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ABSTRACT: Composites of polyvinylidene fluoride
(PVDF)/carbon nanofibers (CNFs) with different nanofiber
contents were prepared by melt-blending using a twin-
screw extruder by directly mixing CNFs with PVDF in the
molten state. Fibers were extruded from the blended pellets.
CNFs improved the nucleation efficiency of PVDF but the
percent crystallinity decreased with increasing CNF concen-
tration. X-ray diffraction results showed a change in the a
phase, but the transition to the b phase did not occur.
Dynamic mechanical analysis (DMA) indicated an improve-

ment in storage modulus and reduced damping factor with
increasing CNF concentration. A complementary improve-
ment in mechanical properties was determined from tensile
test results. Rheological measurements indicated increased
storage modulus, loss modulus, and viscosity values with
an increased percentage of CNFs in the PVDF. VVC 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 112: 254–260, 2009
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INTRODUCTION

Reinforcement of polymers by carbon-based nanofil-
lers has been of increasing interest because of the
multifunctional properties that they result in. Polyvi-
nylidene fluoride (PVDF) has attracted interest
because it is a piezoelectric, pyroelectric, and ferro-
electric material.1–4 PVDF is a semicrystalline poly-
mer with a high molecular weight and typically has
around 50% amorphous content. PVDF shows vari-
ous interesting properties like ease of processability,
good mechanical properties, thermal stability, and
chemical resistance.5 Five crystal structures are pres-
ent in PVDF. The electrical properties have been cor-
related to the b phase, which has been found to
induce polarity in the crystal structure. When PVDF
is uniaxially oriented, it results in longitudinal defor-
mation of polymer chains in the crystals and
increased b-phase formation.6 Nunes et al.7 have
shown that the a phase can be converted into b
phase by mechanical stretching below 100�C using a
stretch ratio of about 3–5, or directly from solution
at a given temperature. Some researchers have proc-
essed PVDF into porous and nonporous films that
have had a 100% b phase.8–10

PVDF with nanofillers like carbon nanotubes
(CNTs), carbon black, and calcium carbonate has
been widely studied. The concept of nanoreinforce-
ment is based on the fact that a low percentage (3–
5%) of loading can result in a major change in the
properties of polymers. Mechanical properties, ther-
mal conductivity, electrical conductivity, flame
retardance, and wear resistance have all shown ben-
efits from nanofillers.11 Single-walled CNT (SWCNT)
and PVDF composites have demonstrated an
increase in mechanical, conducting, and ferromag-
netic properties.12 Yu et al.13 showed that montmo-
rillonite clays act as nucleating agent and cause the
formation of a c phase. For clay content greater than
1 wt %, a and b phases coexist.13 When multiwalled
CNTs (MWCNTs) are incorporated, the crystallites
are transformed from the nonpolar a form to polar b
form. A percolation threshold for electrical and ther-
mal conductivity was observed at 2–2.5 wt % of
MWCNT.14,15 MWCNTs also offer ease of process-
ing, flexibility, and good dielectric behavior of PVDF
film.16,17 CNT-filled PVDF thin films indicated an
excellent acoustic response, acting as a transducer
over a broadband frequency range. In addition, the
films were transparent (invisible sound monitors for
military applications), flexible, and lightweight.18

Among the various nanofillers, an increase in electri-
cal conductivity was also observed with the addition
of carbon black.19 Vapor-grown carbon fibers
(VGCFs) have been attracting much research interest
as fillers in composites because of their good
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electrical, thermal conductivity, and mechanical
properties.20 There is to date limited information on
carbon nanofiber (CNF) reinforcement of PVDF, to
our knowledge. However, cost comparisons of
MWCNTs, SWCNTs, and CNFs indicate that CNFs
remain very cost-competitive. The purpose of this
study is to investigate the effects of CNFs on the
thermal, mechanical, and rheological properties of
PVDF at different weight percentage loadings.

EXPERIMENTAL

Materials

The PVDF used was supplied by Arkema (KynarV
R

721, powder form) and had the following properties:

• Density: 1.78 g/cc.
• Melt flow index (MFI): 10 g/10 min.
• Tensile strength: 54 MPa.
• Melting temperature: 168�C.

CNFs were obtained from PyrografV
R

Products.
(PR-24-XT-LHT), with the following material
properties:

• Bulk density: 1.95 g/cc (ASTM D1513-86).
• Average diameter: 107 nm (JEOL 5300 SEM).

CNFs were used as received without further puri-
fication. Prior to melt-mixing, both the materials
were vacuum-dried at 80�C for 6 h. PVDF and CNFs
were dry-mixed via tumbling in a bottle. The con-
tents of CNFs in PVDF powder were 0, 1, 2, and 4
wt %; and the compositions were coded as PVDF,
PVDF1, PVDF2, and PVDF4, respectively.

Preparation of PVDF fibers

Melt-blending of PVDF and CNFs was performed in
a twin-screw corotating extruder. The extruder tem-
peratures were set from 170�C at the feed zone to
210�C at metering zone. Screw rpm was 200. Sub-
stantial shear forces are necessary during the com-
posite processing step to disperse nanofibers in the
polymer and to achieve good mechanical and electri-
cal properties.21 Fiber pulling roll speed was set to
230 rpm to ensure mechanical stretching of fibers,
which is anticipated to lead to orientation of CNFs
and polymer crystallites in the direction of the pull-
ing.22 Extruded fibers with an average diameter of
0.5 mm were obtained in product form.

Differential scanning calorimetry

The crystallization and melting behavior of PVDF/
CNF compositions were investigated by using the

Perkin–Elmer DSC 6 in a nitrogen atmosphere.
Approximately 4–6 mg of sample was sealed in an
aluminum pan. Heating and cooling scans was per-
formed at 10�C/min between 30 and 220�C. Samples
were held at 220�C in the molten state for 5 min to
eliminate previous thermal history prior to cooling
scan.

X-ray diffraction

The crystal structure of PVDF and composites were
studied by wide-angle X-ray diffraction (WAXD).
The diffraction patterns were obtained with a
Rigaku Ultima III using CuKa radiation with a
wavelength of 0.154 nm at 40 kV and 100 mA. Mea-
surements were made between 2y values of 2� and
40� with a scan speed of 2�/min.

Mechanical testing

Tensile tests were carried out on the extruded fiber
samples with a TA Instruments RDS III DMA in the
tensile mode. The shapes of the samples were cylin-
drical with 50 mm gauge length and 0.5 mm diame-
ter. The crosshead speed was set at 5 mm/min. For
each data point, three samples were tested, and the
average value was taken.

Dynamic mechanical measurements

DMA was conducted on a TA Instruments RDS III
under nitrogen using a heating rate of 3�C/min and
a frequency of 1 Hz between �100 and 120�C. A
fiber sample with a 0.5 mm diameter and 40 mm
length was used.

Scanning electron microscopy

A high resolution SEM (FEI Nova 200 Dual Beam
FIB/FEGSEM) was used to observe the dispersion of
CNF in the PVDF matrix. The samples were dipped
in liquid nitrogen for 3 min and fractured. Gold
coating was done on the fractured surface to avoid
overcharging of polymeric samples during SEM
imaging. The gold-coated surface was imaged using
beam of 1.7 nA at 5 kV of accelerating voltage.

Melt rheology

Rheological measurements were carried out on a TA
Instrument’s ARES strain-controlled rheometer. For
the rheological study, a 25-mm parallel plate setup
was used. Extruded fibers were used to prepare
rheological disc samples having a diameter of 25
mm and a thickness of 2.5 mm in a compression
press at 180�C. Dynamic strain sweep measurements
were carried out at a frequency of 1 Hz, a
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temperature of 180�C, and a strain of 0.1–100% to
determine the linear viscoelastic region. The gap
between the two parallel plates was 0.051 mm.

RESULTS AND DISCUSSION

Crystallization behavior

DSC results of the pure PVDF and composites are
summarized in Table I. Melting temperature (Tm),
melting enthalpy (DHm), crystallization tempera-
ture (Tmc), melt crystallization temperature (Tmc),
and melt crystallization enthalpy (DHmc) were ob-
tained from the second-heating and second-cooling
thermograms.

Figure 1 shows the DSC second-heating curves for
all compositions. PVDF has a melting temperature of
168�C and a melting enthalpy of 58.08 J/g. For low-
filler compositions (PVDF1 and PVDF2), no signifi-
cant change in melting point was observed; but
melting enthalpies (DHm) dropped to 41.29 and 31.56
J/g. A high-filler loading of 4% resulted in a signifi-
cant increase in melting to 170�C, but enthalpy
remained lower than the pure PVDF but a little
higher than PVDF3 (42.03 J/g).

Figure 2 shows the DSC second-cooling curves.
The crystallization point for all the compositions
increased for all composites relative to that of pure
PVDF. The crystallization temperature increased
with the increase in CNF content. The crystallization
temperatures (Tmc) of PVDF and composition
PVDF4 are 138.4 and 145.25�C, respectively. These
temperatures show that CNFs act as nucleating
agents for PVDF. The corresponding degree of crys-
tallinity (Xc) was determined by

Xc ¼ ½DHc=DH0� � Xm � 100%;

where DH0 is the enthalpy of 100% crystalline PVDF
(105 J/g),23 and Xm is the weight fraction of PVDF in
the composite. The degree of crystallinity was found
to be 60, 50, 38, and 47% for PVDF, PVDF1, PVDF2,
PVDF4, respectively. The trends complement the
results of the heating scan and the tendency for the
enthalpy to drop with concentration for PVDF1 and
PVDF2 but to increase for PVDF4 is once again

observed. Although the CNF enhanced the nuclea-
tion efficiency of the PVDF, the crystallinity
decreased with increasing concentration. With an
unchanged melting point but increased recrystalliza-
tion temperature, the difference between melting
and recrystallization temperatures decreased. This
indicates a reduced degree of supercooling in the
composites with the presence of CNF. The glass
transition of PVDF was undetected by DSC.

Dynamic mechanical behavior

DMA was used to determine the dynamic mechani-
cal properties of the samples in which the sample is
subjected to repeated small-amplitude strains in a
cyclic manner. The DMA Tg was found by examin-
ing the peak temperature of the tan d (E00/E0) curve.
E0 (storage modulus) is a measure of the energy

TABLE I
DSC Results from Second-Heating and Second-Cooling

Thermograms

Sample
ID

Tm

(�C)
DHm

(J/g of PVDF) Tmc

DHmc

(J/g)
Xc

(%)

PVDF 168 58.081 138 �62.625 55.32
PVDF1 168 41.298 141 �52.068 39.33
PVDF2 168 31.568 144 �40.455 30.06
PVDF4 170 42.0395 145 �50.288 40.04

Figure 1 DSC second-heating curves showing an increase
in melting point with increasing CNF content.

Figure 2 DSC second-cooling curves showing an increase
in melt recrystallization temperatures with increasing CNF
content.
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stored elastically, whereas E00 (loss modulus) is a
measure of the energy lost. Tan d, also called damp-
ing, indicates how efficiently material loses energy
to molecular rearrangements and internal friction.
Figure 3(a) shows the b transition region of the
PVDF and its composites. PVDF shows a broad b
relaxation related to side chain relaxation. For
PVDF1 and PVDF2, the curves overlap and indicate
a slight decrease in the damping factor. A significant
decrease in peak height for the PVDF4 is obtained.
In addition, the b transition is shifted toward a
lower temperature indicated inhibited mobility. The
a relaxation region is depicted in Figure 3(b). The Tg

of PVDF is 40.16�C. As can be seen, the glass transi-
tion of the composites is shifted to higher tempera-
tures (around 80�C). We note, however, that PVDF4
does not exhibit a glass transition temperature
within the range investigated and the fiber compli-
ance prevented additional data collection. The DSC
results on the decreased fractional crystallinity
coupled to the increased glass transition, indicates

that the improved mechanical performance in the
composite is best attributed to the CNF presence.

X-Ray diffractometry

WAXD was used to observe the effect of CNF con-
tent on the microstructure of PVDF. Figure 4 shows
the X-ray diffraction of PVDF and its composites.
PVDF reflections are located at 2y ¼ 17.8� (100),
18.6� (110), 19.8� (020), 26.62� (021), and 38.2� (002).
These correspond to assignments for the a-phase
crystal, which has nonpolar trans-gauche-trans-
gauche (TGTG) conformation. We note that the com-
posite fibers show retention of the a-phase crystal.
No conversion to a b-phase is observed as indicated
by an absence of a peak at an angle of about 20.6�–
20.8�. The a-phase however does undergo a change
with CNF presence. Two intense peaks at 17.8 and
18.6 observed in the PVDF merge into a single broad
peak. We also note that the peak intensity of the
(020) reflection ratioed to the (110) reflection is � 2
for the PVDF but drops to 1.5 in all composites. This
ratio is retained when ratioing the (002) peak inten-
sity to the (020) reflection. We therefore conclude
that the transformation of crystal structure does not
take place from a to b, but the nature of the a phase
is affected by the presence of CNF. We predict that
the crystal phase transformation did not occur

Figure 3 DMA results showing a decrease in tan d peak
height and temperature with increasing CNF content (a)
for the b transition and (b) for the a transition.

Figure 4 X-ray diffraction spectrographs for PVDF and
PVDF/CNF fibers.
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because the extruded fibers were cold stretched and
quenched in water on exit from the die.

Mechanical properties

The tensile properties for extruded fibers are shown
in Figure 5. It is clear that PVDF composites offer
improved tensile properties. Tensile curves were
similar to those for most of the polymers. At strains
past the yield, a broad plateau indicates microstruc-
ture’s conversion into fibrillar morphology extensive
plastic deformation for pure PVDF, PVDF1, and
PVDF2. Upper yield strength and modulus values
for PVDF, PVDF1, PVDF2, and PVDF4 were 25, 40,
47.5, and 55.5 MPa, respectively. A 122% increase in
yield strength and an 88% increase in modulus were
observed with the addition of 4 wt %. It is, therefore,
not surprising that the CNFs at higher wt % loading
leads to a higher yield stress. However, the elonga-
tion at break was decreased for 4 wt % CNF filler
content, which can be attributed in part to modifica-
tions in the crystalline fraction in the matrix. Restric-
tion of the amorphous phase imposed by the
unidirectionally aligned nanofibers plays a key role
in this behavior. The restriction sites prevent the
polymer from deforming, therefore causing a
decrease in ductility and an increase in stiffness.
This decrease in ductility is less pronounced in both
PVDF1 and PVDF2 composition, indicating a higher
toughness.

Figure 6 shows the SEM images of the fractured
surface of the fibers. It is clear that with increased
concentration of CNF, increased fiber pullout occurs.
The absence of matrix on the nanofibers coupled to
pores indicating complete pullout, indicates lower
interfacial adhesion between the fibers and the
PVDF.

Figure 5 Stress–strain curves for PVDF and its
composites.

Figure 6 SEM images of PVDF composites showing fiber
pull out mechanisms dominating failure (a) PVDF1, (b)
PVDF2, and (c) PVDF4.
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Rheological measurements

Figure 7 shows the dependence of elastic modulus
on strain at 180�C at a frequency of 1 Hz. The linear
viscoelastic region for pure PVDF is very wide and
up to 80% strain; but with an increase in the per-
centage of CNFs, the linear viscoelastic region
decreases rapidly. Subsequent frequency sweeps
were therefore conducted based on a constant strain
of 0.1%. The elastic moduli (G0), loss moduli (G00),
and complex viscosities (g*) of PVDF and composi-
tions are compared in Figure 8(a–c), respectively.
The significant effect of CNFs can be seen, particu-
larly at low frequency. At low frequency, PVDF/
CNF composite melts have higher elastic moduli,
loss moduli, and complex viscosities compared with
pure PVDF and show monotonic increase with CNF
content. It is conjectured that CNFs and PVDF inter-
act and that these structures become stronger with
an increase in the percentage of CNF concentration.
At high frequency, however, the elastic moduli, loss
moduli, and complex viscosities of PVDF and its
composites are similar, indicating matrix dominance.
At low frequency, a temporal structure is formed
between CNFs and PVDF chains, which is strong
enough to withstand the flow, resulting in the higher
values of g* at a low-frequency region. At high fre-
quency, flow destroys some of the structure, leading
to a decrease of viscosity.

CONCLUSIONS

We prepared PVDF/CNF composites by melt-blend-
ing and explored the potential of CNFs as mechani-
cal reinforcements in PVDF composite fibers. DSC
showed that CNFs decrease the fractional crystallin-
ity in the composite. The increase in crystallization
temperature with relatively no change in melting
point indicates decreased supercooling in the com-

posite. X-ray diffraction analysis indicated some
change in a-phase crystallites, but b-phase transfor-
mation did not occur. A decrease in peak tan d for

Figure 7 Dynamic strain sweep tests showing storage
modulus as a function of strain.

Figure 8 (a) Storage modulus G0 versus frequency at
180�C temperature, (b) loss modulus, G00 versus frequency
at 180�C temperature, (c) complex viscosities g* at 180�C
temperature.
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both the a and b relaxation was observed. The tran-
sition temperature of the a relaxation underwent a
significant increase with the presence of CNF. The
increased amorphous fraction coupled to the absence
of a b-phase transformation is attributed to the use
of a quick quenching of the fibers in the cooling
bath on exit from the extruder die. CNFs, however,
were found effective in improving mechanical prop-
erties. The addition of CNFs results in an increase in
ultimate tensile stress and modulus values of PVDF,
suggesting that nanofibers play an important role in
enhancing the mechanical properties of a polymer
matrix. An increase in storage moduli, loss moduli,
and melt viscosities was observed with increased
CNF concentration and was significantly dependent
on test frequency. We note that when 4% CNF was
added to PVDF, a transition in stress–strain curves
is observed together with slight increases in crystal-
linity. We note that higher concentrations of CNF
were not processable in the extruder fiber die. This
is reflected in the viscosity measurements, which
show values >104 Pa s for the PVDF4 concentration.

The authors thank David Diercks, Center for Advanced
Research and Technology, University of North Texas for his
assistance inmicroscopy.
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