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Abstract In this paper novel electro-active polyamide
12 (PA12) based nanocomposites were prepared though
melt compounding by adding different kinds of carbo-
naceous nanofillers. The thermo-electrical properties of
the bulk samples were then compared with those of the
corresponding fibers. FESEM images highlighted an ho-
mogenous dispersion of carbon black (CB) and carbon
nanofibers (CNF) within the matrix, while exfoliated
graphite nanoplatelets (xGnP) based nanocomposites
showed an aggregated morphology. A slight increase
of the glass transition and of the crystallization temper-
ature was evidenced by DSC tests, while thermogravi-
metric analysis showed an improvement of the thermal
degradation resistance. Nanofiller addition promoted
substantial increments of the elastic modulus coupled
with an electrical resistivity drop up to 103 Ω cm, with
interesting synergistic effects for nanocomposites filled
with both CB and CNF. FESEM micrographs on the
fibers demonstrated how the drawing process promoted
the breakage of CB aggregates and their alignment
along the drawing direction, leading to an increase of
both the elastic and failure properties with respect to the
neat fibers. On the other hand, nanofiller orientation led
to an electrical resistivity enhancement of two orders of
magnitude with respect to the corresponding bulk

materials, and a CB amount of 10 wt% was thus re-
quired to observe a sensible fiber heating upon voltage
application.
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Introduction

It has been widely recognized that nanoscale effects in
polymer matrix nanocomposites can significantly affect
the physical properties of plastics in terms of elastic
modulus [1], impact behaviour [2], thermal degradation
and fire resistance [3–6]. It is also clear that traditional
polymer matrices are generally characterized by a limit-
ed electrical conduction capability [7], but several
methods can be applied to prepare electrically conduc-
tive polymers [8, 9]. The addition of conductive fillers
such as carbon black (CB), carbon nanotubes (CNTs),
exfoliated graphite nanoplatelets (xGnP) or metal parti-
cles to polymers is probably the most promising tech-
nique, and several electro-active nanocomposite systems
were recently developed by our research group [10–14].
Above a critical filler concentration (i.e. percolation
threshold), a conductive path within the polymer matrix
constituted by a network of filler particles aggregates
can be formed [15–17]. These materials find a wide
application in films for packaging of sensitive electron-
ics components, where charge dissipation and electrical
conductivity are key technological requirements. In
these materials, the achievements of a good filler dis-
persion quality represents one of the most critical issues,
and an inhomogeneous dispersion can determine serious
technical problems such as heavy process dependency.
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Starting from 1935, polyamides received both scien-
tific and industrial attention, because of the possibility
of developing fibers and bulk materials with elevated
technological properties. After nylon 6,6 and nylon 6,
other kinds of aliphatic polyamides have been produced.
Among them, nylon 11, nylon 12, and nylon 6,10 have
become of specialized interest as plastics materials [18,
19]. Thanks to the higher methylene/amide ratio (11/1),
nylon 12 (PA12) is endowed with a lower melting tem-
perature (about 180 °C) with respect to PA66 (10/2). In
the last 50 years, PA12 has been utilized as replacement
of commodity nylons in every primary polymer process,
including extrusion, injection molding and blow mold-
ing [20]. Moreover, the preparation of PA12 based
blends and composites has been widely considered in
l i t e ra ture . For ins tance , uncompat ib i l ized and
compatibilized blends based on polyamide 12 (PA12)
and isotactic polypropylene (PP) were investigated by
Jose [21] and Tang [22]. Microfibrillar reinforced com-
posites were developed by Sarkissova et al. [23]
through a reactive melt extrusion of PET and polyamide
12 in the presence of a catalyst. Several examples can
be found in literature about the characterization of PA12
based nanocomposites prepared to enhance the physical
properties of neat polyamide 12. In most of these
works, organically modified clays were considered
[24–27]. In our previous papers on polyamide 12 com-
posites, it was demonstrated the possibility to reinforce
this polymer matrix with polyamide 66 recycled fibers
[28] and aramid regenerated fibers [29]. In both cases,
interesting improvements of the thermo-mechanical
properties with respect to the neat PA12 were detected.

Polyamide 12 can be applied in the production of
injection molded parts, but it can also be extruded in
sheets, films, profiles or in non-woven fabrics. Due to
their low cost and high efficiency, polymeric non-woven
fabrics are extensively applied in air and liquid filters
for the automotive field and industrial equipment [30].
Thanks to their elevated porosity, large surface area,
dust-free, low-cost, easy processability and modifiability,
these products can be also applied for hygiene, family
and medical use. From a microstructural point of view,
nonwovens are constituted by thin fibres assembled to-
gether to form a web and can be manufactured through
different processes (i.e. wet- or air-laid, spunbond or
meltblown). In a recent work of our group [30], an
organo-modified clay (OMC) was additivated to a poly-
amide 6 (PA6) matrix at various concentrations during
the polymerization stage or by melt compounding in a
twin-screw extruder, and the resulting pellets were used
for the production of depth filters in the shape of cylin-
drical nonwoven webs melt-blown. The effect of the
nanofiller addition on the processability, the thermo-

mechanical properties and filterability capability of the
prepared materials was investigated. The role of CB
introduction of the physical properties of Nylon 12
based nanocomposites was partially investigated in the
last years. For instance, Athreya et al. explored the pos-
sibility to process an electrically conductive polymer
nanocomposite made of Nylon 12 reinforced with
4 wt% of CB through Selective Laser Sintering (SLS)
technique [31]. It was demonstrated how carbon black
filled Nylon-12 nanocomposites could be successfully
made by SLS, with a reduction of the elastic modulus
for the nanocomposite samples due to the formation of
a segregated nanofiller structures and a weak polymer–
filler interface. In another paper of Yanagizawa et al.
the dependency of the electrical conductivity of CB
filled Nylon-12 fibers on the spinning conditions was
studied [32]. However, a systematic investigation of
the role played by different kind of carbon based
nanofillers on the thermo-electrical properties of Nylon
12 based nanocomposites has never been performed
before.

Therefore, the objective of the present paper is the
development and the thermo-electrical characterization
of innovative PA12 based nanocomposites, filled with
different kinds of commercial carbonaceous nanofillers
(CB, CNTs and xGnP). This research was performed
in collaboration with UFI Innovation Center Srl, an im-
portant producer of innovative fluid filters for the auto-
motive sector. This work represent a part of an experi-
mental activity focused on the development of innova-
tive nanocomposite melt blown conductive filters, that
could be heated through Joule effect at different volt-
ages. The effect of the nanofiller addition on the phys-
ical properties of the bulk materials was analyzed.
Furthermore, the properties of the bulk samples were
compared with those of the fibers.

Experimental part

Materials

A Rilsan PA12, supplied by Arkema (Nanterre, France), was
used as matrix (density 1.02 g/cm3, melting temperature
178 °C). Ketjenblack EC600JD carbon black (mean particles
size 30 nm, BET surface area 1353 m2/g, density 1.95 g/cm3)
was provided by Akzo Nobel Chemicals Spa (Arese, Italy).
NanoAmor 1195JN vapour grown carbon nanofibers (density
1.78 g/cm3, BET specific surface area 28.8 m2/g, mean length
5–40 nm, core diameter 0.5–10 nm, outside diameter 240–
500 nm) have been purchased by NanoAmor Inc. (Houston,
TX, USA). Exfoliated graphite nanoplatelets (density 2.05 g/
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cm3, purity 97 wt%) were supplied by XG Science Inc. (East
Lansing, MI, USA).

Samples preparation

Before to be used, all the materials have been dried in a
Moretto X Dry Air drier at a temperature of 80 °C for
6 h with an air flow of 7 Nm3/h. Polymer granules and
the filler were then melt-compounded for 5 min in a
Thermo-Haake Polylab Rheomix 600p at 200 °C and
at a rotor speed of 50 rpm. The resulting materials were
then hot-pressed at 200 °C for 5 min in a Carver
Laboratory Press in order to obtain square sheets with
a thickness between 1 and 1.2 mm, applying a pressure
of 0.33 MPa. In order to avoid moisture absorption, all
the sample were kept in a vacuum bag before the test-
ing operations. In this way, CB, CNT and xGnP nano-
composites with filler concentrations between 0.5 and
6 wt% were prepared. In order to evaluate possible syn-
ergistic effects between the nanofillers, also nanocom-
posites samples containing both CB and CNF were pre-
pared at different relative concentrations, keeping a total
filler content of 4 wt%. In Table 1 the list of the pre-
pared samples is reported.

For as concerns the preparation of polymer fibers, the pre-
pared bulk materials were grinded and the resulting granules
were utilized to feed an Estru 13 single screw extruder (Friul
Filiere, Udine, Italy), with a L/d ratio of 15 and a screw diam-
eter of 14 mm. A screw speed of 30 rpm and a temperature
profile of 180/200/200/200 °C were utilized. In this way neat
PA12, PA12-CB-3/CNF-1 and PA12-CB-10 nanocomposite
fibers were prepared. The resulting filaments were then drawn
at 100 °C at different draw ratios.

Experimental methodologies

Microstructural features of the cryofractured surfaces of
the prepared composites were investigated through a
Zeiss Supra 40 field emission scanning electron

microscope (FESEM), equipped with an exclusive
Gemini column.

DSC measurements were carried out with a Mettler
DSC30 calorimeter. All the tests consisted of 3 ramps at
10 °C/min: a first heating from 0 °C to 250 °C, a cooling
stage from 250 °C to 0 °C and a second heating from
0 °C to 250 °C. All the tests were performed under a
nitrogen flow of 100 ml/min. The most important thermal
properties of the materials, such as glass transition temper-
ature (Tg), melting temperature (Tm) and crystallization
temperature (Tc), were determined. Moreover, the crystal-
linity content (Xc) was computed by dividing the specific
heat of fusion of the samples by the reference value of the
melting hentalpy of fully crystalline PA12 (i.e. equal to
95 J/g [33]), taking into account the real weight fraction
of PA12 in the composites. Thermostability of the pre-
pared samples was studied through thermogravimetric
analysis (TGA) by using a Mettler TG50 thermobalance
under an air flow of 150 ml/min with a heating rate of
10 °C/min in the range 30–700 °C. The decomposition
temperature (Td), taken as the temperature corresponding
to the maximum mass loss rate, was determined.

Quasi-static tensile tests on bulk materials were per-
formed on ISO 527 type 1BA samples (gage length
30 mm, width 5 mm, distance between the grips
55 mm, thickness 1.2 mm) by using an Instron 4502
tensile machine. The results represent the average value
of at least five specimens. The elastic modulus was eval-
uated at ambient temperature as secant modulus between
deformation levels of 0.05% and 0.25%. The tests were
carried out at a crosshead speed of 0.25 mm/min imposing
a maximum deformation of 1%. The strain was monitored
through an Instron model 2620–601 resistance extensome-
ter (gauge length 12.5 mm). Tensile tests at break were
performed at a crosshead speed of 50 mm/min without
using the extensometer. In this way elastic modulus (E),
the maximum stress (σmax) and the strain at the maximum
stress (εmax) were determined. Tensile tests were also per-
formed on neat PA12 and PA12-CB-3/CNF-1 nanocom-
posite fibers prepared at different draw ratios, by using
an Instron 4502 tensile testing machine equipped with a
load cell of 10 N. The gage length of the fibers was
30 mm. For the determination of the elastic modulus a
crosshead speed of 1 mm/min was set, while tensile prop-
erties at break (UTS, εUTS) were determined at 50 mm/
min. At least 5 specimens were tested for each sample.

Electrical volume resistivitymeasurements of bulk samples
in direct current mode were carried out with a Keithley 6517A
electrometer at room temperature. All the tests were conduct-
ed following the ASTM D257 standard on square film sam-
ples (length of 95 mm and thickness of 1 mm), by using
coaxial electrodes in order to minimize the amount of current
flowing through the surface. The bulk electrical resistivity (ρ)

Table 1 List of the prepared samples

Sample code Filler amount (wt%) Sample type

PA12 - bulk and fiber

PA12-CB-x 0.5 ÷ 6 bulk

PA12-CNF-x 0.5 ÷ 6 bulk

PA12-xGnP-x 0.5 ÷ 6 bulk

PA12-CB-1/CNF-3 1 CB – 3 CNF bulk

PA12-CB-2/CNF-2 2 CB – 2 CNF bulk

PA12-CB-3/CNF-1 3 CB – 1 CNF bulk and fiber

PA12-CB-10 10 fiber
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of the samples was computed through the expression reported
in Eq. (1):

ρ ¼ R∙
πa2

t
ð1Þ

where R is the electrical resistance, a is the ray of the testing
electrode, t is the thickness of the samples. Electrical resistivity
of the fibers was measured applying the testing electrodes on
the fibers at a distance of 30 mm. The evolution of the surface
temperature upon voltage applications was measured both on
bulk and on the fiber samples by using a Fluke TiRx thermo-
graphic camera. The tested bulk specimens were in the form of
strips (35 × 6 × 1 mm3), while the fibers were tested applying
the electrodes at a distance of 30 mm. The surface temperatures
was recorded at different time intervals starting from 25 °C,
applying voltage levels ranging from 10 V to 220 V.

Results and discussion

Characterization of bulk materials

It is well known that the macroscopic properties of
polymer nanocomposites are strongly influenced by the
quality of nanofiller dispersion within the matrix.
Therefore, morphological features of the cryofractured
surface of the prepared nanocomposites were investigat-
ed through FESEM analysis (see Fig. 1). Generally
speaking, it is possible to state that both CB and CNF
nanofillers are homogeneously dispersed within the ma-
trix. This means that the shear stresses generated by the

mixer during the melt compounding were able to break
the nanofiller aggregates and disperse them in the ma-
trix with a good degree of homogeneity. The micro-
structure of the PA12-CB-4 nanocomposite is character-
ized by primary particles with a mean dimension of
40 nm, organized in aggregates of about 500 nm.
These aggregates were formed during the manufacturing
process and can not be broken [34]. On the other hand,
in the PA12-CNF-4 sample nanofibers with a mean di-
ameter of 75 nm homogeneously distributed within the
matrix can be detected. It could be therefore expected
that the good dispersion degree of both these nanofillers
within the matrix could lead to the achievement of in-
teresting thermal and electrical properties. In the case of
PA12-xGnP-4 nanocomposite, a strong aggregation of
the graphite lamellae is evident, and the mean dimen-
sion of these stacks is about 700 nm. This aggregation
could negatively affect the physical properties of these
composites. For as concerns the microstructural behav-
iour of nanocomposites with mixed composition, the
microstructure is characterized by CB aggregates
surrounded by single CNFs homogeneously distributed
in the matrix. Such this microstructure could favour the
formation of a conductive path within the material, thus
promoting an improvement of the electrical conductivity.

Considering the future application of these materials
as melt blown fabrics, the investigation of the influence
of carbon based nanofillers on the thermal properties of
the samples is of key importance. Therefore, DSC tests
were performed on bulk nanocomposites. In Fig. 2a and
in Fig. 2b representative DSC thermograms of

Fig. 1 FESEM images of the fracture surface of PA12 based nanocomposites (bulk samples)
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nanocomposites with different CB amounts during the
first heating and the cooling scan are respectively re-
ported, while the most important results are summarized
in Table 2. It is evident that the melting temperature
(Tm) of the materials is not affected by the presence

of nanofillers nor during the first neither in the second
scan (not reported for the sake of brevity). On the other
hand, a slight increase of the glass transition tempera-
ture (Tg) with respect to the neat PA12 can be detected
for all the nanofilled samples, even if the trends are not
proportional to the nanofiller amount. It is interesting to
note that the crystallization temperature (Tc) is system-
atically shifted to higher temperatures, especially at ele-
vated filler concentrations. For instance, a Tc shift of
5 °C can be detected for the PA12-CB-6 sample. It
could be therefore hypothesized that CNT acts as nucle-
ating agent on the polymeric matrix [35]. It could be
important to underline that Tc represents one of the
most important parameters for the application of these
materials as electro-active filters, because it determines
the die-to-collector distance in the melt-blowing technol-
ogy. The total crystallinity seems to be unaffected by
the nanofiller introduction. Similar results were detected
in our previous paper on PBT/organoclay nanocompos-
ites [30]. The same tests were then performed on the
nanocomposites containing both CB and CNF, with a
total filler amount of 4%wt. As reported in Table 2, it
is clear that both the melting temperature (Tm) and the
glass transition temperature (Tg) are not substantially
affected by the relative nanofiller content, and also the
crystallization temperature (Tc) and the crystalline frac-
tion (Xc) are not substantially influenced by the
nanofiller composition.

The evaluation of the thermal degradation resistance of
the prepared composites plays a key role for the intended
application of these material. Thermogravimetric analysis
(TGA) was therefore performed on bulk materials. In
Fig. 3a representative thermograms of neat PA12 and rel-
ative CB filled nanocomposites are reported, while in
Fig. 3b decomposition temperature (Td) values are

Fig. 2 Representative DSC thermograms of CB filled nanocomposites (bulk samples). (a) First heating run, (b) cooling run

Table 2 Results of DSC tests on neat PA12 and relative
nanocomposites (bulk samples)

Sample Tg (°C) Tm (°C) Χ1 (%) Tc (°C) Χ2 (%)

PA12 41.2 179.6 63.9 155.1 69.9

PA12-CB-0.5 41.6 179.3 65.3 158.9 64.8

PA12-CB-1 47.4 178.5 66.6 159.6 64.3

PA12-CB-4 47.7 178.7 64.4 160.6 63.7

PA12-CB-6 42.8 178.7 59.0 160.8 60.0

PA12-CNF-0.5 47.4 179.9 62.4 156.9 62.6

PA12-CNF-1 46.9 180.2 65.5 157.5 65.7

PA12-CNF-4 45.6 179.3 67.6 158.9 64.7

PA12-CNF-6 42.0 178.8 65.8 159.0 65.8

PA12-xGnP-0.5 47.3 179.9 66.9 156.6 67.1

PA12-xGnP-1 46.6 179.4 68.0 157.3 67.7

PA12-xGnP-4 45.7 178.8 68.3 157.1 67.5

PA12-xGnP-6 42.9 178.3 66.3 158.8 62.5

PA12-CB-4 47.7 178.7 64.4 160.6 63.7

PA12-CB-3/CNF-1 38.0 180.5 65.9 160.5 66.4

PA12-CB-2/CNF-2 38.2 179.0 69.6 160.0 69.6

PA12-CB-1/CNF-3 40.4 178.7 69.9 156.9 70.3

PA12-CNF-4 45.6 179.3 67.6 158.9 64.7

Tg = glass transition temperature (first heating run)

Tm = melting temperature (first heating run)

X1 = crystallinity degree (first heating run)

Tc = crystallization temperature (cooling run)

X2 = crystallinity degree (cooling run)
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summarized. It is evident that all the prepared composites
show a single degradation step located at about 470 °C,
and the mass residue at 700 °C is proportional to the filler
loading. Regardless to the nanofiller type, from Fig. 3b it
is clear that the introduction of carbonaceous nanofillers
determines a substantial enhancement of the decomposition
temperature, proportionally to the filler loading. For in-
stance, a Td increment of 16 °C with respect to the neat
PA12 can be observed for the PA12-CB-6 composite.
TGA tests on nanocomposite samples containing both
CNF and CB (not reported for the sake of brevity) do
not show any synergistic effect promoted by the addition
of both nanofillers. The observed increment in the thermal
degradation resistance of the nanocomposite samples is in
agreement with several studies present in literature [36]. In
fact, Gedler et al. reported that well dispersed graphite
nanoplatelets improved the thermal stability of polycarbon-
ate foams due to their barrier effect, delaying the diffusion
of volatile products during the degradation process. In
fact, graphene nanoplatelets created a tortuous path for
air, thus delaying the thermo-oxidative degradation of the
material [37].

The effect played by nanofiller introduction on the
dimensional stability and on the mechanical resistance
of the prepared composites is an important aspect in
the present investigation. In Fig. 4a representative
stress-strain curves of CB filled nanocomposites is
shown, while the trends of the elastic and failure prop-
erties of the composites as a function of the filler load-
ing are reported in Fig. 4b–d. It is immediately evident
that nanofiller addition promotes a substantial increment
of the elastic modulus, proportionally to the filler load-
ing. As already observed in our previous work on
poly(cyclooctene) (PCO) based nanocomposites [12],

xGnP seems to be more effective in increasing the stiff-
ness of the material. For instance, with a xGnP concen-
tration of 6 wt% it is possible to enhance the elastic
modulus of about 40% with respect to neat PA12. As
it can be easily observed in Fig. 4a, nanofiller introduc-
tion promotes an heavy embrittlement of the samples,
with a reduction of the maximum stress (σmax) and of
the strain at the maximum stress values (εmax) (see
Fig. 4c and d). The observed reduction of the failure
properties is probably due to the partial aggregation of
the nanofillers within the matrix. In order to detect pos-
sible synergistic effects promoted by the addition of
both CB and CNF, also nanocomposites with mixed
composition were investigated. As reported in Fig. 4e,
an important negative deviation of the elastic modulus
values from the rule of mixture can be detected, espe-
cially with a CNF/CB relative ratio of 50%, while max-
imum stress values seem to substantially follow the the-
oretical predictions (see Fig. 4f).

The possibility of utilize these nanocomposites as
electrically heated devices depend on their electrical
conductivity. Therefore, electrical resistivity measure-
ments were performed. In Fig. 5a bulk resistivity values
as a function of the filler loading are shown. The intro-
duction of carbon based nanofiller in the insulating
polymeric matrix increases the electrical conductivity
values. As an example, a resistivity value lower than
103 Ω cm can be achieved with a CB content of
6%wt. It is possible to see that CB introduction confers
a good conductivity to the samples and it is possible to
appreciate a lower electrical percolation threshold in
these samples (3 wt%) with respect to CNF and xGnP
filled nanocomposites. On the other hand, only with a
xGnP amount higher than 4%wt the electr ical

Fig. 3 TGA tests on neat PA12 and relative nanocomposites (bulk samples). (a) Representative thermograms of CB filled nanocomposites, (b)
decomposition temperature (Td) of nanocomposites with single nanofiller
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percolation threshold is reached. As already observed in
our previous paper on PCO based nanocomposites [12],
CB is more effective in increasing the conductivity of

the materials, while for xGnP filled samples an higher
filler amount is required to obtain low resistivity values.
In order to take advantage of the synergistic effect

Fig. 4 Quasi-static tensile properties of PA12 based nanocomposites
(bulk samples). (a) Representative stress-strain curves of CB filled nano-
composites, (b) elastic modulus, (c) maximum stress and (d) strain at

maximum stress of nanocomposites with a single filler. (e) Elastic mod-
ulus and (f) maximum stress of nanocomposites with different CNF/CB
ratios (total filler amount 4 wt%)

J Polym Res  (2017) 24:96 Page 7 of 13  96 



promoted by the simultaneous of CNF and CB
nanofillers, samples with a total filler concentration of
4%wt at different CNT/CB relative amounts were pre-
pared and electrically characterized (see Fig. 5b). From
this set of data it is possible to understand that the
resistivity decreases with a non-linear trend, reaching
thus resistivity values that could not be achieved with
a single nanofiller. As an example, for the PA12-CB-3/
CNF-1 nanocomposite it is possible to obtain an elec-
trical resistivity of 1.8 × 103 Ω cm. According to the
indication of the industrial partner (UFI Innovation
Center Srl), a target resistivity value equal or lower than
103 Ω cm is required to prepare nanocomposite filters
that could be effectively heated through Joule effect
[38]. After this characterization on the bulk materials,
the PA12-CB-3/CNF-1 nanocomposite sample can be
detected as the best compromise to reach good electrical

conductivity values without seriously impairing the fail-
ure properties of the materials. It is also important to
underline that increasing the filler amount above the
4 wt% the viscosity of the matrix at the molten state
is noticeably increased. In these conditions, the process-
ability of these materials through melt blowing technol-
ogy would be compromised.

The heating capability of bulk nanocomposites was
evaluated through a thermocamera, and in Fig. 5c the
evolution of the surface temperature upon voltage appli-
cation of PA12-CB-3/CNF-1 nanocomposite is reported.
It can be easily noticed how an effective heating can be
detected for applied voltages higher than 100 V.
Obviously, the higher the voltage, the higher the tem-
perature reached. The most interesting aspect is that
during the first seconds a rapid temperature increase
occurs, and the material reaches a temperature plateau

Fig. 5 Electrical properties of PA12 based nanocomposites (bulk
samples). (a) Electrical resistivity of nanocomposites with a single
nanofiller and of (b) nanocomposites with different CNF/CB ratios (total

filler amount 4 wt%). (c) Surface temperature evolution upon voltage
application of the PA12-CB-3/CNF-1 nanocomposite sample
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after 120 s. For instance, with a voltage of 220 V it is
possible to increase the surface temperature up to 82 °C
after 180 s. This aspect is very important for the final
application of these materials as electro-active filters,
because the thermal degradation of the materials for
prolonged voltage application times should be avoided.

Characterization of the fibers

The investigation of the physical properties of bulk ma-
terials allowed the determination of the most promising
compositions for the intended application. Therefore,
neat PA12 and PA12-CB-3/CNF-1 nanocomposite fibers
were prepared and drawn applying different draw ratios.
Furthermore, PA12-CB-10 were also prepared, in order
to detect the effect of the nanofiller addition at the
maximum filler loading achievable from a technological
point of view (for higher filler contents the viscosity of
the matrix would be too high also for a common extru-
sion process). The investigation of the microstructural
behaviour of the prepared fiber needs to be investigated,
in order to correlate the morphology of the fibers with
their physical properties. In Fig. 6 representative
FESEM images of the fracture surface of the PA12-
CB-3/CNF-1 fiber produced at a draw ratio equal to 8
are reported. In FESEM image at lower magnification it
is difficult to distinguish the presence of the nanofiller,
while from the micrograph of the cross section of the
fiber at higher magnification it is possible to detect the
presence of CB agglomerates homogeneously distributed
within the matrix. Interestingly, the dimension of these
aggregates (30–40 nm) is noticeably reduced with re-
spect to that shown in the corresponding bulk materials
(see Fig. 1). As reported in our previous paper on poly-
ethylene nanocomposite fibers [39], the drawing process
produced the rupture of CB aggregates and, most prob-
ably, their alignment along the drawing direction. This
means that the agglomerates of CB nanoparticles, once
exposed to an elongational flow in the solid state, orient
themselves a long the s t ra in di rec t ion . Unl ike

conventional microfillers, CB aggregates can be de-
formed and fractured to form long streams of nanopar-
ticles dispersed within the polymer matrix. This process
is very similar to the exfoliation process induced by the
flow in polymer/clay nanocomposites with a good affin-
ity between the two components [40].

The tensile properties of the nanocomposite fibers
were measured and compared with those of the unfilled
fibers. In Fig. 7a the elastic modulus values of neat
PA12 and PA12-CB-3/CNF-1 fibers as a function of
the draw ratio are reported, while in Fig. 7b and in c
the stress at break (UTS) and strain at break values
(εUTS) are respectively reported. It is interesting to note
how the alignment of CB aggregates along the drawing
direction promotes a systematic increase of the elastic
modulus over the whole range of applied draw ratios.
Also the tensile strength of the fibers is slightly in-
creased upon nanofiller addition. It is also important to
note that the observed improvements of the tensile prop-
erties of the fibers have been obtained without
impairing the strain at break values. Similar trends were
observed in our previous work on polyethylene nano-
composite fibers [39].

The evaluation of the electrical conductivity of the
prepared fibers is of fundamental importance for the
preparation of electro-active melt blown filters.
Therefore, in Table 3 electrical conductivity values of
neat PA12 and PA12-CB-3/CNF-1 fibers were compared
with the corresponding bulk materials. For as concerns
bulk materials, it has been already shown that nanofiller
addition promotes a strong decrease of the electrical
resistivity up to 1.8 × 103 Ω cm (see Fig. 5b). It is
interesting to note how the extrusion process followed
by the subsequent drawing operations promotes an en-
hancement of the electrical resistivity. For neat PA12,
the observed resistivity increment is rather limited,
while for the PA12-CB-3/CNF-1 nanocomposite fiber a
resistivity increase of about two order of magnitude can
be registered. In order to obtain nanofilled fibers with
resistivity values lower than the target values proposed

Fig. 6 FESEM images of the
fracture surface of the PA12-CB-
3/CNF-1 fiber (draw ratio = 8)
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by UFI innovation center (i.e. 103 Ω cm), a much
higher nanofiller amount is required (i.e. 10 wt%, see
Table 2). A possible explanation of this result can be
found in our previous paper on poly(lactic acid) based
nanocomposites [41]. In that work it was demonstrated
how carbonaceous nanofiller orient itself along the
extrusion/drawing direction, and only at higher filler

contents nanofiller aggregates will start contacting each
other forming a conductive network within the polymer,
thus decreasing the electrical resistivity. On the other
hand, the random filler orientation observed in bulk ma-
terials facilitates the formation of the conductive net-
work at much lower filler contents with respect to the
corresponding fibers. The negative influence played by
the extrusion process on the electrical conductivity of
the nanocomposite fibers explains why it is not possible
to heat PA12-CB-3/CNF-1 nanocomposite fibers upon
the application of a voltage through the Joule effect.
Only PA12-CB-10 nanocomposite fibers show interest-
ing heating capabilities once a voltage is applied (see
Fig. 8(a-b)). With a potential of 100 V, it is possible to
reach a temperature of 92 °C after 150 s, while with
220 V a higher temperature (i.e. 124 °C) can be reached
in the same time interval. These results confirm the
potential of the prepared fibers to be applied in

Fig. 7 Tensile properties of neat PA12 and PA12-CB-3/CNF-1 fibers as a function of the draw ratio. (a) Elastic modulus, (b) stress at break and (c) strain
at break

Table 3 Comparison of electrical resistivity values of neat PA12 and
relative nanocomposites (bulk and fiber samples)

Bulk Fiber (DR = 8)

Sample ρ (Ω cm) ρ (Ω cm)

PA12 2.4·1015 1.0·1015

PA12-CB-3/CNF-1 1.8·103 1.0·105

PA12-CB-10 - 1.0·102
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Fig. 8 IR thermograms
representing the surface
temperature evolution upon
voltage application of PA12-CB-
10 nanocomposite fiber. Applied
voltage of (a) 100 Vand (b)
220 V
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electro-active filters, but further efforts will be required
to lower their electrical percolation threshold, increasing
thus their heating capability even at limited voltage
levels.

Conclusions

Novel polyamide 12 based nanocomposites filled with differ-
ent amounts of carbonaceous nanofillers were prepared
though melt compounding and thermo-electrically character-
ized. The physical properties of bulk materials were then com-
pared with those of the corresponding fibers.

FESEM micrographs demonstrated that both CB and CNF
nanofillers were homogeneously dispersed in the matrix,
while an evident aggregation was detected in xGnP nanocom-
posites. DSC tests evidenced a slight increase of the glass
transition temperature and of the crystallization temperature,
and also the thermal degradation temperature was enhanced
upon nanofiller addition. Nanofiller introduction promoted a
substantial increment of the elastic modulus coupled with an
heavy embrittlement of the samples. Electrical resistivity
values lower than 103 Ω cm were achieved with a CB content
of 6%wt, and interesting synergistic effects were detected in
nanocomposites filled with both CB and CNF.

FESEM images on nanocomposite fibers demonstrated
how the drawing process produced the rupture of CB aggre-
gates and their alignment along the drawing direction, thus
promoting a systematic increase of the elastic modulus and
of the tensile strength with respect to the unfilled fibers. As
a drawback, the extrusion/drawing operations promoted an
electrical resistivity enhancement of two orders of magnitude
with respect to the corresponding bulk materials, and a much
higher nanofiller amount was thus required to obtain an effec-
tive surface heating upon voltage application.
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