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Low percolation behavior of HDPE/CNT nanocomposites for EMI shielding 
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A B S T R A C T   

In this study, three different types of nanocomposites with random (r-CPC), segregated (s-CPC) and semi- 
segregated (ss-CPC) distribution of carbon nanotubes in High Density Polyethylene matrix were fabricated 
using hot compaction method. Microstructure of nanocomposite samples were observed by Scanning Electron 
Microscopy, which revealed the formation of carbon nanotubes conductive network at the polymer granule 
interfaces in segregated structure. While, partial formation of segregated structure was shown in semi-segregated 
samples. A significant reduction of Young modulus and strength of s-CPC6 and ss-CPC6 compared to r-CPC6 
nanocomposite has been correlated to weak interface and voids between HDPE granules in segregated structure. 
DSC results proved that the crystallinity index of HDPE decreases when the distribution of CNTs in polymer 
matrix changes from segregated to random structure. Electrical conductivity was measured using four-point 
probe. Segregated structure samples showed electrical conductivity up to 9 and 5 order of magnitude larger 
than semi-segregated and random structure nanocomposites, respectively. Nanocomposites follow percolation 
behavior and applying percolation theory showed a decrease in percolation threshold from 7.1 vol% in r-CPC to 
0.099 vol% in s-CPC. Finally, Electromagnetic Interference shielding properties were studied and the highest 
Shielding Effectiveness (SE) was obtained 21.8 dB in segregated sample at 6 wt% CNTs. While, in random 
structure the highest EMI SE was 9 dB at 20 wt% CNTs. Absorption and reflection were the dominant shielding 
mechanisms in segregated and random structure nanocomposites, respectively.   

1. Introduction 

Electrically Conductive Polymer Composites (CPCs) have attracted 
academic and industrial attention in the last decades [1–5]. Desirable 
properties such as light weight, flexibility, resistance to corrosion and 
ease of processing compared to metals have grown their application as 
Electromagnetic Interference (EMI) shielding, antistatic materials, sen-
sors and conductors [6–10]. The conductive network is established 
through structure by incorporating one or more conductive filler (e.g. 
metallic, intrinsic conductive polymer and carbonaceous) to the insu-
lator matrix. 

The amount of filler in which the composite shows the insulator/ 
conductor transition is called percolation threshold (ϕc). CPCs with 
carbon-based fillers show the percolation behavior at lower contents; 
around 15 wt percent, compared to 30–60 wt percent in metallic fillers. 
Therefore, they are mostly used in CPCs [11]. According to studies, as 
the aspect ratio of the filler increases, the percolation threshold shifts to 
lower content of filler [12,13]. Consequently, recent studies commonly 

use high aspect ratio fillers like carbon nanotubes (CNT) and Graphene 
nanosheets (GNS). Although these fillers have large surface area to 
develop well transport networks, their major drawbacks are their high 
price and agglomeration in the host polymer. Hence, conducting new 
ways to reduce the filler content in CPCs has always been an interesting 
and challenging topic for researchers. 

Forming a segregated structure of fillers in the composite is the most 
favorable strategy to fulfill the lowest ϕc in CPCs, so far. This structure 
was first introduced in a PVC/Ni composite by Malliaris and Turner in 
1970 [14]. In the segregated structure, fillers are located at the in-
terfaces of polymer granules instead of randomly dispersed in the 
polymer matrix. Though there is not a general consensus on the perco-
lation concentration in segregated electrically conductive polymer 
composites (s-CPC), studies show that there is dramatic drop in ϕc and it 
is generally below 0.5 vol% of the conductive filler [12]. 

Three main methods including hot compaction [15], latex technol-
ogy [16] and melt blending [17] are used to fabricate segregated 
structure composites. First method that is also used in this study, consists 
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of covering the polymer granules with conductive filler through me-
chanical or solution mixing methods. Then, the composite granules are 
molded at high pressure and temperature. Ease of processing makes it 
possible to fabricate segregated structure composites, with different 
conductive fillers like metal particles, carbon black, CNTs and GNSs by 
this method [12]. 

Low degree of filler and polymer intermixing during molding process 
is needed to facilitate the formation of segregated conductive network 
along the boundaries of polymer particles. In this regard, high melt 
viscosity polymers such as Ultra-High Molecular Weight Polyethylene 
(UHMWPE) [18,19], Poly Styrene (PS) [20] and Natural Rubber (NR) 
[21], are mainly used in s-CPCs. A study on low-melt-viscosity polymer 
matrix was conducted by Cui et al. [22]. They fabricated segregated 
structure PLA/CNT nanocomposites. PLA granules consist of two 
different crystallites with different melting temperature. At molding 
temperature, the stereocomplex crystallites were still solid and confined 
the motion of polymer chains. Results showed a superior electrical 
conductivity of 12 S/m at only 1 wt% CNT. However, these polymers are 
expensive and not easy to afford for industrial applications. low-cost 
thermoplastic polymers brings the big challenge of their low melt vis-
cosity as conductive filler diffusion into polymer particles is a main 
problem during hot compaction to conduct segregated structure. 

Polyethylene (PE) is known as the primer choice among semi- 
crystalline polymers in polymer industry due to its excellent properties 
[23,24]. Among different PE subsets, UHMWPE is mainly used for 
fabricating segregated structure composites, owing to its high melt vis-
cosity [25,26]. Al-Saleh et al. [27] used UHMWPE with melt flow rate of 
0.1 g/10 min and produced a segregated structure UHMWPE/CNT 
composite by hot compaction. They achieved maximum conductivity of 
100 S/m at 10 wt% of CNT. Results of a study on the same composite 
and processing method [25], showed the maximum conductivity of 
90 S/m in 4 wt% CNT. a study conducted by Jia et al. [26], synergic 
effect of graphite and CNT segregated network along the boundaries of 
UHMWPE was studied. Maximum conductivity of 195 S/m was obtained 
in presence of 3.75 and 11.25 wt% of CNT and graphite, respectively. 

High Density Polyethylene (HDPE) is more available and easier to 
afford compared to UHMWPE, while it has lower molecular weight and 
therefore lower melt viscosity which would be a challenge in construc-
tion of segregated conductive network. Ghislandi et al. [28] fabricated 
HDPE/GNS segregated nanocomposites by covering HDPE granules with 
CNS using solution mixing method. The maximum conductivity in 
1.5 vol% of GNS was 0.001 S/m. 

Studies well demonstrate that EMI shielding increase with electrical 
conductivity. Low percolation behavior of segregated structure CPCs, 
provides the target EMI shielding effectiveness (20 dB) at low conduc-
tive filler content [25]. Therefore, these composites are promising 
candidate for EMI shielding applications, especially absorption of EM 
waves. Because their cell-like structure facilitates the attenuation of 
waves [29]. 

The aim of this work was constructing segregated conductive poly-
mer composites, utilizing low-cost polymer matrix to simultaneously 
achieve high electrical conductivity at low conductive filler amount and 
more affordable price. Also, comparing it with typical random distri-
bution composites. In this regard, HDPE/CNT conductive polymer 
composites with segregated structure were fabricated using hot 
compaction method. Furthermore, CNTs were well dispersed in HDPE 
polymer matrix using mini-extrusion machine and the effect of 
conductive network structure on thermal and mechanical properties, 
electrical conductivity and EMI shielding of composite samples was 
investigated. 

2. Experimental 

2.1. Materials 

In this study, high-density polyethylene (HDPE) in the form of 

granule (4–10 mm), with a melt flow index of 5.1 g/10 min (190 ℃, 
2.16 kg) and a density of 0.95 g/cm3 was purchased from Baspar-Tejarat 
Asia Company, Iran and used in preparation of the segregated and semi- 
segregated structure nanocomposites. In addition, HDPE powder (below 
20 µm) was provided by INEOS, England to make the nanocomposites 
with random distribution of CNTs. 95% pure multi walled carbon 
nanotubes (MWCNT) with external diameter ranging from 20 to 60 nm 
and 5–15 µm length were obtained from Nanolin, China. Fig. 1 shows 
SEM and TEM images of carbon nanotubes. 

2.2. Sample preparation 

Samples with random structure were prepared using mini-extrusion 
machine. To enhance the thermal stability and processability of HDPE 
powder, 0.2 wt% calcium-stearate and 15 wt% antioxidants were added 
to HDPE powder. Weight percentage of CNTs in nanocomposites were 2, 
6, 8, 10, 12.5, 14, 15, 17, 20, 21 and 23. 

The mixture of the nanocomposite powders was dried in vacuum 
oven at 80 ℃ for 4 h prior to the extrusion process. Then, the materials 
were mixed for 1 min, after the torque being constant, in extrusion 
machine operating at 190 ℃ and a rotor speed of 90 rpm. Finally, the 
molten mixture was squeezed into the mold with pressure of 700 bar and 
held there for 30 s. Temperature of the injection molding and mold were 
190℃ and 30℃, respectively. 

Hot compaction method was applied to prepare segregated structure 
nanocomposites. HDPE granules’ diameter was ranged between 4 and 
10 mm, which was needed to be pulverized. For this purpose, pulver-
izing machine from Retsch company working on 1200 rpm speed and 
mesh size of 500 µm was used. HDPE granules were immersed in liquid 
nitrogen before the pulverizing process. Fig. 2 shows SEM morphology 
of granules. Severe shearing forces during process result in rough surface 
and random shape of granules. Next step included adding carbon 
nanotubes in 0.5, 1, 2, 4, 5, 6, 8 and 10 wt percent to HDPE granules, 
ranging from 250 to 500 µm. Mechanical mixing of CNT and HDPE 
granules prior to hot compression carried out using Retsch mixer mill at 
frequency of 28 Hz for 10 min. Jar and balls are both made of stainless 
steel and three different size of balls (4, 16 and 8 balls with 10, 5 and 
3 mm diameter, respectively) were used. 

Processing temperature of thermoplastic polymers is usually chosen 
10–30 ℃ above the melting temperature. As mentioned earlier, 
obtaining segregated structure in semi-crystalline polymers with low 
melt viscosity is challenging. Because, in these polymers, a sharp drop in 
viscosity appears instantly after the temperature increases from melting 
temperature, which leads to the migration of conductive filler into the 
polymer regions. For this reason, melting curve of HDPE granules 
(Fig. 3) was obtained by Differential Scanning Calorimetry and the 
measured onset and peak temperature were 121 and 130 ℃, respec-
tively. Considering onset and peak temperature, the optimum temper-
ature, time and pressure to obtain the segregated structure was 
determined through many trails, which is the most important challenge 
of making this group of composites. CNT coated HDPE complex granules 
were compression molded under the pressure of 4 MPa for 3 min at 
130℃. Under this molding condition, the mobility of the polymer chains 
is limited and constructing segregated network is facilitated. Fig. 4 
shows the schematic of the fabrication of segregated samples. Length, 
width and thickness of samples were 40, 10 and 1 mm, respectively. 

It is worth noting that during finding the optimum temperature for 
molding, a few samples were fabricated under the pressure of 4 MPa for 
3 min at 138℃, with the conductivity higher than random structure 
samples, though, not as high as the segregated ones. Segregated network 
of conductive filler was partially formed in these samples and they had a 
semi-segregated structure. Samples with random, semi segregated and 
segregated structure were named r-CPCx, ss-CPCx and s-CPCx, respec-
tively and x shows carbon nanotubes weight percent. 
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2.3. Characterization 

To observe the neat granules, CNT-coated granules and morphology 
of three types of nanocomposites, a TESCAN field emission scanning 
electron microscopy (FESEM) model BRNO-Mira3 LMU and LEO- 
Germany scanning electron microscopy (SEM) model VP1450 were 
employed at an accelerating voltage of 10 and 20 kV, respectively. 
Nanocomposite samples were cryo-fractured after immersing in liquid 
nitrogen for 10–15 min. Prior to observation, all samples were sputtered 
with a very thin golden or golden-platinum layer. 

The evaluation of thermal behavior of r-CPC6, ss-CPC6 and s-CPC6 
samples was studied by Differential Scanning Calorimetry (NETZSCH 
DSC 200 F3). For each test, around 19 mg of the sample was heated from 
20℃ to 200℃ at heating rate of 10 ℃/min under the nitrogen atmo-
sphere. The empty Al pan was used as the reference material. Degree of 
Crystallinity of nanocomposite samples was calculated from Eq. (1): 

X =
∆Hmelting

∆H0 (1)  

where X, ΔНmelting and ΔН◦ are crystallinity index, melting enthalpy 
(peak area) and enthalpy of 100% crystalline HDPE, respectively. 
Melting enthalpy of 100% crystalline HDPE was assumed 291 J/g [25]. 

Tensile test was carried out using a thermomechanical analysis 
(TMA60, Shimadzu) at room temperature and a strain rate of 0.1 mm/ 
min. Low strain rate was chosen as the brittleness of segregated 

Fig. 1. (a) SEM and (b) TEM image of carbon nanotubes.  

Fig. 2. SEM image of neat HDPE granules.  

Fig. 3. Melting curve of HDPE granule.  
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structure. The maximum load of the instrument was 5 N. 
Electrical resistance of nanocomposite samples was measured using a 

four-point-probe (1 mm inter-pin spacing) equipped with Keithley 
electrometer model 2450. The resistance of each sample was obtained 
and repeated between 6 and 8 times to ensure the repeatability of 
measurements. The average amount is converted to conductivity in S/m 
using Eq. (2) [30]. 

σ =
l

Rewt
(2)  

where l, Re, w and t are length, resistance, width and thickness of the 
sample, respectively. 

Electromagnetic Interference Shielding performance of samples was 
measured using E8363B Agilent Network Analyzer. Scattering parame-
ters (S11 and S21) were recorded in X-band (8.4–12 GHz) frequency 
utilizing Rectangular Waveguide method. According to WR90 standard, 
samples were cut into 22.86 × 10 mm rectangular shape with 3 mm 

thickness. Total shielding effectiveness (SET) and proportion of ab-
sorption and reflection mechanism in shielding were calculated using 
the following equations: 

SETotal = 10log
1

|S12|
2 = 10log

1
|S21|

2 = SER + SEA (3)  

SER = 10log
1

1 − |S11|
2 (4)  

SEA = 10log
1 − |S11|

2

|S12|
2 (5)  

3. Results 

3.1. Morphology 

Morphology of CNT-coated granules and nanocomposite samples 

Fig. 4. Schematic of the fabrication of segregated HDPE/CNT composites.  

Fig. 5. SEM images of CNT coated granules of (a) s-CPC2 and (b) s-CPC6 samples.  
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was investigated by scanning electron microscopy. Fig. 5. shows HDPE 
granules coated with 2 and 6 wt% CNTs. Uniform wrapping of CNTs on 
the surface of granules is observed which is essential for the fabrication 
of segregated composites. Rough surface of granules favors the me-
chanical locking of polymer and CNTs. In addition, more dense covering 
with CNTs is formed at higher CNT content. 

Microstructure of conductive nanocomposite with random distribu-
tion of CNTs is presented in Fig. 6. Morphology of cryo-fractured r-CPC6 
sample reveals that CNTs are well-dispersed throughout the HDPE ma-
trix. In typical random structure of CPCs, preventing the conductive 
filler agglomeration in the host matrix is important. The more uniform 
distribution of conductive filler in matrix, gives greater values of elec-
trical conductivity. In the random CPCs of this study, agglomeration of 
CNTs can hardly be observed, which is effective in obtaining high 
electrical conductivity. 

Semi-segregated and segregated structure of nanocomposite samples 
are shown in Fig. 7a and b, respectively. Conductive paths are distinctly 
visible in a brighter color along the samples and higher magnifications 
confirms CNT presence in these paths. In s-CPC6 sample, clear bound-
aries of CNTs are observed between HDPE regions. This indicates that, 
under molding condition, the molecular diffusion between HDPE and 
CNTs has been suppressed and the typical segregated conductive 
network is formed. Comparing Fig. 7a and b depicts that in the segre-
gated structure composite, conductive paths are drawn uniformly all 
across the sample, while in semi-segregated structure, long conductive 
segregated paths of CNTs, are only visible in some parts. In other words, 
less continuity in the conductive network is observed in semi-segregated 
sample, which is due to the higher molding temperature. As mentioned 
earlier, significant decline occurs in viscosity of HDPE, as the tempera-
ture rises from melting. In the ss-CPC8 sample, high molding tempera-
ture provides partial diffusion of CNTs into polymer region and the 
conductive network deviates from the typical segregated conductive 
network. Moreover, the intermixing of CNTs and HDPE in ss-CPC8 
sample results in thinner conductive paths. Meaning that, despite ss- 
CPC8 sample has higher amount of CNTs, paths are less thick due to 
the CNT diffusion in the adjacent polymer granules. The thickness in ss- 
CPC8 and s-CPC6 is 2–5 µm and 7–10 µm, respectively. 

3.2. Thermal behavior 

Melting curve of nanocomposites with different structure at 6 wt% 
CNT is shown in Fig. 8. Peak temperature of the curves, corresponding to 
melting temperature, melting enthalpy and degree of crystallinity are 
listed in Table 1. Tm for random, semi-segregated and segregated sam-
ples is 139, 142 and 144℃, respectively. It is clear that by moving from 
random to segregated distribution of CNTs, Tm increases up to 5℃. In 
segregated structure, polymer granules are surrounded with densely 
packed CNTs, which hinders the polymer chains movements and 
conformational changes associated with melting process. Thus, higher 
melting temperature is obtained in this structure. Comparison between 
s-CPC6 and ss-CPC6 shows an increase in Tm as the CNTs are more 
localized at the granule interfaces and thicker barriers are made around 
polymers. We can see that the localized CNTs also affect the melting 
enthalpy and crystallinity index of the nanocomposites. More energy is 
consumed in melting process as the r-CPC nanocomposite changes to 
segregated structure nanocomposite and the degree of crystallinity is 
increased from 69.6% to 76.4% in r-CPC6 and s-CPC6, respectively. 

3.3. Mechanical properties 

Fig. 9. shows the linear part of the stress-strain curve of nano-
composite samples. According to the limitation of TMA instrument, the 
fracture of nanocomposites did not occur. Based on Fig. 9, Young 
modulus is equal to 357, 42 and 41 MPa for r-CPC6, ss-CPC6 and s-CPC6 
samples, respectively. To construct a segregated structure, the inter- 
diffusion of polymer chains across the interfacial boundaries between 
HDPE granules and HDPE and CNTs must be hindered. Thus, there is not 
an adhesive interface between granules and mechanical interlocking are 
the main factor that holds the structure together. This imposes inherent 
defects like voids and micro crack across the interfaces between HDPE 
granules in segregated structure. As a result, under the tensile load, 
granules would be separated at low stress level as the weak interfacial 
areas. 

As seen Fig. 9, the presence of void and weak interfaces between 
HDPE granules for semi segregated structure cause to significant drop in 
strength similar to segregated structure due to the main effect of weak 
interface between HDPE granules. 

In comparison with segregated structure composites, random 

Fig. 6. SEM image of cryo-fractured r-CPC6 sample.  
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distribution nanocomposites are molded under higher temperature and 
pressure, which facilitate the increase in chain flexibility of polymer and 
inter-mixing of HDPE chains with CNTs. This provides a stronger in-
terfaces, larger Young modulus and lower strains at a certain load. For 
example, 2.75, 0.38 and 0.35 MPa is needed to reach a strain of 0.01 in 
random, semi-segregated and segregated samples, respectively. 

3.4. Electrical properties 

Conductive polymer composites follow a typical electrical percola-
tion behavior, in which the composite electrical conductivity increases 

Fig. 7. SEM images of cryo-fractured surface of (a) ss-CPC-6 and (b) s-CPC-6 samples.  

Fig. 8. Non-isothermal melting curve of nanocomposites with random, semi- 
segregated and segregated structure at 6 wt% of CNT. 

Table1 
Melting temperature, melting enthalpy and degree of crystallinity of 
nanocomposites.  

Sample Tm (◦C) ΔНm (J/g) X (%) 

r-CPC6  139  202.4  69.6 
ss-CPC6  142  210.6  72.4 
s-CPC6  144  222.3  76.4  

Fig. 9. Tensile stress- strain curves of random, semi segregated and segregated 
nanocomposites. 
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significantly at a critical filler amount, named percolation threshold. 
Conductivity dependence on CNT content is displayed in Fig. 9 for the 
three types of nanocomposites. It is clear that regardless of the structure, 
nanocomposites follow the percolation behavior. Conductivity is 
increased with CNT weight percent and it is more obvious in s-CPC 
samples. For better comparison, the measured conductivity is reported 
in Table 2. According to Fig. 10 and Table 1, the conductivity of nano-
composite with random distribution of CNTs is slightly increased with 
CNT percent up to 12.5 wt% and is multiplied by 50 as it reaches 14 wt 
%. Introduction of more CNTs into polymer matrix forms more 
conductive pathways through the sample which results in increasing 
conductivity. At CNT contents more than 20 wt%, the conductivity 
curve reaches the plateau and the highest value obtained is around 
0.002 S/m. 

In segregated structure samples, adding only 0.2 wt% of CNTs puts 
the nanocomposite in the conductive materials category [12]. While, it 
needs 6 and 14 wt% of carbon nanotubes to fit in the same category for 
semi-segregated and random structure nanocomposites, respectively. 
This remarkable electrical conductivity of segregated structure samples 
is due to the special conductive network that is formed between polymer 
granules. Comparing electrical conductivity of different structures at 
same CNT content (6 wt%), reveals that the value of conductivity in 
s-CPC sample is 9 and 6 order of magnitude higher than the conductivity 
in r-CPC and ss-CPC samples, respectively. This difference is due to the 
high density of fillers in conductive paths and higher CNT-CNT contacts 
in segregated structure. 

In s-CPC samples, after the sharp increase of conductivity below 2 wt 
% CNTs, it rises up slowly between 2 and 5 wt%, and multiplied by 6 as 
CNT percent reaches up to 6 wt%. It worth noting that fabrication of 
segregated structure by this method is only possible to 10 wt% and the 
highest conductivity of 388 S/m is obtained at s-CPC8 sample. It is also 
worth pointing out that adding only 1 wt% CNTs provides the target 
conductivity value (1 S/m) for commercial EMI applications [31], which 
is not obtained in r-CPC samples up to 23 wt%. 

Semi-segregated structure nanocomposites possess the conductivity 
value between random nanocomposites and segregated structure. 
Higher molding temperature, compared to s-CPC, accelerates the 
intermixing of CNTs and polymer granules that brings the reduction of 
segregated CNT content in the interfacial area of granules. This means 
thinner conductive paths, less continuity in the network and less CNT- 
CNT contact. Consequently, this partially/ semi-segregated conductive 
network results in lower conductivity compared to s-CPCs. These results 
that are in consistent with SEM observations, imply the importance of 
constructing a dense and continuous conductive network to achieve 
high electrical conductivity in segregated structure samples. 

Percolation theory uses a power-law equation (Eq. (6)) to describe 

the electrical conductivity dependence to the content of conductive 
filler. 

σ = σ0(φ − φc)
t (6)  

where σ, σ0 are electrical conductivity at φ volume percent of filler and 
intrinsic conductivity of conductive filler, respectively. φc is percolation 
threshold at which the composite shows insulator/conductor transient 
and t is a parameter related to the dimension of conductive network in 
conductive polymer composite. Volume fraction of CNTs was calculated 
by Eq. (7): 

Vf =

Wf
ρf

Wf
ρf
+ Wm

ρm

(7)  

where Vf, Wf, Wm, ρf and ρm are filler volume fraction, filler weight 
fraction, matrix weight fraction, filler and matrix density, respectively. 
CNT density was assumed 1.75 [32]. Using percolation theory, as pre-
sented in Fig. 11, log(σ) is plotted against log (φ-φc) and the best fit for φc 
is obtained at 0.099 and 7.1 vol% (equal to 0.18 and 12.34 wt%) for 
s-CPC and r-CPC, respectively. Special conductive network in segregated 
structure composites reduces the percolation threshold several times 
compared to random distribution of CNTs in polymeric matrix. Ac-
cording to theory, t ≈ 2 and t ≈ 1.3 and t = 1 indicate the three-, two- 
and one-dimensional conductive network, respectively. However, t 
values in experimental measurements differ from the theory [12]. 
Different values of t has been reported in the literature, differing from 
3.2 to 3.7 [33–36] and higher than 4 [37] and 6 [38,39]. In this study, t 
is obtained 2.05 and 2.68 in r-CPC and s-CPC nanocomposites, respec-
tively, indicating that both r-CPC and s-CPC samples have the 
three-dimensional conductive network. 

Percolation threshold (φc) and t parameter of different nano-
composites with segregated structure of CNTs and fabricated by hot 
compaction method is listed in Table 3. Percolation behavior in segre-
gated CPCs is influenced by different factors e.g. polymeric matrix, 
conductive filler and processing method [40,41]. As in Table 3, in 
different studies with same conductive filler and processing method, φc 
and t possess various values that shows the complexity of segregated 
conductive composites. Percolation threshold and maximum conduc-
tivity of segregated composites of this study are comparable to other 
researches, which indicates despite using low melt viscosity polymer 
matrix, segregated structure with low φc and high electrical conductivity 
is achieved. 

3.5. EMI shielding 

Electromagnetic interference shielding effectiveness (EMI SE) of 
nanocomposites with thickness of 3 mm was calculated from Eq. (3) and 
is shown in Fig. 12 in the X-band frequency range. Fig. 12 depicts that in 
random nanocomposites, EMI SE is increased by increasing CNT con-
tent. The reason is the increment in electrical conductivity and more 
conductive material (CNTs) that is dispersed in the transparent matrix 
that can react to the electromagnetic waves. The average EMI SE of r- 
CPC6 is just under 5 dB. At higher CNT loadings of 10 and 15 wt%, EMI 
SE slightly increases to upper 5 dB. Highest EMI SE of random nano-
composites is obtained in r-CPC20 sample with average amount of 
7.8 dB in 8–10 GHz and a decrease to 7.5 dB in 11–12 GHz frequency 
range. 

It could be explicitly seen from Fig. 12 that EMI SE of segregated 
structure sample with only 6 wt% is much greater than all random 
nanocomposites. This was expected because of the higher electrical 
conductivity of segregated samples. In the frequency range of 8.1–9.2 
and 10.3–12 GHz, EMI SE of the sample is 17 ± 1 and 20 ± 2 dB, 
respectively. Maximum shielding of this sample is 21.8 dB that exceeds 
the required SE for commercial applications. Special structure of 
segregated nanocomposites provides attenuation of EM waves in 

Table 2 
Electrical conductivity values in different nanocomposite structures.  

CNT weight percent Conductivity (S/m) 

r-CPC ss-CPC s-CPC 

0.2 – – 2 × 10− 5 

0.5 – – 2.2 × 10− 2 

1 – – 1.25 
2 1.3 × 10− 8 – 10.7 
4 – – 11.5 
5 – – 21.5 
6 2.4 × 10− 8 7.5 × 10− 5 121.9 
8 4.5 × 10− 8 7.5 × 10− 2 388.2 
10 6.7 × 10− 7 1.4 × 10− 1 388.3 
12.5 6.6 × 10− 6 – – 
14 3.3 × 10− 4 – – 
15 3.9 × 10− 3 – – 
17 7.2 × 10− 3 – – 
20 2.1 × 10− 2 – – 
21 2.4 × 10− 2 – – 
23 2.6 × 10− 2 – –  
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different ways. One is the cell-like structure that acts as many cages and 
entraps the incident wave. Another one is the numerous interfaces rise 
from large surface area of CNTs that facilitate the dissipation of surface 
currents. Yu et al. also mentioned that the damping of EM waves through 
conduction of long-range EM induced currents. Segregated distribution 

of CNTs at the granule interfaces provides the basic framework for this 
these induced currents [25]. 

Figs. 13 and 14 depict the contribution of shielding by absorption 
(SEA) and reflection (SER) mechanisms in different nanocomposites. 
According to Fig. 13, shielding is mainly done by reflection in random 
nanocomposites. Nevertheless, there is a rise in absorption by CNT 
content. For better comparison, the percentage of absorption and 

Fig. 10. Electrical conductivity versus CNT content for (a) r-CPC and (b) ss-CPC and s-CPC samples.  

Fig. 11. Plot of log(σ) against log (φ-φc) for (a) r-CPC and (b) s-CPC samples.  

Table 3 
Percolation threshold (φc) and t parameter of different nanocomposites with 
segregated structure and fabricated by hot compaction method.  

Polymeric Matrix φc σmax (S/m) t Reference 

HDPE 0.099 vol% 388@8 wt% 2.68 This study 
PVDF 0.14 vol% 20@4 wt% 1.35 [42] 
PP 0.021 vol% 100@5 wt% 2 [30] 
PP 0.028 vol% 117@5 wt% – [43] 
UHMWPE 0.085 vol% 90@4 wt% 2.4 [25] 
UHMWPE 0.09 vol% 1@1 wt% 0.37 [44] 
UHMWPE 0.06 vol% 100@10 wt% 1.80 [27] 
UHMWPE 0.05 vol% 0.2@1.4 wt% 2.20 [45]  

Table 4 
The percentage of absorption and reflection at the maximum of absorption of 
random nanocomposites and segregated structure.  

Sample Maximum of Absorption (dB) Absorption (%) Reflection (%) 

r-CPC6  0.75  17  83 
r-CPC10  1.35  22  78 
r-CPC15  2.05  34  66 
r-CPC20  4.37  47  53 
s-CPC6  19.30  88  12  
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reflection at the maximum of SEA is showed in the bar chart of Fig. 15. 
Moreover, these amounts are reported in Table 3. The gradual increase 
of SEA can be explicitly observed in Fig. 15. The proportion of absorption 
rises by 30% from 6 to 20 wt% CNTs. According to studies, in nano-
composites with randomly distributed conductive filler, both SEA and 

SER increase with conductivity. However, the increase in SEA is greater 
than SER [31]. 

4. Conclusion 

In this study, the challenge of fabricating segregated structure 
nanocomposites with low melt viscosity polymer matrix, which are 
more affordable in industry has been overcome. Segregated, semi- 
segregated and conventional random-distribution of carbon nanotubes 
in HDPE matrix were fabricated using hot compaction method. SEM 
observations revealed the formation of continuous conductive path-
ways, drawn uniformly along the boundaries of polymer granules in 
segregated nanocomposite. While, in semi-segregated structure, higher 
molding temperature resulted in less continuous and thinner CNT 
conductive paths that are only visible in some parts of the sample. In 
addition, typical random distribution of fillers was observed all over the 
matrix in random nanocomposite. DSC results showed that the crystal-
linity and melting temperature of the s-CPC6 sample increased 
compared to r-CPC6 nanocomposite. Besides, Weak interface between 
HDPE granules of s-CPC6 and ss-CPC6 samples results in a dramatical 
decrease in Young modulous by 88% compared to r-CPC6 sample. 
Measuring electrical conductivity of samples showed much higher 
values of conductivity in segregated structure compared to random and 
semi-segregated structure samples due to its unique conductive network. 
Formation of segregated structure provides low percolation threshold of 
0.099 vol% and maximum electrical conductivity of 388 S/m at 8 wt% 
CNT. While, in random nanocomposites the highest obtained 

Fig. 12. Electromagnetic interference shielding effectiveness (EMI SE) of 
nanocomposites. 

Fig. 13. The contribution of shielding by absorption (SEA) and reflection (SER) mechanisms in random nanocomposites.  
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conductivity was 0.026 S/m at 23 wt% CNT. Segregated structure 
composite showed superior EMI shielding properties over random 
nanocomposites. Maximum shielding of 21.8 dB in s-CPC6 sample 
exceeded the required value for commercial applications. In random 
nanocomposites, EMI SE remained below 10 dB up to 20 wt% CNTs. 
Furthermore, absorption was the dominant shielding mechanism in 
segregated structure sample. 
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Fig. 15. The percentage of absorption and reflection at the maximum of ab-
sorption in different nanocomposites. Figs. 14 and 15 depict that absorption is 
the key mechanism mainly contributing to the total EMI SE in segregated 
structure due to its cell-like structure. The incident wave faces many cells while 
passing through the shield. These cells act like cages that entrap the incident 
wave and attenuate it through multiple reflection. In this sample, reflection 
comprises only 12% of the total EMI SE. Special structure of segregated nano-
composites, provides superior electrical conductivity, total EMI SE and 
absorbing EM waves simultaneously. 
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