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Abstract The use of carbon nanohorns (SWCNHSs) as a
modifying filler in a polyacrylonitrile (PAN) matrix is
studied with the goal of elaborating nanocomposites. The
study deals with assessment of the dispersity of SWCNHs
in a PAN polymer suspension. The SWCNHs were intro-
duced into the PAN-based suspension using different
methods, including mechanical stirring, ultrasonification
and the combination of ultrasonification with addition of a
surfactant. Agglomeration and dispersion processes of
SWCNH in the polymer suspensions were studied using
DLS technique and turbidimetry. The resulting properties
of nanocomposite foils after solidification in water ambient
were verified in various tests. The mechanical tensile
properties (tensile strength, modulus and strain to fracture)
of the nanocomposites before and after the dispersion
process were compared. The nanocomposites obtained
under optimally prepared suspension perform the highest
strain to fracture in tensile test. Electrical resistivity and
thermal conductivity of nanocomposites samples after
appropriate dispersion of SWCNHs in the PAN suspension
were also determined. The presence of SWCNH in the
PAN suspension affects the structure of nanocomposites
after solidification through changing structural ordering of
the polymer. The study revealed that the polymeric sus-
pensions prepared in optimum processing conditions con-
tain the carbon aggregates the size of which correspond
almost to the mean size of a dahlia flower-like structured
particle, i.e., 50-250 nm and it was not possible to separate
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such particles into a single form of carbon nanohorn by the
techniques used.

Introduction

Single walled carbon nanohorns (SWCNHSs) constitute a
potential nanoconstituent for manufacture of polymer-
based nanocomposites [1, 2]. Individual SWCNHs have an
unique structural feature represented by a typical diameter
of 2 nm with a length of 30-50 nm. The end of this tube is
closed by a conical cap with a cone angle of 20°. These
individual SWCNHs (CNHs) have a tendency to couple
together and form a stable dahlia flower-like structured
particle with a narrow diameter distribution of 80-100 nm
[3, 4]. SWCNHs belong to the carbon nanotube family
[1, 4], not yet available commercially [4]. The SWCNH
particle due to a high surface energy creates bigger
aggregates in its as-received form. Such nanoparticles, like
other tubular forms of carbon nanotubes can be easily
chemically modified and are good electrical conductors.
Their high energy adsorption is especially attractive for
fuel cell technology and gas storage devices. Due to their
specific spherical shape of sub-micron diameter they are
expected to have attractive tribological and thermal prop-
erties [5, 6]. Different nanotubes are nowadays commonly
used in nanocomposite technology. The incorporation of
such nanoparticles in certain polymeric matrices distinctly
affects their physical and mechanical behaviours.
Polyacrylonitrile represents a wide range of polymeric
materials (homopolymers, copolymers) available for use in
technical and medical applications. It is a thermoplastic
polymer with a relative high melting point, high thermal
stability and interesting mechanical properties. The PAN-
based copolymers are widely used as fibres for textile
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industry and producing fibrous precursors for carbon
fibres [7-9]. The PAN polymer has also been used in
separation membrane materials and porous membranes for
lithium-ion polymer batteries [10, 11]. The combination
of the polyacrylonitrile matrix with carbon nanohorns
with their spherical shape creates a new application
potential in comparison with more popular carbon nano-
tubes [12—15]. The high surface area of SWCNH ranged
from 330 to 1300 m%g and its greater interhorn-wall
distance (0.4 nm) than the interlayer spacing of graphite
(0.335 nm) have a particular interest for electrochemical
purposes [16—18]. Its wider application for the production
of new composites is hindered by an agglomeration
phenomenon [19-21]. The agglomerates in the PAN
matrices and especially in the PAN-based carbon matrix
(PAN precursor) impair physicochemical properties of the
resulting composites [22].

A great effort has been made to develop various physical
and chemical methods of surface modifications of CNTs/
CNHs and application of suitable solvents and surfactants
reducing the surface tension of polymeric suspensions
containing such nanofillers [23-29].

Our earlier studies showed that the addition of single- or
multi-wall carbon nanotubes to a PAN solution may lead to
altering rheological properties and crystallinity of the
polymer matrix after solidification [30, 31]. Mechanical
properties of the resulting nanocomposites are dependent
upon surface chemical state of carbon nanofillers and their
uniform dispersion in a polymer matrix.

Despite many scientific researches dealing with the
PAN-based nanocomposites modified with carbon nanof-
illers, carbon nanohorns-based polymer nanocomposites
are not widely reviewed in the literature.

This study compares efficiency of different procedures
of preparation of SWCNHs—contained PAN suspensions
to achieve minimum value of carbon aggregates. We
assumed that the minimum value of SWCNHs correspond
to their dahlia flower-like structure. The prepared in dif-
ferent way suspensions were used to manufacture the
nanocomposite films and their selected properties were
determined. Dispersion process of SWCNHs in the poly-
mer solution was controlled by the dynamic light scattering
method and radiation absorption.

Materials and method

The SWCNHs were made by the arc discharge process
(provided by NanoCraft, Inc. of Renton, USA). They had
diameters in the range of 2-3 nm and were 30-50 nm long
with a 19° closed-end called a carbon nanohorn. The TEM
study of this as-fabricated carbon material revealed that the
dahlia flower-like carbon domains ranged from 30 to

120 nm (Fig. la, b). They were grown in the presence of
iron as a catalyst. The iron concentration determined by
atomic absorption spectrometry using the electro thermal
technique (spectrometer Model 3110, Perkin-Elmer Co.)
was about 1.8 wt%.

The three-component PAN polymer matrix consisted of
93-94 wt% of acrylonitrile, 5-6 wt% of methyl acrylate
mer units and 1 wt% sodium alilosulfonate (produced by
Zoltek Co., Nyegesujtalu, Hungary) was used to manu-
facture the nanocomposite samples. The samples with
SWCNHs have been prepared in the form of thin films and
plates.

The following procedures for preparation of the
SWCNHs/PAN suspensions were used:

I. Carbon nanohorns (0.5 wt% SWCNH) were directly
introduced into the 10% PAN solution and sonicated at
room temperature for 60 min using an ultrasonic
homogenizer (MS). PALMER INSTRUMENTS,
(Model: CP 130 PB, 130 W power, 20 kHz)

(a)

Fig. 1 TEM microphotograph of SWCNH. a The product consisted
of nearly uniform sized spherical particles (dahlia flower-like
structure). b Higher magnified TEM microphotograph of SWCNH
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II. Carbon nanohorns (0.5 wt% SWCNH) were immersed
in the dimethylformamide (DMF) solvent, sonicated at
room temperature for 60 min with the ultrasonic
homogenizer (SD), and subsequently the PAN poly-
mer was added to the DMF/SWCNTHs solution and
stirred until the polymer was dissolved (SU).

III. Carbonnanohorns (0.5 wt% SWCNHSs) were immersed
in DMF, sonicated at room temperature for 60 min with
the ultrasonic homogenizer (SD) then PAN was added
to the DMF/SWCNH solution (10% PAN solution) and
sonicated at room temperature for 30 min (SU10).

The ranges of experimental processing variables (PAN-
based solution concentration, amount of nanohorns in
suspension, ultrasounds frequency and power, sonication
time) have been selected on the basis of our earlier expe-
riences [30, 32-34]. The ultrasound power output and
sonication time were chosen adequately to the sample
volume. The sonication process was performed under a
constant ultrasound power of 20 W. A higher ultrasound
power output generated a temperature increase of the
polymer suspension. To avoid the possible polymer deg-
radation all experiments were realized under a constant
ultrasound power. The lowest limit of nanohorns content
being 0.5 wt% was also selected taking into account our
earlier experiments [13, 35].

Using the third procedure, two additional suspensions
differing in the amount of SWCNH (1 and 3 wt%) were
prepared. In our experiments the surfactant Triton®X-100,
(POCH Co.) was chosen to reduce the surface tension of
the PAN suspensions. It is a non-ionic surfactant consisting
of a hydrophilic polyethylene oxide and a hydrocarbon
lipophilic or hydrophobic group and is one of the most
popular surfactants for dispersion of carbon nanomaterials
in organic, water and polymer matrices [26, 36, 37].

The prepared in such a way suspensions were then
poured onto the petri dish and left to evaporate the solvent
at 40 °C. The nanocomposite films of 60 pm thickness
were formed.

Six types of samples based on the PAN solution con-
taining SWCNHs were manufactured. Their description
and denotation used this study are gathered in Table 1.

The morphology of SWCNHs was analysed using
transmission electron microscopy (TEM) [Tecnai G2 F20
(200 kV)]. Particles size (agglomerates) was carried out in
the PAN polymer solutions using DLS technique (Dynamic
Light Scattering, Malvern Zetasizer Nano ZS) in the range
from 0.6 nm to 6 pm, with the laser light source of
wavelength A = 520 nm. The degree of dispersion of
SWCNHs in the PAN solution was also determined by
means of turbidimetry (Hach Model 2100AN IS). This
method depends upon absorption measurement of the near-
infrared radiation by carbon nanotubes. Light-emitting
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Table 1 Description of samples used in this study

Samples Description

PAN The control PAN film obtained from 10% PAN solution in

DMF

MS SWCNH/PAN composite film; (0.5% carbon nanohorns in
10% PAN solution) suspension sonicated in the PAN
solution only

SWCNH/PAN composite film (0.5% carbon nanohorns in
10% PAN solution)—gradual sonication, first in DMF and
then in the PAN solution

SWCNH/PAN composite film (0.5% carbon nanohorns in
10% PAN solution)—gradual sonication in DMF with 1%
surfactant and then in the PAN solution

SWCNH/PAN composite film (1% carbon nanohorns in
10% PAN solution)—gradual sonication in DMF and then
in the PAN solution

SWCNH/PAN composite film (3% carbon nanohorns in
10% PAN solution)—gradual sonication in DMF and then
in the PAN solution

SWCNH/PAN composite film (1% carbon nanohorns in
10% PAN solution)—gradual sonication in DMF with 1%
surfactant and then in PAN solution

SU10

SU10t

SU10a

SU10b

SU10at

diode (LED) of the wavelength 4 = 870 4+ 30 nm was the
radiation source.

The tensile mechanical tests of the nanocomposites were
made using the samples with dimensions of 5 x 40 x
0.06 mm. The tensile strength, modulus and strain to fracture
were determined on an universal testing machine Zwick
model 1435, PC controlled by TestXpert v.8.1 software
Germany, with the crosshead speed of 2 mm/min. The ten-
sile modulus was determined from the slope of initial linear
part of the force—strain function. The quantitative results
were presented as mean =+ standard error of mean (SEM)
calculated from five individual measurements. Measuring
the changes in the mechanical properties of the nanocom-
posites is a particularly useful method for the evaluation of
effectiveness of the dispersion process.

Microstructural parameters of the pure PAN and nano-
composites were determined from X-ray diffraction (Philips
system, k = 1.54 10\) using the Scherrer equation.

Differential Scanning Calorimetry (DSC) (NETZSCH
STA 449 F3 Jupiter®) was used to determine the differ-
ences between the pure PAN samples and PAN-based
nanocomposites containing SWCNHs. The weighed
amount of the samples (9 mg) was placed in an alumina
crucible and heated in nitrogen atmosphere at 10 °C/min
heating rate to 600 °C.

Electrical resistivity was measured on the samples made
in the form of films (15 x 35 x 0.06 mm) using a current—
voltage two-point probe by means of a digital multimeter
(Metex M-3610). An average value of resistivity was cal-
culated from ten individual measurements.
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The cut-bar (comparative) method was applied to carry
out thermal conductivity coefficient. For this method the
samples in the form of plates were specially manufactured
by compression moulding. The samples were formed by
placing several thin nanocomposite thin films 0.06 mm
thick in a metallic mould followed by its slow heating. The
filled mould was exposed to compression under a constant
pressure of 1.5 MPa at 260 °C. The pressure and temper-
ature were maintained for the determined time followed by
cooling the set-up below 100 °C before releasing the
pressure and removing the samples from the mould. In such
a way the samples in the form of flat plates had the
dimensions of 15 x 30.5 x 1.5 mm.

The coefficient of thermal conductivity was determined
in steady-state thermal conditions. In this technique, a test
system consisted of two plates of a standard material of
determined conductivity and the studied (nanocomposite)
sample. The nanocomposite was placed between two
standards. The measurements were made in the tempera-
ture range below 100 °C.

Results and discussion

The Fig. 2 compares the agglomerate size distributions of
carbon nanoparticles in the PAN suspensions prepared in
three different ways. The suspensions contained the same
concentration of nanohorns and were sonicated with ul-
trasounds for 60 min. The single cluster diameters formed
by carbon nanohorns ranged from 30 to 120 nm (Fig. la,
b), whilst the carbon aggregates (as-prepared nanohorn
particles) determined in the PAN suspension before dis-
persion vary from 1281 to 6439 nm.

It is evident from Fig. 2 that the sizes of aggregated
nanohorns and their distributions are dependent upon the
procedure of the suspension preparation. Mean size of the
agglomerates in the DMF suspension subjected to sonica-
tion followed by the PAN suspension preparation is about
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Fig. 2 Agglomerate size distribution of single wall carbon nanohorns
in PAN solutions

142 nm (SU10). On the contrary, an introduction of the
aggregated carbon nanohorns directly to the PAN solution
and sonication causes formation of the secondary
agglomerates of 3091 nm large (MS). In the instance when
the dispersion was realized using a gradual sonication in
DMF and subsequent stirring in the PAN solution (SU), a
bimodal distribution of carbon nanohorns was observed
(mean values: 255 and 5560 nm, respectively). These three
procedures of preparation of SWCNHs-containing PAN
suspensions reveal a strong influence of the sonication
phase, i.e., a gradual sonication of the suspension with
nanohorns, first in DMF and subsequently in 10% PAN
solution which leads to distinctly stronger dispersion of
nanohorns. The third procedure of dispersion of carbon
nanohorns in polymer solution seems to be the most
effective one. The size distribution of SWCNHs in the
PAN polymer is very similar to that of SWCNHs in pure
DMF (SD) (Fig. 3). These results confirm the favourable
influence of a gradual sonication on the disintegration of
carbon aggregates in the polymer suspension. On the
contrary, an addition of the PAN polymer to the DMF
suspension augments solution viscosity, which favours
secondary carbon agglomerating.

The effect of a nonionic surfactant on dispersion of
SWCNHs in the PAN solution using 1 wt% Triton®X-100
is illustrated in Fig. 4. The preparation of SWCNHs with
this surfactant and polymer solution (SU10t) was identical
like for the SUI0 sample. The figure demonstrates the
agglomerate size distribution of SWCNHs in both
solutions.

The results show that the presence of surfactant in the
polymer suspension enhances dispersion of the aggregated
carbon nanohorns. The mean size of agglomerates for this
sample (SU10t) found to be 91 nm is lower as compared to
the samples without the surfactant (SU10), i.e., 142 nm.
The agglomerates formed in the SU10 and in SU10t sus-
pensions varied from 70 to 295 nm and from 50 to 250 nm,
respectively. It is worth to note that the size range of the
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Fig. 3 Size distribution of single wall carbon nanohorns in pure DMF
solution
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Fig. 4 Agglomerate size distribution of single wall carbon nanohorns
in PAN solutions with addition of Triton®X-100

dahlia flower domains of nanohorns (30—120 nm) overlaps
in part the ranges of carbon aggregate dimensions found in
both suspensions (SU10 and SU10t).

The pure PAN solution and PAN solution containing
carbon nanohorns after optimal dispersion (SU10) are
shown in Fig. 5. The figure confirms homogenous distri-
bution of nanoparticles in the PAN polymer solution.

Carbon aggregate disintegration process in polymer sus-
pensions was also studied by measuring the absorbance of
infrared radiation. Carbon nanohorns in a polymer suspen-
sion constitute an absorbent for the near-infrared radiation.
Due to the electronic band structure [38—42] the energy gap
in carbon nanohorns corresponds to radiation energy for
visible and the near-infrared spectra. A suspension with a
better dispersion of SWCNHs absorbs IR stronger than a
suspension with poorly distributed nanoparticles. The total
absorbances measured for carbon nanohorns in the PAN
solutions are gathered in Fig. 6.

The diagram shows a different level of absorbance
depending on the procedure of preparation of the polymer
suspensions. The results confirm that application of gradual
sonication of SWCNH, first in DMF and consecutive in the
PAN solution (SU10) with surfactant (SU10t) allows for an
effective dispersion of SWCNHs in a polymer solution.

Due to this procedure the obtained polymer suspensions
with carbon nanohorns are stable within 24 h, as shown in
Fig. 7. The absorbance of SU samples measured for the
initial samples (immediately after dispersion) and after
24 h differs 10% only. For the samples SU10 the absor-
bance values both immediately after dispersion process and
24 h later remain at the same level. Summarising, the
stability of SWCNHs contained PAN solution after 24 h is
maintained.

The results of the mechanical tests for selected PAN-
based nanocomposite samples are summarized in Table 2.
The differences between nanocomposites are significant
depending on the preparation of polymer suspensions, i.e.,
prepared after gradual sonication of SWCNHs in the DMF
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Fig. 5 Pure PAN solution and PAN suspension containing SWCNH
after optimisation process
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Fig. 6 IR absorbance of PAN suspensions containing carbon
nanotubes

and PAN suspensions (SU10) and after sonification directly
in the PAN solution (MS). The presence of large size
agglomerated carbon particles in nanocomposites (MS)
matrix causes a distinct fall in the strength (almost 30%)
and 35% in tensile modulus in comparison with the pure
polymer samples. Mechanical properties of the samples
containing 0.5 wt% (SU10) nanohorns obtained from
optimally prepared suspection are considerably higher than
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Fig. 7 Absorbance measured for initial solution containing dispersed
SWCNHs and after 24 h

those obtained for pure polymer samples and for the
samples, which were sonicated only (MS).

Using the third dispersion procedure two additional
samples differing in SWCNHs amount were prepared. The
mechanical properties of the resulting samples are gathered
in Table 3. By comparing the shapes of load—strain curves
some new information on dispersion effect can be
achieved. Figure 8 illustrates these curves for the pure
polymer (PAN) and nanocomposites manufactured from
the suspensions containing a different amount of nano-
horns. Two parts for each curve can be distinguished; ini-
tial linear and nonlinear one. There is a little change in the
initial linear part of the slope representing the tensile
modulus of a sample. This indicates that the effect of
nanoparticles introduced into the polymer matrix on the
tensile modulus is not significant (see Table 3). The PAN
material is a linear polymer containing strong nitrile polar
groups and ternary hydrogen bonds involved in creation of
strong cross-linking bonds between the polymer chains. It
is a well-known fact that weakening these bonds (e.g., by
heating, oxidation) leads to significant lowering in the
tensile modulus of the PAN polymer. In our experiments
such an effect is not observed. It seems reasonable to
conclude, therefore, that the interaction of carbon nano-
particles with the polymer is a physical in nature. Their
influence on the mechanical properties is similar to that
observed for composites reinforced with neutral small
particulates. Depending on the concentration of dispersed
nanohorns and their size (the smallest size corresponds to
dahlia flower-like nanoparticle) the mechanical properties

Table 2 Mechanical properties of pure PAN sample and nanocom-
posite samples (MS and SU10)

Samples Tensile strength Rm (MPa) Young’s modulus E (GPa)
PAN 615+ 7.0 26+ 04
MS 444 £ 74 1.7+ 03
SU10 80.4 £ 5.3 3.0+ 0.6

are changed. However, variations in mechanical properties
(strength, modulus, Table 3) are much smaller than those
obtained by the other authors for the PAN polymer rein-
forced with MWCNTs [13, 35] On the contrary, much
more significant changes are accompanied by the changes
in nonlinear part of the curves. The transition point of these
functions from linear to nonlinear part takes place at dif-
ferent level of tensile loads, depending on the type of
suspension. The total strain to failure for the SU10a sample
is almost three times higher (mean value 21.0%) as com-
pared to the pure PAN sample. The linear part of the strain
is almost the same, irrespectively of the type of nano-
composite. It may suggest that carbon nanohorns are better
dispersed in the PAN matrix suspension prepared in such
conditions (SU10a), and after solidification the nanocom-
posite displays an optimum supramolecular structure.
During the tensile test such a nanocomposite in its non-
linear phase, round in shape and small nanohorn aggregates
are located between the polymer chains facilitating their
reorientation and straightening.

A decrease in the mechanical properties of the samples
containing a higher amount of SWCNH (3 wt%) is prob-
ably caused by a secondary agglomeration of nanohorns
that form bigger nanoparticles. It is confirmed by the mean
size of agglomerates and the values of total strain to frac-
ture (Table 3). The 3% addition of nanohorns significantly
affects the deformation to failure, decreasing maximum
strain-to-failure to the level of three times lower than that
obtained for the pure polymer, indicating that the nano-
composite became brittle.

As expected the suspensions containing additionally
surfactant allowed for further enhancement of mechanical
properties of the nanocomposites (SU10ta) (Table 4). Two
nanocomposites with the same concentration of nanohorns
were compared. For the samples manufactured with surfac-
tant about 10% increase in the tensile modulus and no sig-
nificant change in the tensile strength were noted. Although
these experiments were made under constant processing
variables (sonication time, power), the results showed that
typical dispersion techniques applied to this particular car-
bon nanoform do not permit to separate its as-fabricated
aggregated dahlia flowers form to a single nanohorn. The
lowest values of the dispersed carbon nanoparticles
(50-250 nm) consisted of several single nanohorns are close
to those observed by TEM (30-120 nm).

The pure PAN and nanocomposites before (MS) and
after (SU10) dispersion process of SWCNH were charac-
terized using XRD technique. The XRD diffractogram for
the PAN samples exhibits one broad peak at 20 = 17.1°,
which can be ascribed to the (100) planes in the PAN
crystallite structure. A strong, narrow peak at 20 = 26.5°
for the (002) planes in nanocomposites corresponds to the
presence of SWCNH (Fig. 9a).
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Table 3 Mechanical properties

P PAN ) d Samples Tensile strength  Young’s modulus ~ Strain to Mean value
ol pure FAXN sampie an RM (MPa) E (GPa) failure ¢ (%) of SWCNH
nanocomposite samples agglomerates (nm)
containing different g8
concentration of SWCNH PAN 615+ 7.0 2.6+ 04 72410 -
(SU10, SU10a and SU10b)
SUI10 (0.5 wt% of SWCNH) 80.4 £ 5.3 3.0+ 0.6 132 £ 42 1420 £ 1.5
SU10a (1 wt% of SWCNH) 844 + 7.7 31+£03 21.0 £ 6.4 150.0 £ 2.5
SU10b (3 wt% of SWCNH) 659 £ 6.6 29+ 03 24+ 0.5 392.0 £ 3.5
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Fig. 8 The tensile force—strain relationship of the pure polymer
(PAN) and nanocomposites

The SWCNHs aggregate due to van der Waals interac-
tion creates double-layered region, where X-rays are scat-
tered [3]. The XRD diffractogram of SWCNHs is shown in
Fig. 9b. The calculated apparent crystallite sizes for the
pure PAN samples and modified MS and SU10 nanocom-
posites are gathered in Table 5.

As it results from this analysis the range of crystalline
ordering in nanocomposites obtained from the suspension
after gradual dispersion (SU10) is higher in comparison with
the pure PAN and MS samples. The PAN polymer displays a
semi-crystalline structure containing amorphous regions that
under appropriate conditions can be transformed into a
crystalline molecular structure. The SWCNHs possessing a
high surface energy may play a role of nucleation sites pro-
moting crystallization of the polymer chains [43, 44]. It is
also likely that the acrylonitrile monomers may be adsorbed
on the surface of the SWCNHs and during solidification
process in the amorphous regions of the PAN polymer the
cross-linked structure is formed [44]. Due to a higher

Table 4 Mechanical properties of pure PAN samples and nano-
composite samples containing 1 wt% of SWCNH with (SU10ta) and
without (SU10a) surfactant

5 10 15 20 25 30 35 40
20

Fig. 9 X-ray diffraction patterns of pure PAN, nanocomposites (MS
and SU10) (@) and SWCNHs (b)

dispersion, level of SWCNHs such an effect is stronger in the
polymer (SU10) than that in MS nanocomposites.

These observations are consistent with DSC analysis of
the pure PAN and nanocomposites before and after dis-
persion of carbon nanotubes (Fig. 10).

The values of the initiation temperature (75) and maxi-
mum exothermic temperature (7.) determined from DSC
exotherms are shown in Table 6.

The nanocomposites (SU10) manufactured from the
PAN suspension with well-dispersed SWCNHs show
higher values both for T and T, than those found for the
pure PAN and MS nanocomposites without an appropriate
dispersion. This may be attributed to a better crystallinity
of the PAN matrix in SU10 samples resulting in inhibition
of the cyclization process by nitrile groups in comparison
with the PAN and MS samples.

Electrical and thermal properties were tested for selec-
ted samples obtained following gradual dispersion of
SWCNHs in the PAN suspension. Electrical resistivity of

Table 5 XRD data for PAN and PAN/SWCNH nanocomposites

Samples Tensile strength RM (MPa) Young’s modulus E (GPa) Angle 26 (°) L. (A)
PAN 61.5+£7.0 26 +04 PAN 17.1 493
SU10a 844 + 7.7 3.1+£03 MS 17.1 46.5
SUIOta  87.8 £ 6.3 34 +£05 SU10 17.1 55.0
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nanocomposites containing 1 wt% (SU10a) and 3 wt%
(SU10b) of SWCNHSs is gathered in Table 7.

The electrical resistivity for pure PAN samples is
undetectable and is an order of 10* kQ m [45], whereas
for nanocomposites (SU10a) this value is p =69 £
0.8 kQ m. The pure PAN matrix is a typical insulator, and
conducting properties can be reached when conducting
filler constitutes a continuous component in the noncon-
ductive matrix. Due to superior electrical properties of
carbon nanotubes they can be used as electrical conductors.
Electrical conductivity of this nanocomposite depends on
through-going chain mechanism between conductive
nanohorns creating a dahlia flower-like nanoparticles. The
carbon nanohorns should create the conductive continuous
paths and such a phenomenon proceeds as the percolation
threshold is achieved. The results gathered in Table 7
testify that 1 wt% amount of SWCNHs is able to form the
electrical conductivity mesh in the PAN matrix. Although
such a mechanism easily explains electrical behaviour of
the PAN-based nanocomposite samples an another possible
mechanism cannot be excluded, namely it was found that
there is also conducting phenomenon even if the gaps
between conductive fillers in the polymer matrix exist [46].
The conduction increase can result from electron charge
transfer via hopping or tunnelling mechanism in the con-
ductive PAN. It is apparent from our XRD data that a better
crystalline ordering of PAN structure is observed for
nanocomposite samples after an effective dispersion of
carbon nanohorns. It can be assumed that such a phase is

3 -
- PAN
s MS
suU10
S
3
o
—
©
0.}
I
-1 T T 1
200 250 300 350

Temperature [°C]

Fig. 10 DSC curves for pure PAN and nanocomposites SU and SU10

Table 6 DSC date for pure PAN and nanocomposites (MS and
SU10)

Samples T, (°C) T. (°C)
PAN 255 278
MS 254 277
SU10 259 280

Table 7 Electrical resistivity and thermal conductivity of pure PAN
samples and nanocomposites containing SWCNH

Samples Electrical resistivity Thermal conductivity
(kQ m) (W/mK)

PAN 10* [45] 0.27 £ 0.05

MS >330.0

SU10a 6.9 + 0.8 0.44 £+ 0.09

SU10b 44405

formed in the proximity of conductive carbon nanoparti-
cles. Different articles indicate that the electrical conduc-
tion of polymer nanocomposites containing carbon
nanoparticles may be attainable even at a distinctly lower
concentration of CNTs (0.001 wt%), and this effect
depends on the types of CNTs, polymeric matrices and
dispersions degree of nanocarbons [47-53]. With increas-
ing concentration of SWCNHs in the PAN-based nano-
composites the electrical resistivity decreases and for
nanocomposites containing 3 wt% of SWCNHs (SU10b)
the value of resistivity is 31% lower in comparison with
samples containing 1 wt% of SWCNHs (SU10a).

The thermal conductivity was measured for the pure
PAN polymer and selected nanocomposites after optimi-
zation of the dispersion process of SWCNH (SU10a).

As shown in Table 7, the conductivity of nanocompos-
ites (SU10a) is almost 63% higher as compared to the pure
polymer samples. The presence of a very small amount of
well-dispersed carbon nanohorns in the PAN suspension
contributes distinctly to the overall conductivity of the
PAN-based nanocomposites. It worth to note that the
nanohorn-contained particles were uniformly distributed in
the polymer matrix and the resulting nanocomposites
constituted isotropic laminates. The lack of matrix—nano-
horn contacts would be expected to reduce the conductivity
along the sample length. The observed increase in con-
ductivity suggests, however, that the heat is also transferred
from the polymer matrix to nanohorn-based aggregates,
which indicates that the matrix—carbon domains interaction
is strong. Typical single walled carbon nanotubes are
known to have a high thermal conductivity, the theoretical
value of which is about 6600 W/mK [54]. The impact of
the carbon nanohorns on thermal conductivity of polymer
nanocomposites has already been confirmed in literature
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[55, 56]. Moreover, as it was found from XRD measure-
ments the presence of SWCNHs the polymer matrix
improves its structural ordering, which also contributes to
thermal conduction and ensures a better heat transfer
throughout the sample.

Conclusions

The PAN-based nanocomposites modified with SWCNHs
in the form of thin films have been obtained from polymer
suspensions prepared in different ways. Effect of disper-
sion degree of carbon nanoparticles related to mechanical
and physical behaviour was analysed. Direct incorporation
of SWCNHs without their dispersion in a PAN solution
revealed the presence of large agglomerates. Such
agglomerates were found both in the polymer solution and
in the solidified samples in the form of film. After soni-
cation in optimum conditions, a homogeneous PAN solu-
tion was prepared. The best homogeneity of the suspension
containing carbon nanohorns was achieved for nanocom-
posites by the combined assistance of ultrasonication and
surfactant adsorption. The presence of well-dispersed
nanohorn particles in the PAN matrices promotes the
increase of the strain to failure of nanocomposites in
nonlinear phase under tensile test. The presence of
SWCNHs aggregates in polymer samples after optimiza-
tion of the dispersion process augments electrical and
thermal conductivities of nanocomposites. The lowest
values of carbon aggregates (50-250 nm) observed in the
PAN suspension after disintegration procedure are in fairly
good agreement with the mean size of a dahlia flower-like
structure of nanohorns particle.
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