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In this work, the influence of multi-walled carbon nanotubes (MWCNT) on electrical, thermal and
mechanical properties of CNT reinforced isotactic polypropylene (iPP) nanocomposites is studied. The
composites were obtained by diluting a masterbatch of 20 wt.% MWCNT with a low viscous iPP, using
melt mixing. The morphology of the prepared samples was examined through SEM, Raman and XRD mea-
surements. The effect of MWCNT addition on the thermal transitions of the iPP was investigated by dif-
ferential scanning calorimetry (DSC) measurements. Significant changes are reported in the
crystallization behavior of the matrix on addition of carbon nanotubes: increase of the degree of crystal-
linity, as well as appearance of a new crystallization peak (owing to trans-crystallinity). Dynamic
mechanical analysis (DMA) studies revealed an enhancement of the storage modulus, in the glassy state,
up to 86%. Furthermore, broadband dielectric relaxation spectroscopy (DRS) was employed to study the
electrical and dielectric properties of the nanocomposites. The electrical percolation threshold was calcu-
lated 0.6-0.7 vol.% MWCNT from both dc conductivity and dielectric constant values. This value is lower
than previous mentioned ones in literature in similar systems. In conclusion, this works provides a simple
and quick way for the preparation of PP/MWCNT nanocomposites with low electrical percolation thresh-
old and significantly enhanced mechanical properties.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The reinforcement of polymers with nano-scaled fillers developed
a new class of advanced multifunctional materials with improved
properties, used in many fields ranging from microelectronics to aero-
space [1,2]. Among nanofillers, carbon nanotubes (CNT) are an espe-
cially attractive class of inclusions because of their exceptional
mechanical, thermal, and electrical properties. On the other hand,
among the most versatile polymer matrices are polyolefins, such as
polypropylene, because of their good balance between properties
and cost, low density and ease in processibility [3]. For further
enhancing of properties, like mechanical improvement, the addition
of carbon nanotubes is widely investigated in literature [4]. Apart
from mechanical reinforcement, one key interest is the development
of conductive polymer composites, preferably at low concentration of
CNT, by taking advantage of their high aspect ratio (~1000), and
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retaining in that way the good processability of the host matrix [5].
Such types of nanocomposites are suitable for numerous applications,
which include antistatic devices, capacitors, materials for electromag-
netic interference (EMI) shielding, and sensors [6].

Several processing methods are available for the production of
polymer/CNT composites, such as melt mixing, solution casting
and in situ polymerization [7]. Among them, melt mixing is partic-
ular desirable as it combines speed with simplicity. Furthermore, it
is free of solvents and contaminants and the required equipment is
already available in the plastic industry. In all the techniques men-
tioned above, a homogeneous dispersion and good interfacial
adhesion are crucial for the successful preparation of nanocompos-
ites [7,8]. Additionally, usage of preformed masterbatches, usually
containing 10-20 wt.% nanotubes, facilitates even more the pro-
cessing as it prohibits any contact with the nanotubes in dust form,
which could be potentially hurtful [9]. A recent, comprehensive
study which summarizes the benefits and recent work in systems
obtained by dilution of commercially available masterbatches is gi-
ven in Ref. [10].
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This work follows a previous one by Micusik et al. [11], where
various types of polypropylenes differing in melt flow indexes
(MFI =2.0, 8.0, and 11.8 g/10 min) were used to dilute the same
masterbatch like here (PP having MFI = 11.8 g/10 min and contain-
ing 20 wt.% MWCNT, obtained from Hyperion Catalysis Interna-
tional) by melt mixing technique (mixing conditions: 190 °C,
35 rpm, 10 min). It was shown in that article, that the lowest per-
colation threshold values (p. ~ 1.1 vol.%) were achieved when the
dilution of the masterbatch was done using the PP grades with
lower viscosity (MFI=8.0 and 11.8 g/10 min), compared to high
viscous PP (MFI = 2.0 g/10 min, p. ~ 2.0 vol.%) [11]. SEM, TEM and
rheology measurements were consistent with that result, showing
a better state of dispersion in the low viscous systems. Having in
mind these results, in this work the dilution was performed by
using an even less viscous PP (MFI = 35.0 g/10 min). Additionally,
the mixing conditions were altered. In particular, the mixing speed
was much higher (200 rpm), the mixing time was significantly pro-
longed (over 30 min), whereas the mixing temperature was kept
almost the same (180 °C) in order to prevent any decomposition
of the polymer. We show in the present paper that these altera-
tions, in the polymer matrix selection for the dilution and in the
mixing conditions, lead to further decrease of p. (p. ~ 0.6 vol.%).

Generally, the higher the mixing speed, time and temperature
are, the better dispersion of CNT is achieved. The drawback of
the increase of all the mentioned above parameters is the decrease
of the aspect ratio of the fillers [8], a factor which is crucial for the
electrical percolation threshold [12]. In this work, the low viscosity
in the melt, due to the high MFI of the polymer used, allowed us to
conduct a tenacious mixing of CNT with the polymer without
destroying CNT, as the low p. value indicates.

Additionally, significant enhancement of the storage modulus
(up to 86% in the glassy state) was observed for the samples with
high amounts of CNT (3 and 5 wt.% CNT), as shown by dynamic
mechanical analysis (DMA) measurements. The enhancement of
the mechanical properties is correlated with the appearance of
trans-crystallinity structure in PP by the addition of carbon nano-
tubes, indicated by differential scanning calorimetry (DSC). This
crystalline layer around CNT seems to intervene between the ma-
trix and the embedded nanotubes, transferring in that way the load
from the amorphous phase to the stiff CNT.

2. Experimental
2.1. Materials

Masterbatch granules of polypropylene containing 20 wt.% of
MWOCNT, obtained from Hyperion Catalysis International (USA),
were used as components for the preparation of the thermoplastic
composites with lower CNT contents. The nanoubes are produced
by chemical vapour deposition method (CVD). The outside diameter
(D) of the tube is approximately 10 nm and the length (L) is over
10 um giving a high aspect ratio (L/D) of about 1000. The density is
approximately 1.74 g/cm?, as it is calculated by Raman spectroscopy
(Section 3.3). The nanocomposites were prepared by melt mixing the
starting masterbatch with a low viscous isotactic polypropylene
(iPP) (melt flow index: 35 g/10 min (230 °C/2.16 kg, ASTM D 1238),
M,: 50,000, M,,: 190,000) obtained from Aldrich Polymer Products.
The mixing was done in a co-rotating, conical, twin-screw micro-ex-
truder/compounder (ThermoHaake MiniLab™) at 180 °C, for over
30 min and at a mixing speed of 200 rpm in N, atmosphere. Slabs
with a thickness of 0.5 mm were prepared by compression moulding
of the mixed composites using a custom hydraulic press at 15 MPa
for 5 min initially and at 30 MPa for additional 5 min, while the tem-
perature was kept at 170 °C. Then, the temperature would be de-
creased from 170 °C to 40 °C at a sufficiently low rate. The final

obtained concentration of MWCNT in the prepared nanocomposites
varies from 0.3 to 5.0 wt.%.

2.2. Characterization

The morphology of iPP/MWCNT composites was observed using
a scanning electron microscopy (SEM) (FE Inspect SEM, Philips,
Netherlands) operating with an acceleration voltage of 20 kV.
SEM samples were cryo-fractured in liquid nitrogen and their frac-
tured surface was sputtered with gold before taking the images to
prevent charging.

X-ray diffraction (XRD) patterns were taken on a Siemens D500
diffractometer, using Cu Ko radiation of a wavelength of
/4 =0.154 nm. Measurements were performed over the range 260
from 5° to 55°, at steps of 0.04° and counting time of 5 s.

Raman spectra were recorded on a Perkin-Elmer GX Fourier
Transform spectrometer. A diode pumped Nd:YAG laser exciting
at 1064 nm was used. The scattered radiation was collected at an
angle of 180° to the incident beam. Spectra were recorded at a laser
power of 30 mW at the sample with a resolution of 4 cm~! and an
interval of 2 cm™'. In order to obtain a good signal to noise ratio,
1000 scans were co-added for the spectra. The Raman spectra were
taken in the spectral region 100-3500 cm™'.

Differential scanning calorimetry (DSC) measurements were
carried out in the temperature range —70 to 180 °C, using a Per-
kin-Elmer Pyris 6 apparatus. A cooling rate of 10 K/min and a heat-
ing rate of 10 K/min were used. The weight of the samples varied
from 4 to 6 mg. It is noted that iPP and its composite samples con-
taining various MWCNT amounts were formerly heated at 180 °C
for 5 min in order to remove the previous thermal history. All mea-
surements were carried out in nitrogen atmosphere.

The mechanical properties of the prepared materials were
examined by dynamic mechanical thermal analysis (DMTA) at a
frequency of 10 Hz from room temperature up to 200 °C, using a
Polymer Laboratories dynamic mechanical thermal analyzer MK
[Il. A scanning rate of 2 °C/min and a strain of 4x were used.

The electrical and dielectric properties of the prepared materi-
als were studied by employing dielectric relaxation spectroscopy
(DRS). In this technique the sample is placed between the plates
of a capacitor, an alternate voltage is applied, and the response of
the system is studied. By measuring the complex impedance
(Z" =7 —iZ") of the circuit the complex permittivity (¢" = ¢ — i¢")
arises from the following equation [13]:

1
0) = T @G M

where w is the angular frequency (w = 27f) of the applied electric
field and Cy the equivalent capacitance of the empty capacitor.
The frequency-dependent ac conductivity (real part, ¢’) is then ob-
tained from the following equation [13]:

o'(w) =& w&"(w) (2)

where ¢, =8.85 x 1072Fm™! is the permittivity of free space. In
this work, DRS measurements were carried out in a wide frequency
range of 1072-10° Hz by means of a Novocontrol Alpha analyzer
(Germany).

3. Results and discussion
3.1. Morphological characterization

In Fig. 1 SEM images for the nanocomposites containing 1.0 and
3.0 wt.% MWCNT are presented.

The micrographs show that MWCNT are uniformly dispersed in
the polymer matrix with small amount of agglomerates, indicating
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Fig. 1. SEM micrographs for the nanocomposites containing 1 wt.% (left) and 3 wt.% (right) MWCNT.

that the masterbatch dilution technique using melt mixing was
appropriate in order to obtain a homogeneous distribution of
nanotubes in the polymer matrix. Thus, these composites are suit-
able for the investigation of the influence of nanotube addition on
the crystallization behavior and the mechanical properties of the
polypropylene matrix, and to study electrical percolation aspects.

3.2. X-ray diffraction

The addition of nanoparticles in the iPP matrix can cause
changes in the crystallization rate of the polymer and even induce
changes in its crystal conformation [14]. To examine this possibil-
ity X-ray diffraction measurements carried out. Fig. 2 shows the
XRD patterns of pure iPP and iPP/MWCNTs composites. Both pure
iPP and iPP/MWCNT nanocomposites display characteristic dif-
fracting peaks at 20 =13.9°, 16.7°, 18.3° and 21.6° corresponding
to the planes (110),(040), (130)and (11 1) of its a-phase crys-
tallite and exhibit complete absence of the B-crystal form, which
shows two strong peaks at 20 of 16.2° and 21.2° [14-16]. While
certain nucleating agents can promote B-crystal formation in PP
[16,17], this study shows only the o-crystal formation in iPP/
MWCNT composites. This result is consistent with a previous study
in PP/SWCNT and PP/MWCNT systems [15,18].

3.3. Raman spectroscopy

Raman spectra of polymer/CNT composites have attracted a lot
attention, both theoretically [19,20] and experimentally [21,22],
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Fig. 2. XRD patterns for the pure iPP and for the nanocomposites indicated on the
plot.

and has become a tool for the study and characterization of CNT
nanocomposites, in order to identify carbon nanotubes (i.e. graph-
itization, inner diameter and density), access their dispersion in
polymers, evaluate nanotube/matrix interactions and detect poly-
mer phase transitions. Raman spectra of polymer/CNT composites
typically show intense peaks in the spectral ranges of 1200-
1700 cm ™! and 140-200 cm™ . Fig. 3 shows the high frequency Ra-
man spectra of MWCNT and the nanocomposites for several nano-
tube concentrations (0.5, 1, 3 and 5 wt.%). Two characteristics
peaks are presented: the first centered at 1306 cm™! assigned to
the D band and derived from disordered graphite structures, and
the second centered at 1594 cm™! assigned to the G band and is
attributed to modes with neighboring C atoms vibrating out-of-
phase parallel to the surface of the cylinder (tangential modes)
which are related to the E,, phonon at about 1580 cm ™" in graphite
[23].

By increasing the nanotube concentration in the polymer ma-
trix, the G band is upshifted, as shown in Fig. 3. The shifting of
the band to higher frequencies can be attributed to the disentan-
glement of nanotubes and subsequent dispersion in the iPP matrix,
as a consequence of polymer penetration into the nanotubes bun-
dles during melt mixing process. The latter is expected to contrib-
ute significantly to the influence of the crystallization, due to the
increase of the formation of nucleant agents which favor the crys-
tallization process, as it will be discussed in Section 3.4. Similar
upshifting of the G band has been reported for SWCNT/polypropyl-
ene [24] and reinforced epoxy resins [25], as well as for polyethyl-
ene matrix [26].

iPP+ 5.0 wt% MWCNT

iPP+ 3.0 wt% MWCNT

iPP+ 1.0 wt% MWCNT,

Intensity [arb. units]

iPP+ 0.5 wt% MWCNT,

1700 1600 1500 1400 1300 1200 1100
Raman shift [cm™]

Fig. 3. High frequency Raman spectra of MWCNT and iPP/MWCNT nanocomposites.
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Using the peak height Raman intensities of the G and D bands in
the equation Ig/(Ig + Ip) x 100% the degree of graphitization of car-
bon nanotubes was found 43% [27].

The low-energy bands in Raman spectra are attributed to a ra-
dial breathing mode (RBM) where all C atoms are subject to an
in-phase radial displacement, associated with a symmetric move-
ment of all carbon atoms in the radial direction. The frequency of
RBM mode is proportionally to the inverse of the tube inner diam-
eter (1/d) according to the equation: wggy = 223.5/d +12.5, where
wgem is given in cm~! and d in nm [23].

A prominent RBM band at about 163 cm~! was recorded in
spectra of MWCNT and in iPP/MWCNT composites. Band compo-
nent analysis (Fig. 4) gave three main bands at 161, 163 and
167 cm~! which correspond to nanotubes with inner diameters
1.50, 1.48 and 1.44 nm respectively. Using the mean inner diame-
ter value in the equation penr = pg(D* — d?)/D? [27], where pg and
D are the density of graphite and the outer diameter respectively,
the density of carbon nanotubes penr was found 1.74 g/cm?®.

3.4. Effects of MWCNT addition on the thermal transitions of iPP

The effects of MWCNT addition on the thermal properties of the
host matrix (iPP), crystallization in Figs. 5 and 6 and melting in
Fig. 7, were examined by employing DSC. Fig. 5 shows the thermo-
grams for iPP and selected iPP/MWCNT nanocomposites at a cool-
ing rate of 10 K/min, where the crystallization exotherms are
observed. For the iPP matrix only a single crystallization peak
(T.1) appears at 108.6 °C. For the iPP/MWCNT nanocomposites
the T, peak shifts gradually to higher temperatures, as the amount
of MWCNT increases, indicating that carbon nanotubes act as
nucleating agents. This behavior has been reported previously in
literature for polypropylene [24,28-30] and other semicrystalline
matrixes, such as polyamide [31-34] and polystyrene [35]. The ob-
served increase of T ; is more pronounced at low nanotubes con-
tents (T.; is increased by 13 °C on addition of only 0.5 wt.%
MW(CNT) and becomes weaker as the amount of CNT increases (Ta-
ble 1). Additionally, the crystallization peak appears to be narrower
in the case of nanocomposites. The degree of crystallinity (X.) of
iPP is calculated from the melting thermograms by the following
equation:

AH AH;,
Y —_—-m =__m
Xe () = (= g am = 100 = 3t x 100 (3)

where AH,, is the heat of fusion of the measured sample, AHy is the
heat of fusion for 100% crystalline iPP and ¢ is the weight fraction of

Intensity [arb.units]
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Fig. 4. Low frequency Raman spectrum of iPP/3.0 wt.% MWCNT composite.
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Fig. 5. Crystallization thermograms for pure iPP and the nanocomposites indicated
on the plot (cooling rate: 10 K/min).

T T T T T T T T T T T T T
4 yYYYYYVYVVVY]
---------------------.-----:""..:'..."".
T vy 3 .
O* 1 v"‘vv 0" i
_g _" \$ L AAAAAAAAAAAAL
o 4 .‘:ln.n.o;X.,.‘.‘.‘.t‘ Seccccccccccss|
L A s
% 1 -',"4 ,,V ‘\'"\\ Tcz 1
= I’/I 7 .’ 2
a | f * -
s | //‘/ /'/ * 0.1Wig 1
= . / IQI .
2 A /[ / g e i
g // / —«—iPP+0.5 wt% MWCNT
T / f —+—iPP+1.0 wt% MWCNT |
j —v—iPP+3.0 wt% MWCNT
1 / ] l —e+— iPP+5.0 wt% MWCNT
1

T T T T T T T T T T T T T
126 128 130 132 134 136 138
Temperature [°C]

Fig. 6. Appearance of T, peak on addition of MWCNT.
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Fig. 7. Melting thermograms for pure iPP and the nanocomposites indicated on the
plot (heating rate: 10 K/min). The inset shows, as an example, the glass transition
region for iPP/0.5 wt.% MWCNT.

CNT in the nanocomposites. AHy was taken equal to 209 J/g [36].
The results listed in Table 1 show a slight increase of X. as the
amount of CNT increases. The relatively high cooling rate of 10 K/
min gives limited time to the polymer to be crystallized, and, as a
result, the addition of external nucleating sites, such as carbon
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Table 1

Melting temperature (T},), heat of fusion (AH,), heat of fusion normalized to the polymer mass (AH

1), degree of crystallinity (X.) and crystallization temperature (T.,) for the

pure iPP matrix and iPP/MWCNT nanocomposites. It is noted that the errors in temperatures are estimated to 0.5 °C, whereas in enthalpies and in degree of crystallinity are in

the order of 5%.

Sample Melting Crystallization
T (°C) AHn (J/g) AH;, (J/g) X (%) Tea (°0)
iPP 158.2 and 162.4 88 88 42 108.6
iPP/0.5 wt.% MWCNT 160.8 92 93 44 121.7
iPP/1.0 wt.% MWCNT 160.5 93 94 45 1223
iPP/3.0 wt.% MWCNT 161.6 92 95 45 124.4
iPP/5.0 wt.% MWCNT 162.4 89 93 45 126.4
nanotubes, leads to an increase of crystallization rate and conse- s
. T T T T T
quently to an increase of X..
Another alteration in the crystallization of iPP is the appearance = PP
of a new crystallization peak (T.) by the addition of carbon nano- ”v‘v‘.‘::,:;?v:...,.’ *  1PP+0.5wt% MWCNT
. . . . A i 0,
tubes, at higher temperatures and especially for the highly loaded 6 T e, iPP+ 1.0 wt% MWCNT i
. . . . . 'v' * v i X %
samples (3 and 5 wt.% MWCNT) (Fig. 6). The origin of this peak is v, ; f;;":gx; mxz:;
. .. . . . v, + 5. %
attributed to trans-crystallinity. In this special kind of morphology, v '

crystallization begins on the surface of a flat or fibril nucleating ob-
ject and results in a one-dimensional (columnar) growth of crystal-
lites in a direction parallel to the normal of the surface [37]. This
structure begins to develop on the walls of CNT before the most
common supermolecular structure of spheroulites (T.; peak),
which is observed thereupon during the cooling. The trans-crystal-
linity structure has been reported in various conventional poly-
mer/fiber composites [38,39] and recently in nanocomposites. In
particular, in Refs. [34,40] similar results were obtained by DSC
in polyamide 6/MWCNT composites. Additionally, in Refs. [41,42]
polarized light microscopy and transmission electron microscopy
results in iPP/MWCNT show this structure even more convincingly.
The existence of this layer is of a grate importance, as it seems to
affect the mechanical properties of the nanocomposites (see Sec-
tion 3.5).

In Fig. 7 melting thermograms (second heat) are presented for
the iPP and its nanocomposites at a heating rate of 10 K/min. For
the pure iPP two main melting peaks are located at 158.2 and
162.4 °C. The peak at high temperatures is attributed to the melt-
ing of a-crystals, whereas the broad peak at the temperature range
150-160 °C can be due to the melting of B-crystals, or smaller or
imperfect o-crystals [15]. The latter is the case here, since X-ray
diffraction patterns do not show any presence of B-crystals (see
Section 3.2). In the nanocomposites the melting peaks are nar-
rower, a result which suggest a narrower crystallite size distribu-
tion as compared to the pure matrix. The higher thermal
conductivity of CNT, as compared to that of the polymer, allows
heat to be more evenly distributed in the nanocomposites, and ex-
plains, at least in part, the sharper crystallization and melting
peaks [15]. As concerns the glass transition of the amorphous iPP
phase (an example is given in the inset to Fig. 7 for the sample
iPP + 0.5 wt.% MWCNT), no significant changes are observed either
to the position of the glass transition temperature (Ty ~ —7 °C) or
to the heat capacity jump (AG,).

3.5. Mechanical properties

The mechanical properties of the nanocomposites were ana-
lyzed with dynamic mechanical thermal analysis (DMTA). The
steps and the peaks which appear in the dynamic storage modulus
(E’") (Fig. 8) and in tangent delta (tan §) (Fig. 9), respectively, corre-
spond to the glass transition of iPP. E’ increases in the glassy state
on addition of carbon nanotubes (Table 2). This increase is rather
small for the samples containing low amounts of CNT and becomes
significant for the highly loaded samples (3 and 5 wt.% MWCNT). In
particular, E’' increases from 3.6 GPa for pure iPP, to 6.4 GPa for the

E ' [GPa]

T T T T
-20 0 20 40 60

Fig. 8. Storage modulus versus temperature for the pure iPP and for the nanocom-
posites indicated on the plot.
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Fig. 9. Tan 6 versus temperature for the pure iPP and for the nanocomposites
indicated on the plot.

Table 2

Dynamic storage modulus (E’) in the glassy and in the rubbery state for the pure iPP
matrix and iPP/MWCNT nanocomposites. It is noted that the error in E’ values is in the
order of 1% (estimated after the repetition of each measurement for three times).

Sample E' in the glassy state E’ in the rubbery state
(at —20 °C) (GPa) (at 60 °C) (GPa)

iPP 3.6 0.9

iPP/0.5 wt.% MWCNT 43 1.2

iPP/1.0 wt.% MWCNT 4.0 1.0

iPP/3.0 wt.% MWCNT 6.4 2.1

iPP/5.0 wt.% MWCNT 6.7 2.5
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nanocomposite with 3.0 wt.% MWCNT, and to 6.7 GPa for the nano-
composite with 5.0 wt.% MWCNT, representing 78% and 86%
improvement, respectively (Table 2).

This enhancement of the mechanical properties is correlated
with the appearance of trans-crystallinity structure in iPP on addi-
tion of carbon nanotubes, as indicated by the DSC results. As it was
shown in Section 3.4, this structure is present in all the nanocom-
posites, but it becomes significant for the same samples which ex-
hibit significant enhancement in their mechanical properties. This
crystalline layer around CNT seems to intervene between the ma-
trix and the embedded nanotubes, transferring in that way effec-
tively the load from the amorphous phase to the stiff CNT [43].
Similar findings have been obtained in our previous work in PA6/
MWCNT systems [34], but it was not possible there to identify
the reason for the observed enhancement, as the appearance of
the trans-crystallization structure was combined with the conver-
sion of the vy phase crystals of PA6 to o, which exhibit improved
mechanical properties. Here, any effects stemming from crystallite
conversion can be excluded, as it was shown by XRD. Additionally,
the observed increase in the degree of crystallinity of iPP is negli-
gible (Table 1), compared to the large increase of E’, and cannot ac-
count for the latter. Finally, it is mentioned that the enhancement
of E' is retained in the rubbery state also, as it is shown in Table 2.

3.6. Electrical properties

Fig. 10 shows the frequency (f) dependence of the real part of
the complex electrical conductivity ¢’(f) for various MWCNT
weight contents measured at room temperature. Two distinct
behaviors, depending on the nanotubes concentration, are ob-
served. Ac conductivity increases linearly as frequency increases
for the samples with compositions between 0.3 and 1wt%
MWCNT as well as for neat iPP, which is typical for insulating
materials. Contrary, the samples with loadings of at least 1.5 wt.%
MWCNT exhibit a dc plateau where ¢’ is independent of frequency
below a critical frequency (f.). For the samples with high MWCNT
contents the independence of ac conductivity on frequency, which
is characteristic for conductive materials, is extended in the whole
frequency range. It is clearly seen that the transition from insulat-
ing to conducting phase takes place between 1.0 and 1.5 wt.% of
MW(CNT. Thus, the percolation threshold (p.), being the critical
composition of conducting inclusions where the first network is
formed, is located between these two values.

For the exact calculation of p. the well known scaling low from
percolation theory [44] was used to the experimental data in
Fig. 11:
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Fig. 11. o4, versus MWCNT vol.% (and wt.%) concentration for nanocomposites
above p.. The inset shows a log-log plot of a4 versus (p — p.) with t=4.5 and
DPe~ 0.6 vol.%.

Gac ~ (P —p.) 4)

where o4 is the dc conductivity (as obtained from the plateau val-
ues of the conductive samples in Fig. 10), p is the volume fraction of
the filler, and t is the critical exponent, which is related with the
dimensionality of the investigated system. The conversion of wt.%
to vol.% concentrations was done using the following equation:

1
Pyol = m (5)

where ¢y and ¢ are the volume and weight fraction of MWCNT,
respectively. The mass densities of MWCNT and iPP are
pent=1.74g/cm® (as obtained by Raman spectroscopy) and
proi = 0.9 g/cm>. A value of t~ 2.0 is predicted theoretically for a
statistical percolation network in three dimensions [45]. The best
linear fit for a4. versus p was achieved for p.= 0.6 + 0.1 vol.% (or
1.2 wt.%) and t =4.5 £ 0.2 (Fig. 11). In the inset to Fig. 11 g4 versus
(p — pc) is plotted and shows the estimation of percolation thresh-
old in a different representation. The calculated value for the expo-
nent t is high and deviates from the theoretically expected. In any
case, such high values for t have been mentioned before in literature
in many systems. Many examples and reasons for this discrepancy
are given in Refs. [5,46] and in references there into.

Dielectric relaxation spectroscopy gives us the opportunity to
study and estimate the percolation threshold from the dielectric
constant (¢') values of the insulating samples which are below
the percolation threshold. Thus, an alternative route for the esti-
mation of p. is provided, controlling in that way the correctness
of the results obtained by the conventional method (g4 versus
p). A third way, through the critical frequency (f;), has been also
presented in Ref. [46]. This third method is not applicable here,
as the transition from the insulating to the conducting phase is
rather sharp and consequently f. can be read only in two samples.

Fig. 12 presents the real part of the complex permittivity (&)
versus frequency (f) for the samples which exhibit insulating
behavior. The first concentration above p. (1.5 wt.% MWCNT) is
also included in order to show the difference which is observed
at p.. As it is seen, ¢ increases as the amount of MWCNT in the
composites increases. Polypropylene, as a non-polar polymer, does
not exhibit dielectric relaxation mechanisms; therefore the real
part of dielectric function is practically frequency invariant in the
whole frequency range. It is noted that in the case of polymers with
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Fig. 12. Real part of the dielectric function (¢') as a function of frequency (f) for the
samples indicated on the plot. The inset shows the estimation of p. according to Eq.

(5).

polar groups relaxation mechanisms appear in the spectra in the
form of steps [13]. This increase in dielectric constant, still remain-
ing below p,, is beneficial for the development of materials (known
as high-k materials) with potential applications in microelectron-
ics. The sharp increase in ¢ values for the sample containing
1.5 wt.% indicates the percolation threshold. Consequently, p. lies
in between 1.0 and 1.5 wt.% MWCNT. For the exact calculation of
Do, € is plotted against vol.% MWCNT concentration (see inset to
Fig. 12). Generally, ¢ values are taken at a high frequency (here
at 1 MHz) in order to exclude any dipolar contribution to the
dielectric constant. Here f=1 MHz was chosen, although, due to
the lack of polar groups in polypropylene chains, ¢ is practically
constant in the whole frequency range. Fitting of the scaling low
from percolation theory [47]:

& ~(@p.—p)"° (6)

to the experimental data (see inset to Fig. 12) gave the following
values: p.=0.7 £ 0.1 vol.% and s =0.20 £ 0.03. Like in Eq. (3), s is a
critical exponent which is related with the dimensionality of the
percolative network. The obtained value of s diverges from the
commonly accepted value of 0.7 for three-dimensional percolation.
Similar low values of s have been previously reported [48,49] for
percolative systems containing prolate inclusions.

In summary, both fits of a4 versus p (Fig. 11) and of ¢ versus p
(inset to Fig. 12) data gave p. values in consistency to each other.
The estimated percolation threshold is lower than previous men-
tioned ones in literature, as concerns semicrystalline polymer/
CNT composites obtained by dilution of a commercially available
masterbatch (1.1 vol.% in PP/MWCNT [11], 2.1 vol.% or 4.5 wt.% in
PP/MWCNT [50], 1.7 vol.% or 2.6 wt.% in polyamide 6/MWCNT
[46]). Comparable values or even lower have also been reported,
however in systems where the matrix was an amorphous polymer
(0.5-1.0 wt.% in polycarbonate/MWCNT [51]).

4. Conclusions

This work provides a simple and quick way for the preparation
of PP/MWCNT nanocomposites, by diluting a commercial master-
batch through melt mixing technique. The nanocomposites exhibit
a low percolation threshold of about 0.6 vol.%, as it was calculated
by both dc conductivity and dielectric constant values. This thresh-
old is significant lower than previously reported results in similar
systems, and it was achieved by making the appropriate selection
of the dilution polymer, as well as the mixing conditions in the
melt. The latter is combined with significantly enhanced mechan-

ical properties, especially in the highly loaded samples. The
enhancement is correlated with the appearance of a crystalline
layer around CNT walls due to trans-crystallinity, as it was shown
by DSC. This interphasial layer seems to intervene between the
matrix and the embedded nanotubes, transferring in that way
effectively the load from the amorphous phase to the stiff CNT.
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