melt and its suspensions are stable at 190°C. In Figure 3, the presence of MWNTs give rise
to modest increases in the storage modulus, the magnitude of complex viscosity, and loss modulus
values over the 0.01 to 100 rps frequency range. When the concentration of the MWNTSs are = 2%
by volume the loss modulus G"' is greater than the storage modulus G’ in the low frequency range
of 0.01-1.6 rps. As the frequency increases the storage modulus values increase at a greater rate in
comparison to the loss modulus values and a cross-over occurs at around 2 rps. Approaches to the
Newtonian behavior are observed at the low frequency range for all concentrations of MWNTs
(Fig. (3(b)). The incorporation of MWNTs modestly increases the magnitude of complex viscosity

of the PVDF nanocomposites with the increase most pronounced at a concentration of the highest

MWNT concentration of 5% by volume. The G/,

n* |and G”’ curves are all parallel to each other,

regardless of the concentration of the MWNTs in the 0.01 to 5% range (Figure 3) suggesting that



the incorporation of the nanotubes has not significantly altered the microstructure of the
suspensions and only modest increases in the relaxation times have occurred (akin to the thermo-
rheological simplicity associated with changes in temperature).

Figure 4 shows the time dependent behavior of storage modulus, G, of unfilled PVDF in
the range of 150 to 190°C. In these experiments the strain amplitude and the frequency are kept
constant at 1% and 1 rps, respectively. It is observed that the storage modulus remains constant
with shearing time in the 158-190°C range. However, at the lower temperatures of 150 and 152°C,
a rapid increase of the storage modulus occurs as a function of time as a result of shear-induced
crystallization of the polymer melt. Similar results have been observed by others on poly (e-
lactone),” polyethylene,**** and poly(ethylene terephthalate)*® melts.

The work of de Gennes in dilute solutions of polymers has revealed that during flow the
polymer chains undergo a step change from a random coil to a fully extended chain conformation at
a critical strain rate, without any intermediate stable chain conformations.*' The subsequent studies
of Keller et al® have provided experimental evidence of the coil-stretch transition in polymer
crystallization under shear and extension, demonstrating that as the strain rate is increased during
deformation there is an abrupt change in birefringence indicative of the formation of a fully-
extended chain conformation at the critical strain rate. Such extension and orientation of the
macromolecules in the flow direction reduce the energy barrier necessary to be overcome for nuclei
to form, and thus lead to the crystallization of the polymer at temperatures under which quiescent
crystallization would not have occurred. Shear induced crystallization of the PVDF clearly occurs
at a higher rate with decreasing temperature (Figure 4). What are the effects of the carbon

nanotubes on the shear induced crystallization behavior of PVDF?

Effect of MWNT loading on PVDF crystallization behavior under shear

Figure 5 shows the time dependence of the G’, G”,|n*|and the loss tangent (tan delta =
G"/G") data for PVDF and PVDF nanocomposites for a constant frequency of 1 rps and 1% strain
amplitude at 158°C. As shown in Figure 5(a), increases in the storage modulus, G', values with
increasing time were observed for the PVDF nanocomposites that were not observed for pure
PVDF under similar conditions. The increase in the storage moduli with time is indicative of the
shear-induced crystallization of PVDF as affected by the presence and the concentration of
MWNTs. The storage modulus values increase up to the point that the force balance transducer of
the rheometer is overloaded (the torque reaches over 2,000 N-m). Furthermore, an increase in the

concentration of MWNTSs shows a decrease of the induction time for the onset of crystallization.

Here the induction times for crystallization are in the range of 2800-1500s for 0.5-5% MWNTs by



volume. The most likely mechanism for the onset of the crystallization of the MWNT incorporated
suspensions at a temperature of 158°C is that the nanoparticles act as heterogeneous nucleating
agents. During heterogeneous nucleation the rate of nucleation is principally controlled by the
concentration of the heterogeneous nuclei. The decrease of the induction time for crystallization
with increased concentration of nanotubes may be associated with an increase of the nucleation rate
with increasing concentration. A decrease in the induction time for crystallization under quiescent
conditions has been reported and was associated with the presence of nanoparticles.’” **** Shear
induced crystallization behavior of nanocomposites associated with the presence of nanotubes has
also been observed during isothermal crystallization under shear studies of PBT nanocomposites.™

The concomitant increases of the other dynamic properties, i.e., the loss modulus (Fig. 5(b))
and the magnitude of complex viscosity (Fig. 5(c)) with shearing time are also shown in Figure 5.
Similar to the behavior of the storage modulus, the loss modulus and the magnitude of complex
viscosity values also exhibit increases with shearing time, with the rate of increase greater for
greater concentration of MWNTs. The formation of the crystals should lead to increases in the
affine junction points in the entangled melt to render relaxation more difficult, thus increasing both
the elasticity and the viscosity of the melt. The magnitude of complex viscosity values of PVDF
nanocomposites are orders of magnitude higher than those of the pure PVDF, indicating the
introduction of a significant degree of crystallinity as induced by the presence of the MWNTs.
Figure 5(d) shows a decrease of tan delta with time, with the addition of MWNTs greatly reducing
the loss tangent as affected by the more significant increases in the elasticity (as represented by the
storage modulus, G') in comparison to the increase of the viscous energy dissipation (as represented
by the loss modulus G"’) with increasing shearing time.

The typical effect of temperature on the shear-induced crystallization behavior can be
further seen through the set of small-amplitude oscillatory shear experiments carried out at the
lower temperature of 152°C as shown in Figure 6. The increases of the storage modulus, loss
modulus and the magnitude of complex viscosity with time associated with the presence of the
nanotubes are more pronounced at the lower temperature. Furthermore, unlike the behavior at
158°C, at the lower temperature of 152°C the PVDF itself exhibits shear-induced crystallization,
albeit at a much slower rate in comparison to the nanocomposites incorporated with 0.1-5%
MWNTs. Similar to the results obtained at the higher temperature, the rate of crystallization was
found to increase with the increase of the MWNT concentration. For MWNT loadings above 2% by
volume, the rate of crystallization is relatively rapid (with induction time almost instantaneous with
the torque reaching the overload limit of the transducer within 200s upon the initiation of shearing).
The time dependent data for the 2%MWNT-PVDF cannot be distinguished from the data of 5%

MWNT-PVDF nanocomposite due to instrument limitations.



It is interesting to note that shaping of PVDF and PVDF nanocomposites within the
constraints of a typical polymer processing method (such as injection molding) involves rapid
cooling in conjunction with different time scales for crystallization due to the significant
differences in thermal and stress/pressure histories of the PVDF located at different locations in the
cavity Thus, it is anticipated that crystallization from the melt in a typical polymer processing
operation will generate a wide range of stress induced crystallization conditions and give rise to
myriad morphologies associated with such differences in the thermal, shearing and resulting

crystallization histories.

Effect of deformation rate on crystallization behavior

Figure 7 shows the variation of G', G",[n* \ and tan delta for 5%MWNT-PVDF
nanocomposite with time at 158°C and at 1% strain amplitude for frequencies of 1, 3 and 5 rps. For
pure PVDF no time-dependence was observed in the 1-5 rps range (i.e. there is no shear-induced
crystallization of the pure PVDF under these conditions; data not shown). For the 5% MWNT-
PVDF suspension all three frequencies gave rise to shear-induced crystallization, with the induction
time for crystallization decreasing with increasing frequency. Similar frequency dependence was
observed for PBT nanocomposites under shear.* Figure 7(d) shows a fast decrease in tan delta with
increasing frequency, due to an increase in crystallization rate which increases the storage modulus
of the melt at a greater rate in comparison to the rate of increase of the loss modulus. This again

emphasizes the greater role played by the elasticity in comparison to viscous dissipation with

increasing degree of crystallinity, consistent with the results discussed earlier.

WAXD analysis of quiescent and sheared PVDF and PVDF nanocomposite samples

Figure 8 shows the WAXD spectra of PVDF and PVDF nanocomposite samples prepared
under quiescent (compression molded) conditions. The pure PVDF sample is predominantly a-
phase with characteristic peaks at 20 values of 18.6°, 20.3° and 27.5°.* With addition of MWNTs a
change in relative intensity of peaks can be clearly seen. The increase in MWNTs loading decreases
the peak at 18.6°, relative to the peak at 20.3°. Furthermore, the introduction of MWNTSs produces
a shoulder at 20.7°, which occupies a greater area with increasing MWNT loading. This peak at
20.7° does not overlap with the peaks associated with MWNTs (major peaks in the WAXD
spectrum for MWNTSs occur at 28.5°, 39.5° and 40.6°). Overall, the increases of the areas under the
peaks associated with the Bragg angles of 20.3° and 20.7° are attributed to the formation of the -

phase crystal in PVDF nanocomposite samples while the decrease of the areas of the peaks at 20.3°



and 27.5° are attributed to the decrease of the a phase (the decrease in the 27.5° peak occurs in
spite of the increase of the concentration of MWNTs). Similar results for the quiescent
crystallization condition have been obtained upon melt-blending of PVDF with MWNTs and
nanoclays.'® "%

Figure 9 shows the WAXD results of the 5%MWNT-PVDF nanocomposite sample
collected after shearing at different frequencies at 158°C. The results were compared with
5%MWNT-PVDF nanocomposite sample crystallized under quiescent conditions in the ARES for
3000 s (i.e. with no shearing). In the sheared samples, the shoulder located at 20.7° attributed to the
B-phase can be seen, as well as there is an increase in overall area under the peak. Such changes in
crystallinity due to shearing versus the quiescent conditions should be tractable upon DSC analysis
as will be shown below. Other studies have also revealed the generation of the B-phase upon
deformation of the PVDF melt."' However, these earlier studies were carried out using fiber
spinning, with the associated strong extensional flow, where the rate of separation between two

initially adjacent points changes exponentially with respect to time, whereas the distance changes

only linearly in the simple shear flow, as used in this study.

Thermal analysis of quiescent and sheared PVDF and PVDF nanocomposite samples

Typical differential scanning calorimetry (DSC) results depicting the melting and
crystallization behavior of PVDF under non-equilibrium conditions are shown in Figure 10. Upon
heating at the rate of 10°C/min, the melting onset is around 145°C, with a nominal melting
temperature (T p; the temperature of the peak of the melting endotherm upon heating) of 172.3°C
and a melting temperature (Ty,; the highest temperature at which the last trace of crystallinity
disappears) of 182.3°C. As shown in Table 1, the incorporation of the MWNTs followed by
quiescent crystallization appears to result in a slight decrease of the mean value of the nominal
melting temperature in comparison to the pure PVDF, with the decrease of the mean value of the
nominal melting temperature being more pronounced with increasing concentration of the
MWNTs. The mean values of the integrated heat of fusion values, AH,,, of the PVDF (corrected for
the presence of carbon nanotubes, i.e., heat of fusion of the nanocomposite sample over the weight
fraction of polymer in the sample) suggest that the degree of crystallinity overall appears to
increase with increasing concentration of the MWNTs. The relative degree of crystallinity was
determined as the ratio of the integrated heat of fusion of the sample, determined during the heating
of the sample to 200°C, over the heat of fusion of purely crystalline PVDF (104.6 J/g).*® As shown
in Table 1, the mean values of the degree of crystallinity increases from 26.8% of the PVDF to over
30.5% upon the incorporation of MWNTs). However, it should be noted that Table 1 reports the



95% confidence intervals (based on five samples for each run) determined according to Student’s-t
distribution, and there is some overlap between the confidence intervals of the thermal properties of
different nanocomposite samples. Such overlapping prevent the drawing of definite conclusions.
Figure 10(b) shows the crystallization behavior of pure PVDF after being kept at a
isothermal temperature of 200°C for a duration of 5 minutes, and then cooling at a rate of
10°C/min. As shown in Table 1, the nominal crystallization temperature (T.p) values increase upon
the incorporation of the MWNTs, consistent with the findings of other studies which have focused
on the effect of nanotubes on quiescent crystallization behavior of Nylon-6*" and polypropylene.**
*® The relative shift of T, is even evident at the lowest concentration of MWNTs (with the mean
T, value increasing from 129.7 to 137.2°C upon the incorporation of only 0.01% of MWNTs). Such
a spectacular rise is only possible due to the very high surface to volume ratio of the nanotubes as
they act as heterogeneous nuclei. As typically reported in the literature, subsequent increases in the
crystallization nominal temperature upon further increases in MWNT loading are less pronounced.
Table 2 shows the effect of MWNTs on the final crystallinity of 5%MWNT-PVDF
nanocomposite samples collected after shearing in small-amplitude oscillatory shear at different
frequencies followed by cooling to ambient under free convection (around 50-60°C/min). For
comparison, the heat of fusion and degree of crystallinity values of 5%MWNT-PVDF
nanocomposite sample, which was only thermally treated and kept in the confines of the rheometer
for a duration of 3000 s, without actually being sheared, are also included. The mean values of the
degree of crystallinity obtained at the constant loading level of 5% by volume of MWNTs suggest
that the degree of crystallinity of the 5% MWNT-PVDF nanocomposite increases upon shearing.
An increase in crystallinity upon shearing has been observed for other polymers including

polypropylene and polyethylene blends.*""

The sheared samples have similar values of degree of
crystallinity, irrespective of the frequency applied within the narrow range of 1-5 rps. The changes

in the melting temperature are negligible.

Effect of MWNTSs on PVDF crystal size

Figure 11 shows the effect of the incorporation of the MWNTSs on PVDF spherulite sizes
(as revealed by the Maltese cross patterns under the polarized light). Melt-mixed PVDF
nanocomposite samples with 0.01 and 0.1% of MWNT loadings were subjected to the same
analysis undertaken for virgin PVDF. The samples were molten and isothermally crystallized
between two glass slides at 160 °C for 2h. The PVDF spherulite size decreased with addition of
MWNTs. This is again consistent with the MWNTSs acting as heterogeneous nuclei, with the

10



number of nuclei eventually defining the total number of spherulites upon the growth of the

spherulites ceasing when the spherulites impinge on each other.

4. CONCLUSIONS

The effect of MWNTs on the time-dependent linear viscoelastic material functions,
associated with shear-induced crystallization behavior and the resulting crystalline structures of
PVDF nanocomposites, have been studied. The rate of PVDF crystallization under shear was
increased due to the presence of MWNTs. The crystallization temperature was found to increase
due to the heterogeneous nucleation effect of nanotubes, concomitant with the decrease of the
PVDF crystal size. The addition of MWNTs and shearing appear to promote the formation of -
crystals in PVDF nanocomposites. These results suggest that the structure and morphology of
PVDF nanocomposites will depend very strongly on the processing conditions, as well as on the

concentrations of the nanotubes.
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Figure 1: SEM image of the as-received MWNTSs used in this work
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Figure 2: Change in storage modulus (G’) of PVDF and PVDF nanocomposites at 190°C (1% strain, 1 rps)
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Figure 3: (a) Storage modulus, (b) Magnitude of complex viscosity, and (c) Loss modulus of PVDF nanocomposites
at 190°C (1% strain)
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Figure 4: Change in storage modulus for pure PVDF sheared at different temperatures (1% strain, 1 rps)
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Figure 5: Variation of (a) Storage modulus, (b) Loss modulus, (c) Magnitude of complex viscosity and

(d) Tan delta with time at 1% strain, 1 rps, at 158°C
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Figure 7: Variation of (a) Storage modulus, (b) Loss modulus, (c) Magnitude of complex viscosity and
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Figure 9: WAXD analysis of 5% MWNT-PVDF nanocomposites samples sheared at different
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Figure 11: Effect of MWNT loading on PVDF crystal size: (a) Pure PVDF (b) 0.01%MWNT-PVDF
(c) 0.1%MWNT-PVDF
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Sample Twp(®C) | Tw(C) | AH,,Jg X (%) Tep (°C)
PVDF 1723417 | 1823+08 | 28%20 | 268+19 | 129708
o —
0.01% MWNT = | 4711405 | 1818404 | 295+1.7 | 281+16 | 137203
PVDF
o) —_
0.1%MWNT =1 1706+ 1.4 | 1805413 | 31+13 | 20612 | 137.3+0.1
PVDF
o) —_
0-5% MWNT = 1 1703+1.0 | 1815403 | 305+21 | 291:2 | 1402402
PVDF
0 -
1% MWNT 1705405 | 181.4£07 | 292425 | 27.9424 | 141.8£0.1
PVDF
0, -
2% MWNT- | 4708402 | 1818408 | 305423 | 201+21 | 142.6+0.2
PVDF
(0] -
B MEINT | 1706403 | 1813206 | 319527 | 305:25 | 1433+0.1

Deformation induced crystallization and associated morphology development of carbon

Table 1. Nominal melting temperature (T,, ;) , melting temperature (T, ), melting enthalpy (AH,,), crystallinity
(X.) and nominal crystallization temperature (T, ) of PVDF and PVDF nanocomposites under quiescent
conditions.Heating rate and cooling rate: 10°C/min. The average values and 95% confidence intervals are
reported (based on five separate tests per sample).
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Frequency, rps T (°C) T, (°C) AH,, J/g X, (%)
o e I e | 1701507 | 1804%12 | 301%33 | 288+3.1
1 170.6+2.0 | 180.6+09 | 34422 | 32921
3 1704+15 | 181.6+03 | 33.8£0.7 | 32.3+0.7
5 160.6+01 | 182402 | 329+22 | 315:21

Table 2. Nominal melting temperature (T, ), melting temperature (T), melting enthalpy (AH,;) and
crystallinity (X;) of 5% MWNT- PVDF nanocomposites (sheared at 1% strain, 158°C). Heating rate: 10°C/min.
The average values and 95% confidence intervals are reported (based on five separate tests per sample).

Deformation induced crystallization and associated morphology development of carbon
nanotube-PVDF nanocomposites, Mago, Fisher and Kalyon





