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Abstract  

Bio-based composites are being increasingly used in applications where weight 

saving, and environmental friendliness are as important as structural performance. 

Obviously, bio-based materials have their limitations regarding durability and stability 

of the properties, but their potential in use for advanced applications can be expanded 

if they were functionalized and considered beyond their structural performance.  

Multifunctionality in composites can be achieved by modifying either of the 

composite constituents at different levels so that they can perform energy-associated 

roles besides their structural reinforcement in the system. For the fibers, this can be 

done at the microscale by altering their microstructure during spinning process, or 

by applying functional coatings. As for the matrix, it is usually done by incorporating 

particles that can impart the required characteristics to the matrix. The nano-sized 

particles that might be considered for this objective are graphene derivatives and 

carbon nanotubes. A big challenge with such materials is the difficulty to reach the 

homogeneous dispersion and stable network necessary for them to become 

functional. However, once the network is formed, the composite can have improved 

mechanical performance together with one or more of the added functionalities such 

as barrier capabilities, thermal and/or electrical conductivities or electromagnetic 

interference shielding effectiveness. 

Enormous work has been done to achieve the functionality in composites produced 

with special care in laboratories. However, when it comes to mass production, it is 

both cost and energy inefficient to use intricate, complex methods for the 

manufacturing. Hence there is a need to investigate the potential of using scalable 

and industrial-relevant techniques and materials with acceptable compromise 

between cost and performance, in order to meet the modern technology’s need in a 

sustainable manner.  

The work presented in this thesis aims at achieving functional composites based on 

natural and man-made cellulosic fibers suitable for industrial upscaling. Conductive 

Regenerated Cellulose Fibers (RCFs) were produced by coating them with copper 

by electroless plating process using commercial materials. On the other hand, 
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commercial masterbatches based on Graphene Nano-Platelets (GNPs) were used to 

produce wood polymer composites (WPC) with added functionality by melt 

extrusion process. The process is one of the conventional methods used in polymer 

production and needs no modifications for processing functional composites. Both 

materials together can be used to produce hybrid multiscale functional composites.  

The incorporation of the GNP into a matrix of high-density polyethylene (HDPE) 

has resulted in improvement in the mechanical properties of the polymer as well as 

composite reinforced by wood flour. Stiffness has increased significantly while effect 

of modifiers on the strength was less pronounced (>100% and 18% for stiffness and 

strength at 15 wt% GNP loading). Besides, enhancement of thermal conductivity at 

high graphene loadings was observed. Moreover, time-dependent response of the 

polymer has also been affected and the addition of GNP has resulted in reduced 

viscoplastic strains and improved creep behavior.  

The copper-coated cellulose fibers showed a substantial increase in electrical 

conductivity (measured resistance was <1Ω/50 mm of coated samples) and a potential 

in use as sensor materials. However, these results come with the cost of reduction in 

mechanical properties of fibers (10% and 70% for tensile stiffness and strength, 

respectively), due to the effect of chemicals involved in the process.  

 

Keywords: Composites, cellulosic fibers, modified matrix, nanocomposites, 

graphene nanoplatelets, wood polymer composites, functionality, mechanical 

performance.  
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1.  Introduction 

1.1. Composites – short overview  

Composite materials are those composed of at least two-phase components of 

distinctive physical characteristics, combined to form a new material possessing 

properties that individual constituents cannot provide [1]. Usually, one phase is in a 

discontinuous form (fibrous, particulate, platelets, etc.) while the other is in a form 

of continuous matrix whose role is to keep together the fibers and ensures a smooth 

and efficient transformation of the loads between the constituents. The most common 

type of composites used in industry nowadays are the fiber reinforced polymer 

composites. Both classes of polymers, thermoplastics and thermosets, ranging from 

commodity plastics to epoxies and engineering plastics are being reinforced with 

various types of fibers, such as glass, carbon, polymer fibers (e.g. polyethylene and 

aramid fibers), or natural fibers. 

The advantages of these materials lie in their light weight and the tunable properties 

to the direction of load application. Reduction in mass of a structural part made of 

aluminum reaches up to 20% if replaced by thermoplastic composite of the same 

performance [2].  

The performance of the final composite depends on several factors beside the choice 

of material and reinforcement form. Wetting of fibers and subsequently adhesion 

between the constituents is one of the most effective parameters on load transfer 

capability of the composite. The manufacturing process and processing parameters 

are other important factors. Defects induced in the composite during manufacturing 

(damage or misalignment of the fibers or presence of voids) limit the exploitation of 

the composite’s full potential.    

Composite technology has developed from the basic solutions for construction 

applications to the most advanced applications in aerospace and advanced electronics. 

Figure 1 shows the state of market of fiber reinforced polymer composites in a recent 

year where automotive industry is in the leading position with respect to the 

application of composites. Processing and manufacturing have also evolved from the 
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simple hand lay up to the use of additive manufacturing techniques where more 

complex geometries are possible to produce by implementing computer aided designs 

e.g. in 3D printing  [3]. 

Due to the growing awareness in environment, attention has been shifted to bio-

based composites and their potential to replace conventional fossil fuel-based 

counterparts. Those can be in a form of bio-based matrix, example polylactide (PLA) 

[4] or starch; bio-based fibers such as mineral, plant or animal based fibers; or all 

natural composites [5,6]. Plant fibers, more specifically cellulosic fibers, and their 

composites are the central focus of this study and will further be discussed in the 

sequel.  

 

 

Figure 1. Global fiber reinforced polymer composite market by application, 2016. 

Figure recreated from [7]. 

 

1.2. Cellulose Fibers  

Cellulose is the most abundant polymer on earth and the main component in plant 

fibers. It is available from variety of sources and used in different applications. Figure 

2 shows some of the common sources of cellulose and some other alternative ones. 

As most of cellulose fibers are extracted from plants, they are subject to variation in 

properties due to the dependence of their composition on the growing/cultivation 

conditions. Textile industry of cellulose fibers accounted for 44% of the global 
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revenue share in 2015, driven by fabric reinforced polymer composites as their major 

application [8]. This is result of the ambitious attempt to replace some of the most 

conventional manmade fibers (e.g. glass) by bio-based fibers in wider applications. 

When compared to glass fibers, they compete in many important aspects, as shown 

in Table 1, mostly related to energy and environment. Among the various types of 

cellulose fibers, flax, hemp and soft-wood-kraft possess the closest mechanical 

properties to glass fibers [10], especially stiffness wise. Young’s modulus and strength 

of soft wood fibers are about 1000 MPa and 40 GPa respectively, compared to 2000–

3500 MPa and 70.0 GPa for glass E. The values are comparable if properties are 

normalized with densities (1.5 g/cm3 for soft wood vs 2.5 g/cm3 for glass). However, 

they are inferior in terms of environmental durability and compatibility with the 

polymer matrix and need surface modifications (chemical, thermal, etc.) to improve 

fiber/matrix interface. Almost all discussions about the performance of the cellulose 

fibers in their composites involve the constituents’ interaction and degree of adhesion. 

For example, in studying general performance [11,12] or a specific property such as 

resistance to creep [13]. Improving the adhesion by the chemical modification of 

fiber surface has largely been investigated by the use of different chemicals [11,14] 

some of which have shown negative impact on the aspect ratio of fibers [15]. 

 

 
Figure 2. Sources for cellulose, common and alternative (modified from [16]). 
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Table 1. Comparison between natural fibers and glass fibers (recreated from [9]). 

 Natural Fibers (NF) Glass Fibers 

Density Low ~2× that of NF 

Cost Low Low, but higher than NF 

Renewability Yes No 

Recyclability Yes No 

Energy consumption Low* High 

Distribution Wide Wide 

CO2 neutral Yes* No 

Abrasion to machines No Yes 

Health risk when inhaled No Yes 

Disposal Biodegradable Not biodegradable 

* depending on the harvest and processing 

 

1.2.1. Regenerated Cellulose Fibers (RCFs)  

Cellulose by itself has an identical structure regardless the variation of its sources [17]. 

If cellulose molecules are extracted and shaped into continuous fibrous form, more 

stable properties can be achieved, compared to the wide range offered by natural 

fibers. Fibers produced by this concept are known as the regenerated cellulose fibers 

(RCFs). Extraction and regeneration of cellulose is done by different methods, some 

of which involve hazardous chemicals and solvents, making the low environmental 

impact of these fibers questionable, despite their natural resources. However, 

production technologies of these materials are progressing, and some newer 

generations and modifications of these fibers are assessed to have better environmental 

impact than cotton fibers for instance - let alone if compared to conventional fossil 

based fibers [18].  

A general description of the processing of RCFs, extracted from the website of the 

manufacturer of viscose rayon cord CORDENKA® [19], is described here:  

The process starts with the use of high purity pulp which goes through multi-stage 

processing to produce multi-filament yarn. Carbon disulfide and sodium hydroxide 

are used to dissolve the pulp. The solution goes through stages of ripening, filtration, 

degassing, and then spinning. Through spinnerets, the viscose is pumped into a 

spinning bath where cellulose yarn regenerates and precipitates. These yarns are then 
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stretched, fixated and washed before wound on bobbins. In this stage, the yarn is 

ready to get the appropriate sizing after washing and let to dry. To improve 

sustainability of the process, the spinning bath is reproduced, and chemicals are 

recovered to be reused. Example specifications of the resulted fiber yarns, available 

under the trade name CORDENKA® Super 3, are reported in Table 2.  

 

Table 2. Properties of commercial RCF yarn CORDENKA® 700 Super 3 

(extracted from [20]). 

Number of 

filaments 

(nominal) 

Linear density  

 

(g/m) 

Breaking force 

 

(N) 

Breaking 

tenacity  

(kN ∙ m/kg) 

Elongation at 

break  

(%) 

1350 2.485 127.9 515 12.2 

 

Properties of fibers are dependent on the type of the processing method and its 

parameters. Variation can be in terms of physical characteristics like shape of fibers (as 

presented in Figure 3 left) or in terms of performance (Figure 3 right). Reported 

elastic moduli of some of these fibers range between 9.4 and 41.7 GPa for regular 

viscose and Bocell, respectively. However, high properties are usually associated to 

fibers carefully produced in the laboratory, as in the case of the mentioned Bocell 

fibers, which is not commercialized [21].  

Studies on manmade cellulosic fibers compared to natural fibers showed that the 

former have better influence on the strength of PLA composite compared to natural 

fibers while marginal effect on stiffness was noticed. On the other hand, bonding 

between the fibers and the matrix seems to be better in natural fibers that have a 

rough surface compared to that of RCFs [22]. Based on their processing technologies, 

the reinforcing efficiency of RCFs  in composites vary, and thus properties can be 

tuned to the needs by the fiber-type selection [23]. One very important characteristic 

of the composites based on these fibers is the improved energy absorption and 

elongation at break inherent from their high stretch ability [24,25]. 
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Figure 3. (left): Variation of the cross section of RCF with production method 

(upper; scale bar is 10 µm), and with variation of parameters of the same process; in 

this case the concentration of acid in the spinning bath (lower; scale bar is 5 µm). 

Image adapted from [26]; (right): properties of RCF produced in different methods. 

 

1.3. Wood Polymer Composites 

Wood polymer composite (WPC) is termed for the composites with any type of 

wood reinforcement (wood fibers, wood flour, etc.) in a polymer matrix 

(thermoplastic or thermoset) [1]. The most commonly used matrix, though, is 

thermoplastic, more specifically those of low processing temperature (mostly 

polyolefins). This is due to the thermal instability of wood (and most natural fibers) 

over 200 ⁰C, leading polyolefins with melting points below 180 °C to be the matrix 

of choice [27], and extrusion to be the processing method when producing WPC. 

However, the matrix is not merely limited to thermoplastic, and research on 

thermoset-wood composites is available as well [28] but the role of wood in such 

composites is limited to being a cost-reducing filler rather than reinforcement. In fact, 

commercial products of wood thermoset polymers exist since as early as 1916 in the 

gearshift knob of Rolls Royce [29].  

The general classification of synthetic polymers in terms of thermal processing places 

polyolefins (polymers having at least one unsaturated carbon-carbon double bonds) 

in the class of thermoplastic polymers that can be reformed and reshaped after their 

production by the effect of heat. Classification based on production volume and 

consumption, ranks them first among other polymers [30] which makes them 

interesting materials for low cost, moderate performance applications. Among the 
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widely used polyolefins in applications of composites are polyethylene (PE) in its 

different varieties (low density (LDPE), high density (HDPE), linear low density 

(LLDPE) and ultrahigh molecular weight (UHMWPE)), and polypropylene (PP) 

[31]. Similar to the development of other types of composites, reinforcement of 

polyolefins ranges from the conventional fibers [32] including polyolefin fibers 

themselves [33], going through natural and bio-based fibers [34] to the most recent 

trend of reinforcement at the nanoscale using organic and inorganic nanofillers [35]. 

These polymers are known for the semi-crystalline nature and improved crystallinity 

results in large improvement in their mechanical properties. Partially, crystallinity is 

affected by the production of the polymer that influences directly the arrangement of 

the polymer chains. Branched, low molecular weight polymers exhibit lower degrees 

of crystallinity due the bulky arrangement of the branches that prevents the formation 

of highly ordered folded chains segments within the molecular structure. The 

opposite is true for the polymers with high molecular weight long chains with limited 

branches. Improving crystallinity has been practiced by the addition of nucleating 

agents in terms of additives around which polymer crystals initiate and grow [36]. 

The availability of wood from side streams of forest industry makes it a good 

candidate for low cost- high throughput production composites. Due to the high 

content of cellulose in wood, apparent physical characteristics, machining and use of 

WPC are similar to those of pure wood [37] with the advantage of reduced 

maintenance. Additionally, the use of thermoplastic polymer increases the 

sustainability of these materials by offering recyclability and reusability after disposal. 

This might come with the cost of possible collapsing of the wood cell walls as can be 

seen in Figure 4 which are the source of their mechanical performance. However, 

available studies show the reversed effect on performance after multiple processing 

might be noticed and it is attributed to the possible improvement in dispersion of 

wood in the matrix, or the enhancement in the molecular structure of the polymer 

[38]. Since higher performing grades of WPCs are based on fossil-derived-polymers, 

the biodegradability is obviously negatively influenced.  
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Figure 4. Micrograph of cross section of wood chip in polymer matrix after 

processing by melt compounding followed by compression molding. Left image 

shows the collapsed fibers and in the right image is a close up showing some of the 

normal-looking wood fibers and other collapsed ones. 

 

Thermal stability, environmental durability as well as long term performance are some 

of the properties that define the application of polymers in general. Current 

applications of WPC vary but are limited to low end use applications such as building 

and construction, furniture, automotive interiors, and other consumer goods such as 

packaging.  

In addition to the two main components in WPCs (wood and polymer), additives 

such as compatibilizers, UV stabilizers, fire retardants, pigments and others, are usually 

added for improved performance. This is facilitated by the flexibility of the processing 

method of WPCs. More recently, additives in the nano-scale are gaining increased 

interest in the research of this materials for their potential reinforcing effect or 

improving the durability of composite. Mechanical properties of the WPC were 

improved by about 300% by the addition of single wall CNT and MAPE as a 

coupling agent together with the enhanced dimensional stability and moisture uptake 

resistance [39]. It was found that these particles occupy the voids in the materials 

restricting water from penetrating in. The improved adhesion between the matrix 

and reinforcement is an additional factor for improved water uptake resistance. The 

incorporation of the inorganic nanoclay and TiO2 has been found to modify the 

thermal stability, UV resistance and moisture uptake resistance of the WPC from 

polymer blends and enhanced the processing and the miscibility of the blends [40]. 

Similar findings were reported in literature [41–43] and reviewed in [44]. 
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1.4. Multifunctionality 

Despite the efforts exerted to promote sustainable technologies, the report of Union 

of Concerned Scientists on Global warming [45] states that the earth has reached a 

no-return point in the amount of CO2 concentrations in the atmosphere in 2016, 

most of which is the human input as fossil fuel emissions. Therefore, more attention 

is needed to cut-off the human impact on the environment and increase the efforts 

towards achieving more sustainable world and preserve the natural resources. 

Changing energy sources to green energy is continually increasing in many countries 

and in many sectors [46] but more is still required. Material reusability and 

recyclability are additional routes towards that goal. Moreover, the trend has been 

shifted during recent years towards taking the material development to a new level 

by introducing multifunctionality [47]. The concept of multifunctionality is 

represented by the ability of the material to perform more than one role, leading to 

the reduction in the number of components in a product and, consequently, to saving 

more weight and reducing energy consumption. Beside the structural reinforcement, 

the additional role in a multifunctional system is usually energy-associated (Figure 5).  

 

 

Figure 5. Schematic of possible combinations for multifunctional systems. Figure 

adopted from [48]. 
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1.4.1. Routes for Multifunctional Composites 

Composites are ideal systems for the added functionality, thanks to the way they are 

constructed that allows for wide range of possible modifications. Chemical or physical 

enhancement to any of the constituents, addition of functional constituents or 

hybridization and producing sandwich structures are examples for these possibilities. 

Some of the possible routes to functionalize composites are viewed next. Although 

the concept of multifunctional composite material is still relatively new, it has been 

applied to quite advanced applications such as electronics and sensing applications by 

the use of conventional composites [48]. Applying this knowledge to natural fiber 

composite, though, is still challenging and offers room for improvement.  

Essential for the understanding of multifunctionality and how it is achieved, is it to 

be familiar with the term ‘percolation threshold’. It can be defined as the extent of 

modification necessary to change the state of material/system from ‘lacking’ to 

‘gaining’ a certain property. This happens when the material has built a network 

within the structure, that has at least one connected path capable of efficient energy 

transfer (in its different forms) from one end to the other, (Figure 6). However, there 

is no single value equivalent to this term since it is system- and property dependent. 

There are, basically, three commonly used percolation threshold variants: thermal, 

electrical and rheological.  

 

 

Figure 6. Schematic showing the principle of Percolation threshold. Image 

recreated from [49]. 
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Functional fibers  

The use of fibers that have the desired functionality as intrinsic property (such as 

metallic fibers) is the straight forward method in the direction of imparting their 

characteristics to the host system. However, some limitations of weight, size or 

incompatibility, generated the need to induce the characteristics on fibers originally 

lacking them. This can be done by modifications at different levels, some of which 

are presented in Figure 7. The choice of fiber form (long/short/woven) or the 

functionalization technique has an essential effect on the result. For example, the 

physical deposition of functional particles on the surface of continuous long fibers 

eases the formation of the connected network and reduces the percolation threshold 

(Figure 7a). Other techniques represented by permanent alteration of the structure of 

fibers (grafting of molecules on the surface) or changing the internal composition 

(spinning the fibers from solution containing functional particles) are shown in Figure 

7b & c, respectively. However, degree of complexity and efficiency for upscaling of 

the methods are factors to be considered.  

 

 

Figure 7. Functionalized fibers by various means; left: absorption on surface [50], 

center: surface chemical modification [51], right: internal molecular structure 

modification [52]. 

 

Functional matrix  

Similar to fibers, the use of polymers having intrinsic functional property, individually 

or in form of blends (chemical/physical) is possible. Example for functional polymers 

are the polyanilines which have good electrical conductivity. However, these are 

usually unstable polymers and lose their conductivity upon oxidation, they are also 

difficult to process [53] compared to conventional polymers.  Then multifunctionality 
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by modifying the matrix of the composite becomes mostly correlated to the addition 

of functional additives (mostly at the nanoscale) to the microscopic reinforced 

composites [54]. This also results in increasing the value and competitiveness of the 

polymeric composites with other structural materials [48]. In general, it is observed 

that the enhancement in properties occurs upon the addition of very low loading of 

nano-scale particles especially into thermosetting matrix, mediated by their initial 

liquid state that result in well dispersed secondary phase. 

Several additives have been reported that can be used to impart functionality by 

modifying the polymer matrix. Some of these are metallic particles, ceramic particles, 

inorganic clays, and carbon-derived additives. The latter are the most interesting 

among all due to their remarkable specific properties and their ability to improve the 

performance of composites without compromising the weight. They can provide 

more than one functionality if the added amount is enough to overcome the 

percolation threshold for these functionalities.  

Carbon allotropes in the nano-scale can be realized based on their dimensionality 

into: 0-D represented by the fullerenes, 1-D as for the carbon nanotubes, 2-D for the 

graphene sheets, and 3-D as for the bulk carbon black or the graphite multi-layered 

sheets or diamond. A close look at those allotropes as presented in Figure 8, one can 

realize that they are all formed from the single layer graphene sheet by folding and 

wrapping, making graphene an interesting material to study and characterize [55,56].  

Graphene is a continuous lattice of hexagonal rings of carbon atoms bonded 

covalently in the SP2 hybridization configuration with one atom in the thickness 

direction. With tensile modulus as high as 1TPa, intrinsic strength of 130 GPa and a 

thermal and electrical conductivities up to 3000-5000 W/m K [57] and 6000 S/cm 

[58], respectively, graphene is superior to all other materials known to date.   
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Figure 8. a) Dimensionality of carbon allotropes [55], b) Graphene as the basic for 

all graphitic forms [59]. 

 

For long time, carbon nanotubes were dominating the research and many studies 

have been conducted to report the effect of adding them in different amounts on the 

mechanical and physical properties of the composites. However, major challenges 

were faced regarding the dispersion and the costly production of these materials. 

Graphene synthesis is much easier and more naturally produced by thermal 

exfoliation of the abundant matter graphite [60]. Moreover, studies have shown that 

at same filler loading, the impact of graphene on the mechanical properties is more 

pronounced than those achieved with CNTs [61], due to the larger contact area.  

The performance of the polymer nanocomposite is affected by the degree of 

nanofiller dispersion and the strength of the interfacial bonding between the polymer 

and the particles. These are the most critical factors to achieve improvement of 

properties of the nanocomposites and they depend strongly on the processing 

technique used for their production. Three main techniques have been realized for 

the production of the polymer nanocomposites; namely in situ polymerization, 

solution mixing and melt blending [62]. The first two are common for 

thermoplastics and thermosets while the last is for the production of thermoplastic 

nanocomposites. Pre-treatment (chemical or mechanical) of the nanofillers is required 

for some of these techniques to ensure their homogeneous dispersion in the polymer 

and prevent re-aggregation. Resulting nanocomposites are suitable for further 

processing by conventional techniques like injection and compression molding, 

thermoforming and blow molding [63]. The in situ polymerization method involves 

a) 
b) 
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sonication of the nanofiller in the monomer or its solution prior to its thermal 

polymerization, and the process might involve different catalysts or chemicals [64]. 

Continuous increase in the viscosity of the produced polymer accompanies the 

reaction until final solid product is produced. Polymers that are thermally unstable or 

insoluble in solutions can be efficiently prepared by this technique. In the solution 

mixing process, separate solutions of nanofillers and the polymers are prepared, and 

the nanocomposite is formed by mixing, followed by evaporation of the two 

solutions to recover the nanocomposite. For the nanofiller to be well dispersed in the 

polymer, the solution is agitated rigorously to overcome the hydrogen bonding 

causing the agglomeration. In the melt compounding process, shear forces are utilized 

to disperse the nanofillers in the viscous polymer melt. The technique is considered 

to be environmentally friendly and suitable for most polyolefin polymers with 

moderate molecular weight since it profits of the conventional industrial equipment 

such as single or twin-screw extruders.  Functionalization of the nanofillers play a 

significant role in enhancing their dispersion in the polymer matrix despite the type 

of processing technique followed. 

 

1.4.2. Functionalities Expected in Graphene Doped Composites  

Thermal conductivity 

Heat conduction in polymers occurs essentially by phonon vibration mechanism. The 

amorphous nature of the polymers and the structural defects are therefore responsible 

factors for dissipation of thermal energy by scattering the phonons rendering them 

thermal insulators with conductivity in the range of 0.5-1 W/m K [65]. This value 

is far from the good conductivity of copper (400 W/m K) carried by the free 

electrons. Graphene has the combined mechanisms of heat conduction which makes 

it a very high conductive material with values reaching as high as 5000 W/m K even 

though the contribution of electrons is smaller than phonons. Inclusion of graphene 

in polymers results in a complex mechanism for heat transfer since the large surface 

area of graphene sheets in contact with the polymer chains acts as phonon scattering 

points. The improved thermal conductivity of the graphene-polymer systems thus is 

mostly a result of a continuous network of graphene particles dispersed throughout 
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the polymer. This property is subject to the influence of directionality of graphene 

sheets in the polymer. Thermal conductivity of polymers reinforced with graphene 

increased with increasing loading and number of layers of graphene sheet (anisotropic 

improvement) [65] while better mechanical properties can be achieved by the better 

exfoliation and higher aspect ratio (less layers). Not only the performing properties 

are affected but also more efficient production of the polymer part can be achieved 

when incorporating conductive additives due to the reduced time, and consequently 

the production cost [66]. Figure 9 shows the change in mechanism of thermal wave 

transport through the polymer by the effect of doping with aligned and networked 

thermal conductive particles.  

 

 

Figure 9. Mechanism for improving thermal conductivity of polymers by addition 

of graphene. Figure recreated from [65]. 

 

Electrical conductivity 

Except for the rare type of electrically conductive polymers such as earlier mentioned 

anilines, most polymers are insulators, which is the reason why plastics are used to 

insulate cables. Polymers have a resistivity in the order of magnitude of 1016 Ωm, 

compared to that of best conductors (metals) which are in the order of magnitude of 

10-8 Ωm.  However, introducing high conductive additives such as graphene 

(electrical conductivity of graphene sheets prepared by hydrogen arc discharge is 

reported to be 2×103 S/cm [67]) can change this property over the percolation 

threshold. Electrical conductivity is dominated by the electron transfer in the material 

and controlled by the well-known Ohm’s law R=V/I.  
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Figure 10 shows a schematic of how the amount of graphene in the polymer matrix 

would change the mechanism of the electrical conductance. At the percolation 

threshold the electron transport is achieved by the tunneling effect where graphene 

sheets are close enough to but not necessarily touching to allow it, thus the 

electrical conductance is defined by the distance separating the conductive particles. 

After the percolation threshold, the electrical conductivity is achieved through end-

to-end path of the graphene sheets which makes the composite a more efficient 

conductor.  

 

 

Figure 10. Formation of graphene network to overcome electrical percolation. 

Adopted from [68]. 

 

Several factors affect the resulted conductivity of composite systems, some of which 

are listed below [69]: 

• Conductivity of the constituents 

• Moisture content 

• Chemical composition (especially C/O ratio)  

• The interconnection of the additives which is dictated by their shape and 

amount 

• Processing method; which can also affect some of the abovementioned factors 

(e.g. interconnection and composition).  

 



 

17 
 

Electromagnetic Interference (EMI) Shielding 

The importance of this property comes from the hazardous effect of 

conducting/radiating electromagnetic (EM) signals to the living organisms, or the 

disturbance to the electronics in the range of their effectiveness.  The mode of travel 

and the characteristic of frequency of the electromagnetic interference (EMI) waves 

are the criteria by which these waves are classified. The shielding effectiveness is the 

ratio between the magnitude of the incident electric or magnetic field in non-shielded 

materials to that of the shielded (i.e. attenuation). While some techniques to improve 

this property involve surface finishing and post fabrication processes, others consider 

permanent modification. Example of the former is coating, which is subject to wear, 

fading, peeling or environmental erosion. Permanent modification involves 

functionalization of composite constituents or production of hybrid composites. The 

shielding mechanism is represented either by the efficiency of the additive to absorb, 

reflect EM waves or both [53]. Similar factors to those affecting the electrical 

conductivity can affect this property. Due to the mentioned intrinsic properties of 

graphene, it is considered as a promising additive to shielding polymers against EM 

radiation without compromising the weight. The heat conductance of graphene can 

help dissipate the heat resulting from the attenuation and render graphene composites 

dual or multifunctional systems as demonstrated in Figure 11.  

 

 

Figure 11. The dual action of graphene in blocking EM radiation and dissipating 

heat. Image source: Physics World. 
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Barrier properties  

The mechanism for providing the composite with barrier characteristics is similar 

against most external particles. Barrier can shield against certain gas molecules, water 

molecules etc. by providing torturous routes that prevent or delay the molecular 

diffusion (see Figure 12). For this reason, it is understandable that additives in the 

platelets form make better barriers when compared to single or fewer layers additives.   

 

 

Figure 12. Formation of torturous path against molecules. [70]. 

 

Fire retardancy is regarded as barrier property by blocking the oxygen molecules from 

reaching the burning surface. Among other carbonaceous additives to (Carbon Black, 

Carbon nanotubes, Extended Graphite, etc.) polypropylene system, graphene was 

found to be the most efficient fire retardant [35] and this property is dependent on 

graphene’s degree of exfoliation. Graphene is considered as environmentally friendly 

non-halogenated flame retardant. However, the incompatibility of the nano sheets 

with the matrix material might result in longer dripping times than those experienced 

by the conventional retardants [71]. 

 

Other Investigated Properties 

Researchers have investigated the effect of addition of graphene on wide range of 

material properties. Some of these are presented here only to show the potential with 

no further discussion:   

• Supercapacitance [72]  



 

19 
 

• Crystallinity and thermal stability [73,74] 

• Time-dependent properties [75]  

• Machinability [76] 

• Tribological properties (scratch and wear resistance and friction enhancement) 

[77] as self-lubricated solids. 

• Biodegradability of polymers [78]. 

• Energy harvesting and saving [79] and more. 
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2. Current Work  

2.1. Motivation  

In 2017, a research project (Smart-WPC) within the framework of Interreg Nord 

projects funded by European Union and region Norrbotten was initiated between 

Luleå University of Technology (LTU), Rise SICOMP (previously Swerea 

SICOMP) and Centria University of Applied Sciences in Finland. The goal is to 

develop materials and technologies that allow the use of bio-based materials in more 

advanced applications and high-end products. Such step would increase the value of 

raw materials from forest industry and reduce waste of natural resources. For instance, 

electrically conductive WPC boards can be used as advanced decking materials with 

de-icing/anti-icing characteristics. Scratch resistant materials with EMI shielding 

properties are suitable for production of electronic casings from environmentally 

friendly sources.  

From the literature survey, similar work using graphene rather than carbon nanotubes 

is lacking. Therefore, outcomes of the project will enrich the research field with more 

fundamental studies on graphene and its potential. 

In parallel, an initiative collaboration project (CORECE by STINT) between LTU 

and Mohammed VI Polytechnic University in Morocco was established with the aim 

of developing functional cellulosic fibers for use in damage detecting and electronic 

application. These fibers can also be used in combination with multi-functional WPC 

to develop hybrid materials with even more functionalities and better properties. 

The project ‘smart materials’ was supporting both these investigations aiming to link 

the knowledge from the multifunctional materials to multifunctional systems.  

The overall outcome of the work is in line with the pursuit of sustainability in 

resources and industries. 
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2.2. Methodology 

The work presented in this thesis aims at the development of new material systems 

and designs; therefore, until now main activities were focused on collection and 

analysis of experimental data. This also includes optimization of processing 

parameters, material composition and morphology to achieve desired properties of 

composites. However, modelling of properties is also carried out to predict some of 

the properties of studied materials as well as for validation of applicability and accuracy 

of existing analytical models.  

 

2.3. Summary of Papers 

In view of the advances presented in the previous chapter and the motivation of the 

work, the first stage to achieving the research goals is by investigating ways of 

functionalizing the individual composite constituents. In Paper I, commercial 

regenerated cellulose fibers have been coated with copper from commercial packages 

using electroless plating process. Both the material selection and the processing 

technique are suitable for upscaling to produce e.g. functional textiles. The copper 

was successfully deposited on the surface of the fibers and electrical conductivity 

increased significantly. On the other hand, sensitivity of fibers to chemicals resulted 

in a reduction in their mechanical performance to a large degree as was shown from 

the values of tensile strength and modulus. Such preliminary assessment of the 

approach reveals the need to investigate further possibilities to minimize the damage.  

Paper II presents the experimental characterization after modification of the polymer 

matrix with two types of reinforcement. Materials available in the market rather than 

produced in the laboratory were used together with conventional production 

techniques. Results show that even though the size of the incorporated graphene 

nanoplatelets is far from being in the ‘supposedly’ nano-scale, they resulted in 

significant improvement in the mechanical properties of the composites and increased 

their thermal conductivity and dimensional stability. The fewer graphene layers and 
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the higher graphene content are two factors responsible for the maximum 

improvement achieved.  

After characterizing the material for static short-term performance and the efficiency 

of the nano-reinforcement to enhance the overall properties, interest arises to 

investigate how they would perform on the long term. Paper III deals with the 

time-dependent properties of polymers modified with nano-platelets. Effect of the 

addition of different amounts of these platelets on the viscoplastic and viscoelastic 

strains of the composites was investigated. Identification of model parameters and 

validation of its applicability to predict the behavior of these materials have also been 

performed. Results showed that high content of platelets (15 wt%) in the composites 

impacted the creep behavior positively and resulted in decrease in viscoplastic and 

viscoelastic strains. 
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3. Future work  

The following is planned as future work; either as a continuation of data collection 

by means of further comprehensive characterization for better understanding of 

material behavior; or as new routes for constituents’ functionalization. The ultimate 

goal is to investigate the properties of functionalized hybrid composites. 

Fibers 

❖ Investigate the interfacial bonding between RCF/copper and copper/matrix 

together with their possible damage detection characteristics in composites.  

❖ Use of different route/material to coat RCFs seeking their conductivity. This 

is already in progress by depositing CNTs on the surface of fibers.  

Matrix 

❖ Investigation of the additional properties such as the tribological properties. 

❖ Study and comparison of different material grades on the desired properties. 

Characterization of the new composite based on linear low-density 

polyethylene (LLDPE) is in progress.  

Hybrid Composite 

❖ Production and characterization of the composite made of hybrid hierarchical 

structure of the modified constituents.   
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Abstract 

Continuous metalized regenerated cellulose fibers for advanced applications (e.g., 

multi-functional composites) are produced by electroless copper plating. Copper is 

successfully deposited on the surface of cellulose fibers using commercial cyanide-free 

electroless copper plating packages commonly available for the manufacturing of 

printed wiring boards. The deposited copper was found to enhance the thermal 

stability, electrical conductivity and resistance to moisture uptake of the fibers. On 

the other hand, the chemistry involved in plating altered the molecular structure of 

the fibers, as was indicated by the degradation of their mechanical performance 

(tensile strength and modulus). 

Keywords: cellulose; functionalization; copper coating; continuous fibers; electroless 

plating 

 

1. Introduction 

Regenerated cellulose fibers (RCFs) are man-made fibers from naturally occurring 

cellulose that is spun-formed into continuous, uniform cross-sectional fibers with 

rather stable physical properties [1]. When compared with natural plant fibers, the 

properties of RCFs are more application-tunable and less dependent on the cellulose 

source or the growing–cultivation conditions. Considering their natural origin and 
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end-of-life disposal, the latest generations of these fibers are more environmentally 

friendly than the conventional fibers [2,3] used in composites (e.g., glass, carbon) or 

in textiles (e.g., polyester, polyamide). RCFs are commercially available and are used 

in various applications with increasing interest in the research and development 

sectors to improve their performance for use in composites as a reinforcement [4]. In 

order for these materials to be used in advanced applications, however, not only does 

their mechanical performance need to be improved, but the addition of new 

functionalities has also become essential. This can boost their potential limits and 

suitability for a wider range of applications. 

Wearable electronics and electronic casings are examples of applications where 

electrically conductive functional fabrics are in high demand. The design of 

conductive cellulose fibers has been approached differently by researchers, for 

example via the incorporation of graphene during the spinning process of the fiber 

production [5], or dip-coating the fibers with carbon nanotubes [6]. However, a 

simpler and more convenient way to achieve conductivity is the use of electroless 

metal plating on the surface of the fibers. The use of electroless plating to produce 

conductive cellulose fibers has been reported in the literature, for example in the 

deposition of a thin layer of copper for microwave applications [7], and in the coating 

of ferromagnetic material to produce ferromagnetic cellulose microfibers [8] for 

various electronics applications. Electroless metal coating is very simple and matured 

process for various applications, such as printed electronics. However, experimental 

parameters such as the temperature, concentration, and pH of the involved chemistry 

have a great influence on the properties of the substrate-fibers and the quality of the 

coating [9]. The reason for this is that the chemical treatment not only modifies the 

surface but also alters the chemical structure of the cellulose fibers [10]. Recent studies 

used the approach to produce copper conductive layers on non–conductive lyocell 

fabrics. This involved preliminary surface activation through silver seeding and bath 

composition containing HCHO and C4H5KO6 at different concentrations [11]. 

Despite the resulting overall conductive fabric, the risk of losing connectivity at the 

crossover points between the wrap and the weft is the primary disadvantage of coating 

fabric rather than individual bundles. 
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Moreover, the abovementioned and other studies have presented the possibility of 

coating RCFs with copper to make them conductive, but none of them have 

addressed the effect of the electroless plating process on their mechanical 

performance. Thus, this paper studies copper-coated RCFs produced using the 

electroless process, along with evaluating the effect of different immersion times in a 

Cu-plating bath on the electrical and mechanical properties of the fibers, including 

the quality of the coating. The process might be directly incorporated in the 

production of weaves to make conductive fabric on an industrial scale. 

 

2. Materials and Methods  

Bundles of regenerated cellulose fibers (Cordenka 700 Super 3 from Cordenka 

GmbH, Obernburg, Germany) of 50 mm length were used in this study. The fibers 

have a semi-circular cross-section of diameter about 12.5 µm. The chemicals used for 

the electroless plating (perfekto-PEC660) were commercially available solutions from 

JKEM international, Sweden. Such packages are well known to be optimized for 

better conductivity, deposited thickness, and adhesion for specific substrate materials.  

2.1. Fiber Plating 

The process consisted of four main steps in the following sequence: First, the fibers 

were dipped in a 1:4 Pre DIP Alkaline Catalyst System (ACS) 73 to de-ionized water 

solution at a pH of 11–12 for 1 minute at 25 °C. Second, they were treated in a bath 

of 1:4 parts of catalyst ACS 74 to de-ionized water at a pH of 11.5–12.5 for 5 minutes 

at 40 °C, followed by two washes with de-ionized water for 1 minute per wash. 

Then, a reducing bath containing 0.5 L reducer ACS 75, 98 L deionized water and 

a 2 Kg of Boric acid was used at 25–30 °C and a regulated pH of 7 into which the 

fibers were immersed for 0.5 to 1 minute and washed twice with deionized water for 

1 minute each time. In the last step, a copper-plating solution bath was made up with 

Perfekto Electroless Copper (PEC) 660 components and de-ionized water in the 

following ratios: 80 de-ionized water, 7.5 PEC 660 A, 5 PEC 660 M, 8 PEC 660 B 

with the mentioned sequence and accompanied by continuous agitation. The 

immersion time in the last bath was varied: 15, 30, 45, 60, and 90 minutes. 
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2.2. Characterization 

Microscopy on individual fibers and cross-sections of bundles was performed using a 

Nikon Eclipse MA200 optical microscope (OM) (Nikon Corporation, Tokyo, Japan) 

and JEOL JCM-6000 Neoscope scanning electron microscope (SEM) (JEOL technics 

LTD, Tokyo, Japan). Coated bundles were mounted in an epoxy resin, polished, and 

their cross-section was investigated. Analysis of the area fraction was performed by 

separating the components into fractions based on the color contrast. The coating 

thickness was determined by selecting a coated fiber randomly and averaging the 

measured thickness at eight radial points. The thickness at the points where the 

coating was missing was set to zero. The maximum thickness was also based on this 

random selection and may not represent the actual maximum thickness. 

Single fiber tensile tests on 20 mm long fibers were performed to evaluate the 

mechanical properties. These tests were done on an Instron 4411 universal testing 

machine equipped with a 5 N load cell and pneumatic grips. Tensile tests were carried 

out in a displacement-controlled mode with a loading rate of 2 mm/min 

(corresponding to a strain rate of 10%/min). The strain was calculated from the 

displacement of the crosshead of the machine taking into account the system 

compliance with respect to uncoated fibers (UCF). Following the guidelines of the 

ASTM D3822/D3822M standard, individual fibers, selected randomly from the 

coated bundles and reference UCF, were carefully separated and glued on paper 

frames. These frames were cut prior to starting the test. Some fibers broke during 

mounting on the frames, which may skew the results towards higher strength values. 

A set of minimum 7 fibers were tested, and the average values are presented. 

Fourier-transform infrared (FTIR) (PerkinElmer Inc,Waltham, MA, USA) spectra in 

attenuated total reflectance (ATR) mode were collected on uncoated and surface 

copper coated cellulose fibers to detect new absorption bands, if any, during chemical 

modification. For sample preparation, fibers were cut to be 1 cm long and then 

analyzed using Perkin Elmer FT-IR Spectrometer. The spectra were recorded after 

32 scans with a resolution of 4 cm−1 within the range of 4000–700 cm−1. 

Thermo-gravimetric analysis (TGA) (Discovery TGA, TA Instruments Inc, New 

Castel, DE, USA) was used to evaluate the degradation characteristics of the fibers 
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under a controlled temperature program. Thermo-gravimetric analyzer TGA 5500 

was employed to heat from 20–500 °C, at a heating rate of 10 °C/min in nitrogen 

as carrier gas with flow rate of 30 ml/min.  

Electrical resistance measurements of bundles and single fibers were performed at 

room temperature by 4-wire method using a high precision Fluke 8840A multi-

meter (Fluke Corporation, Everett, WA, United States). To ease the probing, all 

measured samples were adjusted to be 50 mm long. Later, measurements were 

confirmed using the programmable LCR Bridge HM8118 by Hameg instruments 

(Hameg Instruments, Frankfurt, Germany). 

 

3. Results and Discussion 

3.1. Microscopy  

Figure 1 shows OM and SEM images of selected samples. Figure 1a of the sample 

plated for 15 minutes shows that copper was deposited only at some points at the 

outermost fibers of the bundle. It could also be seen that although the coating on 

samples with longer immersion times (Figure 1b,c) reproduced the shape of the fiber, 

the layer of copper was not uniform around the fiber contour. Thus, inhomogeneity 

could be seen within the coating along an individual fiber as well as in between fibers 

within the bundle. However, it was concluded that as the immersion time increased, 

more copper could be successfully deposited on the fiber (see Figure S1 in the 

supplementary materials for images of the whole bundles). The SEM micrographs 

show that for a shorter immersion time, the copper particles form a discontinuous 

layer on the fibers, but due to the inhomogeneity it was not possible to find a 

representative image for the 15 min or 45 min samples. This is indicated in the 

supplementary materials (Figure S2). The coating, however, appeared continuous and 

denser for 60 min and onwards (Figure 1d,e). On the other hand, for the higher 

deposition time (90 min), the change in thickness and quality of the copper on the 

fibers was not noticeable, although the number of coated fibers increased.  

Systematic measurements of the coating thickness performed on optical micrographs 

of randomly-selected coated fibers revealed a lower average thickness of the coating 
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in the 90 min sample (2.72 ± 1.19 µm) than that of the 60 min sample (3.41 ± 1.31 

µm), but no significant difference in the maximum measured thickness (7.92 vs. 8.03 

µm for 60 min and 90 min, respectively). At the same time, the ratio between the 

area occupied by the copper and fibers on optical micrographs showed a considerable 

difference at 90 min when compared to the 60 min immersion time (20% and 8%, 

respectively). This means that the longer immersion time does not necessarily increase 

the coating thickness, but it might lead to deeper penetration of copper inside the 

bundle covering larger surface areas or forming bridges between the coated fibers, 

bonding them together. This was noticed at several instances during the SEM and 

OM observations (see the dashed ovals on the OM images of Figure 1). Arrows in 

Figure 1 point at some areas with imperfect copper/fiber bond. This de-bonding 

probably occurred during handling of the fibers after coating. This might influence 

the mechanical properties and the electrical conductivity of the fibers. Further 

investigations by micro-bond test would help to assess the strength of the fiber–

coating and coating–matrix adhesion. 

 

 

Figure 1. Optical micrographs (OM) of the cross-sections (top) and JEOL JCM-

6000 Neoscope scanning electron microscope (SEM) images of the fiber surface 

(bottom) of (a) coated fibers after 15 min, (b,d) 60 min, and (c,e) 90 min immersion 

time in a Cu-plating bath. 

(c) (a) 

(d) 

(b) 

(e) 
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3.2. Electrical Properties  

Measurement of the electrical resistance on bundles rather than on individual fibers 

is more practical and relevant to the application of fibers in composites, since the final 

product (textiles and composites) would be made of bundles rather than single 

filaments. This is also evident from the graphs in Figure 2, since the resistance of the 

bundles compared to single filaments was always lower for the same immersion time. 

According to the experiments, the immersion time of 15 minutes only led to 

measured resistance in the MΩ ranges, thus the bundles practically remained non-

conductive. In such cases, samples have always resulted in matt surfaces as shown in 

Figure S3. However, the conductivity continued to increase by increasing the 

immersion time. This supports the claim of having new contact points from the larger 

surface area of the deposited copper, which is likely to penetrate deeper into the 

bundle. 

 

 

Figure 2. Electrical resistance of 50 mm long samples. 
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3.3. Mechanical Properties 

Due to the limited amount of sample, and seeking a proof of concept, the mechanical 

properties were investigated on individual fibers rather than on bundles. Figure 3 

shows the mechanical properties of the UCF and coated fibers for different Cu-

plating times. The tensile properties of the fibers have been largely degraded. Stiffness 

and strength of the single fibers for the 15 min immersion time decreased by around 

10% and 70% respectively when compared with UCF. It is possible that exposing the 

fibers to chemicals in the plating process causes relaxation of the molecules leading 

to a loss of orientation and disorder in the fiber microstructure [12]. The orientation 

of the cellulose chains is responsible for its mechanical performance and is attained 

during the manufacturing process by stretching the fibers along the axial direction. It 

is reasonable then, to consider that if these chains are allowed to relax by any external 

factor, they tend to form a more amorphous structure and lose their orientation, 

leading to reduced mechanical performance. Copper, on the other hand, is a rigid 

metal compared to the soft fibers (the stiffness of copper is estimated around 128 GPa 

[13]) and its presence on the surface of the fibers is responsible for increasing their 

stiffness and compensate for the stiffness lost during the chemical treatment. 

However, due to its brittleness it does not contribute to the strength. This was further 

investigated by FTIR analysis. However, no significant difference is noticed in the 

strength of the samples at different immersion times, indicating that the degradation 

occurred either during the fiber-surface-activation process or immediately after 

immersion in the copper-plating bath. To confirm this statement, additional 

investigation should be carried out. After 90 min immersion time, the fibers seem to 

retain some of their properties, since the stiffness loss was only 8%. As mentioned 

above, this is possibly due to the support provided by the large amount of copper 

deposited on the fibers. 
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Figure 3. Mechanical properties: (circles: modulus, rhombus: strength). 

 

 

3.4. Spectral and Gravimetric Analysis 

FTIR-ATR spectroscopy, which is a surface-sensitive technique, can illustrate 

changes in the spectra after chemical treatments. Figure 4A shows the spectra of UCF 

and copper-coated fibers at 15 min, 45 min, and 90 min immersion time. Compared 

to UCF (spectrum “a”), the spectra of coated fibers presented changes, particularly 

peaks between 1200 and 800 cm-1, and bands between 3000 and 2800 cm-1, indicated 

by arrows. For the 15 and 45 min immersion times, a peak appeared around 1060 

cm-1 which can probably be ascribed to the vibration of the Sn–OH bond [14]. This 

peak disappeared for the 90 min immersion time, which indicates that no more free 

Sn–Pd molecules were present over the surface of the fiber, and copper is present at 

all the activated sites. The spectra of the coated fibers showed an extra peak at 2938 

cm −1 that corresponded to C–H asymmetric stretching in a new molecular 

environment. 
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Figure 4. (A) Fourier-transform infrared (FTIR) analysis: a, b, c, d spectra 

correspond to uncoated and coated fibers for 15 min, 45 min, and 90 min 

respectively; (B) Thermo-gravimetric analysis (TGA) (top) and derivative of thermo-

gravimetric curves (bottom). 

 

Figure 4B shows the thermal behavior of the fibers by TGA before and after coating 

at three different immersion times. The mass loss curves showed three different stages 

for all fibers. The initial stage extending up to 100 °C is attributed to the evaporation 

of the adsorbed water on fibers and already shows the difference in their moisture 

uptake. It can be observed that the sensitivity of fibers to moisture was reduced with 

the increased concentration of copper. 

The second stage largely differed between fibers, corresponding to the degradation 

of cellulose. The degradation of UCF occurred in a very short range of temperatures 

between 280 °C and 360 °C [15], leading to more than 70 wt% loss. However, the 

degradation of all copper-coated fibers started at the same temperature of ~180 °C 

and spread over an extended range of temperatures, ending at 360 °C (same endpoint 

as UCF). This is indicated by the difference in the peak size in the derivative of the 

TG curves. The peak for UCF was higher (indicating greater weight loss) and 

narrower (indicating the shorter interval over which the weight loss occurs), while 

all other peaks for the coated fibers were broadened and had a smaller amplitude. The 

weight loss intensity drop can be attributed to the decrease in the relative amount of 

cellulose (an increase in the amount of copper), while the shift in the degradation 



 

45 
 

temperature might be attributed to the chemical degradation of cellulose chains 

during the electroless plating process. The polymeric chains became shorter due to 

the effect of the chemicals and hence was more susceptible to the subsequent thermal 

degradation. 

The weight loss of the coated fibers showed a difference according to the immersion 

time, with 51 wt%, 37.5 wt%, and 17 wt% loss for 15, 45, and 90 minutes, 

respectively. As the immersion time increased, the degradation temperature was not 

strongly affected, which may be an indication that the immersion time in the copper-

plating bath had no significant effect on the degradation. The final region extending 

to 500 °C corresponded to the ash contents (residual weight) obtained at the end of 

the TGA measurement. 

 

4. Conclusions 

The possibility of coating commercially-available continuous cellulose fibers with a 

commercial cyanide-free electroless copper deposition solution to achieve electrically 

conductive cellulose fibers was investigated. Preliminary results showed the increase 

in conductivity by increasing the immersion time in the copper-plating bath, trading-

off with the loss in mechanical performance due to the sensitivity of these fibers to 

the chemicals. From the results, it can be concluded that the conditions of the copper-

coating process should be optimized to minimize damage. On the other hand, longer 

times in the copper-plating bath helped to achieve a more uniform coating until 60 

min, which might be considered the optimal coating time. 

 

Supplementary Materials: The following are available online at 

http://www.mdpi.com/2079-6439/7/5/38/s1, Figure S1: The top image is the full 

bundle, coated for 60 min, embedded in epoxy resin. The bottom images are images 

forming the whole of the bundle for the 90 min spread and embedded in matrix of 

epoxy. Figure S2: SEM images for the 45 min coating time. The images show that 

in some parts of the fiber, the coating was discontinuous, but in other parts it was 

continuous, which makes it difficult to assess the quality of the coating after this 
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plating time. Figure S3: Micrographs of bundles showing the change in color after 

immersion in a copper-plating bath for 15 min (left) and 90 min (right).  
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Figure S1. The top image is for the full bundle of 60 min coating time, embedded 

in epoxy matrix. The bottom is stitched images forming the whole of the bundle for 

the 90 min, spread and embedded in a matrix of epoxy. 
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Figure S2. SEM images for the 45 min coating time. The images show that in some 

parts of the fiber, the coating was discontinuous but in other parts it was continuous, 

which makes it difficult to assess the quality of the coating. 

 

 

Figure S3. Micrographs of bundles showing the change in color after immersion in 

Cu-plating bath for 15 min (left) and 90 min (right). 
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Abstract  

The paper investigates the utilization of commercial masterbatches of graphene 

nanoplatelets and available conventional manufacturing techniques to improve 

properties of polymers and composites. The effect of aspect ratio of the graphene 

platelets (represented by the different number of layers) on the properties of high-

density polyethylene is investigated. Produced composites were characterized for 

their mechanical properties (tensile, flexural, impact) and physical characteristics 

(moisture uptake, thermal stability). Effect of the addition of the nanoplatelets on the 

thermal conductivity and diffusivity at different filler content was also investigated. 

In general, the mechanical performance of the composites was enhanced at the 

presence of either of the reinforcements. The improvement in mechanical properties 

of the nanocomposite was notable considering that no compatibilizer was used in 

their manufacturing. This can help development of composites on an industrial scale 

without modification of the currently used manufacturing techniques. 

 

Keywords: Graphene Nano-platelets (GNPs), masterbatch, nanocomposite, wood 

polymer composites (WPC), energy transport, high density polyethylene (HDPE) 
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1. Introduction 

The growing awareness of environment and the demands for increasing the 

sustainability in resources and industries have urged the development of bio-based 

materials for use beyond their structural applications. Production of bio-based 

materials such as wood polymer composites (WPCs) with added functionalities such 

as thermal or electrical conductivities can partially answer for these demands. This 

can be made possible by profiting from the advances in the research and technology 

of nanomaterials. 

Since the discovery of graphene, it has been largely researched being termed the 

material of the future due to its remarkable properties. Graphene is a 2D carbon 

allotrope material (thickness of one carbon atom) with strength and stiffness of 100 

GPa and 1 TPa, respectively. Thermal and electrical conductivities of graphene are 

estimated to be 5000 W/m K and 6000 S/cm [1]. This is higher than conductivities 

of some metals such as copper, for which thermal conductivity is known to be ~400 

W/m K. These properties which are result of the unique structure and bonding 

nature of the atoms in the lattice, together with high aspect ratio make graphene an 

ideal reinforcing material to the polymers to produce high performing composites. 

When embedded in the matrix, these nano-modifiers can contribute to the 

enhancement of the conductivities of the host material resulting in added 

functionality. The application of graphene nanoplatelet (GNPs) in composites is 

foreseen to grow between 2018-2025 to about 40% in terms of revenue-based 

compound annual growth rate (CAGR) as it is being increasingly used in composite-

utilizing industries such as construction, aerospace and the automotive [2,3]. 

Incorporation of different graphene-based derivatives has shown positive effect on 

the thermal, electrical or mechanical properties for variety of thermoplastics such as 

PLA [4], PVA [5], PET [6,7], PA [8]. For example, the mechanical properties of 

high-density polyethylene (HDPE) were continuously enhanced with the addition 

of GNPs up to 15 wt% [9]. Moreover, 16% improvement in thermal conductivity of 

HDPE nanocomposites prepared by melt-mixing process was achieved at a graphene 

content of only 1 wt% [10]. Similarly, these particles were found to improve the 
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properties of wood polymer composites (WPC) [11,12]. However, in the case of 

WPC, a compatibilizer is usually employed to increase the adhesion between the 

wood filler to the polymer which has also been reported to increase the compatibility 

of the GNPs with the polymer matrix [13].  

One of the main challenges of reinforcing polymers with graphene is its tendency to 

aggregate and restack which results in a reduced graphene/polymer contact area and 

limited load transfer efficiency. Selection of production method of the 

nanocomposite [14] and chemical functionalization of graphene [4] have been found 

to play a role in reducing the impact of the abovementioned problem. Solution 

mixing and in-situ polymerization of the polymers in the presence of these particles 

are found to be efficient processes to produce well-dispersed nano-particles in the 

polymers [15]. Nonetheless, among other disadvantages, these processes are not easily 

scaled up and difficult to provide the large amounts required in industrial production. 

On the other hand, the melt mixing is more cost-effective method that utilizes the 

conventional processing techniques of polymers such as screw extrusion. In some 

cases, this technique would still require dealing with and handling the dry form of 

the nanoparticles which can be hazardous and challenging to feed to the equipment 

due to their low bulk density [16].  

Functional compatibilization of graphene by covalent and noncovalent bonds would 

lead to better dispersion in the polymer either as a result of the bulky groups attached 

to the surface or by the strong polar interactions [17]. The covalent functionalization 

can result in reduced electron-transport ability when the ratio of O/C increases 

[18,19] while the noncovalent bond can improve the conductivity due to the 

improved compatibility with the polymer matrix [20]. Therefore, these two factors 

should be considered when balancing between graphene dispersion state and 

composite conductivity.  

Recently, tackling these problems have been made easier with the emerging 

technology of the patented masterbatches [21]. Such materials are polymers with high 

content of the nanoparticles (graphene, carbon nanotubes or clay platelets) which are 

well dispersed using scalable, environmentally friendly techniques [22] and ready to 
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be mixed with base polymer to prepare the composite by melt mixing. This 

technique ensures easy dispersion and high throughput of materials while at the same 

time achieving improved mechanical and functional properties. Several commercial 

masterbatches are available based on different polymers and polymer grades.  

In this work, commercial masterbatch of graphene nanoplatelets (GNPs) in high 

density polyethylene (HDPE) was used to enhance the physico-mechanical properties 

of the polymer. These platelets are functionalized at the edges which ensures 

improved compatibility with the polymer while preserving the characteristics of 

graphene in the bulk. Nanocomposites were manufactured without the addition of a 

coupling agent and in a single run through the extruder. The synergistic effect of 

reinforcing the polymer with wood and GNP in the presence of limited amount of 

coupling agent is also investigated. The choice of material and the production 

technique contribute to the development of sustainable industry and products 

without the need for sophisticated processes.  

 

2. Experimental 

2.1. Materials 

Thermoplastic of High-Density Polyethylene (HDPE) (MG9647S) in the form of 

pellets was purchased from BOREALIS AG (Vienna, Austria). Two HDPE-based 

masterbatches with edgily-functionalized carbon platelets additives from 

NanoXPLOre (Montreal, Canada) were used. The first is heXo HDPE1-V20/35 

(further denoted as M1) with 35 wt% dispersed Graphene Nanoplatelets (GNPs) 

having average thickness of 20 nm, flake size of 50 μm and the number of layers in 

one platelet is ~40. The second contains 25 wt% Graphene BlackTM 3X (further 

referred to as M2) having 6-10 layers and a particle size of 38 µm. According to the 

manufacturer, the functionalization of the platelets resulted in an oxygen content that 

did not exceed 7 wt% in both masterbatches. The wood flour (WF) is sawdust of 

spruce and pine wood with 75% of its particles in the size range 200- 400 µm. Maleic 

anhydride-grafted high-density polyethylene (MAPE), E265, kindly provided by 

DuPont, was used as compatibilizer in WPC.  
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2.2. Fabrication of the composites 

Selected content of GNPs in the nanocomposites were manufactured by feeding the 

masterbatch with neat polymer into a co-rotating twin screw extruder ZSK25 (Krupp 

Wener & Pfleiderer GmbH, Germany). The operation parameters and temperatures 

of the extruder are presented in Table 1 while sample nomenclature with its 

composition is presented in Table 2. With the same parameters, WPC and the GNP-

modified WPCs were prepared. The wood flour was dried overnight in the oven at 

100°C then fed through the side feeder into extruder while all other components 

(HDPE, MAPE and masterbatch) were mixed and fed through the main feeder. All 

wood composites (with and without GNPs) were run through the extruder twice 

with the parameters of “Round 1” and “Round 2” from the table while the 

nanocomposites went a single run (only “Round 2” in the table).  

Measured amounts of the extrudate were heated in an infrared oven for 30 min at 

220°C then compression molded using a conventional 310-ton compression molding 

press (Fjellman, Sweden). The resulted rounded plates having the dimensions of 320 

mm in diameter and 4 mm in thickness which were then cut to samples dimensions 

using waterjet. For the neat polymer, pellets were directly melted, and compression 

molded in the same conditions except that they were not extruded.  

 

Table 1. Parameters of the extrusion process. 

Parameter (unit) Value 

  Temperature range (°C) 180-200 

Round 1 
Mass flow (kg/h) 10 

Rotation speed of head screw (rpm) 300 

Round 2 
Mass flow (kg/h) 8 

Rotation speed of head screw (rpm) 120 
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Table 2. Name and composition of the investigated samples. 

Sample code HDPE (wt%) GP (wt%) WF (wt%) MAPE (wt%) 

PE 100 - - - 

PE2-M1 
98 2 - - 

PE2-M2 

PE6-M1 94 6 - - 

PE15-M1 
85 15 - - 

PE15-M2 

25WPC 74 - 25 1 

40WPC 58.5 - 40 1.5 

25WPC10 63.9 9.6 25 1.5 

40WPC7.5 50.9 7.6 40 1.5 

40WPC15 43.5 15 40 1.5 

 

2.3. Characterization  

Tensile test: Samples with dimensions of 15 mm by 200 mm (100 mm gauge length) 

were tested on Instron 3366 universal testing machine equipped with 10 kN loadcell 

and pneumatic grips in an extension control mode with a cross head speed of 5 

mm/min for the neat polymer and nanocomposite and 2 mm/min for the WPCs 

(since the gauge length was 100 mm these loading rates correspond to strain rates of 

5 %/min and 2 %/min respectively). Strain was measured by extensometer with base 

length of 50 mm. An initial loading-unloading step with maximum applied strain up 

to 0.2% was performed to measure initial stiffness of undamaged material. Assuming 

linearity of behavior in this region, stiffness was obtained from the slop of the 

unloading segment between 0.2%-0.05% strain. Later, the sample was loaded with 

the same rate until limitation of the extensometer was reached. The yield stress was 

obtained at the intersection point of the stress- strain curve with the 0.2% offset strain 

line following guidelines of the ASTM D638. A minimum of 5 valid tests were 

conducted and the results are the average of recorded values.  

Impact test: Impact strength was determined by performing impact test on Charpy 

set up (WPM Leipzig, Germany). This machine is equipped with a hammer capable 
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of providing a maximum breaking energy of 14.7 J for a sample resting on supports 

separated apart by 30 mm with an impact velocity of 3.8 m/s. The equipment was 

calibrated according to the ASTM standards D6110-10 and the energy value readings 

were corrected to the windage of the hammer and the energy losses due to the 

friction. Specimens (5 per test) of dimensions of 125 mm by 12.7 mm were notched 

manually with a razor blade to the possible accuracy on one edge and impacted on 

the opposite unnotched edge. The accuracy of the notch was not taken as assessment 

criteria for the validity of the specimen for test. The reported impact strength is the 

result of dividing the net breaking energy by the total area of the developed crack 

(cross section area of the unnotched portion of the specimen).  

Moisture uptake: Three specimens of each sample material with dimensions of 16 

mm by 80 mm were used for the determination of moisture uptake behavior. Prior 

to the test samples were dried in the oven at 40°C until the difference between two 

successive measurements was negligible then edge-sealed with water repellent 

commercial Silyl-modified polyether (Casco, Sweden) to insure one dimensional 

moisture uptake. Samples were weighed and placed in a plastic container with water 

at 40 °C (specimens were not immersed but suspended over the water with measured 

relative humidity RH=99%). Moisture uptake was monitored by frequent 

measurements of sample weight on AG245 precision scale (from METTLER 

Toledo). Moisture dimensional stability was assessed by thickness measurements 

before and after exposure to moisture. These samples were later tested for flexural 

properties for comparison with non-conditioned samples. It is worth noting that 

during weighing or testing the relative humidity in the lab was different than the 

conditioning environment which might have caused uncontrolled diffusion of 

moisture into or from the specimen. However, care was taken to minimize the 

exposure of samples to these conditions. 

Flexural test: Following guidelines of ASTM D790, flexural properties were 

determined by means of three-point bending test setup on an Instron 4411 machine 

equipped with 5 kN load cell. Five specimens having dimensions 80 mm, 16 mm 

and 4 mm (length, width and thickness) with a support span distance to thickness 

ratio of 16:1 were tested with a cross head speed assuring straining the outer fibers by 
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a rate similar to that of the tensile test (2 %/min and 5 %/min for the nanocomposites 

and WPCs respectively).  

Crystallinity and thermal properties: Differential Scanning Calorimetry (DSC) 

was used to determine the degree of crystallinity in the polymer as well as the 

characteristic temperatures. Samples of weight 5-10 mg, encapsulated in aluminum 

pans with pierced lids, were subjected to a thermal profile in nitrogen atmosphere 

(gas flow of 80 ml/min). Temperature was raised from 25°C to 200°C (past the 

theoretical melting point of HDPE) in a rate of 10 °C/min and kept under isothermal 

conditions (200 °C) for 5 minutes to erase thermal history, then cooled to room 

temperature with a rate of 20 °C/min using liquid nitrogen. Melting onset and peak 

value as well as crystallization temperatures were determined from the endothermic 

and exothermic peaks of the DSC curve, respectively. Crystallinity was calculated 

from the heat of fusion obtained by integrating the endothermic peak between 60°C 

and 180°C according to the following formula: 

 

%𝑋𝑐 =
∆𝐻𝑓

∆𝐻𝑓
0 ×

1

1 −𝑊𝑓
× 100 

(1) 

 

where ∆𝐻𝑓 is the heat of fusion of the sample, ∆𝐻𝑓
0 is the heat of fusion of 100% 

crystalline PE and was taken to be 293 J/g [23], and 𝑊𝑓 is the weight fraction of the 

fillers.  

Hot disc thermal constants analyzer TPS 500 was used to determine the thermal 

conductivity and thermal diffusivity of the material. Squared 40 mm × 40 mm 

samples with a nominal thickness of 4 mm were tested at room temperature using 

the room temperature sample holder. Based on the available probing depth, the 

sensor 5465 was selected that have a radius of 3.186 mm and enclosed in Kapton 

insulation films. Measurement time was 2.5 s with a heating power of 96 mW 

assuming isotropic material. The experiment was performed in a series of 5 

measurements per sample with a waiting time of 15 minutes between the 

measurements. Values presented are the average of these five measurements. It is 
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worth noting, though, that the total to characteristic time was not the optimum due 

to the limited available sample size. 

Thermal mechanical analyzer (TMA/SDTA841e from METTLER TOLEDO) was 

used to investigate directionality in thermal dimensional stability of the samples in 

oxygen environment and following a predefined thermal profile. Samples were 

subjected to two cycles of thermal profile where they were heated to 110°C in a rate 

of 2 °C/min and brought back to room temperature (23°C). A very small load of 

0.02 N as applied on the sample to minimize disturbance. Samples of the same 

material were tested in two different directions, one parallel to the direction of 

compression molding and the other is perpendicular to it.  

Morphology: The composites were characterized by scanning electron microscopy 

(JEOL JCM-6000 Neoscope) on test-fractured surfaces or freeze-fractured surfaces 

sputter-coated with thin layer (<15 nm) of conductive element (gold or palladium) 

while the distribution and state of dispersion of the particles was qualitatively assessed 

by computer tomography using 3D X-ray micro-tomography (Zeiss Xradia 510 

Versa). It is important to define a coordinate system in order to understand the 

viewing plane for the samples when referred to later in the discussion. These are 

found in Figure 1 where the solid-painted face (x-y plane) represents the compression 

molding face.  

 

 

Figure 1. Defined coordinate system with respect to compression molding surface. 
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3. Results and Discussion 

3.1. Tensile Properties 

Representative stress-strain curves of the polymer and composites are plotted in 

Figure 2. Despite the obvious change of response towards stiffer and stronger material 

for the nanocomposite compared to the neat polymer, samples did not break during 

the test even after exceeding 8% strains. For the sake of fair comparison, the curves 

are presented until 6% for all samples. There is a gradual increase in stiffness with the 

increase in graphene content which is also shown in numerical values tabulated in 

Table 3. It is also noticeable that masterbatch M2 is more effective in reinforcing the 

composite than M1 that have higher number of graphene layers in the platelet. 

Improvement by addition of 2 wt% GNP of masterbatch M2 in polymer competes 

or even exceeds material with 6 wt% GNP of M1 in some cases. For the same content 

of GNPs in polymer, there is always higher improvement of properties for the M2 

system over that of M1. This is due to the fewer number of graphene layers in M2 

that results in increased aspect ratio of the platelets and larger graphene-polymer 

contact surface area. With properties of neat polymer being the reference values, a 

maximum improvement of 140% and 79% was achieved for the tensile stiffness and 

stress at yield respectively for sample PE15-M2 and a minimum of 12% and 2% 

(modulus and yield stress) after the addition of 2 wt% GNP (PE2-M1).  

Similarly, WPC witnessed improved tensile properties with the addition of GNPs. 

These are presented in the stress-strain curves (Figure 2b) as well as in Table 3. In 

this case, though, the composite became too brittle and the elongation at break was 

reduced to below 4% and just above 1% at the presence of 15 wt% GNP in 40 wt% 

wood composites. Regarding the WPC it is possible to separate the effect of WF 

from that of the GNPs. The improvement in the 40WPC15 sample in terms of the 

stiffness and stress at yield is 219% and 146% if compared to the neat polymer while 

the same parameters were improved by 50% and 14% with respect to the WPC (base 

value for 40WPC).  

In a previous study [24], the improvement in stiffness of HDPE reinforced with 

similar amount of GNPs used in this study was inferior to the values reported here 
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considering the lower properties of the starting materials and the use of large amounts 

of compatibilizer that suggest higher expectations for improvement upon the addition 

of the reinforcement. Furthermore, skipping the necessity to deal with the nano-

particles in their hazardous dry form works for the favor of using the masterbatch 

despite the similarity of the used processing method. 

Earlier research [11,12] reported a decrease in the properties of the WPC after a 

certain additive content (typically below 5 wt%) and attributed that to the possible 

agglomeration of these particles that act negatively on the mechanical performance 

of the composite. However, it does not seem to be the case here and the 

improvement is confirmed until up to 15 wt% content of nano-reinforcement.  

 

Table 3. Tensile properties of the nanocomposites and WPCs. 

Sample 𝐸 [std]  𝜎𝑚𝑎𝑥 [std]  𝜎𝑌𝑖𝑒𝑙𝑑 [std]  𝜖𝑌𝑖𝑒𝑙𝑑 [std]  

 (GPa) (MPa) (MPa) (%) 

PE0 1.89 [0.06] 22.47 [0.57] 8.40 [0.34] 0.65 [0.03] 

PE2-M1 2.11 [0.11] 22.71 [0.35] 8.54 [0.15] 0.60 [0.02] 

PE2-M2 2.42 [0.13] 25.61 [0.28] 9.94 [0.12] 0.61 [0.02] 

PE6-M1 0.49 [0.05] 23.46 [0.32] 9.90 [0.96] 0.58 [0.01] 

PE15-M1 3.85 [0.19] 26.40 [0.53] 12.84 [0.45] 0.54 [0.01] 

PE15-M2 4.54 [0.35] 29.33 [1.15] 15.05 [0.93] 0.53 [0.01] 

25WPC 2.88 [0.33] 26.56 [0.75] 13.60 [0.68] 0.67 [0.07] 

25WPC10 4.48 [0.25] 27.66 [0.46] 16.67 [0.46] 0.57 [0.02] 

40WPC 4.01 [0.23] 32.34 [1.17] 18.12 [1.50] 0.65 [0.03] 

40WPC7.5 4.77 [0.27] 29.98 [1.16] 18.88 [0.85] 0.60 [0.01] 

40WPC15 6.03 [0.17] 28.33 [0.94] 20.69 [0.80] 0.54 [0.01] 
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Figure 2. Tensile stress-strain curves of the nanocomposites (a); and wood polymer 

composites (b). 

 

3.2. Impact Strength 

The impact strength of the nanocomposites and the WPCs are shown in Figure 3. 

The addition of the nanoplatelets has a positive effect on the impact strength of the 

polymer. The rigid particles may induce new forms of energy dissipation that leads 

to delayed fracture. These can be in form of pull outs, crack pinning [25] or bridging 

the polymer chains and redirecting the crack to new paths before the final fracture. 

Layer sliding is another form of toughening associated with the layered reinforcement 

[26], due to the consumed energy in overcoming the forces binding the layers in the 

platelet. However, at higher loadings, where agglomerations are expected, the pull-

out of big agglomerates is easier and requires less energy and thus the resistance to 

crack propagation is reduced. It is also possible that these agglomerates act as new 

sites for crack initiation that enhance energy dissipation and thus, competing 

mechanisms of toughening occur. The addition of wood results in marginal or 

negative effects on the impact strength of the polymer which is only compensated at 

high GNPs loadings.  
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Figure 3. Impact strength of the nanocomposites (a); and the wood polymer 

composite (b) at different graphene and wood fiber contents. Data label is the % 

change with respect to neat polymer. 

 

3.3. Morphology 

Freeze- fractured surfaces (broken after immersion in liquid nitrogen) of the samples 

under SEM are shown in Figure 4. The morphology of the sample is changing from 

topological surface, with fibrils-forming fracture for neat polymer (Figure 4a), to a 

more smoothened surface and brittle-like fracture for the GNP-reinforced materials 

(Figure 4b). From the figure, it could also be seen that particles are well distributed 

in the polymer as they span the image evenly. This even distribution supports the 

consistent improvement achieved in the tensile properties of the reinforced polymer. 

The large folded particle is also seen in the image which might act as defected area 

for a premature failure due to the week bonding with the polymer. The void 

surrounds it can be a pocket for water as well. However, despite the good 

distribution, observing Figure 4c, gives an evidence that the dispersion state can still 

be improved. The image shows a particle with thickness about the size of the scale 

bar which is much higher than the thickness provided by the supplier, indicating that 

this particle is a restack of multiple platelets. This would also mean that there is a 

greater potential and margin of improvement if better dispersion can be achieved.  
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Figure 4. SEM of fracture surfaces of samples showing the morphology change with 

the addition of GNP: (a) Neat polymer, (b) PE15-M1, (c) a close-up on a PE6-M1 

of a large platelet showing the layered structure, (d) a cluster of agglomerated particles 

in PE15-M1 (e) fracture surface of 40WPC and f) fracture surface of 40WPC15; (a-

d) freeze fractured, (e, f) test fractured. 

 

On the other hand, Figure 4d shows a cluster of platelets agglomerated in one place 

at 15 wt% GNPs loading. This suggests the greater challenge to disperse the particles 

at high loadings of nano-reinforcement. Due to the large difference in size scale 

between the two types of reinforcements (wood and GNPs), it is difficult to examine 
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the distribution of one without losing information about the other in the image. 

However, the presence of the nanoparticles is obvious by their effect on the 

morphology of the fracture surface of the wood samples. The plastic deformation of 

the matrix (appearing as white protrusions) in the 40WPC are replaced by smoother 

surface in the 40WPC15 sample. 

Figure 5 shows the X-ray microtomography images of samples PE15-M1 and PE15-

M2 from different viewing planes (definition of planes is in Figure 1). In general, 

comparing the GNPs from the two masterbatches, it could be seen that the thickness 

of the individual platelets is above the nanometer scale since it can be picked up on 

the experiment scale/resolution level. However, it could also be noticed that there is 

a very good distribution of the particles within the sample despite the inhomogeneity 

of the particle size distribution. Without the statistical analysis, visual assessment 

suggests the differences in the thickness of the platelets between the different 

masterbatches as the images show thicker platelets for M1 (Figure 5 a). It is worth 

paying attention that despite the similar possibility for particle restacking in both 

masterbatches, the 10% reduction in the initial number of layers of M2 with respect 

to those of M1 would lead to thinner particles in the samples. 

Even though the bonding between the matrix and the platelets seem to be very good, 

since no voids could be detected, some foreign inclusions in the samples have been 

observed that might have occurred during material processing or from the impurities 

in the original masterbatch. Such inclusions with the possible weakness points around 

them (voids) represent a large defect and can cause pre-mature failure of specimens 

at random locations especially if they were close to the edges. However, from the 

scatter of values from the different tests, one can assume an even distribution of these 

inclusions as the scatter seems consistent with the corresponding values. It is worth 

noting that voids around these inclusions can act as pockets for water to reside in 

causing higher moisture uptake values.  

The directionality in alignment of the GNPs is another observation. They seem to 

follow the direction of the screw extruder and the compression molding. They mostly 

align themselves in the in-plane direction. This means possible improved properties 
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in the longitudinal and transverse directions but not in the out-of-plane direction. 

Figure 5c shows the CT image from the surface of compression where a significant 

number of particles are facing that direction. It is possible that the particles did have 

a random direction after the extrusion but have reoriented themselves during the 

compression process. 

This directionality was further comfirmed by the change in dimensional distortion 

due to thermal effect on samples at different directions with respect to the 

compression molding face as seen in Figure 6. There is a large reduction in the 

dimensional distortion of the sample between the x and z directions (directions are 

defined in Figure 1). Properties of the samples in the x or y directions are dominated 

by the properties of the platelets while polymer properties are dominating in the z 

direction where the chains have more mobility and the layers of the particles are 

bonded by the weaker van der waals bonds. From the figure it can also be speculated 

that wood fibers have a prefered orientation similar to that of the GNPs, since the 

decrease in dimensional distortion is larger in the hybrid composite than it is with the 

wood or the nanocomposite.  

 

 

Figure 5. CT micrographs of: (a) PE15-M1 (plane y-z); (b) PE15-M2 (plane y-z); 

and (c) PE15-M2 (plane x-y). 

(a) 

(b) 

(c) 



 

69 
 

 

Figure 6. Dimensional distortion dependence on the directionality of the platelets. 

= represents the distortion in z direction, while + is distortion in x or y directions.  

 

3.4. Moisture Uptake 

Figure 7 shows the through-the-thickness moisture absorption curves for the studied 

materials after 520 hours of conditioning. Despite the clear trend of weight gain with 

the increased exposure times, this trend in more stable for the wood composites than 

it is for the nanocomposite. The initial measurements where the moisture uptake is 

not significant can be easily affected by the equipment/measurement errors. The 

inevitable exposure of sample to a different environment conditions during weighing 

might result in diffusion of water molecules to and from the sample depending on 

the surrounding conditions. This is less pronounced in the wood composites since 

water mostly reside deeper in the lumen of the fibers and due to the higher moisture 

uptake in wood composite. 

In general, HDPE is known for its high resistance to moisture uptake (0.01-0.03% 

after direct immersion in water for 24 hours [27]). It seems that the addition of the 

small amounts of the GNP have a positive effect on this resistance as the tendency to 

take up moisture is decreased. On the other hand, at higher graphene loadings, 

possible formation of the agglomerates can result in the micro-voids that act as 

pockets for water to be absorbed in, and hence the increase in the water content. It 
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is logical that the presence of wood in the composite increases the moister uptake 

significantly due to its inherent hydrophilic nature. And this uptake increases with 

the increased content of WF in the composite.  

Since the used graphene is functionalized only at the edges and the molecules at the 

edges are already bonded to the polymer, a decrease in the water absorption is 

expected. On the other hand, the bulk of the graphene sheet surface is not 

functionalized and might result in weaker bonding with the polymer causing voids 

allowing water to penetrate. It is possible as well that water penetrates through the 

layers of stacked platelets. Graphene hydrophobicity/hydrophilicity is controversial 

in literature and recorded behavior depends mostly on the substrate material [28]. 

Therefore, any difference in the moisture uptake behavior after addition of these 

particles is most likely attributed to the change in mechanism of water diffusion rather 

than the hydrophobic/hydrophilic nature of the additives. The particles make new 

torturous paths against water molecules and act as obstacles delaying their penetration 

into the polymer. 

 

 

Figure 7. Moisture absorption curves in terms of % weight gain for the 

nanocomposites (a); and the wood polymer composites (b). 
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3.5. Flexural Properties 

Elevated moisture content in the material might influence its mechanical 

performance. This was investigated by measuring the flexural properties before and 

after exposure to moisture. Figure 8 shows representative flexural stress strain curves 

of the nanocomposite and the WPCs, before and after moisture uptake. In general, 

trends similar to those observed in the tensile curves are observed here. The materials 

become stiffer with the increased content of GNPs, and the masterbatch of fewer 

layer of graphene in the platelets (M2) outperforms the other. For the WPCs, the 

increase in content of any of the reinforcements lead to increase in the composite 

performance. 

 

Figure 8. Flexural stress- strain curves of the nanocomposites before (a) and after (b) 

moisture uptake; and for WPC before (c) and after (d) moisture uptake. 
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The effect of moisture on the properties of the nanocomposites is not so significant. 

Except for the sample PE2-M2 where the curve is lower, indicating degraded 

properties, the general trend seems to be the same and effect of moisture on materials 

can be regarded as marginal. On the other hand, the moisture effect on WPCs is 

more pronounced. The moisture-saturated wood in the composite decreases the 

flexural properties and the presence of the nanoplatelets seems to restrict this effect. 

The flexural test fracture surfaces presented in Figure 9 show differences in the failure 

mechanism. Before conditioning, the surface indicates more brittle fracture and 

failure appears in form of matrix cracking, while conditioned samples showed failure 

in terms of fiber sliding (enclosed in ovals) and fiber pull-out as indicated by the deep 

holes (marked by arrows) in Figure 9. This is possibly because the fibers swell after 

the moisture uptake creating stress concentrations on the interface leading to these 

debonds during bending. Indications of some polymer plasticizing could also be 

noticed on the sliding surfaces of conditioned samples. Figure 10 demonstrates 

graphically the two important properties of the flexural test showing the effect of 

moisture uptake while numerical values of the properties obtained by flexural test are 

presented in Table 4 and Table 5 for the nanocomposite and the WPCs, respectively.  

 

 

Figure 9. Flexural fracture surface before and after moisture. Left is as-received 

40WPC15, right is conditioned 40WPC15 (see significance of the marks in the text). 
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Figure 10. Effect of moisture on the flexural properties of the materials: (a, b) flexural 

stress and stiffness for the nanocomposites; (c, d) flexural stress and stiffness of WPCs. 

Sample 40WPC15 broke at average strains below 4% (3.47%) registering an average 

maximum stress of 41.72 MPa. 
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Table 4. Flexural properties of the nanocomposites with moisture effect. 

Sample 
𝐸 [std]  

(GPa) 

*𝜎𝑚𝑎𝑥 [std]  

(MPa) 

𝜎 4%𝜖 [std] 

(MPa) 

𝜖25 𝑀𝑃𝑎 [std]  

(%) 

 **AR **C AR C AR C AR C 

PE0 
1.18 

[0.03] 

1.16 

[0.12] 

28.10 

[1.00] 

31.14 

[0.82] 

26.18 

[0.81] 

27.26 

[1.03] 

3.61 

[0.25] 

3.37 

[0.24] 

PE2-M1 
1.41 

[0.03] 

1.43 

[0.19] 

30.02 

[0.64] 

33.68 

[0.77] 

28.10 

[0.61] 

29.67 

[1.01] 

3.06 

[0.14] 

2.81 

[0.24] 

PE2-M2 
1.88 

[0.16] 

1.39 

[0.09] 
NA 

33.43 

[1.26] 

39.10 

[1.63] 

29.48 

[1.66] 

1.78 

[0.14] 

2.88 

[0.33] 

PE6-M1 
1.57 

[0.04] 

1.53 

[0.19] 

33.41 

[0.48] 

36.87 

[1.75] 

31.36 

[0.48] 

32.42 

[1.98] 

2.48 

[0.07] 

2.44 

[0.29] 

PE15-M1 
2.44 

[0.09] 

2.33 

[0.18] 

40.83 

[0.42] 

42.27 

[1.60] 

39.04 

[0.39] 

38.55 

[1.84] 

1.51 

[0.01] 

1.65 

[0.17] 

PE15-M2 
2.84 

[0.26] 

3.00 

[0.06] 
NA 

46.88 

[0.78] 

43.66 

[3.62] 

44.12 

[0.90] 

1.51 

[0.01] 

1.2 

[0.05] 

* Max. strength at 5% strain based on standards recommendation. ** AR= as 

received, C= conditioned. 

 

Table 5. Flexural properties of WPCs with moisture effect. 

Sample 
𝐸 [std]  

(GPa) 

𝜎 𝑚𝑎𝑥 [std]  

(MPa) 

𝜖25𝑀𝑃𝑎 [std]  

(%) 

 *AR *C **AR C AR C 

25WPC 
1.73 

[0.15] 

1.74 

[0.1] 

38.00 

[3.37] 

36.37 

[1.12] 

1.79 

[0.33] 

2.14 

[0.09] 

25WPC10 
2.78 

[0.14] 

3.01 

[0.22] 

44.83 

[0.62] 

47.47 

[3.51] 

1.14 

[0.04] 

1.08 

[0.05] 

40WPC 
2.55 

[0.25] 

1.64 

[0.07] 

50.02 

[2.48] 

34.61 

[0.33] 

1.11 

[0.11] 

2.34 

[0.05] 

40WPC7.5 
3.49 

[0.32] 

2.63 

[0.08] 

48.83 

[3.15] 

40.54 

[0.39] 

0.87 

[0.09] 

1.37 

[0.03] 

40WPC15 
4.05 

[0.32] 

3.04 

[0.06] 

47.75 

[1.48] 

41.72 

[0.23] 

0.73 

[0.02] 

1.12 

[0.04] 

* AR= As-Received, C=conditioned. ** Stress at 4% elongation to facilitate 

comparison of all samples. 
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3.6. Differential Scanning Calorimetry 

Studies have shown both positive and negative impact on crystallinity when adding 

nanoparticles into the polymers [29,30]. It is possible that there is a competing 

mechanism that result in one effect or the other such as crystallization rate and 

heterogeneity of crystallization. Based on the size and distribution of the 

nanoparticles, they can act as nucleating agent around which spherulites start to form 

and grow. On the other hand, if these particles are big they can restrict the growth 

of the crystals and hinder the heterogeneous crystallization [31]. Figure 11 and Table 

6 show this competing mechanism. 

 

  

Figure 11. Degree of crystallinity of the tested materials for: (a) the nanocomposites; 

and (b) the wood polymer composite. 

 

At high filler loading (6 wt% GNP upwards), the crystallization starts earlier in the 

sample (higher temperature in the cooling stage) but the degree of crystallinity shows 

no significant change (the change is within the range of error). The presence of both 

fillers has a more pronounced effect on the crystallization, since the high amount of 

fillers provide no space for the crystals to grow and hence the crystallinity is decreased 

(at 40WPC7.5 and 40WPC15). It is worth noting that number of specimens tested 

was different for the nanocomposite than the WPC and WPC nanocomposite, that 
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is why the range of scatter values are varying. Additionally, the DSC measurements 

is sensitive to sample homogeneity and it is difficult to secure a representative sample 

for the bulk of the material at 5-10 mg weight. This has been investigated for several 

samples of PE6-M1 in TGA, where the residual mass after 5 random measurements 

was always less than 6% the initial mass which leads to higher crystallinity if equation 

(1) is used based on the assumption of homogeneous sample since the amount of 

polymer is being overestimated. 

 

Table 6. DSC results of the different composites. 

Sample  TO* [std] Tm* [std] Tc* [std] Xc*[std] 

  (°C) (°C) (°C)   (%) 

PE0 125.41 [0.22] 132.88 [0.97] 114.99 [0.64] 77.05 [1.60] 

PE2 124.67 [0.33] 134.53 [0.98] 115.76 [1.28] 79.36 [2.68] 

PE6 125.42 [0.34] 133.55 [0.45] 117.04 [0.62] 80.11 [2.37] 

PE15 125.23 [0.38] 133.56 [0.45] 117.79 [0.81] 78.67 [1.46] 

25WPC 125.64 [0.03] 134.35 [0.11] 117.42 [0.13] 78.65 [0.39] 

25WPC10 126.04 [0.44] 132.80 [0.40] 121.06 [0.02] 78.50 [5.13] 

40WPC 125.42 [0.05] 134.82 [0.20] 117.27 [0.23] 82.32 [1.43] 

40WPC7.5 127.14 [0.04] 135.97 [0.27] 117.68 [0.04] 73.33 [1.46] 

40WPC15 125.82 [0.06] 134.67 [0.41] 117.17 [0.00] 71.73 [1.49] 

*TO, Tm, Tc: onset, melting and crystallization temperatures respectively. Xc: degree 

of crystallinity. [std]: standard deviation. 

 

3.7. Thermal transport properties 

Figure 12 shows the thermal conductivity and thermal diffusivity of the samples 

measured by thermal transient method. The values of the thermal conductivity of the 

neat polymer is higher than those reported in polymer database [27]. It is possible 

that the higher crystallinity of the samples result in a better thermal conductivity as 

the thermal wave can travel in the ordered structure better than the amorphous 

structure where the vibrational modes are localized [32]. The immediate increase in 

the thermal conductivity after the addition of the GNPs is attributed to the inherent 
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high thermal conductivity of GNPs. Similarly, the insolation behavior of the wood 

flour is apparent in the reduced conductivity of the wood composite with respect to 

the neat polymer and this reduction is larger with the increased wood content. 

There are several factors affecting the phonon transport through the nano-reinforced 

polymers which complicates the mechanisms of thermal conduction and their 

understanding. Some of these factors are the phonon scatter at the weak interfaces 

and the size of the conductive particles that affect the size of the contact area, chemical 

composition and the alignment of the polymer chains etc. [32]. Many of these factors 

may play role in altering the thermal conductivity of the materials in this study. For 

example, the gradient of crystallinity through the sample thickness as a result of the 

immediate exposure of the demolded surface (quenching) after compression molding 

compared to the gradual cooling deeper in the sample. The noticed and discussed 

alignment of the particles should result in anisotropic conductivity in contrast to the 

assumed isotropic behavior during test setup. 

 

 

Figure 12. Thermal conductivity and diffusivity of the nanocomposites (a); and the 

wood polymer composite (b). 

 

The synergistic effect of the two types of reinforcement is observed by the improved 

thermal behavior of the hybrid composite at the same amount of conductive filler 
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(40WPC15 and PE15-M1 which are made of the same GNP type). The presence of 

wood leads to increase in both the thermal conductivity and thermal diffusivity. This 

can be directly explained by the formation of conductive paths aided by the presence 

of wood as a scaffold for formation of particle network. Once again, the samples made 

with the masterbatch M2 outperform that of M1 which has more scattering sites 

dictated by the higher number of layers.  

 

4. Conclusions 

Modification of HDPE was achieved using high content HDPE-based graphene 

masterbatch with two types of GNP. The masterbatch with fewer layer graphene 

sheets in the platelets showed better performance compared to the thicker platelets. 

Improvement in the mechanical properties to a maximum of 140% and 79% was 

achieved for the tensile stiffness and stress at yield at 15 wt% GNPs. Composites with 

hybrid reinforcements (GNP and woof flour) showed an improvement in the flexural 

properties of 243% in terms of bending stiffness and the addition of GNPs restricted 

the reduction of stiffness due to moisture. Results also showed a preferred direction 

of reinforcement alignment by the effect of the processing method. Moreover, 

improved thermal conductivity was measured for the modified composites which 

makes them candidates for applications like thermal management of buildings.  
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Abstract 

Viscoplasticity using Zapas model has been analyzed for high-density polyethylene 

(HDPE) reinforced with 2, 6 and 15 wt% graphene nanoplatelets, as well as pure 

HDPE as a reference material. Viscoelastic behavior has also been investigated in this 

paper by comparing creep curves and creep compliance curves. In addition, 

morphological changes in the materials upon the addition of the different amounts of 

the platelets have been investigated by scanning electron microscope. The obtained 

results showed that only reinforcement of 15 wt% GNP showed significant effect on 

time-dependent behavior, reducing the strain approximately 2 times. The creep 

compliance curves showed that nano-reinforced HDPE behaves nonlinearly 

viscoelastic even at very low stress levels. 

 

Keywords: Viscoelastic, viscoplastic, creep, graphene nanoplatelets (GNPs), high 

density polyethylene (HDPE) 
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1. Introduction 

Polymers and their composites are gaining increased interest as alternative, light-

weight solutions replacing metals in variety of applications. Moreover, with 

development of nano-technology, new multi-scale, multi-functional polymeric 

materials with nano-scaled reinforcements are being designed and research continues 

to characterize their physical, thermal and mechanical properties. Of these materials, 

polymers doped with nano-scale carbon derivatives (e.g. fullerenes, diamonds, carbon 

nanotubes and graphene) are emerging as candidates for automotive and other more 

advanced applications. Due to the large aspect ratio of these nano-materials (at least 

one dimension is below 100 nm while other dimensions are usually in the 

microscale), notable improvement in mechanical properties of the polymers has been 

realized [1]. One of the main advantages of reinforcing the polymer with these nano-

sized particles is the percent of improvement achieved with almost no compromise 

in weight.  

It has been shown that even polymers with nano-reinforcement exhibit nonlinear 

behavior, but research on time-dependent properties of these materials is still limited 

[2,3], and thus conclusions are not firmly established. Incorporation of nano-

reinforcements has been shown to reduce the degree of nonlinearity in the 

viscoelastic behavior of the thermoplastic Polyamide 66 (PA66) where smaller size of 

particles was found to contribute in better improvement in their creep resistance [4]. 

Not only the size of the particles, but also their shape [5] and volume fraction [6] are 

reported to influence the creep response of the nanocomposites. Among the different 

morphologies of carbon nano-additives (carbon black, carbon nanotubes and 

graphene sheets), graphene sheets were reported to have the highest positive 

influence on the creep resistance of the host polymer [11]. On the other hand, 

negligible effect on the creep behavior of thermoset epoxy matrix has been observed 

after reinforcing with e.g. multi-wall carbon nanotubes [7]. Further research shows 

that at low temperatures or small loads at elevated temperatures, CNTs contributed 

to enhanced creep resistance of glass fiber epoxy systems compared to unreinforced 

systems [8]. 
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One of the phenomena which is crucial for performance of materials over time is 

development of irreversible deformation caused by microdamage or viscoplasticity. 

The mechanism of altering the time-dependent response by the incorporation of 

nano-reinforcement is best explained by the restricted mobility of polymer chains by 

the effect of rigid inclusions.  

Modelling and prediction of response of material over time help avoiding extensive 

time-consuming tests. Conventional models used for the prediction of time-

dependent response in viscoelastic materials are the empirical models such as Norton 

power law and its modifications or constitutive models in which damage 

accumulations are considered and extensive experiments for parametric identification 

are avoided [9]. However, it is important to find models that accurately describe the 

new class of nano-reinforced materials. Special for these nano-reinforcements is the 

difficulty to disperse them in the resin system (they tend to restack and aggregate) for 

full exploitation of their reinforcing potential. Therefore, not all models can work 

properly in describing the behavior of inhomogeneous materials [10]. 

The purpose of this study is to look into time-dependent performance of high-density 

polyethylene (HDPE) doped with graphene nanoplatelets (GNPs) - material 

developed in Paper II. The focus of the paper is on characterization of non-linear 

behavior of these materials and identification of parameters representing time-

dependent properties. One of the tasks is also evaluation of applicability of earlier 

developed models to predict creep of nanocomposites as well as validation of 

modeling approach in general for these types of materials.  This is done by performing 

experimental characterization of irreversible i.e. viscoplastic (VP) strain development 

and identifying VP model based on these measurements. 

The VP model used in this study is suggested by Zapas et. al [12] and has been 

successfully used to describe VP strain development in several materials [13–17]. In 

this model, the VP strain is written in form of stress dependent integral, with 

parameters determined in creep and strain recovery tests (the applicability of this 

model is also verified in the suggested testing methodology). Quantitative analysis of 

effect of GNPs on viscoelasticity of HDPE has also been performed. 
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2. Experimental 

High-density Polyethylene (HDPE) (MG9647S, BOREALIS) pellets was used for 

matrix material. An HDPE-based masterbatch containing 35 wt% graphene 

nanoplatelets (GNPs) (heXo HDPE1-V20/35, NanoXplore) was used to incorporate 

GNP into the HDPE matrix. The GNP in the masterbatch are platelets of 40 layers 

graphene functionalized at the edges to enhance their compatibility with the polymer. 

No additional coupling agent or compatibilizer was used in the resulting composites.  

The composites were manufactured by melt compounding in a co-rotating twin 

screw extruder (ZSK25, Krupp Wener & Pfleiderer GmbH) followed by 

compression molding using a conventional 310-ton press (Fjellman). Specimens were 

cut from the pressed plates using waterjet, and thoroughly dried prior to any test. 

Details of the composite processing could be found in a previous publication [18], 

which will not be elucidated here. The content of GNP in the resulting composites 

were 2, 6, and 15 wt%, respectively. Neat HDPE matrix was used as reference 

material for comparison. 

To demonstrate morphology of the prepared materials, scanning electron microscopy 

(SEM, JEOL JCM-6000 Neoscope) with electron acceleration of 15 kV was 

performed. Samples were broken in liquid nitrogen, and the fractured surface was 

sputter-coated with gold prior to the microscopic study.  

Creep tests (in tension) were performed on electromechanical tensile machine Instron 

3366 equipped with 10 kN load cell and pneumatic grips following the test sequence 

presented in Figure 1. Standard Instron extensometers 2620-601 with 50 mm base 

was used to measure axial strains 𝜀𝑥,whereas lateral strains 𝜀𝑦were measured by strain 

gages. Specimens (70 mm in gauge length, 18 mm in width) were subjected to 

sequence of tensile loading ramps each consisting of uploading to constant stress 

(loading was done in displacement-controlled mode with a rate of 3.5 mm/min 

which corresponds to a strain rate of 5 %/min); keeping the stress constant for a fixed 

time (creep); unloading (the same rate as loading) the specimen and waiting for 

viscoelastic strain recovery (to measure residual strains). The duration of creep in a 

ramp was 10, 20, 30 and 60 min., with a total creep test time of two hours. The 

applied stress levels in creep test were 7.5, 10, 12.5 and 15 MPa. Tests were 
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performed in increasing order of the applied stress to minimize influence of damage 

on results.  After each loading period in the ramp, recovery period followed, which 

was ×8 longer than the loading time. During strain recovery, the load was kept 

constant at 4 N. The specimen was not unloaded entirely (to zero load) due to 

limitations of the equipment. 

At the end of the recovery, residual strains in two directions, εx
VP (further in the paper 

referred to as axial) and εy
VP (denoted as lateral), were considered as viscoplastic. 

 

 

Figure 1. Schematic represents the test sequence and strains at the end of a step k. 

 

3. Modelling of Nonlinear Deformation Behavior 

The viscoplasticity was characterized using Zapas and Crissman model [12], where 

VP strain growth during loading with specified time dependence of the applied stress 

is given by: 

 

 𝜀𝑉𝑃(𝜎, 𝑡) = 𝐶𝑉𝑃

{
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where 𝐶𝑉𝑃, M and m are constants to be determined experimentally, σ∗ is arbitrary 

chosen stress level, 𝑡/𝑡∗ is normalized time where 𝑡∗ is an arbitrary chosen 

characteristic time constant. In this study, values of σ∗=1 MPa and 𝑡∗=7200 s were 

used.  

Limited material was available for this study and thus, methodology described in [16] 

was employed in order to obtain the maximum amount of information for 

experimental material constants, with less specimens. 

This method allows full characterization of viscoplasticity using only one specimen. 

Due to the previous loading history, the parameter identification becomes more 

complicated. At k-th stress level nkσ0 (for the first stress level the n1=1) and with the 

same total duration time of creep Δt0 for previous stress levels, VP strain can be 

obtained as follows: 

 

𝜀𝑉𝑃(𝑛𝑘, 𝑡) = 𝐶𝑉𝑃

∙ 𝜎0
𝑚𝑀 (
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+ 𝑛2

𝑀
∆𝑡0
𝑡∗
+ 𝑛3

𝑀
∆𝑡0
𝑡∗
+⋯

+ 𝑛𝑘
𝑀
𝑡 − (𝑘 − 1)∆𝑡0

𝑡∗
)
𝑚

 

(E2) 

 

Since 𝑡∗ is an arbitrary chosen constant, the choice of 𝑡∗= Δt0 reduces equation (E2) 

to: 

 

𝜀𝑉𝑃(𝑛𝑘, 𝑡) = 𝐶𝑉𝑃

∙ 𝜎0
𝑚𝑀 (1 + 𝑛2
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𝑀
𝑡 − (𝑘 − 1)∆𝑡0

𝑡∗
)
𝑚

 
(E3) 

 

Applying natural logarithm of both sides of equation (E3) renders the following 

relationship: 

 

 

𝑙𝑛(𝜀𝑉𝑃(𝑛𝑘, 𝑡))

= 𝑙𝑛(𝐶𝑉𝑃 ∙ 𝜎0
𝑚𝑀) + 𝑚
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From this equation follows that experimental relationship between VP strain and time 

𝑙𝑛(𝜀𝑉𝑃)~𝑙𝑛(𝑓(𝑛𝑖 , 𝑀, 𝑡))  has to be linear for all stress levels. Thus, the first step is to 

find M value when for all the stress levels the data points are “linearized”. These data 

can be fitted with function 𝑦 = 𝑚𝑥 + 𝑐, thus obtaining first approximation of 

parameter m and CVP. By further adjusting the parameters, to obtain best overall fit 

(m, CVP values has to be the same for all stress levels), the correct values for 

viscoplasticity law can be obtained. 

Afterwards the VP strain can be subtracted from total amount of strain to obtain pure 

VE strain. The VP strain was removed with method described in [13]. This 

methodology allows to use actual VP strain of experiment in subtraction process, thus 

reducing the effect of scatter between different experiments. The amount of VP strain 

removed from each individual test will be the same as experimentally measured. 

During first creep loading step, viscoplasticity will be removed with following 

expression: 

 

 
𝜀𝑉𝑃
1 (𝑡) = 𝜀𝑉𝑃

𝑐 (
𝑡

∆𝑡1
)
𝑚

 
(E5) 

 

where 𝜀𝑉𝑃
𝑐  is the VP strain accumulated during loading of first step with total duration 

of Δt1. Afterwards, due to previous loading history, removal of viscoplasticity is done 

according to this expression: 

 

 𝜀𝑉𝑃
𝑘 (𝑡) = {(𝜀𝑉𝑃

𝑘−1)1/𝑚 + [(𝜀𝑉𝑃
𝑘 )1/𝑚 − (𝜀𝑉𝑃

𝑘−1)1/𝑚]
𝑡 − 𝑡𝑘−1
𝑡𝑘 − 𝑡𝑘−1

}
𝑚

 (E6) 

 

where tk-1 is the beginning of current loading step and tk is the end of current loading 

step.  
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4. Results and discussions 

Figure 2 shows the morphology of the studied materials at different GNP loadings as 

seen under the SEM. There is a clear change in the morphology of the polymer from 

the topological fibrillated surface of the HDPE (and that of the 2 wt% GNP) to the 

smoother surface at higher GNP loadings (6 wt% and 15 wt%). At 2 wt% GNP, the 

introduced particles could be detected at some sites (e.g. the one marked with the 

circle), but the occurrence of GNP is denser on samples of 6 wt% and 15 wt% GNP 

contents. The platelets appear mostly thin and transparent indicating well exfoliated 

sheets, but also thicker less exfoliated particles could be spotted. However, they are 

in general well embedded in the matrix with quite homogeneous distribution. The 

incorporation of the large rigid GNP in the polymer matrix would restrict the 

mobility of the polymer chains and cause the material to be more resistant to 

deformation.  

 

 

 
Figure 2. SEM micrographs of the freeze-fracture surfaces for HDPE sample (a), 

and HDPE at different GNPs; 2 wt% (b), 6 wt% (c) and 15 wt% (d). 

 

(a) (b) 

(c) (d) 
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VP parameters for axial and lateral direction for all materials are presented in Table 

1. It can be seen that parameter m, which shows how VP strain develops with time 

in axial direction, does not change with addition of GNP. Thus, indicating that the 

time-dependence for all materials is the same in axial direction. The parameters which 

show how VP strain changes with applied stress level, however, are significantly 

different for all materials. 

In lateral direction the trend is similar, with exception of HDPE + 6 wt% GNP. This 

could be due to failure of specimen and strain gauge which happened during last 

loading step of 60 min at 12.5 MPa. It has been seen that fitting of data at higher 

stress levels is significant for more accurate VP parameter identification. 

 

Table 1. VP parameters in axial and lateral directions for HDPE with different 

amounts of GNP 

Material Axial Lateral 

m M CVP, % m M CVP, % 

HDPE 0.13 25 3.29·10-4 0.11 19 3.05·10-3 

HDPE+2%GNP 0.12 30 1.29·10-4 0.09 36 1.54·10-4 

HDPE+6%GNP 0.13 23 6.46·10-4 0.22 11 1.65·10-3 

HDPE+15%GNP 0.13 23 2.47·10-4 0.115 25 2.13·10-4 

 

The trend for VP strain development for all stress levels was similar. In Figure 3, the 

VP strains at 12.5 MPa stress level for axial and lateral direction is presented. It can 

be seen that material with addition of 15 wt% GNP shows the lowest amount of VP 

strain. It should be noted that the same trend could be observed for both axial and 

lateral direction and for all applied stress levels. All other materials did not show any 

significant changes in amount of VP strain at the same stress level and loading time. 

The maximal difference between lateral VP strain was observed at 12.5 MPa, where 

HDPE+2wt%GNP showed slightly lower values. The rest of the stress levels showed 

similar trend as in axial direction. It could also be seen that the specimen of 6 wt% 

GNP is not following the trend of reduced VP strains. This could be due to some 
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defects in the particular sample that it is showing higher VP strains compared to the 

neat polymer or the sample of 2 wt% GNP.  

 

 

Figure 3. VP strain development with time for HDPE with different amount of 

GNP at 12.5 MPa applied stress for a) axial and b) lateral direction. Symbols represent 

experimental data points, lines represent modeling of VP strain. 

 

After viscoplasticity has been analyzed, it is possible to subtract it from the total strain, 

in order to obtain pure VE strain. The curves for VE strain development for HDPE 

+ 2 wt% GNP at 15 MPa applied stress level is presented in Figure 4 and creep 

compliance for all the different loading steps also at 15 MPa stress level is presented 

in Figure 5. It can be seen that for all the loading time durations, the VE strain follows 

the same curve and similar trend can be observed with creep compliances. This trend 

was observed for all stress levels. This indicates good repeatability of the experiment. 

It should be noted that smaller offsets of this trend could be observed at higher stress 

levels and for lateral strain (as seen in Figure 4b) and Figure 5 b)). Overall the same 

trend could be observed with all the materials and all stress levels but for the sake of 

the space only data for stress level of 15 MPa are presented here. 

 

(a) (b) 
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Figure 4. Pure VE strain development with time for HDPE + 2 wt% GNP for 

different loading durations at 15MPa applied stress level in: (a) axial direction; and (b) 

lateral direction. 

 

 

Figure 5. Creep compliance curves for HDPE + 2 wt% GNP for different loading 

durations at 15 MPa applied stress level in: (a) axial direction; and (b) lateral. 

 

Comparison between different stress levels of pure VE strain and creep compliances 

for HDPE + 15 wt% GNP are shown in Figure 6 and Figure 7. It can be observed 

that with increase of applied creep stress the VE strain curves are steeper and with 

much higher values. The data of creep compliances indicate that even at very low 

stress level of 10 MPa, the material is nonlinearly viscoelastic, thus modeling of 

(a) (b) 

(a) (b) 
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viscoelasticity for such materials must be performed with nonlinear VE models, e.g., 

Schapery type of model [19–21]. The same trend was observed for all the materials. 

It should be noted that in lateral direction, the nonlinear VE region for HDPE + 2 

wt% was observed only at 15 MPa applied stress and for HDPE there was no 

nonlinear VE region. But in axial direction all materials behaved nonlinearly VE even 

at low stress levels (10 MPa). 

Comparison of different materials show similar trend as for viscoplasticity as can be 

seen in Figure 8 and Figure 9, where pure VE strain at 12.5 MPa and creep 

compliances at 10 MPa are shown. HDPE with 15 wt% GNP shows almost 2 times 

lower amount of VE strain as pure HDPE in both axial and lateral direction. HDPE 

and HDPE with 2 wt% GNP did not show any significant difference in amount of 

VE strain in axial direction. In axial direction HDPE with 6 wt% of GNP showed 

small decrease of VE strain. This trend was observed for all the stress levels. 

In lateral direction, the difference between materials are more pronounced as the 

stress increases. This can be seen in Figure 10 where the lowest stress level and highest 

stress level of lateral VE strain are presented.  

 

 

Figure 6. Pure VE strain for HDPE + 15 wt% GNP for different applied stresses for 

60 min loading duration in: (a) axial; and (b) lateral direction. 

 

(a) (b) 
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Figure 7. Creep compliances for HDPE + 15 wt% GNP for different applied stresses 

in (a) axial and (b) lateral direction. Multiple lines correspond to the multiple creep 

times of individual creep stress. 

 

 

 

Figure 8. Pure VE strain for HDPE with different GNP content at 12.5 MPa in (a) 

axial and (b) lateral direction. 

 

(a) (b) 

(a) (b) 
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Figure 9. Creep compliances for HDPE with different GNP content at 10 MPa in 

(a) axial, and (b) lateral direction. 

 

 

 

Figure 10. Pure VE strain in lateral direction HDPE with different GNP content at 

(a) 7.5 MPa and (b) 15 MPa. Data for HDPE+6% GNP are missing due to failure of 

strain gauge at higher strains.  

 

  

(a) (b) 

(a) (b) 
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5. Conclusions 

The short creep tests were performed on HDPE doped with various amounts of GNP 

to characterize viscoplastic properties of these materials and to evaluate effect of nano-

reinforcement on VP parameters. The results showed that applied methodology and 

models can be successfully used to describe non-linear behavior of nano-composites.  

It was observed that addition of 2 wt% GNP and 6 wt% GNP did not show any 

significant effect on VP properties. Small changes were observed when 2 wt% of 

GNP has been added for 12.5 MPa stress level. However, data for the nano-

composite with 6wt% of reinforcement at high stress level are somewhat unstable, 

possibly due to the defect (void) in the material. It is also indicated by the fact that 

specimen with 6 wt% GNP failed prematurely at 12.5 MPa (thus experimental data 

for this material were limited). 

The most significant difference has been observed with addition of 15 wt% GNP – 

the VP strain decreases 2 times with respect to neat HDPE at the same loading 

duration and stress level. These changes were seen for both axial and lateral directions. 

The VP parameter which characterizes VP strain development with time, is relatively 

stable for different amount of GNP for axial and lateral direction (except for lateral 

direction for addition of 6 wt% GNP).  

From previous studies it has been observed, that experimental data at higher stresses 

is crucial for accurate VP parameter identification. The parameters responsible for VP 

behavior changes with stress, showed significant difference with addition of GNP. 

The analysis of viscoelasticity showed similar trend – addition of 15 wt% GNP 

decreases VE strain more than 2 times (compare to neat HDPE) at the same stress 

and loading duration. The compliance curves showed that all materials in axial 

direction exhibit nonlinear viscoelasticity even at very low stress levels (below 10 

MPa). The pure HDPE showed only linearly VE behavior and HDPE with 2 wt% 

GNP showed nonlinear VE behavior at 15 MPa. 
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