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Abstract 
 
Nanocomposites based on poly(vinylidene fluoride), PVDF, filled with multiwalled 
carbon nanotubes, MWCNT were prepared by solution blow spinning, SBS. PVDF was 
modified with MWCNT with the aim of changing final properties inducing structural 
and morphological variations in the polymer by the simple presence of conductive 
particles. Different compositions were considered (0%, 1%, 2%, 3% and 5% by weight 
of MWCNT) to understand the influence of the presence of MWCNT on the polymer 
structure, morphology and consequently other properties. Morphology was inspected by 
optical and electron (SEM and TEM) microscopies, while structure was studied by 
Fourier transformed infrared spectroscopy, FTIR. Thermal behavior was monitored by 
differential scanning calorimetry, DSC, while the surface and electrical properties were 
studied by contact angle and capacitance measurements respectively. SBS allowed 
obtaining mats of nanocomposites constituted by submicrometric fibers where the 
MWCNT are uniformly dispersed and well aligned along the PVDF fibers. In this study 
several aspects about structure and thermal behavior of PVDF were clarified in relation 
to other researches carried out up to the moment. Although MWCNT concentration did 
not seem to affect much the fibrous morphology of the SBS materials, the PVDF 
crystalline structure and surface properties of the materials were slightly modified. 
Dielectric behavior of PVDF was highly affected by the presence of MWCNT leading 
to a particular change in the permittivity and being possible to obtain a value of 0.023 
for the percolation fraction. 
 
 
Keywords: Carbon nanotubes; nanofibers; Poly(vinylidene fluoride); Solution blow 
spinning. 
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1. Introduction 
 
Recently, one of the great challenges of many scientists and engineers is to develop 
smart textiles for clothing. Among other characteristics, they should be ultralight, 
flexible, superhydrophobic and easily processable materials with some especial 
properties that usually are ascribed to metals and/or ceramics such as, high electric 
conductivity or permittivity, etc. Although polymers have low density and are easily 
processed, only a few of them gather other properties like those above mentioned. A 
common way to overcome these technological needs claimed by the society is to look 
for the best combination between different materials with the aim of finding new 
synergistic effects that only can be explained by physico-chemical reasoning. 
 
Several researchers suggest that filling polymers with conductive particles is an easy 
way to tune properties, for example, from materials of low permittivity to materials with 
high dielectric constant or even, to electrical conducting materials. When adding the 
conductive particles it is expected to be formed small capacitors within the polymer (the 
dielectric). Assuming the previous hypothesis, a high amount of particles added should 
lead to many capacitors what should allow increasing the electrical permittivity, at least, 
until the percolation fraction is reached. When enough conductive particles are added as 
to create conductive paths through which electrons can be moved by the action of an 
electric field percolation has been reached. In fact, some works already shown how the 
electrical permittivity of polymers increases adding conductive particles near the 
percolation fraction [1–7]. In those cases, it is reasonable to think that the presence of 
multiple micro- or even nano-capacitors must be the cause of such capacitance increase. 
In fact, the main contributing factors are the available surface area of the electrodes 
(conductive particles) and the thickness of the dielectric (the polymer) because 
capacitance is directly proportional to the surface area of contact and inversely 
proportional to the thickness of the dielectric. Therefore, the amount of conductive 
nanoparticles should play a very important role on the electrical properties of the 
nanocomposites since, the higher number of particles the larger the surface of contact 
between the conductors and the dielectric and, in addition, the thinner the layer of 
dielectric. 
 
On the other hand, the shape (aspect ratio), size and the dispersion of nanoparticles 
within a polymer matrix should also contribute to the electrical behavior of 
nanocomposites. For example, it seems reasonable to think that particles in the form of 
nanoplatelets (graphene for instance) are the best fillers to achieve those small 
capacitors within the polymer matrix, after them nanofibres and nanotubes (carbon 
nanotubes) and finally, other kind of particles with different shapes. Besides, dispersion 
must be also an important factor since uniform dispersion should ensure the maximum 
efficiency in terms of space occupation and therefore available filler surface to be in 
contact with the polymer. In the case of platelets, fibers and tubes it is evident that a 
parallel arrangement of them without forming aggregates should lead to the optimal 
dispersion of particles. Therefore, methods to disperse particles that favor a parallel 
arrangement of them are preferred. 
 
Carbon nanotubes, single (CNT) or multiwalled (MWCNT), can be a good choice to 
enhance the permittivity of polymers by the preparation of nanocomposites because of 
their high electrical and thermal conductivities. Besides, due to their aspect ratio CNT 
should facilitate the formation of conducting channels, leading to quite low percolation 
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thresholds. Other interesting characteristics of CNT are their high tensile strength and 
Young’s modulus with values around 100 GPa and 500 GPa, respectively [8] , which 
make them good candidates to improve mechanical properties of polymers [9, 10]. 
 
Among the polymers with especial electrical properties, poly(vinylidene fluoride), 
PVDF, is receiving special attention [11]. It is a semicrystalline polymer with piezo and 
pyroelectric properties. This polymer is biocompatible, presents good mechanical 
strength and is quite resistant against hydrolysis, abrasion and radiation [12]; therefore, 
its choice respect to other conventional electroactive materials can be easily justified. 
However, properties of PVDF based materials are highly dependent on the morphology 
and polymer structure. 
 
One of the most interesting peculiarities of PVDF is that it may mainly appear in four 
different crystalline phases, α, β,  and  or mixtures of them [13–15]. The most stable 
is the α phase; however, the β phase is the most popular because it presents the highest 
piezo- and pyroelectric responses [16, 17]. Thus, important efforts have been addressed 
to increase the fraction of β phase, trying to improve the electroactive behavior of the 
polymer. Regarding this issue, reported literature points out that, in general, the main 
methods to increase the β phase fraction in PVDF are: i) preparation of films from 
solution after a controlled process of evaporation [18–20] and ii) to induce 
conformational changes on the polymeric chains by exerting certain stresses that 
enhance the preferential orientation of the macromolecules [10, 21–23]. 
 
On the other hand, it has been also shown that the addition of certain fillers within 
semicrystalline polymers may affect, among others, the morphology in terms of 
spherulites and lamellar sizes, and the crystalline structure [15, 18, 24–27]. In fact, it 
was reported that addition of CNT to PVDF can induce appearance of β-phase [10, 28]. 
Besides, carbon nanotubes may act as nucleating agents of PVDF exerting a 
crystallization confinement that depends on the nanotubes concentration [29, 30]. 
Therefore, if carbon nanotubes are dispersed in a parallel way within PVDF polymer, by 
simply changing the composition, nanocomposites covering a wide range of electrical 
properties should be able to obtain. However, to overcome the later, it would be 
necessary to look for a processing method that allows obtaining a uniform dispersion of 
nanoparticles that, in addition, helps to orient the macromolecular chains. 
 
Among the existing processing methods, electrospinning, ES [31] and solution blow 
spinning, SBS [32, 33] might be good candidates. Several authors have demonstrated 
that fibrous composites formed by carbon nanotubes dispersed in polymers can be 
fabricated by electrospinning, being the carbon nanotubes well aligned within the 
polymeric fibers [34–36]. However, this method of processing needs to apply high 
voltages between the polymer dispenser and a conductive target where the fibers are 
deposited. Besides, this method usually implies low deposition rates so, for certain 
applications it can be a disadvantage in terms of mass production. In those cases, SBS 
seems to be a better option. It allows direct dispensation of mat films onto specific 
locations or substrates with a considerable higher material production rate [32, 37, 38]. 
After finding the best conditions, SBS may produce micro and submicrometric fibers 
similar to those obtained by electrospinning [32, 33]. The process is carried out with a 
device composed by a concentric nozzle through which a polymer solution is ejected by 
the action of pressurized gas also introduced in the nozzle. Besides, as far as the present 
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authors know there are not many works published about mats of submicrometric fibers 
created by SBS where carbon nanotubes are dispersed in a polymer [39]. 
 
In this work, PVDF based nanocomposites in the form of mats are fabricated by SBS. 
Multiwalled carbon nanotubes are used as the nanofiller. Apart from this, different 
amounts of MWCNT or nocomposite composition are taking into consideration. On the 
other hand, physico-chemical characterization of the obtained materials is carried out in 
order to understand the influence of the presence of carbon nanotubes on the PVDF 
structure and morphology so as their direct and/or indirect effect in some of the final 
properties of the composites. 
 
2. Materials and Methods 
 
2.1. Materials 
 
To prepare the nanocomposites poly(vinylidene fluoride), PVDF, was used as the 
polymer matrix (Sigma-Aldrich; Mn = 10,700; Mw = 27,500; and density 1.78 g/cm3) 
and multi-walled carbon nanotubes, MWCNT, as the nanofiller (Sigma-Aldrich; with 
95 wt% of pure carbon, diameters ranging from 6 to 9 nm, lengths of about 5 m and 
density 2.1 g/cm3). Dimethylformamide, DMF, and acetone, Ac, HPLC grade solvents 
(Aldrich) were used to prepare the solutions and suspensions to be blow spun. 
 
2.2. Samples preparation 
 
A mixture of DMF/Ac with a volume ratio of 1:9 was used as the solvent to prepare the 
solutions and suspensions for the SBS process. Then, the mount of polymer necessary 
was added to the solvent to finally have mixtures of 11% by weight in terms of PVDF. 
On the other hand, to prepare the suspensions, the required amount of MWCNT were 
firstly added to 4 mL of the DMF/Ac mixture, sonicated for 30 min at room temperature 
and finally added to the PVDF solution in DMF/Ac. The relative amounts of MWCNT 
in the composites considered in the present work were 0%, 0.5%, 1%, 2%, 3% and 5% 
by weight respectively. 
 
Films in the form of mats of PVDF based materials were obtained using a home-made 
SBS equipment inspired in that patented by Medeiros et al. [32, 40] The SBS machine is 
composed by a nozzle connected to an air compressor with a pressure regulator and a 
plastic syringe coupled to an automatic pump (NE 1000 X, New Era System, Inc., 
Farmingdale, NY). The nozzle was made of a tube (inner diameter 0.7 mm) of 
aluminum with a hole to introduce air at 2 bars, and a glass capillary (inner diameter 0.5 
mm) positioned along the aluminum cylinder so it protruded 2 mm beyond. The 
mixtures pumped at 0.5 mL/min and ejected from the nozzle were deposited on a 
rotating cylindrical collector wrapped with aluminum foil (Fig. 1) and located at 15 cm 
of working distance. 
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Fig. 1 Mat of PVDF/MWCNT material deposited on a cylindrical collector. 
 
 
2.3. Equipments 
 
Sample thicknesses were measured using a thickness-meter Easy-check FN of 
NEURTEK Instruments with an accuracy of ± 1 µm and a Digimatic micrometer 
(Mitutoyo Corporation) with also an accuracy of ± 1 µm. Six measurements were 
performed with each micrometer and, finally, the mean value from the 12 measurements 
was taken. 
 
The morphology of the samples was studied by optical, OM, and scanning electron, 
SEM, microsocopies. In the first case, an opto-digital microscope OLYMPUS DSX500 
was used to obtained 3D images (objective ×40). Twenty linear profiles were taken 
from the 3D images to subsequently extract roughness parameters. In the second case, 
submicrometric fibers were inspected with a Philips XL30 scanning electron 
microscope, using the secondary electrons signal, SE. To avoid charge accumulation, 
samples were gold coated by sputtering with a conventional anodic deposition method 
using a low vacuum coater Leica EM ACE200. 
 
To see the MWCNT within the PVDF, transmission electron microscopy, TEM, was 
used (Philips Tecnai 20F FEG analytical microscope operating at 200 kV). 
 
Viscosity measurements were carried out using a Haake viscosimeter iQ Rheometer 
(Thermo Scientific) at 20 ºC and in a parallel plane configuration (Plate P60/Ti/SE). 
Nine cycles ranging from 100 to 900 s-1 were performed taking 100 measurements 
during each cycle in 30 s. 
 
Infrared spectroscopy was performed in the transmission mode using a FT-IR Spectrum 
GX (Perkin-Elmer). As transparent sample holder to IR radiation, potassium bromide 
(KBr) discs were used. Systems to be studied were simply blow spun on the KBr discs. 
Spectra were recorded in the range 400-4000 cm-1 taking the average of 20 scans with a 
resolution of 2 cm-1. 
 
Thermal analyses were carried out by differential scanning calorimetry, DSC, using a 
Mettler Toledo 822e calorimeter under nitrogen atmosphere. Samples (2-4 mg) were 
subjected to four thermal cycles: i) a heating process from 30 to 190 ºC at 10 ºC/min; ii) 
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an isothermal process at 190 ºC for 10 minutes to ensure that the processing and thermal 
history of the samples are erased; iii) a cooling process from 190 ºC to 30 ºC at 10 
ºC/min and iv) a second heating from 30 to 190 ºC at 10 ºC/min. The melting points, 
Tm, and the enthalpies of fusion, ∆Hm, were obtained from the DSC endothermic peaks 
and their integrations respectively. To calculate the crystallization degree, Xc, the 
following equation was used (eq. 1). 
 
𝑋𝑐 =

∆𝐻𝑚
(1−𝑥)·∆𝐻𝑚

0     (1) 

 
where x is the weight fraction of MWCNT and Hºm is the standard enthalpy of fusion 
for the fully crystallized PVDF, Hºm = 104.7 J/g [41]. It is important to highlight that 
apart from knowing the influence of the presence of the MWCNT on the thermal 
behavior it is also important to study the influence of the processing method used (the 
solution blow spinning). That was the reason way the DSC trace of the first heating was 
analyzed without erasing the thermal and/or processing history of the materials. 
 
Surface characteristics of the materials were studied by contact angle measurements 
using an OCA-15 KRÜSS GmbH tensiometer based on the drop method. Distilled and 
deionized water was used as the test liquid. The final value of contact angle was taken 
from the average of the contact angles measured from 10 drops of 3 L deposited on 
different locations of the same surface. 
 
The electrical tests were carried out using a homemade cell composed of two aluminum 
circular electrodes with a stem supported by a structure made of two thick sheets of poly 
methyl methacrylate (see Fig. 2). Circular specimens were located in between the 
circular electrodes (12 mm of diameter) while the cell was connected to the equipment 
of measurement through copper wires. After making a slight pressure with a couple of 
wing nuts, the capacitance, C, of the samples was directly measured using a digital 
multimeter Mod 60.131 ELECTRO DH. The dielectric constant (k) or relative 
permittivity, r, was calculated from the expression: 
 
𝜀𝑟 =

𝑑

𝐴·𝜀𝑜
· 𝐶   (2) 

 
where 0 = 8.854 ×10-12 F/m is the permittivity of vacuum, A, the electrode area in 
contact with the sample and d the thickness of the sample. 
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Fig. 2 Home-made cell to carry out the electrical tests. 
 
 
3. Results and Discussion 
 
In Fig. 3, as an example, plane projections of 3D optical images of PVDF with and 
without MWCNT are presented. For all the samples, the morphology consisted on webs 
made of fibers sometimes interconnected by lumps of material. The materials with 
MWCNT showed dark regions, pointing out accumulation of MWCNT as expected 
attending their opacity. After a more careful observation it can be seen how dark spots 
are distributed all along the fibers (see zoomed image in Fig. 3c) which suggests a quite 
good dispersion of the MWCNT throughout the fibers. However, the optical images had 
not resolution enough as to give the dimensions of the fibers and, therefore, to fully 
study the influence of the presence of the MWCNT on the final morphology of the 
materials. Besides, optical microscopy observations do not offer the possibility of 
accurately locating the MWCNT within the PVDF. Due to this, nanocomposites were 
inspected by TEM. 
 

 
 
Fig. 3 Plane projection of 3D optical images of a) PVDF; b) PVDF 1% MWCNT 
by weight and c) zoomed area of image b). Scale bars indicate 100 m. 
 
 
In Fig.4 a representative TEM image of SBS fibers of the nanocomposite with 1% wt of 
MWCNT is shown. Two fibers with diameters of 110 nm and 450 nm respectively and 

a)

b)

c)
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a region with more accumulation of material are shown. It can be highlighted two 
regions represented as zoomed images (500 nm of size) in Fig. 4. The region A, 
showing how the nanotubes are mainly placed stretched along the SBS fiber and, the 
region B which would represent one of those lumps of material shown in the optical 
images (Fig. 3), where the nanotubes seem to be arranged in a random coil way. 
Although it seems that the random coil arrangement of MWCNT in the region B occurs 
within a kind of PVDF globules, SEM images, as will be seen later, shown that those 
globules are actually formed by thin fibers. This result suggests that MWCNT are 
always arranged throughout the polymer fibers; in other words, SBS, under the 
conditions selected, allows obtaining a good alignment of MWCNT within the PVDF 
fibers and, therefore, achieving one of the most important prerequisites for an effective 
reinforcement if the load is applied parallel to the nanofiller arrangement. 
 

 
 
Fig. 4 TEM image of representative SBS fibers obtained for the nanocomposite 
with 1% wt of MWCNT. Scale bar indicates 500 nm. 
 
 
In Fig. 5 and 6 SEM images of blow spun nanocomposites with different amount of 
MWCNT are presented. In every case fibrous morphology was observed. In general, the 
mean diameter of the fibers does not seem to change with the amount the MWCNT 
added to the PVDF polymer. However, if there were any particular tendency in the 
fibers sizes it should be better seen in the histograms shown as insets in Fig. 5. From 
these histograms the standard deviation, , the first moment of the distributions, <D>, 

A

B

A

B
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the most probable diameter, Dm, so as the data dispersion represented by the quotient 
between the second and the first moment of the distribution, , can be obtained (Table 
1). 
 

 
 
Fig. 5 SEM images of solution blow spun nanocomposites with different amount 
of MWCNT (weight percentages): a) 0%; b) 0.5%; c) 1%; d) 2%; e) 3% and f) 
5%. 
 
 

a) b)

c) d)

e) f)
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Fig. 6 SEM images of solution blow spun nanocomposites at different amount of 
MWCNT (weight percentages): a) 0%; b) 0.5%; c) 1%; d) 2%; e) 3% and f) 5%. 
 
 
As can be seen, correlations cannot be found between the fibers morphology and the 
amount of MWCNT. There is only one difference observed as a function of nanofiller 
content, the amount of fibers caking in the form of globules, in agreement with that 
observed by optical microscopy. By a careful observation of one of those globules it can 
be concluded that they are mainly formed by an accumulation of fibers (Fig. 6). Seoul et 
al. fabricated similar materials by electrospinning. They shown a clear dependence of 
the viscosity and other properties of the suspensions on the nanofiller content 
represented by changes in the morphology [42]. Therefore, one might think that 
viscosity changes is one of the main causes affecting solution blow spun fibers. In fact, 
Fig. 7 shows how there is a clear viscosity increase of the MWCNT suspensions as the 
MWCNT amount increases. 
 

a) b)

c) d)

e) f)
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Fig. 7 Viscosity of MWCNT suspensions as a function of the relative amount of 
MWCNT respect to PVDF. 
 
 
Table 1 Statistical parameters obtained from the histograms of Fig. 5: Standard 
deviation, , the first moment of the distributions, <D>, the most probable 
diameter, Dm, and data dispersion, . 
 

Sample MWCNT (% wt) <D> (nm) Dm (nm)  (nm)  
PVDF-0% 0 767 408 449 1.3 

PVDF-0.5% 0.5 869 392 582 1.5 
PVDF-1.0% 1 695 413 357 1.3 
PVDF-2.0% 2 866 405 599 1.5 
PVDF-3.0% 3 775 475 437 1.3 
PVDF-5.0% 5 770 396 574 1.3 
 
 
It is evident that for SBS, as in the case of electrospinning, changes in the viscosity of 
the suspension should lead to differences in its output speed from the nozzle. For higher 
viscosity, slower displacement of the suspension is expected, favoring higher 
accumulation of material in the nozzle gate. Besides, higher viscosities should exert 
more resistance to the deformation of the suspension. Both consequences of higher 
viscosities suggest the creation of thicker fibers by solvent evaporation. 
 
However, more factors affecting the fiber formation during their time of flight are 
expected; among them, one of the most important seems to be the evaporation rate, 
which, in turn, depends on many other factors such as room conditions (temperature, 
pressure, and relative humidity), nature of the components and composition of the 
suspension. Therefore, a conclusive analysis of the morphology of the SBS materials 
with physico-chemical meaning would require an especial work only focused to this 
particular issue. 
 
In Fig. 8 FTIR spectra of the SBS samples are represented. Well documented 
bibliography about the bands assignment respect to the main phases appearing in the 
PVDF were used [15, 43]. Dotted lines were drawn in Fig. 8 pointing out the position 
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where the characteristics bands of the main polymorphs should appear. After this, the 
method proposed by Cai et al [43] was followed to quantify the presence of the three 
main phases and to study the influence of the incorporation of MWCNT. 
 

 
 
Fig. 8 FTIR spectra of all the SBS samples prepared. 
 
 
First of all, the peaks considered as common peaks (880, 1072 and 1401 cm-1) were 
taken out from the analysis because they might belong to any of the three main phases 
[43]. As can be seen at 614 cm-1 and 763 cm-1, where usually appear two of the sharpest 
bands of α phase, there is not any peak. This result points out that solution blow 
spinning of the system PVDF/MWCNT, at least under the processing conditions used, 
leads to materials for which the PVDF does not crystallize in the α phase. On the other 
hand, the exclusive bands of the β phase at 473 and 1275 cm-1 and the exclusive band of 
the  phase at 1234 cm-1 could be identified (Fig. 8), suggesting that both phases of the 
PVDF appear in the materials under study. Taking into account the experimental 
evidences already mentioned, it is clear that one way of quantifying the relative amount 
of β and  phases would be the use of the relative absorbances (peak area or peak 
height) of the two bands at 1275 and 1234 cm-1 respectively as proposed Cai et al [43]. 
Although in the present work the same idea for the analysis was taken, the analytical 
expression was slightly changed. 
 
Instead of using height differences between peaks and the nearest valleys, the absolutes 
absorbances were taken after a base line correction between the minima [44, 45]. 
 
𝐹(𝛽) = 𝐹𝐸𝐴 × (

𝐴𝛽

𝐴𝛽+𝐴𝛾
)   (3) 

 
where F(β) is the fraction of β phase, FEA is relative fraction of the electroactive phases 
β and  that should have a value of 1 since no evidence of α phase was observed in the 
FTIR spectra (Fig. 8). Aβ and A are the absolute absorbances at 1275 cm-1 and 1234 
cm-1 respectively after the corresponding base line correction. 
 
In Fig. 9 the relative amount of β phase is represented as a function of the MWCNT 
content. It is observed a slight tendency of β phase to increase when carbon nanotubes 
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are added to the PVDF by solution blow spinning. This result is in accordance with 
those obtained by other researchers for PVDF composites using different nanomaterials, 
e.g. clay, metal, metal oxide nanoparticles, CNTs and grapheme. In those cases, it was 
stated that nanofillers favor the formation of piezoelectric polymorphs [46–48]. 
 

 
 
Fig. 9 Relative amount of the β phase plotted as a function of the MWCNT 
content. 
 
 
In Fig. 10a DSC traces corresponding to the first heating of all the samples under study 
are shown. Typical endothermic peaks at 165 ºC are obtained. They can be ascribed to 
the PVDF melting process. Although it can be seen small differences in the general 
profile of the endotherms they do not seem to be due to changes in the MWCNT content 
since correlations were not observed. A possible explanation of those slight variations 
might be due to motions in the spun fibers when the melting process is occurring.  
 

 
 
Fig. 10 DSC traces corresponding to the first (a) and second (b) heating scans of 
all the samples under study. 
 
 
Considering data elsewhere published about the melting temperature of PVDF obtained 
from DSC thermograms there is an important discrepancy about the interpretation of the 
values taken at the maxima of the endothermic peaks [15, 46, 48–54]. 
 
In general, lower values of melting temperatures, at about 165 ºC, are usually assigned 
to the fusion of the α phase [46, 48, 49, 53]; however, this assignment would not be in 
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accordance with our results since FTIR clearly showed the presence of mainly β phase 
in the samples under study (with endothermic peaks at 165 ºC, Fig. 9a). However, while 
some authors have stated the opposite [55] respect to the assignation of the polymorphs 
from the DSC results, other affirmed that the DSC only allows evaluating with accuracy 
the degree of crystallinity of PVDF and it does not seem to be very useful for 
distinguishing between the different phases, at least between α and β phases since the 
melting temperatures of these polymorphs are very close, both appear in the range 162–
172 ºC [56]. 
 
Only in the case of the  phase the DSC seems to differentiate it from the other 
polymorphs since its melting peak is observed at higher enough temperatures in the 
range 179–180 ºC [57, 58]. Therefore, the most plausible explanation for the shifts 
observed in the melting temperatures found in the range 160-172 ºC is to consider that 
they are more likely to be due to differences in the lamella thicknesses and other 
morphologic variations rather than by the difference in the proportion of crystalline 
phases [52, 59]. An experimental evidence of the later are the results obtained in the 
second DSC heating scans (Fig. 10b), after erasing the thermal history. In those cases, 
regardless the MWCNT content, all melting peaks appear at higher temperatures close 
to 169 ºC. 
 
In fact, after erasing the thermal history the α phase is the main polymorph in the 
samples as can be deduced from the FTIR spectra (Fig. 11) which clearly show bands at 
614 cm-1 and 763 cm-1 respectively. Therefore, higher melting temperatures does not 
necessarily mean higher content of β phase. 
 

 
 
Fig. 11 FTIR spectra of neat PVDF and PVDF filled with 5% of MWCNT, in 
both cases after erasing the thermal history. 
 
 
Assuming the absence of the α phase for the SBS samples one way of estimating the 
value of the melting temperature for the β phase, Tβ, may be the use of a simple rule of 
mixtures taking the quite accepted value of 180 ºC for the melting temperature of the  
phase, T [57, 58]. 
 
Ts = F(β)·Tβ + [1-F(β)]·T    (4) 
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where Ts is the melting temperature of the sample and F(β) is the volume fraction of the 
β phase. 
 
Therefore: 
 
𝑇𝛽 =

𝑇𝑠−[1−𝐹(𝛽)]·𝑇𝛾

𝐹(𝛽)
   (5) 

 
Taking the values from the Fig. 9, a value of 160  1 ºC was obtained for the melting 
point of the β phase. On the other hand, for the first heating scans the average of the 
melting temperatures taken at the maxima is 165 ºC with only a deviation of 1 ºC. This 
result suggests that in the case of occurring any phase variation as a function of the 
nanofiller content, it should be so low as to lead to the thermal changes to be within the 
thermal accuracy of the DSC,  0.5 ºC. Using the melting temperatures of 160 ºC and 
180 ºC for the beta and gamma phases respectively, taking again the FTIR results (Fig. 
9) and taking into account that the crystalline fraction obtained from eq (1) remains 
constant regardless the filler content with a value of about 51  4 %, the highest 
variation expected on the melting temperature would be of only 0.8 ºC close to the DSC 
accuracy. 
 
The Table 2 gathers the average values of the roughness parameter Ra and the contact 
angle with water for some of the samples prepared (representative images of water 
drops used to measure the contact angles on the materials under study are shown in 
Figure 12). Considering the error, the roughness does not change with the filler content 
which will be in accordance with the morphology results obtained from the analyses of 
the SEM images (Table 1). However, the values of roughness seem to reflect certain 
tendency. There is a slight roughness increase when the amount of MWCNT increases 
in the nanocomposites. On the other hand, the contact angle formed by a drop of water 
follows the same tendency suggesting that the addition of MWCNT to the PVDF by 
SBS increases the hydrophobicity of the materials due to the simply increase of 
roughness. This result may have interesting consequences in terms of the final 
application of this kind of materials; for instance, when they have to be used in adverse 
ambient conditions where the presence of water could cause serious damages. 
 
 
Table 2 Average values of the roughness parameters Ra, Rq and the contact angle 
with water. 
 

Sample MWCNT 
(% wt) Ra (m) Rq (m) CA (o) 

PVDF-0% 0 2.1  0,5 2.7  0.6 129  4 
PVDF-0.5% 0.5 2.0  0.3 2.5  0.3 132  2 
PVDF-1.0% 1 2.3  0.4 2.9  0.5 132  4 
PVDF-2.0% 2 2.5  0.4 3.1  0.5 134  4 
PVDF-3.0% 3 2.1  0.5 2.6  0.6 134  3 
PVDF-5.0% 5 2.8  0.7 3.4  0.9 136  6 
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Fig. 12 Representative images of water drops used to measure the contact angles on the 
materials under study. Compositions in weight percent of MWCNT are written on the 
images. 
 
 
In the Table 3 the averaged values of the permittivity obtained from eq. 2 are presented. 
They were calculated using five measurements of capacities in 5 specimens. The value 
of permittivity, r, for the neat PVDF was lower to that given by other authors in the 
range from 6 to 10 [8, 9]. A possible explanation of this apparent discrepancy may come 
from the consideration that the SBS films are actually porous materials and therefore a 
contribution of the air within the pores should also account to the polarization 
phenomena. Considering a simple model based on the rule of mixtures, the permittivity 
might be expressed by the equation 6: 
 
𝜀𝑟 = 

𝑎𝑖𝑟
· 𝜀𝑎𝑖𝑟 + 

𝑚
· 𝜀𝑚   (6) 

 
where r, air, m are the permittivities of the solution blow spun material, air and bulk 
material respectively while, air and m are the volume fractions of the air and the PVDF 
based material in the SBS material. Taking the value of 1 for the electrical permittivity 
of the air, and values from 6 to 10 [8, 9] for the permittivity of the PVDF, an estimation 
of the volume fraction of air contained in the SBS PVDF can be obtained. 
 

𝑎𝑖𝑟

=
𝜀𝑚−𝜀𝑟

𝜀𝑚−𝜀𝑎𝑖𝑟
   (7) 

 
Making calculations, the estimated volume fraction of air in the SBS PVDF would be 
within the range 0.7 – 0.8. 
 
 
Table 3 Mean values of the permittivity obtained using eq. 2. 
 

Sample r 
PVDF-0% 3.0  0.2 

PVDF-0.5% 4.9  0.4 
PVDF-1.0% 3.3  0.2 
PVDF-2.0% 117  33 
PVDF-3.0% 590  25 
PVDF-5.0% 672  33 
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Another way of estimating the volume fraction of air might be by the use of gravimetry. 
The volume of the specimens, VT, is calculated using their accurately measured 
dimensions. Then, the specimens are weighted in a microbalance and by using the 
PVDF density the real volume of the PVDF can be obtained, VPVDF=mass/density. 
Finally, the volume of air within the pores of the specimens can be obtained by 
subtraction, Vair = VT – VPVDF and therefore the volume fraction of air, air=Vair/VT. 
Using the gravimetric method the volume fraction of air obtained for the SBS neat 
PVDF was 0.63, which is nearly in accordance with that estimated from the capacity 
measurements. 
 
Finally, in order to better visualize the electrical effect of the presence of MWCNT in 
the PVDF polymer a plot of the permittivity as a function of the nanotubes content is 
shown in Fig. 13. It can be observed how the permittivity slightly increases at low 
concentrations of MWCNT up to about 1% by weight. Then, there is an abrupt increase 
and, at a weight fraction of about 3%, the permittivity starts levelling off. This 
behaviour points out the existence of a clear transition (electrical percolation) in the 
system from a dielectric to a conductive material. Designing materials trying to control 
the point at which this transition occurs is more than essential since it would be possible 
to prepare a material from one having a relatively low dielectric constant to other with a 
conductivity that might even be modulated depending on the temperature 
(piroelectricity). 
 

 
 
Fig. 13 Electrical permittivity for the SBS system PVDF/MWCNT as a function 
of the MWCNT content. 
 
 
In order to estimate the percolation composition in the system PVDF/MWCNT the data 
of Fig. 13 were fitted using a logistic function (red dashed-dot line) to subsequently 
obtain its derivative which maximum pointed out the value of the percolation fraction in 
weight percent, pf=2.3 %, for the SBS PVDF/MWCNT system. This value of 
percolation is close to those that can be found in the literature from 1.2 wt% to 2.5 w% 
[20, 60, 61]. 
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Solution blow spinning, SBS, was used to prepared nanocomposites based on 
poly(vinylidene fluoride), PVDF, filled with multiwalled carbon nanotubes, MWCNT. 
Mats constituted by submicrometric fibers with MWCNT uniformly dispersed and well 
aligned along the PVDF fibers were obtained. Although the amount of MWCNT 
nanofiller did not affect much the fibrous morphology of the materials, slight effect on 
the surface roughness and consequently on the hydrophobicity occurred. It was 
observed that SBS used to prepare the system PVDF/MWCNT, at least under the 
processing conditions used, lead to materials for which the PVDF only crystallized in 
the β and  phases, being the former increased with the MWCNT content. On the other 
hand, complementary studies by FTIR and DSC evidenced that, higher melting 
temperatures of the PVDF does not necessarily mean higher content of β phase as 
several authors have stated. Finally, the representation of electrical permittivity as a 
function of MWCNT content allowed obtaining a value of the percolation fraction of 
pf=2.3% (weight percent). The main consequence of the information obtained is the 
possibility of designing porous reinforced PVDF materials, preferentially crystallized in 
the most electroactive phases, having under control the point at which the electrical 
percolation occurs. Thus, there exists the possibility of tailoring novel piezoelectric 
materials for which conductivity might be tuned depending on temperature 
(piroelectricity). 
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