
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10965-021-02488-z

ORIGINAL PAPER

Development and simplification of a micromechanic model 
for conductivity of carbon nanotubes‑reinforced nanocomposites

Yasser Zare1 · Kyong Yop Rhee2

Received: 2 September 2020 / Accepted: 8 March 2021  
© The Polymer Society, Taipei 2021

Abstract
In the current paper, Hui-Shia model for composite’s modulus is simplified and advanced to evaluate the electrical conduc-
tivity of carbon nanotubes (CNT)-reinforced nanocomposites (PCNT) by CNT aspect ratio, CNT network part, interphase 
district and tunnels between adjacent CNT. CNT loading, CNT magnitude and interphase depth suggest the proportion of 
networked CNT. In addition, CNT and tunneling intrinsic resistances express the entire conductivity of included components 
in nanocomposites. The reasonable roles of all factors in the conductivity and the proper matching between trial data and 
predictions approve the established model. Both dense interphase and long CNT improve the conductivity; however, reedy 
interphase or short CNT induces an insulated sample. The polymer tunneling resistivity negatively affects the conductivity, 
while CNT conductivity is an unsuccessful term. Furthermore, both short and wide tunnels desirably control the nanocom-
posite’s conductivity.

Keywords  Reinforced polymer nanocomposites · Carbon nanotubes (CNT) · Electrical conductivity · Interphase district · 
Tunneling role

Introduction

The exceptional conductivity in addition to large aspect ratio of 
carbon nanotubes (CNT) considerably recovers the conductiv-
ity of polymer CNT nanocomposites (PCNT). The high aspect 
ratio of CNT decreases the percolation onset establishing the 
conductive nets at low filler loadings [1–3]. Therefore, a little 
content of CNT can grow the conductivity of samples facili-
tating their application in electronics, shielding and sensing 
[4–17]. The tunneling effect importantly manages the conduc-
tivity, because the adjacent CNT can conveyance the charges 
and improve the conductivity [18–20]. The tunnel qualifica-
tions such as length/distance, contact part and polymer resistiv-
ity mainly affect the tunneling conductivity [21, 22].

The significant surface area of CNT yields the inter-
phase district amid polymer medium and reinforcing par-
ticles [23–25]. The reinforcing efficiency of interphase was 
stated in preceding articles [26, 27]. The interphase sec-
tion also facilitates the construction of conductive networks 
in nanocomposites [28–30]. A dense interphase drops the 
percolation onset and extends the networks. Therefore, the 
interphase zone improves the extent of charge transferring 
and conductivity. The positive efficiency of interphase per-
colation in the mechanics of PCNT was studied [31, 32]; 
on the other hand the interphase role in the conductivity of 
nanocomposites has been disregarded in the earlier reports.

The earlier studies mostly focused on simple power 
expression for PCNT conductivity correlating the conduc-
tivity to CNT content, CNT conductivity and percolation 
onset [33–35]. However, this equation cannot reflect the 
effects of tunnels and interphase section on the conductivity. 
Some authors have advanced the models for conductivity by 
CNT specifications, conductive nets, interphase region and 
tunnels [35–37]. However, most authors have neglected the 
novel terms in nanocomposites such as interphase region and 
tunneling properties for conductivity. Also, some research-
ers have considered these terms, but complex equations and 
incorrect consideration of these terms baffle the readers and 
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cause the wrong estimations. Feng and Jiang [36] incorpo-
rated two electron hopping and conductive network mecha-
nisms into the model by interphase layer and effective aspect 
ratio of CNT. However, the interphase layer around CNTs is 
a different phase than the tunneling region. Also, the com-
plex equations in that work cannot provide a simple meth-
odology for estimation of conductivity. Additionally, Jang 
and Yin [35] have given a complex equation for conduc-
tivity without interphase region. Clearly, this type of equa-
tion cannot give the accurate outputs, due to disregarding 
the interphase zone in nanocomposites. Moreover, Seidel 
and Lagoudas [37] presented a micromechanics model by 
the composite cylinders model as a nanoscale representa-
tive volume element where the effects of electron hopping 
are introduced in the interphase layer. This study also has 
complex equations, which are problematic for the estimation 
of conductivity. Our group has also developed many models 
for the conductivity of nanocomposites [38–40]. We should 
note that each paper has studied the conductivity by dis-
similar approach, new model or novel parameters/terms. For 
example, we progressed the McLachlan model for electrical 
conductivity of nanocomposites assuming the networking 
of interphase region [38]. We also developed the expanded 
Takayanagi model for conductivity [39]. Furthermore, we 
presented the role of interfacial conductivity in the electri-
cal conductivity of nanocomposites assuming the imperfect 
interfacial adhesion between polymer matrix and CNT [40]. 
Undoubtedly, all papers published by our group have studied 
the unique approach, novel model or new parameters/terms 
for conductivity of nanocomposites offering significant 
advances compared to other articles in this field.

Many models have projected the nanocomposite’s modu-
lus/strength by the properties of polymer medium, nanoparti-
cles and interphase region [24, 41–43]. These models can be 
advanced to forecast the nanocomposite’s conductivity, since 
both modulus and conductivity regularly depend on the CNT 
and interphase properties. Hui and Shia [44] proposed a simple 
model for tensile modulus of nanocomposites supposing CNT 
aspect ratio, CNT concentration and moduli of polymer matrix 
and interphase area. This equation can be modified to estimate 
the conductivity for PCNT. The present article simplifies and 
develops the Hui-Shia model for conductivity by the portion 
of conductive networks containing CNT and interphase region 
and the tunneling region between near CNT. The current paper 
assumes the effective parameters/terms on the conductivity of 
PCNT by a novel approach based on Hui-Shia model. CNT 
content, CNT extent and interphase depth formulate the per-
colation onset and operative filler concentration to express the 
network volume portion. In addition, the intrinsic resistances 
of CNT and tunneling region propose the total conductivity of 
these components. Accordingly, the established model implies 
the dependencies of conductivity on CNT, interphase, tunnels 

and nets. All parameters’ roles in the conductivity are stated 
spending the advanced model. Furthermore, the calculations of 
developed model for several examples are linked to the empirical 
outcomes. The equitable impacts of all factors on the conductiv-
ity and good agreements among trial data and forecasts justify 
the established model. The current study suggests the signifi-
cant advances compared to other articles in this field, which can 
guide the researchers to predict and optimize the conductivity of 
PCNT by simple and accurate equations.

Modeling technique

Hui and Shia [44] derived a simple model for composites 
tensile modulus as:

where “Em” and “Ef” denote the moduli of polymer medium 
and nanofiller, in that order. “ �f  ”, “R” and “l” are the vol-
ume portion, radius and length of CNT, in that order. “α” is 
inverse aspect ratio of nanoparticles as the relation of diam-
eter to length.

However, very large and thin CNT extremely decrease 
the “α” to about 0. Also, “ �f  ” is very low and CNT show 
very high modulus about 1000 GPa. These remarks sim-
plify the equations for “A” and “B” as:

Hui-Shia model can predict the nanocomposite’s con-
ductivity once the modulus is substituted by conductivity 
as:
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where “σ” and “σm” denote the conductivity of nanocom-
posite and polymer matrix, correspondingly.

This equation mainly under-estimates the conductivity 
of PCNT owing to too deprived conductivity of polymer 
medium (about 10–15 S/m) [45]. Therefore, “σm” can be 
detached from this equation. Furthermore, this equation can-
not reflect the volume portion of attached CNT afterward 
percolation onset ( �N ), which effectively manipulates the 
conductivity [46]. Also, it was reported that the aspect ratio 
and conductivity of nanofillers directly affect the conduc-
tivity of nanocomposites [36, 47]. Moreover, this equation 
lacks the tunneling resistance in the samples. The intrinsic 
resistances of CNT and tunnels can suggest the total con-
ductivity of these components (σtot) in PCNT.

According to these explanations, the simplified Hui-Shia 
model for conductivity is developed as:

The interphase district raises the operative content of 
CNT in PCNT, because they add to the nets. The volume 
portion of interphase zone in specimens is recommended 
[48] by:

where “t” is interphase depth. The operative volume portion 
of nanofiller includes CNT and interphase as:

Besides, the percolation onset is expressed [49] by:

The substantial length of CNT causes the waviness dwindling 
the nanocomposite’s conductivity [50]. The operative length of 
CNT (leff) is the least expanse amongst two tops of curled CNT 
suggesting the curliness term as:

(8)� =
�2

N
�tot

20�[1 −
�N

4
(
1

A
+

3

A+B
)]

(9)A = �N + 3
g

2

(10)B = −0.75g

(11)g =
�R

l

(12)�i = �f (1 +
t

R
)2 − �f

(13)�eff = �f + �i = �f (1 +
t

R
)2

(14)�p =
�R2l

32

3
�(R + t)3[1 +

3

4
(
l∕u

R+t
) +

3

32
(
l∕u

R+t
)2]

(15)u =
l

leff

Also, the curliness falls the conductivity of CNT (σf) 
[51] as:

Equation 14 can calculate the percolation onset by CNT 
and interphase extents.

The proportion of networked CNT after percolation 
onset is expressed [36] by:

The operative filler fraction (Eq. 13) and percolation 
onset (Eq. 14) change the “f” to:

Also, “ �N ” is predicted by:

Exchanging of “f” (Eq. 18) and “ �eff  ” (Eq. 13) into the 
latter equation expresses “ �N ” as:

Furthermore, the entire resistance of CNT and tunnels 
is suggested by:

where “Rf” and “Rtun” denote the inherent resistances of 
CNT and tunnels, correspondingly.

“Rf” is given [45] by:

The waviness cannot change “Rf”, because the waviness 
decreases the CNT length and conductivity, simultaneously.

The tunneling resistance involves the resistances of 
CNT (R1) and polymer sheet (R2) between adjacent CNT 
as:
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where “d” is tunneling diameter/width. The waviness 
strengthens “R1” as:

Also, “R2” is defined [45] as:

where “ρ” is polymer tunneling resistivity (ohm.m), “λ” is 
tunneling length/distance and “S” is contact part.

Presumptuous the last equations in Eq. 23 proposes the 
intrinsic tunneling resistance as:

In addition, replacing of “Rf” and “Rtun” into Eq. 21 
expresses the whole confrontations of components as:

The total conductivity of components (S/m) can be 
calculated by:

Changing of “Rtot” from Eq. 28 into the last equation 
presents:

Replacing of “ �N ” (Eq.  16) and “σtot” (Eq.  26) into 
Eqs. 8–11 advances a conductivity model for PCNT as:
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correlating the PCNT conductivity to CNT content, CNT size,  
network portion, interphase depth and tunnel parameters.

Results and discussion

Parametric analyses

The industrialized model can define the parameters’ roles in 
the conductivity. The logical effects of whole parameters on 
the conductivity confirm the established equations. Three-
dimensional (3D) and contour plans exhibit the effects of two 
independent factors on the conductivity at medium R = 10 nm, 
�f  = 0.01, σf = 105 S/m, l = 10  μm, u = 1.2, t = 10  nm, 
d = 15 nm, ρ = 500 Ω.m and λ = 5 nm. These plots can lead the 
investigators to optimize the nanocomposite’s conductivity.

Figure 1 exhibits the influences of “R” and “u” factors on 
the conductivity using the advanced model. R = 5 nm and 
u = 1 make the highest conductivity to 20 S/m, but R > 7.5 nm 
produce an insulated nanocomposite. Clearly, reedy CNT 
and poor waviness develop the conductivity, although only 
dense CNT produce an insulated sample. The high range of 
conductivity at dissimilar ranks of “R” and “u” demonstrate 
that these parameters significantly affect the conductivity. 
The CNT radius role in the conductivity is further impor-
tant than waviness, because thick CNT mainly weaken the 
conductivity.

Thin CNT enlarge the interphase region and decline the 
percolation onset. Accordingly, thin CNT develop the nets 
developing the extent of charge transporting in nanocom-
posites. Moreover, small radius of CNT increases the total 
conductivity of CNT and tunneling zone, which effectively 
improves the conductivity. Also, thin CNT decrease the 
inverse aspect ratio positively governing the conductivity. It 
can be stated that thin CNT grow the scope and conductivity 
of nets promoting the electron transportation. Nevertheless, 
dense CNT significantly deteriorate the dimensions and con-
ductivity of networks weakening the electron transportation. 
Accordingly, thick CNT dominantly decline the conductiv-
ity, but thin CNT advantageously control it.

Small waviness positively affects the operative CNT 
length and conductivity, as stated. A poor curliness grows 
the operative specifications of CNT increasing the electron 
transportation. Indeed, low curliness encourages the size and 
conductivity of nets for efficient transferring of electrons. On 
the other hand, high waviness shortens the CNT and dimin-
ishes its conductivity, which minimize the size and conduc-
tivity of networks. Undoubtedly, the small networks cannot 
intensify the charge transporting in the samples. Therefore, 
the waviness inversely handles the conductivity legalizing 
the calculations of the advanced model.

Journal of Polymer Research (2021) 28: 131131 Page 4 of 11



1 3

Figure 2 clarifies the conductivity as a function of “t” 
and “l” factors utilizing the advanced model. The maximum 
conductivity of 6 S/m is observed at t = 20 nm and l = 20 μm, 
whereas an insulated specimen is induced by t < 14 nm or 
l < 11.5 μm. These outputs indicate that the interphase depth 
and CNT length straightly control the conductivity. Dense 
interphase and large CNT improve the conductivity, but thin 
interphase or short CNT cannot change the polymer medium 
conductivity. As a result, interphase and CNT dimensions 
significantly manage the conductivity.

Thick interphase decreases the percolation onset and 
enhances the operative filler concentration. So, a dense inter-
phase broadens the conductive nets. Since big networks largely 
transfer the electors in nanocomposites, thick interphase posi-
tively affects the conductivity. However, thin interphase neg-
ligibly expands the networks, which cannot change the charge 

transferring through networks producing an insulated nanocom-
posite. Therefore, providing a dense interphase is essential to 
develop the wide networks and charge transportation in nano-
composites. These remarks establish that the advanced model 
correctly shows the role of interphase depth in the conductivity.

Large CNT change the percolation onset to low filler 
loadings [47]. Therefore, long CNT can participate a big 
quantity of nanoparticles in attached nets enhancing the 
network volume portion. Moreover, large CNT grow the 
entire conductivity of CNT and tunnels increasing the elec-
tron transportation in nanocomposites. In fact, large CNT 
positively handle the size and condition of nets intensifying 
the conductivity. In addition, long CNT mainly decrease the 
inverse aspect ratio, which desirably affects the conductivity. 
These observations confirm the advanced model associating 
the conductivity to CNT size.

Fig. 1   Significances of “R” and “u” terms on the conductivity by the developed model: a 3D and b contour patterns

Fig. 2   Alteration of conductivity at dissimilar ranges of “t” and “l” using the present model: a 3D and b contour plots
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Figure 3 demonstrates the predictions of conductivity at 
the changed ranges of “ �f  ” and “ �p ” using the advanced 
model. The maximum conductivity of 0.4 S/m is obtained 
at �f  = 0.02 and �p = 0.001, but the conductivity decreases 
to about 0 at �f  < 0.011. Both extraordinary CNTcontent and 
low percolation onset improve the conductivity, but low filler 
concentration causes an insulated example. The results prove 
the more significant role of filler concentration than that of 
percolation threshold, although both filler loading and per-
colation onset control the conductivity.

High CNT content reasonably raises the conductivity, 
since the big quantity of conductive nanoparticles effectively 
encourages the charge transferring. A more content of CNT 
produces the bigger networks facilitating the transportation 
of electrons. So, high concentration of CNT positively han-
dles the conductivity. However, very low CNT concentration 
causes a small number of nanoparticles with large separa-
tion distance. Therefore, poor CNT concentration fails the 
interacting of nanoparticles deteriorating the conductivity. 
Actually, since the distributed CNT with large separation 
distance cannot transfer the electrons, very little attentive-
ness of CNT cannot develop the conductivity. It should be 
noted that CNT concentration after percolation threshold can 
establish the conductive networks for charge transferring, 
while too little CNT content under percolation cannot pro-
vide the network structures. Accordingly, the conductivity 
directly associates to the CNT concentration, as expressed 
by the advanced model.

A little percolation onset enlarges the conductive nets, 
because a big amount of CNT can join to the linkages. 
Though, a big percolation level limits the formation of large 
nets. Therefore, the percolation threshold inversely affects 
the conductivity. In fact, a big percolation onset decreases 
the percentage of CNT nets and worsens the charge transfer-
ring. Some prototypes such as power-law model explicitly 

indicated the inverse role of high percolation threshold in 
the conductivity [21, 52], but the developed models in recent 
studies highlighted the effect of percolation threshold on the 
conductivity by its influence on the network part [36, 47]. 
Thus, the advanced model sensibly exhibits the inverse con-
nection between conductivity and percolation onset.

Figure 4 presents the effects of “σf” and “ρ” terms on the 
conductivity rendering the advanced model. The supreme 
conductivity of 0.12 S/m is observed at ρ = 100 Ω.m and dif-
ferent levels of “σf”, while ρ > 650 Ω.m significantly dimin-
ish the conductivity to about 0.015 S/m. So, the polymer 
tunneling resistivity negatively manages the conductivity, 
but filler conductivity is an unsuccessful parameter. High 
tunneling resistivity weakens the conductivity, but the CNT 
conductivity cannot change it. Conversely, the small differ-
ence of conductivity at dissimilar ranges of “σf” and “ρ” 
parameters signifies that these factors negligibly handle the 
conductivity.

The dissimilar levels of filler conductivity cannot operate 
the nanocomposite’s conductivity, because it cannot modify 
the total conductivity of CNT and tunneling region. The 
excellent conductivity of CNT mainly lessens their resist-
ance in nanocomposites. Actually, the extremely insignifi-
cant resistance of CNT cannot govern the total resistance of 
components and thus the CNT conductivity cannot control 
the whole conductivity. However, the great resistance of tun-
neling region governs the electron transferring in nanocom-
posites and very poor CNT resistance is unproductive on 
the conductivity. Thus, the advanced model appropriately 
predicts the ineffective character of CNT conductivity in 
the conductivity outputs. Moreover, high polymer tunneling 
resistivity restricts the electron moving through tunneling 
region. Instead, deprived tunneling resistivity encourages the 
charge transferring within tunneling space. Accordingly, the 
tunneling resistivity directly handles the tunneling resistance 

Fig. 3   Dependencies of conductivity on “ �f  ” and “ �p ” by the present model: a 3D and b contour plots
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determining the conductivity of PCNT. Generally, the tun-
neling resistivity adversely manages the nanocomposite’s 
conductivity, because it’s high level limits the electron 
transportation via tunneling region. These signs accept the 
forecasts of advanced model for conductivity at dissimilar 
extents of tunneling resistivity.

Figure 5 displays the conductivity variation at the changed 
intensities of “d” and “λ” by the advanced model. Large “d” 
and short “λ” improve the conductivity, but short “d” intro-
duces an insulated nanocomposite. Actually, wide and short 
tunnels positively affect the conductivity, while only short 
tunneling diameter causes insulating. So, the dimensions of 
tunneling region change the conductivity of PCNT. These 
outputs imply that very short tunneling diameter between 
adjacent CNT in nanocomposites cannot produce a desirable 
conductivity, but both long tunneling diameter and small 
tunneling distance maximize the conductivity.

Wide tunnels enlarge the contact area between CNT, 
which strengthens the charge conveyance through tunnels. 
Indeed, wide tunnels enhance the efficiency of CNT cover-
ing the tunneling region for transportation of electrons. Nev-
ertheless, small tunneling width producing small interaction 
zone poorly transfers the electrons through tunneling region 
weakening the conductivity. It can be said that the tunneling 
diameter manipulating the contact area between adjacent 
CNT dominantly controls the extent of electron transferring 
via tunneling zone. Hence, the tunneling diameter directly 
governs the nanocomposite’s conductivity confirming the 
advanced model.

The tunneling space between CNT commonly contains 
the insulated polymer film. A bulky tunnel reveals a dense 
insulated polymer layer amid CNT, which obviously wors-
ens the tunneling efficacy. Therefore, lengthy tunnels directly 
increase the conflicts limiting the charge shifting. Conversely, 

Fig. 4   Calculations of conductivity by various “σf” and “ρ” ranges according to the developed model: a 3D and b contour plots

Fig. 5   Association of nanocomposite’s conductivity to “d” and “λ” factors by the present model: a 3D and b contour plots
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a short tunneling distance displays a thin polymer film 
between adjacent CNT improving the tunneling effect. These 
observations validate the opposite correlation between con-
ductivity and tunneling distance. Many models in literature 
have focused on the tunneling length/distance to investigate 
the tunneling efficacy in nanocomposites [3, 53, 54]. In fact, 
many studies have disregarded the roles of polymer tunneling 
resistivity and tunneling diameter in the tunneling conductiv-
ity. So, the tunneling distance is a main parameter governing 
the electron tunneling in nanocomposites.

Figure 6 reveals the “f” and “Rtun” impacts on the conduc-
tivity complying with the advanced model. f = 0.5 and Rtun = 2 
Ω produce the conductivity of 0.7 S/m, but an insulated sam-
ple is detected at f < 0.24 or Rtun > 15 Ω. These results demon-
strate that the big nets and poor tunneling resistance positively 
handle the conductivity, while the low part of linked CNT or 
high tunneling resistance causes insulating. In fact, the for-
mation of large conductive networks and providing poor tun-
neling resistance are necessary to improve the conductivity. 
However, small networks or high tunneling resistance cannot 
grow the charge transferring in polymer nanocomposites.

The ratio of linked CNT and the extent of nets straightly 
handle the conductivity. The conductivity of nanocomposites 
mainly associates to the net magnitude [55, 56] and thus “f” is 
an important parameter managing the conductivity. The high 
number of CNT in the nets facilitates the charge transferring in 
nanocomposites, but low “f” produces small networks limiting 
the transferring of electrons. Moreover, very small percentage 
of networked CNT cannot effectively transport the electrons 
producing an insulating. Besides, the tunneling conflict signifi-
cantly governs the electron transporting within the samples.

A poor resistance raises the charge transferring thorough 
tunneling region, while a high tunneling resistance mainly 
limits the tunneling effect. As mentioned, the total conflict 
of components (filler and tunnels) only depends on the 

tunneling resistance, because the extraordinary CNT con-
ductivity introduces too weak conflict. Accordingly, the tun-
neling resistance negatively affects the conductivity. More, 
very high tunneling resistance does not allow the electron 
tunneling, which induces an insulating. These explanations 
show the correct associations of conductivity to “f” and 
“Rtun” terms approving the advanced model.

Comparisons between calculations 
and experimental data

The experimental data of conductivity are linked to the mod-
el’s calculations. Poly (vinyl chloride) (PVC)/multi walled 
CNT (MWCNT) (l = 16 μm, R = 8 nm, u = 1.2 and �p = 0.0005) 
[57], epoxy (DGEBA-based epoxy resin cured with an amine 
hardener)/single walled CNT (SWCNT) (l = 2 μm, R = 1 nm, 
u = 1.6 and �p = 0.0003) [58], epoxy (bisphenol A type epoxy 
resin cured with an amine type hardener)/MWCNT (l = 30 μm, 
R = 8 nm, u = 1.2 and �p = 0.0002) [59] and poly (ethylene tere-
phthalate) (PET)/MWCNT (l = 1 μm, R = 5 nm, u = 1.2 and 
�p = 0.001) [60] samples were chosen from valid studies. More 
details about the materials and characterizations were provided 
in the original references. Equation 14 can calculate the inter-
phase thickness for samples by percolation threshold and CNT 
dimensions. The ranks of “t” are predicted as 3.5, 3.2, 7 and 
22 nm for PVC/MWCNT, epoxy/SWCNT, epoxy/MWCNT 
and PET/MWCNT samples, in that order. These grades dis-
play the development of dissimilar interphase zone in these 
samples. PET/MWCNT and epoxy/SWCNT nanocomposites 
present the thickest and the thinnest interphase, respectively. 
These outcomes indicate that the interphase region differently 
add to the nets and conductivity of samples.

Figure 7 illustrates the trial data as well as the conductiv-
ity estimations for the reported samples. The predictions of 

Fig. 6   Conductivity of PCNT supposing “f” and “Rtun” variables by the established model: a 3D and b contour plots
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developed model precisely comply with the experimental 
grades at whole samples. The proper agreements between 
empirical and theoretical data approve the developed model. 
Therefore, the advanced model correctly suggests the con-
ductivity considering the conductive nets, interphase and 
tunneling region. This model is attractive, because the 
existed models cannot adequately consider the roles of effec-
tive terms in the conductivity. The ranks of (ρ, λ, d) are 
calculated as (150, 3.5, 12), (1750, 8, 0.6), (2500, 7, 10) and 
(3000, 7.5, 5) (ohm.m, nm, nm) for PVC/MWCNT, epoxy/
SWCNT, epoxy/MWCNT and PET/MWCNT samples, cor-
respondingly. The different tunneling properties show the 
dissimilar levels of tunneling resistance controlling the 
conductivity in the samples. PVC/MWCNT sample exhibits 
poor tunneling resistivity, short and wide tunnels declin-
ing the conflict and cultivating the conductivity. However, 
epoxy/SWCNT displays the highest tunneling resistance, 
which reveals the smallest level of charge moving among 
the specimens. As mentioned, the tunneling resistance 

dominantly handles the total resistance of components and 
the conductivity of nanocomposites.

Conclusions

Hui-Shia model was simplified and advanced for PCNT con-
ductivity assuming the network fraction, interphase district 
and CNT tunnels. The rational influences of all factors on 
the conductivity and the acceptable agreements between 
empirical data and predictions support the developed model. 
Reedy CNT and poor waviness develop the conductivity, 
although only dense CNT produce an insulated sample. The 
calculations indicate that these factors expressively handle 
the conductivity. Thick interphase and large CNT grow 
the conductivity, but thin interphase or short CNT cannot 
modify it. Also, both high CNT loading and low percolation 
onset cultivate the conductivity, whereas a low filler concen-
tration causes an insulated sample. Additionally, the polymer 

Fig. 7   Comparison between experimental data and calculations of conductivity by the established model for a PVC/MWCNT [57], b epoxy/
SWCNT [58], c epoxy/MWCNT [59] and d PET/MWCNT [60] samples
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tunneling resistivity negatively manages the conductivity, 
while CNT conduction is a useless factor. Generally, poly-
mer tunneling resistivity and CNT conductivity negligibly 
handle the conductivity. Moreover, wide and short tunnels 
positively handle the conductivity, whereas only very short 
tunneling diameter causes the insulating. The high ratio of 
linked CNT and poor tunnel conflicts positively govern the 
conductivity, while small nets or high conflicts in tunnels 
cause the insulated specimen.
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