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Abstract 

Graphene nanoplatelets (GNP) are used to produce wood plastic composites (WPC) with 

improved electrical and thermal conductivity. The polypropylene/wood/GNP hybrid 

composites are produced by melt compounding followed by hot pressing. The effect of 

GNP loadings (5, 10, and 15 wt.%) on electrical conductivity, thermal conductivity, tensile 

properties, and thermal degradation of hybrid WPC containing 20 wt.% of wood flour is 

studied. The effect of fast and slow cooling rates during hot pressing on the surface 

resistivity of hybrid WPC is evaluated. Scanning electron microscopy of the tensile 

fracture surface and polished cross-sections of hybrid WPC is analyzed. The hybrid WPC 

containing 20 wt.% wood flour and 15 wt.% of GNP (PP-W20-G15) is measured to show 

surface resistivity of 2.05E+06 Ω/sq and thermal conductivity of 0.61 W/m.K. There is a 

significant increase in electrical and thermal conductivity of PP-W20-G15 when compared 

to WPC containing 20 wt.% of wood flour (PP-W20). The wood flour helps with the 

distribution of GNP in PP-W20-G15 by which the surface resistivity is improved when 

compared to PP filled with 15 wt.% GNP. It was found that the surface resistivity of PP-

W20-G15 was dependent on the cooling rate used during the hot pressing. There is a 

considerable decrease in tensile strength and an increase in the tensile modulus of hybrid 

WPCs compared to PP-W20 and neat polypropylene.  
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Introduction 

The demand for electrically conductive composites is on the rise due to the growing need 

for antistatic materials for various applications including packaging and electronics that 

are susceptible to electrostatic damage or in electromagnetic shielding applications (Choi 

et al. 2019, Yadav et al. 2019). Compared to conventional antistatic materials that are 

used currently, conductive polymer composites are cheap, lightweight, flexible, and easy 

to design and manufacture. Electrically conductive composites prepared from polymers 

other than intrinsically conducting polymers usually incorporate electrically conductive 

fillers to introduce the electrical functionality in the polymer. Commonly used electrically 

conductive fillers include carbon black (Al-Saleh et al. 2013, Choi et al. 2019, Yang et al. 

2015), carbon nanotubes (Al-Saleh et al. 2013), carbon fibres (Yang et al. 2015), and 

graphene (Haznedar et al. 2013). 

 

The electrical resistance of air-dried wood is higher than 1012 Ω and for insulating plastics, 

it is equal to or higher than 1011 Ω (Fu and Yuan 2017). The electrostatic charge is 

generated on the surface of insulating material due to the piezoelectric effect caused by 

friction or mechanical effect. Due to high electrical resistance, electrostatic charges are 

prevented from escaping by allowing electrostatic charge build up on the surface. The 

electrostatic discharge (ESD) can occur through the high-intensity transfer of charge 

between two objects of different electrostatic potential when contacted (Moultif et al. 

2017). Antistatic agents when applied as a surface coating or as an internal additive with 

polymers can prevent the electrostatic charge accumulation by decreasing the bulk 
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volume or surface resistivity. The resistance of packaging materials according to 

ANSI/ESD S541 is tabulated in Table 1. 

 

Table 1: Classification of packaging materials based on surface resistance  

Material designation Surface 
resistance (Ω) 

Electric field shielding <103  
Conductive <104 
Dissipative/Anti-static ≥104 - <1011 
Insulative ≥1011 

   

Bio-composites play an essential role in various industries as an alternative to materials 

from fossil-fuel (Alemdar and Sain 2008). Wood-plastic composites (WPC) are bio-

composites produced from wood fiber and synthetic or bio-based plastics. Currently, 

WPC is used in building & construction, automotive, and household applications. The 

applications of WPC can be expanded to new industries by tailoring the properties of 

wood-plastic composites. As an example, incorporating electrical and thermal 

conductivity in WPC can open its application to products demanding these functional 

properties. Conductive (electrical and/or thermal) thermoplastic compounds are available 

in the market for producing products requiring anti-static properties, electromagnetic 

interference shielding (EMI shielding), and for those products used in thermal 

management in the electrical and electronic industry (Biron 2018). 

 

Hybridization of WPC with functional inorganic fillers and nanofillers are of interest since 

these fillers can impart special functionality to the WPC. Hybrid polymer composites are 

those with two or more reinforcing materials embedded in a matrix polymer. Most of the 
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literature studies related to hybrid composites indicate that the hybridization results in 

multifunctional polymer composites. It is also understood from the related literature that 

there is a synergic effect of reinforcing fillers, which may increase certain properties of 

the composites (Lee et al. 2011, Papageorgiou et al. 2016, Pedrazzoli and Pegoretti 

2013, Pedrazzoli et al. 2015, Thwe and Liao 2003).  

 

Graphene has received a lot of interest in recent years due to its exceptional mechanical, 

thermal, and electrical properties. Graphene is a two-dimensional allotrope of carbon 

made up of a single layer of sp2 hybridized carbon atoms (Phiri et al. 2017). The structures 

with several layers of carbon atoms are called graphene nanoplatelets (GNPs) which are 

reported to be used as nanofillers to improve the various properties of polymer 

nanocomposite even at a low filler loading (Tripathi et al. 2017). A major challenge of 

using graphene as filler in polymer composites remains the high price compared to 

alternatives like carbon black. According to a recent study (Batista et al. 2019), the 

research-grade graphene powder is priced at 1-50 $/g and mass-produced graphene is 

available from as low as $20/kg to $800/kg. The specialty carbon black is sold for $50/kg 

and high conductive carbon black cost around $25/kg (Mertens 2017). Considering that 

the desired property is reached at a much lower graphene loading compared to carbon 

black and the multi functionalities offered, graphene is a reasonable choice as filler for 

developing polymer composites. Several processing methods such as in-situ, solution 

casting, and melt mixing are used to prepare thermoplastic polymer-based 

nanocomposites(Tripathi et al. 2017). Since melt mixing is a well-established processing 

technique in the plastic industry, a lot of research has been devoted to graphene-based 
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polymer nanocomposites (Kalaitzidou et al. 2007, Kim and Macosko 2009, Zhang et al. 

2010, Zhao et al. 2007, Zheng et al. 2004). Those studies indicate that the addition of 

graphene improves mechanical properties of the nanocomposites at a lower filler content. 

In terms of electrical conductivity, the percolation threshold is reached at a higher GNP 

loading for the composites prepared by the melt mixing method, when compared to in-

situ and solution mixing methods (Khanam et al. 2016). Hence, the electrical conductivity 

in graphene-based nanocomposites prepared by the melt mixing method is achieved by 

sacrificing mechanical properties up to a certain degree due to agglomeration of graphene 

above a loading of more than 10 wt.%. 

 

Few studies have reported on the influence of GNP’s on the properties of WPC. Most of 

those were focused on the influence of GNP’s on mechanical and thermal properties. 

Sheshmani et al. (2013) studied the polypropylene/wood/GNP system and reported that 

the tensile and flexural properties of the hybrid composites increased at 0.8 wt% of GNP 

content. They also indicated that strength decreased due to agglomeration when the 

content of GNP’s was increased to 3-5 wt%. In another study, 

polyvinylchloride/wood/GNP system was developed to be used as electromagnetic 

interference shielding material (Karteri et al. 2017).  

 

To the best of the authors knowledge, no studies have been published which addresses 

the electrical and thermal conductivities of polypropylene/wood flour/GNP hybrid 

composites produced through melt mixing method followed by compression moulding. 

The electrical and/or thermally conductive fillers used to introduce electrical or thermal 
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conductivities in WPC may favorably or adversely affect other important properties of the 

hybrid WPC. Thus, it is important to study the electrical/thermal conductivities and the 

mechanical properties of the hybrid WPC. The objective of this study is to prepare 

polypropylene-based anti-static wood plastic composites containing GNP’s that can be 

utilized to produce ESD safe products such as ESD safe enclosures or containers and 

ESD safe WPC composite decking.  

 

Experimental 

Materials 

The WPC masterbatch containing 50 wt.% wood flour and polypropylene (PP) was 

purchased from a WPC granulate manufacturer. The softwood flour consists of spruce 

and fir with a maximum size of 500 µm. The masterbatch contains 3 wt.% of additives 

including MAPP. The GNP masterbatch PP @ 30% heXo-G V20 was purchased from 

NanoXplore Inc, Canada. The GNP in the masterbatch is heXo-G V20 with an average 

thickness of 20 nm (40 layers) and a flake size of 50 µm. The heXo-G V20 is commercially 

sold for $20/kg. The PP used in the masterbatch is an impact copolymer 4220H from 

Pinnacle Polymers. The polypropylene in WPC and the PP used to dilute WPC 

masterbatch was Moplen EP240H, which is an impact-resistant copolymer produced by 

LyondellBasell.  

 

Preparation of hybrid wood plastic composites 

The hybrid WPC’s were prepared by two-stage melt compounding in a co-rotating twin-

screw extruder ZSK 18 MEGAlab from Coperion, Germany. The barrel length of the 
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extruder was 72 mm and the outer diameter of the screw was 18 mm (Do/Di = 1.55). The 

pre-mixed wood plastic composites containing 24 wt.% (WPC1), 30 wt.% (WPC2), and 

40 wt.% (WPC3) were prepared by diluting WPC-MB (50 wt.% wood flour) with Moplen 

EP240H. In the second stage, WPC1 (83.5 wt%)/GNP-MB (16.5 wt.%), WPC2 (66.6 

wt.%)/GNP-MB (33.4 wt.%), and WPC3 (50 wt.%)/GNP-MB (50 wt.%) were melt mixed 

to produce PP-W20-G5, PP-W20-G10, and PP-W20-G15, respectively. The pre-mix was 

fed from the main feeder and GNP-MB was fed from the side feeder. The compounding 

was done at a screw speed of 150 rpm and the total feed rate was 5 kg/h. The extruder 

temperature was set to 190oC until the melting zone and then it was set to 200oC in the 

discharge zone. The extrudate was cooled in water and finally pelletized and saved for 

further use. The designations and composition of hybrid wood plastic composites are 

listed in Table 2. 

 

The WPC plates were made by hot pressing the hybrid WPC pellets. The pressing was 

done in a manual hydraulic hot press at a temperature of 220oC for 3 minutes with a press 

load of 3.5 MPa. Initially, a pre-heating time of 15 minutes was given before the load was 

applied. The size of the plates was 200 mm x 200 mm with a thickness of 3.6 – 3.8 mm. 

These plates were later CNC machined to test specimens. 

Table 2: Designations and composition of hybrid wood plastic composites 

Composites PP (%) Wood flour 
(%) 

GNP (%) 

PP 100 0 0 
PP-W20 80 20 0 
PP-W20-G5 75 20 5 
PP-W20-G10 70 20 10 
PP-W20-G15 65 20 15 
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Characterization 

The surface resistivity measurement was done according to ASTM D257 – 07: Standard 

Test Method for DC Resistance or Conductance of Insulating Materials. Surface resistivity 

was measured by applying a voltage potential across the surface of the insulator sample 

and measuring the resultant current (I) as shown in Figure 1.  

 

The electrode system is a circular flat metal plate type concentric ring electrode Vermason 

H108C (upper electrode) and H116BC (lower electrode). The power supply was 

TRACOPOWER MHV12 – 0.5 K6000P, 500 volts. Voltmeter used was Fluke 45 Dual 

display multimeter and ammeter was Keithley model 6485 Picoammeter. The 

measurement was taken at 500 V and was done in a room maintained at a temperature 

of 21oC ±2. The current reading from picoammeter was noted 60 s after the start of 

measurement. The surface resistivity measurement of all other samples was taken 

following the same procedure. Two plates each with 100 mm x 100 mm and thickness of 

3.6 – 3.8 mm were measured for all the samples. Results are an average of four 

measurements taken from both surfaces of the two plates. The surface resistance of PP-

W20-G15 prepared by slow and fast cooling was measured following the same procedure 

explained above except that the thickness of the test samples was 2 mm and test voltage 

was 100 V. The surface resistivity was calculated from equation (1). 

Surface resistivity ρs = 𝜋𝜋 (𝐷𝐷1+𝐷𝐷2)
(𝐷𝐷2−𝐷𝐷1)

𝑅𝑅𝑅𝑅    (Equation 1) 

whereas D1 is the outer diameter of the inner ring in cm; D2 inner diameter of the outer 

ring in cm; Rs is measured resistance in ohms.   
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Figure 1: Surface resistivity measurement method  

 

Netzsch LFA 467 device with Proteus LFA software was used to measure the thermal 

diffusivity and CP(T) of the samples at 25oC.  Prior to the measurements, the surface of 

the sample was coated using a graphite spray. The rear surface of the samples was 

heated by exposing a short light xenon laser pulse on the rear surface and the 

temperature change of the opposite side of the sample was detected using an infrared 

detector. The thermal diffusivity was calculated using Equation (2) (Parker et al. 1961). 

α=0.1338 d2/t1/2    (Equation 2) 

where α = the thermal diffusivity; d = thickness of the sample, and t1/2 = time at the half 

signal height. 

κ(T)=α(T) × cP(T) × ρ(T)   (Equation 3) 

The thermal conductivity of the samples was computed at 25oC using Equation (3). Where 

κ(T), α(T), cP(T), and ρ(T) are the thermal conductivity; thermal diffusivity; specific heat 

capacity, and experimental density of the sample respectively. The density of PP, PP-

W20, PP-G15, and PP-W20-G15 was measured as 0.90, 0.94, 0.97, and 1.04, 
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respectively. The size of the specimens was 9.8 mm in diameter and 1.3 mm in thickness 

and the result presented is an average of 5 specimens. 

 

The tensile test was performed according to ISO 527-2:2012 using a Tiratest 2705 tensile 

testing machine equipped with a 5kN load cell. The test was carried out at room 

temperature with a speed of 5 mm/minute. The length of the sample was 150 mm and the 

length of the narrow portion was 80 mm. The thickness of tensile specimens was 3.6 mm 

– 3.8 mm. Tensile properties are calculated as an average of 5 specimens. Tensile 

modulus is calculated from the slope of the stress/strain curve in the strain interval 

between 0.05% and 0.25%.   

 

The examination of the platinum-coated tensile fracture surface was performed on JEOL 

JCM-6000 Neoscope scanning electron microscope with an electron acceleration voltage 

of 15 kV. For polished cross-section surfaces, the examination was made without a 

coating and with an acceleration voltage of 1 kV to reduce charging of the surface on 

Zeiss EVO 50VP scanning electron microscope. 

 

Thermal degradation of the hybrid WPC was studied using a thermogravimetric analyzer, 

Netszch TG 209. The test was conducted in a nitrogen atmosphere by heating from 25oC 

to 800oC at 10oC/minute. The sample mass for all the composites was 20 mg (±2). The 

results from one of the two specimens tested are reported. The effect of cooling rate on 

melting and crystallization behavior of the PP-W20-G15 was determined using Netzsch 

DSC 204 in a nitrogen atmosphere. The sample mass for all the composites was 10 mg 
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(±2) and the results from one of the two specimens tested are reported. The first heating 

was done from a temperature of 25°C to 220°C at a rate of 40°C/min followed by 

isothermal heating for 20 min representing the press time of the composites. The cooling 

was done at two different cooling rates of 2°C/min or 40°C/min. The second heating was 

performed at 40 °C/min. 

 

A one-way analysis of variance (ANOVA) was performed on the collected data to 

determine the statistically significant differences (p = < 0.05) among the surface resistivity, 

thermal conductivity, and tensile properties of the composites. A paired t-test was 

performed on surface resistivity data to determine the statistical significance between the 

slow and fast cooling rate on the surface resistivity of composites containing 20 wt.% of 

wood fibre and 15 wt.% GNP (PP-W20-G15). The statistical analyses were performed 

using a free and open-source statistical analysis software JASP (Version 0.14.1). 

 

Results and discussions 

Surface resistivity 

The surface resistivity of PP/GNP and functionalized WPC is listed in Table 3. The 

percolation threshold is reached at 15% by weight in the case of PP/GNP and hybrid 

composites. The surface resistivity of PP-G15 and PP-W20-G15 decreased several 

orders of magnitude to 108 Ω/sq and 106 Ω/sq, respectively. The results from surface 

resistivity measurements indicate that the surface resistivity decreased by the 

incorporation of 15 wt% GNP in both PP and WPC containing 20% by weight of wood 

filler. 
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The electrical conduction mechanism in the insulating polymer/conductive filler 

composites is described based on the percolation theory. The electrical conductivity in 

those composites is due to free electron movement through the conductive path formed 

by conductive fillers at a critical filler loading. At this critical filler loading, there is a sudden 

increase in electrical conductivity after which it gets saturated. This critical filler 

concentration is known to be the electrical percolation threshold concentration (Tripathi 

et al. 2017).  

 

The result from this study is in agreement with the findings in the literature related to 

PP/GNP composites. The percolation threshold for PP/GNP composites prepared 

through melt extrusion was found to be above 10 wt.% (4.4 vol%) (Imran et al. 2018) and 

15 wt.% (6.7 vol%) (Park et al. 2007). The percolation threshold for PP/GNP and hybrid 

composites in this study is reached at 15 wt.% (6.7 vol%). The size of the GNP is an 

important factor affecting the electrical conductivity of extrinsically conductive polymers. 

The percolation threshold in PP/GNP composites was reported to decrease with 

increasing in the flake size (Jun et al. 2018). The percolation threshold for PP composites 

containing GNP with flake sizes of 150 μm and 2 μm is 2.99 vol% and >9.29 vol%, 

respectively as reported in the literature (He et al. 2017). They also found that a lower 

thickness of layers improves electrical conductivity. The GNP used in this study has an 

average flake size of 50 μm and an average thickness of 20 nm. Since the percolation 

threshold for hybrid WPC was the same as for PP/GNP as found in the present study, it 

is assumed that using GNP with a larger flake size will initiate the formation of the 

conductive network at a low percolation threshold and the thinner GNP can facilitate fast 
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electronic movement between the layers resulting in improvement of electrical 

conductivity in hybrid WPC’s.          

 

Table 3: Effect of GNP on the surface resistivity of PP/GNP and wood plastic 
composites 

Composites Surface 
resistivity 
(Ω/sq) 

SD 

PP neat 1.19E+14 5.34E+12 
PP-W20 1.08E+14 6.19E+12 
PP-G5 1.05E+14 7.25E+12 
PP-G10 1.00E+14 3.55E+12 
PP-G15 8.83E+08 8.43E+08 
PP-W20-G5 4.96E+14 6.67E+12 
PP-W20-G10 4.48E+14 1.90E+13 
PP-W20-G15 2.90E+06 2.05E+06 

 

The WPC containing 20 wt.% of fibre and 15 wt.% GNP is more conductive than PP with 

the same loading (15 wt.%) of GNP alone (Figure 2). The total insulating components (PP 

and/or wood) in both PP-G15 and PP-W20-G15 are 85 wt%. The total amount of 

conductive filler in both PP/GNP and hybrid composite being the same, the decreased 

surface resistivity of hybrid composite is due to the good distribution of GNP in the 

presence of wood filler. The SEM images from the polished surface of PP neat and hybrid 

WPCs are seen in Figure 3 (d). It is evident that in the presence of wood fiber, the GNP 

was well distributed compared to the PP-G15 composite (Figure 3 c). Good distribution 

of GNP helped with forming a more effective conductive path in PP-W20-G15 hybrid 

composite.  

In general, an uncoated insulator sample accumulates charge during the examination. 

SEM images from a cross-section of GNP-filled PP-G15 and PP-W20-G15 that were 
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acquired with 1 kV show brighter areas. This can be explained as the “reverse” charging 

characteristic, where the local field effect in a conductive composite enhances the relative 

secondary electron emission in the isolated conductive grains (Chung et al. 1983). Similar 

observations in polymer/carbon nanofillers filled composites are reported elsewhere 

(Syurik et al. 2013, Syurik et al. 2012). Due to this phenomenon, the conductive filler is 

seen brighter in a dark insulating matrix. Due to a low acceleration voltage of 1 kV, both 

the penetration depth of primacy electrons and the escape depth of secondary electrons 

(SE) are low, and only near-surface information is obtained. 

 

Figure 2: Surface resistivity of PP and wood plastic composites containing 15 wt.% of 
graphene nanoplatelets  

 

The brighter GNP (15 wt%) is seen from Figure 3(c) and (d). In Figure 3(d), the GNP is 

seen to be even better distributed in the presence of 20 wt% wood fiber. The charging 

phenomenon directly represents the electrically conductive path of the GNP in the PP 

matrix as seen from the line marked in Figure 3(e) and (f). The results from SEM analysis 

support the findings from the surface resistivity measurements. 
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Figure 3: SEM images from the polished surface of (a) PP neat (b) wood plastic 
composite – PP-W20 (c) antistatic composites filled with GNP (PP-G15) (d) anti-

static/dissipative wood plastic composite filled with wood flour and GNP (PP-W20-G15) 
(e) dotted lines representing the continuous conductive path of GNP in PP-G15 and (f) 

dotted lines representing continuous conductive path of GNP in PP-W20-G15 
 

(b) 

(c) 

(a) 

(d) 

(e) (f) 

 

  

 

  

 

 
 

 

  
 

  

  



16 
 

 
Figure 4: Effect of cooling rate of surface resistivity of hybrid wood plastic composites 

 

The surface resistivity of PP-W20-G15 was found to be influenced by the processing 

conditions during the hot pressing (Figure 4). Two different cooling rates were used during 

the compression moulding; (1) fast cooling in which the composites were cooled at a rate 

of ≈14oC/minute by running water and air through the channels in top and bottom platens 

in the hydraulic press and (2) slow cooling at a rate of ≈0.7oC/minute, in which the 

composites were left in the press to cool down to 23oC without using cooling water or air. 

The composite produced under slow cooling exhibits low surface resistivity (6.97E+05) 

compared to the composite produced under fast cooling (2.52E+07). Since there is no 

variation in GNP or wood flour content in the two composites, the lowering of resistivity 

can be related to the crystallization behavior of the polypropylene.  
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 Table 4: Effect of cooling rate on the melting and crystallization behavior of composites   

Composites Tm (oC) Tc (oC) ꭓ (%) 
Fast Slow Fast Slow Fast Slow 

PP neat 169 170 106 128 30 34 
PP-W20 172 169 104 129 29 34 
PP-G15 175 174 106 131 30 37 
PP-W20-G15 170 172 108 132 30 36 

     

DSC analysis was done on the granulates of neat polymer and hybrid WPC to study the 

effect of fast and slow cooling on its thermal behavior. A cooling rate of 2oC/minute and 

40oC/minute was used to represent slow cooling and fast cooling, respectively. It should 

be noted that the result presented in Table 4 does not represent the cooling rate used to 

produce composites. When comparing two different cooling rates, a notable difference in 

the case of crystallization temperature and the degree of crystallinity of PP can be 

observed from Table 4. The decrease in surface resistivity of PP-W20-G15-Slow 

produced using slow cooling can be correlated to the increase in the degree of crystallinity 

and crystallite size. 

 

It is documented that the formation of the conductive path is easier in the case of highly 

crystalline thermoplastics compared to thermoplastics with a higher amorphous phase 

(Chodak and Krupa 1999). According to Kalaitzidou et al. (2008), not only the degree of 

crystallinity but also the type of crystals, size of the crystals, and nucleating effect of GNP 

can affect the percolation threshold and electrical resistivity of PP based composites. 

They found that the slow cooling resulted in the formation of larger, but fewer crystals 

compared to fast cooling in which a large number of small crystals were formed 

(Kalaitzidou et al. 2008). A similar observation about decreased resistivity in the case of 
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slow cooled PP/CNT composites was made by Wang et al. (2020). They reported that by 

using an external nucleating agent, most CNT was prevented from participating in the 

nucleation of PP crystals and therefore more CNT was available for forming a conductive 

path. Thus, the decreased resistivity of PP-W20-G15-Slow compared to PP-W20-G15-

Fast is due to an increase in crystallinity and fewer, but large crystallites formed during 

slow cooling. It is assumed that the wood flour participated in the nucleation of PP crystals 

sparing most of the GNP to form a conductive path in the case of slow cooled PP-W20-

G15 by decreasing the surface resistivity. Based on the results obtained from surface 

resistivity measurements and according to the literature (Gulrez et al. 2014), the PP filled 

with 15 wt% of GNP and WPC containing 15 wt% GNP can be used in applications such 

as anti-static packaging for electronics and in wood plastic composites to prevent the 

static electricity build-up.  

 

Thermal conductivity 

The thermal conductivity of polypropylene (PP neat) and composites are shown in Figure 

5. The incorporation of 15 wt.% GNP in wood plastic composites with 20 wt.% of wood 

filler has significantly increased thermal conductivity by 130% (PP-W20-G15). The 

increase in thermal conductivity is attributed to the better distribution of GNP in hybrid 

composites in the presence of wood flour as seen from Figure 5.  

 

The GNP has high thermal conductivity and it is reported that incorporation of GNP in the 

polymer matrix can lead to an increase in thermal conductivity (Li et al. 2017). The main 

factors affecting the heat conduction in polymer composites containing GNP are lateral 



19 
 

size and thickness, interfacial thermal resistance, dispersion of GNP, surface 

functionalization, and GNP concentration (Li et al. 2017). The heat transfer in polymer 

composites containing low GNP in which the fillers are unable to connect each other is 

highly dependent on the interfacial interaction of graphene and polymer (Li et al. 2017). 

Effective interaction between polymer and graphene can decrease the interfacial thermal 

resistance and improve the phonon transfer between polymer and graphene. In the case 

of polymer composites with higher GNP loading like those used in this study, the heat 

conduction is through the thermally conductive path formed by the GNP-GNP contact. 

Once the composite contacts with the heat source, the heat transfers quickly through the 

thermal conduction path formed by GNP. In the case of PP/GNP and PP/GNP/wood flour 

hybrid composites, there was no critical loading or percolation threshold identified. An 

increase in the thermal conductivity in both systems containing 15 wt% of GNP was 

observed.  

 

A similar observation was made by other researchers in the case of hybrid WPC based 

on PE (Zhang et al. 2019). The wood fibre content in this study was kept at a constant 

loading of 40 wt.% and the GNP content in this study was 3, 6, 9, and 12 wt.%. The 

thermal conductivity of the composite increased to ≈0.9 W/m.K at a GNP loading of 12 

wt.%. The thermal conductivity of PP/GNP composite was reported to be improved by the 

addition of GNP (Imran et al. 2018). The thermal conductivity increased from 0.2-0.25 

W/m.K for PP to approximately above 0.8 W/m.K at a GNP loading of 16.7 wt.%. In this 

study, the introduction of 15 wt.% GNP has shown an increase in thermal conductivity of 

PP and WPC to 0.44 W/m.K and 0.61 W/m.K respectively. Although there was an 
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increase in thermal conductivity of PP and WPC after the addition of 15 wt% GNP, these 

materials are still not suitable for use in applications requiring heat dissipation.   

 

 

Figure 5: Effect of GNP loading on the thermal conductivity of wood plastic composites 

 

Tensile properties 

The tensile strength of PP-W20 and PP-Wood-GNP hybrid composites is shown in Figure 

6. The strength of hybrid composites decreased gradually by increasing the GNP content. 

The strength of PP-W20-G10 and PP-W20-G15 decreased by 10% and 20% respectively 

when compared to PP-W20.    

 

The capability of GNP in enhancing the tensile properties of composites is described 

based on graphene structure, dispersion of fillers, and filler-matrix adhesion 

(Papageorgiou et al. 2017). The analysis of hybrid composites indicates that the 

composite's tensile strength is influenced by the presence of GNP fillers. The strength of 

PP-W20-G10 and PP-W20-G15 decreased (approx. 2 MPa and 4 MPa respectively) 
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when compared to the tensile strength (18 MPa) of PP-W20. However, because of the 

total filler content of PP-W20-G10 and PP-W20-G15 composites (30 wt% and 35 wt% 

respectively), the decrease in tensile strength is quite obvious. The WPC masterbatch 

used to produce PP-W20 and the hybrid WPCs contained 3 wt% of additives including 

MAPP. A widely accepted reaction mechanism of MAPP in WPCs proceeds with the 

reaction of maleic anhydride in MAPP with the free hydroxyl groups in wood flour to form 

an ester bond. The PP segment in the MAPP then becomes entangled with the melted 

neat PP resulting in a mechanical link between the hydrophilic wood flour and the 

hydrophobic PP (Rowell 2006). However, there is an optimal concentration of MAPP until 

which the tensile strength increases. Excess addition of MAPP results in decreased 

tensile strength of composite (Leu et al. 2012). Compared to neat PP, there was no 

significant decrease in tensile strength of PP-W20.  

 

 

Figure 6: Effect of GNP loading on the tensile strength of hybrid WPC 
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Idumah and Hassan (2016) studied kenaf fibre/GNP/PP composite system and reported 

that usage of 5 wt% MAPP improved polymer to kenaf fibre adhesion. However, the 

adhesion of GNP to polymer was weak due to a lack of any chemical bond formation 

between GNP and MAPP. A similar observation is made from the tensile fracture surface 

analysis of the wood flour/GNP/PP composite system under this study. The nature of 

graphene to agglomerate has created stress concentration in the composite that leads to 

failure of composites in tensile load. The decrease in tensile properties due to the 

restacking of GNP at 5 wt% loading has been reported elsewhere (Idumah and Hassan 

2016). In this study, the GNP loadings in hybrid WPC are above 5 wt%. The decrease in 

tensile strength thus can be attributed to the agglomeration of the GNP and lack of 

chemical interaction between GNP and polymer.  

 

 

Figure 7: Effect of GNP content on tensile modulus of hybrid WPC 
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The Young’s modulus of hybrid composites increased 35% when compared to PP neat 

and 14% compared to PP-W20 (Figure 7). The graphene is a two-dimensional layer of 

carbon that possesses high stiffness (Potts et al. 2011). It seems that the reinforcing effect 

of graphene is increasing with increasing graphene content up to 10% by weight and then 

decreased. When compared to PP-W20, the elastic modulus of hybrid composite has 

improved. This indicates that the incorporation of GNP into wood plastic composite 

improved the stiffness of composites. The tensile modulus of graphene is 1 TPa (de 

Sousa et al. 2015), and the increase in stiffness with the incorporation of GNP up to an 

optimal concentration of filler in nanocomposites and hybrid composites is also reported 

in the literature (Kim et al. 2010, Sheshmani et al. 2013). The enhancement in the 

modulus can be attributed to the stiffness difference between the polymer and the 

graphene.    

 

SEM images from the tensile fracture surface are shown in Figure 8 (a-d). The surface of 

wood flour in the wood plastic composite containing 20 wt% flour, seems to show good 

compatibility with PP (Figure 8a & b). The wood flour surface seems to be rough and 

wetted with the polymer. Further, there is less fibre pull out observed from the SEM 

analysis. These observations indicate good adhesion between PP and wood fibre in the 

presence of MAPP as a compatibilizing agent. The analysis of both PP-G15 and PP-W20-

G15 revealed clusters of agglomerated particles appearing in different sizes. The surface 

of GNP was found to be clean without any polymer covering which indicates low 

compatibility between polymer and the GNP. From Figure 8(d), the partially pulled out 

and broken fibres seemed to be covered with polymer indicating better adhesion between 
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wood flour and PP in the hybrid composites. At the same time, the GNP surface is found 

to be without any polymer covering which indicates low compatibility with the PP in PP-

W20-G15. The observations from SEM images support the finding from tensile testing 

which indicated the lack of adhesion between the polymer and GNP in the PP/wood/GNP 

system. 

 

  

   

Figure 8: SEM images from the tensile fractured surface of PP-W20 (a), (b) and PP-
W20-G15 (c), (d) 
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Thermogravimetric analysis 

The TG and DTG curves from the thermogravimetric analysis are shown in Figure 9 and 

Figure 10, respectively. It is evident from the TGA analysis that the introduction of GNP 

increased the initial degradation temperature (2% mass loss) of PP by 78oC at a GNP 

loading of 15 wt% (PP-GNP). The initial degradation temperature of PP-W20 was 

determined to be 288oC and was found to be 52oC lower than PP neat. The PP neat and 

PP-G15 thermally decompose in a single stage. The increase in the initial degradation 

temperature of composites after the addition of GNP is reported in the literature (Li et al. 

2011). This is attributed to the barrier effect created through the tortuous path of GNPs 

formed in the matrix. The tortuous path can delay the diffusion of the condensed phase 

decomposition products to the surface or gas phase (Liang et al. 2015). In addition, the 

absorption of free radicals produced during the decomposition by GNPs plays a key role 

in improving the thermal stability of PP-G15 (Li et al. 2011, Liang et al. 2015). 

 

 

Figure 9: Thermograms of PP, PP/GNP, and hybrid wood plastic composites 
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The thermal decomposition of PP-W20 occurs in two stages as seen from Figure 10 

(DTG). The first decomposition stage is mainly related to the degradation of wood flour in 

the composite and the second degradation stage mainly corresponds to the degradation 

of the polymer and remaining components of wood. In general, the wood fibre thermal 

decomposition occurs in three stages. (1) 250oC - 340oC is related to decomposition and 

depolymerization of hemicellulose and pectins; (2) 340oC - 370oC is ascribed to the 

decomposition of cellulose; (3) 370oC - 500oC is related to the decomposition of lignin (Li 

et al. 2014). The first DTG peak (Figure 10) shows that the maximum degradation of wood 

flour in PP-W20 and all the three hybrid composites occurs between 360oC – 380oC.   

 

 

Figure 10: DTG curve of PP, PP/GNP, and hybrid wood plastic composites  

 

The initial decomposition temperature (2% mass loss) of WPC increased slightly for PP-

W20-G10 (294oC) and PP-W20-G15 (293oC) when compared to PP-W20 (288oC). 

Although the improvement in thermal stability of hybrid composites is low compared to 
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PP-G15, the increase in initial thermal decomposition temperature of hybrid WPCs is due 

to the presence of GNP. As discussed earlier, GNP can delay the thermal decomposition 

by inhibiting the diffusion of oxygen and other volatiles formed during the decomposition 

of the hybrid WPCs. 

 

The maximum degradation temperature (Tmax) of all the studied composites increased 

compared to PP neat (Figure 10). The increase in maximum degradation temperature of 

the composites compared to PP neat is due to the lignin content in wood flour and due to 

the increasing GNP content. The thermal stability of lignin is due to the presence of 

phenylpropanoid units consisting of highly stable aromatic phenyl groups (Gordobil et al. 

2015). The increase in Tmax for WPC compared to PP was reported elsewhere 

(Sheshmani et al. 2013). They studied the thermal decomposition of the PP/WF/GNP 

system and reported an increase in initial decomposition temperature and Tmax after the 

addition of GNP. The maximum improvement in thermal stability was observed in the 

case of the hybrid composite containing 0.8 wt% GNP. Increasing the GNP content above 

0.8 wt% decreased the thermal stability of hybrid composites. The maximum GNP loading 

used in their study was 5 wt% and in this study, it was 15 wt%. Thus, it is assumed that 

the higher content of GNP in hybrid WPCs lowered its effect on thermal stability due to 

the agglomeration of GNP. 

Statistical analysis 

The detailed results from statistical analysis are included as supporting information (See 

Electronic Supplementary Material). The test assumptions for one-way ANOVA on 

surface resistivity of composites were checked. Levene’s test was significant (p = < .001), 
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indicating that the assumption of homogeneity of variance was violated. Normality was 

checked with a Q-Q plot and no deviations were noted. Since the assumption of 

homogeneity of variance was violated, Brown-Forsythe homogeneity correction was 

applied. According to ANOVA, there was a statistically significant difference among the 

composites on the surface resistivity (p = <.001). Games-Howell post-hoc test revealed 

that the surface resistivity results are statistically significant (p = <.001) except for PP-

neat vs PP-W20 (p = 0.225), PP-G15 vs PP-W20-G15 (p = 0.459) and PP-W20-G5 vs 

PP-W20-G10 (p = 0.079). Although the post-hoc test shows no statistical difference 

between PP-G15 and PP-W20-G15, the experimental results indicate a difference 

between the two groups of composites. This is based on the findings from the cross-

section SEM analysis of these two composites which supports the results from surface 

resistivity that PP-W20-G15 is more electrically conductive than PP-G15. The paired t-

test was performed to differentiate the statistical significance between slow cooling and 

fast cooling of PP-W20-G15 on the surface resistivity. There was no deviation from 

normality as found from the (Shapiro-Wilk) test of normality. The t-test results show that 

there is a statistically significant difference in surface resistivity of fast cooled PP-W20-

G15 and slow cooled PP-W20-G15 (p = 0.001).  

 

As mentioned above, the test assumptions for ANOVA were checked and no deviations 

were noted in the case of thermal conductivity results. The ANOVA shows that there are 

statistically significant differences among the composites (p = <.001) in terms of thermal 

conductivity. Since there were no violations of assumptions, a Tukey post-hoc test was 

performed and the comparisons show that the thermal conductivity results have 
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statistically high significance (p = <.001 for all the comparisons except PP vs PP-W20 

with p = 0.005). The comparison is considered as statistically significant when the p-value 

is <.05. 

 

The ANOVA shows that there are statistically significant differences among the 

composites in terms of the tensile strength (p = < .001). Tukey’s post-hoc comparisons 

show that compared to PP-neat, the tensile strength of all the hybrid WPC is statistically 

significant (p = <.001). When comparing to PP-W20, the tensile strength of PP-W20-G10 

and PP-W20-G15 are statistically significant (p = 0.002 and p = <.001). There was no 

statistical significance between PP-W20-G5 and PP-W20-G10 (p = 0.139). Since the 

assumption of homogeneity of variances was violated, Brown-Forsythe homogeneity 

correction was applied in the case of tensile modulus of the composites. The ANOVA 

shows a statistically significant difference among the composites in terms of tensile 

modulus (p = < .001). Games-Howell post-hoc comparisons revealed that there is a 

statistically significant difference in hybrid WPC when compared to PP-W20. However, 

there was no statistically significant difference when comparing the hybrid WPC between 

each other. 

 

Conclusion 

The objective of this study was to develop wood plastic composites (WPC) with improved 

electrical and thermal conductivity. The graphene nanoplatelet used as conductive filler 

is found to be efficient in decreasing the surface resistivity of hybrid wood plastic 

composites. The percolation threshold for the studied composite is identified to be 15 
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wt.%. in the presence of 20 wt.% wood flour. The conductive path formation in the PP-

W20-G15 composite is explained from the charge contrast in the SEM image taken at low 

voltage and high vacuum. The difference in the conductive path formation in PP-G15 and 

PP-W20-G15 is clear from the SEM images from the polished cross-section. The thermal 

conductivity shows an increasing trend with an increase in GNP loading. However, the 

increase in thermal conductivity from 0.23 to 0.61 W/m.K is of less significance when 

considering the practical applications like heat sink materials requiring a minimum thermal 

conductivity of 2.0 W/m.K. The decrease in the tensile strength of hybrid WPC is due to 

the weak interfacial adhesion between the PP and GNP. The adhesion between PP and 

wood in hybrid WPC was found to be good due to MAPP. This points out the need for 

using functionalized GNP while developing WPC containing WPCs. Improved interfacial 

adhesion can not only improve the mechanical properties but will also increase the 

thermal conductivity by decreasing the interfacial thermal resistance.  

 

The antistatic wood plastic composite produced in this study can be utilized in producing 

ESD safe enclosures for sensitive electronic parts and in other applications demanding 

controlled electrostatic discharge. In the future, efforts should be focused on reaching the 

percolation threshold at lower GNP content considering the cost of GNP compared to 

conductive carbon black. In future, wood plastic composites containing conductive carbon 

black will be developed and studied as a cheaper alternative to graphene. Considering 

the moisture absorption ability of wood flour, a detailed study is required to see how the 

moisture absorption is affecting the various properties of electrically and thermally 

conductive wood plastic composites. 
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