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Chapter 3:  Methodology 

 

3.1 Materials 

 

3.1.1 Linear low-density polyethylene (LLDPE)  

 

LLDPE used in this study, was supplied in pellet form by Sasol Polymers, South Africa. It has 

an average molecular weight of 191 600 g/mol, a melting temperature range of 122-128 oC, a 

density of 0.924 g/cm3. 

 

3.1.2 Paraffin wax (PW)  

 

Paraffin wax was supplied in powder form by Fluka Chemie AG, Buchs, Switzerland. It is 

consisting of approximately 99% of straight short chain hydrocarbons and it has an average 

molecular weight of 440 g/mol, a melting temperature range of 50-60 oC, a density of 0.93 

g/cm3 and it is primarily used in the manufacturing of candles.  

 

3.1.3 Boron nitride (BN) 

 

Boron nitride used was supplied in powder form by Sigma Aldrich, South Africa. BN was used 

as a conductive filler and as a reinforcement filler into the LLDPE and/or LLDPE/wax blends. 

It has a density of 1.9 g/cm3, purity of 99.5% and a length size of 10 micron.  

 

3.1.4 Single-walled carbon nanotubes (SWCNTs) 

 

Single-walled carbon nanotubes (SWCNTs) was supplied by OCSiAl, Luxembourg. SWCNTs 

were used as one of two fillers, to create synergy with boron nitride. It has a density of 1.35 

g/cm3, purity of 75% and metal impurities that is ≤ 15%. It has a diameter that is below 2 and 

a length of >1 micron.  
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3.2 Methods 

 

3.2.1 Sample preparation 

 

Carbon nanotubes, boron nitride and LLDPE were dried in an oven at 50 oC overnight before 

melt-mixing. All the materials were mixed using Rheomix Haake PolyLab QC 600. The 

samples were mixed at 140 ℃ with a rotational speed of 30 rpm for 10 minutes for all the 

samples. The fabrication of the blends was done through physical premixing and the mixed 

components were fed into the heating mixer. For the blend composites, boron nitride and/or 

carbon nanotubes were incorporated into the mixer 5 minutes after adding the LLDPE or 

premixed LLDPE/wax. Figure 3.1 illustrate the Rheomix Haake PolyLab 600 machine 

employed for fabrication of the investigated samples in this study. The weight percentages for 

pure LLDPE, LDPE/wax blend and blend composites prepared are shown in Table 3.1. 

 

Figure 3.1: Rheomix Haake PolyLab 600 machine 

 

Table 3.1: Summary of the investigated samples  

LLDPE (wt.%) PW (wt.%) LLDPE/PW (wt.%) 

100 - 70/30 

LLDPE/BN (wt.%) LLDPE/SWCNT (wt.%) LLDPE/(BN+SWCNT) 

(wt.%) 
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99/1 

98/2 

97/3 

99/1 

98/2 

97/3 

- 

98/2 

- 

LLDPE/PW/BN (wt.%) LLDPE/PW/SWCNT 

(wt.%) 

LLDPE/PW/ 

(BN+SWCNT)  (wt.%) 

69.3/29.7/1 

68.6/29.4/2 

67.9/29.1/3 

69.3/29.7/1 

68.6/29.4/2 

67.9/29.1/3 

- 

68.6/29.4/2 

- 

 

3.3 Characterization and sample analysis 

 

3.3.1 Scanning Electron Microscopy (SEM) 

 

SEM was used to study surface morphology of the fractured surface of LLPE/wax blend and 

LDPE/wax/conductive filler blend composites. This technique utilizes a fine beam of electrons 

that is scanned over the surface of the material at high speed. The instrument is fitted with a 

detector that collects the electrons emitted from each point on the surface and the image can be 

formed by collecting these secondary electrons from each point of the specimen.  Furthermore, 

proper sample preparation is necessary prior characterization which includes plasma etching, 

conductive coatings by means of evaporation or sputtering; and chemical etching methods 

[1,2,3]. SEM images were achieved using a Shimadzu ZU SSX-550 Superscan scanning 

electron microscope. The samples were dipped into liquid nitrogen for about 1-2 minutes and 

fractured using tweezers into an appropriate size to fit the specimen chamber. One of each 

fractured piece were gold coated by sputtering to produce conductive coatings onto the 

samples. SEM analyses were done at 15 kV and at magnifications of 1, 10 and 100 µm. 

Furthermore, the samples were also immersed in a chloroform solvent for 28 hours at room 

temperature to extract the paraffin wax from the blend and blend composites. The SEM analysis 

of the extracted samples was done following the same procedure as for the non-extracted 

samples. 

 

© Central University of Technology, Free State



51 
 

 

3.3.2  Melt flow index (MFI) 

 

The samples were analysed according to ISO 1133 at 190°C. The instrument was given 30 

minutes to equilibrate after which, approximately 5 g of the sample was charged into the heated 

barrel. The piston was inserted into the barrel and the respective weight placed on top of the 

piston to make the total weight of piston and weight 2.16 kg. A support collar was inserted to 

prevent the piston from moving into the barrel prematurely and give the sample enough time 

to melt. After 5 minutes, the support collar was removed allowing the piston to move down by 

gravity and eject the sample. An automatic cutter was used and set to cut every 30 seconds. 

The amount of the investigated sample flowed through the die over a period of 5 min under 

2.16 kg weight were determined. Figure 3.2 is a photograph of the MFI instrument that was 

used while Figure 3.3 shows a schematic representation of the MFI. 

 

 

Figure 3.2: MFI instrument that was employed in this study for analysing the viscosity of 

the blends and blend composites 
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Figure 3.3: Schematic representation of the melt flow index 

 

3.3.3 Thermogravimetric analysis (TGA) 

 

TGA is a technique whereby the mass of the sample is monitored against time or temperature 

under controlled nitrogen conditions. Data in TGA curve is recorded as mass % or mass as a 

function of time or temperature [4,5]. It is mainly used to characterize the thermal stability and 

decomposition of the materials under controlled conditions. There are various factors that may 

influence the characteristics of the recorded TGA curve, such as sample mass, sample volume, 

physical form of a sample, shape and nature of the sample holder, and the scanning rate. The 

samples were analysed on the Discovery TGA S/N: TGA-0336. The samples had a mass 

ranging between 20-25 mg. They were heated from 30 oC to 600 oC at a heating rate of 20 

oC/min under nitrogen flow. Figure 3.4 shows the TGA instrument that was employed to 

analyse the thermal stability of the samples. 
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Figure 3.4:  TGA instrument that was employed for analysing the thermal stability of the 

samples 

 

3.3.4 Differential Scanning Calorimetry (DSC) 

 

DSC is a technique that is used to study the thermal transitions of a material during heating or 

cooling. Thermal transition is known as the process whereby a material changes its melting 

temperature, crystallization temperature, and glass transition when heated or cooled at a certain 

controlled rate [4,6]. DSC equipment consists of two compartments: the control side which 

contains an empty aluminium pan and the sample side which contains the sample (2-10 mg) in 

an aluminium pan (see Figure 3.5). There are two classes of DSC: (i) power-compensation 

DSC, whereby the sample and inert reference are heated or cooled independently with identical 

heaters and thermocouples. (ii) Heat-flux DSC, whereby the sample and inert reference are 

heated or cooled simultaneously with a single heater. Zinc and indium are the calibration 

standards with known onset temperatures and enthalpy melting utilized for calibration of the 

DSC technique. DSC is used to measure glass transition temperature (Tg), melting temperature 

(Tm), crystallization temperature (Tc) and melting enthalpies (ΔH) [4,6]. Analyses in the current 

study were conducted using Discovery DSC S/N: DSC1-0376. The instrument was computer 

controlled and the calculations of the peaks were done using Pyris software. The samples of 
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mass between 2-10 mg were analysed from 25-160 oC at heating rate of 20 oC/min under 

nitrogen atmosphere. The sample were heated, cooled, and reheated under the above 

conditions. The melting peak temperature (Tm), enthalpy of melting peak (ΔHm), crystallization 

peak temperature (Tc), and enthalpy of crystallization (ΔHc) were determined from the second 

heat. Figure 3.6 shows the top and front view of DSC instrument that was used to analyse the 

thermal properties of the samples. 

 

 

Figure 3.5:  Schematic illustration of the DSC technique  

 

Figure 3.6: Top and front view of DSC instrument employed for analysing thermal 

properties. 
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3.3.5 Injection Moulding  

 

Injection moulding is the technique whereby the material is subjected into a heat barrel to be 

mixed. The mixture is forced to go through the sprue into the mould cavity where it is cooled 

and hardens to the configuration of the mould cavity [7]. Figure 3.7 shows the injection 

moulding machine.  

 

Figure 3.7:  Injection moulding machine that was used for investigated samples 

 

Figure 3.8: Injection moulding process 
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3.3.6 Tensile testing  

 

Tensile testing is a technique that is used to determine the tensile strength, stress at break, 

Young’s modulus, and as well as elongation at yield. The tensile test is done by firmly 

tightening the sample with a known dimension between the two grips. In a tensile test, the 

sample is pulled on both ends in order to measure the force that pulls the sample apart and also 

measure the elongation of the sample. The product of the tensile test is recorded as a load versus 

elongation curve, which it is converted into a stress versus strain curve [7,8]. The tensile 

analysis was done using the Hounsfield H10KT (Tinius Olsen Ltd) tensile tester (see Figure 

3.9). The dumbshell-shaped samples of the blends and composites (see diagram 1) were 

prepared at 180 oC with an injection pressure of 400 bar and a mould temperature of 60 oC 

using ThermoHaake Minijet II injection moulding machine (ASTM D-638). The settings for 

tensile tester were as follows: (i) load range 250.0 N, (ii) extension range of 500.0 mm, (iii) 

gauge length of 25.0 mm, (iv) stretching speed 10.0 mm.min-1, and (v) Approached speed of 

0.02 mm.min-1.   

 

Diagram 1: Schematic diagram of the dumbshell-shaped sample for tensile testing. 

 mm 80 

 mm 45 

27.5  mm 
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Figure 3.9: Hounsfield H10KT (Tinius Olsen Ltd) tensile tester 

 

3.3.7 Dynamic mechanical analysis (DMA) 

 

DMA is a technique that is used to determine the low-strain mechanical properties of the 

materials as a function of time, temperature, or frequency. It is used to calculate the storage 

modulus (E'), loss modulus (E") and mechanical loss factor tan δ (damping). The dynamic 

modulus response of the samples is divided into two parts, namely storage modulus and loss 

modulus. Storage modulus describes the energy recovered per cycle while the loss modulus is 

the net energy dissipated per cycle in the form of heat. The loss tangent is expressed as tan δ = 

E"/E'. The glass transition temperature (Tg) is normally determined from the loss modulus and 

tangent curves [4,9,10]. In the current study the dynamic mechanical analysis of all the 

materials were investigated using the Perkin-Elmer DMA 8000 (Figure 3.10). The samples 

analyses were done from -100 to 100 oC in bending mode with a heating rate of 3 oC/min and 

the frequency of 1 Hz. 

© Central University of Technology, Free State



58 
 

 

Figure 3.10: DMA instrument that was employed for analysing the thermomechanical 

properties of the blends and composites  

 

3.3.8 Impact testing 

 

The impact properties of polymer blends and composites have attracted a lot attention recently 

due to the demand of these materials in the industrial sectors. Generally, impact is a collision 

of two or more objects, by interaction between the fluid, plastics and elasticity or synergy of 

any of the two interactions. According to the literature, there are four types of impact velocity 

which include ballistic, high velocity, low velocity as well as hypervelocity [11]. Both Charpy 

and Izod impact belongs to the low velocity impact. Impact test takes place by delivering an 

impact blow to a sample by pendulum-type hammer, whereby the impact value is recorded as 

the energy required to break the sample. The CEAST RESIL impactor junior (see Figure 3.11) 

was used to measure the impact properties of the samples at room temperature. The samples 

were rectangular shaped with a length of 83 mm, with of 4 mm and a thickness of 10 mm, with 

the samples tested at room temperature of 23 ℃. Three samples of each composition 

investigated were tested, with the average and standard deviation values reported.  
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Figure 3.11: The CEAST RESIL impactor junior machine 
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Chapter 4:  Results and discussion 

 

4.1 Scanning electron microscopy (SEM) 

 

Figure 4.1 shows SEM images of the fractured surfaces of extracted and non-extracted samples 

of the LLDPE/PW blend with 70/30 wt.% content (i.e., LLDPE contained 70 wt.%, while PW 

contained 30 wt.%). Image (a) depicts a phase separation for this blend, which suggests 

immiscibility between the linear-low density polyethylene (LLDPE) and paraffin wax (PW). 

This may be ascribed to the low molecular weight and low viscosity of the paraffin wax which 

made it easy to separate from the blend and form a phase separated blend. This behaviour was 

also confirmed by the DSC melt endotherms (section 4.3) of the LLDPE/PW blend which 

showed three melting peaks and TGA (section 4.4) showing two-step degradation. Luyt et al. 

[1] reported a phase separation between Wax S (it had low molecular weight and low viscosity) 

and LDPE, while there was a homogenous surface between LDPE and Wax FT due to a higher 

viscosity which made it difficult for Wax FT to diffuse out of the system. In this study there 

was no paraffin wax remaining in the blend after 28 hours of extraction using chloroform, as 

can be observed in image (b). 

 

Figure 4.1: SEM images of: (a) Non extracted 70/30 w/w LLDPE/PW blend (b) Extracted 

70/30 w/w LLDPE/wax blend with chloroform (scale bar of (a) and (b) is 10µm). 

 

The SEM image of the LLDPE/BN composites with 2 wt.% of BN content are presented in 

Figure 4.2. It can be observed that there was a distribution of BN particles into LLDPE matrix 

with obvious agglomerates indicated by symbol E. There was thus, a poor interfacial interaction 
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between the LLDPE matrix and the BN particles. The same behaviour was observed for non-

modified single-walled carbon nanotubes, as there seemed to be an agglomeration of carbon 

nanotubes as indicated by symbol F in Figure 4.2 (b), even though there seemed to be some 

SWCNT embedded into the LLPDE matrix. Similar result was reported by Zhang et al. [2], 

who found that the non-functionalized 10 wt.% boron nitride showed agglomeration of the 

particles while both the functionalized BN and the incorporation of polyethylene-g-maleic 

anhydride resulted in a uniform dispersion and less agglomerates. Furthermore, Wang et al [3] 

indicated a phase separated system between BN and epoxy, with the presence of voids and 

defects with 5 and 20 wt.% content of h-boron nitride as well as c-boron nitride.  

 

Figure 4.2: SEM image of: (a) 98/2 w/w LLDPE/BN; and (b) LLDPE/SWCNT composites 

(scale bar of (a) is 10µm and (b) is 1µm). 

 

In Figure 4.3 the 68.6/29.4/2 w/w content of LLDPE/PW/BN blend composites show an 

obvious debonding between the paraffin wax and boron nitride (symbol A, B, and C). Such 

system is unfavourable for a reduction of interfacial resistance between the filler and matrix. 

Furthermore, this behaviour showed that there was less affinity between paraffin wax and 

boron nitride. Similarly, as in case of the LLDPE/paraffin wax blend, 28-hour extraction by 

chloroform in the LLDPE/PW/BN composite showed the removal of paraffin wax (Figure 

4.3(b)), with only LLDPE and BN remaining in the system. However, in the presence of carbon 

nanotubes, there seemed to be a better dispersion between conductive fillers (viz BN and 

SWCNT) and the LLDPE/paraffin wax blend matrix (Figure 4.4(a)). This behaviour may be 

attributed to a better affinity between the SWCNTs and paraffin wax, which might have 

resulted in a better dispersion of both fillers in the blend matrix. The low molecular weight and 

low viscosity paraffin wax enabled it to penetrate between the SWCNT chains, which resulted 
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in a good dispersion in the blend matrix. It is well-known that paraffin wax has high affinity 

for carbon-based conductive fillers compared with ceramics-based fillers [4]. Furthermore, due 

to a high surface to volume ratio of carbon nanotubes, the interaction between SWCNTs and 

paraffin was better than in the boron nitride-based system. Furthermore, the utilization of 

chloroform helped to remove the paraffin wax from the LLDPE/PW/ (BN+SWCNT) blend 

composite, leaving only boron nitride and single walled carbon nanotubes (SWCNT) in the 

blend composites (see Figure 4.4(b)), as was the case for LLDPE/paraffin wax blend and 

LLDPE/paraffin wax/BN. 

 

 

Figure 4.3: SEM image of: (a) Non-extracted 68.6/29.4/2 LLDPE/PW/BN blend 

composites and (b) Extracted 68.6/29.4/2 LLDPE/PW/BN blend composites with chloroform 

(scale bar of (a) is 10µm and (b) is 1µm). 

 

 

 

Figure 4.4: SEM image of: (a) Non extracted LLDPE/PW/(BN+SWCNT) and (b) Extracted 

LLDPE/PW/ (BN+SWCNT) blend composites (scale bar of (a) is 10µm and (b) is 100µm).  
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4.2 Melt flow Index (MFI) 

 

Figure 4.5 depicts the melt flow index (MFI) of neat LLDPE, LLDPE/paraffin wax (PW) 

blend, LLDPE/PW/BN, LLDPE/PW/SWCNT and LLDPE/PW/SWCNT/BN composites.  

Melt flow index (MFI) was found to be one of the factors that influenced the dispersion of the 

filler and the quality of the resultant composite. The flow index of polymers is the foundation 

for quality control of the reactant’s material i.e., raw material. A decrease in MFI is an 

indication of an increase in the viscosity of the material. Figure 4.5 indicates that the LLDPE 

had a melt flow index (MFI) value of 3.20, and with the addition of the paraffin wax to the 

LLDPE matrix, the melt flow index was increased by 394%. The enhancement in MFI with the 

addition paraffin wax was ascribed to a low viscous paraffin wax molecule that penetrated the 

LLDPE chains, thus lowering the viscosity of the blend and increasing the melt flow index. 

The addition of inorganic fillers decreased the melt flow index of the paraffin wax blend, as 

the addition of 2 wt.% boron nitride decreased the MFI of the LLDPE/paraffin wax blend by 

0.95%. Moreover, the addition of both inorganic fillers (viz boron nitride and single walled 

carbon nanotubes at 2 wt.%) further decreased the MFI of the blend by a 54.3% decline. This 

could be attributed to the stiffness of the inorganic fillers within the blend, as a result 

immobilizing the polymer chains, thus increasing the viscosity, and decreasing the MFI values 

of the blend composites. Similar results were obtained by Saini et al. [5] who observed a 

decrease in the MFI values of the LLDPE composites with the incorporation of the wastepaper 

powder (WPP). The latter authors attributed this observation to the rigidity of the fibers that 

affected the flowability of the polymer matrix. Similar to the latter study, Carvalho et al. [6] 

reported that the MFI values of all the HDPE composites tested in their study were reduced 

when wood particles were added. This reduction was due to restricted movement of the chains 

that was caused by the presence of WPs in the LLDPE composites as they reduced the 

flowability of the HDPE matrix.   
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Figure 4.5: Melt flow index of the neat LLDPE, LLDPE/paraffin wax (PW) blend, 

LLDPE/PW/BN, LLDPE/PW/SWCNT and LLDPE/PW/(BN+SWCNT) 

composites  

 

4.3 Differential scanning calorimetry (DSC) 

 

The thermal properties of the neat LLDPE, pure PW, LLDPE/conductive fillers, LLDPE/PW 

blend, LLDPE/PW/conductive fillers composites were investigated by differential scanning 

calorimetry (DSC). The DSC curves were taken from the second heating rate because the first 

heating rate is generally associated with the removal of thermal history. Figure 4.6 and 4.7 

present the heating and cooling curves for pure LLDPE, pure PW and LLDPE/PW blend. On 

close examination of the curves, LLDPE showed one endothermic peak with a melting 

temperature of 127 oC and a melting enthalpy of 141 J/g, while PW showed two endothermic 

peaks (i.e., a shoulder and major peak). The shoulder peak was recorded at 31.3 oC and the 

major melting peak at 52.2 oC, whereas the melting enthalpies were 33.1 J/g and 134 J/g, 

respectively. The two peaks of PW were ascribed to the melting of different molecular weight 

fractions of the wax i.e., solid-solid transition and the melting of the crystallites, respectively. 

Similar results were reported by Molefi et al. [7], who compared LDPE, LLDPE, and HDPE 
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as matrices for phase change materials based on a soft Fischer-Tropsch paraffin wax. Zhou et 

al. [8] also investigated the thermal properties of paraffin/HDPE phase change blends. Both 

studies observed that PW showed two endothermic peaks which the authors attributed to the 

melting of solid-solid phase transition and the melting of crystallites, as was explained earlier. 

 

Figure 4.7 shows the cooling curves of the neat LLDPE, PW and the LLDPE/PW blend. 

LLDPE was observed to have a crystallization temperature of 115 ℃ and the crystallization 

enthalpy of 131 J/g. On the other hand, PW crystallized at 28.3 ℃ and 50.2 ℃, with a 

crystallization enthalpy of 12.1 J/g and 144 J/g, respectively. The calculated degree of 

crystallinity value of pure LLDPE was 48.0 %. Note that PW curve was stopped at 100 ℃ due 

to its melting temperature that is around 50-60 ℃. There was no reason to further continue 

heating it to 160 ℃ like the other materials because its mechanical properties would have been 

destroyed and too high temperature may have resulted in decomposition of PW. The degree of 

crystallinity was calculated using the melting enthalpy values of pure LLDPE, LLDPE blends, 

LLDPE composites and blend composites. The crystallinity of all the samples were determined 

by equation 4.1 and 4.2. Equation 4.1 was used to determine the crystallinity of neat LLDPE 

and equation 4.2 was utilized to obtain the crystallinity of the composites and blend composites. 

The values for the calculated degree of crystallization are depicted in Table 4.1. The 

calculations were done as follows: 

𝑋𝑐(%) =
∆𝐻𝑚

∆𝐻𝑚
° × 100%   4.1 

𝑋𝑐(%) =
∆𝐻𝑚

∆𝐻𝑚
° ×

100%

𝑤𝑡.%
    4.2 

Where ∆𝐻𝑚 is the experimental melting enthalpy, ∆𝐻𝑚
°  is the melting enthalpy of completely 

crystalline LLDPE (293 J/g), and lastly wt.% is the weight fraction of the polymer in the blend 

and/or blend composites.  
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Figure 4.6: Heating curve of pure LLDPE, PW and the LLDPE/PW blend  

 

Figure 4.7: Cooling curves of pure LLDPE, PW and the LLDPE/PW blend. 

 

Figure 4.6 shows that the LLDPE/PW blend had three endothermic peaks. This behaviour 

indicated that both LLDPE and PW are immiscible. The first melting peak temperature was 
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recorded at 29.7 oC and the second peak temperature at 52.0 oC. As was explained earlier in 

this document, such peaks may be associated with the melting temperature of the paraffin wax 

and the solid-solid phase transition. The third peak was recorded at around 122 oC which was 

ascribed to the melting peak of the LLDPE matrix. The incorporation of PW into LLDPE 

(Figure 4.6) reduced the melting temperature of LLDPE in the blends. This was attributed to 

the plasticizing effect of wax on the LLDPE matrix which enhanced the free volume in the 

system and, as a result, the melting temperature was reduced. Similar behaviour was observed 

by Krupa and Luyt [9], who observed three endothermic peaks with 30% and more of wax 

content. One peak was attributed to the LLDPE matrix while two endothermic peaks correlated 

with that of the paraffin wax.
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Table 4.1:  Thermal properties of pure LLDPE, pure paraffin wax, LLDPE/paraffin wax blends and the composites. 

     Melting process   Crystalline process 

Samples  

     Tm (oC) ∆Hm (J/g)  Tc (oC)  ∆Hc (J/g)  Xc (%) 

LLDPE (100%)   127  141   115  131   48.0 

PW (100%)    52.2a  134a   50.2a  144a   --- 

     31.3b  33.1b   28.3b  12.1b   --- 

LLDPE/BN  

99/1     130  148   117  125   50.8 

98/2     132  151   117  121   52.4 

97/3     128  151   118  133   53.0 

LLDPE/SWCNT 

99/1      131  158   120  129   54.4 

98/2     130  154   121  137   53.5 

97/3     130  153   121  133   53.8 
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Cont…  

     Melting process  Crystalline process 

Samples  

     Tm (oC) ∆Hm (J/g)  Tc (oC)  ∆Hc (J/g)  Xc (%) 

LLDPE/(BN+SWCNT) 

98/2     131  143   120  125   49.7  

LLDPE/PW    

70/30     122a  105a   111a  94.2a   51.0a 

     52.0b  29.1b   46.8b  34.5b   --- 

     29.7c  10.0c   20.4c  8.22c   --- 

LLDPE/PW/BN 

69.3/29.7/1    122a  88.2a   113a  80.1a   43.4a 

     51.4b  34.3b   47.4b  39.6b   --- 

     29.6c  14.5c   23.2c  11.4c   --- 

68.6/29.4/2    123.a  89.4a   114a  92.0a   44.5a 

     52.4b  27.5b   47.3b  43.0b   --- 

     28.6c  14.3c   22.0c  11.2c   ---  
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Cont… 

     Melting process   Crystalline process 

Samples  

     Tm (oC) ∆Hm (J/g)  Tc (oC)  ∆Hc (J/g)  Xc (%) 

67.9/29.1/3    124a  104a   114a  84.1a   52.2a 

     52.7b  19.7b   46.4b  27.7b   --- 

     28.5c  15.4c   23.7c  11.8c   --- 

LLDPE/PW/SWCNT 

69.3/29.7/1    126a  111a   115a  89.5a   58.9a 

     52.6b  26.6b   46.3b  28.7b   --- 

     28.3c  16.2c   27.2c  11.0c   --- 

 

68.6/29.4/2    124a  106a   116a  92.4a   52.5a 

     51.5b  25.1b   46.8b  26.0b   --- 

     28.0c  14.1c   28.3c  10.1c   --- 
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Cont… 

     Melting process   Crystalline process 

Samples  

     Tm (oC) ∆Hm (J/g)  Tc (oC)  ∆Hc (J/g)  Xc (%) 

67.9/29.1/3    125a  108a   115a  90.0a   54.4a 

     51.4b  25.5b   45.7b  27.0b   --- 

     28.7c  14.4c   29.7c  11.2c   ---    

LLDPE/PW/(BN+SWCNT) 

68.6/29.4/2    126a  111b   115a  102a   55.1a 

     52.6b  24.2b   46.3b  27.2b   --- 

     29.2c  15.3c   29.8c  10.4c   --- 

Tm is the melting temperature, Tc is the crystalline temperature, ∆Hm is the melting latent heat, ∆Hc is the crystalline latent heat, and Xc is 

the degree of crystallinity. 
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Figure 4.8 to 4.10 represents the heating curves of LLDPE/BN, LLDPE/SWCNT and 

LLDPE/(BN+SWCNT) composites. It was observed that the melting temperature of the 

LLDPE (Figure 4.8 and Table 4.1) increased with the addition of conductive fillers (viz BN, 

SWCNT and BN+SWCNT). This behaviour showed that conductive fillers acted as a 

nucleating agent, thus increasing the melting temperature of the LLDPE composites [10,11]. 

Figure 4.8 depict(s) the heating curve of LLDPE/BN composites. It can be observed that the 

LLDPE/BN composites with 2 wt.% BN was more effective in increasing the melting 

temperature of LLDPE i.e.,132 ℃, when compared with 1 wt.% BN (130 oC) and 2 wt.% BN 

content (128 oC), respectively. This may be ascribed to an effective nucleation of the BN filler 

at 2 wt.% content which enhanced crystallinity and, as a result, increased the melting 

temperature. Table 4.1 shows that the addition of 1 wt.% SWCNT into the LLDPE matrix 

resulted in a slight increase in the melting temperature (131℃) compared with 2 wt.% (130 ℃) 

and 3 wt.% content (130 ℃). The heating curves clearly indicated that 1 wt.% of SWCNT and 

2 wt.% of BN fillers were more effective in improving the melting temperature of LLDPE 

which showed that both fillers (viz BN and SWCNT) acted as a nucleation agent for LLDPE. 

As the result, the polymer crystals probably nucleated and became larger and thus higher 

melting temperatures of LLDPE were attained. The incorporation of 2 wt.% boron nitride alone 

enhanced the melting temperature of LLDPE more than what 2wt.% SWCNT and 

BN+SWCNT achieved, as is depicted in Figure 4.10 and Table 4.1. It seemed as if boron 

nitride at this content acted as a better nucleating agent for LLDPE as it shifted the melting 

temperature of LLDPE to higher temperatures. Conversely, it was reported in the literature [12] 

that the melting temperature of the UHWMPE decreased with the addition of single (BN) filler 

and hybrid fillers (MWCNT+BN). Interestingly, Russo et al. [11] observed different behaviour 

when investigating polypropylene (PP)/multi walled carbon nanotubes (MWCNT) mixed with 

different fillers namely BN, CaCO3, Talc, ZnO. The latter authors observed that the melting 

temperature of the PP was increased with the addition of MWCNT and hybrid fillers (viz 

MWCNT/BN, MWCNT/CaCO3, MWCNT/Talc, and MWCNT/ZnO).  
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Figure 4.8: Heating curve of LLDPE/BN composites with 1, 2 and 3 wt.% BN content 

 

Figure 4.9: Heating curve of LLDPE/SWCNT composites with 1, 2 and 3 wt.% SWCNT  
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Figure 4.10: Heating curve of LLDPE/BN, LLDPE/SWCNT and LLDPE/(BN+SWCNT) 

hybrid composites all at 2 wt.% content 

 

Figure 4.11 to 4.13 depicts the cooling curves of the LLDPE/BN, LLDPE/SWCNT and 

LLDPE/(BN+SWCNT) hybrid composites. It is well documented in the literature that 

inorganic fillers affect the polymer chains’ mobility which is normally reflected by either an 

increase or a decrease in crystallization temperature (Tc) and degree of crystallinity (Xc) [13]. 

The crystallization temperature and degree of crystallinity (as seen from Table 4.1) of the 

LLDPE/BN, LLDPE/SWCNT and LLDPE/(BN+SWCNT) hybrid composites increased with 

the addition of conductive fillers and their hybrid fillers. This behaviour showed that BN, 

SWCNT and BN+SWCNT hybrid fillers probably acted as heterogeneous nucleating agents 

for the LLDPE matrix in the absence of paraffin wax. A similar observation was reported by 

Zhong et al. [14] who studied isotactic polypropylene (iPP)/hexagonal boron nitride (h-BN) 

composites mixed with multi walled carbon nanotubes (MWCNTs) and graphene nanoplatelets 

(GNPs). The authors observed that the addition of h-BN, h-BN/MWCNTs and h-BN/GNPs 

particles improved the crystallization temperature and degree of crystallinity of iPP matrix 

which they attributed to the nucleating effect of the two conductive fillers into the iPP matrix. 

It is clear from Table 4.1 and Figure 4.11 that at 3 wt.% BN content, the LLDPE/BN 
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composites showed slightly higher crystallization temperature (viz 118 ℃) and degree of 

crystallinity i.e., 53.5% when compared with 1 and 2 wt.% of boron nitrides. As for carbon 

nanotubes composites, it became very clear that the 1 wt.% SWCNT content in the 

LLDPE/SWCNT composites exhibited higher degree of crystallinity (Table 4.1) at a value of 

54.4% compared with 2, and 3 wt.% of SWCNT. There was thus a 6.4 % enhancement in the 

degree of crystallinity for 1 wt.% of SWCNT in the LLDPE composites in comparison with 

neat LLDPE. It thus seems that the SWCNT filler is an effective nucleating agent at lower 

content. Interestingly, it can be seen from Table 4.1 that the single fillers showed higher degree 

of crystallinity when compared with hybrid fillers (BN+SWCNT). This behavior was 

surprising as one would have expected that a combination of both fillers would better improve 

the melting temperature of the LLDPE matrix than the single fillers due to a combined property 

of the synergistic fillers. 

 

Figure 4.11: Cooling curve of the LLDPE/BN composites with 1, 2 and 3 wt.% BN content. 
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Figure 4.12: Cooling curve of LLDPE/SWCNT composites at different SWCNT content (1, 

2 and 3 wt.%) 

 

Figure 4.13: Cooling curve of LLDPE, LLDPE/BN, LLDPE/SWCNT and 

LLDPE/(BN+SWCNT) hybrid composites at 2 wt.% contents 
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Figure 4.14 to 4.16 depicts the heating curves of LLDPE/PW/BN, LLDPE/PW/SWCNT, and 

LLDPE/PW/(BN+SWCNT) hybrid composites. These Figures indicate that all the 

LLDPE/PW/BN, LLDPE/PW/SWCNT and LLDPE/PW/(BN+SWCNT) samples showed three 

endothermic peak temperatures. The first melting temperature that occurred at 28.6 ℃ was 

attributed to the solid-solid transition of the wax, while the second melting peak at 51.4 ℃ was 

attributed to the melting of the wax crystallites, and the third melting temperature that was 

observed at 123 ℃ was attributed to the melting temperature of the LLDPE matrix, as 

explained earlier in this document. Interestingly, the paraffin wax hybrid composites containing 

2 wt.% BN+SWCNT showed a higher degree of crystallinity compared with 2 wt.% BN and 2 

wt.% SWCNT incorporated into the LLDPE/paraffin wax blend. It seemed that the low 

molecular weight paraffin chains were able to penetrate between the two conductive fillers and 

thus improve the interaction between the conductive fillers and LLDPE, with the two 

conductive fillers better enhancing the crystallization of the LLDPE more compared with the 

single fillers. However, it is generally observed that the LLDPE/PW/SWCNT blend 

composites with 1 wt.% of carbon nanotubes (SWCNTs) had the highest degree of crystallinity 

when compared with both wax containing and non-wax containing samples. The presence of 

wax at this content of carbon nanotubes was able to penetrate between the SWCNTs chains, 

thereby enhancing its interaction with LLDPE. This resulted in the SWCNT enhancing the 

degree of crystallinity of the blend composites.  
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Figure 4.14: Heating curve of the LLDPE/PW blend and LLDPE/PW/BN composites with 

1, 2, and 3 wt.% BN content   

 

Figure 4.15: Heating curve of the LLDPE/PW blend and LLDPE/PW/SWCNT composites 

with 1, 2, and 3 wt.% SWCNT content   
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Figure 4.16: Heating curve of the LLDPE/PW blend, LLDPE/PW/BN, LLDPE/PW/SWCNT 

and LLDPE/PW/(BN+SWCNT) composites with 2 wt.% BN, SWCNT and 

BN+SWCNT content.   

 

Figure 4.17 to 4.19 depicts the crystallization behaviour of the LLDPE/PW/BN, 

LLDPE/PW/SWCNT, and LLDPE/PW/(BN+SWCNT) hybrid composites. All investigated 

cooling curves samples of the LLDPE/PW/BN and LLDPE/PW/(BN+SWCNT) composites 

showed an increase in crystallization temperature with the incorporation of single fillers and 

hybrid fillers. The first crystallization temperature was recorded at 22.0 ℃ and the second 

crystallization temperature was recorded at 47.3 ℃, with both peaks belonging to the 

crystallization of paraffin wax. The third crystallization temperature that is observed at 114 ℃ 

was attributed to the crystallization of LLDPE. These Figures indicated that the presence of 

conductive fillers (viz BN and SWCNT) on the LLDPE/PW blend shifted the crystallization 

temperatures towards higher temperatures. This improvement was probably due to fillers acting 

as a nucleating agents on the LLDPE matrix. Table 4.1 and Figure 4.17 reveals that the 

composites with 3 wt.% BN content crystallized at higher crystallization temperatures than the 

other BN blend composites. This indicated that BN filler was more effective at higher content 

and this behaviour can also be seen by higher degree of crystallinity value of 52.2% at 3 wt.% 

BN content. On the other hand, SWCNT blend composites curves (see Figure 4.18 and Table 

4.1) showed that the SWCNT filler was more effective at lower content due to a high degree 

of crystallization value of 58.9 % attained when compared with other content(s) of SWCNT in 

the blend composites. Furthermore, the hybrid fillers (BN+SWCNT) also showed high degree 

of crystallinity value of 55.1 % which was higher than that of the BN blend composites, but 

lower than the SWCNT blend composites. One can deduce that the SWCNT at lower content(s) 

i.e., 1 and 2 wt.% was more effective than BN alone and its synergy with BN in terms of 

improving the thermal properties of the LLDPE.       
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Figure 4.17: Cooling curve of the LLDPE/PW blend and LLDPE/PW/BN composites with 

1, 2, and 3 wt.% BN content   

 

Figure 4.18: Cooling curve of the LLDPE/PW blend and LLDPE/PW/SWCNT composites 

with 1, 2, and 3 wt.% SWCNT content   
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Figure 4.19: Cooling curve of the LLDPE/PW blend, LLDPE/PW/BN, 

LLDPE/PW/SWCNT and LLDPE/PW/(BN+SWCNT) composites with 2 wt.% 

BN, SWCNT and BN+SWCNT content.   

 

4.4 Thermogravimetric analysis (TGA) 

 

The thermal stability of the pure LLDPE, PW, LLDPE/PW blend, LLDPE/conductive fillers, 

LLDPE/hybrid conductive fillers, LLDPE/PW/conductive fillers and LLDPE/PW/hybrid 

conductive filler blend composites were examined using thermogravimetric analysis (TGA). 

The TGA results are tabulated in Table 4.2. The char residue for all the samples at 600 ℃ were 

also reported table. The T20% and T60% represent the weight loss temperatures of mass% taken 

at 20% and 60%, respectively. Figure 4.20 depicts the thermal stability of the pure LLDPE, 

and PW. It was evident that LLDPE and PW degraded in one-step degradation with PW 

degrading at lower temperatures than the LLDPE polymer. This may be attributed to the short 

chain structures of the paraffin wax which happen to degrade at lower temperatures. The TGA 

curves of the LLDPE/BN, LLDPE/SWCNT composites and as well as LLDPE/(BN+SWCNT) 

hybrid composites are shown in Figure 4.21, 4.22 and 4.23, respectively. The results show 

that the thermal stability of LLDPE increased with the addition of BN, SWCNT fillers and 

BN+SWCNT hybrid fillers. This behaviour indicated that the fillers delayed the degradation 
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temperatures of the LLDPE matrix to higher temperatures. This may be ascribed to the fillers 

acting as a thermal heat barrier to protect LLDPE matrix from decomposing at lower 

temperatures. It is well-known that the inorganic fillers have a tendency to form char layers, 

that act as a thermal heat barrier and protect the polymer underneath against heat. Furthermore, 

it is well documented that the fabricated char layer has the ability to reduce pyrolysis of the 

polymer and, as a result, ensuring that the burning of combustible materials is decreased. In the 

current study (Figure 4.21) the 3 wt.% of BN content in the LLDPE/BN composites had higher 

thermal stability compared with pure LLDPE matrix and LLDPE/BN composites with 1 and 

2wt.% of BN content. This enhancement in thermal stability may have been due a better heat 

resistance of BN particles at higher content, which happen to form a better char residue. It was 

most probably that this residue was well able to protect the penetration of heat better. This 

behaviour was also detected at T20% and T60% for 3 wt.% BN content (see Table 4.2), which 

showed higher weight loss values in comparison to pure LLDPE and LLDPE/BN composites.  

For example, there was 4.4% enhancement in T60% for 3wt.% boron nitride when compared 

with pure LLDPE having 2.5% increase in T60% values and 1 wt.% of boron nitride based 

LLDPE composites. The incorporation of SWCNT and its synergy with BN into LLDPE matrix 

(see Figure 4.22 and 4.23) to form LLDPE-based composites, enhanced the thermal stability 

when compared with neat LLDPE. This was because both BN and SWCNT could prevent the 

evaporation as well as diffusion of LLDPE degradation products and, as a result, enhance the 

thermal stability of the matrix. Furthermore, it is well-known that both BN and SWCNT can 

form a three-dimensional network structure capable of blocking the penetration of heat into the 

substrate material, in this case LLDPE matrix that performed this function.  
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Figure 4.20: TGA curve of the neat LLDPE and PW. 

 

Figure 4.21: TGA curve of the neat LLDPE, and LLDPE/BN composites with 1, 2, ad 3 wt.% 

BN content. 
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Figure 4.22: TGA curve of the neat LLDPE, and LLDPE/SWCNT composites with 1, 2, ad 

3 wt.% SWCNT content. 

 

Figure 4.23: TGA curve of the neat LLDPE, LLDPE/BN, LLDPE/SWCNT and 

LLDPE/(BN+SWCNT) hybrid composites all at 2 wt.% BN, SWCNT and 

BN+SWCNT content. 
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Table 4.2: Summarized data of all the materials 

Samples Composition 

(wt.%) 

T20% 

[℃] 

T60% 

[℃] 

Char residue at 600 

℃ 

LLDPE 100 381 432 0.578 

PW 100 209 239 0.174 

LLDPE/PW  70/30 291 435 0.409 

LLDPE/BN  99/1 

98/2 

97/3 

394 

390 

421 

440 

437 

451 

2.46 

4.65 

3.34 

LLDPE/SWCNT 99/1 

98/2 

97/3 

383 

434 

378 

426 

482 

460 

2.70 

1.75 

--- 

LLDPE/(BN+SWCNT) 98/2 435 457 0.174 

LLDPE/PW/BN 69.3/29.7/1 

68.6/29.4/2 

67.9/29.1/3 

249 

287 

391 

290 

431 

440 

1.42 

--- 

4.05 

© Central University of Technology, Free State



87 
 

LLDPE/PW/SWCNT 69.3/29.7/1 

68.6/29.4/2 

67.9/29.1/3 

298 

303 

304 

471 

458 

444 

1.95 

1.31 

2.46 

LLDPE/PW/ 

(BN+SWCNT) 

68.6/29.4/2 

 

275 439 --- 

T20% and T60% represent the weight loss temperatures of mass taken at 20% and 60%, respectively
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Figure 4.24 to 4.26 depicts the TGA curves of LLDPE/PW blend, LLDPE/PW/BN, 

LLDPE/PW/SWCNT composites and as well as LLDPE/PW/(BN+SWCNT) hybrid 

composites. The results indicated that the LLDPE/PW blend degraded in two-step degradation. 

The first-step degradation was ascribed to the degradation of PW, while the second-step 

degradation was attributed to the degradation of LLDPE. The mass loss at T20% and T60% were 

291 ℃ and 435 ℃, respectively. The LLDPE/PW/BN blend composites degraded in two-step 

degradation as shown in Figure 4.24, with the first step obviously being ascribed to the paraffin 

wax and second step belonging to the LLDPE. It was also observed that the blend composites 

with 3 wt.% BN content had higher weight loss at T20% (391 ℃) and T60% (440 ℃), respectively 

when compared with 1wt.% and 2 wt.% of BN. This indicated that there was a delay in 

degradation temperature of LLDPE/PW blend which only reached higher temperatures with 

the addition of 3 wt.% BN content, as was reported earlier on this document. This may be 

ascribed to a possible interaction between the paraffin wax volatiles with BN resulting in a 

decreased rate of diffusion from the molten state of the sample [7]. Figure 4.25 represents the 

TGA curves of LLDPE/PW/SWCNT blend composites. The results show that all the blend 

composites degraded in two-step degradation as was the case for LLDPE/PW/BN blend 

composites. The 2 wt.% SWCNT showed a better heat resistant in comparison to other 

LLDPE/PW/SWCNT blend composites and the synergy of BN and SWCNT. Figure 4.26 

shows the thermal stability of the LDPE/PW/BN and LLDPE/PW/SWCNT blend composites 

as well as that of the hybrid blend composites (LLDPE/PW/(BN+SWCNT) at 2 wt.% filler 

content. It was observed that the blend incorporated with SWCNT was more effective in 

increasing the thermal stability of the LLDPE/PW blend than the blend incorporated with BN 

and hybrid fillers (BN+SWCNT). It appeared as if the three-dimensional network structure 

formed by the synergy between the BN and SWCNT was not strong enough to protect the 

substrate against heat when compared with 2 wt.% SWCNT alone, as the latter was able to 

form compact char. This behaviour could also be attributed to a strong interaction between 

SWCNT with paraffin wax which might have contributed to enhanced thermal stability of the 

blend composites.  
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Figure 4.24: TGA curve of the LLDPE/PW blend and LLDPE/PW/BN composites with 1, 

2, ad 3 wt.% BN content. 

 

Figure 4.25: TGA curve of the LLDPE/PW blend, and LLDPE/PW/SWCNT composites 

with 1, 2, ad 3 wt.% SWCNT content. 
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Figure 4.26: TGA curve of the LLDPE/PW blend, LLDPE/PW/BN, LLDPE/PW/SWCNT 

and LLDPE/PW/(BN+SWCNT) hybrid composites all at 2 wt.% BN, SWCNT 

and BN+SWCNT content.  

 

4.5 Mechanical and thermomechanical properties  

 

Figure 4.27 and 4.28 depicts the tensile stress and elongation at break rates of pure LLDPE, 

LLDPE composites, LLDPE/PW blend composites, and LLDPE/PW/SWCNT/BN hybrid 

composites. These results were obtained from the stress-strain curves as shown in Appendix 

A. Table 4.3 summarizes the mechanical properties of the above-mentioned samples. The 

tensile strength of the LLDPE matrix was initially reduced from 18.0 MPa to 15.7 MPa at 2 

wt.% BN content, while 3wt.% of both BN and SWCNT content(s) resulted in the increased 

tensile strength of the LLDPE matrix to 18.7 MPa and 22.0 MPa, respectively. The reduction 

in tensile strength at 2wt.% load of BN was associated with agglomeration of BN at this content 

(see SEM section 4.1), which may have acted as imperfections in the system thereby resulting 

in an early failure. However, the addition of a higher content of both ceramic and carbon-based 

fillers may have enhanced the tensile strength due to a high aspect ratio of this fillers. Generally, 

in the absence of paraffin, it is very clear that the carbon nanotubes-based composites showed 

higher tensile strength values at 3wt.% when compared with boron nitride-based composites 
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Figure 4.27 and Table 4.3. This behaviour may be ascribed to a higher crystallinity of the 

carbon-based composites compared with that of ceramic-based fillers. For an example, 3 wt.% 

of SWCNT had a crystallinity value of 53.8% compared with 53.1% of the 3wt.% boron 

nitride-based composites. This behaviour may be associated with the theory that the higher the 

crystallinity, the more the stiff or rigid polymer material becomes, resulting in improved tensile 

strength. This result was in line with the elongation at break, whereby the single walled carbon 

nanotubes (SWCNTs) composites showed lower elongation at break due to high crystallinity 

which restricted the molecular chain mobility of the polymer. Similar results were obtained by 

Kim and Kim [1] who investigated the mechanical properties of the boron nitride (BN)-multi 

walled carbon nanotubes (MWCNT)-polyphenylene sulfide (PPS) composites. The latter 

authors reported that the tensile strength of the PPS composites filled with uncoated MWCNT 

was higher than that of the uncoated BN-PPS composites. Basically, the authors observed a 

reduction in tensile strength with the addition of BN which may be ascribed to poor interaction 

between the filler and polymer matrix. The enhancement in tensile strength of the carbon 

nanotubes may be attribute to their stiffness and reinforcing ability, which ensures an easy load 

transfer from the polymer matrix to the CNTs, and results in enhanced tensile strength. 

Similarly, Wu et al. [2] investigated the mechanical properties of the high-density polyethylene 

(HDPE) filled with multi walled carbon nanotubes (MWCNTs). It was reported that the tensile 

strength of the HDPE was increased with the addition of and increase in content of the 

MWCNTs. However, Jin-hua et al. [3] observed a different behaviour when investigating the 

LLDPE/MWCNTs nanocomposites. There was a reduction in tensile strength at 3 wt.% content 

of MWCNTs, which they associated with the aggregation of the MWCNTs filler at higher 

content. In the current study Figure 4.27 indicates that the addition of paraffin into the 

BN/LLDPE and SWCNT/LLDPE composites showed a reduction in the tensile strength even 

when compared with pure LLDPE. This might have been due to the presence of low molecular 

weight paraffin wax which could have deteriorated the tensile strength of the composites. It is 

well documented that paraffin wax has poor tensile properties, and furthermore, that the wax 

crystals may crystallize on the amorphous region of polymer, thereby acting as defect points 

for the initiation as well as propagation of stress cracking, thus reducing the tensile strength. 

Similar behaviour was reported by Krupa et. al [4], whereby the presence and increase in wax 

content in the LLDPE/wax/EG blend composites reduced the tensile strength which they had 

expected due to low molecular weight and low mechanical properties of wax than those of the 

LLDPE matrix. The latter authors also argued that wax acted as a plasticizer, thus reducing the 

tensile strength of the polymer matrix. In the current study the results recorded in Figure 4.27 
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and Table 4.3 indicate that the carbon nanotubes/paraffin wax composites showed higher 

tensile strength when compared with boron nitride/paraffin wax-based composites. This 

behaviour may be ascribed to a better dispersion of the carbon-based fillers into the composites 

in the presence of paraffin wax, as it was clear that there was a high affinity of paraffin wax 

with carbon-based fillers when compared with ceramics fillers, and this generally enhanced the 

tensile strength.  

 

Figure 4.27: Tensile stress at break of neat LLDPE, LLDPE/BN, LLDPE/SWCNT 

composites and LLDPE/PW conductive fillers blend composites, and 

LLDPE/PW hybrid composites 

 

Table 4.3 and Figure 4.28 depict the elongation at break for pure LLDPE, LLDPE/BN, 

LLDPE/SWCNT composites and LLDPE/PW conductive fillers blend composites, and 

LLDPE/PW conductive fillers hybrid composites. Interestingly, the elongation at break of the 

composites filled with BN was found to be higher than that of the pure LLDPE matrix. There 

were 123% and 6% enhancement in elongation at break for the composites filled with 2 wt.% 

and 3 wt.% BN content, respectively. This was surprising because the incorporation of the 

inorganic fillers has a tendency of immobilize the chains of the polymer matrix, thereby 

increasing brittleness and as a result, reducing the elongation at break [5]. As was expected, 

the presence of SWCNTs reduced the elongation at break of the polymer matrix by 474.1% (at 

3 wt.% SWCNT), 465.2% (for 2 wt.% SWCNT) in LLDPE/PW blend composites and by 469.9 
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% in the hybrid composites (LLDPE/PW/(BN+SWCNT), respectively. This behaviour was 

attributed to the effective restriction of the SWCNT into the molecular motion of the LLDPE 

matrix, which restricted the deformation of the LLDPE matrix. This confirmed the reinforcing 

behaviour of the SWCNT. Similar trend was observed by Jin-hua et al. [3], who reported that 

the incorporation of MWCNT into LLDPE decreased the elongation at break when compared 

with pure LLDPE.  

 

Figure 4.28: Tensile stress at break of neat LLDPE, LLDPE/BN, LLDPE/SWCNT and 

LLDPE/PW conductive fillers blend composites, and LLDPE/PW hybrid 

composites  

 

Table 4.3: Mechanical properties of all the materials 

Materials (wt.%) 𝝈𝒃 ± 𝑺𝝈𝒃/𝐌𝐏𝐚 𝜺𝒃 ± 𝑺𝜺𝒃/ % 

LLDPE (100) 18.0 ± 1.08 501 ± 31.6 

LLDPE/BN  

(98/2) 

(97/3) 

 

15.7 ± 0.376 

18.7 ± 0.729 

 

638 ± 123 

507 ± 12.7 

LLDPE/SWCNT  

(97/3) 

 

22.0 ± 0.336 

 

26.9 ± 13.5 

LLDPE/PW/BN 

(67.9/29.1/3) 

 

13.1 ± 0.326 

 

579 ± 185 
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LLDPE/PW/SWCNT 

(68.6/29.4/2) 

 

15.0 ± 0.257 

 

35.8 ± 2.14 

LLDPE/PW(BN+SWCNT) 

(68.6/29.4/2) 

 

13.7 ± 0.171 

 

31.1 ± 16.3 

𝜎𝑏is the tensile strength at break, 𝜀𝑏 is the elongation at break, 𝑆𝜎𝑏 𝑎𝑛𝑑 𝑆𝜀𝑏  are their standard 

deviations, respectively.  

 

The dynamic mechanical properties (thermomechanical properties) of the pure LLDPE, 

LLDPE/SWCNT (97/3) and LLDPE/BN (97/3) were investigated and the results are shown in 

Figure 4.29. The incorporation of 3 wt.% of SWCNTs seemed to improve the storage modulus 

in the investigated temperature range when compared with pure LLDPE and LLDPE/BN 

composites. This behaviour may be ascribed to the high crystallinity (53.8 %) of the 

LLDPE/SWCNT (97/3) composites when compared with the crystallinity of the LLDPE/BN 

(97/3) composites (53.0 %). It is well documented in the literature that the Modulus of semi-

crystallinity polymers is directly proportionate to the crystallinity of semi-crystalline polymer 

materials [6,7,8.9]. 

 

Figure 4.29: DMA curve of the LLDPE. LLDPE/BN and LLDPE/SWCNT composites  
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4.6 Impact strength  

 

Impact strength is defined by the ability of the material to withstand an applied load and is 

expressed by energy. The samples for impact are normally measured by Izod impact strength 

test or Charpy impact test. Both types of impact strength tests are used to measure the impact 

energy required to fracture the sample. The impact strength of the pure LLDPE, LLDPE 

composites and LLDPE/PW blend composites, and as well as LLDPE/PW hybrid composites 

are depicted in Figure 4.30.  The impact strength of the LLDPE matrix recorded at 103.22 

KJ/m2 and the value was reduced with the incorporation of BN into the LLDPE matrix. The 

main reason for such decrease was associated to the poor dispersion and aggregates of the 

boron nitride (see SEM section 4.1) into the LLDPE matrix. It is well documented that factors 

such as the filler particle size, and interaction between the filler and polymer matrix play a 

critical role in the impact strength of the composites. In case of agglomerated boron nitride 

composites it was highly possible that the BN particles acted as crack nucleation sites, and thus 

it is easy for cracks to form in the composites which in turn, reduced the overall impact strength. 

Qin et al. [1] reported that the impact strength of the PMMA was initially increased with the 

incorporation of BN filler up until 2 wt.%, but it decreased with increasing BN content. This 

observation was ascribed to the fact that BN filler particles got closer to one another due to 

agglomeration and, as the result, the materials cracked because of high stress concentration 

which showed that the impact energy was not absorbed by the materials. In the current study, 

the addition of wax into the system i.e., LLDPE/PW/SWCNT and LLDPE/PW/(BN+SWCNT) 

reduced the impact strength to a greater extent when compared with pure LLDPE. This 

behaviour may be associated with the low viscosity of paraffin wax which might have caused 

flaws within the matrix, thus acting as a catalyst for the initiation as well as propagation of 

stress cracking, which decreased the impact strength.  
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Figure 4.30: Impact strength of LLDPE, LLDPE/BN, LLDPE/PW/SWCNT and 

LLDPE/PW/(BN+SWCNT) 

 

The incorporation of high contents of 3 wt.% SWCNTs improved the impact strength of the 

composites, except when wax was added in the composites (Figure 4.31), whereas 3 wt.% BN 

seemed to have no impact on the toughness of the material. This behaviour at 3wt.% SWCNTs 

was noteworthy because one would have expected that a stiff material would reduce the 

toughness of the polymer matrix. However, in the current study it seemed as if there was still 

some free volume in the system at 3 wt.% SWCNTs, which might have allowed some 

movement of chains to some extent when the composite was subjected to impact force.  Jin-

hua et al [2] reported an improvement in impact strength of the LLDPE/MWCNTs at 1.0 wt.% 

content of the filler, which they attributed to a homogenous dispersion in the LLDPE matrix. 

However, the authors observed a reduction in impact strength with content above 1.0 wt.%, 

which they associated with agglomeration that acted as stress concentrator, thereby reducing 

impact strength.  
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Figure 4.31: Impact strength of LLDPE, LLDPE/BN, LLDPE/PW/SWCNT and 

LLDPE/PW/(BN+SWCNT) hybrid composites 
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Chapter 5: Conclusion and Recommendations for 

Future Research 

 

The aim of this study was to investigate the effect of two conductive fillers (viz boron nitride 

and single walled carbon nanotubes) and their synergy on the properties of LLDPE matrix and 

LLDPE/paraffin wax blend (ratio of 70/30). Boron nitride and single walled carbon nanotubes 

were incorporated into the LLDPE matrix and LLDPE/paraffin wax blend using Rheomix 

Haake PolyLab 600. Different content of the filler loading was used i.e. 1, 2, and 3 wt.%. It 

was observed that, in the absence of paraffin wax, BN particles were distributed in the LLDPE 

matrix with obvious agglomeration, thus indicating poor interaction between the LLDPE 

matrix and the BN filler. However, the opposite was observed for LLDPE/wax/BN/SWCNT 

composites, which showed a better dispersion of fillers in these composites. This better 

dispersion in the presence of SWCNT/paraffin wax composites was associated with a high 

affinity of the paraffin wax with the carbon-based fillers. There was a clear immiscibility 

between the paraffin wax and LLDPE, which was confirmed by DSC and TGA results. DSC 

revealed two separate melting peaks between paraffin wax and LLDPE, whereas TGA by two 

degradation steps. Moreover, Boron nitride and single walled carbon nanotubes were found to 

be effective in enhancing the thermal properties the LLDPE/conductive composites. Generally, 

there was also enhancement in the degree of crystallization of the LLDPE with the addition of 

the boron nitride (BN) and single walled carbon nanotubes (SWCNT), with 1 wt.% of carbon 

nanotubes (SWCNTs) showing the highest degree of crystallinity when compared with both 

wax containing and non-wax containing samples. The presence of wax at this content of carbon 

nanotubes was able to penetrate between the SWCNTs chains, thereby enhancing its interaction 

with LLDPE. This resulted in SWCNT enhancing the degree of crystallinity of the blend 

composites.  

 

It can be concluded that the incorporation of both ceramic and carbon-based fillers enhanced 

thermal stability of the LLDPE matrix in the absence of paraffin wax, which was attributed to 

a shielding against heat by both fillers. The blend composites incorporated with SWCNT was 

more effective in increasing the thermal stability and it showed a better heat resistance in 

comparison with the blend composites incorporated with BN and BN+SWCNT synergy. It was 

thus also concluded that the incorporation of paraffin wax into the BN/LLDPE and 

© Central University of Technology, Free State



102 
 

SWCNT/LLDPE composites resulted in a reduction in the tensile strength even when 

compared with pure LLDPE. This might have been due to the presence of low molecular weight 

paraffin wax, which could have deteriorated the tensile strength of the composites.  

 

The best result that this study achieved with the ratio of LLDPE/paraffin wax was 70/30, and 

Future studies thus need to increase the content of paraffin wax incorporated into polymer 

matrix. It is well-known that the amount of paraffin is directly proportional to the energy that 

is being stored, however above 30% of wax we realized that there was wax leakage in the 

polymer matrix. This phenomenon should thus be further investigated. 

 

For future studies there is a need for methods such as encapsulation of paraffin wax before 

being incorporated into polymer matrix, with the aim of enhancing the amount energy being 

stored. The encapsulation of paraffin wax will also broaden its application in the field of energy 

storage in such a way that advanced methods such interfacial polymerization, emulsion and 

suspension polymerization can be utilized effectively. The fabrication of polymer/paraffin wax 

blends has been done by using petroleum-based polymers, but these pose a serious greenhouse 

threat as they emit gases such as methane and carbon dioxide that contribute to the serious issue 

of global warming. There is thus a need for utilization of environmentally friendly polymer 

matrices (biopolymers) for fabrication of paraffin wax/biopolymer blends in the near future.   
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Appendix A 

 

A1 Pure LLDPE 

 

A2 LLDPE/BN composites with 2 wt.% BN content 

 

 

A3 LLDPE/BN composites with 3 wt.% BN content 
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A4 LLDPE/SWCNT composites with 3 wt.% SWCNT content 

 

 

A5 LLDPE/PW/BN blend composites 

 

A6 LLDPE/PW/SWCNT blend composites  
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A7 LLDPE/PW/(BN+SWCNT) blend hybrid composites 
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