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Abstract 

Ethylene vinyl acetate (EVA) composites, including two different carbonaceous conductive 

fillers, carbon black (CB) and commercially available graphene (G), were fabricated by solvent-

casting and melt compounding methods. The effect of additives and process conditions on 

electrical and thermal properties of composites was investigated. The dielectric responses of EVA 

composites were characterized by a percolation threshold of 15 wt % for EVA/G prepared by 

solvent-casting. However, as the EVA/G15% was also subsequently extruded, the applied shear 

stress induced by extrusion caused deterioration of the electrical network and reduced the 

composite’s electrical conductivity. A percolating network was found for the EVA composites 

containing CB at around 5-7 wt % with 10 orders of magnitude increase in electrical conductivity 

with respect to the neat EVA. The thermal conductivity of EVA/CB7% and EVA/G15% increased 

16 and 22 % respectively, in comparison to the neat EVA. Both additives increased the electrical 

and thermal conductivity of composites to be appropriate as jackets for high-voltage cables. 
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1. Introduction 

Ethylene vinyl acetate (EVA), a random copolymer, is made from ethylene and vinyl acetate 

monomer via continuous bulk polymerization or an emulsion process [1]. The vinyl acetate (VA) 

content in EVA copolymer ranges from 1-50 wt% [2], depending on the desired mechanical and 

physical properties. The inclusion of higher VA content in EVA decreases the average molecular 

weight of EVA copolymer, which consequently changes the copolymer properties. For instance, 

the stiffness modulus, surface hardness, crystallinity, melting point and softening point of the EVA 

polymer are reduced due to the higher VA content [1, 3]. Although the increase in VA content 

undermines some properties, it leads to several improvements for electrical applications such as 

high dielectric strength, high volume resistivity against low and moderate voltages, and suitable 

compatibility with polar polymers for blending. [1, 4-7] 

Ethylene vinyl acetate (EVA) and its conductive composites are widely used in electrical cables 

[8], self-regulating heaters and sensors [9, 10], electronic devices in the automotive industry [11, 

12], and electromagnetic interference shielding (EMI) applications [1, 13]. The use of neat EVA 

copolymer without additives features some drawbacks involving low electrical and thermal 

conductivity and sometimes inadequate mechanical properties. Accordingly, the combination of 

the pure EVA with conductive additives such as graphene-based materials can serve to increase 

the electrical conductivity. An improvement in the electrical conductivity of EVA was reported by 

addition of 4 and 8 wt % of reduced graphene oxide and polyaniline, respectively [14]. Also, the 

thermal stability and electrical conductivity were found to be improved by 42 °C and 10 orders of 

magnitude, respectively, with the addition of 8 wt%  functionalized graphene additive to the pure 

EVA [8]. The effect of VA content in EVA on graphene dispersion and the percolation network in 

EVA/G nanocomposite indicated that the lowest percolation threshold is found for VA content at 

approximately 20 wt% [15]. Furthermore, according to Yang et al., the electrical conductivity of 

EVA-based nanocomposite including carbonaceous filler is dependent on the VA content, as well 

as the nano-additive concentration in the vicinity of the percolation threshold [16]. 

The particle shape, the morphology of additive, the inherent electrical conductivity of the 

nanofiller as well as the aspect ratio of conducting fillers can all significantly influence the final 

electrical and thermal conductivity of nanocomposites [17]. Thus, it is relevant to study the effect 

of several carbonaceous nanofillers with different shapes and physical properties. Moreover, the 
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fabrication method and the incorporation of functionalizing or compatibilizer agents can play a 

dominant role in determining the properties of the fabricated composite [18]. Therefore, in this 

study, more or less spherical and highly conductive CB filler has been selected as reference filler 

for comparison with a commercially available graphene.   

 Oxygenated groups such as hydroxyl or esteric groups exist more or less in carbonaceous 

derivatives such as graphene-like materials [19], and are expected to be fairly compatible with the 

polar part (VA part) of the EVA copolymer, Therefore, the compatibility of the graphene-like and 

carbon black plays a significant role in composite properties. However, the influence of fabrication 

method is often dominant over the chemical affinity and the dispersion of the particles in impacting 

the final properties of composites [20-24]. Hence, the effect of melt compounding after solvent-

casting on the electrical, thermal and mechanical properties of EVA/G composites at percolation 

threshold is investigated in this study. 

To the best of our knowledge, most of the previous studies on EVA and the corresponding 

nanocomposites were focused on the effect of VA content, interactions of additives with EVA 

matrix, the blending of EVA with different polymers, or using compatibilizers, as well as the 

surface modification of the particles [3, 6, 20, 25-28]. Few studies investigate the dominant 

influence of the compounding procedure on the particles’ reorientation and the resulting properties. 

In this study, the EVA matrix was blended with two conductive additives, CB and graphene, via 

solvent-casting technique. One of the samples featuring a critical filler concentration was further 

processed by extrusion. The thermal properties and the morphology of the composites, as well as 

the low field dielectric response, were investigated.  

2. Experimental 

2.1 Materials 

EVA copolymer was provided by Repsol Company with 28 wt% VA content and a density of 

0.950 g/cm3. The commercially available graphene filler (heXo-GV20) was obtained from 

NanoXplore Inc (Montreal, Canada). This is a versatile and large-scale graphene product with 

nanoplatelets with an average thickness of 20 nm (40 layers) and a flake size of 50 µm. The 

spheroid-shape CB filler (VXC500 grade, CABOT, USA) with an apparent density of 1.7-1.9 

g/cm3 at 20 °C is suggested as a high electrical conductivity additive with 0.05 wt % sulfur content 
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and 16.7 ppm total ionic. The toluene solvent was purchased from Sigma-Aldrich with 99.5 % 

purity. All the materials were used as received. 

2.2 Sample fabrication 

The sample fabrication steps are schematically shown in Figure 1. Briefly, the labeled 

composites with different filler concentrations (Table I) were fabricated via solvent-casting as well 

as melt compounding. The pure EVA was dissolved in toluene for 30 min by stirring at 100 °C 

and 600 rpm. The additives were suspended in toluene with the same fabrication conditions. Both 

dissolved and suspended solutions were then mixed together and again stirred at 600 rpm and 100 

°C for 30 min. Afterwards, the obtained dissolved samples were cast on aluminum foil and dried 

at room temperature in a fume hood until the remained weight became constant. One of the samples 

was further compounded in a co-rotating screw mini-extruder (HAAKE MiniLab II) for 5 min of 

extrusion-circulation time and at 130 °C in the melting zone. To fabricate the disc-shaped samples, 

the blends were pressed using a hot press (Accudyne Engineering & Equipment Company, Los 

Angles, USA) at 155 °C and 8 MPa.  

 

Table I. Labeled samples with additive content and fabrication method  

Sample EVA (wt %) G (wt %) CB (wt %) Fabrication method 

Pure EVA 100 0 0 Solvent casting 

EVA/CB5% 95 0 5 Solvent casting 

EVA/CB7% 93 0 7 Solvent casting 

EVA/CB10% 90 0 10 Solvent casting 

EVA/G10% 90 10 0 Solvent casting 

EVA/G15% 85 15 0 Solvent casting 

EVA/G15% SM 85 15 0 Solvent casting + Melt mixing 

2.3 Characterization 

To investigate the additive dispersion and distribution within the composites, the morphology 

of the EVA copolymer and EVA composites with CB and graphene was investigated using a 

scanning electron microscope (Hitachi, SU-8230 FE-SEM, Japan). The specimens’ cross-sections 

were prepared using a cryogenic microtome and the thin films were subsequently coated with 
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approximately 2 nm of platinum under vacuum using a turbo-pumped sputter coater/carbon coater 

(Q150T, Guelph, Canada).  

The dielectric response of the composites was measured via frequency-domain broadband 

dielectric spectroscopy (BDS - Novocontrol, Montabaur, Germany) on disk samples with a 

diameter of 4 cm and an average thickness of 0.5 mm. Each specimen was mounted between the 

two brass electrodes forming a typical electrode-dielectric-electrode sandwich. Isothermal scans 

were performed over a wide range of frequencies ranging from 0.01 Hz to 105 Hz at various 

temperatures under an applied voltage of 3 Vrms. The relative complex permittivity 𝜀∗ is expressed 

in terms of relative real permittivity (𝜀 ʼ) and relative imaginary permittivity (𝜀ʺ) as expressed by: 

[29] 

𝜀∗(𝜔) = 𝜀′(ω) − i𝜀ʺ(ω) (Equation 1) 

To investigate the thermal properties of composites such as melting point and the degree of 

crystallinity (Xc%), differential scanning calorimetry (DSC) (Q20, TA Instruments, New Castel, 

USA) was conducted 0-160 °C with a ramp of 10 °C/min under 50 mL/min of nitrogen flow rate. 

The degrees of crystallinity of all samples were calculated according to Equation 2, [30] 
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where mH  is the fusion enthalpy of the sample, o

mH  is the melting enthalpy of 100 % crystalline 

polyethylene (277.1 J/g) [27, 31] and 𝑊𝑓 is weight fraction of fillers in the composite. The lamellar 

thickness (𝑙) of the pure EVA and EVA composites with CB and graphene were calculated from 

the Thomson-Gibbs formula given by Equation 3, [32] 

𝑙 =
2𝜎𝑒
∆𝐻𝑚

°
×

𝑇𝑚
°

𝑇𝑚° − 𝑇𝑚
 (Equation 3) 

where 𝑇𝑚
𝑜  is the thermodynamic melting point of the infinite perfect crystals (418.6 K), and 𝜎e is 

the fold surface energy (90.4 mJ/m2) [33]. 

The dynamic mechanical properties of the EVA composites were measured by using a DMA 

Q800 (TA Instruments, New Castel, USA). A rectangular shaped specimen (30×7 mm) with a 

thickness of approximately 0.5 was tested for each sample. The DMA measurements were 

conducted in tensile mode at a frequency of 1 Hz and at a temperature range from -50 °C to 70 °C 

with a ramp of 5 °C/min. An amplitude of dynamic deformation of 20 μm was applied on each 
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specimen. The resulting dynamic force was superimposed by static force that was maintained at a 

value equal to 120% of the maximum value of the dynamic force throughout the experiment. 

The thermal stability of the composite samples was investigated by thermogravimetric analysis 

(Diamond TG/DTA, PerkinElmer technology, Shelton, CT, USA). The measurements were 

conducted under a nitrogen atmosphere with a heating ramp of 20 °C /min from 200 °C to 600 °C 

and then 10 min at 600 °C under air atmosphere. A sample with weight from 10 to 15 mg was 

selected for each measurement. 

The thermal conductivity of composites was measured using a guarded heat flux meter, DTC-

25 (TA Instruments, New Castel, USA). A 5 cm in diameter disk sample was mounted between 

the isothermally cold and hot brass electrodes, applying 137.89 kPa load and 25 °C differential 

temperature between the two plates.   

3. Results and discussion 

3.1 Scanning electron microscopy 

Figure 2 shows the SEM micrographs of the pure EVA and EVA composites with CB and 

graphene at 5 and 7 wt% of CB content. Figures 2a and 2b reflect the morphology of pure EVA at 

5 k and 10 k magnification. The CB particles were dispersed throughout the composite randomly, 

and appeared well distributed at 5 wt% CB content (Figures 2c and 2d). The further addition of 

CB to 7 wt% leads to the onset of connection between the particles, with individual particle size 

less than 100 nm and an agglomerate size of ~ 100–300 nm (Figures 2e and 2f). In that case, CB 

particles are more in contact, forming a continuous carbon network within the composite. This will 

be further discussed in the following section. Figure 3 exhibits the morphology of EVA composites 

with 10 and 15 wt% of graphene content. At 10 wt % of the graphene, some isolated flake sheets 

were seen, but most of the individual flakes were found to be piled together due to the intrinsic 

tendency of graphene to agglomerate (Figure 3a and 3b) [34]. With further addition of graphene, 

more particle-particle connections and graphene flakes overlapping were found, resulting in some 

agglomerations at the micrometer scale (Figure 3c and 3d). For the EVA/G15% compounded by 

solvent-casting followed by extrusion, the additional extrusion step was found to cause 

deterioration of the well-connected graphene network, resulting in additional agglomeration of the 

graphene flakes as some larger agglomerates of ~ 30–40 μm were observed. 
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3.2 Dielectric properties 

Figures 4a and 4b describe the frequency-domain dielectric responses (real and imaginary 

permittivity, respectively) of the pure EVA and EVA composites with CB and graphene.  The inset 

in Figure 4a is the modulus of the complex conductivity as a function of frequency. The EVA 

composites containing CB additive featured a percolation threshold between 5 and 7 wt%. The 

dielectric response of the EVA/CB7% was dominated by direct electrical conduction over the 

whole frequency range. The dielectric response of EVA/CB5% exhibited high frequency-

independent dielectric losses, so-called flat dielectric loss behavior [35], accompanied by a 

noticeable increase of the real permittivity. This is quite an intriguing result, since flat dielectric 

loss behavior normally occurs for low loss material (such as neat polyethylene or polypropylene). 

A possible explanation relates to the wide distribution of interfacial relaxation mechanisms due to 

the wide distribution of agglomerate size and morphology [36]. This would lead to a dielectric 

response consisting of the superposition of a large number of Debye-type relaxation processes with 

a broad distribution of relaxation times. The superposition of the relaxation peaks in dielectric 

losses would result in a negligible change of maximum one decade over the whole frequency range. 

At low filler concentration, below the percolation threshold, the EVA composites remained an 

insulating material with an AC conductivity in the vicinity of 10-15 S/m at 0.01 Hz, as shown in 

the inset. When the concentration is increased above the percolation threshold, the conductivity 

sharply increases, as explained by the percolation theory [26, 37-40] for which the conductivity 

can be expressed by [26, 41, 42] 

( )   
t

DC ck  = −  (Equation 4) 

where k is a constant quantity, t is the critical exponent, φ is the volume filler concentration and 

c is the volume concentration at critical concentration [41]. The direct current (DC) conductivity 

is not equivalent to the alternating current (AC) conductivity, shown in the inset for nonconductive 

samples, the DC conductivity being typically lower than the lowest value of the AC conductivity 

(the one at 0.01 Hz). However, it is convenient to use the AC conductivity, as it can be readily 

measured both for conductive and insulating samples and this value converges on the value of the 

DC conductivity as soon as the material starts to become slightly conductive. Using the values of 
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the AC conductivity at 0.01 Hz, it can be seen that the electrical conductivity increases by 10 

orders of magnitude when the conductive network starts to form (if the real values of the DC 

conductivity had been used instead, this increase would have been even larger). The conductive 

network in the EVA composites containing CB formed at lower filler concentration than for EVA 

with graphene. The reason might be related to the smaller size of CB (nano-sized) compared to the 

graphene (micro-sized) [43]. The other reason might be related to  the formation of agglomeration 

of graphene during the composite fabrication [20, 44-46]; thus, a higher loading of graphene is 

needed to achieve a percolating network [14]. To understand the effect of processing conditions 

on the electrical conductivity of the composites, the dielectric properties of EVA/G15% SM were 

also studied with the same frequency-domain type of measurement. Surprisingly, this investigation 

revealed a non-conductive composite, whereas the equivalent solvent-cast sample was found to be 

conductive. The reason might be the interruption of the percolating network within the composite 

due to additional agglomeration induced by the melt compounding process [47, 48].  

The dielectric responses of the pure EVA, EVA/CB5% and EVA/G15 % were also assessed over 

the same range of frequencies at different temperatures, and the results are shown in Figure 5 in 

terms of three-dimensional plots of the imaginary permittivity as a function of frequency and 

temperature. The pure EVA revealed its two main relaxation peaks (Figure 5a). The sub-glassy 

peak is conventionally called the β-relaxation process. This appears at low temperature around 1 

kHz and it is linked to the micro-Brownian motions of the acetate side groups [49]. As the 

temperature increased, the β-relaxation shifted toward the higher frequencies and merged with the 

 relaxation peak. This polarization mechanism is the main polarization phenomenon in EVA, and 

originates from reorientation of dipoles due to the segmental motion of the main chains [49, 50]. 

Scanning the dielectric response of the EVA polymer at higher temperatures (near the melting 

point) reveals a significant increase of dielectric loss at low frequency. This sharp increase of 

dielectric loss is due to the contribution of the charge carrier, leading to low frequency dispersion 

[35] with some possible contribution from ionic impurities creating electrode polarization. The 

dielectric loss of the EVA/CB5% composite (Figure 5b) at different temperatures and frequencies 

revealed almost constant values for which the losses are not particularly low. This type of behavior 

has also been reported for ferroelectric materials and p-n junction [35], but its physical origins are 

not well understood. It seems that sub-percolating material might be another class of material 

exhibiting this behavior. Despite the global increase of the losses, it was still possible to observe 
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both α and  relaxation mechanisms, as well as the contribution from charge carriers. The addition 

of 15 wt% of graphene to pure EVA leads to a dielectric response dominated by the DC 

conductivity for the whole temperature and frequency range, as shown in Figure 5c.  

3.3 DSC and TGA results 

The role of CB and graphene fillers on the thermal properties of the EVA composites was 

investigated by differential scanning calorimetry (DSC). The obtained results are presented in 

Table II. The melting point, the degree of crystallinity and the lamellar thickness of the EVA 

composites including CB additive or graphene flakes were not found to change significantly with 

respect to the pure EVA copolymer. These results are in line with those recently reported [16, 25, 

51, 52].     

Table II. Thermal properties and the lamellar thickness of EVA composites comprising CB 

and graphene fillers. 

Samples Melting point °C  Crystallinity (%) Lamellar thickness ( nm) 

Pure EVA 87.0 20.4 4.40 

EVA/CB5% 87.2 20.3 4.42 

EVA/CB7% 87.4 20.7 4.30 

EVA/CB10%  87.8 20.5 4.43 

EVA/G10% 87.2 19.4 4.42 

EVA/G15% 87.3 19.6 4.42 

EVA/G15%SM 87.3 19.5 4.41 

 

Figures 6a and 6b show the TGA thermograms and derivative thermal analysis (DTA) of the 

pure EVA and EVA composites with CB and graphene for temperatures from 200 °C to 600 °C. 

The results show two stepwise thermal degradations of the specimens. As can be seen, the first 

onset of degradation started from approximately 300 °C. This weight loss is related to the 

deacetylation process [8, 14, 27] in which almost 10 wt% loss was seen for all specimens (losing 

acid acetic). The second weight loss starting from 450 °C corresponds to the degradation of the 

backbone chain (CH2 groups) in EVA polymer [14, 53-55]. The addition of CB and graphene did 

not significantly increase the thermal endurance of the fabricated composites. The amount of 

remaining ash at 550 °C is given in Table III. The obtained values were in good agreement with 

the labeled filler content. 
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Table III. TGA data, T onset at first and second degradation and ash content.  

Sample name T-10% (°C) T-50% (°C) Ash content at 550°C 

Pure EVA 381 482 0.20 

EVA/CB5% 382 483 4.30 

EVA/CB7%  384 483 7.30 

EVA/CB10% 384 486 10.1 

EVA/G10% 385 481 9.30 

EVA/G15% 384 486 13.8 

EVA/G15% SM 385 488 13.9 

3.4 Mechanical properties 

The mechanical properties of the EVA composites, such as storage modulus (Figure 7a), loss 

modulus (Figure 7b), and tan δ (inset in Figure 7b), were obtained by dynamic mechanical analysis 

over a wide range of temperature. The addition of graphene and CB fillers to the EVA copolymer 

was found to increase both dynamic mechanical properties (storage and loss modulus) over the 

entire glassy and rubbery regions of the composites. The rise of mechanical properties 

corresponded to the incorporation of filler in composite structure and possible physical contact 

between filler parts [56]. A drastic reduction in the storage modulus was found as an increase in 

the temperature occurred from -50 oC to 0 oC. This can be explained by the EVA transition from 

glassy to the rubbery state [27] . Corresponding to this drop in the modulus, an obvious peak was 

seen around -20 °C in the tan δ versus temperature graphs. Another peak at higher temperatures 

(20–40 °C) was observed in the tan δ curve, which represents the vanishing of the crystalline parts 

of the polyethylene as the hardest part in the composite [8, 40, 57]. Less area under the tan δ curve 

for the EVA/CB composites with respect to the EVA/G composites corroborates with better filler 

dispersion of the CB filler [26]. Additionally, the movement of the second peak in tan δ toward 

higher temperatures suggests suitable particle dispersion within the matrix [58]. 

3.5 Thermal conductivity 

The thermal conductivity of the pure EVA and EVA composites with CB and graphene are 

shown in Figure 8. The thermal conductivity of all composites was found to increase with addition 

of conductive particles thanks to the large thermal conductivity of particles [28, 59, 60]. The 

mechanisms of thermal conduction in the composites are linked to the degree of crystallinity, the 



11 

 

concentration of the particles, their size and shape [61, 62], their thermal conductivity, as well as 

the polymer matrix and processing conditions [28, 63]. Thus, since significant change did not occur 

in the crystallinity of composites, the determining factor is the parameters related to the fillers. The 

reduction of the thermal conductivity for the extruded EVA composite (EVA/G15% SM) 

compared with the non-extruded one (EVA/G15) can be explained by the interruption of the 

conducting network within the composite formed by solvent-casting due to the shear forces from 

fabrication, thus reducing the contribution from the electronic conduction to the thermal 

conduction process. Another factor that influences the thermal conductivity is the thermal interface 

resistance within the composite; as long as the uniform network within the composite is 

discontinuous, the number of separated individual particles is increased and, consequently, the 

value of interface resistance between particles and host polymer will grow and cause phonon 

scattering or even phonon backscattering [64, 65].    

4. Conclusions 

The electrical properties of EVA composites containing carbonaceous additives demonstrated 

significant dependency on the type of the conductive additive as well as the manufacturing method. 

Mechanical properties were also found to be affected by the fabrication process. The percolation 

threshold for EVA composites with CB was found to be lower than for EVA composites containing 

graphene. Below the percolation threshold, the composites exhibited a high constant loss behavior 

that is also observed for different classes of dielectric. The onset of the melting temperature as well 

as the crystallization point was not significantly affected by the filler content. The same 

observation was made for thermal degradation temperatures that were not significantly affected by 

the addition of the conductive fillers. The composites of EVA containing CB and graphene 

additives showed slightly higher thermal conductivity than pure EVA. Analysis of electrical and 

thermal conductivity suggests that the dispersion, distribution and orientation of the filler strongly 

impact the above-mentioned properties.    
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