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Abstract- Electricity is fundamental in the modern era, and this means the transmission of electricity through cables is vital. A constant improvement is needed to ensure requirements are met. Present day high voltage insulation material cross-linked polyethylene (XLPE) suffers from poor recyclability and thermal degradation. This research aims to explore polypropylene (PP) as a recyclable replacement for XLPE for insulation materials. Two sample groups (pure PP and PP blended with elastomer and antioxidant) were manufactured. The samples were thermally aged at 150°C and tested for mechanical performance. Weibull analysis was used to assess failure probabilities. The results indicated that samples of polypropylene blended with elastomer and antioxidant retained mechanical integrity better than pure PP, with a lower probability of failure over an ageing period of 4 weeks. The results demonstrated that PP blends are potential candidates for high-voltage insulation with improved recyclability and thermal ageing resistance. 

Introduction
In light of the limitations of cross-linked polyethylene (XLPE), and the potential of polypropylene (PP) for power cable insulation, it is necessary to investigate the properties of PP and assess its capabilities for future insulation use. The main objective of the presented work is to advocate the use of PP and its mixtures as a reliable insulation for high/medium voltage applications by investigating mechanical properties.

Over the course of 130 years, power cables have been constantly developing to keep up with the demands of humanity and continue to evolve, contributing to the long history which started in the 1890s with the application of rubber-insulated cables. Since then, many advances have been made in the cable components such as, ‘the modification, size, structure, and material’ [1]. In 1963, the General Electric Research Laboratory manufactured XLPE [2], a material made by cross-linking thermoplastic ethylene (PE) [3], shown to have impressive mechanical and thermal capabilities [2]. It showed great advantages for high voltage distribution use [4], as it had ‘a high working temperature of 90°C, a low dielectric loss, and a resistance to chemicals and oils’ [5]. 

Despite the benefits of XLPE and as the world shifts its priorities for energy; according to the International Energy Agency, the generated electricity from renewable energy sources is projected to reach 50% by 2030 [6]. The need for the improvement of performance and recyclability of cable insulations has increased [5]. The cable is subject to prolonged thermal ageing usage, as the cable ages, the insulation can have irreversible damage which results in insulation failure. [4] The failure can arise through electrical treeing, the ‘electrical stress points allow the degradation’ of the material to commence [7]. A higher power demand causes a temperature rise during normal operation. It is crucial for the standard operating temperature of a power cable to be increased so thermal degradation can be prevented [2]. A manageable operating temperature of XLPE is 90 °C, but this could go up to 105°C for 72 hours [8].

PP is a potential, recyclable substitute with desirable thermal and mechanical properties [9]. There is a great interest in the application of PP as a high voltage insulation polymer [10].  Previous research shows the impact of ageing on neat PP and PP/elastomer composites, indicating an increased breakdown strength at earlier stages of ageing [11] [12]. Nonetheless, the elastic modulus of PP can prove problematic [13] as it has a high internal stiffness, more than XLPE [14]. Research has shown a ratio of 70% PP, and 30% elastomer is an ideal ratio for mechanical strength [15].

This study examines the mechanical property in insulation material of cables and then describes the sample manufacturing procedure. Once the different samples are made, a fan oven is used to thermally oxidise (age) the dumbbell-shaped specimens. The oven is set to 150°C, for the samples to go through an accelerated ageing process. There is limited research on ageing at such high temperatures [4], hence this aspect warrants further investigation. During ageing, an oxidation reaction takes place (as the hot air is distributed evenly in the fan oven) which causes degradation in PP [11].  

The tensile force, stress and strain for the samples were measured using a tensile testing machine. Then, Weibull analysis was used to analyse the stress/length at failure at the 10th, 50th and 90th percentiles and the probability of failure over time. The results are graphed to show patterns of behaviour and assess the potential of PP becoming the new insulation material for power cables. 

Experimental Methods
A. Materials
For this research, two groups of samples were manufactured:
· Group A (Reference Samples): were made using commercial isotactic polypropylene (iPP) supplied by Sigma-Aldrich (average molecular weight ~340,000; average Number ~97,000). 
· Group B: These samples consisted of a blend containing 70 wt% iPP, 30 wt% ethylene-propylene elastomer, and 0.2 wt% antioxidant. The elastomer used was VERSIFY 2200, a commercial copolymer of propylene and ethylene with a 9% mole ethylene content. The antioxidant, Irganox 1010, was supplied by MERCK and has a molecular weight of 1177.63 g/mol. 
B. Sample Preparation Process
· For Group A, 5 g of iPP pellets were used.
· For Group B, the blend included 3.5 g of PP pellets, 1.5 g of elastomer pellets, and 1 mg of antioxidants to maintain the required weight ratios (70 wt% iPP, 30 wt% elastomer, and 0.2 wt% antioxidant). 

All materials were added to 50 ml of boiling xylene and stirred for 30 minutes using a magnetic stirrer. For Group B, when the antioxidants are added, the mixture is stirred for an additional 5 minutes. After mixing, both groups were left in a fume cupboard to dry for 3 days. The samples were then placed in a vacuum chamber set to 80 ± 1°C for further 3 days to ensure complete solvent evaporation. Each resultant mixture was then pressed using a hydraulic press at 180°C and quenched in a water bath. The resulting specimens were ~200 µm thick. These films were subsequently cut into ‘dog-bone’ shapes of average gauge length of 28mm to produce mechanical test samples. 
C. Thermal Ageing Process
The ageing process was carried out in a fan oven set to 150°C. The oven was preheated for 24 hours before use. The specimens were then placed on custom-designed PET/metal holder to ensure uniform heat exposure to both sides of the samples. Thermal ageing was conducted at 150°C for durations ranging from 1 to 4 weeks.
D. Mechanical Test
The test method is adopted from ATSM standard D882. Pieces are removed weekly from the fan oven to receive uniaxial tests on the Tinius Olsen machine. The crosshead speed used is set to 250 mm/s, all tensile tests are taken at room temperature.
The obtained values of failure length/stress are used in (1), to facilitate linear regression analysis using the equation , where ‘’ is the Weibull modulus and ‘’ is the intercept which is constant. Whereby  defines the scaling parameter and  defines the failure strength. ) is still representative of the probability of failure. By making  equal to  and  equal to ln, the slope of the line will be equal to m and thus the Weibull modulus may be found. 

The value of  (1) may be found to be able to plot the y-axis, using the Bernard equation. Where is the rank of the sample and  is the total number of samples. 

Results and Discussion
, F can be found with the ranked failure stress/length and the sample number using (2). Using (1), the y-axis and the x-axis can be plotted. The y-axis values were computed using the six values of  inputted into the left side of (1). The x-axis points are found by taking ranked failure stress/length and plugging into ln.

The equation of the straight line allows for the extrapolation from the data, the probability of failure ( of 10%, 50% and 90% of the samples can be assessed using (1) and re-arranging for ln. Once the log of the break stress/length is found for the appropriate probability of failure; the inverse of the log is taken to find the real value of the stress/length, stress corresponding to failure probabilities at the 10th, 50th, and 90th percentiles for each Group for each week. These percentiles are plotted into final graphs to show changes in percentiles of break stress and break length for each week for each Group. 

TABLE I
TENSILE TEST CHARACTERISTICS
	
	Average Break Point

	
	Group A
	Group B

	Ageing Period (Week)
	Stress (MPa)
	Length (mm)
	Stress (MPa)
	Length (mm)

	0
	2.41
	169.1
	3.18
	291.1

	1
	1.92
	35.15
	2.7
	175.2

	2
	1.74
	29.1
	2.75
	167.8

	3
	1.59
	5.65
	2.9
	179.1

	4
	1.48
	6.56
	2.76
	174.7



Table I shows the average break stress and length of samples within Group A and B. The results indicate an overall decreasing trend through the ageing periods with the greatest decrease in the failure length of Group A samples, from 169.1 in week 0 to 6.56 mm in week 4.  


Figure 1. Failure stresses at different probabilities as function of ageing time for Group A.

Fig. 1 features an overall increasing trend; the probabilities have a wide range at week 0 compared to week 1, with a 10% probability that the samples will fail at a stress of 7.20 MPa, followed by a 50% probability of failure at 16.6 MPa and 90% of samples at 28.3 MPa. The stresses at week 3 are close and all probabilities have a uniform fall from week 3 to 4, with the stress of 10% sample failure being 16.1 MPa, 50% sample failure at 22.8 MPa and 90% at 28.5 MPa. These results are different from what was expected potentially due to contamination of other samples from previously used beakers during the manufacturing process.


Figure 2. Failure stresses at different probabilities as function of ageing time for Group B.

Fig. 2 shows an overall decrease in the likelihood of failure over ageing periods, the greatest decrease from week 0 to 1. Whereby the probability of 10% of the samples failing is at a stress of 27.1 and goes to 15.4 MPa, and 31.3 to 17.2 MPa for 50% of samples and 34.3 to 18.5 MPa (90%). There are various rates of increase at week 2. And there is a uniform decrease from week 3 to 4.




Figure 3. Failure lengths at different probabilities as function of ageing time for Group A

In Fig. 3, there is a great difference between the length at which samples will break, with 10 % probability of failure at 5.19 mm, 50% failure at 8.79 mm and 90% at 12.3 mm. There is a decrease in all samples for week 1 and a small raise to week 2 followed by a sharp decrease at week 3 and a uniform decrease at week 4, showing that 10% of samples are expected to fail at 3.12 mm, 50% of samples at 3.82 mm and 90% at 4.34 mm.


Figure 4. Failure lengths at different probabilities as function of ageing time for Group B.

Fig. 4 shows sample failure at length over ageing periods. The unaged week 0 lengths are higher than the length at which samples fail after 4 weeks of ageing. At week 0, 10%, 50% and 90% of the samples would fail at 267.6 mm, 286.6 mm and 299.3, respectively. At week 4, the length that the samples would break at is 19.8 mm, 68.0 mm and 149.4 mm for 10, 50 and 90 percent, respectively. Group B specimens exhibited greater elongation at break than group A, this is supported by evidence of an ideal ratio of PP and elastomer [15]. 

The results for Table I and all graphs have an error of ± 2%. The probability of failure at stress/length graphs for Group A and B display the same general decreasing trend over time. Group A indicates similar behaviour to Group B in week 0, as both groups have similar stresses at 90% probability of failure. However, the other percentiles of Group A are much lower and so there is a wide range in the data and high variability. Due to the data variability, there is reduced predictive reliability. On the other hand, Group B has a low variability in failure stress and length, thus predictions on likelihood of failure can be made in better confidence. 

All samples have a reduction in stress/length for a determined probability of failure, this outcome is consistent with expectations, as thermal ageing at 150°C simulates the operation of a cable over time which alters the mechanical performance of the insulation impacting its ductility. Despite this, the normal operating temperature for a cable is 90°C and this insulation is expected to have better mechanical performance and longevity in operation. 

Conclusion
In this study, the impact of elastomer and antioxidant on the mechanical properties of PP has been investigated. The overall conclusions are the following. 

· Thermally aged samples showed decreased mechanical performance with the increase in the ageing period. 
· Samples with polypropylene blended with elastomer and antioxidants showed a lower degradation rate in their mechanical properties over time. 

The work presented promising results, specifically Group B (PP mixed with elastomer and antioxidants), as it displays good mechanical properties and resistance to failure. These qualities are important to continue operation, as power cables often operate under elevated temperatures and mechanical loads. Further/repeated experiments need to take place to ensure greater reliability in the results.

As well as the mechanical aspect, other performance indicators including thermal and electrical behaviours can be tested. Experiments such as the breakdown test, tan delta test and dielectric loss may help assess electrical properties. Thermal Conductivity may be assessed through the Transient Plane Source method. By investigating these features, PP’s suitability can be tested further and potentially become a recommended alternative to replace current insulation.
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