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  A  b  s  t  r  a  c  t   

 
Multi-walled carbon nanotubes (MWCNTs)/polypropylene composites 

were prepared by melt-mixing, by varying the MWCNT content from 1 to 
7 wt%, and samples were manufactured by injection moulding technique. 

DC electrical characterization was performed by the two-probe 
method in the three main directions: longitudinal and transversal to the 
flux of the material during the mould filling, and in the through- 
thickness direction. Moreover, a dedicated setup was adopted to 
measure the electrical resistance at different depths of the specimen 
cross-sectional areas. Two different electrical percolation thresholds, 
calculated at about 2 wt% and 3 wt% of MWCNTs 
(longitudinally/transversely to the mould filling flux and in the through-
thickness directions, respectively), were found. In order to investigate 
the role of the structure/morphology of the composites on the electrical 
properties, samples have been cryofractured, chemically etched and 
characterized by means of scanning electron microscopy. As a result, the 
observed anisotropic electrical  behaviour was associated with the different 
network  morphology, which was detected in the cross-sectional area, 
caused by the injection moulding process. Based on the observed 
through-thickness electrical behaviour, a phenomenological DC 
conduction model has been developed, describing the sample as a 
multilayer system, being the external layers (skin) less conductive than 
the internal region (core). This model, combined with the bulk 
electrical tests, can be considered as a valuable mathematical tool to 
foresee the electrical behaviour of MWCNT-based composites for 
designing new industrial injection-moulded components. 

 



 

1. Introduction 

 
In the last decades, the interest in polymers with conductive 

properties, coming from the combination with electrically active 
nanomaterials, has increased considerably [1]. In fact, new oppor- 
tunities and applications come from the union of the peculiar 
properties of a polymer, such as simplicity of manufacturing, 
lightweight, resistance to chemical corrosion, and the peculiar 
mechanical and electrical properties of the conducting fillers [2,3]. 
Among the carbon-based nanomaterials with different shape and 
aspect ratio [4,5], multi-walled carbon nanotubes (MWCNTs) have 
attracted considerable attention and are identified as one of the 
most promising nanostructures to obtain multifunctional materials 
for industrial applications [6,7], including devices for sensor tech- 
nology [8e10], thermally conductive components [11e13], elec- 
trical conducting and/or electromagnetic interference-shielding 
systems [14e19]. In particular, it was hypothesized that carbon 
nanotubes   can   carry   an   electrical   current   density   up   to 
z109e1010 A/cm2 [20], which is more than 1000 times greater than 
metals. Moreover, since their first discovery by Iijima at the 
beginning of 90s [21], CNTs have reached a technological maturity 
and a cost-to-performance ratio, which is suitable for a real market 
exploitation. 

Carbon nanotubes, with their high aspect ratio and chain-like 
aggregate structures, have a greater tendency to form a conduc- 
tive network within the polymer matrix, if compared with other 
conductive additives [22]. It comes out that the electrical properties 
of the carbon-based polymer composites are due to the transport of 
the electrons, guaranteed by a conductive network of continuous 
contacts, thus creating a pathway for the transfer of electrons within 
the polymer matrix, according to the percolation theory [22e25]. 

Many factors can affect the conductivity of the polymer com- 
posites, such as the polymer type, content of the conducting carbon 
fillers and the type (in terms of shape, aspect ratio and morpho- 
logical characteristics), the surface properties of the fillers, the 
nature of the polymer and finally the processing conditions [1,3,26]. 
As for the extrusion processing conditions, it has been observed 
that, by increasing the screw speed, the conductivity is decreasing 
because of the presence of a segregated structure of carbon nano- 
fillers, within the compacted polymer phase [27]. Moreover, it is 
reported that a skin-core morphology of injection-moulded pure 
polymer (i.e. PP with a different molecular weight distribution and 
crystallinity) [28] or CNT-based polymer composites [29,30], can be 
obtained. In the specific case of CNT/polymer composites, the 
orientation of nanotubes, induced by the shear rate nearby the 
surface, may be larger than that in the body, as well as the different 
local concentrations of CNT in the skin layer and in the core region 
[31]. The peculiar skin-core microstructure may be of interest for 
several applications, including the integrated monitoring and 
sensing based on smart components [8,9,30]. From all these con- 
siderations, it is clear that the carbon nanotube dispersion is the 
key point in determining the conductivity performances of the 
composite [32e36]. In particular, in most of the techniques for 
obtaining final plastic items, the morphology of CNT-polymer 
composites is strongly influenced by the shaping phase, when the 
polymer is in the molten state. As an example, in the injection 

moulding and extrusion techniques e as far as the thermoplastic 
matrices are concerned e it is widely known that the longitudinal 
flux of the molten polymer can induce an alignment in micro-sized 
fibers, (e.g. carbon and glass fibers) [37], and in nano-sized particles 
[35]. 

In this paper, polypropylene (PP) composites filled with 
MWCNTs were developed. The MWCNT dispersion was performed 
in a co-rotating twin-screw extruder, and the obtained composites 
were injection moulded. 

Electrical characterization was then performed in the three 
main directions, that are: i) longitudinal to the flux of the material 
during the mould filling, ii) transversal to the flux and iii) the 
through-thickness direction. The effect of processing on the 
anisotropic electrical percolation threshold (Pc), defined as the 
insulator-to-conductor transition and the associated MWCNT 
network morphology was deeply investigated and analyzed also by 
a phenomenological conduction model. Interestingly, the obtained 
results may provide a robust platform to gain insight into polymer- 
carbon nanotube dispersion, being an important step in the study 
and control of the morphology/electrical properties of the MWCNT 
composites. 

 
2. Experimental 

 
2.1. Materials 

 
Multi-walled carbon nanotubes (Nanocyl NC7000) were used as 

fillers. As reported by  the manufacturer, they are  10e20 nm  in 

diameter and 1.5e2 mm in length. Polypropylene (PP) Moplen RP 
348 R (Lyondell Basell) was selected as a polymer matrix. It is a 
random copolymer (injection moulding grade), with a MFI of 25 g/ 
10 min (230 oCe2.16 kg) and a density of 900 kg/m3. Several con- 
tents of MWCNTs were added to the PP, namely 1-2-3-4-5-6-7 wt%. 

MWCNTs were homogeneously mixed with the polymer by melt 
compounding technique in a corotating twin-screw extruder 
(Leistritz 27E). This extruder has a screw diameter D of 27 mm and 
a length of 40D, and it can be considered a pilot line, which well 
simulates the industrial process of thermoplastic polymer com- 
pounding. Polymer was fed through a Brabender metering unit at 
the beginning of the extrusion line through the main feeder, while 
MWCNTs were fed through the side feeder, which is placed at two- 
third of the screw length from the extrusion die. The processing 
temperatures were set as shown in Fig. 1a. 

The obtained composite mixtures were used to produce square- 
shaped samples (100 x 140 x 2.25 mm in size) by injection 
moulding technique, using a Ferromatik 110 press, with the pro- 
cessing temperatures reported in Fig. 1b. The used mould was 
designed specifically for minimizing the rupture of MWCNTs dur- 
ing the filling process and characterized by a fan gate (see Fig. 1c), 
which can uniform the flux of the molten material while filling the 
mould. The design and the 3D Cartesian coordinate system (X, Y, Z 
axes) of the sample is also reported in Fig. 1c. 

 
2.2. Methods 

 
DC electrical characterization was performed by the two-probe 



 
 
 

 
 

Fig. 1. a) Extrusion and injection moulding scheme b) processing temperatures and 

layout, c) scheme of the sample produced by injection moulding. The injection point/ 

flow directions are shown by the arrow. 

method by means of the r ¼ R A/D equation (where R is the resis- 

tance in Ohm, A is the cross-sectional area in cm2 and D is the 
distance between the two electrodes in cm). Low-resistance wiring 
and connections were verified before sample analysis. Resistivities 
of samples (Ohm cm) were consequently obtained in the three 
main directions: i) longitudinal to the flux (X) of the material 
during the mould filling, ii) transversal to the flux (Y) and iii) in the 
through-thickness direction (Z). The test setup adopted for the 
electrical measurements along the different directions are reported 
in Fig. 2a and b. 

In order to ensure high-accuracy high-resistance measure- 
ments, the electrical properties along the Z direction electrical re- 
sistivity measurements were conducted by using a Keithley 6517B 
electrometer (electrode dimensions: 20.971 cm2) combined with a 
Keithley 8009 test fixture, which guarantees the good electrostatic 
shielding and high insulation resistance. 

In order to measure the electrical properties along X and Y, the 
specimens were cut (20 x 2.25 x 4 mm) from the injection 
moulded samples. A silver-based conductive paste was used to 
obtain   two   ohmic   contacts   with   a   good   low-resistance   (A, 
0.225 x 0.4 cm), 0.3 cm spaced (D) on the obtained specimens. The 
current (I) was measured by the two-probe method with a digital 
multimeter (Keithley 2420) by applying a potential in the 1 ÷ 20 V 
range, and the corresponding resistance (R) was obtained. 

A dedicated setup was developed and adopted to measure the 
influence of the Z-coordinate in the electrical properties of a cross 
sectional area. Tests were performed using a Keithley 2420, by 

means of two m-electrodes (both perpendicular to Z), which are 

placed in contact with the specimen at intervals of 250 mm along 
the whole sample thickness, from the top to the bottom surface, as 
shown in Fig. 2c. More in detail, the two Tungsten Carbide elec- 

trodes (100 mm in diameter) were separated by a distance of 
1000 ± 10mm and moved by means of a micrometer screw-driven 
XY-axes platform. Each of the electrodes in the back side is con- 
nected to a spring under a low loading (30 g) to prevent damage on 
the sample during the measurement. The spatial resolution during 

the measurements was estimated to be as low as 200 mm. 
 

 
 

 
 

Fig. 2. Experimental setup of DC electrical measurements: tests in the a) Z-direction; b) X- and -Y- directions; c) the setup developed to measure the influence of the Z-coordinate in 

the electrical properties of the cross sectional area of the sample. 



 
 

 

 
 

Fig. 3. DC resistivity versus MWCNT content in polypropylene: Z- (black squares) Y- 

(green rhombus) and X-directions (red triangles), respectively. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

 
 

The morphology of the samples has been investigated by means 
of a Zeiss Evo50 SEM instrument. Samples were preventively cryo- 
fractured and chemically etched for 15 h [9]. 

 
 

3. Results and discussion 

 
3.1. Electrical properties and morphology 

 
Electrical resistivities of the MWCNT/PP composites as a func- 

tion of the MWCNT content along the three main directions are 
shown in Fig. 3. 

According to the obtained results, several remarks can be made. 

First of all, after the conversion to conductivity values (s), the ob- 
tained percolation threshold values (about 2 wt% and about 3 wt% 
along X-Y and Z directions, respectively) (Supplementary Data), are 
to some extent higher than those described in some papers [15,19], 
but quite similar to those reported for the semi-industrial scale 
production of injection-moulded MWCNT-based PP and PE com- 
posites [9,38]. Furthermore, by comparing the curves related to the 
X  and  Y  directions  (Fig.  3),  no  significant  differences  can  be 

 

observed, testifying that no CNT orientation along the flux direction 
(X) has been produced during the injection moulding process, in 
agreement with what is expected for medium viscosity melts 

(h0 z 102e103 Pa$s) obtained under a medium or low apparent 
shear rates [27,39]. 

This is further demonstrated by the morphological analysis 
performed by SEM. As an example, Fig. 4 shows the fracture sur- 
faces of the 3 wt% MWCNT composite, perpendicular to the X and Y 
direction respectively. From this figures it can be observed that, in 
both cases MWCNTs form disordered entanglements with no 
preferential direction, and no significant difference can be detected 
from one section to the other. 

The most interesting outcome shown in Fig. 3 is related to the 
comparison of the Pc in the Z direction, which is different from the 
one of X and Y direction. In fact, the electrical percolation threshold 
is in the range of 3 wt% for the Z direction and 1e2 wt% for the X and 
Y direction. Moreover, the electrical resistivity reaches a different 
plateau value in the Z direction with respect to X and Y ones, being 
about 101 U cm (along the X and Y directions) and 106 Ucm (along 
the Z-direction). It is worthy noticing that for measurements along 
the Z direction the two electrodes are both contacting the specimen 
surface, while for measurements along X and Y directions new 
exposed surfaces, before belonging to the bulk region,  are 
measured. 

In order to understand the difference in the electrical properties 
in the three main directions, a thorough study on the influence of 
the z-coordinate in the electrical properties of the cross sectional 
area was performed with the 2-3-4 wt% MWCNT-based samples. 
These contents were chosen because they are in the range of the 
electrical percolation threshold. 

Fig. 5 shows the results of the surface electrical resistance as a 
function of the depth. The top and bottom of the graph (ordinate 
axis) represents the two external sides of the injection moulded 
sample. Note that some values are missing due to the electrical 
resistance higher than the detectable limit of the used equipment. 
From this figure, it can be inferred that the electrical resistance is 
not constant in the sample thickness, being higher moving towards 
the external regions. In particular, this variation is smaller for the 
lower MWCNT contents, where for the 2 wt% it increases from the 
order of 106 U in the internal region (core) to 107 U in the external 
layers (skin), and for the 3 wt% from the order of 105 U in the in- 
ternal region to 107 U in the external layers. In the case of 4 wt% the 
electrical resistance varies from 105 U in the internal region to 107 U 
in the external layers. However, it deserves to be underlined that in 
the 4 wt% MWCNT composite, the internal more-conductive region 
is wider than in the other studied composites, and the conductivity 
in this region is nearly constant at about 2 x 105 U. From the graph, 
the thickness of the external less-conductive layers can be roughly 
estimated to be about 250 mm, with a resulting thickness of the 
more-conductive region of about 2 mm. In the case of 2 and 3 wt% 

 
 

 
 

Fig. 4.  SEM images of the MWCNT polymer composite (MWCNTs ¼ 3 wt%), as obtained along the x-a) and the y-b) axis directions. 



 
 

 
 

Fig. 5. Two-probe surface resistance versus penetration depth for: 2 wt% (black points, left panel), 3 wt% (red points, middle panel), 4 wt% (green points, right panel) MWCNTsePP 

composites, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 
MWCNT composites, the electrical resistance in the internal region 
is not constant and seems to have a parabolic-like trend, with the 
maximum in the middle. In these cases, the thickness of the 
external less-conductive layers can be roughly estimated to be 

about 500 mm, with a resulting thickness of the more-conductive 
region of about 1.25 mm. 

In order to explain the obtained results, an in-depth morpho- 
logical characterization was performed by scanning electron mi- 
croscopy (SEM). Fig. 6 reports SEM images of 2, 3 and 4 wt%, 
obtained both in the external layer (Fig. 6a,c,e) and in the internal 
region (Fig. 6b,d,f), respectively. The 2 wt% MWCNT composite 
morphology is based on filler-rich areas with agglomerates well 

 
 

 
 

Fig. 6.  Cross-section SEM images of MWCNT-based PP composites (2 wt%, 3 wt% and 4 wt% MWCNTs) obtained in the external (a, c, e) and in the core regions (b, d, f), respectively. 
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Fig. 7. Scheme of the injection moulded samples, described as four layers stacked in 

the thickness direction. 

 
 

impregnated by the polymer matrix, interconnected by resin-rich 
areas. The 3 and 4 wt% MWCNT composite are characterized by a 
homogeneous distribution of MWCNT agglomerates well impreg- 
nated by the polymer matrix. In all cases, the internal region seems 
to be richer of MWCNTs than the external layer. In particular, this is 
more evident in the case of the lower contents, while for the 4 wt% 

: 
rzt ¼ 2ðrshs þ rchcÞ 

 
where rx and rz are the electrical resistivities calculated experi- 
mentally (and reported in Fig. 3) and t is the thickness of the sample 
(t ¼ 2.25 mm). Subscripts s and c refer to the skin and the core layer, 
respectively, as hypothesized by the proposed model; in particular, 
rs and rc are the electrical resistivity, and hs and hc are the thick- 
nesses of the skin layer and the core layer, respectively. 

The thickness of the two layers has been approximately evalu- 
ated by the results reported in Fig. 5. Indeed, a threshold can be 
detected between the non-conductive or nearly non-conductive 
area at the edges and the more conductive area in the inner part 
of the section. The threshold can be used to identify the skin and 
the core layers defined in the proposed model. The thickness values 
(hs and hc) estimated from Fig. 5 for the 2, 3, 4 wt% MWCNT com- 
posites are reported in Table 1. 

The system (1) can be easily solved to calculate rs and rc, taking 
into account only the solution with a physical meaning: 

the difference is faded, although still detectable. The formation of a
  8

 rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi > 2 2 2 

( 
2 2 2

 
2  2 

conductive filler network, occurring at higher filler content and to a 
greater extent in the core regions, (clustering or secondary 
agglomeration state), leads to conductive paths, which can explain 
the before-discussed electrical properties [27]. As a consequence, it 
is possible to conclude that the skin layer covering the external 
region of the compounds is characterized by a lower conductivity, 

> 
rs ¼ 

> 
: 

-rxhc þ rxhs þ rzt þ 
 

 
rc ¼ 

rxhc - rxhs - rzt 

4ths 

rzt - 2rshs 

2hc 

- 4rxrzhs t 
 
 
 
 

(2) 

while the core region already becomes conductive at lower filler 
content. 

 

 
3.2. Electrical behaviour: the proposed model 

 
The results of the electrical characterization (Figs. 3 and 5) can 

be exploited to develop a scheme for modelling the through- 
thickness electrical behaviour of injection-moulded components. 
Based on experimental outcomes, the injection-moulded samples 
can be modelled as a multilayer system, being the external layers 
(the skin) less conductive and the internal region (the core) more 
conductive, due to the different distribution of the MWCNTs in the 
two parts, as confirmed by SEM images (Fig. 6). From this model, 
the overall resistivity is affected by the electrical properties of the 
skin and of the core regions, as well as by their relative sizes. 

The proposed model is based on four layers stacked in the 
through-thickness direction, each one with its own electrical re- 
sistivity, symmetric with respect to the mid-plane (see Fig. 7). 

According to this model based on parallel-series resistors, the Z- 
direction overall electrical resistance (R) should be governed by 
resistor series corresponding to the 4 layers, while the X-direction 
electrical resistance is taken parallel to the same system. The 
following system can be written substituting the well-known 

equation R ¼ rl=A, where l and A are the length of the resistor 

The results of the system have been calculated for the three 
MWCNT contents and compared to the measured resistivity in the Z 
and X direction (Table 1). 

The proposed model allows one to thoroughly understand the 
electrical behaviour of an injection-moulded component, taking 
into account the skin-core character, which is induced by the flow 
of the molten material inside the mould, during manufacturing. 
Furthermore, the obtained anisotropic conductivity can be corre- 
lated to the dynamic flux of the molten polymer inside the mould, 
which is inducing the formation of a poorly conductive external 
layer. 

 

 
4. Conclusions 

 
MWCNTs have been successfully mixed with polypropylene 

through a melt mixing process in a co-rotating twin-screw 
extruder, and samples have been manufactured by injection 
moulding technique. 

The electrical characterization of the produced composites has 
shown that the electrical behaviour is different when the tests are 
performed along the three main directions. In fact, the electrical 
percolation threshold and the plateau value of the electrical re- 
sistivity are higher for the through-thickness direction, while these 
parameters do not vary significantly along the in-plane directions. 

 
Table 1 

Results of the proposed model as a function of the MWCNT content. 
 

MWCNT content [wt%] Input   Output 

  rz rx hs hc rs rc [Ohm cm] 

  [Ohm cm] [Ohm cm] [cm] [cm] [Ohm cm] 

2 6.65Eþ13 1.17Eþ05 5.00E-02 6.25E-02 1.50Eþ14 1.62Eþ04 

3 3.49Eþ09 1.92Eþ03 2.50E-02 8.75E-02 1.57Eþ10 3.73Eþ02

     4 4.82E þ06 2.85E þ02 2.50E-02 8.75E-02 2.17E þ07 5.53Eþ01   



 
 
 

Moreover, the electrical resistance in the cross-sectional area has 
been evaluated at different depths. From these tests, it was shown 
that the electrical resistance increases when moving from the in- 
ternal area toward the external skin. This change is caused by the 
different morphology of the cross sectional area. More in detail, in 
the internal region a processing-induced higher density of 
MWCNTs was observed, if compared with the external layers. 

In conclusion, the injection moulding process induces an inho- 
mogeneous distribution of the MWCNTs in the cross sectional area, 
which influences the electrical behaviour of the injection moulded 
component. This behaviour can be predicted and mathematically 
schematized by the simple phenomenological model proposed in 
this study. The advanced design of an electrically conductive in- 
jection moulded component can lead to an optimization of the final 
performance. Therefore, the obtained results may provide a robust 
platform to gain insight into polymer-carbon nanotube dispersion, 
being an important step in the study and control of the morphology 
and of the electrical properties of the MWCNT composites. 
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The DC conductivity of MWCNT/PP composites along the three main directions (X, Y, and Z) was 
calculated by a scaling law according to the classical percolation threshold theory:  

σ = σ0 (P-Pc)
n  

for P>Pc,  

where σ and P are the conductivity (S/cm) and the filler content (wt%) of composites, σ0 is a scaling 
factor, and Pc is the percolation threshold.  

 

 

 
 

Figure S1. DC conductivity (σ) as a function of MWCNT content for MWCNT/PP composites 

obtained along the three main directions:  σx, σy and σz. 
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