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Assessment of electrical 
conductivity of polymer 
nanocomposites containing 
a deficient interphase 
around graphene nanosheet
Yasser Zare 1*, Muhammad Tajammal Munir 2 & Kyong Yop Rhee 3*

In this study, a poor/imperfect interphase is assumed to express the effective interphase thickness, 
operative filler concentration, percolation onset and volume share of network in graphene–polymer 
systems. Additionally, a conventional model is advanced by the mentioned terms for conductivity 
of samples by the extent of conduction transference between graphene and polymer medium. The 
model predictions are linked to the experimented data. Likewise, the mentioned terms as well as 
the conductivity of nanocomposites are expressed at dissimilar ranges of various factors. The novel 
equations successfully predict the percolation onset and conductivity in the samples containing a 
poor/imperfect interphase. Thin and long nanosheets with high conduction transportation desirably 
govern the percolation onset and nanocomposite conductivity, but a bigger tunneling distance causes 
a lower conductivity.

Keywords Polymer graphene nanocomposites, Conductivity, Imperfect interface/interphase, Tunneling 
effect

Polymer nanocomposites containing graphene can be employed in dissimilar grounds such as energy devices, 
electromagnetic shielding, electronics, and light emitting  diodes1–9. The conductivity in polymer nanocomposites 
is achieved above percolation onset in which the conductive networks of graphene are  established10. The higher 
aspect ratio and larger surface area of graphene compared to CNT cause lower percolation onset promoting the 
electrical conductivity in  nanocomposites11. Actually, strict conditions such as milling, sonication and chemical 
oxidization often break the CNTs to short rods. Additionally, waviness of CNTs in the nanocomposites reduces 
its aspect ratio and  conductivity12,13. However, single-layer graphene has very high electrical conductivity and 
unlike CNTs, chirality is not a factor in its electrical  conductivity14. These properties in addition to extremely high 
surface area demonstrate the great potential of graphene for improving the electrical conductivity of polymer 
composites.

Many variables such as filler amount, filler conduction, filler dimensions, dispersion of nanoparticles, 
tunneling effect and interfacial condition can manage the conductivity of polymer  nanocomposites15–17. Some 
modes have been suggested for the conductivity of CNT-filled nanocomposites assuming the mentioned 
 parameters18–20, but the modeling of conductivity for graphene systems is limited. The previous researchers 
have applied old equations for percolation and conductivity for graphene-filled  examples21–23, nevertheless they 
improperly undertake the characters of nanoparticles in the conductivity. In fact, the previous models cannot 
take into account the novel parameters attributed to interphase and nanoparticles.

The interphase part is regularly built in nanocomposites, owing to the big interfacial space and robust 
polymer–filler  interaction24–26. The significance of interphase on the rigidity of systems was debated in the 
earlier  articles27–29. The interfacial/interphase properties can also impress the conductivity of samples 
(shortened as conductivity here), for the reason that they determine the extent of filler conduction transported 
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to insulative medium. However, it was shown that many nanocomposites have a poor/imperfect interphase 
around  nanoparticles30–33. A strong interface/interphase properly carries the significant filler conduction to 
medium, while low interfacial properties cannot do it. Furthermore, the interphase around particles can create the 
networked structures in polymer  nanocomposites34,35. So, the interface/interphase part causes a main role in the 
percolation onset and nanocomposite conductivity (indicated as conductivity here). Few people have stated the 
key impacts of interphase on the toughness and percolation onset of  composites34,36, but the effect of interphase 
on the conductivity was rarely investigated. Actually, the limited works for the conductivity in graphene examples 
have focused on the experimental data and conventional models, while the imperfect interphase mainly affects 
the nanocomposite conductivity and percolation onset.

The present article focuses on the imperfect/poor interphase to predict the conductivity for graphene-filled 
nanocomposites. The effective interphase thickness is expressed by the extent of conduction transference from 
conductive nanoparticles to the polymer medium. In addition, the operative filler fraction, percolation onset 
and net volume share are correlated to the extent of conduction transferring. Also, a model is suggested for 
nanocomposite conductivity by the extent of conduction transportation, tunneling properties and graphene 
size. The forecasts of the new model are assessed by experimented records. Moreover, the mentioned terms and 
nanocomposite conductivity are plotted against various parameters. Hopefully, our developed equations can 
replace the conventional ones to foretell the conductivity in graphene polymer products. All parameters and 
equations are simple, meaningful and reasonable guiding the researchers in this field.

Modeling methods
The percolation onset in polymer graphite nanocomposites was  formulated37 as:

“t” and “D” denote the thickness and diameter of nanosheets and “λ” displays the tunneling distance between 
neighboring nanosheets.

Nonetheless, D >> λ contracts this equation to:

The interphase and tunnels can decrease the percolation onset in nanocomposites, because the interphase 
around the graphene and the tunnels between nanoparticles reduce the space among nanosheets and facilitate 
the network production. Assuming these terms, the latter equation can be developed to:

where “ti” is interphase thickness around nanosheets.
When the inverse aspect ratio (α = t/D) is assumed in Eq. (3), “ φp ” is reformulated as:

considering the dimensions of graphene, interphase and tunneling region in the percolation onset. Equation (4) 
was used to calculate the percolation onset for several graphene-filled samples in the previous  articles38–40.

The interphase regions surrounding nanosheets also increase the effectiveness of nanoparticles in the samples. 
The interphase volume  share41 is estimated by:

where “ φf  ” is filler volume share.
The operative graphene volume share covers the contents of filler and interphase as:

However, the imperfect interfacial properties between medium and nanoparticles restrict the transferring of 
conduction from filler to medium. This incidence deteriorates the conduction efficiency of nanoparticles and 
the nanocomposite conductivity.

In the case of imperfect/poor interfacial properties ( 0 ≤ x ≤ Dc ), the whole diameter of nanosheet cannot 
reach the filler conduction (σf), but complete interfacial adhesion ( Dc ≤ x ≤ D/2 ) transfers the full conduction 
from nanoparticles to polymer medium. “Dc” is expressed as the minimum diameter of nanosheets needed to 
transfer the complete conduction of nanofiller to polymer medium. In fact,  2Dc > D determines the poor interface, 
while  2Dc < D determines the perfect interface in the nanocomposites.

“Dc” is suggested as:
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where “ψ” signifies the interfacial conduction.
Assuming the interfacial properties, the effective diameter of nanosheets  (Deff) is expressed by:

As a result, the poor interfacial properties change the effective opposite aspect ratio (αeff) and the operative 
volume share ( φeff  ) of graphene in the  products31 as:

Additionally, the conduction transferring parameter among nanoparticles and medium can be defined by:

Substituting of “Y” from the latter equation into Eqs. (9) and (10) presents the “αeff” and “ φeff  ” as:

The calculations of Eq. (10) at average levels of all parameters show very slighter outputs than Eq. (6). Thus, 
Eqs. (10) and (13) can be modified to:

Now, the effective interphase thickness can be correlated to “Y” by joining Eqs. (6) and (14) as:

Restructuring of this equation can express the effective interphase thickness by “t” and “Y” as:

So, the effective interphase thickness depends on the graphene thickness and the conduction transportation 
between polymer and graphene.

When “αeff” and “ti” are replaced from Eqs. (12) and (16) into Eq. (4), “ φp ” is suggested as:

considering the roles of conduction transferring parameter, graphene dimensions and tunneling distance in the 
percolation onset. The interphase factors such as “ti” and “Y” can be determined by Eqs. (16) and (17) when the 
experimentally measured percolation onset is available. The effective size range in which filler contact occurs 
is considered as t < 10 nm and D > 1 μm. In this condition, a low percolation onset encouraging the electrical 
conductivity in nanocomposites can be obtained.

Also, substituting of “ti” from Eq. (16) into Eq. (6) presents the operative filler fraction as:

The share of nanoparticles within the conductive networks after percolation  onset42 can be given by:

The “f ” term can be developed by “ φeff  ” (Eq. 18) and “ φp ” (Eq. 17) as:
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Also, the volume share of net can be estimated by:

When “f ” (Eq. 20) and “ φeff  ” (Eq. 18) are substituted in Eq. (21), “ φN ” is expressed by:

stating that the concentration of networked nanosheets links to filler share and dimensions, tunneling distance 
and the extent of conduction transference.

In the next step, a conventional model is expanded for conductivity of graphene polymer examples by the 
cited terms.

Weber and  Kamal43 suggested the longitudinal resistivity of composites as:

where “Af” shows the cross-section area of fiber, “ρf” is fiber resistivity, “dc” is diameter of tunneling area, “l” is 
length of fiber and “θ” denotes the angle between fiber and current direction.

“X” is defined as the quantity of contacts (m) as:

where the supreme “m” is 15.
The composite conductivity can be given by inverse “ρ” as:

which can be progressive for graphene-based nanocomposites by graphene characteristics, as mentioned.
Graphene cross-section area is calculated by:

Besides, the graphene conduction is stated by σf = 1/ρf.
For 3D arbitrary dispersing of filler in the  samples44, we get:

According to these equations, Eq. (25) can be promoted for graphene samples as:

Nevertheless, this equation discounts the tunneling distance. Some researches have demonstrated that the 
conductivity adversely depends on the tunneling distance (λ)9,40,45. This assumption develops Eq. (28) to:

where “z” as tunneling factor is 0.1 nm.
Switching of “ φN ” from Eq. (22) into Eq. (29) establishes an advanced model for conductivity as:

which shows the significances of various parameters for nanoparticles, poor/imperfect interphase and tunneling 
region on the conductivity. All parameters included in Eq. (30) are meaningful and determinate facilitating the 
prediction of nanocomposite conductivity by poor/imperfect interphase. The proposed equation considers the 
various dimensions of graphene nanosheets in the samples. The proposed equations are valid when the thickness 
of graphene is less than 10 nm and graphene diameter is more than 1 μm. This range of graphene dimensions 
provides the low percolation onset and good electrical conductivity in the nanocomposites.
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Results and discussion
Evaluation of model by experimental data
The predictions of the suggested equations are matched to the measured results of some examples for evaluation 
and estimation of parameters. Table 1 expresses four examples and their characteristics from original references. 
Besides, the percolation onset was obtained by the conductivity measurements in the original references. By 
application of Eq. (17) to the experimented facts, “λ” and “Y” are attained estimating the effective interphase 
thickness  (ti) for the reported samples by Eq. (16). All calculations are shown in Table 1.

The largest tunneling distance, the highest level of conduction transportation between nanoparticles and 
polymer medium and the thickest interphase are shown in PVA/graphene sample, while the least levels of 
these parameters are observed in ABS/graphene nanocomposite. The calculated ranges of parameters show 
the key effects of tunneling region, conduction transference level and interphase on the percolation onset. 
However, the conventional equations only considered the characters of filler size in the percolation onset, which 
is not sufficient for nanocomposites, because many parameters such as “λ”, “Y” and “ti” govern the percolation 
onset. The calculations of parameters are used in Eq. (30) for predicting of conductivity. Figure 1 portrays the 
experimented facts and the model predictions for the examples. The outputs are matched to the experimented 
values, which approve the predictability of the model. Therefore, the model can positively predict the conductivity. 
In fact, the new model is applicable for the conductivity assuming tunneling region between sheets, conduction 
transportation from nanoparticles to medium and poor/imperfect interphase section. The values of “dc” and 
“m” are also reported in Table 1. The highest levels of “dc” and “m” are reported for PS/graphene sample (No. 3), 
while the minimum levels of these parameters are shown in ABS/graphene nanocomposite. All parameters are 
meaningful and reasonable validating the proposed model.

Parametric examinations
In this section, parametric investigations are carried out to confirm the proposed equations.

Figure 2a displays the roles of “t” and “Y” in the effective interphase depth by contour plot via Eq. (16). The 
thickest interphase as 14 nm is shown at t = 5 nm and Y > 4.2, whereas the thinnest interphase as 2 nm is predicted 
by t = 1 nm and Y = 1. Therefore, thick nanosheets and high conduction transportation between nanoparticles and 
medium achieve a desirable effective interphase thickness. However, the effective interphase thickness decreases 
by thin nanosheets and low “Y”.

The effective interphase thickness shows a direct link to the thickness of graphene nanosheets according to 
Eq. (16). As a result, thick nanosheets produce a thick interphase in graphene nanocomposites. Moreover, it is 
clear that the conduction transference rightly links to the interfacial/interphase aspects. So, a big conduction of 
transportation shows the high interfacial/interphase features, which produce a thick interphase around nano-
particles. In other words, a thicker interphase demonstrates the higher level of interfacial/interphase properties 
in nanocomposites results in better conduction transportation. Accordingly, Eq. (16) correctly expresses the 
correlation of effective interphase thickness to “t” and “Y”.

Figure 2b exemplifies the impacts of “t” and “Y” on the operative filler share ( φeff  ) at φf  = 0.01 based on 
Eq. (18). “t” cannot change the operative filler share, but “Y” directly controls the “ φeff  ”. The highest and the 
least “ φeff  ” as 0.07 and 0.044 are calculated at Y > 7.5 and Y = 1, demonstrating that the conduction transference 
importantly manages the effectiveness of nanoparticles in the products.

According to Eq. (18), it is obvious that the effective filler concentration does not depend on the thickness 
of nanosheets. However, a high transportation of conduction from nanoparticles to polymer medium results 
in proper assignment of filler conduction to insulative medium promoting the conductivity. Instead, a low “Y” 
expresses the low transportation of conduction to polymer medium, which deteriorates the conduction efficiency 
of nanoparticles. Consequently, the effectiveness of nanoparticles mainly links to the “Y”, as suggested by Eq. (18).

Figure 3a shows the variation of percolation onset at unalike ranks of “t” and “Y” at D = 2 μm and λ = 5 nm 
(Eq. 17). The maximum “ φp ” as 0.03 is witnessed at t = 5 nm and Y = 1, although the smallest φp = 0.001 is shown 
by t < 1.7 nm and Y > 3. These results indicate that thin nanosheets and high conduction transportation cause 
a desirable percolation level in nanocomposites, while thick nanosheets and weak conduction transference 
increase it.

Thin nanosheets yield a big quantity of particles in a unit volume, which increases the possibility of networking. 
Accordingly, thin nanosheets cause a small percolation onset in the system. However, thick nanosheets weaken 
the contact number among sheets and induce a high percolation onset, because the percolating of filler needs 
the contacts between nanoparticles. Additionally, high conduction transference displays the desirable levels for 

Table 1.  Investigated samples, their characteristics and parameters calculations using advanced equations.

Refs Samples t (nm) D (μm) φp λ (nm) Y ti (nm) dc (nm) m
46 PS/graphene 1 2 0.0010 12 8 3 150 85
47 SAN/graphene 1 2 0.0017 7 5 2.9 10 20
48 PS/graphene 1 4 0.0005 13 15 3.1 450 925
47 ABS/graphene 1 4 0.0013 3 3 2.7 1 2
49 PVA/graphene 2 2 0.0035 13 22 6.3 22 15
50 PET/graphene 2 2 0.0050 7 10 6.1 50 39
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interfacial/interphase properties in nanocomposites. Since the interfacial/interphase properties directly affect 
the percolation onset, a higher level of “Y” produces a lower percolation level in nanocomposites. In fact, the 
interphase regions can produce the percolated structures in nanocomposites and thus, large interphase regions 
due to tough interfacial interactions positively handle the percolation onset.

The powers of “D” and “λ” on the percolation onset are also revealed in Fig. 3b at t = 2 nm and Y = 5. The 
smallest percolation level as about 0.002 is observed at D > 2.5 μm and λ > 8 nm, but a high percolation onset 
as 0.014 is realized by D = 1 μm and λ = 2 nm. So, big nanosheets and large tunnels can desirably control the 
percolation onset in composites. The big nanosheets cause numerous contacts in nanocomposites, because they 
are separated by small distances. As a result, their networking is easier than that of short nanosheets produc-
ing a low percolation onset. Besides, a large tunneling distance between nanosheets can reduce the percolation 
onset, since the separated nanosheets by tunneling distance can establish the conductive networks. However, 
in the case of short tunneling distance, only few adjacent nanosheets can take part in the networks shifting the 
percolation onset to high filler concentrations. According to these reasons, big nanosheets and large tunneling 
distance logically present a low percolation onset.

Figure 1.  The experimented and predicted conductivity by the new model for (a)  PS46, (b)  SAN47, (c)  PS48, (d) 
 ABS47, (e)  PVA49 and (f)  PET50 graphene products.
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The volume portion of percolated graphene ( φN ) at various ranges of “t” and “Y” and φf  = 0.01, D = 2 μm 
and λ = 5 nm is also illustrated in Fig. 4a based on Eq. (22). The maximum level of “ φN ” as 0.022 is obtained 
by t = 1 nm and Y > 6, but “ φN ” mainly decreases to 0.002 at t > 4 nm and Y = 1. Therefore, thin nanosheets and 
high conduction transportation can grow the share of networked nanosheets, while thick nanosheets and poor 
transferring of conduction reduce it.

Thin nanosheets decrease the percolation onset in nanocomposites. In fact, they show a high potential for 
percolating, because they increase the level of inter-contacts. So, it is sensible to get a big “ φN ” by thin nanosheets. 
In addition, a high conduction transference declines the percolation onset and increases the operative filler share, 
because it reveals the significant levels of interfacial/interphase parameters in nanocomposites. Since a high share 
of nets is obtained by poor percolation onset and high operative filler share, it is correct to obtain a high “ φN ” 

Figure 2.  Dependencies of (a) effective interphase thickness (Eq. 16) and (b) “ φeff  ” (Eq. 18) on “t” and “Y”.

Figure 3.  Percolation onset as a function of (a) “t” and “Y” and (b) “D” and “λ” by Eq. (17).

Figure 4.  Linking of “ φN ” (Eq. 22) to (a) “t” and “Y” and (b) “D” and “λ”.
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by great “Y”. In fact, the high transportation of conduction obtained by strong interfacial interactions facilitates 
the networking of nanosheets in nanocomposites.

The correspondence of “ φN ” to “D” and “λ” (Eq. 22) at φf  = 0.01, t = 2 nm and Y = 5 is also plotted in Fig. 4b. 
The highest φN = 0.021 is found by D > 3.5 μm and λ > 8 nm, nevertheless the minimum “ φN ” as 0.0147 is observed 
at D = 1 μm and λ = 2 nm. Hence, “D” and “λ” directly control the network volume share in nanocomposites.

Big nanosheets are easily percolated in nanocomposites, because a small distance is existed between them. 
As a result, a small number of big nanosheets can construct the nets, which positively affect the volume share of 
networked nanosheets. In other words, larger nanosheets are easily networked compared to shorter ones resulting 
in the large networks in nanocomposites. Also, larger tunneling distance produces a smaller percolation level. 
In fact, a big sum of sheets can participate in the nets by large tunneling distance, which grows the net share. 
Accordingly, the high ranges of both “D” and “λ” desirably affect the volume share of nanosheets, as articulated 
by the advanced equation.

Figure 5 reveals the influences of numerous parameters on the conductivity by Eq. (30). Figure 5a shows the 
conductivity by “t” and “Y” at σf =  105 S/m, φf  = 0.01, D = 2 μm, λ = 5 nm,  dc = 50 nm and m = 30. The supreme 
conductivity of 1.4 S/m is shown at t = 1 nm and Y > 4, nevertheless an insulative material is witnessed at t > 4 nm 
and Y < 3. Accordingly, the conductivity mainly links to the thickness of nanosheets and the extent of conduction 
transportation between polymer medium and nanoparticles. As observed, thin nanosheets and high “Y” obtain 
a high conductivity.

Thin nanosheets move the percolation onset to poor filler amounts. Also, a high share of thin nanosheets can 
partake to the nets. As known, the size of networked nanosheets considerably manipulates the conductivity, since 
the nets carry the charges. Consequently, thin nanosheets increasing the size of nets improve the conductivity. 
Furthermore, a high conduction transfer can significantly allocate the graphene conduction to insulative polymer 
medium, which raises the conductivity. Conversely, a little “Y” due to the weak interfacial/interphase declines 
the efficiency of nanoparticles in the conductivity of samples, because the filler conduction cannot be assigned 
to polymer medium. So, the novel model truly states the correlation of conductivity to “t” and “Y”.

The predictions of nanocomposite conductivity at numerous ranges of “D” and “λ” are depicted in Fig. 5b. 
The top conductivity of 4 S/m is realized by D > 2.5 μm and λ = 2 nm, but λ > 4 nm seriously diminishes the 
conductivity. Therefore, large nanosheets and short tunnels get a high conductivity, while large tunnels cannot 
improve the conductivity.

Large nanosheets positively regulate the percolation onset and the volume share of nets based on the earlier 
discussion. Therefore, it is clear to take a better conductivity by larger nanosheets, because the big nanosheets 
enhance the dimensions of nets. Also, a large tunneling distance can positively handle the percolation onset and 

Figure 5.  Calculations of the suggested model (Eq. 30) at various extents of (a) “t” and “Y”, (b) “D” and “λ” and 
(c) “m” and “dc”.
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the share of nets, as mentioned in the previous illustrations. However, a large tunnel weakens the transferring of 
charges, since distant nanosheets cannot transport the  charges51. Accordingly, a big tunnel ineffectively transfers 
the charges in the nanocomposites that deteriorate the conductivity. As well, a large tunnel can seriously decrease 
the conductivity, because the electrical conductivity links to the transportation of electrons through nets. Based 
on these reasons, the presented model fittingly displays the powers of “D” and “λ” on the conductivity.

Figure 5c represents the conductivity at various ranges of “m” and “dc”. The highest conductivity of 5.5 S/m 
is got by m = 90 and  dc = 160 nm, nevertheless the conductivity reduces to 0 at m < 30 and  dc < 40 nm. Also, very 
low levels of “dc” produce an insulative nanocomposite. Consequently, a large number of contacts and big contact 
zone between adjacent nanosheets obtain an appropriate conductivity, while few contacts among nanoparticles 
and poor contact area cannot raise the conductivity.

The high quantity of contacts increases the networking possibility in the system. In fact, the nanosheets can 
construct the filler networks when they have strong contacts. So, the contacts between nanosheets confidently 
affect the net size and the conductivity. Moreover, the contact area between neighboring nanosheets is neces-
sary to establish the tunneling region. A huge contact area mainly declines the contact resistance between 
 nanosheets52. Thus, a big contact area intensifies the transferring of electrons thorough the adjacent nanosheets 
improving the conductivity. On the other hand, short contact area between nanosheets increases the contact 
resistance, which reduces the electron current via contact regions. Thus, the contact zone directly manages the 
conductivity, because it manipulates the electron moving through tunnels. This explanation presents the proper 
stimuli of “m” and “dc” on the conductivity confirming the predictions of suggested model.

Conclusions
In the case of a poor/imperfect interphase, the extent of conduction transference from graphene to polymer 
matrix was applied to express the effective interphase thickness, operative filler share, percolation onset and 
volume share of nets. Additionally, a conventional model was developed for nanocomposite conductivity by the 
extent of conduction transportation, tunneling properties and graphene dimensions. The estimations of new 
model were evaluated by the measured data. Also, the mentioned terms as well as the conductivity were plotted 
at different series of various parameters. Thin and large nanosheets along with high conduction transportation 
advantageously govern the percolation onset, the portion of network and the nanocomposite conductivity. How-
ever, although large tunnels decline the percolation onset and improve the net fraction, it weakens the electron 
transference between adjacent nanosheets and deteriorates the conductivity. Furthermore, a large number of 
contacts and big contact area between neighboring nanosheets produce a high conductivity. The impresses of all 
parameters on the mentioned terms and nanocomposite conductivity were evaluated and discussed approving 
the predictability of the suggested equations. Accordingly, the developed equations can appropriately calculate 
the percolation onset and conductivity for graphene-containing samples.
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