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Abstract 

In this work, co-continuous blends of linear low density polyethylene (LLDPE)/ Ethyl vinyl acetate (EVA) containing 

graphene (GN) have been studied. Although mass-produced GN grade prepared by mechanochemical exfoliation of 

graphite and a facile melt compounding technique were adopted, it was possible to lower the electrical percolation 

threshold significantly by controlling the localization of GN nanoplatelets in the blend and by applying an appropriate 

thermal annealing procedure. The electrical and rheological properties of the obtained nanocomposites were 

systematically investigated to get an insight on the composite morphology. During annealing, an alignment between 

time-dependent behaviors of viscoelastic moduli and electrical conductivity was observed. An increase of both 

quantities and a simultaneous coarsening of the blend’s morphologies occurred during the first 30 minutes of annealing 

followed by a more stable behavior. This rise was attributed to the diffusion and flocculation of GN nanoplatelets and 

their migration to the interface. Furthermore, the electrical and rheological percolation threshold concentrations were 

evaluated using a scaling Power law. The electrical percolation threshold was reduced to 0.5 vol% upon thermal 

annealing and was close to the rheological percolation threshold. Finally, the viscoelastic response of the composites 

was well described by a two-phase model, indicating that the effect of the relaxation dynamics of the interfacial 

network does not depend on the blend’s morphology, even though the latter affects the space arrangement of GN and 

consequently the strength of the formed network. 

Key words: graphene, co-continuous blends, interfaces, thermal annealing, percolation threshold, viscoelastic 

behavior, two-phase model. 

I. Introduction

Electrically conductive and semi-conductive polymer composites are being more and more 

involved in a wide range of industrial applications including flexible electronics, soft robotics, 

health monitoring devices, anti-static materials, sensors, protective screens for power cables, 

electric field-grading materials for cable accessories and electromagnetic interference shielding 

materials [1-10]. Different conductive particles have been investigated as fillers for these 

composites such as metallic particles and carbon based particles including carbon fibers, carbon 

black, carbon nanotubes, reduced graphene oxide, exfoliated graphite and graphene [3-5, 11-16]. 

In particular, graphene gained increasing interest recently, to be used as an effective filler in 

polymer composites to enhance their electrical, thermal and mechanical properties, due to its 

outstanding intrinsic properties, low density and very attractive geometry, i.e., high aspect ratio, 

high effective surface area and plate-like geometry [10, 12, 17-19]. However, one of the current 

challenges is the production of cost-effective graphene nanoplatelets at a large industrial scale 
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while maintaining a satisfactory level of properties, to allow their use in a broader spectrum of 

applications, namely: polymer composites applications. In this context, different synthesis 

methods have been developed during the last decades. So far, the top-down synthesis methods 

consisting of exfoliation of graphite or graphite derivatives are considered more promising for 

large-scale production [10, 11]. 

In order to reduce the cost of conductive polymer composites, to maintain the desirable 

mechanical flexibility/toughness of the polymer matrix and to avoid losing the ease of processing, 

many research studies focused on the reduction of the percolation threshold concentration, which 

is extremely sensitive to the dispersion and spatial distribution of the particles. This can be 

achieved either by using special processing techniques, functionalization of the polymer matrix or 

the particles, and/or selection of a multiphase polymer matrix as a template for controlled 

dispersion [11, 12, 20-23]. As far as the two first options are concerned, versatile and successful 

techniques leading to low and even ultra-low values of percolation threshold have been reported 

in literature [5, 11, 19, 24-27]. However, the involved processing methods and chemical 

modifications are often complex and not scalable while the use of industrial techniques is limited. 

For instance, melt compounding techniques, which are the most attractive processing methods 

from an industrial point of view, are reported to be relatively unsuccessful in achieving low 

percolation threshold concentrations [11, 12, 19, 21]. Regarding the option of using multiphase 

polymer matrices, immiscible polymer blends with co-continuous morphology were found to be a 

powerful tool to achieve not only the double percolation of the polymer phases and conductive 

particles, but also the selective localization of the particles in one phase or at the interface; thus 

reducing considerably the onset of the percolation threshold. This concept was demonstrated for 

different conductive particles [3, 4, 27-40]. Furthermore, in many cases, the incorporation of 

particles in the blends and their selective localization often induces changes in the blend’s 

morphology. In particular, their localization at the interface effectively suppresses coarsening and 

promotes refined and stable blend morphologies [27, 29, 41-45]. In the same context, it was 

found that plate-like fillers, among them graphene, can adapt better to polymer-polymer 

interfaces and are subsequently more efficient in suppressing coarsening [42].  

In the near-percolation or above percolation regions, the influence of conductive particles 

networks on electrical and rheological properties of the polymer matrix has been widely 

investigated. Several scaling relations have been proposed to quantitatively estimate the electrical 

and rheological percolation threshold concentrations [46, 47]. Besides, in the case of single-phase 

polymer matrices, the viscoelastic behavior of conductive composites in the molten state has been 

well-described by a two-phase viscoelastic model that allows the separation of the elastic 

response of the particles networks from that of the polymer matrix using small amplitude 

oscillatory shear tests data [48-51]. The main hypothesis of this model is: at high frequencies, the 

viscous response is dominated by that of the polymer matrix while at low frequencies the elastic 

response is dominated by that of the networks, formed by particles clusters possibly mixed with a 

fraction of adsorbed polymer chains. In the case of blends, and especially co-continuous blends, 

the final arrangement and strength of the electrical and elastic networks depend drastically on the 

blend’s morphology.  Simultaneously, the morphology of the blend may evolve in the presence of 

the particles, especially if they are located at the interface. Such complex interdependence is 

expected to violate the assumption of the two-phase model and the other scaling relations applied 
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in the case of single-phase matrices. Only recently, Filippone et al. [52, 53] applied successfully 

the two-phase model to PS/PMMA/clay blends featuring drop-in-matrix morphology and even 

co-continuous morphology. They concluded that relaxation dynamics of the particles elastic 

network are not affected by the degree of complexity of the matrix microstructure. However, the 

strength and the space arrangement of the network are sensitive to this factor. Macosko et al. [27] 

also investigated the modeling of the rheological response of co-continuous PS/PLA blends 

containing interfacial GN nanoplatelets as a function of the characteristic domain size of the 

blend. They established a Power scaling law linking the contribution of the interfacial elastic 

network to the overall storage modulus (G’int) and the characteristic domain size (ζ).  To the best 

of our knowledge, these models have not yet been used to investigate blends composed of 

commodity polymers or composites containing mass-produced graphene nanoplatelets.  

A strategy to further reduce percolation and at the same time investigate the effect of the 

conductive network on the morphology of the blends is the use of post-treatments such as thermal 

annealing. This concept is known as dynamic percolation [30, 54, 55]. In fact, during the 

processing of conductive polymer nanocomposites, filler networks are established, but they are 

often in a non-equilibrium thermodynamic state [55-57]. In other terms, the distribution of 

particles could evolve over time when subjected to an annealing temperature higher than the 

softening or melting temperature of the matrix. The particles will diffuse and flocculate forming 

better conductive and elastic networks resulting in a rise of the electrical conductivity and stress-

bearing ability. In the case of co-continuous blends, the thermal annealing induces, in addition to 

the rearrangement of particles networks, a more complex mechanism including possible changes 

in blends morphologies and migration of particles to the interface, which might lower even 

further the onset of percolation [28, 52]. In the current literature, only few works have focused on 

the evolution of the microstructure and the instability of graphene networks in conductive 

nanocomposites, namely in the case of complex matrix microstructure such as co-continuous 

blends [27, 28, 58]. 

In this work, co-continuous blends of two commodity polymers, linear low density polyethylene 

(LLDPE) and ethyl vinyl acetate (EVA) containing commercial graphene nanoplatelets 

synthesized by mechanochemical exfoliation, are studied [59-61]. The blend nanocomposites 

have been prepared by a facile melt compounding technique. In our previous studies on these 

materials [29, 62], we demonstrated that controlling the processing sequence and in a second step 

doing a thermal annealing treatment for 2 hours were both effective to tune the localization of GN 

nanoplatelets in the blend and to lower the percolation threshold concentration. From a practical 

point of view, the obtained range of electrical conductivity at different working temperatures 

confirmed that the as-obtained LLDPE/EVA/GN composites can be considered as potential 

candidates for semi-conductive screen materials and electrostatic dissipation materials.  

The present study focuses on the relationships between the viscoelastic response, the electrical 

conductivity and the co-continuous blend microstructure in LLDPE/EVA/GN materials as well as 

the evolution of these properties during thermal annealing. Therefore, a combination of 

morphological, rheological and electrical characterizations was carried out. In particular, the 

correlation between electrical percolation and rheological percolation was investigated in terms of 

characteristic percolation concentrations, strength and space arrangement of both elastic and 
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electrical networks. A two-phase model was also used to describe the viscoelastic behavior of 

these materials in an attempt to generalize the mechanisms driving the formation, assembly and 

stability of interfacial nanoplatelets networks in co-continuous blends to industrially relevant 

systems consisting of blends of commodity polymers, containing mass-produced plate-like 

particles, and processed by melt compounding. 

II. Experimental procedure 

II.1. Materials 

Graphene (GN) nanoplatelets, grade Hexo-G V20, were provided by NanoXplore, Inc. This GN 

grade is produced in large-scale by mechanochemical exfoliation of crystalline graphite. The 

nanoplatelets surface is functionalized with hydroxyl and carboxyl groups. They have a mean 

thickness of 20 nm and average agglomerate flake size of 50 μm [29, 60]. Linear low density 

polyethylene (LLDPE) NOVAPOL PI-2024-A grade of density 0.924 g/cm3 was purchased from 

Nova Chemicals and Ethylene vinyl acetate copolymer (EVA) Alcudia PA-540 grade of density 

0.937 g/cm3 was supplied from Repsol. The content of vinyl acetate in EVA resin is around 18%. 

All the materials were used as received, without further modifications. 

II.2. Processing 

The materials were prepared by twin-screw extrusion using a Haake Rheomix OS PTW16. The 

temperature was fixed to 160°C in all zones and the screw speed was adjusted to 100 rpm.  In a 

first step, master batches of PE with 25wt% GN (12.3 vol%) and EVA with 40 wt% GN (22.1 

vol%) were prepared. In the rest of the manuscript, the master batches will be referred to as 

LLDPEMB and EVAMB respectively. In a second step, different EVA/GN and LLDPE/GN 

composites were prepared by dilution of the masterbatches. In addition, LLDPE/EVA/GN blends 

were also prepared with the ratio of PE/EVA resins equal to 50wt%/50wt%. This composition 

was selected to achieve a co-continuous morphology, based on the ratio of viscosities measured 

by capillary rheometer as discussed in our previous manuscript [29]. The viscosity data are also 

reported in Figure S1 of the electronic supporting information (ESI) file. The blends were 

prepared from both EVAMB and LLDPEMB master batches and by dilution with proper amounts 

of LLDPE and EVA. Depending on the master batch used initially, the blend will be referred to 

as LLDPE/EVA/GN (EVAMB) or LLDPE/EVA/GN (LLDPEMB). The loading of GN in the 

different materials was varied from 0 to 10 wt% (4.5 vol%). Besides, 2 blends with highly 

unbalanced composition were also processed, in order to help visualizing the localization of GN 

nanoplatelets. They are identified as LLDPE/mEVA/1wt% GN and mLLDPE/EVA/1wt% GN, 

respectively. In both blends, the loading of GN is equal to 1wt% and m stands for minor phase. 

More details about these 2 blends are reported in the ESI file. 

 Before rheological and electrical characterization, the materials were compression molded at 

160°C and 5 MPa for 5 minutes. In addition, the samples subjected to thermal annealing were 

kept in the press under 0.8 MPa and 160°C for the desired amount of time after the end of the 

conventional pressing procedure. More details regarding the materials and processing can be 

found in [29]. In the rest of the manuscript, GN concentrations are expressed in vol%. 
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II.3. Characterization  

The microstructure of the blends at different annealing times has been characterized by means of 

scanning electron microscopy (SEM). Before imaging, the samples were cryo-fractured in liquid 

nitrogen and immersed in toluene overnight to dissolve the EVA phase. Subsequently, the 

obtained cross-sections were gold-sputtered and observed by means of an S3600 Hitachi 

microscope operated at 5kV in secondary electrons mode. 

The state of dispersion and localization of GN nanoplatelets in the blends depending on the 

master batch used and the applied thermal annealing was evaluated by transmission electron 

microscopy (TEM). To obtain 50 to 100 nm ultra-thin sections, the investigated samples were 

embedded in epoxy resin and the sectioning was performed using Leica Microsystems UC7/FC7 

cryo-ultramicrotome operated at -160°C.  The sections were then transferred onto formvar coated 

200-mesh Cu TEM grids, which were washed carefully with distilled water in order to remove 

sugar solution and then dried. Imaging was carried out with a FEI Tecnai G2-F20 Scanning 

Transmission Electron Microscope operated at an accelerating voltage of 200 kV. 

The shear viscosities of unfilled LLDPE and EVA resins, LLDPEMB and EVAMB master 

batches and selected LLDPE/EVA/GN composites were measured at 160°C and different shear 

rates ranging from 10 to 1000 s-1, using an Instron SR20 capillary rheometer equipped with a 

capillary of 40 mm in length and 1 mm in diameter. The measurements were rectified using 

Rabinowitch correction.  

The dynamic viscoelastic behavior of the materials was characterized through different 

rheological measurements performed by an Anton-Paar MCR501 rotational rheometer operated in 

a parallel-plate configuration, at 160°C and under a nitrogen atmosphere. Discs of 25-mm 

diameter and 1-mm thickness were used to perform the measurements. At first, dynamic strain 

sweep tests (DSST) were performed at 3 different angular frequencies, 1, 10 and 100 rad.s-1, in 

order to determine the region of linear viscoelasticity (LVE). Subsequently, small amplitude 

oscillatory shear (SAOS) tests and time sweep tests were performed at amplitude strains selected 

in the LVE region. SAOS tests were performed in the angular frequency range from 10-2 to 300 

rad.s-1 while time sweep tests were performed for 70 minutes for materials prepared from 

EVAMB and 2 hours for materials prepared from LLDPEMB, at a fixed angular frequency equal 

to 10-1 rad.s-1. 

The complex dielectric permittivity was evaluated using a Novocontrol broadband dielectric 

spectrometer in the frequency range from 10-2 to 300 Hz under an excitation voltage of 3 VRMS. 

To perform the measurements, specimens of 40 mm in diameter and around 0.4 mm in thickness 

were placed between two parallel brass plated electrodes after being coated with 10 nm layer of 

platinum.  The complex conductivity was then derived from the complex dielectric permittivity. 

The conductivity values presented in this manuscript correspond to the real part of the complex 

conductivity measured at 10-2 Hz. 

 

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/1.

51
08

91
9



6 
 

III. Results and discussion 

III.1. Composites processability and morphology of the blends 

The results of shear viscosity as function of shear rate, reported in Figure S1 of the electronic 

information supporting (ESI) file, show that in the region of shear rates around 100 s-1, which is 

the range of shear rates expected during extrusion [63], the viscosities of LLDPE, EVA, 

LLDPE/4.5GN, EVA/4.5GN and LLDPEMB (12.3 vol% GN) are similar, i.e. no increase in melt 

viscosity. EVA/4.5GN shows even slightly lower viscosity than that of pure EVA, which is most 

likely attributed to a lubricant effect of GN nanoplatelets. In fact, the 2D geometry of the platelets 

helps them sliding over one another, leading to low resistance to shear flow [64]. Only the 

viscosity of EVAMB (22.1 vol%GN) is few times higher but still not expected to deteriorate the 

processability of the composites.  

In terms of morphology, since the viscosities of LLDPE and EVA resins and their volume 

fractions in the blends are similar, a co-continuous morphology is expected for a 50/50 blend 

concentration [65].  SEM images reported in our previous publications [29, 61] confirm the 

achievement of co-continuous morphology in the case of the unfilled LLDPE/EVA blend as well 

as in the case of LLDPE/EVA/GN composites prepared from both master batches. Furthermore, it 

was observed that LLDPE/EVA/GN composites feature a refinement of their morphologies with 

increasing loading of GN. This reduction of domain sizes is most likely attributed to suppression 

of coarsening and alteration of interfacial rheology by the presence GN nanoplatelets 

accumulated at the interface. In fact, the platelets may act as physical barriers preventing the 

direct contact between the polymer domains. Besides, the interfacial particles could alter the 

interface and retard the relaxation phenomena involved in the coarsening process [27, 28, 52]. A 

higher degree of morphology refinement was observed in blend composites prepared from 

EVAMB, as reported in [29]. The observed increase of EVAMB viscosity might favor the 

breakup mechanism [42] and be subsequently responsible of this behavior. 

III.2. Localization of GN nanoplatelets in LLDPE/EVA blend 

The localization of particles inside an immiscible blend depends primarily on the 

thermodynamics of the system [36, 44]. Therefore, depending on the affinity of GN particles with 

each phase, their localization can be tuned. A prediction of GN localization in LLDPE/EVA 

blend based on wetting theory was elaborated in our previous work and revealed that GN 

nanoplatelets might have slightly higher affinity with EVA phase due to its inherent polar groups. 

More details can be found in reference [29]. Because of this slight affinity, GN nanoplatelets tend 

to selectively locate in EVA phase or to stay at the interface. The kinetics of the processing 

constitutes another important factor that affects the localization of particles [28, 66]. For instance, 

in order to help tailoring the localization of GN nanoplatelets in LLDPE/EVA co-continuous 

blend, two processing sequences were used to prepare LLDPE/EVA/GN materials, depending on 

the master batch selected, as mentioned previously in the processing section and reported in [29]. 

More specifically, GN nanoplatelets were either premixed with EVA, and then mixed with 

LLDPE (in this case EVAMB is used), or premixed with LLDPE, and then mixed with EVA. In 

particular, if GN nanoplatelets are premixed with the thermodynamically less-favorable LLDPE 

phase, they tend to migrate during the processing to the EVA phase. Depending on the 
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compounding time and the matrix viscosity at the processing shear rate, they will eventually 

reach the EVA phase or stay confined at the interface, which constitutes an energy trap, as 

reported in some recent studies regarding particles filled immiscible blends [27, 28]. In addition 

to thermodynamics and kinetics, the geometry of the particles and the morphology of the blend 

were also found to affect the final localization of particles. In particular, the thinnest particles will 

be the fastest to transfer from one phase to another [67]. 

In the case of the studied LLDPE/EVA/GN materials, SEM images reported in [29] confirmed 

indeed the presence of more interfacial GN platelets gathered at the interface in the case of 

LLDPE/EVA/GN (LLDPEMB). In order to confirm further the occurrence of this selective 

localization, TEM was also performed on LLDPE/EVA/1.3GN composites prepared from both 

LLDPEMB and EVAMB. In Figure 1(a) and 1(b), the images corresponding to 

LLDPE/EVA/1.3GN (EVAMB) composite are reported, while in Figure 1(c) and 1(d), the images 

corresponding to LLDPE/EVA/1.3GN (LLDPEMB) composite are presented. At a first glance, 

the images taken for both materials look similar. We believe that the reason for this is the 

relatively weak electronic contrast between LLDPE and EVA polymers, which actually becomes 

worse in the presence of GN. However, it seems that, in both sets, GN nanoplatelets are mostly 

located in only one phase in each case which is most likely the master batch phase, i.e.  EVA 

phase in the case of LLDPE/EVA/1.3GN (EVAMB) and LLDPE in case of LLDPE/EVA/1.3GN 

(LLDPEMB). To visualize better this selective localization of GN, the TEM images of the 2 

blends with highly unbalanced compositions, respectively mLLDPE/EVA/1wt% GN and 

LLDPE/mEVA/1wt% GN, are presented in section 2 of the ESI file.  

In fact, during the processing time, a complete diffusion of GN nanoplatelets to EVA phase or 

their stabilization at the interface are not expected to be reached. This hypothesis will be validated 

later when discussing the thermal annealing results. In the case of LLDPE/EVA/1.3GN 

(LLDPEMB) composite, a more obvious fraction of GN nanoplatelets can be observed at the 

interface, as indicated by the arrows in Figure 1(d). This observation supports the idea that GN 

migration is encouraged when the particles are premixed with the thermodynamically less-

favorable LLDPE phase.  

 

 

 

Figure 1: TEM of (a) (scale bar: 1 μm) and (b) (scale bar: 200 nm) LLDPE/EVA/1.3GN 

(EVAMB), (c) (scale bar: 500 nm) and (d) (scale bar: 200 nm) LLDPE/EVA/1.3GN (LLDPEMB) 

III. 3.  Formation of GN networks in LLDPE/EVA co-continuous blends compared 

to LLDPE and EVA single-phase polymers 

Dynamic strain sweep tests were performed on the different composites sets, LLDPE/GN, 

EVA/GN and LLDPE/EVA/GN, to evaluate their LVE region and its dependence on GN loading. 

The results are reported in Figure 2. In particular, in the LVE region, the dynamic moduli, namely 

the storage modulus G’, are expected to exhibit a plateau up to a certain critical strain (γc). Above 

this strain, the viscoelastic moduli drop. In the presence of fillers, it was already observed and 
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reported in the literature that this drop occurs at a γc value below that of the unfilled polymer 

matrix. This reduction of the LVE region is attributed to the disruption of filler networks at 

increasing strain values. This effect is known as Payne effect and is commonly used as a tool to 

estimate the rheological percolation threshold [68]. From Figure 2(a), it can be deduced that the 

rheological percolation threshold is expected between 7 and 9.6 vol% GN in the case of EVA/GN 

composites and between 2.2 and 4.5 vol% in the case of LLDPE/GN composites, respectively. 

From Figure 2(c), the rheological percolation is potentially expected between 0.4 and 1.3 vol% 

GN in the case of LLDPE/EVA/GN (LLDPEMB) and well below 1.3 vol% GN in the case of 

LLDPE/EVA/GN (EVAMB). Moreover, comparing the observed Payne effect in both 

LLDPE/EVA/1.3GN (LLDPEMB) and LLDPE/EVA/1.3 (EVAMB), one can conclude that the 

rheological percolation is expected at lower GN concentrations in the case of EVAMB based 

materials.  Besides, it is worth noting that both LLDPE/EVA/GN (LLDPEMB) and 

LLDPE/EVA/GN (EVAMB) exhibit almost identical rheological behavior starting at GN 

loadings equal to 2.2 vol% and higher, which is in line with their similar morphologies observed 

by SEM, as reported in our previous study [29]. Hence, it can be concluded from the DSST tests 

that the onset of the rheological percolation threshold has been considerably reduced in 

LLDPE/EVA/GN blends compared to LLDPE/GN and EVA/GN single-phase matrix composites. 

These first estimations of the percolation threshold concentrations obtained from the DSST tests 

will be correlated with the results of SAOS tests, time sweep tests as well as the electrical 

conductivity measurements discussed in the next sections. 

 

Figure 2: DSST results (G’ vs. strain plots) of selected (a) EVA/GN and LLDPE/GN and (b) 

LLDPE/EVA/GN composites (performed at 1 rad.s-1 and 160°C), (c) inset from (b) showing  

selected materials 

III.4. Time and temperature dependence of rheological and electrical properties in 

correlation with blend’s morphologies 

It has been repeatedly reported that electrically conductive polymers are thermodynamically 

instable systems. This means that above the melting or the softening temperature of the host 

polymer matrix, the clusters of the conductive particles tend to reassemble into bigger structures 

because of the inter-particle attraction. This flocculation process will be achieved through the 

diffusion of the particles and even their migration from one phase to another, leading in some 

cases to a reduction in the onset of the percolation threshold as reported by several studies [27-29, 

49, 52, 54-58]. 

The kinetics of this process, known as the dynamic percolation, can be monitored by looking at 

the evolution of the linear viscoelastic moduli as function of thermal annealing time, at a 

temperature higher than the melting or softening point and a frequency ω low enough to consider 

negligible both the elastic contribution of the matrix [51, 53] and the effect of shear. These time 

sweep tests can be considered as a thermal annealing experiment. For this study, the time sweep 

tests were performed on selected LLDPE/GN, EVA/GN and LLDPE/EVA/GN materials at 0.1 

rad.s-1 and at 160°C for 2 hours.  The time-dependent evolutions of the storage modulus G’ and 

the loss modulus G’’ are reported in Figure 3. In particular, for each material, G’ and G’’ were 
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normalized over their initial values G’0 and G’’0, which are the values of G’ and G’’ at the 

beginning of the test, respectively. The evolution of electrical conductivity was investigated as 

function of annealing time up to 2 hours as well, to evaluate the potential changes induced by the 

rearrangement of GN networks on the values of electrical conductivity and the onset of electrical 

percolation threshold and eventually correlate the effects of thermal annealing on rheological 

percolation and electrical percolation. The results are reported in Figure 4. The evolution of the 

composites morphologies as function of annealing time was investigated as well through SEM 

images taken at selected annealing times. The micrographs are reported in Figure 5. The 

characteristic domain size of each blend composite was estimated from the SEM images using 

equation (1) described below [27]. At least two different images at a magnification of 300x were 

considered for each material. The results are reported in Figure 6. However, due to the 

complexity of the tridimensional morphology of co-continuous blends, it is worth noting that this 

2D method might induce some imprecision in the estimation of the interfacial area and 

consequently the characteristic domain size. Some studies have used confocal microscopy to 

obtain more precise structural characterization [44]. 

𝜁 =
𝐴𝑆𝐸𝑀

𝐿𝑖𝑛𝑡
                                                         (1) 

Where: 

ASEM:  total area of the SEM image. 

Lint: interface length estimated by imageJ  

 

The plot of G’ and G’’ vs. annealing time corresponding to LLDPE/EVA/GN materials, reported 

in Figure 3(a) and Figure 3(b) respectively, show that G’ and G’’ of the unfilled LLDPE/EVA 

blend and that of LLDPE/EVA/0.4GN (LLDPEMB) composite remain almost constant up to 2 

hours of annealing. The quasi-unchanged G’ in these materials indicates the absence of any 

important change of morphology during this annealing time at 160°C. In particular, in the 

absence of GN or in the presence of only small GN amount, the coarsening is expected to occur 

and be completed very fast, partially during processing, compression molding and the 

temperature stabilization step before the start of rheological tests. The remaining 

LLDPE/EVA/GN composites share the same qualitative behavior with an initial increase of their 

G’ during the early stage of annealing: up to 25-30 min, followed by more steady state behavior 

over time. A similar trend is noticed for the loss modulus G’’, but the increase is considerably 

less pronounced (Figure 3(b)). At this level, these particular changes in viscoelastic moduli can be 

attributed to several factors including  considerable alteration of GN nanoplatelets spatial 

arrangement, potential changes of the blend morphologies  and eventually thermal degradation. 

Some of these factors will be discarded in the upcoming discussions. 

From Figure 3(c) and Figure 3(d), showing respectively G’ vs. annealing time and G’’ vs. 

annealing time plots corresponding to LLDPE/GN and EVA/GN single-phase composites, it can 

be seen that the pure resins feature constant moduli as function of annealing time while the 

composites exhibit progressive increase of their G’ and G’’ with increasing annealing time. This 

increase is more important with increasing loading of GN and also more obvious in the case of G’ 

(compared to G’’).  Unlike the case of multi-phase LLDPE/EVA/GN composites, the increase of 
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G’ of LLDPE/GN and EVA/GN is observed at remarkably higher GN loadings, is more 

progressive over time and does not seem to reach a steady state up to 2 hours of thermal 

annealing. This behavior might indicate the formation of more stable networks in the case of 

LLDPE/EVA/GN materials. In particular, interfacial GN nanoplatelets are most-likely 

responsible for this stability as they require more energy to be detached from the interface [27].  

The growth of the moduli at rest, essentially the elasticity, is a characteristic rheological behavior 

of nano-filled polymers, especially in the case of plate-like fillers. It has been reported that the 

growth of G’ at low fractions of fillers reflects an increase of their effective volume fraction, after 

losing the initial alignment imposed by the compression applied when loading the sample [53, 

69]. At higher filler loadings, the growth of elasticity is more important due to 

flocculation/rearrangement of particles causing polymer confinement. Above the percolation 

threshold, an elastic filler network is established, increasing further the overall elasticity. 

Ultimately, once the steady state is reached, the system can be seen as a tridimensional network 

of nanoparticles clusters distributed within the polymer matrix, and the viscoelastic response is a 

combination of the responses of the two components. As observed, the response of the network is 

essentially elastic (more important growth of G’). A viscous contribution might be present as well 

and is attributed to slow relaxations dynamics due to rearrangement/redistribution of clusters. 

However, this contribution is minor [49]. Within the context of this work, the viscous part of the 

network response will be neglected. Also, the elastic part of the matrix response will not be 

considered since the time sweep tests are performed at low frequencies. Hence, in these systems, 

the elastic response is totally related to the fillers network while the viscous response is entirely 

attributed to the polymer matrix. This assumption has been considered in several studies 

performed on conductive polymer nanocomposites [49, 52, 53]. Its validity in the context of this 

work will be discussed in a later section.  

The diffusivity of plate-like particles in a certain medium can be determined using equation (2) 

describing the rotary diffusivity of rigid disks (Dr0) [53]. If we consider a shear rate of 100s-1, the 

viscosities of EVA and LLDPE are almost equal according to Figure S1 from the ESI file (490 

Pa.s for EVA vs. 460 Pa.s for LLDPE) and consequently the diffusivity of GN particles in both 

materials is expected to be similar. At shear rates lower than 100s-1, LLDPE exhibits slightly 

lower viscosity values.  

The characteristic time scale for structural rearrangements can be roughly estimated as the inverse 

of the rotary diffusivity [53]. Simultaneously, this quantity can be deduced experimentally from 

the results of time sweep tests showing a progressive increase of the storage modulus G’ during 

the first 28 minutes of annealing, which is believed to be mainly caused by the 

flocculation/diffusion of particles and redistribution of GN networks as well. Using equation (2), 

the average lateral size of particles that are able to diffuse according to the value of diffusion time 

scale deduced from time sweep tests is around 250 nm. Particles with larger lateral dimensions 

will require higher temperature/lower viscosity to be able to diffuse. This point will be discussed 

further later in the manuscript in the analysis of TEM data. It is worth noting that equation (2) can 

be only applied for GN platelets that are either in LLDPE phase or EVA phase. The 

rearrangements of particles that are already confined at the interface might involve more 

energetic processes that are not considered in equation (2) such as the detachment of particles 
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from the interface [53]. Also, in the case of particles diffusing toward a polymer interface, the 

interfacial energy between GN and each polymer may also affect the rate of diffusion. 

𝐷𝑟0 =
3𝑘𝐵𝑇

4𝜂𝑑3
                                                              (2) 

Where:  

T: temperature 

kB: Boltzmann constant 

η: is the viscosity of the suspending medium  

d: is the disk diameter. 

 

Figure 3: Time sweep tests of selected LLDPE/GN, EVA/GN and LLDPE/EVA/GN composites 

at 10-1 rad.s-1 and 160°C: (a) G’/G’0 vs. annealing time of LLDPE/EVA/GN multi-phase 

composites, (b) G’’/G’’0 vs. annealing time of LLDPE/EVA/GN multi-phase composites, (c) 

G’/G’0 vs. annealing time of LLDPE/GN and EVA/GN single-phase composites and (d) G’’/G’’0 

vs. annealing time of LLDPE/GN and EVA/GN single-phase composites 

To understand better the phenomena that occur during the early stage of annealing, comparison 

with electrical and morphological behaviors is necessary. Plots of electrical conductivity vs. 

annealing time reported in Figure 4 show that the conductivity of the unfilled LLDPE/EVA blend 

didn’t change with annealing time. However, for all LLDPE/EVA/GN multi-phase composites a 

remarkable increase of conductivity occurs also at the first 25-28 minutes of thermal annealing, 

which indicates further improvement of GN networks due to particles diffusion and flocculation 

and their potential migration to the interface. Then, the electrical conductivity tends to stabilize. 

Overall, this behavior is consistent with the results of time sweep tests discussed earlier. In the 

case of LLDPE/2.2GN and EVA/4.5GN single-phase composites, a progressive increase of the 

electrical conductivity is observed as function of annealing time up to 100 minutes. However, 

stability is not reached. This behavior is also in agreement with the time sweep tests. 

It is worth noting that in this study the rheological measurements were done on molten samples 

while the electrical conductivity measurements were performed on solid samples, in which the 

thermal history and crystallization could have altered the conductive networks. However, overall, 

the good agreement between rheological and electrical behaviors suggests that crystallization did 

not alter considerably the filler network in the studied system. It also supports the idea that the 

diffusion and rearrangement of GN nanoplatelets is at the origin of the improvement of elastic 

and conductive networks. In addition, the accumulation of interfacial nanoplatelets in 

LLDPE/EVA/GN multi-phase composites promotes the stability of the networks formed upon 

annealing. 

 

 

Figure 4: Electrical conductivity as function of thermal annealing time at 160°C of selected 

EVA/GN, LLDPE/GN and LLDPE/EVA/GN composites  

SEM images of annealed LLDPE/EVA/GN composites reported in Figure 5 and the plots of 

characteristic domain size vs. annealing time, reported in Figure 6 show that important coarsening 

(increase of the characteristic domain size ζ) occurs mainly during the first 30 minutes of 
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annealing of LLLDPE/EVA/1.3GN and LLDPE/EVA/2.2GN composites (from both master 

batches). Then, the morphologies tend to be more stable over time. This stability of morphology 

correlates well with the observed electrical and rheological behaviors. In the case of the 

composites prepared from EVAMB, the relatively high viscosity of the master batch might be the 

reason of their finer morphologies compared to materials prepared from LLDPEMB.    

The observed coarsening during thermal annealing is equivalent to a reduction of the interface 

area. Therefore, the increase of rheological and electrical quantities during the first 30 minutes of 

annealing is most likely due to a simultaneous diffusion of GN to the interface and important 

coarsening (due to coarsening, less GN is required to saturate the interface). Then, the coarsening 

is expected to proceed until the strength of the interfacial structure formed by the nanoplatelets 

overcomes the interfacial tension. As a consequence, the morphology of the blend is stabilized 

over time by the presence of interfacial GN platelets. It is worth noting that this rearrangement of 

GN networks is occurring at the same timescale independently from the master batch used, 

considering time sweep tests and electrical conductivity tests. Hence, it seems that during 

annealing GN is diffusing and rearranging from both polymer phases, following the same trend, 

which infers that GN platelets may have no preferential phase and tend to migrate to the interface 

during thermal annealing whether they are premixed with LLDPE or EVA.  

 

Figure 5: Evolution of morphology of selected LLDPE/EVA/GN composites at different 

annealing times and at 160 °C: (a1) to (a4) SEM images of LLDPE/EVA/1.3GN (EVAMB) at 

respectively 0, 28, 75 and 95 mins of annealing, (b1) to (b4) SEM images of 

LLDPE/EVA/1.3GN (LLDPEMB) at respectively 0, 28, 75 and 95 mins of annealing, (c1) to (c4) 

SEM images of LLDPE/EVA/2.2GN (EVAMB) at respectively 0, 25, 70 and 100 mins of 

annealing, (d1) to (d4) SEM images of LLDPE/EVA/2.2GN (LLDPEMB) at respectively 0, 25, 

70 and 100 mins of annealing           (Scale bar = 100 μm for all images) 

 

 

Figure 6: Characteristic domain size ζ vs. annealing time at 160 °C of selected LLDPE/EVA/GN 

composites 

 

To validate the hypothesis of diffusion and migration of GN platelets to the interface during 

annealing, LLDPE/EVA/1.3GN (LLDPEMB) composite was also observed by TEM at 28 mins 

of annealing, as shown in Figure 7(b-d). Figure 1(c) illustrating LLDPE/EVA/1.3GN 

(LLDPEMB) before annealing is presented again in Figure 7(a) to compare the morphologies 

before and after thermal annealing. It can be seen that before annealing, GN, which is believed to 

be mostly located in LLDPE phase in this configuration, is tending to cross the interface, as seen 

in Figure 7(a). However, after 28 mins of annealing (where the highest changes of G’ and 

electrical conductivity were observed), a clear migration and organization of GN at the interface 

and close to it is observed (Figure 7(b-d)). Furthermore, the interface seems to be well defined 

and covered by thin and flexible GN nanoplatelets while before annealing, GN platelets didn’t 

follow the contour of the interface. It is worth noting that at this composition, the interface is still 

not saturated by GN nanoplatelets. Two sets of nanoplatelets can be distinguished:  
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- Very thin nanoplatelets, having only few layers and a lateral size around 1 μm or less 

(indicated by the yellow dashed arrows in Figure 7(b) and Figure 7(c)), that are at the 

interface or close to it. This set is predominant. 

- Few thick nanoplatelets settled in parallel of each other and following well the boundary. 

This space arrangement of nanoplatelets is in agreement with the scheme described by Filippone 

et al. [52]. Compared to the estimation of lateral sizes obtained by equation (2), the TEM images 

reveal that nanoplatelets larger than 250 nm are also able to diffuse.  This fact supports that the 

diffusion of particles does not only depend on the viscosity of the surrounding medium but may 

also depend on the chemical affinity between the species. 

Overall, we can conclude that the observed increase of G’ and electrical conductivity upon 

annealing is indeed due to the migration of more GN nanoplatelets to the interface which counter-

balances the effect of the simultaneous coarsening of the blend morphology. This interface can 

actually be used as a template on which the plate-like particles can lie, offering the possibility of 

well-tailored tridimensional structure [27, 52].  

  

Figure 7: TEM images of LLDPE/EVA/1.3GN (LLDPE MB) (a) before annealing at 160°C 

(scale bar = 500 nm) and (b-d) after annealing for 28 min at 160°C: (b) scale bar = 1 μm, (c) 

scale bar = 1 μm and (d) scale bar = 500 nm 

 

III. 5. Modeling the rheological response using the Two-Phase model 

As shown by the time sweep tests and microscopy, the main evolution of morphology and 

viscoelastic moduli occurs during the first 30 minutes of thermal annealing. Therefore SAOS tests 

were performed on different LLDPE/EVA/GN composites after oscillatory shear flow at 0.1 

rad.s-1 and 160°C for 30 minutes, in order to stabilize their morphologies. After this stabilization 

step, the interfacial network of nanoparticles and the blend morphology are expected to be fully 

evolved. These data could then be used to characterize the morphology of the blend and evaluate 

the effect of the presence of graphene. G’ vs. angular frequency ω and G’’ vs. ω plots related to 

LLDPE/EVA/GN (LLDPEMB) are presented in Figure 9(a) and Figure 9(b), respectively and 

those related to LLDPE/EVA/GN (EVAMB) are presented in Figure 9(c) and Figure 9(d), 

respectively. Compared to SAOS measurements performed without the 30 mins annealing step, it 

was found that G’ of the composites exhibit more well-established plateaus at low frequencies 

(SAOS curves without the stabilization step are not presented in this manuscript).  

It is worth noting that unfilled LLDPE/EVA blend exhibits a non-terminal behavior compared to 

pure LLDPE and EVA resins as reported in our previous work [29], reflected by a decrease in the 

slope of G’ vs. ω plot at low frequencies. Besides, all LLDPE/EVA/GN multi-phase composites 

with GN concentrations equal to or higher than 1.3 vol% feature a clear increase of their moduli 

at low frequencies. This increase is more obvious in the case of the elastic modulus G’. 

Furthermore, a zero-slope of G’ vs. ω plot is observed and extended to higher frequencies with 

increasing loading of GN. This non-terminal behavior was observed in many nanocomposites 
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based on single-phase polymer matrix and has been attributed to the achievement of the 

percolation threshold and the formation of GN networks confining the polymer chains and 

arresting their relaxation dynamics. The behavior of such nanocomposite is dominated by the 

elastic particles network at low frequencies and has been modeled using a two-phase model [48-

53]. This model describes the complex viscoelastic behavior of the nanocomposites above the 

percolation threshold as the independent contributions of two dynamical components: the 

predominantly viscous polymer matrix and the mainly elastic particles network. The validity of 

this model in describing a particular polymer nanocomposites system is verified through the 

successful building of a master curve of all the samples above the percolation threshold [48, 52] . 

The importance of building of a master curve, in addition to revealing the elastic response 

mechanism in the composites, resides also in allowing the estimation of the elasticity contribution 

of weak filler networks; i.e. samples above percolation but not showing necessarily a low 

frequency plateau modulus [52].  

 
Figure 8: SAOS tests performed at 160°C after stabilization for 30 mins on: LLDPE/EVA/GN 

(LLDPEMB) composites (a) G’ vs. ω and (b) G’’ vs. ω and LLDPE/EVA/GN (EVAMB) 

composites (c) G’ vs. ω and (d) G’’ vs. ω  

 

The procedure to build the master curve and the physical meaning of the scaling parameters are 

described in details elsewhere [48, 52]. Within the context of this study, we will recall only the 

main points. Mainly, three factors have to be determined for each nanocomposite. First of all, an 

amplification factor B(Φ) which accounts for the hydrodynamic effects and can be determined as 

the ratio of the complex shear moduli of the filled composite G*c(ω) and the neat matrix G*m(ω) 

at a frequency ω high enough to consider the nanocomposite response governed by the polymer 

matrix: B(Φ) = G*c(ω)/ G*m(ω). In addition, a vertical shift factor bΦ  is considered, which 

represents the φ-dependent network elasticity. bΦ is set as the low frequency plateau modulus as a 

rough estimate, which is often clear for the nanocomposites well above percolation. Finally, a 

horizontal shift factor aΦ is also considered, which represents the frequency separating the regime 

in which the behavior is dominated by the particle network from that in which the polymer 

governs the response.  It is determined as the frequency at which the viscous modulus of the neat 

polymer, properly amplified by B(Φ), crosses the network elasticity estimated by bΦ . 

Recently, it was claimed by Filippone et al. that the two-phase model can be extended to the case 

of polymer blends with drop-in-matrix morphology and even co-continuous morphology [52, 53], 

whose intrinsic elasticity could also contribute to the overall elasticity and subsequently mask that 

of the nanoparticles network at low particles loadings [52]. In particular, the authors 

demonstrated that it is possible to represent PS/clay single-phase composites and PS/PMMA/clay 

multi-phase composites using the same master curve. In the present study, it was possible to build 

a master curve of all LLDPE/EVA/GN nanocomposites with GN loading higher than 1.3 vol%, as 

shown in Figure 9. Besides, it was found that the scaled curves of LLDPE/GN and EVA/GN 

composites above the percolation threshold are also superimposed on the same master curve. The 

two shift factors, aΦ and bΦ, as well as the amplification factor B(Φ) corresponding to each 

nanocomposite are reported in Table S1 of the ESI file.  
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Overall, the quality of the scaling and the overlay of the different curves support the common 

nature of the elastic behavior in all these composites, independently from the polymer matrix. G’ 

curve of LLDPE/EVA/0.4GN composite was not scalable which implies that the percolation 

threshold falls between 0.4% and 1.3 vol%, considering the hypotheses of the model. Looking 

more in depth, the overlay of all scalable curves is good up to a ω/aΦ ratio equal to 100. At higher 

values, few G’ curves such as, LLDPE/4.5GN and EVA/9.6GN, are slightly shifted from the built 

master curve. This is probably due to the dominance of LLDPE and EVA resins responses in this 

region of frequencies, which may differ from that of the LLDPE/EVA blend.  

III. 6. Rheological and electrical percolation thresholds 

The successful modeling of the viscoelastic behavior of LLDPE/EVA/GN materials with co-

continuous morphology using the two-phase model indicates that the viscoelasticity of the filled 

blend can be described irrespective of the complexity of its morphology [52, 53]. Therefore, it is 

legitimate to use approaches initially proposed for systems with single-phase matrix such as the 

scaling Power law predicting that the elasticity of the network G0
′  to grow with particles volume 

fraction Φ  following equation (3) [52, 58]: 

 
 

𝑮𝟎
′ = 𝑨(Ф −Ф𝒄)

𝒕                                        (3)     

Where 

- A: scaling factor reflecting the strength of the network  

- Φc : percolation threshold concentration 

- t: critical exponent depending on the aspect ratio of the filler and describing the spatial 

distribution of the network 

In addition to the prediction of Φc , the analysis of the critical exponent gives an insight about the 

network structure [49, 52, 58], which in this case might depend on the complexity of the 

morphology of the polymer matrix. 

 

Figure 9: Master curve showing the layover of different LLDPE/GN, EVA/GN and 

LLDPE/EVA/GN materials  

 

In Figure 10, the vertical shift factors bΦ, which were used to built the master curve and represent 

the network elasticity, are plotted as function of reduced filler content Φ-Φc. The data fitted to a 

Power law, described in Equation (3), gives a good estimate of Φc as the value corresponding to 

the highest regression coefficient. The fitting parameters are also reported in Figure 10. The 

estimated values of Φc are 1 vol% (2.4 wt%) and 0.35 vol% (0.8 wt%) for LLDPE/EVA/GN 

(LLDPEMB) and LLDPE/EVA/GN (EVAMB) sets, respectively, which means that 

LLDPE/EVA/GN (EVAMB) system achieves the rheological percolation threshold at lower GN 

concentrations. This is in agreement with the rheological percolation threshold values predicted in 

section III.3 by Payne effect. On the other hand, the value of the critical exponent t is slightly 

higher in the case of LLDPE/EVA/GN (LLDPEMB) compared to LLDPE/EVA/GN (EVAMB): 
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2.33 vs. 2. Also, the strength of the network, reflected by the scaling factor A, is higher in the 

case of LLDPE/EVA/GN (LLDPEMB) materials (4×10+06 Pa vs. 6.67×10+05 Pa), probably due to 

the existence of a higher fraction of nanoplatelets located at the interface in this set.    

Compared to literature, the estimated rheological percolation threshold concentrations are higher 

than those reported recently by different groups such as Gao. et al [58] for SAN/chemically 

reduced graphene oxide nanocomposites prepared by coagulation method (0.1 vol%) or 

ABS/Graphene prepared by chemical blending (<0.24 vol%) [68] and Macosko et al. [24] for 

polyurethane acrylate/thermally reduced graphene nanocomposites prepared by in situ 

polymerization (0.5 wt%). However, they remain close to the range of percolation threshold limit, 

between 0.5 and 1 wt%, reported recently for polyolefin/graphene nanocomposites [19]. Besides, 

they are lower than the rheological percolation values reported in other studies such as Filippone 

et al. [49, 50] for PS/GN nanoplatelets nanocomposites prepared by chemical blending (1.8 

vol%). 

In terms of the critical exponent t, the values estimated in this study remain within the range 

reported in literature, especially for nanocomposites based on multiphase polymer matrices and 

filled with plate-like particles [49, 50, 52, 53]. In the context of rheological percolation, this 

exponent is indicative of the mechanism through which the particles resist stress. In particular, it 

has been reported that values of t lower than 2.1 correspond to particle networks mediated by the 

polymer matrix chains while values of t higher than 3.75 correspond to networks established 

directly between strong interacting particles [50]. Hence, the networks established in the studied 

LLDPE/EVA/GN materials (both sets) follow rather the first case.  Moreover, in the case of 

multiphase polymer matrices, lower critical exponents were reported compared to single-phase 

matrices. In fact, in this case the space arrangement of particle networks is driven by the polymer-

polymer interface which leads to lower sensitivity to the increasing filler content above 

percolation [52].  

 

Figure 10: Network elasticity as a function of reduced filler content: bΦ vs. (Φ- Φc) plots related to 

LLDPE/EVA/GN composites (solid squares) and power-law fitting to the experimental data (solid lines) 

In order to evaluate the correlation between electrical and rheological percolation, the electrical 

percolation threshold was also estimated using an equation formally identical to equation (3) with 

σ0 instead of G’0. The best fittings corresponding to both sets of composites are reported in Figure 

11, with Φc values also selected to correspond to the highest regression coefficient. In particular, 

the experimental conductivity values before annealing for 2 hours (Figure 11(a)) and after 

annealing for 2 hours (Figure 11(b)) were considered for the analysis, to emphasize the role of 

annealing on the electrical percolation threshold. Before annealing, Φc values were found equal to 

1.7 vol% and 2.5 vol% for LLDPE/EVA/GN (LLDPEMB) and LLDPE/EVA/GN (EVAMB) sets, 

respectively. However, after annealing, Φc values were found equal to 1.21 vol% (2.8 wt%) and 

0.5 vol% (1.2 wt%)for LLDPE/EVA/GN (LLDPEMB) and LLDPE/EVA/GN (EVAMB) sets, 

respectively. These values are close to those estimated for rheological percolation as discussed 

above. As a consequence, these findings support the strength of rheological characterization as a 

tool to study dynamic percolation threshold in conductive polymer composites and to predict the 
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percolation threshold with accuracy. Also, this agreement between Φc values estimated from 

rheological and electrical data suggests that crystallization did not alter considerably the fillers 

network, since the rheological properties were measured in the molten state and the electrical 

properties were measured in the solid state.  

The achievement of percolation threshold at lower GN concentrations in the case 

LLDPE/EVA/GN (EVAMB) materials after annealing could be probably related to potential  

stronger immobilization of polymer chains in the interphase region, induced by the higher 

fraction of interfacial GN nanoplatelets in LLDPE/EVA/GN (LLDPEMB) materials [5].  

However, this assumption requires further investigation. 

It can be also seen from the results of fitting that the values of the scaling factor A and the critical 

exponent t corresponding to the best fits increased considerably after annealing, supporting the 

idea that thermal annealing helps improving the strength and the spatial distribution of conductive 

particle networks. Moreover, in the case of LLDPE/EVA/GN (LLDPEMB) materials, the strength 

of the conductive networks, reflected by the scaling factor A, seems to be higher while the critical 

exponent is higher in the case of LLDPE/EVA/GN (EVAMB) materials indicating that in this 

case the established conductive networks are more dependent on the filler loading.  

 

Figure 11: Conductivity vs. (Φ-Φc) plots related to LLDPE/EVA/GN composites: (a) before 

annealing and (b) after annealing, best Power law fit and parameters are represented in each case 

Compared to literature, it is worth noting that correlation between rheological and electrical 

percolations has been reported in some cases [20] while in other studies rheological percolation 

threshold has been observed for smaller concentrations [58]. The discrepancy was attributed to 

the different network densities required for electron transportation and stress bearing mechanisms 

and also to the fact that electrical measurements were conducted in the solid state while 

rheological measurements were done in the molten state. Similarly to rheological percolation 

threshold, the electrical percolation threshold values estimated in this work are higher than those 

reported in several studies [12, 19, 27, 28, 58, 68]. However, they are lower than percolation 

concentrations achieved in most nanocomposites prepared by melt blending or containing 

chemically non-modified GN nanoplatelets, which is the case in this study [5, 11, 12, 19-21]. It is 

worth noting that the commercial GN nanoplatelets used in this work have higher average 

thickness and lateral size distribution as well as lower purity compared to several research-grade 

GN nanoplatelets.  

Regarding the critical exponent corresponding to electrical percolation, values estimated for 

LLDPE/EVA/GN (LLDPEMB) and LLDPE/EVA/GN (EVAMB) materials, respectively equal to 

3.88 and 5.2, are both higher than the universal values predicted by the percolation theory [47, 

58] and reported in several studies regarding GN filled nanocomposites such as the recent work 

of Macosko et al. [27] (t = 1.73). Nevertheless, high values of the critical exponent t, in the same 

range of those estimated in this work, have been also reported in the literature for different GN 

nanocomposites [5, 24, 58, 68]. In particular, these high values were attributed to several factors, 

mainly the high aspect ratio of the plate-like fillers [58, 70]. Besides, compared to the values of t 
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related to rheological percolation, the values corresponding to electrical percolation are higher. 

This most likely indicates that electrical conductivity above the percolation threshold is more 

dependent on the filler loading and the achievement of tridimensional networks.  

Conclusion 

In this study, we investigated a co-continuous blend containing interfacial GN nanoplatelets. Two 

commodity polymers, LLDPE and EVA, were used as the blend components and a commercial 

GN grade was selected as filler. The investigation of the rheological and electrical properties of 

this blend, prepared by a simple melt compounding technique, has shown good correlation 

between the rheological and electrical percolation thresholds (Φc). However, the networks 

electrical conductivity is more sensitive to GN content, compared to the networks elasticity. The 

estimated Φc for electrical percolation is around 0.5 vol%, which is lower than what is reported 

for most nanocomposites prepared by melt blending and without chemical modification. The 

assessment of the dynamic percolation of the blend system, through thermal annealing, revealed 

that both rheological and electrical networks evolve at the same timescale, with major 

strengthening occurring during the first 30 minutes of annealing followed by quasi-steady state. 

This strengthening was related to redistribution of GN networks and their migration to the 

interface accompanied by coarsening of the blend morphology during the early stage of annealing 

as well. This fast stabilization was not achieved in the case of LLDPE/GN and EVA/GN single-

phase composites. Interestingly, the measurements of rheological quantities were demonstrated to 

be a useful tool to follow up structural changes in the filled blends during annealing, i.e. 

morphology changes and/or particle networks rearrangements and predict the onset of 

percolation. Finally, the viscoelastic response of this complex non-model system was successfully 

described by a two-phase model, inferring that the elastic contribution is mostly governed by GN 

networks while the viscous contribution is governed by the polymer matrix, regardless of its 

microstructure. Nevertheless, the multiphase feature of the blend matrix affects the strength of the 

formed networks and their space arrangement. 
 

 

Supplementary Material 

Viscosity data, additional TEM images and scaling parameters of the two-phase model are 

reported in the Electronic Supporting Information File (ESI). 
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