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Abstract 

 

Nanocomposite containing High Density Polyethylene (HDPE) and Carbon Nanotubes (CNTs) 

was reprocessed and characterised to investigate the effect on properties during recycling. The 

composite was prepared with 3 wt-% CNTs and was recycled ten times by alternate 

reprocessing and grinding and thereafter the material was characterised. Furthermore, simulated 

cycles with continuous processing at 20, 100 and 200 minutes were conducted, representing 10, 

50 and 100 cycles respectively, in order to investigate the degradation after longer time of 

processing. In both trials, a reference material containing neat HDPE was studied. The 

characterisation of the materials produced was conducted using tensile, flexural and charpy 

impact testing for investigation of mechanical properties. Differential Scanning Calorimetry 

(DSC) was used for determining the thermal behaviour and Gel Permeation Chromatography 

(GPC) to find molecular weight changes. Fourier Transform Infrared Spectroscopy (FTIR) was 

used for identification of the material. The results showed no major difference in properties 

after ten recycling steps, which indicated that the material had the ability to retain its properties 

during recycling.  In the simulated cycles, the oxidative induction time was decreased after 50 

and 100 cycles, meaning that antioxidants had been consumed during processing. After 50 

cycles the molecular weight for the reference material was slightly decreased and after 100 

cycles significantly decreased, indicating chain scission of the polymer chains. For the 

composite the molecular weight was stable, due to that the carbon nanotubes protect the 

polymer matrix during degradation. 
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Sammanfattning  

 

Nanokomposit innehållande högdensitetspolyeten och kolnanorör återvanns och analyserades 

för att undersöka hur materialets egenskaper påverkas av återvinning. Kompositen 

producerades med 3 viktprocent kolnanorör och återvanns tio gånger genom att extrudera och 

mala ner materialet. Analyser gjordes efter varje cykel av extrudering. Dessutom utfördes 

simulerade tester med kontinuerlig extrudering i 20, 100 och 200 minuter motsvarande 10, 50 

och 100 cykler. Därav kunde nedbrytningen av kompositen efter längre tids bearbetning 

analyseras. I projektet studerades ett referensmaterial bestående av den rena polymeren för att 

kunna jämföra resultat. Karaktärisering av materialen för att bestämma mekaniska egenskaper 

gjordes med dragprovning, böjningstest och slagprovning. För att undersöka termiska 

egenskaper  användes Differential Scanning Calorimetry (DSC) och Gel Permeation 

Chromatography (GPC) användes för att hitta molekylviktsändringar. Fourier Transform 

Infrared Spectroscopy (FTIR) utfördes för att identifiera materialet. Resultaten visade ingen 

större skillnad i egenskaper efter tio återvinningscykler, vilket indikerade att materialet har 

förmåga att behålla sina egenskaper vid återvinning. I de simulerade cyklerna minskade den 

oxidativa induktionstiden efter 50 och 100 cykler, vilket berodde på att antioxidanter 

konsumerats under bearbetningen. Efter 50 simulerade cykler hade molekylvikten börjat sjunka  

och efter 100 cykler kunde en signifikant minskning obseveras, vilket tydde på att 

polymerkedjorna förkortats under bearbetningen. För kompositen däremot var molekylvikten 

stabil, på grund av att kolnanorören skyddade polymeren vid nedbrytning.    
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1. Introduction 

Polymer composites are being increasingly used in the industry. Although produced in limited 

quantities this is also valid for polymer-based nanocomposites. Nanoscaled fillers such as 

carbon nanotubes (CNTs) have high mechanical strength, conductivity and are at the same time 

lightweight, which makes it interesting to use them for improving polymer materials (Esawi 

and Farag, 2007). Due to the growing interest in materials reinforced with nanoparticles, and 

the possible increase of future nanocomposite waste amounts, a need for investigation and 

development of recycling management for these materials arise (La Mantia, 2013). One concern 

regarding nanocomposites is the unknown side effects of leakage of nanoparticles from the 

material to the environment. Further reasons for studying the recycling of nanocomposites are 

high price of virgin material, national and municipal recycling targets, and ban on landfills. On 

the other hand, new recycling technologies would also require new separation and collection 

systems (Sabu, et al. 2013). The area of conventional plastic waste recycling has been well 

studied, such as mechanical and chemical recycling along with energy recovery (Al-Salem et 

al. 2009). The most practiced routes are  the mechanical and chemical recycling, where 

mechanical recycling is industrially preferred since it is reliable and economically viable 

(Hamad et al., 2013). The area of recycling of nanocomposites is not yet well investigated and 

most studies available are focused on nanocomposites reinforced with nanoclay (La Mantia et 

al. 2014; Russo et al. 2007; Abdel Gawad et al., 2010; Goitisolo et al., 2008; Kaci et al., 2012; 

Karahaliou and Tarantili, 2009; Thompson and Yeung, 2006).  

This work was focusing on the mechanical recycling of nanocomposites consisting of high 

density polyethylene (HDPE) reinforced with CNTs. The nanocomposite was prepared and 

thereafter extruded multiple times to determine the thermo-mechanical degradation after the 

cycles. Properties of the recycled material were determined to conclude if the material could be 

suitable for applications after mechanical recycling. A reference material consisting of neat 

polymer was investigated for comparison. Due to time limitations, one formulation 

(HDPE:CNT ratio) of the nanocomposite was chosen in the beginning of the project and used 

throughout the entire study. 
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2. Background 

2.1 Mechanical recycling of polymers 

Plastic solid waste can be recycled by different methods (Al-Salem et al. 2009), which are 

divided into four main routes; primary, secondary, tertiary and quaternary. The primary 

recycling is to simply reprocess plastic waste that was created from the plastic processing itself. 

The secondary route is mechanical recycling and the tertiary is chemical recycling. The 

quaternary recycling is to recover energy from the plastic waste.  

Homogeneous polymer materials that are commonly used for packaging, for example 

polyethylene, polyvinylchloride or polyethylene terephthalate can be recycled by mechanical 

recycling. It has been shown that HDPE can be recycled successfully and still maintain its 

quality. The recycling process of this material was investigated by reprocessing multiple times 

and measuring how much the material degraded after each recycling step (Loultcheva et al., 

1997). The main problem appearing during mechanical recycling of polymer materials is that 

the polymer chains are degraded, which is followed by deteriorated physical properties of the 

recycled product (Saldivar-Guerra and Vivaldo-Lima, 2013; Vilaplana et al., 2006).  

The industrial mechanical recycling can usually be divided into several steps (Al-Salem et al. 

2009). In case the plastic contain impurities, it is firstly shredded into smaller pieces and 

separated from the impurities that could contaminate the recycled plastic. Next step is to mill 

the plastic to a powder, and thereafter washing and drying. Finally the plastic can be extruded 

again, often with additives. The outline of the recycling scheme depends on the type of polymer 

that will be recycled. 

2.2 High density Polyethylene 

HDPE is a white coloured polymer with high crystallinity that creates a tough material that is 

easy to shape, making it useful for a broad range of different products and applications (Massey, 

2003). Some of the most common applications include food packaging, bottles, cables and pipes 

for gas and water. In the production of HDPE a catalyst is used in the polymerisation reaction, 

often chromium/silicia, Zieger-Natta or metallocene catalysts (Wypych, 2016). 

 Different products can be formed when HDPE is degraded. Free radicals, hydroperoxides and 

carbonyl groups are some of them. The chains can also get shorter, and crosslinks can be 

induced in the polymer (Wypych, 2016). The degradation can be induced by different factors. 

It could for instance be induced due to thermal treatment, processing, oxidation or ageing. 
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Oxygen can oxidise the polymer chains, which increases the speed of degradation. Oxygen will 

increase the decoloration of the material and can also react with stabilisers, that have been added 

to preserve the material during degradation (Epacher, E. et al. 2000). The amorphous parts in 

HDPE are less resistant to oxygen molecules, and are therefore oxidised before the crystalline 

regions (Crompton, 2010). 

To avoid oxidation, additives called antioxidants are often added to polymers. They are 

preventing that the loss in properties of the polymer due to degradation. The antioxidants are 

reacting with intermediates in the autoxidation, which hinders the thermo-oxidative degradation 

of the polymer. Unstabilised HDPE is thermally stable only for a few days at elevated 

temperature, but with addition of antioxidants the life of the polymer could be prolonged. 

Antioxidants are used for both maintaining properties and increasing the life time of polymers. 

Other additives to maintain the properties are for example heat stabilisers and lubricants. To 

extend the properties, often used additives are UV/light stabilisers, flame retardants and 

pigments among others (Saldivar-Guerra and Vivaldo-Lima, 2013).  

By investigation of the oxidative induction time (OIT), information about how much of 

antioxidants that are left in the polymer after multiple extrusion can be obtained (Camacho and 

Karlsson, 2002). This is crucial information in order to know how much additives it would be 

necessary to add to a recycled polymer. On the other hand, the products of the antioxidant 

degradation can after several extrusion cycles have a stabilising effect on the polymer. The 

antioxidants act in a way of hindering the chain scission. Shorter polymer chains due to chain 

scission could lower the molecular weight (Loultcheva, .et al., 1997) 

Polymers are instable to exposure in outdoor environment, due to many different factors, such 

as; light, pollutants, moisture and temperature to mention a few (Hamid, 2000). Polymers can 

also be affected by slow rate degradation, called ‘ageing’, which is the term used when 

describing degradation that is induced by long-term effects. If a polymer is applied by low heat 

over a longer period of time, it will begin to degrade when the limit of thermal stability has 

been reached (Brent, 1996).  Consequently, a polymer’s lifetime in real life environment is hard 

to predict. To estimate the low rate degradation effect, trials at higher temperature can speed up 

the rate of the ageing and in that way simulate that it has been exposed for a longer time (Hamid, 

2000).  



4 

2.3 Carbon nanotubes 

CNTs consist of graphene sheets formed as tubes. The rolled up form increases the mechanical 

strength. The structure of different kinds of CNTs is shown in Figure 1. Carbon nanotubes have 

properties such as high mechanical strength, conductivity and are at the same time lightweight. 

The price of CNTs is higher than other commonly used fillers, which is one challenge for the 

advancement of CNTs on the market (Esawi and Farag, 2007).  In Figure 2, the great potential 

of CNTs is shown by comparison of their tensile strength with that of other materials (Lau, 

2002). 

 

Figure 1. Different types of nanotubes, a) single wall b) multi wall c) double wall and d) peapod nanotube (Dresselhaus et al., 
2003) 

  

Figure 2. Tensile strength comparison (Lau, 2002). 

There are several potential areas for composites with CNTs, such as automotive and aerospace 

applications, sport equipment and textiles (Sathyanarayana and Hübner, 2013; Liu and Kumar, 

2014). CNT/conducting polymer systems also have potential electrical applications, for 

example in batteries, supercapacitors or photovoltaic devices (Hwang et al., 2013). The 

challenges for implementation of CNTs on the market are to lower the price of production and 

to have new techniques in order to achieve better dispersion (Esawi and Farag, 2007). The 

dispersion of CNTs are discussed below in section 2.4.1. 
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2.4 Nanocomposite 

A common definition of a nanocomposite is a material with multiple phases including 

phase/phases that have dimensions of less than 100 nanometers (Bavastrello, 2013). There are 

different applications where nanocomposites could be used; buildings, textiles, gas tanks or 

high performance components for example. 

Polymers are generally used for insulation in electrical applications due to their high electrical 

resistivity, but by adding carbon nanofillers it is possible to create a conductive material. Some 

advantages with using a polymer-based conductive material are corrosion resistance and low 

density (Zhang, 2007; Swain, 2010).  

2.4.1 High Density Polyethylene nanocomposites with Carbon Nanotubes 
Nanoscaled fillers such as carbon nanotubes can be used to achieve improved properties of 

polymer composites. This is due to that their thermal, mechanical and electrical properties can 

be transferred to the polymer system when reinforcing with carbon nanotubes (Fiedler et al., 

2006). There have been several studies done on the reinforcement of carbon nanotubes in 

HDPE, to study the properties of the material and the dispersion of the nanotubes. The 

dispersion is an important factor in the production of composites with CNTs. If the nanotubes 

are not dispersed, the composite will instead get worse mechanical properties, due to that the 

CNTs agglomerate. When subjected to mechanical load, stress will be concentrated in that area, 

resulting in weak spots (Saldivar-Guerra and Vivaldo-Lima, 2013). The agglomeration also 

makes it hard to disperse the CNTs individually (McNally et al., 2005). To enhance the link 

between polymer and CNTs, the nanotubes are often chemically modfied, which gives 

increased mechanical properties compared to composites with non-treated CNTs (Byrne et al., 

2010). Studies done on production of HDPE/CNTs nanocomposites showed that by adding 

CNTs, the thermal stability of HDPE was clearly increased (El Achaby and Qaiss, 2013) as 

well as the tensile strength and Young’s modulus. Kanagaraj et al., (2007) explained that the 

reinforcement effect of CNTs was due to links and load transfer between HDPE and the CNTs.  

 

2.5 Literature review of current research 

Below research in the field of mechanical recycling of HDPE and nanocomposites with CNTs 

will be presented.  
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2.5.1 Mechanical recycling of High Density polyethylene 
The recycling of HDPE has been well studied and the polymer has been shown to have good 

ability to be recycled. Loultcheva et al., 1997 recycled HDPE five times and concluded that by 

using low recidence times, properties close to the virgin polymer’s could be retained. If the 

material is held long time inside the extruder, the mechanical propeties could be decreased. 

Mendes et al., 2011 investigated recycling of HDPE of different grades. The aim was to 

investigate two degradation mechanisms during reprocessing of polyethylene, chain scission 

and crosslinking. The findings were that the high molecular mass polyethylene had more 

change in properties after reprocessing than the low molecular mass polyethylene, however the 

change was minor. Tensile strength and elastic modulus was increased after ten cycles, which 

was explained by that the material becomes stiffer and stronger after reprocessing, assigned to 

the crosslinking mechanism. In conclusion, all the polyethylenes of different grades were 

successfully recycled ten times. Camacho and Karlsson  (2002) recycled HDPE six times by 

reprocessing. Polypropylene (PP) and a blend of HDPE/PP were also investigated. For 

characterisation, thermal gravimetric analysis, differential scanning calorimetery and 

chemilumiscence were used. In the differential scanning calorimetry analysis, the oxidative 

induction time was investigated by holding a sample in inert atmosphere at 180 °C and 

thereafter applying oxygen gas. In Figure 3. Comparison of OIT values obtained by 

chemilumiscence (CL) and differential scanning calorimetry (DSC) (Camacho and Karlsson, 

2002). the OIT values in minutes are shown obtained with chemiluiscence and differential 

scanning calorimetry. The oxidative induction time for HDPE was significantly lowered after 

two reprocessing cycles, showing that most of the antioxidants had been consumed. Between 

two cycles and six cycles, no major decrease was observed and it was explained by the 

stabilising effect of the degradation products from the antioxidants.  
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Figure 3. Comparison of OIT values obtained by chemilumiscence (CL) and differential scanning calorimetry (DSC) (Camacho 
and Karlsson, 2002). 

 

2.5.2 Mechanical recycling of polymer nanocomposites  
As composites with CNTs have not been on the market for long, the recycling of nanoreinforced 

materials has not yet been investigated extensively. There is a lot of research available on how 

to improve these materials, which means that in the future there will be a need for a working 

disposal management system, in order to avoid waste problems. There are some studies done 

in the field of recycling of nanocomposites, but mainly focused on nanosized silicates as 

reinforcement rather than CNTs. 

 La Mantia et al. (2014) studied nanocomposites consisting of low density polyethylene (LDPE) 

and nanoclay, showing small change in properties of the material after multiple cycles, with 

process conditions kept at low enough temperature to avoid degradation. Russo et al. (2007) 

investigated the effect of reprocessing of nylon 6 nanocomposites reinforced with silicate. The 

materials were prepared by compounding with a twin screw extruder and thereafter extruded 

two more times with either twin or single screw extruder. The characterisation showed that 

different results were obtained with different types of extruder (single or twin screw) and that 

the properties of the material depended on number of reprocessing cycles, matrix degradation 

and the amount of filler. In Figure 4, the elongation at break for 3 and 6 wt-% filler is shown. 

It was found that the nanocomposites reprocessed with single screw had lower elongation 

values than the ones reprocessed with twin screw.  This was assigned to silicate stacks acting 

as stress concentrators in the single screw processed nanocomposites. The twin screw 

reprocessed nanocomposite was explained to obtain higher ductility due to better dispersion 

which enhance the adhesion between polymer and filler.  
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Figure 4. Elongation for composite with (a)  3 wt-% filler and (b) 6 wt-% filler (Russo et al., 2007). 

 

Yet another study on nylon 6-clay nanocomposites (Abdel Gawad et al., 2010) concluded that 

higher processing temperature (230 °C and 250 °C were compared) induced slight degradation 

of the polymer, however higher temperature gave better dispersion of the clay particles and 

after one reprocessing cycle full exfoliation was obtained. A study by Goitisolo et al. (2008) 

investigated nanocomposites with PA6 and montmorillonite that were either commercial or 

produced in the laboratory. The composites were reprocessed five times and at two different 

temperatures. After five cycles, the thermal properties such as melting temperature and 

crystalline content were still stable along with Young’s modulus. Furthermore, no changes 

could be found by FTIR, however measurement of the Newtonian viscosity (directly related to 

the molecular weight) indicated a decrease with increased reprocessing cycles as seen in Figure 

5. This decrease in molecular weight was explained by chain scission due to thermal 

degradation.  
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Figure 5. Newtonian viscosity for nanocomposite produced in lab (●), reference material (○) and the commercial 
nanocomposite (■) (Goitisolo et al., 2008). 

The recycling of a layered silicate-thermoplastic olefin elastomer nanocomposite was studied 

by Thompson and Yeung (2006). The flexural and tensile modulus was stable after four 

reprocessings, and then decreased after ten reprocessing steps. The recycled nanocomposite had 

better mechanical and rhelogical properties than the unfilled resin,  even though it had been 

degraded.  

Investigation of eight recycling steps of a polystyrene/clay nanocomposites was conducted by 

Kaci et al. (2012).  The results showed that during the reprocessing cycles, the material had 

undergone chain scisson, which was found by gel permeation chromathography analysis. 

However, the composite was explained to undergo cross-linking after eight cycles, as the 

molecular weight value was increasing after eight cycles. Karahaliou and Tarantili (2009) 

studied reprocessing of poly(acrylonitrile–butadiene–styrene) nanocomposites with 

montmorillonite and found no significant change in thermal properties, rheological properties 

or mechanical properties after five extrusion cycles. Three screw rotation speed were 

investigated (35, 100 and 200 rpm) where it was found that the dispersion of the clay was not 

affected by the screw rotation speed. The dispersion was noticed to be improved after the second 

extrusion cycle.  

Nguyen Tri et al. (2008) investigated the recycling of polypropylene and thereafter reinforced 

the five times extruded polymer with organoclay of different wt-%. The tensile strength 

increased with addition of organoclay, and the optimum content was determined to 4 wt-%. To 

improve the adhesion a compatabiliser was used in form of maelic anhydride grafted 

polypropylene, which increased the tensile and impact strength. A similar study was done on 
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reinforcing recycled HDPE with clay by Lei et al. (2007). Here, the thermal stability was 

decreased and impact strength was improved with adding clay together with a compatabiliser. 

The compatabiliser played an important role for the adhesion to the polymer.   
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3. Methods and materials 

In this section, the experimental procedures and the materials used in the project will be 

presented.  

3.1 Materials 

For compounding of the nanocomposite material, Purell GA7760 (PE-HD) with a density of 

963 kg/m3 and Plasticyl HDPE1501 were used. Plasticyl HDPE1501 in form of black pellets 

contained 15 wt-% of short tangled MWCNTs (Multi Wall CNTs) and 85 wt-% of polyethylene 

and had a melting point of 135 °C and density of 0.977 g/L.  

3.2 Production of composite 

Below the procedure to determine the optimal wt-% of CNTs in the composite is presented and 

the procedure of producing test specimens.  

3.2.1 Determination of wt-% CNTs 
To produce a composite with increased mechanical properties compared to the neat polymer, 

different wt-% of added CNTs were investigated. The masterbatch with 15 wt-% CNTs was 

mixed with neat polymer of HDPE to attain a lower weight percent of the filler content. 3 wt-

% and 0.5 wt-% of CNTs were investigated. The blendings were injected into a DSM Xplore 

Micro 15cc Twin Screw Compounder and mixed for either 5 or 10 minutes, to evaluate the 

influence of mixing time. Thereafter test specimens were produced. The specimens were used 

for tensile and flexural testing to decide which composition of CNTs that should be used in the 

material for further investigation of reprocessing cycles.  

3.2.2 Choice of test specimen production technique 
Firstly, the compounded material was extruded as a fibre and ground to produce test specimen 

by compression moulding with a press. The settings were 170°C, 1 min and 40 kN and to make 

one sheet approximately 20 g was required. However, with this technique it was not possible to 

obtain completely flat sheets and neither to cut with laser cutting. Therefore injection moulding 

was chosen, directly taking the outcoming material from the compounder into moulding. The 

moulding was conducted with a Xplore 10cc Injection Moulding Machine and a two-cavity 

mould, producing one specimen with dogbone structure for tensile testing and one specimen 

with block structure for flexural or impact testing.  The settings for moulding was 170 °C as 

melt temperature (the hand tool), 20°C as temperature for the mould and 2 minutes mixing time. 

The specimen was used for tensile and flexural testing in order to decide which composition of 
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Figure 6.  Scheme of the experimental procedure for the reprocessing cycles. 

 

CNTs that should be used in the material for the actual investigation of reprocessing cycles. For 

the other analyses besides tensile, flexural and impact testing, material coming from the 

connecting part in the mould was used.   

 

3.3 Reprocessing cycles 

After choosing the composite with 3 wt-% CNTs, reprocessing cycles were investigated 

according to the procedure presented in Error! Reference source not found.. The material 

was reprocessed and then ground. From the reprocessed material, a part was taken out for 

injection moulding to produce test specimens, and the rest was further reprocessed. The 

composite was firstly compounded before put into the reprocessing procedure. The reference 

material containing only HDPE was put directly as it was received into the processing cycles. 

To clarify, cycle 0 for the composite was regarded as the compounded material (at 200°C, 70 

rpm, 5min), and cycle 0 for the reference material was regarded as the virgin HDPE processed 

one time at 170°C, 70 rpm, 2 min, to produce test specimens.  

 

   

 

 

 

 

 

 

 

3.4 Trials with simulated cycles 

After characterisation of the reprocessing cycles, additional trials were conducted, where the 

purpose was to process the material for a longer time representing a larger number of 

Reprocessing Grinding

Injection moulding 

Compounding 
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reprocessing cycles. The material was processed in the compounder without taking out and 

grinding the material.  

Table 1. Processing times for simulated cycles. 

Simulated 

Cycles 

Processing 

time (min) 

10 20 

50 100 

100 200 

 

For the simulation trials, one cycle was equal to 2 minutes, as seen in Table 1. The material was 

mixed for 2 minutes for production of injection moulded test specimens in the reprocessing 

cycles. Therefore, this was seen as the approximate time the material was processed in the 

compounder each cycle.  

For the composite, the material was first compounded for 5 minutes 200 °C with protection gas. 

Thereafter the temperature was lowered directly to 170 °C and the processing time for the 

simulated cycles was started. When simulating 100 cycles, a pause after half of the processing 

time was made, to let the motor stop and cool down. This was due to the length of the time the 

motor was able to run was unknown.  

 

3.5 Characterisation 

In this section the different analysis methods will be described, that was used to characterise 

the materials produced in the project. 

3.5.1 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) analysis were conducted to investigate thermal 

properties of the materials, such as degree of crystallinity and melting temperature. The analysis 

was performed with a DSC Q2000 from TA Instruments. The method included two heatings 

from -40°C to 200°C in nitrogen gas. The purpose of having two heatings was to firstly remove 

the thermal history from the sample. The history are caused by the conditions the samples been 

processed at.  
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The samples were prepared by cutting pieces in the range of 5.0 – 6.5 mg. Each sample was put 

in an aluminium pan with a lid and then pressed. From the DSC analysis, a curve with heat flow 

(W/g) versus temperature (°C) was given and the area of the melting peak gave the enthalpy of 

heat (J/g). The curve from the second heating was used for obtaining the data.  The degree of 

crystallinity (in percentage) was calculated based on the following formula: 

�� (%) =  
∆��

∆��
�  · 100 

Xc = degree of crystallinity  

ΔHm = specific enthalpy of melting obtained in DSC  

ΔHm
0 = specific enthalpy of melting for 100 % crystalline polyethylene  

ΔHm
0 is a value obtained from literature, 293 J/g (Blaine) 

The degree of crystallinity for the samples containing 3 wt-% of CNTs was calculated by 

multiplying the term ΔHm
0 by a factor of 0.97, as the composite does not contain 100 % 

polyethylene: 

�� (%) =  
∆��

∆��
�  · 0.97

 · 100 

3.5.2 Oxidative Induction Time (OIT) 
The test was conducted with a TA Instruments DSC Q2000 using a program of heating from 

30 °C to 200 °C with a heating rate of 20°C/min. When reaching 200°C, the gas flow of 50 

ml/min nitrogen was replaced by 50 ml/min of oxygen gas. The samples were prepared with a 

weight around 3.0 – 4.5 mg and put in open aluminium pans. Each sample was replicated 3 

times. 

3.5.3 Tensile testing 
The tensile tests were divided into two different tests. One with extensometer to measure the 

elastic modulus, and one without extensometer to measure tensile strength, yield and elongation 

at break. The test with extensometer was run with a crosshead speed at 1.0 mm/min and with 

load cell of 250 N. The test was aborted when the curve had passed the region of measuring the 

elastic modulus. The test without extensometer was run at 30.0 mm/min and with a load cell of 

5000 N. It was run until break. For each sample, five or six replicates were tested.  
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3.5.4 Flexural Testing  
The flexural test was conducted for characterisation of production of the composite. The block 

species produced by injection moulding were used for the analysis. A load cell of 250 N and a 

span of 64 mm was used. The test speed was 30 mm/min, approach speed 0.5 mm/min and 

preload 0.5 N. The test was run until break and each sample was replicated six times.   

3.5.5 Charpy Impact testing 
The injection moulded block test specimen were tested for resistance towards impact. A 

Cometech 639D mechanical impact tester was used with a pendulum of 1 J. The weight of the 

pendulum was 0.289 kg and the mass-centre distance 0.206 m. The initial angle on the 

instrument was 150°.  In order to make the sample break, each sample was notched 0.5 mm 

with a QC-640 V-shape Notcher. The sample was placed in the instrument and the pendulum 

was dropped. The resulting angle the pendulum reached was noticed and the energy absorbed 

by the material could be calculated.  

3.5.6 Fourier Transform Infrared Spectroscopy (FTIR) 
For the analysis, five different samples were chosen. Neat polyethylene and cycle 0 and 10 for 

both polyethylene and the composite with CNTs. Each sample were replicated five times. The 

samples were taken from the first part of the injection moulded samples. The neat polymer 

samples were in pellet form. The FTIR were first cleared of background, to avoid interference 

from carbon dioxide and moisture. The machine was cleaned with ethanol after each set of 

samples. Number of scans was 64, resolution 4 and the spectral range was 4000-650 cm-1. 

 

3.5.7 Gel Permeation Chromatography (GPC) 
Gel Permeation Chromatography is an analysis technique that applies separation based on the 

size of the molecules in the polymer. Therefore the molecular weight distribution can be 

determined. It provides a way to characterise if the polymer chains have become smaller. The 

samples were sent to an external lab (Smithers Rapra) for this analysis. The instrument used for 

the GPC was Agilent PL GPC220. The analysis was carried out at a temperature of 160 °C with 

refractive index as detector.  

3.5.8 Ageing tests  
Test specimen from reprocessing cycle 0 that were not used, from both the composite and 

reference material, were ground down and dispersed on glass petri plates. The test was 

performed in an oven at 110 °C, with daily stirring. Samplings were made at 0, 3, 7, 14, 20, 28, 

35 and 45 days for DSC and FTIR analysis.  
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4. Results and discussion 

In this section results from production of the composite, reprocessing cycles and the trials with 

simulated cycles are presented.  

4.1 Production of composite 

For determining the wt-% of CNTs in the composite, mechanical properties were investigated. 

Tensile testing and flexural testing were chosen for the analysis. Complete tables are presented 

in Appendix. The modulus was calculated manually by formulas presented in Appendix, as the 

tests were run without extensometer. The flexural test results, presented in Appendix, did not 

show any difference in the samples, apart from that the composites obtained higher values than 

the neat polymer. It was not possible to determine whether 5 or 10 minutes mixing time was 

preferred, as well as which weight percentage of CNTs.  Therefore, to further examine the case, 

tensile testing was conducted.  

Here, more clear results were obtained. As shown in Figure 7, the yield is highest at 3 wt-% of 

CNTs, which is expected as the CNTs reinforce the polymer. The reinforcing effect is known 

since the CNTs link to the polymer and makes a better load transfer network where the stress 

is distributed (Kanagaraj et al., 2007).  

 

Figure 7. Yield in tensile testing with increasing wt-% of CNTs at different processing times. 

There was no major difference in yield with 5 or 10 minutes mixing time. Therefore 5 minutes 

was chosen as the mixing time and 3 wt-% of CNTs as the composition to produce the 
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4.2 Effect of reprocessing cycles on properties of the material  

Material from the 10 reprocessing cycles was analysed by tensile testing, Charpy impact testing, 

FTIR, GPC and DSC analysis.  

4.2.1 Tensile testing – Stress vs Elongation curve 
In the tensile test without extensometer, a stress versus elongation curve was obtained as shown 

in Figure 8 below. The curve is an example from the analysis of the composite. The curve shows 

the elastic region (A) which is the linear slope in the beginning, in this area the elastic modulus 

is measured. The yield point (B) is the maximum stress value of the peak. Tensile strength is 

the maximum stress value obtained, in this case, it is the same value as the yield point. Finally, 

the curve end when the sample break at point (C), which is the elongation at break.  

  

Figure 8. Stress versus elongation curve for PE/CNT composite.  

4.2.2 Tensile testing - Elongation  
Elongation is the increase in percentage of the original gauge length. It is calculated from the 

beginning until the sample breaks. Higher elongation means that the material is less brittle, and 

has the ability to stretch out longer without breaking.   
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Figure 9. Elongation at break vs reprocessing cycles for HDPE. 

  

 

Figure 10. Elongation at break vs reprocessing cycles for the composite. 

The elongation values had quite high standard deviation, however, it is possible to see the 

difference between the neat polymer and the composite in Figure 9 and Figure 10. The neat 

polymer has much higher elongation values, with average for each cycle around 546 - 915 %, 

compared to the composite that had an average around 29 – 50 %. This indicates that the carbon 

nanotubes inside the composite have made the material more brittle. The elongation seems to 

decrease after 10 cycles for both the materials, even though the standard deviation for the tenth 

cycle of neat polymer is very high. The decrease in elongation after the last cycle could be due 
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to that the material gets more brittle after multiple processing steps. It could also be because the 

material gets more crystalline.  

4.2.3 Tensile testing - E-modulus  
In Figure 11 and Figure 12, a slight trend of increase in modulus could be observed after 2 

reprocessing cycles. For the composite, there is a small decrease in modulus after 10 cycles, 

while for the reference material there is a small increase in the modulus after 10 cycles 

compared to the value at cycle 0. The values range around 1054-1671 MPa for the reference 

material and around 1377-1755 MPa for the composite. The reference material at cycle 0 had a 

value of 1054 MPa and the composite at cycle 0 had 1655 MPa, this gives an increase of 57 % 

in modulus. The results are similar to values obtained by El Achaby and Qaiss (2013) that 

achieved approximately 1.75 GPa for a composite containing 3 wt-% CNTs, with a 57% 

increase compared to the neat polymer. In another study of HDPE/CNT composites (Kanagaraj, 

2007)  neat HDPE had a modulus of 1.095 GPa and the composite containing 0.44 wt-% CNTs 

reached 1.338 GPa. The CNTs in the study had also been chemically treated.  
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Figure 12. The elastic modulus for the composite versus cycles. 

4.2.4 Tensile testing - Tensile Strength 
The addition of CNTs to the polymer gave an increase in mechanical properties compared to 

the virgin polymer as seen in Figure 13, this was expected due to the reinforcement effect of 

the CNTs. Both materials seem to have more or less constant values of tensile strength with 

increasing number of cycles.  

 

Figure 13. Tensile strength for the neat polymer and composite versus reprocessing cycles. 
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around 33 – 36 MPa compared to around 27 – 28 MPa. The higher yield for the composite is 

due to the reinforcement of the carbon nanotubes. The repeated processing had no significant 

effect on the yield after ten cycles. 

 

Figure 14. Yield vs cycles for the composite. 

 

 

Figure 15. Yield vs cycles for the reference material.  

4.2.6 Charpy Impact testing 
There is no major decrease in Charpy energy after 10 reprocessing cycles, as seen in Figure 16 

and Figure 17. For the neat polymer, the values are slightly higher than for the composite. This 

could be due to that the composite is more brittle, and therefore require less energy to break. 

The value presented for each cycle is an average of 10 test specimen.  
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Figure 16. Charpy energy for the composite. 

 

 

Figure 17. Charpy energy for HDPE. 

 

4.2.7 Degree of crystallinity and melting temperature  
By DSC analysis, the degree of crystallinity (calculated by formula in section 3.5.1) and the 

melting temperature could be determined. The values represent the average of 3 replicates. As 

seen in Table 2, it is not possible to see any decrease or increase in crystallinity after 10 cycles. 
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than HDPE, which is also the same at cycle 0 and 10. In Figure 18, an example of the curves 

obtained from the DSC analysis is shown.  

Table 2. DSC results from the reprocessing cycles. 

Material Cycle Tm (°C) ΔH (J/g) Degree of 

crystallinity (%) 

 

HDPE 0 132.9 (± 0.4) 218.0 (± 4.2) 74.4 (± 1.4) 
 

2 133.2 (± 0.3) 216.4 (± 0.8) 73.9 (± 0.3) 
 

4 133.5 (± 0.3) 214.8 (± 2.1) 73.3 (± 0.7) 
 

6 133.3 (± 0.1) 221.0 (± 3.1) 75.4 (± 1.0) 
 

8 133.5 (± 0.3) 220.0 (± 1.6) 75.1 (± 0.6) 
 

10 133.7 (± 0.2) 216.7 (± 4.5) 74.0 (± 1.5) 
     

Composite 0 133.6 (± 0.2) 208.6 (± 4.9) 73.4 (± 1.7) 
 

2 133.5 (± 0.5) 209.2 (± 5.2) 73.6 (± 1.8) 
 

4 133.8 (± 0.2) 206.6 (± 5.2) 70.5 (± 1.8) 
 

6 133.6 (± 0.6) 208.8 (± 3.1) 71.3 (± 1.1) 
 

8 133.4 (± 0.3) 210.6 (± 2.8) 71.9 (± 1.0) 
 

10 133.5 (± 0.4) 214.1 (± 1.1) 73.1 (± 0.4) 
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Figure 18. Example of obtained DSC curve.  

4.2.8 Identification of material  
To identify the material by FTIR, samples from cycle 0 and 10 were chosen for investigation. 

Figure 19 shows the spectra of neat HDPE (blue line) and the composite cycle 0 (red line). No 

major difference in the spectra could be found in Figure 20, for both HDPE and the composite. 

The peaks in the spectra can be assigned to CH2 and CH3 groups, whose bonds either stretch or 

bend (Gulmine et al., 2002; Wypych, 2016).  The peaks that have strong or medium intensity 

in Figure 16 below can be found at around 700 cm-1 due to absorption of methylene, at 1450-

1500 cm-1 which is assigned to bending methylene and at 2800-2950 cm-1 by stretching of 

methyl or methylene groups (Saldivar-Guerra and Vivaldo-Lima, 2013). 
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Figure 19. Spectra of HDPE(blue line) and the composite(red line) before recycling. 

 

 

 
Figure 20. Spectra for neat polymer pellets and cycle 0 and 10 for composite (CNT) and neat polymer. 

 

4.2.9 Molecular weight 
Molecular weight changes were investigated by GPC. As seen in Figure 21, there is no evidence 

of changes in the molecular weight during the reprocessing cycles. The composite seem to have 

a higher molecular weight distribution than the neat polymer. As there is no change in molecular 

weight, there is no indication that the material is degraded after 10 cycles.  
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Figure 21. Molecular weight distribution for 0, 4 and 10 cycles. 

 

4.3 Results Simulated Cycles 

Here the results from the trials of simulated cycles will be presented. The materials were 

characterised by FTIR, GPC, tensile testing (the elastic modulus), DSC analysis and OIT test.  

4.3.1 FTIR Analysis 
Samples from 10, 50 and 100 cycles were analysed with FTIR. Each sample was replicated 5 

times. In Figure 22 and Figure 23, the spectra are shown. For HDPE, a peak around 1700 can 

be seen in Figure 23 for cycle 100, which can be assigned to a carbonyl group (C=O). This is 

due to that the polymer has been oxidised.  
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Figure 22. FTIR spectra from simulated cycles. 

 

Figure 23. FTIR Spectra from simulated cycles. PE cycle 100 (green),PE cycle 10 and 50 (blue and dark purple), CNT cycle 
100 (red) and CNT cycle 10 and 50 (pink and light blue). 

 

4.3.2 Molecular weight 
Samples from 10, 50, 100 cycles and neat HDPE (PE cycle 0) were analysed by GPC. 

Interesting results can be observed in Figure 24 and Figure 25. The molecular weight 

distribution for the composite is shown in Figure 24, indicating that there is no change with 

increasing processing time. In the figure the curve for neat HDPE is presented as well, which 

is very similar to all the curves for the composite. To understand the meaning of these results, 
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Figure 25 showing the curves for HDPE gives some valuable information. The molecular 

weight distribution for cycle 10, 50 and 100 is clearly different from the neat HDPE curve. The 

molecular weight has decreased slightly after 10 and 50 cycles, and more significantly 

decreased after 100 cycles. This means that the polymer chains have been shortened, which will 

affect the properties of the material. The composite has therefore been protected from decrease 

in molecular weight by the CNTs. To see the difference more clearly, the molecular weight is 

plotted against cycles in Figure 26.  

 

Figure 24. Molecular weight distribution for the composite cycle 0, 10, 50 and 100.  

 

Figure 25. Molecular weight distribution for HDPE cycle 0, 10, 50 and 100. 
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Figure 26. Molecular weight of HDPE and the composite.  

4.3.3 Tensile testing - Elastic Modulus  
Below in Figure 27 and Figure 28, the elastic modulus determined by tensile testing for HDPE 

and the composite are shown. There is no indication of change in modulus after 50 cycles, but 

after 100 cycles both values increase. For HDPE the value increases to around 1565 MPa after 

100 cycles, compared to 1280 MPa at 10 cycles. For the composite, the value rises to around 

1800 MPa after 100 cycles, compared to 1455 MPa at 10 cycles. The noticeable increase after 

100 cycles could possibly be assigned to crosslinks in the material after longer time of 

processing, which must be further investigated in order to draw a conclusion. The modulus is 

stable from 10 to 50 cycles for both the composite and HDPE. 

 

Figure 27. E-modulus for HDPE. 

0

10000

20000

30000

40000

50000

60000

70000

0 20 40 60 80 100

M
o

le
c
u

la
r 

w
e

ig
h

t 

Cycles

Molecular weight vs Cycles

HDPE

Composite

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 20 40 60 80 100 120

E
-m

o
d
u
lu

s 
(M

P
a
)

Cycles

Elastic modulus - HDPE



31 

 

 

Figure 28. E-modulus for the composite. 

4.3.4 DSC analysis 
In table 3 below, the DSC results from the simulated cycles are shown. The degree of 

crystallinity is lowered after 50 cycles and then slightly increasing after 100 cycles for both 

materials. The melting temperature for the neat polymer is decreased after 100 cycles (200 min 

processing). For the composite, the melting temperature remains more or less the same from 10 

to 100 cycles. The decrease in melting temperature confirms the degradation of HDPE after 

100 cycles, while the composite seems to be less affected after 100 cycles. 

Table 3. Results from DSC analysis.  

Material 

 

Cycle Tm (°C) ΔH (J/g) 

 

Degree of crystallinity (%) 

 

HDPE 10 133.1 (± 0.1) 230.9 (±9.4) 78.8 (± 3.2) 
 

50 133.1 (± 0.5) 214.9 (±3.3) 73.3 (± 1.1) 
 

100 131.4 (± 0.1) 220.2 (±6.6) 75.2 (± 2.3) 
     

Composite 10 133.0 (± 0.3) 216.3 (±5.8) 71.6 (± 1.9) 
 

50 133.1 (± 0.6) 202.9 (±10.1) 67.2 (± 3.3) 
 

100 132.6 (± 0.5) 210.4 (±7.1) 69.7 (± 2.3) 
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4.3.5 Oxidative induction time (OIT)  
To investigate OIT, DSC analysis was performed. The OIT was measured for neat polymer, 50 

and 100 cycles in the simulated cycles, as in the first 10 cycles, no major degradation could be 

found. In the neat polymer, there are a high content of antioxidants, which makes the peak of 

the curve start much later than the processed samples. The more the material has been 

processed, the more antioxidants have been consumed. In Figure 30, the curves from 0, 50 and 

100 cycles for the composite material are shown. After 100 cycles the peak comes earlier, 

indicating that more antioxidants have been consumed after longer time of processing, therefore 

the material is oxidised faster. The same indication is shown in Figure 31 for the reference 

material, with neat pellets having a longer time than 50 and 100 cycles. The time is determined 

from the intersection between the tangent of the slope of the curve and a horizontal tangent 

from the baseline as seen in an example in Figure 29. As presented in Table 4, the OIT for the 

composite is higher than for the HDPE, which means that the CNTs have an increasing effect 

on the oxidative stability. This agrees with results presented in the literature (Shi et al., 2012) 

where CNTs were explained to be acting like antioxidants by hindering the free radical 

oxidative mechanism. The CNTs react with the free radicals that are formed during oxidation 

and therefore protect the polyethylene from degradation. The structural defects present on the 

CNTs were assigned the ability of the CNTs to interact with the radicals. 

 

Figure 29. Example analysis of OIT curve. 
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Figure 30. Curves showing the OIT at 0, 50 and 100 cycles for the composite.  

 

 

Figure 31. Curves showing the OIT curves for neat pellets, 50 and 100 cycles for HDPE.  
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Below in Table 4 the OIT for each cycle is presented. Each value is an average of three samples. 

Table 4. OIT for 0, 50 and 100 cycles. 

 
HDPE Composite 

Cycle OIT (min) 

0 24.3 26.1 

50 19.0 24.3 

100 18.7 20.4 

 

4.4 Ageing tests 

The first weeks of ageing did not show any degradation of the material, neither by discoloration 

nor in the DSC analysis. After approximately 35 days, half of the remaining material had a 

yellow colour, indicating surface degradation. After 35 and 45 days the yellow pellets were 

chosen for DSC analysis, while in FTIR, white pellets were analysed. The results from DSC 

and FTIR analysis are presented below.  

4.4.1 FTIR Analysis 
The spectra in Figure 32 show comparison of 0 days and just over 6 weeks (45 days) of 

ageing, which indicate no differences. 

 

Figure 32. FTIR spectra from ageing analysis. 
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4.4.2 DSC Analysis 
 

 

Figure 33. Degree of crystallinity versus days. 

The degree of crystallinity is shown in Figure 33. After 35 days the value for HDPE has 

decreased compared to day 0. For the composite the value is more or less the same as day 0. 

This could indicate that the neat polymer has been degraded while the composite is still 

protected by the CNTs. However, the differences in the values are small and therefore hard to 

draw conclusions. To confirm the possible degradation of HDPE, the melting temperature 

reveals some information. In Figure 34, the melting temperature versus days is shown.   

 

Figure 34. Melting temperature versus days. 
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The melting temperature For HDPE is stable until 28 days, thereafter the values decrease 

significantly after 35 and 45 days. This was due to that pellets that had been discoloured 

(yellow) were analysed. The decrease in melting temperature confirms the degradation, together 

with the slight decrease in degree of crystallinity.  

For the composite the values are more stable, indicating that the CNTs have protected the 

polymer during the ageing trial. However, due to the black colour of the composite samples, 

any change in discoloration could not be discovered. Hence, whether all of the composite 

samples were stable or not could not be determined, as the replicates of samples for each 

analysis were randomly selected.  

 

4.5 Summary of findings  

 

In the trials with 10 cycles including steps with reprocessing and grinding, no major difference 

in the properties of the material was noticed. The composite had higher mechanical properties 

than the neat polymer regarding tensile strength and elastic modulus, due to the reinforcement 

effect of the carbon nanotubes.  

Melting temperature, degree of crystallinity, tensile and yield strength were stable after ten 

reprocessing cycles, and no sign of degradation could be found in FTIR and GPC analysis.   

In the second part, with simulated reprocessing trials, OIT test showed that the antioxidants are 

consumed during processing. The composite had higher thermal oxidative stability than the neat 

polymer since it obtained higher OIT values, which is probably due to the protecting effect of 

the CNTs.  

After the simulated cycles with 200 minutes of processing, the produced test specimens were 

discoloured, indicating degradation. However, degree of crystallinity was stable, even though 

the melting point was decreased. Degradation was indicated by a molecular weight decrease in 

the GPC analysis for the neat polymer, which was due to chain scission of the polymer. For the 

composite, the molecular weight was stable after 50 and 100 simulated cycles, meaning that the 

polymer chains had been protected from chain scission and therefore that CNTs seem to protect 

the polymer after longer time of processing. 
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Identification by FTIR showed that the material had been oxidised due to that a peak 

representing a carbonyl group could be found in the obtained spectrum. The elastic modulus of 

both reference material and the composite showed a significant increase after 100 cycles, which 

could be assigned to crosslinking after longer time of processing. However, this needs to be 

investigated further in order to draw a conclusion.  

Analysis of the ageing trials showed that there was a minor decrease in melting point and degree 

of crystallinity for the reference material while these properties were stable for the composite. 

It could indicate that the composite was possibly protected from degradation compared to the 

neat polymer. However selection of discoloured samples from the reference material was made 

for the analysis, while for the composite it was not possible to see any discoloration and 

therefore the samples were randomly selected.   
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5. Conclusion 

To investigate the recycling of a nanocomposite produced from HDPE and CNTs, 

characterisation was conducted in order to determine the degradation of the material throughout 

the cycles. Concluded was that HDPE showed very good ability for being recycled. By 

reinforcing HDPE with carbon nanotubes, the material could be made with increased 

mechanical and thermal properties and the results in this work showed that industrial waste of 

HDPE/CNT nanocomposites can be recycled. Furthermore, simulated reprocessing trials 

indicated that the CNTs protected the polymer during degradation. 
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APPENDIX 

Formulas – Calculation of modulus in section 4.1.  

Formula 1 

Formulas used to calculate the approximate modulus from tensile testing without extensometer. 

E =
stress

strain
 

 

������ =
����� (�)

����� ��������� ���� (��)
 

������ =
��������� (��)

 ����� �����ℎ (��)
 

The force and extension are obtained from the curve data and the cross sectional area is the 
dimension of the test specimen.  

Formula 2 

Equations used to calculate the modulus in section 4.1 from flexural testing results. 

Firstly, the strain was calculated from the curve data: 

������ =
6 ∙ ��������� ∙ �ℎ������� 

64^2
 

 

Thereafter, the modulus was calculated according to following equation: 
 

������� =
(�����(�� ������ = 0.0025) −  �����(�� ������ = 0.0005))

���������(�� ������ = 0.0025) −  ���������(�� ������ = 0.0005)
∙

64� ∙ �ℎ�������^3

4 ∙ ����ℎ
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Complete tables - Production of composite 

 Flexural testing 

Material Settings wt-% 
CNTs 

 
Flex 
Strength 
MPa 

Strain 
at Max 
% 

Strain at 
Break % 

Modulus 
MPa 

PE 200°C, 70 
rpm 

0 Average 32.692 6.393 12.311 1512.656 
 

5 min  Std 0.392 0.236 0.378 70.788 
PE/CNT 200°C,70 

rpm 
0.5 Average 35.403 6.129 12.838 1582.319 

 
5 min  Std 0.635 0.281 0.127 45.024 

PE/CNT 200°C, 70 
rpm 

3 Average 34.796 6.459 12.392 1549.354 
 

5 min  Std 0.659 0.274 0.191 69.457 
PE/CNT 200°C, 70 

rpm 
3 Average 33.939 6.567 13.719 1513.650 

 
10 min  Std 0.369 0.357 0.258 30.852 

PE/CNT 220°C, 70 
rpm 

0.5 Average 
34.903 6.477 12.113 1537.587 

 

2.5 min  Std 
0.277 0.097 0.288 41.986 

 

 

 Tensile testing 

Material Settings wt-% 
CNTs 

 
Yield 
MPa 

Elong 
at Yield 
(%) 

Tensile 
MPa 

Elongation 
% 

Modulus 
Pa 

PE 200°C, 
70 rpm 

0 Average 28.879 11.809 28.879 1042.340 6.1E+08 

 
5 min  Std 0.234 1.395 0.234 202.386 97320418 

PE/CNT 200°C, 
70 rpm 

0.5 Average 30.415 11.348 30.415 727.659 8.05E+08 

 
5 min  Std 0.567 0.695 0.567 47.462 98631837 

PE/CNT 200°C, 
70 rpm 

3 Average 34.225 10.157 34.225 52.089 1.42E+09 

 
5 min  Std 0.708 0.612 0.708 8.964 1.63E+08 

PE/CNT 200°C, 
70 rpm 

3 Average 33.559 10.202 33.559 126.326 1.41E+09 

 
10 min  Std 0.734 0.719 0.734 97.839 1.47E+08 

PE/CNT 220°C, 
100 rpm 

0.5 Average 30.044 11.404 30.044 696.170 8.21E+08 

 
2.5 min  Std 0.224 0.970 0.224 62.872 46828637 
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