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Abstract 

Electrically conductive polymer composites (CPC) have a broad range of commercial applications 

including electronic packaging, capacitors, conductive adhesives and paints, membrane fuel cells, 

actuators, etc. CPC typically consist of an insulating polymer matrix and an electrically conductive 

filler which forms a continuous conductive network due to the percolation mechanism. Carbon-

based nanomaterials, such as carbon black, carbon nanotubes, fullerenes as well as graphene and 

its derivatives, have been extensively studied as one of the most interesting classes of conductive 

fillers for CPCs, due to their unique geometries and combinations of functional attributes such as 

mechanical, thermal, optical and barrier properties. 

With respect of the current green politics trends and the global transition toward a circular 

economy, an extensive research effort is dedicated to investigating the recyclability of plastics and 

related (nano)composites in order to make recommendations for best recycling and recovery 

practices for these materials. In this context, the recyclability of carbon nanomaterials-based CPC, 

as a growing class of polymer nanocomposites, seems to be a matter of a particular interest. 

Keys words: conductive polymer composites, carbon nanomaterials, graphene, carbon nanotubes, carbon 
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Conclusion  

Key points  

• A review of the main carbon nanoparticles used in CPC. 

• Detailed analysis of the key factors affecting electrical conductivity and electrical 

percolation threshold in CPC. 

• Discussion on the evolution of conductive nanoparticle networks during melt processing 

and post-processing, along with recent advancements in using rheology to assess this 

evolution. 

• In-depth discussion on recent progress in recycling carbon nanoparticle-based CPC. 

• Insights on adopting additive manufacturing as a circular process for fabricating and 

recycling CPC. 

• Examination of the benefits of carbon nanoparticles on the recyclability and durability of 

CPC. 

Introduction  

 Conductive polymer composites (CPC), which consist of intrinsically insulating polymer matrices 

containing conductive fillers are used in a wide range of classical and emerging applications 

including energy storage and conversion [1, 2],  sensors for various stimuli  [3-14], electromagnetic 

interference shielding [3, 15-18], electrostatic discharge (ESD) apparatus, lightning strike 

protection, electro-optical devices as well as packaging and thermal interface materials for 

electronic devices [19-21]. CPC also present a significant light weighting advantage compared to 

metallic counterparts for example.  

There are different classes of electrically conductive fillers that may added to intrinsically 

insulating polymer matrixes, including mainly: carbon-based fillers and metallic fillers [22, 23]. 

They can have micrometric or nanometric size and different geometries ranging from zero-

dimensional to three-dimensional (spheres, tubes, rods, wires, platelets…). Their intrinsic 

electrical conductivities depend on their chemical natures as well as on their geometric attributes, 

among others. For instance, anisotropic fillers often feature different in-plane and through-plane 

conductivity values and can therefore result in CPCs with anisotropic electrical conductivity [24-

26].  

The most established carbon-based filler is carbon black (CB) which has found extensive 

applications in CPC for electrostatic dissipation (ESD) purposes, notably in power cables and rigid 

packaging, as well as for other purposes [9, 18, 27-35].  Graphite, too, has served as one of the 

oldest conductive fillers. More recently, the realm of carbon-based fillers has expanded 

progressively to encompass various carbon allotropes, including carbon nanotubes (CNT), 

graphene materials (such as few-layer graphene (FLG), graphene nanoplatelets (GnP), reduced 

graphene oxide (rGO)…) as well as other fullerenes and carbon fibers [1, 3, 5, 10, 35-40].  

Metallic particles used in CPC include: nickel particles, silver particles [41], iron particles [42] 

and eutectic alloys [22, 23], among others. While metallic particles present higher intrinsic 

electrical conductivity values (as high as 106 S.cm−1) and higher charging energy during tunneling 
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[19, 23, 43-45], some carbon-based fillers present the advantage of being more sustainable, easier 

to incorporate and process in polymer composites[46, 47]. Besides, they present less damaging 

effect on the mechanical flexibility of host polymer matrix. They present also other functional 

properties suitable to improve the performance and durability of prime and recycled polymers, 

such as: resistance to photodegradation [48-50], thermal stability [51], mechanical reinforcement 

[51, 52] and impermeability to water and oxygen [21]. This chapter will be limited to carbon 

nanomaterials-based CPCs. 

Over the past decade, there has been extensive research into carbon nanomaterials-based CPCs.  

Experimental observations as well as analytical and numerical modeling have revealed that the 

electric conductivity of CPCs, along with several other functional properties, is influenced by 

several factors. These factors include the intrinsic electric conductivity, shape, size, specific 

surface area, volume fraction and spatial arrangement of the conductive particles within the 

polymer matrix [22, 30, 45, 53],  as well as the chemical affinity and rheological properties of the 

polymer matrix [54, 55] Additionally, the processing and molding conditions play a crucial role 

[35]. It has been demonstrated, for instance, that, in melt compounding, factors such as mixing 

time and sequence, processing temperatures and post treatment (thermal annealing) significantly 

impact the final electrical conductivity of the resulting CPC [56-61]. 

Given the urgent necessity to embrace circular approaches facilitating the recycling of plastic 

products, including CPC, it becomes imperative to thoroughly contemplate the implications of all 

aforementioned factors in the design of recyclable CPC, aiming for enhanced performance and 

recyclability. To achieve this, it is essential to deepen our understanding and assessment of:  

- the most critical factors affecting the electrical conductivity behavior of CPC, 

encompassing the intrinsic properties of the polymer matrix and conductive particles, along 

with processing and post treatment conditions 

- the potential implications of reprocessing and recycling processes on the electrical 

conductivity and other functional properties of CPC. 

The first part of this chapter delves into the critical factors influencing the formation of conductive 

networks and the electrical percolation threshold in CPC. The second part examines how the 

electro-rheological properties of CPC evolve during thermal annealing and shear deformation, as 

a tool to get insights about the sensitivity of conductive particle networks to thermomechanical 

stresses applied during melt processing or post-processing treatments which are also involved in 

mechanical recycling. The third part reviews recycling pathways for carbon nanomaterials-based 

CPC, primarily focusing on mechanical recycling methods. It explores the potential advantages of 

carbon nanomaterials in enhancing the durability, recyclability, and performance of recycled 

plastics, particularly in the context of closed-loop or extensive mechanical recycling.  

I- Carbon nanomaterials-based conductive polymer composites 

The purpose of this section is to provide a brief overview on 1) conductive polymer composites 

(CPC) as well as (2) main carbon-based nanomaterials currently used in CPC and their structures. 

Exhaustive reviews on these respective topics can be consulted elsewhere [5, 35, 62-65].  
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1-1) Conductive polymer composites 

The majority of polymers are intrinsically electrical and thermal insulators. Electrical conductivity 

within initially insulating polymer matrices is achieved only when conductive particles are added 

to them at concentrations surpassing a certain threshold known as the electrical percolation 

threshold (φc). At this threshold, a continuous network of conductive particles is formed. φc is the 

critical reinforcement concentration at which the composite turns abruptly from insulator to 

conductor as conductive pathways are formed. Above the percolation threshold, the electrical 

conductivity exhibits a saturation effect, asymptotically approaching a maximum. Figure 1 

illustrates a typical behavior of the formation and evolution of conductive filler network in CPC 

and the resulting transition from insulating to electrically conductive behavior [30, 45, 66, 67] in 

the vicinity of φc.  

 

Figure 1: Schematic electrical percolation curve of conducting fillers in an insulating polymer 

matrix and evolution of conductive particles network in the different regions.  

Reprinted with permission from reference [67] 

 

The electrical conduction in CPC can occur by different mechanisms depending on the filler 

concentration. In general, at low filler concentrations, conduction is considered to occur via 

tunnelling between thin polymer layers between the fillers. As the filler loading increases, the filler 

particles come into contact with each other to form a conductive network, which facilitates charge 

transport within the composite. Near the percolation threshold, the conductivity increases sharply 

as a function of filler concentration which can be modeled by a power-law equation (1) [19, 63, 

68].  

𝜎𝑐 = 𝜎0(φ − φ𝑐)
𝑡                                            (1) 

Where:   

σ0: proportionality constant related to the intrinsic conductivity of the filler 

φ : filler volume fraction,  

σf : filler conductivity,  
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σc :  composite conductivity,  

t: a scaling exponent, between 1.1 and 1.3 for 2D systems and between 1.6 and 2 for 3D systems 

[69, 70] 

Besides the basic power-law model, several models have been developed to estimate the electrical 

conductivity of two-phase insulating polymer matrix/conductive filler composite materials by 

considering different factors and properties such as the shape, size and aspect ratio of the 

conductive nanoparticles as well as the thickness of the polymer/nanoparticle interphase region 

[30, 37, 71]. 

Achieving CPC with low percolation threshold concentration is highly desirable to maintain good 

mechanical flexibility, ease of processing, low density, and low cost. To achieve low φc, tailoring 

the dispersion and spatial arrangement of conductive fillers in the polymer matrix is critical. 

Specifically, the construction of a conductive network within an insulating polymer matrix requires 

a three-dimensional spatial distribution of fillers. However, the achievement of well individually 

dispersed fillers, as typically required for other properties, is not necessary [19]. On the contrary, 

the formation of secondary or loose agglomerates of individualized conductive nanoparticles 

facilitates the buildup of the conductive network at lower concentrations [66, 72]. Besides, the 

shape and size of conductive particles influence their spatial arrangement and consequently the 

percolation threshold concentration [37, 45, 73, 74]. The intrinsic electrical conductivity of the 

conductive filler has rather an effect on the maximum achieved conductivity of CPC [30].  The 

main types of carbon-based particles used in CPC and their characteristics s are discussed in the 

next section. 

1-2) Carbon nanomaterials: review  

The main types of carbon nanomaterials widely used in CPC are: carbon black (CB), carbon 

nanotubes (CNT) and graphene materials, such as graphene nanoplatelets (GnP) and few-layer 

graphene (FLG) [63, 75, 76]. The structures and relevant properties of CB, CNT and graphene are 

discussed in the following paragraphs. Extensive reviews on the topic can be found elsewhere [27, 

34, 36, 77]. 

CB is the oldest member of the family of conductive carbon particles. It has been widely used in 

CPC due to its superior electrical conductivity and lower cost compared to other filler types such 

as CNT. However, the main disadvantage associated with the use of CB as conductive filler is the 

relatively high-volume fraction requirements, which lead, eventually, to the deterioration of 

mechanical properties and reduced processability of the CPC [30]. There are distinct types of CB 

depending on their production process. They differ in individual particle size, structure (aggregate 

size) as well as specific surface area [34, 78]. Common CB grades are typically obtained through 

thermal decomposition or incomplete combustion of carbonaceous gases [27]. In general, CB 

structures consist of individual particles of pseudospherical shapes arranged or fused into chain-

like aggregated 3D structures, as seen in Figure 2(a). Each individual pseudospherical particle has 

a diameter ranging from 10 nm up to 500 nm [27]. Their internal structure is a form of para-

crystalline carbon with a graphitic crystalline organization (but less ordered compared to graphite). 

It consists of layers of carbon that are partially oriented parallel to the surface and also around 

centers inside the particles, as illustrated in Figure 2(b) and Figure 2(c) [27]. Depending on the 
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number and arrangement of primary pseudospherical particles within the aggregated structure, on 

can refer to high structure CB or low structure CB.  High structure carbon black has a high number 

of primary particles per aggregate, while low structure carbon black exhibits only a weak 

aggregation [79]. These aggregates themselves form loose agglomerates linked by Van der Waals 

interactions. The high structure CB are classified as specialty carbon black grades and typically 

feature high specific surface area. They are particularly used in applications requiring high 

electrical conductivity and therefore in CPCs. They are also referred to as conductive CB grades 

and allow to achieve robust conductive networks at lower concentrations compared to low 

structure CB grades, which can be used in other types of applications such as: UV resistance, 

mechanical reinforcement or color  [32, 33, 38, 80]. The electrical conductivity of CB is in the 

range 101 to 103 S/m [45, 80].  

 

Figure 2: Structure of carbon black: (a) Carbon black aggregate, (b) aligned vortex layers of 

graphite domains, and (c) distance between carbon layers 
Reprinted with permission from references [81, 82] 

Figure 3 displays CNTs, graphene, and fullerenes. These are relatively recent nanoscale carbon 

allotropes that share the atomic arrangement of graphite, consisting of atom-thick layers of sp2-

hybridized carbon atoms forming a honeycomb (hexagonal) lattice but with distinct geometries. 

Specifically, graphene and its derivatives are categorized as two-dimensional (2D) materials, 

having a platelet shape, and comprising one or more sp2-bonded carbon atoms layers. CNTs, on 

the other hand, exhibit a tubular shape with one or more layers, making them one-dimensional 

(1D). Fullerenes are described as zero-dimensional (0D) due to their nanoscale spherical symmetry 

[36, 83].These carbon allotropes possess exceptional electrical, thermal, optical, mechanical, and 

other desirable properties, making them highly attractive as high-performance additives for 

polymer matrices. They impart significant multifunctional capabilities to these matrices [84]. In 

particular, the electrical conductivity of pure CNT and pure graphene can reach as high as 106 to 

107 S/m and 108 S/m, respectively. These values are comparable to the two best metal conductors, 

silver and copper, which are equal to 6.30× 107 and 5.96 × 107 S/m, respectively [45, 85].  
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Figure 3: Atom structure of representative carbon-based nanomaterials: (a) carbon nanotubes, 

(b) graphene nanoplatelet, and (c) fullerene-C60 
Reproduced from reference [84] under terms of the CC-BY license, Copyright 2020, MDPI 

CNTs have extremely high aspect ratios (length to diameter) typically ranging from 100 to 1000, 

high specific surface areas in the range 100–1300 m2/g and low densities in the range 1.3–2.0 

g/cm3 [83, 86].  Single walled carbon nanotubes (SWCNTs) comprise one single layer wrapped in 

the form of a cylinder with a diameter close to 1 nm. Multi walled carbon nanotubes (MWCNTs) 

consist of an array of concentric graphene cylinders with interlayer separations of 0.34 nm and 

typical diameters in the range 2–100 nm [83, 87]. MWCNTs are more widely used due to their 

relatively low cost, compared to SWCNTs. 

As mentioned earlier, graphene consists of one or several planar sheets of sp2 hybridised carbon 

atoms forming a honeycomb lattice. Graphene is the building block of graphite which is a three-

dimensional (3D) crystal consisting of relatively weakly coupled graphene layers. It is also the 

parent form of CNT, fullerenes and the graphitic structures of carbon in general. By definition, the 

term graphene refers to a monolayer or single-layer graphene (SLG). But it is commonly used to 

refer to graphene materials in general. Multilayer graphene, also called few-layer graphene (FLG) 

or graphene nanoplatelet (GnP), contains up to 10 layers which are connected through weak van 

der Waals bonds. Their lateral dimensions range from approximately 100 nm to 100 µm according 

to ISO/TS 80004-13:2017. Further reduction in the dimensionality of graphene results in other 

forms known as graphene quantum dots and graphene nanoribbons. These materials exhibit finite 

bandgaps because of quantum confinement, making them attractive as next-generation 

semiconductors [88]. FLG or GnP are more widely used in different applications including CPC 

materials due to their availability at large-scale, ease of manufacture and low cost [89]. Besides, 

graphene has two main derivatives, namely graphene oxide (GO) and reduced-graphene oxide 

(rGO). GO could be obtained by oxidation of graphite and rGO could be synthesized by reduction 

of GO [90]. The specific surface area of graphene materials can reach up to 2630 m2/g for single 

layer graphene and up to 1500 m2/g for FLG [91]. The density of graphene is 2.26 g/cm3 [86].  

1-3) Main factors affection the electrical percolation threshold and electrical conductivity 

in CPC 

Carbon nanomaterials-based CPCs have been extensively investigated in literature during the last 

decades. The purpose of this section is to provide an overview with focus on the factors affecting 

the electrical percolation threshold and electrical behavior of CPCs made from thermoplastic 

polymer matrices and through melt compounding processes, as they are more relevant in the 
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context of recycling. Comprehensive literature reviews regarding carbon nanomaterials-based 

CPCs can be consulted elsewhere. [5, 7, 14, 30, 35, 37, 67, 92].  

Various polymers have been explored in conductive polymer composites (CPCs) depending on 

their intended application, ranging from commodity thermoplastics like polyethylene (PE), 

polypropylene (PP), and polystyrene (PS), to high performance thermoplastics like polyether ether 

ketone (PEEK) and polyimide (PI). For instance, in strain sensing applications, CPCs often employ 

thermoplastic elastomers such as thermoplastic polyurethane (TPU), styrene-ethylene-butadiene-

styrene (SEBS), and ethylene vinyl acetate (EVA). As stated earlier, maintaining a low percolation 

threshold is crucial in CPC development to not only reduce costs but also to preserve the 

processability, flexibility, and other desirable properties of the polymer matrix. The electrical 

percolation threshold can vary widely, from extremely low values below 0.1 wt.% to higher values 

exceeding 10 wt.%. As an example. the percolation threshold tends to be higher in composites 

produced via melt compounding compared to those made through other less shear-intensive 

processes [45, 92-96]. In general, several factors influence the percolation threshold, including the 

nature and geometry of conductive nanoparticles, the rheological properties and polarity of the 

polymer matrix, the chemical affinity between the matrix and nanoparticles, as well as the specifics 

of the manufacturing processes and conditions [5, 18, 35, 54, 55, 57, 62, 66]. Each of these factors 

will be briefly discussed in the following paragraphs. 

 

1-3-1) Effect of nanoparticle properties on the percolation threshold 

With respect to the effect of nanoparticles geometry on the percolation threshold φc, it has been 

demonstrated that the percolation threshold is proportional to 1/l and to 1∕l2 for disc shape (2D) 

fillers [97, 98] and cylinder shape fillers (1D) [99], respectively, where l is the effective length of 

the fillers. In contrast, for the conductive composites containing spherical fillers (0D), a roughly 

linear relationship exists between the percolation threshold and the filler diameter, φc ≈ r [22, 30]. 

Alongside nanoparticles geometry, aspect ratio and specific surface area play important roles [64]. 

Ghislandi et al. [100] delved into the electrical percolation threshold and conductivity of PP 

nanocomposites incorporating CB, CNT, graphene, and graphite powders. They discovered that 

all four composite types reached maximum electrical conductivity at approximately 1.5 S/m, 

depicted in Figure 4(a). Notably, nanocomposites with MWCNTs and graphene exhibited the 

lowest percolation thresholds due to their higher aspect ratios and surface areas compared to CB 

and graphite powders. This facilitated the formation of conductive networks at significantly lower 

filler contents. In the same context, Pan et al. [101] explored how the aspect ratio of MWCNTs 

affects the electrical percolation threshold in PP nanocomposites containing MWCNTs with aspect 

ratios ranging from 51 to 167. Their findings showed a decrease in the percolation threshold with 

increasing aspect ratio. Furthermore, MWCNTs with larger aspect ratios could create denser 

conductive networks, resulting in higher electrical conductivity for the composites (Figure 4(b)). 

Similarly, Karásek et al. [53] examined the impact of CB's specific surface area on the electrical 

percolation threshold in styrene-butadiene rubber (SBR)/CB composites and observed a 

decreasing percolation threshold trend with increasing CB specific surface area. 
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                                               (a)                                                         (b) 

Figure 4: (a) Electrical conductivity of polypropylene (PP) composites containing different 

carbon fillers (MWCNT, graphene, graphite and CB) as function of filler concentration 

(reprinted with permission from reference [100]), (b) Electrical conductivity of PP/MWCNT 

nanocomposites with different aspect ratio as function of filler content (reprinted with permission 

from reference [101])  
 

1-3-2) Effect of polymer properties on the percolation threshold 

Each polymer is having different characteristics that can affect the electrical percolation threshold 

and electrical conductivity of CPC materials such as: viscosity, crystallinity, polarity, inherent 

conductivity, and affinity with the selected conductive nanoparticles [30, 54, 55, 64, 102, 103]. In 

particular, the viscosity of the polymer matrix plays a key role on the electrical percolation 

threshold. Socher et al.[55] investigated the effect of polymer matrix viscosity on the electrical 

percolation threshold of five different thermoplastics incorporating MWCNTs. The chosen 

polymers, namely polyamide 12 (PA12), polybutylene terephthalate (PBT), polycarbonate (PC), 

polyetheretherketone (PEEK) and low-density polyethylene (LDPE), feature also different 

characteristics: (polar, non polar, amorphous or crystalline). The authors observed significant 

differences in the electrical percolation thresholds of CPCs made with the same polymer matrix 

but with different viscosity grades. An example of this behavior is illustrated in Figure 5, for PA12. 

In a general trend, the lowest percolation thresholds were observed in the composites based on the 

low viscosity matrices. A similar behavior has been reported by Helal et al. [54] for 

thermoplastic/graphene composites. This behavior was attributed to the presence of more 

secondary agglomerates of conductive particles in the low viscosity materials, which are necessary 

for the formation of conductive networks, as well as to the restricted mobility of the conductive 

nanoparticles in high viscosity matrices. 
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Figure 5: Electrical conductivity of polyamide 12 (PA12)/MWCNT nanocomposites as function 

of MWCNT content in composites based on PA12 matrices with different viscosities 

Reprinted with permission from reference [55] 

The impact of polymer polarity on the electrical percolation threshold has yielded conflicting 

findings in the literature. On one hand, certain studies suggest that the presence of polar groups in 

a polymer matrix enhances its affinity with carbon-based fillers, thus aiding in the formation of 

conductive networks [104]. Conversely, other research indicates that highly polar groups, like 

amide groups in polyamide, can encapsulate carbon black nanoparticles, thereby restricting the 

interphase region and impeding the formation of conductive networks [30].  

Opposite effects have been also reported regarding the effect of polymer matrix crystallinity on 

the electrical percolation threshold, also depending on the polymer/carbon nanomaterial composite 

system.  Al-Saleh [103] studied the electrical percolation behaviors of CB, CNT and GnP in an 

amorphous polymer and a semi-crystalline polymer, respectively PS and PP, of similar viscosities. 

His findings suggest two possible effects of crystallinity: 1) a decrease of conductivity and an 

increase of the percolation threshold attributed to partial wrapping or growth of a crystalline layer 

on the surface of conductive nanofillers during cooling from the molten polymer, 2) no effect on 

the electrical conductivity if crystal growth takes place in spaces between nanoparticles network 

without affecting their distribution. A similar trend has been observed in other studies [105]. On 

the other hand, increase of electrical conductivity and decrease of the electrical percolation 

threshold with crystallinity have been demonstrated in certain polymer/carbon nanoparticle 

systems and attributed to the volume exclusion effect, i.e., conductive networks are expelled from 

the crystalline region growing during cooling from the melt and form denser conductive networks 

exclusively in the amorphous phase of the polymer [93, 106]. The volume exclusion effect will be 

discussed further in a following section dealing with the main approaches to reduce the electrical 

percolation threshold in CPCs. 

1-3-3) Effect of the manufacturing processes and conditions  

Due to differences in interfacial energy between particles and the polymer matrix, particles and 

their aggregates tend to clump together or flocculate during further processing or post-processing. 

This results in filled conductive polymer composites being seen as thermodynamically non-
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equilibrium systems. In these systems, the formation of conductive particle networks and the 

percolation threshold depend on factors like temperature, time, and thermo-mechanical stresses 

encountered during melt processing and post-processing. Changes in these factors lead to 

variations in electrical conductivity and percolation threshold, which are caused by particle 

diffusion, migration, and the subsequent evolution of conductive networks. This phenomenon is 

referred to as dynamic percolation threshold [39, 53, 59, 107, 108]. Consequently, careful 

consideration of processing parameters is essential in both fabricating CPC and mechanically 

recycling them through melt compounding processes. In the following, a brief review of the main 

processing parameters that affect the electrical percolation behavior is presented. The recycling of 

CPC will be discussed in the next section of this chapter.  

Shear and extensional deformations involved in various melt processing methods such as extrusion 

and injection molding can lead to different thermo-mechanical stresses and direct effects on 

conductive particle networks of CPC materials [14]. Kuester et al. [57] studied the electrical 

behavior of styrene ethylene butadiene styrene (SEBS)/CNT nanocomposites prepared by sheet 

extrusion and compression molding, respectively. The authors found that the electrical percolation 

threshold of the SEBS/CNT nanocomposites produced by sheet extrusion is lower than those 

fabricated by compression molding. At 2 wt.% CNT, the difference in electrical conductivity 

between both types of composites was around 6 orders of magnitude. This behavior has been 

attributed to the difference in CNT distribution in both types of materials: random distribution in 

composites prepared by compression molding vs. aligned distribution in the composites prepared 

by tape extrusion due to high shear forces applied in the extrusion direction. The CNT alignment 

in the latter case induced an anisotropic electrical conductivity, with the lowest value being 

perpendicular to the CNT alignment direction selected for conductivity measurements.  

Another example of control of conductive networks via shear deformations has been reported by 

Tjong et al. [109]. They evaluated the effect of different shear rates applied during melt mixing on 

the electrical behavior of PP/MWCNT nanocomposites. They found that the nanocomposites 

prepared at high shear rates exhibited much lower percolation threshold than those fabricated at 

low shear rates (0.22 vol.% vs. 1.31 vol.%). This behavior has been attributed to the better 

dispersion and more uniform distribution of MWCNT achieved in PP under intensive shearing 

compared to clusters of large agglomerations observed in the low shear rates nanocomposites, as 

illustrated in Figure 6(a).  

In addition to the type and intensity of thermo-mechanical stresses applied during melt mixing, the 

mixing time plays an important role on the formation of conductive particle networks in CPC. Kou 

et al. [56] investigated the effect of mixing times ranging from 1 to 20 mins on the electrical 

conductivity of polylactide (PLA)/poly(ethylene-co-vinyl acetate (EVA) co-continuous blends 

containing 0.5 wt.% GnP. They found that the electrical conductivity increases with increasing 

mixing time up to 5 mins then starts decreasing at 10 mins. Then, a significant decrease of 

conductivity of 3 orders of magnitude was observed for the composite obtained after 20 minutes 

of mixing, as illustrated in Figure 6(b). They explained this trend by the fact the GnP particles tend 

to migrate from the PLA phase, to which they have less chemical affinity and form a conductive 

network at the interface PLA/EVA. The increasing mixing time up to 10 minutes enables more 
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GnP particles to migrate to the interface and to achieve good interfacial coverage. However, at 

higher mixing times, the GnP particles kinetically trapped at the interface continue their migration 

to the more thermodynamically favorable EVA phase. This process is illustrated in Figure 7. 

Besides, an isothermal annealing up 1 hour of the different samples induced a slight increase of 

the electrical conductivity indicating that thermal energy alone doesn’t induce a significant change 

in the conductive networks in this nanocomposites system (less than 1 order of magnitude).  It is 

worth noting that in this study, the PLA/EVA/GnP blend nanocomposites were prepared by a two-

steps mixing method, where GnP were first premixed with the less thermodynamically favorable 

PLA phase, to promote their migration to the blend interface during melt mixing. More details 

about this topic will be discussed in the next section dealing with approaches to reduce the 

electrical percolation threshold in CPCs. 

   
                                              (a)                                                                    (b) 

Figure 6: (a) TEM images of PP/MWCNT nanocomposites processed, respectively, at high and 

low shear rates (reprinted with permission from reference [109]), (b) effect of melt compounding 

time on the electrical conductivity of co-continuous PLA/EVA blends containing 0.5 wt.% GnP. 

The electrical conductivity is measured continuously during an isothermal annealing at 180 °C, 

using a dielectric rheology cell (reprinted with permission from [56]) 

 

Figure 7: Illustration of GnP migration steps from PLA  to EVA in PLA/EVA blend during melt 

mixing: (a) bulk migration far from the interface, due to convection by the compounding flow 

with the background PLA matrix, (b) film drainage of the departing phase at the interface, 

induced by the attractive interactions between GnP and EVA, (c) the displacement of the three-

phase contact line at the filler surface, and (d) eventual particle migration across the interface 

into the preferred EVA phase 

Reprinted with permission from reference [56] 

Changes in time and temperature conditions in less shear-intensive processes such as compression 

molding could also have a significant impact on the electrical conductivity and percolation 

threshold of some CPC materials [5]. In this context, we studied the electrical conductivity of 

PP/CB and PP/GnP nanocomposites hot pressed at different times and temperatures. The loadings 
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of GnP in the studied nanocomposites were equal to 20 and 25 wt.% while those of CB were equal 

to 5, 7 and 10 wt.%. The results, presented in Figure 8, show that the electrical conductivity of 

both PP/GnP and PP/CB increases with increasing time and temperature by up to 2 orders of 

magnitude at selected concentrations. This behavior is most likely attributed to the formation of 

more secondary agglomerates and strengthening of the conductive networks, due to facilitated 

diffusion/flocculation of conductive particles at increased temperature and/or time [58]. 

  
                                           (a)                                                                  (b)                

Figure 8: Effect of compression molding conditions, (a) varied temperatures at a fixed press time 

of 5 mins and (b) varied time at a fixed temperature of 190 °C (samples thickness e = 2mm), on 

the electrical conductivity of PP nanocomposites with different loadings of CB and GnP 

(Courtesy of MSc student Omayma Belgacem) 

In the same context, Zhang et al. [59] investigated the electrical conductivity/resistivity behavior 

of high-density polyethylene (HDPE)/poly(methyl methacrylate) (PMMA)/carbon fiber (CF) 

conductive composites, hot-pressed at different temperatures for varied periods of time. They 

measured the room temperature electrical resistivity at each time and temperature molding 

condition and plotted the resistivity as function of molding time for each studied temperature.  The 

results are summarized in Figure 9. It can be observed that at a given temperature, the electrical 

resistivity decreases slightly with increasing pressing time at the early stage, and then decreases 

rapidly at a critical time, indicating the formation of a conductive network in the composite. This 

phenomenon was attributed to the rearrangement of short carbon fibers in the filler-rich HDPE 

phase during the compression molding process. Consequently, the critical time, at which the first 

conductive network is constructed throughout the composite, is referred to as the percolation time. 

This characteristic time decreases with increasing pressing temperature, which can be correlated 

with the reduction of the viscosity of the matrix at higher temperatures. 
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Figure 9: time dependence of room temperature electrical resistivity of HDPE/PMMA/CF blend 

nanocomposites hot pressed at different temperatures ranging from 160 °C to 200 °C and for a 

varied period of time 

Reprinted with permission from reference [59] 

1-3-4) Approaches to reduce percolation threshold in CPC 

Several approaches have been investigated to reduce the electrical percolation threshold in carbon 

nanomaterials-based CPCs [14, 45], essentially using hybrid fillers [16, 110], selective localization 

of carbon fillers in polymer blends [19, 110-115] or the achievement of segregated conductive 

structures or networks [19, 107].  

In particular, the use of hybrid conductive fillers in CPCs is an effective approach which consists 

of combining different types of fillers with different geometries for instance, to facilitate 

interparticle bridging and formation of interconnected conducting networks, and to enhance 

processing and/or other functional properties synergistically [19, 116]. For example, Maiti et al. 

[117] and Kuester et al.[16] showed that the electrical and rheological percolation threshold could 

be reduced if a combination of carbon based nanofillers would be used instead of a single type of 

carbon based nanofillers. Kuester et al. [16] showed that hybrid nanocomposites containing 

simultaneously MWCNT and GnP nanofillers featured synergetic effects in electrical conductivity 

and electromagnetic shielding effectiveness when compared to nanocomposites containing similar 

concentrations of single nanofillers. Maiti et al. [117] had explained this behavior through a 

bridging effect between the aromatic rings present in the polymer matrix, polystyrene (PS) in this 

case, and the different carbon additives as shown in Figure 10.  
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Figure 10: Schematic representation for π-π interactions between GnP, MWCNT, and PS in 

hybrid nanocomposites of PS/MWCNT/GnP 

Reprinted with permission from reference [117] 

 

Another approach widely used to reduce the electrical percolation threshold is based on the use of 

immiscible polymer blends as matrices, in particular blends with co-continuous morphologies. 

This approach involves the selective localisation of fillers, exclusively, in certain phases of 

polymer blends. In this case, percolated conductive networks form within one continuous phase of 

the polymer blend, leading to a reduction of the percolation threshold. The selective localisation 

of the conductive fillers at the interfaces of co-continuous polymer blends can reduce even further 

the amount of filler required to form a percolated network [58, 60, 61, 93, 114, 116, 118]. Figure 

11, by Nofar et al. [119], visually represents the concept behind this selective localization 

approach. In this context, discussions often revolve around double percolation and triple 

percolation. Specifically, double percolation refers to the selective localization and percolation 

within a polymer phase that forms continuous channels and is itself percolated throughout the 

polymer blend [116]. On the other hand, triple percolation involves the formation of conductive 

networks in a continuous polymer phase of a ternary blend, which is selectively positioned at the 

interface of the other two phases forming the polymer blend [28]. 

The selective localization of third phase, in the present context conductive nanofillers in a 

particular phase or at the interface of a polymer blend depends on thermodynamic factors related 

to the affinity between the third phase  and the polymers of the blend and kinetic factors involving 

the compounding strategy, in addition to factors related to third phase  geometry and rheological 

properties of the polymer phases, among others [120] . 

Practically, for a specific nanoparticle/polymer blend system, the thermodynamically preferred 

localization of the nanoparticles in the blend is predicted by evaluating the wetting coefficient 

using Young’s equation, based on interfacial tensions between the different components of the 

system: the nanoparticle and each of the polymer phases [121]. 

𝑤𝑎 =
𝛾𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒−𝐴−𝛾𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒−𝐵

𝛾𝐴−𝐵
                                   (2) 
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Where:  

𝛾𝑋−𝑌 represents the interfacial tension between component X and component Y 

If ωa > 1, the fillers are preferentially located in polymer B; if ωa < −1, the fillers are preferentially 

located in polymer A and if −1 < ωa < 1, the fillers are expected to locate at the blend interface 

The interfacial tension between 2 components can be calculated by the Harmonic-mean equation 

or the Geometric-mean equation, knowing the surface tension of each component. Surface tensions 

(or surface energies) of different polymer types can be found in literature or can be measured, 

using the pendant drop method for instance [122]. It is worth noting however that surface tension 

values of nanoparticles are difficult to determine experimentally and those reported in the literature 

may present significant variation depending on the specifications of the studied nanoparticle, 

particularly its surface chemistry. This is one limitation of this prediction method. However, it 

remains widely used to get insights, when considering a selective localization approach. More 

details regarding the thermodynamic prediction of nanoparticles localization as well as reported 

surface tension values for some carbon-based nanomaterials can be found elsewhere [111] .  

Considering the thermodynamically preferred localization of nanoparticles in a specific blend 

system, kinetic arrest of nanoparticles at the blend’s interface can be achieved by tailoring: 

compounding strategy (mixing sequence, time, shear rate), polymer’s viscosities as well as 

nanoparticles geometry and surface chemistry. All these factors control directly blend’s 

morphologies as well as the diffusion and migration of nanoparticles during melt mixing and 

processing [56, 118, 123]. One of the frequently reported strategies is to adopt a two melt mixing 

steps where the nanoparticles are initially premixed with the less thermodynamically favorable 

polymer phase, to promote their migration towards the thermodynamically preferred polymer 

phase, added in a second mixing step. Subsequently, kinetic arrest of the migrating particles at the 

blend interface is achieved by controlling mixing time and shear rate [56, 111, 113, 124]. 

 
Figure 11: Illustration of the effect of selective particles localization on the reduction of the 

percolation threshold (referred to as PT): random distribution in single phase polymer vs. 

selective localization in 1 phase of a polymer blend vs. localization at the interface 

Adapted with permission from reference [119] 
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A third approach utilising a segregated structure has proven to be effective in producing polymer 

composites with high electrical and/or thermal conductivities and low percolation thresholds [19, 

93, 125, 126]. This approach has proven especially efficient for materials that are semi-crystalline, 

through the application of a thermal annealing. More precisely, by choosing a proper annealing 

temperature which favors greatly the growth of spherulites (isothermal crystallization), it is 

possible to push the conductive nanoparticles towards their borders, resulting in a volume 

exclusion effect, from the crystalline to the amorphous regions, and therefore reduction of the 

electrical percolation threshold [93, 125]. Figure 12 illustrates the principle of this approach. For 

instance, this technique was used by Kazemi et al.[126] to reduce by nearly 50% the percolation 

threshold concentration of PP/MWCNT nanocomposites, from 0.86 wt% to 0.45 wt%.  

However, it's crucial to note that the exclusion effect is closely tied to the selected isothermal 

annealing temperature and pressure. The chosen annealing conditions must effectively suppress 

the heterogeneous nucleation ability of carbon nanofillers to achieve the desired exclusion effect. 

Otherwise, promoting heterogeneous crystal nucleation during annealing may lead to an undesired 

outcome, such as wrapping the CNTs with an insulating layer of crystalline polymer and increasing 

contact resistance [126]. 

 

Figure 12: CNT (in black) pushed away from the growing spherulites (in gold) and selectively 

located in the amorphous polymer phase (in blue) after thermal annealing (Courtesy of Dr. Daria 

Strugova) 

Segregated structures can be created by compression moulding a mixture of polymer granules 

coated with conductive fillers through a mechanical mixing process, such as dry mixing. The 

mixing of the polymer and carbon fillers at the solid-state leads to the formation of segregated 

networks of conductive fillers during compression molding, unlike melt compounding or solution 

mixing which typically induce more homogeneous distribution of conductive fillers and higher 

percolation threshold, as illustrated in Figure 13. Segregated conductive networks typically lead 

to CPCs with ultra-low φc , high electrical conductivity and high EMI shielding properties  [19, 63, 

75, 127]. For example, Jia et al. [127] compared the electrical conductivity and EMI shielding 

performance of PE/CNT nanocomposites with segregated structures (s-CNT/PE) and randomly 

distributed structures (r-CNT/PE). s-CNT/PE were achieved through mechanical mixing of 

crosslinked PE granules with CNTs followed by compression molding while r-CNT/PE were 
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prepared solution blending followed by compression molding. The percolation threshold values 

were evaluated at to 0.013 and 0.310 vol% for s-CNT/PE and r-CNT/PE, respectively. Besides, at 

0.8 wt.% CNTs, the s-CNT/PE composite exhibited an electrical conductivity equal to 0.89 S m−1, 

more than two orders of magnitude higher than that of r-CNT/PE nanocomposites.  

 

Figure 13: schematic diagram for the preparation of CPE/MWCNT composites of randomly 

distributed structure and 3D segregated structure respectively by solution mixing and mechanical 

mixing 

Reprinted with permission from reference [75] 

 

II- Rheology as a tool to characterize conductive nanoparticles network and its 

evolution during processing and recycling 

As discussed in the previous section, nanoparticles need to be adequately spatially distributed, and 

the composite must exhibit appropriate morphology to conduct electricity. After ensuring 

satisfactory design of CPC, the composites might undergo additional processing involving shear 

and extensional flows, especially during recycling. However, even if an initially well-designed 

polymeric device conducts electricity, grinding it down and reprocessing could alter its 

morphology due to flow-induced changes in the composite, potentially leading to a loss of 

conductivity. Hence, it is crucial to grasp how the morphology and conductive particles networks 

of CPC will evolve when subjected to flows. 

Fortunately, the morphology of multiphase polymer systems and their evolution under controlled 

flow can be studied through the analysis of their rheological behavior. Rheological characterization 

in the linear viscoelastic regime (LVE) allows for the quantification of morphology by fitting 

constitutive equation to it, while in the nonlinear viscoelastic regime (NLVE), it provides 

information upon its evolution during processing [128]. Below, the principles of these analyses 

will be presented. Specifically, we will show how rheology can be used to characterize the 

morphology of conductive composites and will demonstrate how the morphology of conductive 

composites evolves during annealing and how it is possible to integrate rheology with electrical 
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measurements to comprehend the changes in morphology and electrical conductivity of conductive 

composites during processing and recycling. 

2-1) Concept of rheological percolation 

Molten polymers exhibit a viscoelastic rheological behavior. When subjected to stress, they 

initially deform and continue deforming over time. Conversely, subjecting a polymer to constant 

deformation results in instant stress, which gradually decays over time. This behavior is known as 

stress relaxation. In cases of small and slow deformations, the resultant stress exhibits a linear 

relationship with the amplitude of deformation, reflecting what is known as the linear viscoelastic 

regime. When a polymer filled with nanoparticles undergoes constant deformation, within the 

linear viscoelastic regime, the relaxation of its molecules is impeded by the presence of 

nanoparticles. This results in slower stress relaxation and increased material elasticity. Figure 14 

illustrates this phenomenon in the case of polystyrene (PS)/clay nanocomposites [129]. In this 

case, the stress relaxation modulus, G(t), which is the stress divided by the amplitude of the 

deformation imposed to the material, is depicted for three samples of PS with respectively 0, 3.5 

and 9.5wt % clay nanoparticles. Adding clay to the polymer significantly slows its stress 

relaxation. 

This slower stress relaxation is attributed to what is known as rheological percolation. This 

phenomenon occurs for concentrations of nanoparticles that are high enough to impede the 

relaxation of the macromolecules. The concentration at which this phenomenon begins, referred 

to as the rheological percolation threshold, is typically lower [66, 67, 112, 130] than the electrical 

percolation threshold as the particles do not need to be in contact to prevent the movement of 

macromolecules, unlike the requirement for electrical conduction, as schematically illustrated in 

Figure 15. However, it can give very useful insights about the formation and the evolution of 

conductive particles networks when CPC materials are subjected to deformation in the molten 

state.  

 
Figure 14: Time dependence of the linear stress relaxation modulus G(t) at 85 °C for the unfilled 

PS and PS nanocomposites containing respectively 3.5 and 9.5 wt% silicate 

Reprinted with permission from reference [129] 
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Figure 15: Illustration of electrical percolation threshold and rheological percolation threshold in 

polymer/CNT nanocomposites 

Reprinted with permission from reference [130] 

The rheological percolation threshold is typically determined by assessing the rheological behavior 

of nanocomposites under small amplitude oscillatory shear (SAOS) at different nanoparticles 

concentrations. Figure 16 depicts the rheological behavior of nanocomposites of styrene ethylene 

butadiene styrene (SEBS) with varying amounts of MWCNT, subjected to small amplitude 

oscillatory shear [16]. By plotting the storage modulus of the materials against nanoparticle 

concentration, at low frequencies like 0.05 rad, a sigmoidal curve similar to Figure 1 is obtained. 

This allows for the evaluation of the rheological percolation threshold concentration using the 

power-law equation (1), similar to how the electrical percolation threshold concentration is 

determined. 
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Figure 16: Storage modulus G′ as a function of frequency of neat SEBS and SEBS/CNT 

nanocomposites at different CNT weight fractions 

Reprinted with permission from reference [16] 

2-2) Simulation of the evolution particle network during processing and post-treatment 

Achieving a low percolation threshold concentration through the optimization of the CPC 

composition, morphology and conductive networks configuration as discussed above, does not 

necessarily halt its morphological evolution. Instead, the percolation threshold is dynamic and can 

vary if the CPC material is subjected to a post-treatment such as thermal annealing at a temperature 

above the melt or softening point of the polymer matrix or to a further processing. A simple thermal 

annealing could result in a change of electrical properties of CPC, containing graphene, CNT or 

CB particles, as illustrated in Figure 17. The change of electrical properties is attributed to 

redistribution of conductive networks due to various reasons highlighted in previous sections, 

mainly:  diffusion and migration of conductive particles, coarsening of blend morphology for 

double percolation type materials, change in the crystalline structure of the polymer matrix or in 

some cases the application of an external field treatment such as an electric field [31, 45, 58, 60, 

114, 131, 132]. 
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                                       (a)                                                              (b) 

 
     (c) 

Figure 17: (a) Dependence of electrical conductivity on CB content for PS/PMMA/CB 

composites annealed at 200 °C for different times: squares: 0 mins, circles: 30 min; triangles: 

120 min  (reprinted with permission from reference [31]), (b) Dependence of room temperature 

electrical conductivity of EVA/GnP, LLDPE/GnP and LLDPE/EVA/GnP nanocomposites with 

different GnP concentrations, annealed at 160 °C up to 120 minutes (reprinted with permission 

from reference [45]) and (c) power-law fitting and experimental data of electrical conductivity of 

PP/PS/MWCNT nanocomposites before and after annealing at 200 °C versus reduced filler 

content (ρ − ρc) (reprinted with permission from reference [60]) 

 

2-2.1) Thermal annealing 

To explain further the phenomenon, Kurusu et al.[114] and Helal et al.[58] used rheology as a tool 

to get insights of the evolution of morphology and explain the evolution of electrical properties of 

low linear density polyethylene (LLDPE), ethylene vinyl alcohol (EVA) and blends of the two 

polymers forming a co-continuous morphology to which graphene nanoplatelets had been added. 

For that, they subjected the materials to time sweep tests at 160o C (above melting temperature of 

both polymers) using a rotational rheometer and evaluated the evolution of the storage modulus at 

a frequency of 0.1 rad.s−1. In parallel they annealed the material in the hot press and evaluated the 

electrical conductivity as a function of annealing time. The findings depicted in Figure 18 and 

Figure 18(b) revealed an interesting trend. While the storage modulus and electrical conductivity 

of the single-phase polymer composites, i.e. LLDPE/GnP and EVA/GnP, exhibited a steady 
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increase during annealing, the behavior differed for the LLDPE/EVA/GnP blends. In the case of 

the blends, both the storage modulus and electrical conductivity reached a plateau after 

approximately 30 minutes, indicating a stabilization in morphology. The increase of storage 

modulus and electrical conductivity was attributed to both a coarsening of the blend morphology 

and a migration of the graphene to the interface between the polymers, as also observed by Bai et 

al.[115]. However, and despite employing a superposition principle intended to decouple the 

effects of blend morphology and conductive particles network evolution, pinpointing the exact 

cause of this stabilization remained challenging. 

 
(a)                                                                     (b) 

Figure 18: Evolution of storage modulus G’ of LLDPE/GnP, EVA/GnP and LLDPE/EVA/GnP 

nanocomposites annealed at 160 °C as function of annealing time: (a) LLDPE/GnP and 

EVA/GnP and (b) LLDPE/EVA/GnP 

Reprinted with permission from reference [58] 

Strugova et al.[60] conducted similar studies, working with a tailored blend of 

polypropylene/polystyrene (PP/PS) to which multiwall carbon nanotubes (MWCNT) had been 

added. In their study, they performed a combined rheological and electrical characterization of the 

blend using a MCR501 Anton Paar rheometer equipped with a dielectro-rheological device (DRD 

with ST2826/A high-frequency LCR meter). They subjected the blend to a sequence of small 

amplitude oscillatory shear (SAOS), thermal annealing, and SAOS, as shown in Figure 19 and 

evaluated the evolution of their rheological and electrical behaviors. 
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Figure 19: experimental protocol consisting of a sequence of SAOS, followed by a time sweep 

(simulating thermal annealing), followed by another SAOS, to evaluate the evolution of CPC 

morphology during thermal annealing 

Reprinted with permission from reference [60] 

Figure 20 depicts the evolution of the electrical conductivity and storage modulus of the 

PP/PS/MWCNT blends studied during annealing. The results demonstrate similarities to those 

observed by Helal et al. [58], in terms of the evolution of electrical conductivity and storage 

modulus G’ with annealing time. To determine whether the change in electrical conductivity was 

attributable to a change in blend morphology or to the evolution of MWCNT network, the 

researchers modeled the behavior of the SAOS data before and after annealing, respectively. They 

utilized a modification of the theory proposed by Yu et al. [133], which predicts the SAOS behavior 

of polymer blends with co-continuous morphology. This modified model establishes a relationship 

between the rheological behavior of a co-continuous morphology blend subjected to SAOS, the 

rheological behavior of the pure component and the interfacial area between the polymers. 

Through their analysis, they observed that thermal annealing of the blend nanocomposites led to a 

maintained or slightly more refined co-continuous morphology and a reduction of electrical 

percolation threshold by over 70% due to the migration of MWCNT to the PP/PS interface. The 

presence of higher fraction of kinetically trapped MWCNT at the interface helped to prevent the 

coalescence and coarsening of the blend morphology, as compared to unfilled PP/PS blend which 

exhibited significant increase of its characteristic domain size after thermal annealing.  
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(a)                                                                 (b) 

Figure 20: (a) electrical conductivity as a function of annealing time for PP/PS/MWCNT with 

different concentrations measured at 20 Hz and 200 °C, (b) time dependent evolution of storage 

modulus (G’) at 200 °C 

                                  Reprinted with permission from reference [60] 

2-2.2) Steady shear deformation  

Besides thermal treatment present in annealing  thermo-mechanical stresses, often encountered 

during melt processing of polymers, blends and their (nano)composites, can induce ongoing 

changes in their respective morphologies and, therefore, on their functional properties. It is 

therefore essential to understand how morphology of materials, particularly blends, evolves when 

subjected to such conditions. Unfortunately, when deformations become rapid and large, 

corresponding to those typically encountered during melt processing, the material’s rheological 

behavior enters the nonlinear regime, where conventional constitutive equations may not apply, 

and it is not easy to predict the evolution of morphology.  

Using the same approach as in their prior study, Strugova et al. [61] subjected PP/PS/MWCNT 

blend nanocomposites to a sequence of SAOS, steady shear and SAOS to assess the impact of 

steady shear deformation on the co-continuous PP/PS blend’s morphology, MWCNT conductive 

network, and resulting electrical conductivity. They observed that the evolution of the blend 

morphology and MWCNT network depended on the magnitude of shear strain, shear rate and 

MWCNT concentration. More specifically, when the MWCNT concentration reached a level high 

enough to fully cover the interface, the morphology and conductive particle network were 

stabilized. However, if the concentration of MWCNT is slightly below this critical threshold, the 

morphology tends to coarsen and the electrical network is disrupted, although total restoration is 

possible through thermal annealing or stress relaxation. Conversely, when the concentration of 

MWCNT is significantly lower than the interface coverage threshold, total recovery from the 

disruptive effect of applied shear strain and rate cannot be achieved. Figure 21 gives a schematic 

summary of their findings.  
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Figure 21: effect of steady shear deformation at different shear rates and stress relaxation on the 

morphology and electrical conductivity of co-continuous PP/PS blends containing different 

MWCNT loadings 

Reprinted with permission from reference [61] 

Similar trends were obtained by Kou et al. [56] who worked with co-continuous blends of 

PLA/EVA to which GnP had been added. At 0.5 wt% GnP, a concentration well above the 

percolation threshold estimated at 0.048 wt. %, they concluded that the interfacial GnP network 

and the electrical conductivity recover with thermal annealing after nonlinear deformation, as 

illustrated in Figure 22. They also found that the electrical conductivity is maintained during 2-10 

mins melt compounding (Figure 6(b)), a relatively large range, suggesting that GnP form robust 

networks capable of maintaining the original electrical conductivity of the blends during 

subsequent melt processing. This robustness is related to the higher interfacial stability of GnP and 



27 
 

particles with 2D geometry in general, compared to CNT (1D) and CB (0D), according to the slim-

fast mechanism [118, 134].  

It is worth noting that the shear rates at which Strugova et al.[61] and Kou et al. [56] subjected 

their blend nanocomposites are much lower than the ones typically encountered during melt 

processing and therefore more research should be carried out in this direction.  

 
Figure 22: Evolution of the electrical conductivity of PLA/EVA blend containing 0.5 wt.% GnP 

after transient shear at different rates and stress relaxation 

Reprinted with permission from reference [56]  

III- Recycling of CPC 

 

3-1) Main routes of plastics recycling: review  

Plastics recycling has been extensively investigated during the last decades due to the pressing 

need to increase plastic recycling rates and to adopt circular approaches in the management of 

plastics waste. The main recycling routes that have been investigated are mechanical recycling and 

chemical recycling [135, 136]. Mechanical recycling presents lower carbon footprint, and impact 

on the environment as well as lower cost, compared to the other recycling processes [136, 137]. It 

consists of crushing or shredding plastic parts at the end-of-life followed by a fine grinding into 

smaller pieces. These pieces can be ultimately used to manufacture the same product (closed-loop 

recycling) or a different product (open-loop recycling) by using standard plastic manufacturing 

processes, such as extrusion, injection molding and/or compression molding. However, one major 

challenge of mechanical recycling is the thermo-mechanical and thermo-oxidative degradation 

suffered by most thermoplastics during their melt reprocessing. In fact, the temperatures and shear 

rates at which the polymers are melt processed, during extrusion for example, result in molecular 

degradation and associated changes in material’s properties. This issue becomes even more 

relevant in the context of extensive or repeated mechanical recycling. Therefore, extensive 

mechanical recycling of plastics, particularly polyolefins, has been experimentally simulated by 

performing multiple extrusion cycles [138, 139]. In addition to unfilled thermoplastics, repeated 

mechanical recycling of thermoplastic composites reinforced with fibers and particle fillers such 

as talc and fumed silica has been investigated in several studies. Typically, these studies report the 

effects of repeated reprocessing steps on the structure and thermo-mechanical properties [138, 

https://www.sciencedirect.com/topics/engineering/grinding-machining
https://www.sciencedirect.com/topics/materials-science/injection-molding
https://www.sciencedirect.com/topics/materials-science/compression-molding
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140]. Besides standard mechanical recycling or reprocessing, possible strategies for recycling or 

improving the sustainability of thermoplastic composites include partial using recycled polymer 

matrices with virgin filers or recycled fillers recovered from waste  such as ground tyre rubbers 

[141] and post-used carbon fiber thermoset composites [142].  

In the following sections, recycling of carbon nanomaterials-based CPC will be discussed. Focus 

will be limited to mechanical recycling due to its relevance.  

3-2) Recycling of carbon nanomaterials-based CPC 

Similar to unfilled thermoplastics and other thermoplastic composites, mechanical recycling of 

CPC involves the challenges associated with the thermo-mechanical and thermo-oxidative 

degradation of thermoplastic matrices. An additional major consideration, specific to this class of 

materials, is the evolution of conductive filler networks during processing which depends on 

multiple factors related to the intrinsic characteristics of the conductive filler and thermoplastic 

matrix as well as to the processing/reprocessing conditions, as discussed in the previous sections 

of this chapter. As the electrical conductivity of CPC is strictly governed by the conductive filler 

networks, all these factors must be taken into consideration in the mechanical recycling of CPC 

and in the design/development of new recyclable CPC.  

Our review of current literature on fully recyclable carbon nanomaterials-based CPC revealed a 

predominant focus on case studies involving flexible conductive thermoplastic or thermoplastic 

elastomer composites. These studies primarily employ mechanical recycling strategies [8, 11, 143-

145]. Flexible CPC commonly utilize polymer matrices such as Thermoplastic Polyurethane 

(TPU), Styrene-Butadiene Rubber (SBR), and Poly(Styrene-Ethylene-Butadiene-Styrene) Rubber 

(SEBS). As this category of CPC is particularly relevant for strain sensing applications and flexible 

electronic devices, the recycling investigations delve into the evolution of electrical, mechanical, 

and, in some instances, sensing properties after several recycling cycles. The recycling process 

typically involves shredding and grinding the CPC material, followed by reprocessing via 

compression or injection molding. 

For instance, in the studies of Dong et al. [143] and Yan et al. [144] , PU/MWCNT nanocomposites, 

with CNT loadings in the range 3 to 7 wt.%, were mechanically recycled by cutting into small 

pieces and remolding using the hot press. This cycle was repeated multiple times. The evaluation 

of mechanical properties and electrical conductivity was performed at each cycle and revealed that 

these properties can be restored for at least 3 reprocessing cycles, as illustrated in Figure 23. 

Following the same recycling procedure, Shen et al.[11] studied the recycling of SEBS/GnP 

composites featuring initially a segregated structure and a low percolation threshold around 0.3 

vol.% GnP. They found that the electrical conductivity of the composite containing 1.1 vol.% GnP 

was maintained up to 3 recycling cycles and concluded that the segregated structure was well-

recovered in the recycled composites. In another study by Stan et al.[145], the recycling of 

injection molded low-density polyethylene (LDPE)/MWCNT nanocomposites containing 0.5 up 

to 5 wt.% MWCNT was investigated. Shredding and injection molding were adopted for 

reprocessing. The authors reported as well minimal or no reduction of the electrical and rheological 

properties after one recycling cycle and concluded that these composites can undergo multiple 
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reprocessing cycles. Furthermore, compared with the virgin composites, the recycled composites 

exhibited a significant increase of strain at break up to 30%, especially for MWCNT loadings 

higher than 1 wt.%. Tensile and tensile modulus were improved as well but a lower extent. The 

authors attributed the improvement of mechanical properties in the recycled materials to a better 

polymer/CNT interface due to a partial breakage of the secondary agglomerates of CNT during 

recycling, without affecting the electrical conductivity.  

It is worth noting that, in most of the above-mentioned studies, conductive composites featured 

originally a random spatial distribution of the conductive particles. Also, the loadings of 

conductive particles in the composites selected for the recycling evaluation are well above the 

percolation threshold. These two conditions facilitate the reconstruction of the conductive 

networks during reprocessing, in a state akin to the original composites. 

 
Figure 23: Evolution of the electrical conductivity of PU/MWCNT composite after multiple 

recycling cycles 

Reprinted with permission from reference [143] 

Another relevant strategy aiming at improving the environmental sustainability of CPCs is based 

on the use of recycled thermoplastic matrices melt compounded with virgin or recycled conductive 

fillers to develop new CPCs. In the particular, studies of Rahaman et al.[146] and Lu et al. [29] 

have investigated respectively the use of recycled polyethylene (mixture of LDPE and LLDPE 

grades) and blends of recycled HDPE with polylactic acid (PLA) as matrices for CB containing 

CPCs. The new CPCs were respectively fabricated by solvent mixing and melt compounding and 

exhibited electrical and mechanical properties adequate for use in ESD and EMI shielding 

applications, among others. However, it is worth noting that the processability and properties of 

these materials were not compared to counterparts obtained with virgin polymers and the evolution 

of their performance after reprocessing has not been evaluated. In an analogous approach, recycled 

conductive fillers, such as graphite powders recycled by simple chemical and thermal processes 

from electric discharge machining electrode scraps and anode materials from lithium-ion batteries, 

are combined with virgin or recycled polymer matrices to produce new CPCs [147, 148]. An 

example of this approach, reported by Jena et al. [148], is illustrated in Figure 24, where recycled 

graphite was melt compounded with HDPE using a twin-screw extruder. Then, the resulting 
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composites were injection molded. In this study, CPCs obtained with the reclaimed graphite 

exhibited the same level of electrical conductivity compared to those fabricated with commercial 

graphite. Moreover, higher elongation at break and tensile strength were achieved and attributed 

to a better dispersion of the recycled graphite compared to the commercial graphite in the HDPE 

matrix due to possible formation of functional groups during the graphite reclaiming process.  

 
Figure 24: Steps involved in the fabrication of HDPE composites containing recycled graphite 

from anode materials 

Reprinted with permission from reference [148] 

Although they are not equivalent to fully recyclable CPCs and do not directly address closed-loop 

or repeated recycling, strategies based on use of recycled polymer matrices and/or recycled 

conductive fillers to develop new CPCs enable two significant advantages: 1) reduction of the 

environmental impact associated with the manufacturing of CPCs through the use of recycled 

materials, and 2) flexibility to use the typical approaches to tune conductive networks and achieve 

low percolation thresholds such as polymer blends with controlled morphology, segregated 

structures, hybrid fillers… 

Recently, more holistic approaches to address the end-of-life of devices comprising CPCs, such 

energy harvesting and energy storage devices, have been investigated. Among them, the recent 

study by Di Persio et al.[149], which proposes mechanical, thermal and chemical-based 

approaches to recover and recycle valuable materials used in piezoelectric and thermoelectric 

generators. In particular, they discuss the recycling of one type of CPC present in such devices, 

namely:  Polyether ether ketone (PEEK)/SWCNT composites which are used to make 

thermoelectric composite legs. The simplest suggested approach to recycle these materials is based 

on mechanical recycling by melt compounding, with potential addition of virgin PEEK, SWCNT 

or additives such as polyethylene glycol, to tailor the properties of the reprocessed composite.  
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3-3) Effect of conductive nanomaterials on recyclability and multifunctional properties of 

CPC  

In general, the approach of upgrading the functional properties of recycled polymers using 

nanoparticles is a widely acknowledged avenue and has been extensively investigated by 

researchers in the last years [50-52, 150-156]. Different nanofillers, such as nanoclays, nano silica, 

nano CaCO3 and carbon-based nanomaterials, have been applied to different recycled polymers, 

especially packaging plastics such as PET, PP, PE, PS, etc. The addition of nanoparticles resulted 

in enhancements of a wide range of properties including mechanical reinforcement, thermal 

stability, barrier properties and processability, to name a few. 

In CPC materials, carbon-based nanomaterials as a class of nanomaterials, bring in addition to the 

desired improvement of electrical conductivity, several benefits, as expected. Some of these 

additional benefits are of particular interest, in the context of recyclable CPC or CPC made from 

recycled materials.  

More precisely, improvement of thermal stability of the polymer matrix is an advantage widely 

observed when adding different types of carbon nanomaterials to thermoplastic matrices. In Figure 

25, thermograms of PP/CB and PP/GnP subjected to thermogravimetric analysis (TGA) at constant 

heating rate of 10 °C/min reveal the shift of thermal degradation toward higher temperatures with 

increasing loading of GnP or CB. This improved thermal stability allows better protection of the 

virgin and recycled polymer matrices during reprocessing/recycling, which can translate in a 

higher number of recycling cycles without loss of properties  [12, 29, 146-148]. 

 
                                              (a)                                                                       (b) 

Figure 25: effect of conductive particles on the thermal degradation behavior of PP matrix at 

different loadings, (a) CB and (b) GnP (Courtesy of MSc student Omayma Belgacem) 

In the context of recyclability and processability, another interesting property, characteristic of 

some carbon-base particles such as graphite, graphene and their derivates, is the process aid effect. 

In fact, when added at low loadings and featuring certain dispersion states, particles with 2D 

geometry may facilitate the flow of molten polymer resulting in a viscosity decrease and easier 
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processing, which also translates in lower thermo-mechanical stress and less extent of thermal 

degradation. Recently, Genoyer et al. [46] investigated, through a rheological study, the 

effectiveness of different graphene grades as processing aids in molten polystyrene (PS). They 

observed a maximum decrease of viscosity, up to 29%, at 2 wt.% graphene loading, and that the 

efficiency of this process aid effect is strictly dependent on the presence of secondary 

agglomerates. They concluded that this effect is attributed to the phenomenon of superlubricity, 

which is a lubricating mechanism that is closely linked to the atomic structure of the particles and 

to the angles between the agglomerated flakes, as proposed by Ferreira et al. [157].  

Besides properties related to reliability and processability, carbon-based nanomaterials can act as 

photo-stabilizers and physical barriers, protecting polymer matrices from weathering and agents, 

such as oxygen and water, contributing to their accelerated degradation during use [21, 48, 49, 

158, 159]. In particular, carbon-based nanomaterials feature a combination of photo-stabilization 

mechanisms, mainly: UV absorption and free radical scavenging [49, 160]. 

At last, nanoparticles have the potential to act as non-specific compatibilizers for polymer blends, 

allowing to stabilize their morphologies. Nanoparticles compatibilization mechanisms are 

attributed to their alteration of the viscosity ratio and mainly to their migration at the polymer-

polymer interface, thereby preventing coalescence [56, 61, 124, 161-169]. As seen in the previous 

section when discussing CPC systems based on polymer blends, nanoparticles interfacial 

localization depends on various factors: thermodynamics, kinetic aspects related to processing and 

mixing, as well as nanoparticles attributes like surface chemistry and geometry. Besides, 

nanoparticles with 2D geometry, such as graphene and its derivates, are expected to exhibit more 

interfacial stability due to their slow migration rate and adaptability to interfaces [56, 170]. Also, 

nanoparticles loadings higher than a critical threshold for full interface coverage, which is higher 

than the electrical percolation threshold, are needed to ensure stability of the interfacial network 

and of the electrical conductivity [56, 61]. Hence, in the case of double percolated CPC systems 

based on co-continuous polymer blends, carbon-based nanoparticles are expected to play a dual 

role: 1) conductive filler and 2) compatibilizer, enabling and facilitating the reprocessing of this 

class of multiphase polymer CPC, while maintaining their morphology and functional properties. 

Furthermore, the compatibilizer role of nanoparticles allows to consider mixed plastic waste 

streams, a class of plastic waste typically directed to landfilling, in the development of CPCs. In 

this context, studies on the use of graphene to valorize recycled HDPE and mixed polyolefins 

waste streams have been recently published by Sultana et al. [50, 52] and Diallo et al. [51].   

However, the compatibilizing efficiency of bare or pristine nanoparticles is typically limited. To 

promote nanoparticles localization and stability at polymer blend interfaces and increase their 

compatibilization efficiency, it is possible to tune their affinity to the polymer phases via surface 

modification [171, 172]. This step increases their interfacial interactions with the polymer phases. 

Commonly reported strategies to endow reactive groups on inorganic nanoparticles is 

via silane coupling agent [172, 173]. Other strategies such as grafting molecular chains of each 

polymer component to the surface of nanoparticles to obtain Janus nanoparticles might be more 

complex and blend specific [174]. In addition, some surface modifications might alter the alter the 

electrical properties [175]. 

https://www.sciencedirect.com/topics/materials-science/silane
https://www.sciencedirect.com/topics/engineering/molecular-chain
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3-4) Additive manufacturing of CPC as a circular process for CPC  

Material extrusion-based additive manufacturing (MatEx AM) processes, such as Fused Filament 

Fabrication (FFF), are known for their efficiency in terms of material and energy consumption. 

The recent trend in MatEx AM research is focused on using recycled plastics or composites based 

on recycled plastic matrices, as 3D printing feedstocks. Also, the development of large-scale 3D 

printers and pellet 3D printers is promoting further the use of recycled plastics in these processes 

and their integration simultaneously as manufacturing and recycling strategy, in the aim of 

enhancing circularity and decentralizing plastic waste recycling [176-184]. In this context, some 

recent studies investigated the effect of thermomechanical treatment through repeated recycling 

involving filament extrusion and 3D printing or direct pellets 3D printing, on the mechanical 

performance, thermal behavior and printability of different plastics [181].  Most of these studies 

reported overall maintained mechanical properties and printability after several recycling cycles. 

From another front, MatEx AM is also attractive for CPCs. It allows significant design flexibility, 

compared to conventional manufacturing processes, to fabricate complicated geometry 

components namely for applications such as sensors and flexible electronics [4, 5, 9, 12, 15, 185-

192]. The thermoplastic matrices that have been investigated in these studies, include:  TPU, ABS, 

PP. PLA and PBT. CB, CNT and graphene materials have all been investigated as conductive fillers 

as well.  Overall, ranges of conductivity like those obtained by CPC conventional manufacturing 

methods were successfully achieved. However, difficulty in incorporating high loadings of some 

conductive fillers, mainly CNT, and 3D printing constrains, such as slow print speeds and low 

resolution have been reported [185]. It is worth noting that the cited studies are related to CPC 

manufactured by FDM or pellet 3D printing. Other AM techniques such as Selective laser sintering 

(SLS) or Direct Ink Writing (DIW) have been investigated for the fabrication of CPCs. They were 

not considered in this discussion since they are less relevant to the context of recycling. 

The use of recycled polymer matrices in 3D printing of CPCs has not been extensively 

investigated. A recent study by Stan et al.[12] investigated the printability and piezoresistive 

behavior of recycled TPU(rTPU)/CNT vs. virgin TPU(vTPU)/CNT conductive nanocomposites 

containing up to 5 wt.% CNT. Initially, both types of nanocomposites were extruded to obtained 

filaments, which were 3D printed into samples with different infill orientations. The 

characterization of the mechanical properties and electrical conductivity of both types of 

nanocomposites revealed that their mechanical and electrical performance is comparable. 

However, the addition of 5 wt.% CNT to both types resulted in a significant decrease of elongation 

at break compared to unfilled TPU, which can be a limiting factor for repeated recycling of 

TPU/CNT nanocomposites. 

Conclusion  

The advancement of conductive polymer composites (CPCs) brings with it challenges and 

opportunities in terms of processability, recyclability, and durability. With the increasing pressure 

for recycling and distributed recycling and the growing demand for sustainable production, several 

key considerations emerge. 



34 
 

One crucial area for future research is the identification and evaluation of techniques to mitigate 

polymer degradation and improve the properties of reprocessed/recycled thermoplastics and their 

(nano)composites within the context of distributed recycling. In the context of CPCs, this also 

includes addressing the challenge of maintaining low and ultra-low percolation thresholds without 

compromising optimized conductive network structures and electrical conductivity. 

Achieving low percolation thresholds depends on various factors such as:  1) content, geometry 

and surface chemistry of the conductive nanofillers, 2) affinity between the nanofillers and 

polymer matrices, 3) rheological properties of the polymer matrices as well as 4) processing 

techniques and parameters.  

While literature is still limited on the topic CPCs recycling, the current studies indicate that CPCs 

with conductive nanoparticles loadings well above the percolation threshold can be recycled 

mechanically up to a few cycles without significant loss of their electrical conductivity or other 

physical properties. The presence of robust network structures at nanofillers above the percolation 

threshold ensures their maintenance/easy reconstruction during the recycling process. Hence, 

designing CPCs with balanced loadings of conductive fillers, well above the percolation threshold 

but without significant processing challenges and increased costs, can be one way to ensure their 

recyclability at their end-of-life. 

CPCs with low/ultra-low percolation thresholds and tailored/complex conductive networks, such 

as those achieved through segregated structures and double percolated multiphase polymer blends, 

may pose higher challenges in maintaining their conductive networks and conductivity post-

recycling. However, available literature suggests that mild recycling processes like shredding and 

compression molding can preserve the original conductive structure in CPCs featuring segregated 

networks. 

In the case of CPCs fabricated from polymer blends, the selective localization of conductive 

nanoparticles with specific geometries and surface chemistries at blend’s interfaces enhances their 

role as both conductive fillers and blend compatibilizers. This dual functionality not only improves 

mechanical recycling but also opens avenues for integrating mixed plastic waste streams into CPC 

development. In this context, conductive nanofillers with 2D geometry might be of particular 

interest due to their better stabilization at the interface and slow migration rates.  

Finally, as we move forward, considerations for recycling existing CPCs and designing new ones 

with recycling in mind will be paramount. Therefore, understanding CPCs' behavior under 

different recycling scenarios, through appropriate rheological characterization will provide 

valuable insights for more sustainable and efficient production and recycling practices, especially 

when integrated with additive manufacturing technologies. 
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