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ABSTRACT 

Adhesive nickel based polymer composites were investigated experimentally and by computational 

modelling with respect to optimization of electrical and mechanical properties. Utilization of polymer 

blends with an optimized combination of epoxy resin (ER) and polydimethylsiloxane (PDMS) resulted 

in a reduced electrical percolation threshold (EPT) from 7.9 up to 3.7 vol % of Ni and increased the 

direct current (DC) conductivity of the composites by 7 orders of magnitude. At the same time, 

adhesion of the composites was enhanced by 20% and impact strength by 75% due to the PDMS 

addition. The observed effect of the EPT reduction is determined by the preferred localization of 

conductive Ni particles near the ER phase, specifically on the ER/PDMS interface. Prior to the 

composite preparation, the polymer composites were simulated by the Monte Carlo method and were 

evaluated by two independent methods: i) the growth of the conductive networks was examined by 

the size of aggregates via aggregation number (script in Python) ii) the conductivity of the polymer 

composites was calculated via finite element method (FEM, Digimat-FE 6.1.1). The computational 

simulations correlated well with the experimentally determined EPT and conductivity of the polymer 

composites. 

Keywords: Composite materials Electrical properties Computational modelling Finite element method 

(FEM) 

 

 

 



1. Introduction 

Conductive polymer composites (CPCs) have attracted interest from the scientific community as well 

as industry for their potential applications in various fields of science and technology: 

electroconductive adhesives (an alternative to soldering), anticorrosion coatings, antistatic materials, 

marine and space technology, electromagnetic wave shielding (stealth technology), light emitting 

devices etc. [1]. CPCs consisting of an insulating polymer matrix becomes electrically conductive if a 

conductive path is created by the addition of a minor phase conductive filler. The conductive path may 

be a complex multi-scale structure consisting of interconnected particle aggregates forming infinite 

clusters. Such aggregates stabilize through particle-particles interactions; their size can be visualized 

by scattering electron microscopy and evaluated by an aggregation number Nagg [2]. Percolation theory 

is relatively successful in predicting the general conductive characteristics of CPCs materials. The 

distance of conducting particles converge to a percolation distance where the transfer of charge 

carriers between them is probable. The concentration at which the insulator-conductor transition 

occurs is called the electrical percolation threshold (EPT) [3]. There have been many attempts to 

reduce the percolation threshold of CPCs using fillers of different sizes and shapes [4] such as spherical 

(carbon black (CB) or metal powder [5,6]), fibrous (carbon nanotubes (CNT) [7]), flakes (graphite [8] 

and asymmetric - arbitrary elipsoid (nickel [9]). Nickel, in addition to its high conductivity and 

ferromagnetic properties is also a relatively inert material. According to Scher-Zallen, the percolation 

limit, calculated for a model system of randomly localized conducting spherical particles in 3D matrix, 

is around 16 vol % [10]. To effectively reduce the percolation threshold, a novel hierarchical structure 

of composites, i.e. double percolation threshold (DPT) was developed [5,6, 11]. In the classic double 

percolation structure, so called percolation-within-percolation [6], the conductive fillers are selectively 

located in one phase of the co-continuous polymer blend, which means that the fillers only need to 

form a percolated conductive network throughout their hosting phase. For instance, Gao et al. 

reported that the percolation threshold of poly(-ether ether ketone)/CB and polyimide/CB composites 

was reduced from 10 wt% to 5 wt% because of the formation of a double percolation structure in 

poly(ether ketone)/-polyimide/CB composite [11]. 

Usually, the particle localization in immiscible polymer blends is heterogeneous, often with the 

particles preferentially localized only in one phase or at the interphase of the two phases [5]. This 

preference stems from the different strength of interactions between particles and the immiscible 

polymer phases, which can be described through the balance of interfacial energies [12]. Generally, 

polymer chains are losing their conformational entropy if they stretch around solid particles resulting 

in an increase of entropic over enthalpic interactions. For systems with similar interfacial energies, the 

particle arrangement can be also be influenced by the melt viscosity of the polymers [13,14]. 

There have been many attempts to predict the percolation threshold of polymer composites, however, 

each model has its own limitations and simplified assumptions (i.e. monodisperse particle size 

distribution [10]). The Monte Carlo (MC) simulation is an effective method to simulate the random 

dispersion of conductive fillers in a matrix and is often employed to analyze the electrical percolation 

of composites [8, 15]. Therefore, numerical simulations which are now available by means of Monte 

Carlo sampling, random sequential addition and computational homogenisation are applied to the 

study of the percolation threshold concentration of CPCs [16,17], e.g. Dalmas et al. [16] simulated the 

percolation threshold for fibrous CNT, while, Zhuo-Yue Xiong et al. [17] investigated a hybrid system 

containing CNT and CB. Musino et al. [2]. used computational modelling to study the rheological 

induced percolation threshold of spherical silica particles. Moreover, composite materials generated 

through MC are often used in the calculations of electrical conductivity by finite element method 

(FEM). The principle of FEM is discretization of the volume continuum (via mesh generation) into finite 



smaller segments which are calculated separately [18]. However, for systems exhibiting a double 

percolation threshold, there are not any appropriate models and thus computer modelling is necessary 

for predicting the CPCs electrical conductivity, due to the complicated multi-phase morphologies [19]. 

The computational homogenisation technique assumes the material to be sufficiently homogeneous 

at the macro-scale but heterogeneous at the micro-scale due to the existence of inclusions [20]. 

In the current work, the effect of composition on electrical properties of an immiscible polymer blend 

filled with Ni particles has been investigated experimentally and through computational simulation. 

The aim of the study is to lower the value of EPT and enhance the mechanical properties of composites 

including lap shear and Charpy impact strength. 

 

2. Theoretical background 

2.1. Electrical percolation threshold 

 

When the conductive fillers reaches a critical value, i.e. the EPT, the first conductive structure starts to 

form. Thus, the electrical conductivity of epoxy polymer composites depends on the concentration of 

conductive nickel particles. However, if a second polymer phase is added, part of the sample is 

inaccessible to the conductive filler, which is more concentrated inside the first polymer phase, leading 

to a lowering of the EPT. The conductivity of polymer composite material above the EPT can be 

calculated as: 

 

Where σ is the conductivity, σf is the conductivity of the filler φc is the percolation threshold volume 

concentration, φ is the conductive filler volume concentration and n is a scaling parameter. 

 

2.2. Computer modelling 

The probability of the formation of a conductive path in the composite was simulated by the three-

dimensional continuum Monte Carlo method [18,21]. Fig. 1a presents the flowchart of the simulation 

procedure that was employed. The simulation consists of two steps. Firstly, the generation of a 

microstructure and the evaluation of aggregates by a Python coded script; and secondly, the simulation 

of electrical loading in the commercially available software Digimat. The MC model is based on the 

cubic RVE (relative volume element) with edge length LRVE that is filled with randomly localized 

spherical conductive particles and nonconductive matrix [18]. Hard Ni particles are set as non-

intersecting spheres and hence, particle contact is not probable. Therefore, the contact of the particles 

is achieved by increasing the radius of all conductive inclusions by the coating with the same thickness 

t (Fig. 1c). A group of particles that are electrically connected are termed an aggregate. The conductive 

particle is considered to participate in the aggregate if the coating of the particle intersects with the 

coating of any other particle of this aggregate (the algorithm searches for particle-particle distance ≤

 2t). One possible evaluation method of the particle configuration produced by the simulation is the 

aggregation number (Nagg) which is the number of particles in an aggregate, as discussed by Musino et 

al. [2]. 

 



 

Fig. 1. a) Flowchart of random RVE generation by random filler removal. b) The periodic boundary conditions. The central 

white background region is a cross section of generated structure. The boundary light grey background regions represent 

periodic conditions. c) Illustration of Ni particle, aggregate recognition parametrized by t - coating of the particle. 

 

The first moment of the Nagg distribution is the average aggregation number, ⟨Nagg⟩; the second 

moment, ⟨N2
agg⟩, serves to express the width of the distribution. It is convenient to express the size of 

aggregates (SoA) in terms of the ratio of these moments: 

 

which is sensitive to the largest aggregates formed at the simulation and neglects isolated particles 

and small aggregates. The electrical conductivity was calculated by FEM using the Digimat software. 

FEM is based on a continuum form of Ohm’s law, i.e., 𝛻J(x) = 0, where J(x) is the current density vector, 

related to the electric field and described by the constitutive law [22]: 

 



 

where S(x) is the spatially varying matrix conductivity and E(x) is the vector of electric field. The FE 

analysis provides the solution of effective conductivity σeff from the equations: 

 

where V is the volume of RVE. 

 

2.3. Filler localization 

In the double percolation structure, the polymer blend morphology plays an important role for the 

electrical properties of composites. In our work, the double percolation threshold approach was used, 

where the thermoset ER is the continuous phase with inclusions of spherical elastomer PDMS particles, 

the so-called sea island structure. The focus of the previous study [23] was on the technology for the 

preparation of the polymer blend of ER/PDMS with enhanced mechanical properties, a composite 

suitable for the preparation of conductive polymer composites. 

Several factors determine the localization of solid particles in polymer blends, such as: surface tension 

[24], polymer crystallinity [25], melt viscosity [26], flexibility of macromolecular chains [27] and 

processing [28]. However, according to A. Goldel et al. [29] who presented a study on polymer blends 

polycarbonate/poly (styrene-acrylonitrile) filled with CB and CNT, the localization of particles is 

primary driven by surface energies because of the system’ s tendency to minimize its free energy. 

When filler particles are mixed with an immiscible matrix consisting of two polymer phases, filler can 

be dispersed in the first or the second polymer phase or at the interface between polymers. 

Localization of the filler can be determined by the wetting coefficient (ω) as was proposed by Sumita 

et al. [12], as defined by the Young’s equation [30]: 

 

Localization of filler particles is predicted by the following conditions: if ω > 1, the particles are localized 

within the polymer phase B, if ω < — 1, the particles are localized within the polymer phase A and if ω 

∈ (—1;1) than the filler is localized at the interface. 

 

3. Experimental 

3.1. Materials 

The epoxy resin (ER) used was a bisphenol A diglycidyl ether (DGEBA), cured by an aliphatic amine, 

diethylenetriamine (DETA), while a polydimethylsiloxane (PDMS) was the second phase polymer. 

Dicumyl peroxide (DCP) was used as a free radical initiator. All chemicals were purchased from Sigma 

Aldrich (USA) with purity >90%. 



 

Carbonyl nickel (Ni) (Goodfellow, GB) with purity 99.8% was used as a conductive filler with magnetic 

properties. The particle size distribution was verified by laser difraction and scanning electron 

microscopy (SEM). 

 

3.1.1. Filler localization 

Considering equation (5) and using data from [31-33], it has been calculated that ω = —1.4 indicating 

that Ni will be preferentially located in ER phase [12]. 

 

3.2. Polymer blend preparation 

The compounding of the polymer matrix was investigated in a previous study [23]. The polymer blend 

was prepared by mechanical stirring (MM-1000, Biosan, Germany) DGEBA, PDMS (10-30 wt %) and 

DCP (0.5 wt %) at 300 rpm under a nitrogen atmosphere for 2 h at 130 °C. Through this mixing 

procedure, the cross-linking of PDMS and an improvement of the interphase between ER and PDMS 

was achieved which lead to spherical particles. 

 

3.3. Fabrication of polymer composites 

The magnetic filler - Ni (1.5-13 vol %) was added to the blend after cooling the blend down to room 

temperature. The mixture was stirred again at 80 °C for 30 min and equimolar amount of DETA was 

added after cooling the mixture to room temperature. The mixture was precured by stirring at 50 °C 

for 10 min before casting onto a preheated mold (70 °C). Material was cured at 100 °C for 30 min and 

after removing from the mold, post-curing (and also cross-linking of PDMS) at 140 ° C for 1 h was done. 

 

4. Methodology 

4.1. Scanning electron microscopy (SEM) 

Phase morphologies of freeze-fracture surfaces of ER/PDMS/Ni polymer composites were investigated 

by a NovaNanoSEM 450 scanning electron microscope (FEI Company, The Netherlands) at accelerating 

voltage of 5 kV in topographical SE (Secondary electrons) imaging mode and 15 kV in material 

contrasting BSE (Backscattered electrons) operating mode. 

 

4.2. Numerical simulation by Monte Carlo method 

To simulate EPT and the electrical characteristics of the composite system, multi-scale multi-physics 

finite element method (FEM), employed by Manta et al. [21], was used via commercially available 

software (Digimat, © Copyright 2018 e-Xstream engineering, LUX). The principle of simulation consists 

of the formation of a unit cell and a microcomposite model (Representative Volume Element - RVE) in 

Digimat-FE 6.1.1 (computational engine Marc). 

 



4.3. DC electrical properties 

The I-V characteristics were measured in the two-point setup using electrodes of cylindrical shape (d 

= 16 mm) with a programmable electrometer (Keithley 6517 A, USA). Four-point method (developed 

by Van der Pauw [34]) was used for the measurement of samples with conductivity higher than 10-3 

S/cm. 

 

4.4. Mechanical properties 

The lap shear strength of the cured specimens was investigated with the use of a Universal tensile 

instrument (Testometric Co. Ltd., Rochdale, UK) according to ISO 4587:2003. The test was performed 

at a rate of 5 mm/min at room temperature. The substrates used in this method were steel sheets. 

Charpy impact tests were performed according to ISO 179 on unnotched izod specimens using an 

impact tester (Zwick/Roell, Germany). The dimensions of samples were 80x10x3 mm3. The mean 

values over five specimens are presented. 

 

Fig. 2. SEM micrographs (BSE operating mode) of polymer composites (left side) and coresponding results of simulations 

(right side) in the same scale: a) ER/ PDMS10/Ni3, b) ER/PDMS10/Ni11, c) ER/PDMS30/Ni3, d) ER/PDMS30/Ni11. 



5. Results and disccusion 

5.1. Morphology 

In Fig. 2, a series of SEM images are presented to show the morphologies of the multiphase ER/PDMS 

polymer blends filled with Ni particles which are seen as white dots and are compared with 

crosssections of simulations where Ni and PDMS particles are represented by blue and red circles, 

respectively. The fractured surface of all modified epoxy based composites showed a three-phase 

morphology with a rigid continuous phase and a dispersed elastomeric phase of isolated spherical 

particles of PDMS with the typical sea-island structure of the size 15-55 μm. Fig. 2a and b presents 

composites containing 10 vol % of PDMS while Fig. 2c,d, contains 30 vol % of PDMS with differering in 

Ni content. Fig. 2a,c and 2 b,d depict materials below (3 vol % Ni) and above (11 vol % Ni) EPT, 

respectively. 

The resistance against the crack growth in the epoxy composite is due to energy dissipation in the crack 

tip. The energy of impact causes the dilatational deformation of the matrix initiating crack tip 

deformation created by local shear yielding. The crack is ceased by PDMS particles leading to energy 

dissipation improving the impact resistance (or fracture toughness) of polymer composite [23]. This 

leads to occurrence of stress-whitening regions around PDMS particles which can be observed in 

micrograph Fig. 2a. 

In Fig. 2c isolated Ni group of particles can be observed which do not penetrate through the whole 

sample, while in Fig. 2d, continuous conductive paths are already created, as is predicted by 

percolation theory [3]. 

In Fig. 3, epoxy composites ER/Ni and ER/PDMS/Ni are presented in detail. Fig. 3a shows the fracture 

surface of ER/Ni with a Ni concentration above EPT (16 vol %) where conductive paths are created. The 

“hedgehog-like” structure of Ni particles is visible, where they are well dispersed and randomly 

localized. On contrary, in multiphase system (ER/PDMS), the nickel particles are preferably located 

around the PDMS elastomeric phase (Fig. 3b). The same effect is noticeable when SEM micrographs 

are compared with Monte Carlo simulation cross-sections (Fig. 2). While the simulation is purely 

random, Ni particles are preferably located around the PDMS particles in the micrographs of composite 

materials. This could cause significant lowering of EPT. 

 

5.2. Modelling of particle aggregates 

A Monte Carlo simulation with a Python script was used for the simulation of the 3D composite systems 

in the cubic periodic RVE with an edge length LRVE = 200 μm. Epoxy composites were simulated as a 

composition of ER (continuous phase) and non-intersecting inclusions defined via parameter 

adjustments (size distribution, shape, orientation, conductivity). Periodic boundary conditions were 

chosen to eliminate boundary effects (Fig. 1b). To simulate a composite with non-conductive particles 

(PDMS), initially inclusions with a normal distribution, with a mean diameter d = 32 μm and a standard 

deviation σ = 8 μm were generated. Afterward the conductive Ni particles approximated as spheres 

with a normal diameter distribution (according to data obtained from laser diffraction) with d = 5.5 μm 

and σ = 1.8 μm were generated (Fig. 1). It was assumed, that Ni does not penetrate into the 

nonconductive inclusions of PDMS (as follows from Young’s equation (Eq.6) and SEM images (Fig. 2b)). 

The rest of the space was filled by ER which was considered perfectly bonded [18]. The contact of the 

conductive particles was achieved by increasing the radius of all conductive inclusions by the same 



coating (Fig. 1c scheme). For various simulations, the thickness of the coating (t) ranged from 1.7 to 

2.4 μm. 

 

Fig. 3. SEM micrographs of polymer composites: a) ER/Ni16 in SE imaging mode, b) ER/PDMS30/Ni11 in BSE operating 

mode. 

 

5.3. Modelling of percolative networks 

The Digimat-FE 6.1.1 software allows calculations of electrical conductivity of simulated composite 

material using Ohm’s law. Fig. 4 depicts simulations of polymer composites containing increasing 

amount of PDMS at percolation concentrations of Ni particles (grey conductive paths). The amount of 

Ni particles at EPT, effectively the Ni concentration is decreasing with increasing amount of PDMS. In 

order to calculate the electrical conductivity of simulated composites, a voxel mesh (1 μm side) was 

generated inside the RVE containing microstructure generated by MC [18]. The electrical conductivity 

of the Ni particles, the Ni coating and the non-conductive polymer blend ER/PDMS was set to 1 000, 1 

and 10-12 S/cm, respectively. These systems were tested at a voltage of 1 V and from the I-V 

characteristic curve the conductivity was calculated (ten times for each concentration). To verify these 

results, polymer composites were experimentally prepared and measured. 

 

5.4. DC electrical conductivity 

The value of EPT depends on filler morphology (shape, size). Although classically an EPT value of about 

16 vol % was predicted for spherical particles (e.g. by Scher-Zallen [10]), Krupa et al. [35] mechanically 

mixed Ni with chain-like structure (formed by individual spherical submicron particles) with 

polyethylene in a compounder and reached EPT 8 vol %. Different nickel morphology, Ni flakes 

(diameter 44 im and thickness 0.4 im), were utilized by Genetti et al. [36] for achieving an EPT at 5 vol 

% in LDPE. Both authors [35,36] presented the possibility of reaching lower EPT values by using 

particles with high aspect ratio, nevertheless Jia et al. [37] studied composites filled with spiked 

spherical Ni particles (hedgehog-like particles with diameter 1 im) and found an EPT at 6 vol % in ER. 

Furthermore, Genetti et al. [36] and Jia et al. [37] studied possible improvements of conductivity of 

CPCs by: i) employing hybrid composites of Ni with CB [37] which led to improved conductivity below 

EPT; however, EPT was shifted to 16 vol % of Ni; ii) coating of Ni particles with PPy [36], which improved 

only the conductivity of polymer composites above EPT. 

Fig. 5a shows the dependence of DC specific conductivity with conductive filler content measured at 

laboratory temperature for ER/ PDMS/Ni composites. Both the ER and ER/PDMS blends are electrical 

insulators with very low values of conductivity σDC ~10-12 S/cm. Polymer composites exhibit non-



conductive behaviour with σDC = (10-12-10-9) S/cm at low filler concentrations up to the point where the 

conductivity exponentially increases, signifying the percolation threshold and a simultaneous change 

of material character to conductorlike behavior with a conductivity of σDC = (10-4-10-2) S/cm. It is clearly 

visible that at a higher content of PDMS leads to a decrease of the critical percolation concentration. 

The polymer composites containing 0, 10, 20 and 30 vol % of PDMS percolate at 7.9, 7.5, 4.6 and 3.7 

vol % of Ni, respectively (Table 1). EPT of multiphase polymer composites are in good agreement with 

SEM images showing that Ni particles are excluded from the PDMS phase (Fig. 3b). 

 

Fig. 4. The simulations reaching percolation threshold: a) ER/Ni, b) ER/PDMS10/NÍ, c) ER/PDMS20/NÍ, d) ER/PDMS30/NÍ. 

 

 

 

 

 

 

 

 

 



 

Fig. 5. The concentration dependence of DC conductivities of a) prepared, b) simulated Ni composites. 

 

Table 1 Fitting coefficients obtained from DC conductivity curves. 

 

The EPT of neat ER when filled by Ni is reached at 7.9 vol % (Table 1) at which the first conductive paths 

through the sample is created, as it can be seen on SEM image (Fig. 3b). 

Fitting coefficients above percolation threshold were calculated in the range n ~1-2 (Table 1), which 

is in good agreement with both, theoretical predictions [3,38] and experimental results [39,40]. At Ni 

particles loading of 5 vol %, the ER/PDMS30/Ni composite exhibits a DC conductivity (~10-3 S/cm) 

which is approximately 8 orders of magnitude higher than the ER/Ni system, at the same level of 

incorporated Ni particles (Fig. 5a). The other option for improvement of electrical conductivity is 

utilization of the double percolation threshold, which significantly decreases EPT and thus the price of 

the final product. Additionally, the usage of a polymer blend allows for a substantial improvement of 

mechanical properties. In our research, EPT of Ni hedgehog particles in ER was 7.9 vol %; however, 

utilization of ER/PDMS polymer blend reduced EPT by 53% up to 3.7 vol % (Fig. 5). 

 

 



5.5. Size of aggregates 

The size of the aggregates is an important feature for the description of composite systems providing 

additional information about the structure of the system. The value of SoA ranges from 1 implying all 

particles are isolated to a maximum (= number of particles in the RVE) indicating all particles participate 

in one aggregate. In terms of percolations, the significant size of the aggregate emerges if the largest 

aggregate penetrates through the whole sample, thus the diameter of the aggregate is equal to the 

size of the simulation RVE: Dagg = LRVE. Fractal model of spheres, as presented by Musino et al. [2], 

predicts that such a critical aggregate occurs at SoA ≈ 1000 for our system (LRVE = 200 μm, dNi = 5.5 

μm). Fig. 6 present the dependence of SoA on the volume concentration of nickel for different coating 

sizes. 

Fig. 6a shows that with increasing coating size, the size of the aggregates increases dramatically, 

approaching a limit of about 10 000 which is the number of particles in the system filled with 10 vol % 

of Ni particles. The indicated SoA 1000 is the critical size of aggregate which is penetrating through the 

entire simulated RVE, which roughly corresponds to the percolation concentration. By comparing to 

the EPT, which was found to be 7.9 vol % (Fig. 6), the thickness of the coating was found to be close to 

1.95 μm. 

The second simulation (Fig. 6b) was performed for a system with 30 vol % of PDMS. Fig. 6 depicts the 

concentration of Ni in the ER on the x-axis (volume of PDMS is subtracted for comparability with Fig. 

6a). For the coating with 1.95 μm, EPT is reached again at 7.9 vol % Ni in ER, i.e. 5.5 vol % Ni in the 

composite system ER/PDMS30/Ni. This means that the percolation behaviour of the model does not 

depend on the addition of PDMS, which is in an agreement with expectations because the model does 

not incorperate any irregularities in the localization of the filler like the concentration of conductive 

particles near the ER/PDMS interphase. However, the actual percolation of the ER/PDMS30/Ni system 

is 3.7 vol % of Ni, which corresponds to 5.3 vol % Ni in the ER (after deducting volume of PDMS). This 

difference is due to the difference between the simulation, which contains a random independent 

localization of particles in RVE, and the experiment with the preferential position of Ni particles near 

the PDMS surface was observed, which significantly affects the final EPT. 

Computational simulation demonstrated that the addition of nonconductive particles enables the 

decrease of EPT while maintaining the same concentration of Ni inside the ER phase. It is in good 

agreement with experimental data (Fig. 5) at low concentrations of PDMS (up to 10 vol %) in ER. 

However, it is not valid in the case for higher concentrations of PDMS (more than 20 vol %), where the 

computer simulation underestimates the true situation.  

 

Fig. 6. SoA determined from aggregation number (Nag distribution obtained by Monte Carlo simulation for a) ER/Ni 

particles systems and b) ER/PDMS30/Ni particles systems. Coating thickness (t) is in pm. The horizontal line shows the onset 

of percolation. 



The values of the EPT are shifted to lower Ni concentrations. The reason for this is that modelling 

simulations are based on random generation of Ni particles in ER while in manufacturing of 

composites, the Ni particles are preferentially situated near/on the interphase of ER/PDMS due to 

enthalpic reasons - the value of wetting coefficient (ω = —1.4) is close to — 1. This preference is clearly 

visible on micrograph Fig. 3b. The decrease of Ni content at processing leads to a low cost production 

of a lighter final product, due to the lowered density of composite. 

 

5.6. Mechanical properties 

Conductive composites based on the matrixes containing neat epoxy resin and polymer blend 

ER/PDMS30 and polymer samples based on these matrixes were selected for mechanical testing. To 

evaluate mechanical properties, specimens containing ER, ER/PDMS and conductive composites from 

these matrixes were prepared. Results of mechanical testing are presented in Table 2. The impact 

strength of materials was evaluated using the Charpy method. It was found, that the presence of Ni 

does not affect impact strength; however, addition of 30% of PDMS leads to increase of impact 

strength by 60%. 

 

6. Conclusion 

The electric properties of two-phase polymer blends (ER and PDMS) filled with conductive Ni particles 

with hedgehog-like structure were investigated experimentally and by computational modelling. The 

multi-phase composites exhibited reduced percolation thresholds and enhanced conductivities above 

that of the individually Ni filled ER. 

It is crucial that conductive Ni particles are selectively located not only in the continuous ER phase but 

preferentially on the interphase of ER/PDMS as was observed on SEM micrographs. The percolation 

threshold of the ER/PDMS/Ni composites was reached at 3.7 vol % Ni particles, where the DC 

conductivity rose by 7 orders of magnitude. This EPT of the polymer blend was reached at a significantly 

lower nickel content and thereby weight than the individually filled ER (7.9 vol %). It leads to decrease 

not only in the density from 1.7 g/cm3 to 1.4 g/cm3 but also in the cost of the final composite product. 

 

Table 2 Mechanical properties of selected polymer composites. 

 

Prior to actual preparation of polymer composites, the system was simulated using a three-

dimensional Monte Carlo model. It was found, that at low PDMS concentrations, the simulations were 

quite precise in comparison with measured data of DC conductivity. However, the results of the 

simulations at higher concentration of PDMS underestimated the value of the percolation threshold, 



which in the ER/PDMS30/Ni system was found to be 3.7 vol %, instead of 4.9 vol % reached in 

simulation due to different filler localization. 

The mechanical properties of conductive nickel based composite adhesives were tested by lap shear 

test. The composites containing 30 vol % of PDMS exhibit better adhesion (by 20%) to the metal plates 

than neat epoxy resin. Impact strength of composite materials was tested by Charpy impact test. 

Inclusion of PDMS in ER enhanced impact strength by 75%. 

 

 

References 

[1] M. Narkis, A. Ram, F. Flashner, Electrical properties of carbon black filled polyethylene, Polym. Eng. 

Sci. 18 (1978) 649-653. 

[2] D. Musino, A.C. Genix, E. Chauveau, T. Bizien, J. Oberdisse, Structural identification of percolation 

of nanoparticles, Nanoscale 12 (2020) 3907-3915. 

[3] S. Kirkpatrick, Percolation and conduction, Rev. Mod. Phys. 45 (1973) 574-588. 

[4] G.R. Ruschau, S. Yoshikawa, R.E. Newnham, Resistivities of conductive composites, J. Appl. Phys. 72 

(1992) 953-959. 

[5] S.H. Foulger, Reduced percolation thresholds of immiscible conductive blends, J. Polym. Sci., Part 

B: Polym. Phys. 37 (1999) 1899-1910. 

[6] S.H. Foulger, Electrical properties of composites in the vicinity of the percolation threshold, J. Appl. 

Polym. Sci. 72 (1999) 1573-1582. 

[7] J. Vilčáková, R. Moučka, P. Svoboda, M. flcíková, N. Kazantseva, M. Hnbová, et al., Effect of 

Surfactants and manufacturing methods on the electrical and thermal conductivity of carbon 

nanotube/silicone composites, Molecules 17 (2012) 13157-13174. 

[8] I. Sagalianov, L. Vovchenko, L. Matzui, O. Lazarenko, Synergistic enhancement of the percolation 

threshold in hybrid polymeric nanocomposites based on carbon nanotubes and graphite 

nanoplatelets, Nanoscale Res Lett 12 (2017) 1-7. 

[9] J.V. Mantese, A.L. Micheli, D.F. Dungan, R.G. Geyer, J. Baker-Jarvis, J. Grosvenor, Applicability of 

effective medium theory to ferroelectric/ferrimagnetic composites with composition and frequency-

dependent complex permittivities and permeabilities, J. Appl. Phys. 79 (1996) 1655-1660. 

[10] H. Scher, R. Zallen, Critical density in percolation processes, J. Chem. Phys. 53 (1970) 3759-3761. 

[11] C. Gao, S. Zhang, Y. Lin, F. Li, S. Guan, Z. Jiang, High-performance conductive materials based on 

the selective location of carbon black in poly(ether ether ketone)/polyimide matrix, Compos Part B Eng 

79 (2015) 124-131. 

[12] M. Sumita, K. Sakata, S. Asai, K. Miyasaka, H. Nakagawa, Dispersion of fillers and the electrical 

conductivity of polymer blends filled with carbon black, Polym. Bull. 25 (1991) 265-271. 

[13] J. Feng, C.M. Chan, J.X. Li, A method to control the dispersion of carbon black in an immiscible 

polymer blend, Polym. Eng. Sci. 43 (2003) 1058-1063. 



[14] R. Ibarra-Gámez, A. Márquez, L.F. Ramos-de Valle, O.S. Rodríguez-Fernández, Influence of the 

blend viscosity and interface energies on the preferential location of CB and conductivity of BR/EPDM 

blends, Rubber Chem. Technol. 76 (2003) 969-978. 

[15] G. Wang, C. Wang, F. Zhang, X. Yu, Electrical percolation of nanoparticle-polymer composites, 

Comput. Mater. Sci. 150 (2018) 102-106. 

[16] F. Dalmas, R. Dendievel, L. Chazeau, J.Y. Cavail^, C. Gauthier, Carbon nanotube-filled polymer 

composites. Numerical simulation of electrical conductivity in threedimensional entangled fibrous 

networks, Acta Mater. 54 (2006) 2923-2931. 

[17] Z.Y. Xiong, B.Y. Zhang, L. Wang, J. Yu, Z.X. Guo, Modeling the electrical percolation of mixed carbon 

fillers in polymer blends, Carbon N Y 70 (2014) 233-240. 

[18] T. Trzepiecinski, G. Ryzmska, M. Biglar, M. Gromada, Modelling of multilayer actuator layers by 

homogenisation technique using Digimat software, Ceram. Int. 43 (2017) 3259-3266. 

[19] Y. Huang, W. Wang, X. Zeng, X. Guo, Y. Zhang, P. Liu, et al., Effects of the filler size on the electrical 

percolation threshold of carbon black-carbon nanotube-polymer composites, J. Appl. Polym. Sci. 135 

(2018) 1-8. 

[20] M. Amirmaleki, J. Samei, D.E. Green, I. van Riemsdijk, L. Stewart, 3D micromechanical modeling of 

dual phase steels using the representative volume element method, Mech. Mater. 101 (2016) 27-39. 

[21] A. Manta, M. Gresil, C. Soutis, Simulated electrical response of randomly distributed and aligned 

graphene/polymer nanocomposites, Compos. Struct. 192 (2018) 452-459. 

[22] A. Chakraborty, N. Ramakrishnan, Prediction of electronic conductivity of a degrading electrode 

material using finite element method, Comp Mat Sci 69 (2013) 455-465. 

[23] J. VAžákova, L. Kutžjova, M. Jurža, R. Moucka, R. Vícha, M. Sedlacík, et al., Enhanced Charpy impact 

strength of epoxy resin modified with vinyl-terminated polydimethylsiloxane, J. Appl. Polym. Sci. 135 

(2018) 1-12. 

[24] jianying Yu, L. Wang, X. Zeng, S. Wu, B. Li, Effect of montmorillonite on properties of styrene-

butadiene-styrene copolymer modified bitumen, Polym. Eng. Sci. 47 (2007) 1289-1295. 

[25] F. Gubbels, R. Járome, P. Teyssiá, E. Vanlathem, R. Deltour, A. Calderone, et al., Selective 

localization of carbon black in immiscible polymer blends: a useful tool to design electrical conductive 

composites, Macromolecules 27 (1994) 1972-1974. 

[26] X.P. Hu, Y.L. Li, Y.Z. Wang, Synergistic effect of the charring agent on the thermal and flame 

retardant properties of polyethylene, Macromol. Mater. Eng. 289 (2004) 208-212. 

[27] G. Wu, S. Asai, M. Sumita, H. Yui, Entropy penalty-induced self-assembly in carbon black or carbon 

fiber filled polymer blends, Macromolecules 35 (2002) 945-951. 

[28] K. Cheah, M. Forsyth, G.P. Simon, Processing and morphological development of carbon black 

filled conducting blends using a binary host of poly(styrene coacrylonitrile) and poly(styrene), J. Polym. 

Sci., Part B: Polym. Phys. 38 (2000) 3106-3119. 

[29] A. Goldel, A. Marmur, G.R. Kasaliwal, P. Pdtschke, G. Heinrich, Shape-dependent localization of 

carbon nanotubes and carbon black in an immiscible polymer blend during melt mixing, 

Macromolecules 44 (2011) 6094-6102. 



[30] T. Young III, An essay on the cohesion of fluids, Phil. Trans. Roy. Soc. Lond. 95 (1805) 65-87. 

[31] S. Park, Anti-adhesive layers on nickel stamps for nanoimprint lithography, Microelectron. Eng. 

73-74 (2004) 196-201. 

[32] J.F. Coulon, H. Maillard, Epoxy based composite surface analysis. A plasma treatment for 

wettability evolution, EPJ Appl Phys 49 (2010) 1-5. 

[33] M.J. Owen, Physical Properties of Polymers Handbook, Springer, New York, NY, 1996. New York. 

[34] L.J. Van der Pauw, A method of measuring specific resistivity and Hall effect of discs of arbitrary 

shape, Philips Res. Rep. 13 (1958) 1-9. 

[35] I. Krupa, V. Cecen, A. Boudenne, J. Prokes, I. Novák, The mechanical and adhesive properties of 

electrically and thermally conductive polymeric composites based on high density polyethylene filled 

with nickel powder, Mater. Des. 51 (2013) 620-628. 

[36] W.B. Genetti, W.L. Yuan, B.P. Grady, E.A. O’Rear, C.L. Lai, D.T. Glatzhofer, Polymer matrix 

composites: conductivity enhancement through polypyrrole coating of nickel flake, J. Mater. Sci. 33 

(1998) 3085-3093. 

[37] W. Jia, R. Tchoudakov, R. Joseph, M. Narkis, A. Siegmann, The conductivity behavior of multi-

component epoxy, metal particle, carbon black, carbon fibril composites, J. Appl. Polym. Sci. 85 (2002) 

1706-1713. 

[38] A.L. Efros, B.I. Shklovskii, Percolation theory and conductivity of strongly inhomogeneous media, 

Sov Phys Uspekhi 18 (1975) 401-435. 

[39] E.P. Mamunya, V.V. Davidenko, E.V. Lebedev, Percolation conductivity of polymer composites 

filled with dispersed conductive filler, Polym. Compos. 16 (1995) 319-324. 

[40] P.S. Clarke, J.W. Orton, A.J. Guest, Electrical-conductivity and Hall-effect measurements in 

semiconducting powders. Study of percolation effects, Phys. Rev. B 18 (1978) 1813-1817. 

[41] Q. Bánard, M. Fois, M. Grisel, P. Laurens, Surface treatment of carbon/epoxy and glass/epoxy 

composites with an excimer laser beam, Int. J. Adhesion Adhes. 26 (2006) 543-549. 


