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In this study, the impact of ageing on radiation cross-linked PVC cables, using electron 
beam irradiation within 0-100kGy radiation doses was investigated. Accelerated 
thermal ageing was performed in a vacuum oven to simulate real-time ageing and shelf 
life. Tensile test was then conducted using Universal Instron machine to evaluate the 
ultimate tensile strength (UTS) while electrical conductivity tests using impedance 
analyser was carried out to assess the insulation properties of the radiation crosslinked 
PVC. Results indicated that higher radiation doses generally increased UTS values, 
enhancing the mechanical performance of the cables. However, UTS values varied 
across different ageing durations, indicating an inconsistent ageing effect on 
mechanical properties. From this experiment, the data shows that the higher radiation 
doses increased the gel content and ultimate tensile strength (UTS) as well as the 
higher percentage of elongation. Lower conductivity values were observed for unaged 
specimens as compared to aged specimens, indicating better insulation properties. 
These findings offer valuable insights for optimizing cable design and selection, 
facilitating performance improvements and early detection of failures in PVC cables 
across industries. The study contributes to predicting PVC cable lifespan and enhancing 
reliability in critical applications.  
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1. Introduction 
 

The current population uses a variety of devices and equipment that are wired and cabled in 
various ways. Most of the insulation of the electric wire and cable is generally made up of rubber or 
plastic. In addition, a lot of modern living involves electrical devices with wires and cables. These 
circumstances increase the number of lives lost and property lost because of an electrical fire caused 
by a cable or wire with poor insulation if it is not properly design or manage. Poor insulation used in 
wires and cables can release harmful gases and smoke that can harm the health permanently. 
Therefore, wire and cable insulation must meet both mechanical and electrical requirements. 
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Researchers have recently been involved in improving the physical, electrical insulation and 
mechanical properties of these wires and cables, which are polymers, due to rising demand in the 
polymer sector and applications. 

Furthermore, according to study by Coaker et al., [1], Merzouk et al., [2], Zaharescu et al., [3], 
Abdel-Gawad et al., [4] and Mendizabal et al., [5] polymers such as polyvinylchloride (PVC) 
compounds are among the best materials for use as wire and cable insulation due to their excellent 
mechanical and electrical properties because it is proven product performance, material 
processability and economic cost-effectiveness. In addition, as mentioned before, PVC is very 
susceptible to thermal degradation where it produces a sequence of double bonds (polyene) and has 
poor thermal stability that can delay fire from starting and from spreading due to the flame-retardant 
properties inherent in its chlorine content. 

It is necessary to use polyfunctional monomers that can encourage the crosslinking of the 
polymerization since PVC exhibits a low yield of mechanical crosslinking when exposed to radiation. 
A study conducted by Facio et al., [6] the most efficient substances for this use are polyfunctional 
acrylates and methacrylate, particularly trifunctional monomers like Trimethylolpropane triacrylate 
(TMPTA), a common crosslinking agent that generates a lot of radicals when exposed to radiation. 

Polyvinyl chloride (PVC) is a widely used polymer in the cable industry due to its good mechanical 
and electrical properties. However, the inherent properties of PVC can be improved through the 
process of radiation crosslinking, which involves exposing the polymer to high-energy radiation, such 
as electron beam irradiation. This process leads to the formation of crosslinks between the polymer 
chains, resulting in a material with enhanced properties, including improved mechanical strength, 
thermal stability and resistance to environmental stress [7].  

The study of the ageing effects on the properties of radiation cross-linked PVC cable provides 
valuable insights into the durability and performance of this specific type of PVC material. Several 
research conducted the effect of aging shows different properties reduction to the materials [8-13]. 
In comparison, the research conducted by Jakubowicz et al., [14], focuses on the effects of 
accelerated and natural ageing on plasticized polyvinyl chloride (PVC). While not directly investigating 
radiation cross-linked PVC cable, this study shares relevant aspects related to the ageing behaviour 
of PVC and examined the changes in mechanical and thermal properties of plasticized PVC under 
accelerated and natural ageing conditions. Their findings highlighted the degradation mechanisms 
and subsequent effects on properties such as tensile strength, elongation at break, glass transition 
temperature (Tg) and thermal stability. Although specific to plasticized PVC, the research by 
Jakubowicz et al., [14] provides valuable insights into the general ageing behaviour of PVC-based 
materials, which can be informative for understanding the potential ageing effects on radiation cross-
linked PVC cable. 

Electron beam irradiation is a widely used method for crosslinking polymers, including 
polyethylene, polypropylene, polyamide and polyvinyl chloride (PVC). There are various studies on 
the effect of electron beam irradiation on polymer properties [15-19]. The crosslinking of wire and 
cable insulation has significant commercial advantages. In this process, polymer molecules make 
chemical interactions with one another to create a three-dimensional insoluble network. Most often, 
ionisation results in the abstraction of hydrogen from a polymer. This produces active sites along a 
polymer chain that are able to form bonds. Electron Beam (EB) crosslinked wire and cable insulation 
has various advantageous qualities. It won't melt and flow in hot environments, nor will it melt and 
flow if a shorted electrical circuit causes the conductor to heat up. EB crosslinking protects wire and 
cable insulation during soldering, when a short circuit occurs or at high temperatures, such as near 
an automobile's engine or exhaust pipe. If a fire breaks out in electrical equipment, EB crosslinking 
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lessens the chance of flame spread. Abrasion resistance, stress fracture resistance, solvent resistance 
and tensile strength are all improved, especially at high temperatures. 

The study of radiation crosslinking in polyvinyl chloride (PVC) cable insulation is crucial due to the 
significant enhancements it imparts to the material's properties. Electron-beam processing, a 
common method for inducing crosslinking, transforms thermoplastic materials like PVC into 
thermosets by creating a three-dimensional network of bonds between polymer chains. This 
transformation leads to improved thermal resistance, mechanical strength and chemical stability, 
making the cables more durable and reliable in various applications. Additionally, crosslinked PVC 
exhibits increased resistance to temperature variations, aging and environmental stress cracking, 
which are essential characteristics for ensuring the longevity and safety of electrical wiring systems.  

Furthermore, understanding the aging effects on radiation crosslinked PVC cables is vital for 
assessing their long-term performance. Research indicates that while crosslinking enhances 
properties such as tensile strength and abrasion resistance, it also influences the material's behaviour 
under prolonged environmental exposure. Studies have shown that factors like thermal aging can 
affect the mechanical and thermal properties of crosslinked PVC, leading to changes in tensile 
strength and elongation at break over time. By investigating these aging mechanisms, the study 
provides valuable insights into the durability of crosslinked PVC cables, guiding the development of 
more robust materials for electrical insulation applications 

 
2. Methodology 
2.1 Materials Under Consideration 
2.1.1 Sample preparation  

 
Polyvinyl chloride (PVC) in this study was supplied by   Wonderful Ebeam Cable SDN BHD. PVC was 

mixed with TMPTA as crosslinking agent and mix together in HAAKE internal mixer. In this procedure, 
a roller rotor was used with a mixture temperature of 160˚ C and speed range of 50 rpm for 10 
minutes. Then, resulting mixture were compressed using hot press machine. Prior for testing, 
irradiation process was carried out under electron beam radiation dose of 60,80 and 100 kGy using 
the EPS-3000 3.0 MeV high-energy machine. Thermal aging of samples was performed using 
Memmert VO 200-230V Vacuum Oven (see Figure 1). Aging temperature was 50°C and the duration 
was 3,5 and 7 days. 

 

 
Fig. 1. Irradiation PVC sample placed evenly 
spaced inside the Memmert VO200 oven 

 
2.2 Gel Content Testing 

 
Gel content testing is a method used to determine the degree of crosslinking in PVC. It involves 

dissolving a sample of the PVC in a solvent that can dissolve the uncrossed linked polymer chains but 
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not the crosslinked chains. Before being solubilized in a solvent, the specimen is dried and weighed. 
A weight of 0.20 g was cut from the respective samples and the put into a single-use stainless steel 
wire mesh pouch (size 4cm x 4cm). The wire mesh containing the sample was then fitted into a 30 
mL Soxhlet extractor and extracted for 24 h using Tetrahydrofuran (THF) as a solvent. The gel is 
collected after the solvent solution has been filtered. Five samples per formulation were measured. 
Once dried, it is weighed and the resulting number is divided by the original weight to yield a gel 
percentage 
 
2.3 Tensile Testing 

 
The tensile test was performed in order to determine mechanical properties of un-irradiated and 

irradiated PVC specimen by apply a tensile force to a test specimen until the specimen is pulled to 
failure using Universal Testing Machine, Shimadzu AG-X. The standard test method is ASTM D1882-L 
(Figure 2). All five different sample irradiations with PVC doses (0, 60, 80 and 100kGy) were tested at 
constant strain rates between 3 and 10 mm/min-1. Specimens after being aged and ready for tensile 
testing are shown in Figure 2. The data obtained from tensile tests are collected and Young's modulus 
and yield stress are compared in a stress-strain diagram. 
 

 
Fig. 2. Detail measurement for tensile test sample (ASTMD 1822-L) 

 

 
Fig. 3. Specimens for tensile testing after being 
thermally aged  
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2.4 Conductivity Testing 
 
Impedance Analyzer 16451B was used to measure the conductivity of the. This is important to 

study the effect its conductivity after undergo ageing process. Dielectric properties will also be 
measured for all samples including under new and aged conditions. The irradiated PVC samples were 
prepared and cut to the desired dimensions. The samples were placed in the analyser and 
measurements were taken at specific frequencies or within a frequency range, depending on the 
requirements of the analysis. 
 
3. Results  
3.1 Gel Content  

 
Gel content is important test because it determines the crosslinked fraction of PVC materials. The 

degree of crosslinking is affected by the amount of irradiation dose passed the electron beam. Table 
1 tabulated the data for the gel content test for different radiation dose. 

It is found that for both blends, the amount of gel content increases with radiation dose and the 
higher value of gel content suggests the formation of highly crosslinked network structure. The 
ionizing radiation produced by electron beam accelerator generates extremely reactive species like 
free radicals and ions which modify the molecular structure of polymeric material by the formation 
of insoluble chemical crosslinks between molecular chains through radical combination and 
degradation or chain scission which destroys the molecular structure to some extent. Although both 
processes occur simultaneously, one plays the major role mainly dependent on the chemical 
structure of the polymer and applied radiation dose. 
 

Table 1 
The result of Gel Content for different dose of electron beam irradiation 
Irradiation dose 
(kGy) 

Wt. of sample 
(g) 

Wt. Of sample 
+ net (g) 

Wt. Of net (g) Wt. Of sample 
+ net after 
boiling (g) 

Wt. of sample 
after boiling 

Gel content 
(%) 

PHR 5 
0 0.2041 0.7509 0.5468 0.5516 0.0048 3.28 
60 0.2022 0.6771 0.4750 0.5596 0.0846 55.42 
80 0.2046 0.8694 0.6648 0.8120 0.1472 70.98 
100 0.2028 0.8534 0.6507 0.8023 0.1516 75.91 

 
The percentage of polymer chains that are linked determines the degree of crosslinking that 

occurs, chain also known as the density of the gel component. More connections per length of 
polymer result in greater property changes with higher crosslink density. Figure 4 shows the effect of 
irradiation dose to the degree of crosslinking. Based on Figure 4, degree of crosslinking value, 100 
kGy PVC has the highest degree of crosslinking value which means more crystalline structure were 
formed after the irradiation. This crystalline structure which linked together plays an important role 
to change the properties of the polymer (in our case the PVC). 
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Fig. 4. Effect of irradiation dose to the degree of crosslinking of PVC 

 
3.2 Tensile Strength 

 
The tensile strength is a key parameter that can be obtained from the stress-strain curve in a 

tensile test. The stress-strain curve represents the relationship between the applied stress (force per 
unit area) and the resulting strain (deformation) in a material subjected to tensile forces. The 
correlation between irradiation doses and tensile strength may vary for aged and non-aged PVC due 
to natural ageing processes. Additionally, colour differences can occur during ageing. Tensile tests 
were performed on non-aged PVC (0day) and PVC aged for 3, 5 and 7 days to determine the tensile 
strength values for each condition. Ageing PVC may involve degradation mechanisms like chain 
scission, cross-linking or chemical degradation. This study has examined the impact of different 
irradiation doses on both non-aged PVC and ageing PVC samples. This experiment was carried out at 
room temperature with a constant of 50 mm/min strain rate. Figure 5 shows the PVC sample after 
ageing process at 50 Degree Celsius for 7 days. 

 

 
Fig. 5. PVC sample after ageing (50˚C for 7 days) 
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3.3 Ultimate Tensile Strength (UTS) and Elongation at Break 
 
The results for ultimate Tensile Strength can be seen in Table 2. According to Table 1, the UTS of 

the PVC samples generally increased with higher irradiation doses. As proved by the gel content test, 
higher dose results in higher degree of crosslinking and hence higher strength. In 2% of increasing 
and decreasing obtain value for each dose, there were variations in UTS values across different ageing 
durations. Moreover, the effect of ageing on the mechanical properties varied. In some cases, the 
UTS increased with ageing (3 days and 5 days), while in others, it decreased (7 days). Moreover, 
elongation at break followed a similar pattern, with variations observed across different doses and 
ageing durations. In other words, this indicates that the PVC samples became less stretchable and 
less ductile as the irradiation dose and ageing period increased. However, the effect was not always 
linear, as the UTS values varied for different doses and ageing durations. Ageing does gives effect as 
also investigated by Merzouk et al., [21]. 
 

Table 2  
Comparison value of mechanical properties for non-aged PVC and ageing PVC at different doses of 
irradiation on 0,3,5 and 7 days 
PVC sample 
 0 days 3 days 5 days 7 days 
Dose of 
irradiation 
(kGy) 

Ultimate 
Tensile 
Strength 
(MPa) 

Elongation 
at Break (%) 

Ultimate 
Tensile 
Strength 
(MPa) 

Elongation 
at Break (%) 

 Ultimate 
Tensile 
Strength 
(MPa) 

Elongation 
at Break (%) 

Ultimate 
Tensile 
Strength 
(MPa) 

Elongation 
at Break (%) 

0 20.65 3.60 19.96 2.16  19.97 2.18 19.69 2.43 
60 20.78 3.05 20.77 1.55  21.52 1.57 21.50 1.70 
80 20.89 1.66 21.25 1.43  20.95 1.16 21.52 1.60 
100 21.12 1.42 22.24 1.49  21.74 1.35 22.50 1.45 

 
3.4 Young’ Modulus 

 
Young’s modulus (or Elastic Modulus) is, in fact a material rigidity. In other words, how easy it is 

bent or stretched. Therefore, based on experiments that have been carried out, the value of Young’s 
Modulus can be obtained through this experiment. Based on Figure 6 this data was obtained by the 
tensile test machine software, the data show at low to moderate electron beam doses, the Young's 
modulus of PVC increased by 19.56% (At 0 days, the value increased as much 0.092 to 0.110). This 
increase can be attributed to the formation of additional cross-linking within the PVC polymer chains. 
Generally, higher doses of irradiation tend to increase the Young's modulus of PVC due to the cross-
linking effect by 19.56% after irradiation. The cross-linking reactions induced by irradiation lead to a 
higher degree of cross-link formation, resulting in a stiffer material. Other than that, Irradiation has 
been found to have an impact on the tensile stress at break of PVC, which refers to the stress level 
at which the material fractures during a tensile test. The effect of irradiation on PVC is dependent on 
various factors, including the irradiation conditions and the duration of ageing. 
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Fig. 6. Graph of Young's Modulus against durations of ageing PVC at 0, 3, 5  and 7days 

 
When PVC is exposed to higher doses of irradiation, it can lead to changes in the polymer 

structure. As a result, the tensile stress at break can either increase or decrease, depending on the 
specific conditions. This means that the material may exhibit either enhanced or reduced resistance 
to fracture under tensile forces. 

 
3.5 Dielectric Test (Conductivity Measurement) 

 
Four samples of 7 days aged PVC with various doses of irradiation (0 kGy, 60 kGy, 80 kGy and 100 

kGy) were consider as a function of the frequency of this dielectric test. The conductivity results for 
all types of samples as a function of frequency are shown in Figure 7. Conductivity is an inverse for 
the insulation properties. Hence, lower conductivity means higher insulation properties which is the 
requirement for an insulation cable. Figure 7 shows the behaviour of the PVC from low to high 
frequency. The result shows that PVC behaves differently at higher frequency but quite similar 
properties at lower frequency. 

 

 
Fig. 7. Graph of conductivity measurement versus frequency 
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Based on Figure 7, non-aged PVC has higher electrical conductivity than the 7-day aged PVC 
samples. This is attributed to the ageing process, which modifies PVC’s molecular structure through 
chemical reactions and degradation sample formation, restricting charge carrier mobility and 
reducing conductivity. Moreover, irradiation dose plays a significant role in these results. Higher 
doses of irradiation have been reported to increase PVC’s conductivity due to enhanced crosslinking 
and reduced formation of conjugated double bonds. This finding is consistent with Youssef et al., 
[20], which reports that crosslinking improves PVC stability, minimizing the formation of conjugated 
double bonds that enhance electronic mobility and increase conductivity. Ageing can also introduce 
structural defects like microcracks, further impeding charge movement and lowering conductivity. 
Hence, the decrease in electrical conductivity in aged PVC can be attributed to the effects of ageing 
on molecular structure, degradation products and structural defect formation. 

The conductivity values were observed at 50Hz, as depicted in Figure 8 providing insights into the 
electrical characteristics of PVC wire and cable. This frequency was chosen because it is the common 
electricity frequency for most of the building in the world and Malaysia. The data reveals that in the 
0-day (unaged) condition, the conductivity is 1.5E-8 and after 7 days, the conductivity increases up 
to 4.5E-8. These increases of conductivity values indicate a reduction of insulation properties of PVC. 
This is also reported by Merzouk et al., [2], Similar trends were observed for higher dose of radiation. 
However, the conductivity values decrease with higher radiation doses. According to this, increasing 
the radiation dose causes conductivity to decrease and may ultimately enhance insulation efficiency. 
It shows that ageing and irradiation dose affects the insulation properties of PVC cables and 
crosslinking through irradiation contribute to longer insulation ability/property of PVC cable.  
 

 
Fig. 8. Comparison of electrical conductivity at 50Hz for radiation crosslinked PVC after 0days 
(unaged), 3 days, 5 days and 7 days of ageing duration for 0KGy, 60KGy, 80KGy and 100KGy 

 
When considering the effect of increasing the dose of irradiation on the insulation properties of 

PVC, it's important to remember that there are different factors at play. As mentioned earlier, the 
study by Merzouk et al., [21], found that the electrical conductivity of PVC initially increased with 
ageing, but then decreased with increasing radiation dose. This suggests that ageing can degrade the 
insulation properties of PVC, while irradiation can improve them. The authors also found that the 
optimal irradiation dose for achieving the best insulation properties was dependent on the type of 
PVC and the intended application. 
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However, the subsequent decrease in conductivity with higher radiation doses could ultimately 
lead to improved insulation properties in the irradiated PVC samples compared to the non-radiated 
PVC samples. This is because the decrease in conductivity indicates a reduction in the movement of 
charge carriers, which enhances the insulating characteristics of the material. 

It's worth noting that the optimal irradiation dose for achieving the best insulation properties 
might not necessarily be the highest dose. There could be an optimal dose at which the balance 
between increased crosslinking and reduced conductivity leads to the most favourable insulation 
performance. 

Thus, when the dose of irradiation is increased, the insulation properties of the irradiated PVC 
sample could potentially be better than those of the non-radiated PVC sample. However, achieving 
the optimal insulation performance would require finding the right balance between the initial 
increase in conductivity due to crosslinking and the subsequent decrease in conductivity with higher 
radiation doses. Proper testing and evaluation are essential to determine the most suitable 
irradiation dose for the desired insulation properties in a specific application. 

However, Insulation properties of radiation cross-linked PVC cables would likely be better than 
non-irradiated PVC cables. The process of radiation cross-linking introduces additional cross-links 
between polymer chains, creating a more interconnected and stable structure. These cross-links 
enhance the mechanical strength and resistance to deformation of the cables, making them more 
durable and less susceptible to damage. With increased cross-linking, the polymer chains become 
more rigid and less able to move freely. This rigidity results in improved electrical insulation 
properties, as there are fewer charge carriers (electrons) that can move through the material, 
reducing electrical conductivity. As a result, radiation cross-linked PVC cables tend to have lower 
electrical conductivity compared to non-irradiated PVC cables, making them more effective 
insulators. 

Furthermore, radiation cross-linking can also improve the thermal stability of the PVC material, 
making it better suited to withstand high temperatures and harsh environmental conditions. This 
enhanced thermal stability contributes to the long-term reliability of the cables as insulating 
materials. In summary, due to the increased cross-linking and improved mechanical and electrical 
properties, radiation cross-linked PVC cables generally offer better insulation properties compared 
to non-irradiated PVC cables, making them more suitable for various applications where reliable and 
efficient electrical insulation is essential. 

 
4. Conclusion 

 
The study demonstrates that increasing electron beam irradiation dose enhances PVC gel content 

through cross-linking between polymer chains. The optimal crosslinking dose is 100 kGy, aligning with 
prior research. In summary, electron beam irradiation effectively crosslinks PVC, offering control over 
the degree of crosslinking, with 100 kGy identified as optimal for improved mechanical and chemical 
properties. 

The impact of ageing duration on crosslinked PVC cable is also explored. Longer ageing reduces 
tensile strength due to polymer chain degradation. Dielectric tests show improved insulation 
properties with higher radiation doses, but aged PVC exhibits higher conductivity, likely due to 
molecular changes and structural defects. This helps to understand the correlation between ageing 
duration and properties, providing insights into the long-term performance of PVC cables. 

Moreover, the relationship between irradiation dose and insulation properties can be complex 
and dependent on various factors, such as the type of PVC, the intended application and specific 
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environmental conditions. Therefore, careful experimentation and testing would be necessary to 
determine the ideal irradiation dose for a particular PVC application. 

Overall, the investigation highlights the positive effect of higher irradiation doses on crosslinking 
for improved mechanical properties. Ageing, however, leads to degradation and the relationship 
between irradiation dose and insulation properties requires further exploration. However, with the 
aid of irradiation, effect of aging can be reduced. These insights advance understanding for 
developing enhanced PVC cable designs for diverse applications. 
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