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ABSTRACT: The reinforcement of mechanical properties of polymeric materials is often important for widening their applications;
however, it remains a technical challenge to effectively increase toughness without degrading stiffness and strength of the polymers.
In this work, by a facile methodology combining solution mixing and melt blending, poly(vinylidene fluoride)/multi-walled carbon
nanotubes (PVDF/MWCNTs) composite with exceptionally enhanced ductility and toughness are prepared. With only 0.2 wt % CNT
loading, the elongation at break has increased from originally 138% to almost 500%, while toughness improved by as much as 386%,
without compromising the stiffness and strength. Note that raw CNTs are directly dispersed in the matrix without any surface modifi-
cation. In order to elucidate this novel enhancement of ductility of PVDF/MWCNTs composites, we carried out detailed analyses
based on results from ultra-small-angle X-ray scattering (USAXS), cryo-fractured surface morphology, differential scanning calorime-
try (DSC), and Fourier transform infrared spectroscopy (FTIR). It is proposed that the enhanced ductility are contributed by a syner-
gistic combination of “void pinning effect” of CNT, as well as the formation of y phase polymorph as the interphase in the PVDF/
CNTs composites. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43610.
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INTRODUCTION Usually, the introduction of CNT increases modulus and tensile
strength of PVDF composite at the cost of reducing the elonga-
tion at break. For instance, Amit et al. reported PVDF compo-
sites reinforced with MWCNTs (functionalized by methyl
methacrylate) via a solution casting method.'” The modulus
and tensile strength of the PVDF/MWCNTs composites progres-
sively increased with the increase of CNT loading to 5.0 wt %,
with the elongation at break decreased by about 30%. Huang
et al.'' prepared PYDF/MWCNTs composites with 0.1 wt %
CNT, achieving an increase of modulus (from 1.46 to 1.61 GPa)
and tensile strength (from 4.2 to 4.5 MPa); however, with a
decrease of elongation at break from 8.5 to 7.3%. In another
study conducted by Tang et al,'” the prepared composite with
0.5 wt % CNT loading in PVDF gained a slight enhancement in
modulus and tensile strength, but the elongation at break
decreased severely from 250% of neat PVDF to around only
There are several previous studies that used CNTs to reinforce  30%. Even when metal particles were deposited onto the surface
PVDF for preparing high performance composite materials.'”">  of CNT, which is claimed to be able to remarkably improve the

Polymer-matrix composites, synergistically combining the advantages
of both polymers and fillers, have found applications in structural
reinforcement, electronics, optoelectronics, and many other areas.'™
Poly (vinylidene fluoride) (PVDF) has received much research atten-
tion in the past few years for its unique piezoelectric and pyroelectric
properties.*> Owing to its excellent mechanical properties as well as
thermal and chemical stability, PVDF has also been utilized as struc-
tural material in architectural, automotive, and chemical processing
industry.”® In view of the widening applications of PVDE it is highly
desirable to improve its mechanical properties by employing facile
and scalable methods. Carbon nanotube (CNT), contributed by its
excellent functional and mechanical properties, represents one of the
nano-fillers that has been extensively explored for reinforcement of
both thermoplastic and thermoset polymer matrices.’

Additional Supporting Information may be found in the online version of this article.
© 2016 Wiley Periodicals, Inc.
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ductility, the elongation at break could not match that of
neat PVDE.'? Besides PVDE, the compromise between strength/
modulus and ductility is frequently observed in various other
polymer/CNTs systems, such as polystyrene, polyethylene, poly-
propylene, poly(methyl methacrylate), polycarbonate, poly(vinyl
alcohol), polyacrylonitrile, polyamide, polyurethane,
epoxy. 1416

Interestingly, counterintuitive results have also been documented
in the system of CNT strengthened PVDE. Chang et al.'® reported
PVDF/MWCNTs composites with largely decreased tensile
strength and Young’s modulus with 3 wt % CNTs, but with an
increased elongation at break from 3.6 to 7.9%, compared with
that of neat PVDE The discrepancy among these works is par-
tially due to different composites fabrication procedures as well as
poor interfacial wetting between the fillers and highly fluorinated
matrix. On the other hand, the polymorphic transformation in
PVDF caused by fabrication techniques also plays important roles.
Most of the previous works on PVDF/CNTs composites required
tedious surface functionalization of the CNTs; and limited
enhancement of mechanical properties were achieved at the
expense of decreased ductility. Furthermore, there is very limited
discussion across the literature on the effect of polymorphism
toward performance of PVDF/MWCNT composites.

and

In this study, we report the fabrication of highly ductile PVDF/
MWCNT composites prepared via a facile method combining
solution mixing and melt extrusion. Excellent dispersion of raw
MWCNTs in PVDF was achieved without the need of any sur-
face functionalization of CNTs. Contrary to the usual cases; in
our work, substantial enhancement in ductility by 400% in
the PVDF/MWCNT composites with little change of modulus
and yield strength were achieved. Seeing the counterintuitive
enhancement of ductility observed in these PVDF/MWCNT
composites, we carried out investigation on contributing mecha-
nisms by characterizing systematically the void formation, inter-
phase formation, phase transition during deformation, as well
as filler-induced PVDF crystal polymorphism during deforma-
tion with and without the presence of MWCNTs.

EXPERIMENTAL

Materials

Poly(vinylidene fluoride) (PVDF) in powder form was pur-
chased from Alfa Aesar and multi-walled carbon nanotubes
(MWCNTs) with average diameter of 10 nm and average length
of 1.5 um was purchased from Nanocyl, Belgium. PVDF and
CNTs were dried at 100 °C inside vacuum oven overnight before
usage. Analytical grade acetone is supplied by Merck and used
as received.

Sample Preparation

The procedure to fabricate PVDF/CNTs composites is as fol-
lows. First, CNTs with calculated weight percentages (0, 0.1, 0.2,
0.5, and 1.0 wt %) were processed with probe sonication (ultra-
sonic processor VCX 130, SONICS) in 50 mL acetone for
5 min, with cooling inside ice-water bath. After that, dissolved
PVDF in 50 mL acetone was mixed with CNTs solution by
magnetic stirring for 1 h before bath sonication for 2 h. The
uniform PVDF/CNTs/acetone solution was subjected to solvent
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evaporation at room temperature, followed by drying inside
vacuum oven at 60 °C overnight to completely remove the resid-
ual solvent. The products obtained were further extruded by a
mini-extruder (HAAKE MiniLab) at 190°C, 80 rad/minute for
10 min. The obtained composites were finally pressed into thin
films with thickness around 0.2 mm by hot-press at 240 °C, and
they were used for further characterizations.

Characterization

The morphology of cryo-fractured surfaces of as-prepared sam-
ples was studied by field emission scanning electron microscope
(FESEM) (JEOL JSM-7600F). Cryo-fractured samples were pre-
pared by fracturing after immersing in liquid nitrogen, before
coated with a thin layer of platinum for observation. Mechani-
cal properties were tested with Microtester Instron 5848. Atten-
uated total reflectance -Fourier transform infrared spectroscopy
(ATR-FTIR) spectra were recorded by Perkin Elmer Frontier FT-
NIR/MIR spectrometers, with resolution of 2 cm ™' for 16 scans.
X-ray diffraction (XRD) was performed by a Bruker AXS D8
advance X-ray diffractometer with a Cu Ko X-ray source. Differ-
ential scanning calorimetry (DSC) (TA Instruments 2010) was
performed from room temperature to 200°C with a heating
rate of 10°C/min. In situ ultra-small-angle X-ray scattering
(USAXS) experiments were carried out by a modified Xeuss sys-
tem of XENOCS with a semiconductor detector (Pilatus 100K,
DECTRIS, Swiss) attached to a multilayer focused Cu Ko X-ray
source (GeniX3D Cu ULD, Xenocs SA, France), generated at 50
kV and 0.6 mA. The beam was collimated with a two scatterless
slits systems mounted 2.4 meters away from each other. The
distance between the sample and detector is 6450 mm, with

exposure time of 600 s and beam size of 0.6 X 0.6 mm?>.

RESULTS AND DISCUSSION

Prior to the testing of the composites, CNTs dispersion inside
PVDF was analyzed by examining the morphology of the cryo-
fractured surfaces of PVDF/CNTs composites using FESEM, the
images are shown in Figure 1. Overall, uniform dispersion of
raw CNTs was achieved in all samples prepared by our method.
Such excellent dispersion of untreated MWCNT in a polymer
matrix is rarely seen in literature. The internal morphology of
the composites is important because it directly determines the
mechanical and many other physical properties. Aggregation of
CNTs could severely deteriorate the mechanical performance of
final products due to undesirable localized stress concentration.
In our preliminary study, severe aggregation was also observed
in samples prepared by only melt blending using the twin-screw
extruder (Supporting Information Figure Sla,b); while solution
blending gave individually separated CNTs, their distribution
was poor, i.e., not uniform throughout the matrix (see Support-
ing Information Figure Slc,d).

Table I shows the mechanical data obtained from tensile test of
neat PVDF and its CNTs composites. It is seen that, for the
modulus, there is a slight initial decrease followed by an
increase after the introduction of CNTs into PVDE The yield
stresses of all composite samples are marginally lower than that
of the neat polymer. Interestingly, the elongation at break has
increased to 411, 483, and 361% for samples with 0.1, 0.2, and

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43610



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

&

WILEYONLINELIBRARY.COM/APP

CIENCE

+ w‘_)

Figure 1. FESEM images of the cyro-fractured surface of (a) raw PVDF and PVDF/MWCNTs composites with CNTs loading of (b) 0.1 (¢) 0.2 (d) 0.5

and (e) 1.0 wt %, respectively.

0.5 wt % CNT, as compared with that of neat polymer. Such
substantial improvement of ductility without compromise in
modulus and strength has never been reported previously in
CNTs reinforced polymers.

Figure 2(a) shows representative stress—strain curves of neat
PVDF and composite with 0.2 wt % CNT content. The elonga-
tion at break of neat PVDF is 128%, while that of the compos-
ite sample increased to 483%. The peak in the stress—strain
curve around 230% is due to non-equilibrium necking during

Table I. Summarized Mechanical Data of PVDF/CNTs Composites

CNT content  Young's Yield Elongation
(wt %) Modulus (MPa)  stress (MPa)  at break (%)
0 504 (15)2 47.5 (1.0) 128 (81)
0.1 457 (38) 46.0 (1.7) 411 (89)
0.2 491 (23) 45.8 (0.8) 483 (24)
0.5 532 (17) 46.6 (0.3) 361 (101)
1.0 551 (24) 47.3(1.0) 113 (85)

@Values in parenthesis are the standard deviation. At least five samples
for each composite condition were tested.
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the stretching process. As a result of greatly increased ductility
and comparable modulus and strength, the toughness of the
composite samples (defined as the area under stress—strain
curve) has significantly increased. The bar diagram in Figure
2(b) shows the toughness increments of all CNTs composites as
compared with that of neat PVDF; the normalized increment of
tensile toughness of composite with CNT loading of 0.1, 0.2,
and 0.5 wt % are 291, 386, and 298%, respectively. With as low
as only 0.2 wt % pristine CNTs, the tensile toughness almost
quadrupled. This is nontrivial and exceptional, requiring further
research effort to investigate the underlying mechanism. Never-
theless, with further increase of CNTs up to 1.0 wt %, tough-
ness decreased due to the poorer dispersion of CNT at higher
loading that leads to decreased elongation at break.

The reinforcement effect of CNTs on polymer modulus/strength
is widely reported and discussed. However, CNTs induced im-
provement of ductility is very rare in the literature. The under-
standing of the mechanism behind the enhanced ductility is
highly desirable for both academic interests and practical app-
lications. It is well accepted that plasticizer or debonding/cavita-
tion can both contribute to increased ductility.'” """ The
plasticizer effect may originate from solvent, moisture, or low
molecular weight additives. In our work, since the fabrication
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Figure 2. (a) Typical tensile test curves of neat PVDF and PVDF/CNTs composite sample with 0.2 wt % CNTs and (b) tensile toughness increments of
composites normalized to that of neat PVDE [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

processes employed for neat PVDF and PVDF composite sam-  posite sample after tensile test (Supporting Information Figure
ples were the same, the possibility of solvent plasticizing effect ~ S2a) reveals that most of the CNTs are not de-bonded from
is eliminated. TEM image that shows the morphology of com-  PVDF matrix. In addition, FESEM images of cryo-fractured

Stress
Direction

10000

Figure 3. USAXS scattering patterns of (al) neat PVDE 30% strain; (bl) composite sample with 0.2 wt % CNTs, 30% strain; (a2) neat PVDE 60%
strain; (b2) composite sample with 0.2 wt % CNTs, 150% strain and FESEM of necking section of (c) neat PVDF and (d) composite sample with 0.2 wt
% CNTs. To enable a clearer observation of morphological profile, both neat PVDF and composite sample are etched in oxidative solution of P,Os/
H,SO, before SEM. The arrows indicate the uniaxial stretching direction. [Color figure can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]
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Figure 4. Illustration of the proposed mechanism of CNT pinning effect.
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The breakage of neat PVDF is caused by void development and coalescence
under stress, while the realigned CNTs in PVDF/CNTs composite pin and
impede the coalescence of voids, delaying the failure. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

surface of tensile deformed sample in the transverse direction
(Supporting Information Figure S2b) shows that even after
stretching, the polymer matrix is still well coated on the surface
of CNTs, further eliminating debonding as the factor. A previ-
ously reported simulation study on CNTs reinforced polymers
stated that the stress-strain curve can be very sensitive to any
debonding process and its occurrence would lead to a stress
downturn or strain softening.® However, no such strain soften-
ing was observed in our tensile testing results, which again
eliminates the possibility of debonding induced ductility.

Aravind et al'® prepared thermoplastic polypropylene with
incubated pre-existent submicrometer voids and found that the
voids growth resulted in the formation of energy-absorbing
crazes, which could delay the fracture of polymer. In order to
fully understand the effect of voids toward the mechanical
properties of the PVDF/CNTs composites during stretching, in-
situ USAXS analysis was carried out and the results are shown
in Figure 3. It is seen that both neat PVDF and PVDF/CNTs
composites possess abundant micrometer sized voids after ten-
sile deformation, evidenced by the strong X-ray scattering inten-
sity. This indicates that the exceptional ductility in our PVDF/
CNT composite, which was not observed in neat PVDE, is not
directly contributed by voids. In fact, as discussed earlier, CNTs
debonding from the PVDF matrix after deformation is rarely
seen, indicating negligible influence from debonding promoted
voids formation, even if it takes place. In other words, CNTs do
not cause the formation of voids in this study. It was also
observed that when the deformation is small [Figure 3(al,bl)],
microvoids in both samples align along the direction that is ver-
tical to the stress direction. As the deformation increases [Figure
3(a2,b2)], voids switched into the direction parallel to the stress
for both neat PVDF and PVDF/CNT composites. Generally,
microvoids are created with tips in the direction vertical to
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stress and develop along the stress direction. Despite the plenty
of voids which are present in both neat PVDF and PVDF/CNT
composite, we observed an obvious difference in the morpholo-
gies of necking section of the two deformed samples. It is seen
that, from Figure 3(c,d), the void size of neat PVDF is notice-
ably larger than that of PVDF/CNT composite. The size of the
voids in neat PVDF are around 5 pm, while that of composite
sample is several times smaller (1 — 2 pm).

The void growth behavior observed in both USAXS and SEM
analysis suggest the role of CNTs in improving the ductility and
toughness of PVDF composites via delaying the voids coales-
cence. The introduction of CNTs may hinder the development of
voids, delaying them from further growth. Consequently, before
the breakage, PVDF/CNT composites could absorb more energy,
corresponding to enhanced ductility, and tensile toughness. The
difference in void growth found in neat PVDF and PVDF/CNTs
composites is illustrated in Figure 4. For stretching of neat PVDE
perpendicular microvoids grow and realign towards the direction
parallel to the stress direction [Figure 4, corresponding to the
transition from Figure 3(al,a2)]. Since there is no restriction, the
propagating microvoids eventually coalesce with neighboring
voids, forming larger voids and resulting in final failure. In the
case of PVDF/CNT composites, CNTs in the path of crack propa-
gation can pin and impede the growth, which slow down the
coalescence of microvoids. After the initial propagating micro-
voids encounter CNTs, the fusion of neighboring voids is hin-
dered. At the same time, more CNTs may realign parallel to the
stress direction and becoming more effective in hindering voids
growth. As a result, the formation and growth of voids will be
delayed, hence leading to enhanced ductility and toughness.

Apart from void pinning effect of CNTs, the complex poly-
morphs of PVDF with different crystalline structures have to be
considered. Owing to the substantial difference in modulus and
ductility among each crystalline phases, any variations in the
ratio of PVDF crystal structures is expected to exert considerable
influence on physical properties of PVDF composites.?** There
are altogether five forms of chain arrangements of PVDE among
which, o, f, and y phases are the most frequently observed and
studied. o phase is the most thermodynamically stable phase and
with a chain conformation of TGTG (trans-gauche-trans-
gauche); f phase has a chain conformation of TTTT (all trans)
that is the main origin of the piezoelectric properties.> For y
phase, it has a chain sequence of TTTGTTTG and is the transi-
tion state between o and f§ phases.** To investigate the effects of
PVDF polymorphs on enhanced ductility, ATR-FTIR, XRD, and
DSC were carried out to understand the polymorphic transfor-
mation during the tensile stretching process.

Figure 5(a,b) shows the DSC curves of neat PVDF and its com-
posites before and after tensile testing, respectively. Two peaks
are found in the DSC curve of neat PVDF before deformation.
The weak endotherm peak at lower temperature of 148°C is
due to imperfect crystals formed in the process of melt crystalli-
zation.”> The endotherm peak at 161°C is attributed to « phase
melting. For composite samples at all CNT loadings, a new
shoulder peak at higher temperature of 167 °C emerged, which
is the melting peak of y phase PVDFE. As summarized in Table II

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43610
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Figure 5. First heating DSC curves of PVDF/CNTs composites before (a) and after (b) tensile test and FTIR spectrum of PVDF/CNTs composites before
(c) and after (d) tensile test. Curves from the bottom to top are spectrum of samples with 0, 0.1, 0.2, 0.5 and 1.0 wt % CNT, respectively. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

are the melting points of each phase and the crystallinities of
neat PVDF and composites, as obtained from DSC curves.
Crystallinity was calculated by integrating the heat flow between
130 and 175°C. The melting temperature of o phase barely
alters with the increase of CNT loading, and is unaffected by
tensile stretching. Melting temperature of y crystallite remains
comparable at different CNT contents. The crystallinities of as
prepared PVDF composites, regardless of the different phases,
decrease with the introduction of CNTs. However, the variations
are very marginal. For example, the crystallinity of composite
sample with 0.2 wt % CNTs is only 0.5% less than that of neat
PVDE The slightly reduced crystallinity could be partially
responsible for the moderate change of modulus of composites.
Furthermore, since 7y crystallites possess much lower elastic

modulus than that of « and f§ phase,”® the existence of y phase
in composites may also affect the modulus. It is also seen from
Figure 5(b) that the y phase melting peak disappears after
stretching, indicating the transformation into other phases.

FTIR is a useful tool that is frequently employed to differentiate
each type of crystal in PVDE. Figure 5(c) shows the ATR-FTIR
spectra of as-prepared neat PVDF and the corresponding CNT
composites. FTIR peaks at 855, 796, and 764 cm ™' belonging to
o crystallite are clearly seen in the spectra of both neat PVDF
and composites. With the increase of CNTs loading, absorption
of o crystallite decreases gradually, indicating decreased o phase
in the composites. There is one peak at 840 cm™' with weak
intensity observed in FTIR spectra for both PVDF and CNT
composites. Since both f and 7y phases may absorb at this

Table II. Summary of the melting temperature and crystallinity of o and y PVDEF before and after stretching, as determined by DSC

CNT content (wt %) 0 0.1 0.2 0.5 1.0
Temle/p) (°C) Before stretching 160.6 160.7 160.9 160.9 160.9
After stretching 160.7 160.9 161.1 160.9 160.9
Tmly) (°C) Before stretching _ 167.5 167.3 167.3 167.1
After stretching ) B B B B
Crystallinity Before stretching 34.0 33.0 33.5 33.2 325
After stretching 34.7 36.6 356 34.7 38.8

Enthalpy was calculated by integrating the heat flow between 130 and 175°C by TA Analysis software and the fusion heat of 100% crystallinity is

102.5 J/g.3*
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Figure 6. Illustration of the proposed mechanism of polymorphic transformation-induced ductility. Under stress, the 7 phase in PVDF/CNTs composite

around CNTs transform into f phase, creating plasticization and resulting in enhanced ductility and toughness. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

wavenumber range, the origin of this peak cannot be deter-
mined at this point without further information. However, it is
clear that a new peak at 833 cm™ ' that exclusively belongs to 7
crystallite’” emerged for the composite samples, which is absent
in the spectrum of neat PVDF. Additionally, absorptions at 812
and 716 cm™ ' also come from 7 phase, although the peak at
716 cm ™' is relatively weak. The peak at 840 cm ™' is attributed
to [ crystallite and its absorption increases after CNTs were
introduced [Figure 5(c)]. This is consistent with other works
that reported increased f§ phase after addition of nanomaterials
into PVDE, such as nanoclay’®”® and various types of
CNTs.>! The zigzag surface of CN'Ts is believed to match well
with all-trans configurations which are beneficial to f PVDF
growth formation.*® This is further supported by simulation®
that showed all-T configurations (f phase) are more favorable
to be adsorbed onto the surface of CNT compared with TGTG’
configuration. Molecules of « configuration are able to trans-
form into f PVDF with the help of external energy input, for
example via simple sonication. Since the y phase is a transi-
tional structure between « to f crystallite, it is reasonable to
deduce that a portion of molecules on CNTs remain in ) con-
figuration in the process of o/f transformation. y PVDEF is
known to be crystallizing in the vicinity of the melting o
phase.”® Contributed by the melt crystallization occurred during
both the melt extrusion and hot press processes, y phase PVDF
would form in the composites.

From Figure 5(d), it can be seen that, after the tensile test, all
the o PVDF peaks decrease while that of the [ phase at
840 cm™ ' increases markedly, owing to the o to f§ transforma-
tion induced by stretching.” It is also noted that all absorptions
of 7 phase at 840, 812, and 776 cm ' disappear after the
stretching, indicating transformation of y phase during the ten-
sile test, consistent with DSC results. The transformation of 7y
phase, which is only present in composites during stretching,
was also evidenced by XRD (Supporting Information Figure
S3). In another words, based on the high similarity in chain
configurations between f and y PVDE the y PVDF transforms
into f§ phase during stretching, similar to what was reported
previously.”® A separate simulation study’’ demonstrated that

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43610 (7 of 8)

the phase transformation can be achieved in the way of inter-
chain slippage, particularly along the molecule chain at the
interface. As schematically illustrated in Figure 6, the y phase
slips into f phase under external load, where continuous slip-
page and transformation of y phase create a plasticized zone
around the f/y phase interface in the vicinity of CNTs. This
‘phase transformation induced plasticization’ leads to significant
enhancement of ductility and absorbs large amount of energy
during stretching.

The findings in this study show that CNT is not only able to
reinforce polymeric matrix in terms of Young’s modulus and
tensile strength; it can also remarkably enhance the ductility of
the PVDF composites. The function of CNTs in PVDF matrix is
two-fold. Firstly, CNTs serve as sites for void pinning during
the stretching process. Secondly, the introduction of CNTs cre-
ates an interfacial PVDF crystal y phase between the nanotube
surface and the matrix, which undergoes polymorphic transfor-
mation during stretching. The synergistic effect of void pinning
and interfacial phase transformation leads to exceptional
improved ductility and toughness in PVDF/CNTs composites.

CONCLUSIONS

In summary, exceptionally ductile PVDF/MWCNTs composites
with excellent dispersion of raw CNT in PVDF matrix have
been prepared via a facile method combining solution mixing
and melt blending. The highly ductile PVDF/MWCNTs compo-
sites were achieved without compromising the yield strength
and modulus. The mechanism of such unique and counterintui-
tive ductility change is systematically investigated using various
characterization techniques. USAXS revealed that CNTs acts as
void pinning sites that hinder the propagation of microvoids,
preventing their further coalescence. Furthermore, the polymor-
phic transformation was found to be another main contributing
factor. In our system, y phase PVDF in as-prepared composite
samples disappeared and transformed into f crystallite during
the stretching, creating plasticized zone around CNTs. This plas-
ticization led to significant increase of ductility and toughness
of the resultant composites. These types of highly ductile
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PVDF/CNT composite with exceptional toughness are believed
to be able to find wide potential for engineering applications.
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