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Abstract
This study focuses on the electrical properties and microstructure of polypropylene (PP)-based blends used for cable insula-
tion in nuclear power plants (NPPs). The PP-based blend, comprising isotactic PP and propylene-based elastomer (PBE) at 
concentrations ranging from 0 to 50 wt%, underwent a melt blending process and subsequent cobalt-60 gamma-ray irradiation 
with doses ranging from 0  to 250 kGy . Electrical conductivity, trap distribution, and alternating (AC) breakdown strength 
were chosen to assess the insulation performance. These results indicate that the addition of PBE significantly improves 
the electrical properties of PP under irradiation. For PP, the electrical conductivity increased with irradiation, whereas the 
trap depth and breakdown strength decreased sharply. Conversely, for the blend, these changes initially exhibit opposite 
trends. When the irradiation was increased to 250 kGy , the AC breakdown strength of the blend improved by more than 21% 
compared to that of PP. The physical and chemical structures of the samples were investigated to explore the improvement 
mechanisms. The results offer insights into the design of new cable-insulation materials suitable for NPPs.
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1  Introduction

Global attention is directed toward nuclear power, as it pre-
sents a low-carbon-emission alternative and holds promise 
for addressing energy crises [1]. In 2023, a high-temperature 
gas-cooled reactor (HTGCR) nuclear power plant (NPP) 
commenced commercial operation, showcasing enhanced 
safety and power generation efficiency [2–4]. Various types 

of nuclear power cables are crucial to ensure the safe opera-
tion of NPPs. The ambient temperature of nuclear power 
cables operating in HTGCR NPPs is 10–50 ◦ C higher than 
that of previous NPPs, leading to serious challenges in cable 
insulation [5]. For polymer materials used in HTGCR NPPs, 
high-temperature resistance is imperative. The operating 
temperature range of polyethene (PE), which is the primary 
material for cable insulation, is constrained by its melting 
point of 90 ◦ C [6, 7]. Other commonly used polymer mate-
rials have also proven challenging for HTGCR NPPs [8]. 
However, polypropylene (PP), with a melting point exceed-
ing 170 ◦ C, is considered as a promising candidate and is 
widely recognized as an insulation material owing to its 
chemical resistance, low density, and excellent electrical 
properties [9, 10].

Extensive studies have been conducted on the applica-
bility of PP to NPPs. Cygan et al. demonstrated that PP can 
serve as a dielectric in reactor environments owing to its 
exceptional electrical properties under neutron radiation 
[11]. The material exhibited a marginal reduction in break-
down voltage and an increase in dielectric loss following 
exposure to fast neutrons and gamma radiation for 10 h. 
The breakdown strength and volume resistivity increased 
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owing to the combined neutron-gamma radiation at a dose 
of 16 kGy [12]. At higher doses, the degradation due to 
irradiation may affect its suitability. It has been determined 
that the failure of PP materials during irradiation aging 
mainly involves chain scission [13, 14]. Hammoud et al. 
revealed that the electrical properties of PP can withstand 
exposure to an electron beam with doses up to 100 kGy , 
but the mechanical properties exhibit degradation even 
at 10 kGy [15]. This transformation results from a chain 
scission reaction of the molecules created by irradiation. 
Yoshiaki et al. observed increased radiation-induced con-
ductivity in PP subjected to combined heat and irradiation 
conditions [16]. Mouaci et al. reported that gamma-ray 
irradiation leads to an increase in the conductivity of PP 
at a dose of 100 kGy , which is the result of oxidation 
and changes in crystallinity [17]. Based on its excellent 
electrical performance, the application of PP in NPPs is 
anticipated; however, its long-term utilization is signifi-
cantly constrained by irradiation-induced aging, notably 
chain scission. A comprehensive understanding of the 
irradiation-induced damage in PP is crucial for enhanc-
ing its performance and usage security, necessitating the 
exploration of microstructural changes.

Numerous studies explored the effects of irradiation on 
the structural degradation of PP. Wang et al. investigated 
performance alterations in PP subjected to 1.2 MeV static 
electron beam irradiation at a dose rate of 20 kGy∕h [18]. 
As cumulative dose increases, both the carbonyl index and 
free radical concentration increase. There is a simultane-
ous decrease in the mechanical performance and significant 
alterations in the melting and crystallization behaviors, 
which is indicative of the profound impact of irradiation on 
the structure of PP [19]. Oxana et al. revealed the presence 
of a substantial number of degraded compounds with diverse 
structures in PP irradiated with only 20 kGy gamma-rays 
[20]. It is clear that the structure of PP has a heightened sen-
sitivity to irradiation, which may induce chain scission and 
oxidation [21]. In PP, a substantial quantity of tertiary car-
bon within the macrochains is pivotal for chain scission [22]. 
Even if the initial melting point is high and the electrical 
performance is excellent, the cumulative damage that may 
be created is crucial for the safety of its operation in NPPs. 
Hence, it is important to improve the irradiation resistance of 
PP to maintain superior electrical properties under long-term 
irradiation. Surprisingly, research on the irradiation resist-
ance of PP, particularly regarding the enhancement of its 
electrical performance under irradiation, is scarce. Propyl-
ene-based elastomers (PBE) exhibit good compatibility with 
PP and have been reported to enhance the flexibility and 
reduce the partial discharge erosion of PP samples [21–25], 
which is beneficial for the use of PP-based materials as cable 
insulation. However, research on the effect and mechanism 
of PBE content on the irradiation resistance of PP-based 

materials, which is necessary for their use as nuclear cable 
insulation, has not been conducted.

In this study, PBE was used to enhance the electrical 
properties of PP under irradiation. PP composites with PBE 
concentrations ranging from 0 to 50 wt% were prepared 
and subjected to cobalt-60 gamma-ray irradiation at doses 
ranging from 0 to 250 kGy . Electrical properties, includ-
ing electrical conductivity, trap distribution, and alternat-
ing (AC) breakdown strength, were measured. The physical 
and chemical structures of the samples were estimated. The 
results indicate that the electrical properties of the irradiated 
sample increased with the addition of PBE, which is related 
to the effect on changes in the molecular chain generated by 
irradiation.

2 � Experimental setup

2.1 � Sample preparation

Isotactic PP (iPP) served as the base material, and PBE, 
with a molecular chain composition of 85 wt% propylene 
and 15 wt% ethylene, functioned as a modifier. The sam-
ple was prepared using iPP and PBE with varying content 
(10–50 wt%) in an internal mixer at 170 ◦ C for 6.5 m at 
60 r∕min . This ensured sufficient blending and optimal per-
formance. The hot-press method was employed to create the 
test samples 185 ◦ C at a pressure of 16 MPa for 10 min. The 
resulting square samples measured 9 cm on each side and 
had a thickness of 0.15 mm . To investigate the alterations in 
the electrical performance and microstructures under irra-
diation, the samples were subjected to cobalt-60 gamma-
ray irradiation by BFT-IV at a dose rate of approximately 
3 kGy∕h . To capture the substantial variations in electrical 
performance with irradiation, a reference was made to the 
actual operating conditions of NPPs, and irradiation doses of 
80 kGy and 250 kGy were selected to represent the states of 
mild and severe aging [5, 21]. For convenience, the sample 
names are distinguished in the following sections. For exam-
ple, “PB30-250” designated a sample containing 30 wt% 
PBE subjected to irradiation with 250 kGy.

2.2 � Electrical properties

The conduction current, measured using a Picoammeter 
(B2981A, Keysight, USA) in a three-electrode system, 
recorded data at 1-s intervals. Furthermore, an electrode 
with a diameter of 3.5 cm maintains a gap of 2 mm from the 
ground electrode. At an applied field strength of 20 kV∕mm , 
current data were recorded over 2000s. The current was 
determined by averaging the data from the last 60 s.

The carrier trap distribution was evaluated via isothermal 
surface potential decay (ISPD) measurements following the 
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detailed procedure and calculation method from our previ-
ous publication [25]. The needle and grid electrodes were set 
to –6.5 kV and –3.0 kV , respectively, with a 15-min charging 
time. Testing occurred at 40 ◦ C with a relative humidity of 
20%± 5%. The average results from at least three samples 
are presented.

AC breakdown strength is one of the most important indi-
cators of insulation performance. The measurements were 
taken using two hemispherical brass electrodes. Specifi-
cally, one electrode was connected to an AC power source 
(Wuhan Sanxin Huatai Electrical Testing Equipment Co., 
Ltd., China) and the other electrode was grounded. Dur-
ing the tests, the AC voltage increased at a rate of 0.5 kV∕s 
until a breakdown path was formed in the sample. Data from 
multiple trials were recorded and analyzed using the Weibull 
distribution [26].

2.3 � Physical and chemical structures

The crystallization and melting behaviors of the sample 
were evaluated via differential scanning calorimetry (DSC) 
measurement (Netzsch DSC 200 F3) under a temperature 
range of 30 ◦ C to 200 ◦ C in a nitrogen atmosphere, with a 
heating/cooling rate of 10 ◦C∕min . Fourier transform infra-
red spectroscopy (FTIR) (Agilent Cary 630 FTIR spectrom-
eter) was conducted in the wavenumber range of 400 cm−1 to 
4000 cm−1 , with a resolution of 2 cm−1 . Thermogravimetric 
analysis (TGA) was conducted (using a TAQ500 instrument) 
to measure the sample mass variation with temperature, 
which ranged from 30 to 600 ◦ C in a nitrogen atmosphere 
with a nitrogen gas flow rate of 60 mL∕min and a heating 
rate of 20 ◦C∕min . The microscopic morphology was esti-
mated using Scanning Electron Microscopy (SEM) with an 

Fig. 1   (Color online) Relation between electrical conductivity and the PBE content of the sample at different total doses and temperatures a 
30 ◦ C, b 50 ◦ C, and c 70 ◦C
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FEI Nanosem430. High-temperature gel permeation chro-
matography was used to measure the molecular weights of 
the polymers. Furthermore, PL EasiCal PS-1 was used as 
the standard sample, the test temperature was 150 ◦ C, and 

1,2,4-trichlorobenzene (TCB) was used as the mobile phase. 
Furthermore, 0.05 wt% 2,6-di-tert-butyl-4-methylphenol 
(BHT) was added to the solvent as an antioxidant. More 

Fig. 2   (Color online) Relation 
between the trap depth and PBE 
content for the sample with 
various total doses. a Shallow 
trap depth and b deep trap depth
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detailed information about the experiment was reported in 
our previous study [21].

It should be noted that the GPC results only show the 
molecular weight (Mw) of the polymer with linear struc-
tures that can be dissolved in the solvent. It was deter-
mined that all unirradiated and iPP samples can be dis-
solved in xylene at 150 ◦ C. However, some parts of the 
irradiated blend sample cannot be dissolved, indicating 
that crosslinked bonds appeared in the irradiated blends. In 
this study, the crosslinking degree of materials without any 
crosslinking agent was relatively low, making it difficult 
to represent it using conventional measurement methods. 
Furthermore, SEM was used to more intuitively demon-
strate the crosslinking effect of irradiation on the sample. 
The PBE was dissolved in xylene, whereas iPP and its 

crosslinked structures were insoluble in xylene at room 
temperature. Hence, when the sample was immersed in 
xylene for 3 h at room temperature, the linear elastomers 
were dissolved, and other parts were left to be observed. 
The microstructure changes in the sample subjected to 
irradiation were analyzed.

3 � Results

3.1 � Electrical conductivity

Generally, polymeric materials exhibit low electrical con-
ductivity; however, their electrical conductivity increases 
with irradiation-induced degradation. Electrical conduc-
tivity was measured to understand the impact of irradia-
tion on the sample. During testing, the charging current 
experienced a rapid initial decline, with the descent rate 
slowing over time, signifying a transition from transient-
dominated to conduction-dominated current [27]. Figure 1 
depicts the relationship between the electrical conductivity 
and PBE content of the sample at different total doses and 
temperatures. This is shown in Fig. 1a. As the PBE con-
tent increases, the electrical conductivity increases. The 
electrical conductivities of the samples with various PBE 
contents exhibited varying changes after irradiation. With 
an increase in the total dose, the electrical conductivity 
decreases first and then increases for the iPP/PBE blend 
sample. This is distinct from the electrical conductivity 
of the sample without PBE, which continuously increases 
with irradiation. It was observed that the electrical con-
ductivity of pure iPP was the lowest for the unirradiated 
sample. However, for the iPP/PBE blend sample, the elec-
trical conductivity was the lowest for the sample irradiated 
with 80 kGy , which is in the range of 10−16–10−17 S∕m . 
This implies that the conductivity of the blend sample 
decreases owing to the irradiation. The electrical conduc-
tivity of the sample irradiated with 250 kGy is an order 
of magnitude higher than that of the other samples, indi-
cating that deterioration in performance from high-dose 
irradiation is difficult to avoid. For the samples irradiated 
at the same total dose, the electrical conductivity increased 
with increasing PBE content. The variations in electrical 
conductivity with the PBE content and total doses were 
similar at temperatures of 30, 50, and 70 ◦ C. Electrical 
conductivity increased with temperature. Additionally, 
the electrical conductivity increased with increasing PBE 
content at all temperatures. However, this increase in elec-
trical conductivity decreased with increasing temperature.

Fig. 3   (Color online) Relation between the trap density and PBE con-
tent for the sample with various total doses. a Shallow trap density 
and b deep trap density
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Fig. 4   (Color online) Weibull distribution images of the AC breakdown strength for sample a iPP, b PB10, c PB30, and d PB50

Table 1   AC breakdown 
parameters of the sample with 
different PBE contents and total 
doses

Sample E ( kV∕mm) Shape

iPP-0 129.27 26.79
PB10-0 127.91 19.85
PB30-0 126.41 27.69
PB50-0 116.62 19.77
iPP-80 115.12 24.74
PB10-80 128.97 20.37
PB30-80 129.29 34.01
PB50-80 127.52 28.24
iPP-250 101.39 15.92
PB10-250 122.36 16.79
PB30-250 122.31 26.28
PB50-250 122.98 21.91

Fig. 5   (Color online) FTIR of different samples irradiated with 
250 kGy
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3.2 � Trap distribution

Carrier traps are formed by physical or chemical defects in 
materials and play an important role in the charge transport 
behavior, which can aid in understanding the changes in the 
electrical properties of insulation materials [28]. Figure 2 
shows the relationship between the trap depth and PBE con-
tent of the sample irradiated with various total doses. As the 
PBE content increases, the depths of the deep and shallow 
traps decrease for most samples. For unirradiated samples, 
despite the introduction of PBE elastomers (10 wt %), the 
trap depth exhibited an acute drop. With the introduction 

of PBE elastomers, the decline in trap depth slowed. For 
shallow traps, the trap depth of iPP-0 was the deepest, and 
the trap depths of PB10-0 and PB30-0 were similar. How-
ever, the trap depth of PB50-0 was much lower than that 
of the others. For the deep traps, the depth of the iPP/PBE 
blend sample was approximately 0.94 eV and that of iPP 
was 1.01 eV . This shows that PBE elastomers have a strong 
impact on the trap depth; however, this impact decreases 
with increasing irradiation dose. The difference in trap depth 
between iPP and PB10 was less obvious at 80 and 250 kGy . 
For the irradiated samples, as the PBE content increased, 
the depths of both traps decreased. Notably, the shallow trap 

Fig. 6   (Color online) Variation 
in melting and crystallization 
curves for the sample with dif-
ferent total doses. a Melting and 
b crystallization curves for the 
sample with 0 kGy . c Melting 
and d crystallization curves for 
the sample with 80 kGy . e Melt-
ing and f crystallization curves 
for the sample with 250 kGy
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depths are approximately 0.88 eV for all samples with vari-
ous PBE contents at 80 kGy . As the total dose increased, 
the alternations in the trap depth exhibited different trends 
for pure iPP and iPP/PBE blend samples. The trap depth of 
iPP continuously decreased with the total dose. For the iPP/
PBE blend sample, the trap depths at 80 kGy are greater 
than those at 0 kGy . This indicated that the trap depth of 
the blended sample initially increased and then decreased 
as the total dose increased from 0 to 250 kGy . Additionally, 
the error bar is obvious for unirradiated samples, especially 
for the sample with a higher PBE content. However, the 
error bar becomes less pronounced as the irradiation dose 
increases. Hence, it can be inferred that the performance of 
the blended sample may stabilize with the irradiation dose.

The relationship between the density of shallow traps 
and PBE content for samples irradiated with various doses 
is shown in Fig. 3a. For shallow traps, as the PBE content 
expands from 0 wt% to 10 wt%, the trap density increases 
sharply, and its growth is more than 3 × 1020 m−3

⋅ eV−1 . 
Subsequently, with the PBE content increasing from 10 wt% 
to 50 wt%, the trap density emanates almost no change, all 
around 4 × 1020 m−3

⋅ eV−1 . As the irradiation increases, 
the changes in the trap density of iPP and iPP/PBE blend 
samples differ. It can be observed that the shallow trap den-
sity declines at the irradiation stage, from 0 to 80 kGy , and 
increases at the stage from 80 to 250 kGy for the blend sam-
ples. However, those two stages for iPP samples display an 
increase. The changes in the deep trap density of the sam-
ple are opposite to those of the shallow traps, as shown in 
Fig. 3b. The deep trap density decreases with increasing 
PBE content. The unirradiated iPP and sample irradiated 
with 80 kGy exhibit the deepest trap depths.

3.3 � AC breakdown strength

Cables in NPPs operate under AC electric fields. Thus, AC 
breakdown strength is one of the most important param-
eters for evaluating the performance of insulation materials 
in NPPs. The AC breakdown strength distributions of sam-
ples with different PBE contents are shown in Fig. 4, which 
exhibit quite different trends with increasing irradiation. For 
iPP samples, the breakdown strength showed an apparent 
downswing, suggesting that it was sensitive to gamma-ray 
irradiation. However, for all the blend samples, the break-
down strength initially increased and then decreased, indi-
cating that irradiation can improve the breakdown strength 
of the blend sample at low total doses. Specifically, after 
irradiation at 250 kGy , the breakdown strength of PB50 was 
significantly higher than that of the initial sample.

To accurately analyze the breakdown performance of 
the sample, the breakdown parameters are extracted and 
are listed in Table 1. Specifically, E denotes the breakdown 
strength with a cumulative failure probability of 63.2%. 
The shape parameter reflects the dispersion of the data. The 
higher the shape parameter, the lower is the dispersion of 
the breakdown strength. As the PBE content increased from 
0 to 30 wt%, E decreased marginally; however, when the 
PBE content increased to 50 wt%, E decreased dramatically. 
When the total dose was increased, E of the blend sample 
showed an evident improvement when compared to iPP. The 
E value of PB30-80 was 14.17 kV∕mm higher than that of 
iPP-80, indicating that the addition of the PBE elastomer 
increased the breakdown strength under irradiation. At 
250 kGy , this improvement was more apparent, for which 
the E values of all the blends were 21% higher than that of 
iPP. It can be inferred that the addition of PBE elastomer can 
improve the irradiation resistance of iPP. This improvement 
was stable, as confirmed by the shape parameter values.

3.4 � Physical and chemical structures

The oxidation of the sample reflects the aging conditions 
of the polymer. The peak at 1720 cm−1 corresponds to the 
carbonyl group, the intensity of which can be used to dis-
tinguish the degree of oxidation of the polymer materials 
[29]. It has been reported that the intensity of the carbonyl 
peak increases with the total dose and that the carbonyl peak 
is not obvious in the unirradiated sample [21]. To more 
clearly observe the oxidation of the sample under irradiation, 
Fig. 5 shows the FTIR spectrum of the sample irradiated at 
250 kGy . As the PBE content increased, the intensity of the 
carbonyl peak decreased, suggesting that the addition of the 
PBE elastomer was beneficial for preventing oxidation reac-
tions, thereby increasing the irradiation resistance.

Fig. 7   (Color online) Changes in Xc of samples with different total 
doses
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The melting and crystallization curves of the samples 
reflect variations in the physical and chemical structures. 
In Fig. 6a, for unirradiated samples, as the PBE content 
increases, the melting peak shifts to the left, indicating that 
the introduction of PBE elastomer decreases the melting 
point ( Tm ). In Fig. 6b, the variation in the crystallization 
curves is not obvious. As the total dose increases, from 
0 kGy to 80 kGy , the melting peaks change from one to 
two for all samples, as shown in Fig. 6c. This indicated that 
components with different Tm appear after irradiation. The 
melting peak decreased with increasing PBE content. The 
crystallization temperature ( Tc ) decreases with increasing 
PBE content at 80 kGy . Similar phenomena were observed 
at 250 kGy . The Tm and Tc values of the irradiated sam-
ples showed only slight changes with the PBE content. 
The Tc values of all samples were approximately 110 ◦ C. 

Nevertheless, the difference in melting behavior induced by 
irradiation was exaggerated. As the total dose increased, Tm 
decreased from 164 to 153 ◦ C for all samples, and the sepa-
ration of the melting peaks became increasingly apparent. 
In particular, the separated melting peak located on the left 
became more prominent with increasing total dose, which 
was attributed to the component with a lower Tm increase. 
The crystallinity ( Xc ) was derived from the melting curves as 
shown in Fig. 7. As the PBE content increased, Xc decreased 
significantly. The Xc of PB10-0 was 43%, a decline of 9% 
when compared to iPP-0. The Xc of iPP decreased constantly 
with the total dose; however, the Xc of the blend exhibited 
almost no change with irradiation from 0 to 80 kGy . As the 
total dose increased to 250 kGy , slip occurred in all samples.

The micromorphology of polymers may undergo severe 
changes upon gamma-ray irradiation, particularly for 

Fig. 8   (Color online) Micro-
morphology photographs of 
the samples with different PBE 
contents and total doses
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polymers with more than one component. The morpholo-
gies of the iPP samples were similar at different total doses 
and were smooth and uniform (Fig.  8).

The morphology of the cross section of iPP/PBE blend 
samples with different total doses exhibited certain dis-
crepancies. For the unirradiated blend sample, no obvious 
defects appeared in the cross section, implying that the 
blending was uniform. As the total dose increased, defects 
gradually appeared in all blend samples, indicating the phase 
separation of PBE and iPP. It can be observed that high num-
bers of pores and wrinkles occur in the cross section, parts 
of which are marked by red dashed circles. For PB10, the 
number of pores increased with increasing irradiation, but 
their size decreased. As the PBE content increased to 30 and 
50 wt%, no phase separation occurred at low total doses, 
whereas the defects in the sample irradiated with 250 kGy 
were conspicuous. This indicates that deterioration in the 
combination of the two phases occurs during irradiation 
from 80 to 250 kGy.

The Mw value of a polymer is uneven and is a critical 
factor in its electrical performance. Figure 9 illustrates the 
weight-average Mw of iPP and PB30 with different total 
doses, which is the result of the GPC. As the cumulative 
dose increased, the Mw of the sample exhibited an intense 
decrease. The difference between the Mw of iPP and PB30 
was not significant at the same total dose. The Mw of PB30-0 
was lower than iPP-0, but the Mw of PB30-80 was higher 
than iPP-80, suggesting that the degree of damage due to 
irradiation varied with the molecular chains of the different 
polymers. SEM images of the cross section of the sample 
immersed in xylene are presented in Fig. 10. The micro-
scopic morphology images of PB30-0 and PB30-250 after 
treatment show the influence of irradiation at 250 kGy . 
There were many large pores or gullies in PB30-0 treated 
with xylene, whereas those in PB30-250 treated with the 
xylene treatment were less significant (marked by yellow 
dashed rectangles). This indicates that a denser crosslinked 
structure was formed, which was insoluble in xylene and 
could be generated via irradiation.

The thermal decomposition temperature provides insight 
into the thermal stability of the sample. The temperatures 
at mass losses of 5% and 50% are defined as the thermal 
decomposition temperatures T5 and T50 , respectively. The 
thermogravimetric curves of PB30 are shown in Fig. 11a, 
which shows that T5 and T50 slip sharply with the cumula-
tive dose. The decline between PB30-80 and PB30-0 in T5 
is approximately 80 ◦ C, indicating that the thermal stabil-
ity of the sample slips sharply upon irradiation. Figure 11b 
illustrates the thermogravimetric curves of samples with dif-
ferent PBE contents irradiated with 250 kGy . As the PBE 
content increases, T5 and T

50
 values of all the samples almost 

overlap. Obviously, the thermal stability of the sample was 
not affected by the addition of PBE elastomer at 250 kGy , 
whereas it was significantly reduced by irradiation.

Fig. 9   (Color online) GPC results of iPP and PB30 with different 
total doses

Fig. 10   (Color online) SEM 
images of PB30-0 and PB30-
250 treated with xylene
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4 � Discussion

As mentioned above, when compared with the iPP sample, 
the iPP/PBE sample exhibited a higher breakdown strength 
and lower conductivity after irradiation. The addition of the 
PBE changed the physical and chemical structures of the 
iPP matrix, leading to improved electrical properties after 
irradiation. To visually describe the effect and mechanism 
of irradiation on the samples, a schematic based on the 
aforementioned experimental results is shown in Fig.  12. 
It is essential to elucidate the degradation mechanism of 
iPP before investigating the mechanism of the improve-
ment introduced by PBE under irradiation. As shown in 
Figs. 12a and (b), unirradiated iPP with higher Xc and fewer 
amorphous regions can be obtained from the DSC results. 

Hence, this leads to extremely high regularity of the molecu-
lar chains, resulting in more carrier trap centers and deeper 
traps, as shown in Figs.  2 and 3 [30, 31]. The carrier traps 
of insulation materials can capture carrier charges and hin-
der the transport of carriers. Therefore, it differs to form a 
charge transport path for unirradiated iPP, leading to better 
insulation properties when compared to the other samples.

This changes after irradiation as shown in Figs. 12c and 
d. High-energy irradiation damages the polymer molecular 
chains [30–33]. There are a large number of tertiary carbon 
atoms in the molecular chains of iPP, which have low bond 
energies and are easy to break. Therefore, iPP is sensitive 
to irradiation [13, 30]. The results of DSC, GPC, and TGA 
show a shortage of molecular chains in the sample with the 
total dose, indicating that massive chain scission occurred. 
Many broken bonds appear in the irradiated iPP; then, the 
low-density region can be generated, which is the result of 
the accumulation of damage in molecular chains [33, 34]. 
The AC breakdown path of the insulation materials may 
initially be induced in the low-density region (indicated by 
the purple dashed arrow lines). Meanwhile, polar groups 
are introduced into the molecular chain because of irradi-
ation-induced oxidation, which decreases Xc and increases 
the amorphous regions and free volume of the sample, as 
shown in Figs. 5, 6, 7. The depth and density of the traps 
are reduced owing to more broken bonds and amorphous 
regions with irradiation, leading to a shallower depth and 
lower density of traps, as shown in Figs. 2 and 3. Charge 
transport is promoted, electrical conductivity increases, and 
the breakdown strength decreases.

The improvement in the electrical performance of iPP 
under irradiation environment is closely related to its molec-
ular chain structure, as shown in Figs. 12e–h. It should be 
noted that the impact of irradiation and electrical properties 
is material-dependent [21, 35]. The structural alteration in 
the blend samples with irradiation was distinct from that 
in the iPP samples, which was the reason for the improved 
electrical properties with increasing total dose. As the PBE 
content increases, the electrical properties of the non-irradi-
ated samples decrease, as shown in Figs. 1,  2,  3,  4. This is 
because the addition of PBE decreases the regularity of the 
sample, Xc decreases, and the amorphous regions increase, 
as shown in the DSC results. However, after irradiation, 
the sample with the highest PBE content exhibited better 
electrical properties, suggesting that it had better irradiation 
resistance. For PBE, there is some ethylene in the molecu-
lar chains, which results in fewer tertiary carbon atoms and 
more secondary carbon atoms when compared with those 
of iPP, which has a higher bond energy. Therefore, it is 
less susceptible to breakage under irradiation [21, 30]. As 
the PBE content increased, the negative impact of irradia-
tion on the molecular structure decreased, which assisted 
the sample in maintaining better performance. Moreover, 

Fig. 11   (Color online) Thermogravimetric curve of the sample. a 
PB30 with different total doses and b samples with different PBE 
contents irradiated by 250 kGy
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when the total dose is increased, crosslinking occurs, as 
shown in Fig. 10, which arranges the molecular chains in 
a more compact manner. Crosslinking bonds interconnect 
the molecular chains, resulting in the formation of a dense 
structure that minimizes the presence of short chains and 
decreases the number of low-density regions. The dense con-
figuration restricts the permeation of oxygen, consequently 
mitigating the oxidation processes. The carrier trap of the 
blended sample deepens, as shown in Figs. 2 and 3, which 
may also be attributed to the crosslinked bonds. These fac-
tors are beneficial for improving the electrical properties. It 
has been revealed that denser structures of molecular chains 
provide materials with distinct performances, including high 
antioxidant capacities [34]. Therefore, irradiation-induced 
crosslinking not only reduces the number of broken bonds 
but also increases the antioxidant capacity, all of which are 
beneficial for the irradiation resistance of the sample. The 
crosslinked structure is also beneficial for improving the per-
formance of materials at higher temperatures [36–38]. Con-
sequently, the improvement in the electrical performance 
of the sample is reasonable. However, as a mixture with 
two-phase structures, the compatibility between iPP and 
PBE significantly affected the performance of the blended 
sample. When the compatibility decreases with increasing 
dose, defects occur at the point of phase separation, seriously 
degrading the electrical properties, as shown in Fig. 8. This 
was the main reason for the decrease In the performance of 
the blend sample irradiated with a total dose of 250 kGy.

5 � Conclusion

In this study, the electrical properties of an iPP/PBE blend 
under gamma-ray irradiation were investigated, yielding the 
following main findings: 

1. 	 The addition of PBE led to an overall increase in electri-
cal conductivity. For the iPP samples, electrical conduc-
tivity consistently increased as the total dose increased 
from 0 kGy to 250 kGy . For the blended sample, the 
electrical conductivity initially decreased and then 
increased with cumulative dose.

2. 	 With increasing irradiation, the trap distribution in the 
iPP sample tends to become shallower, whereas in the 
blended sample, it initially deepens to 80 kGy before 
shallowing. Unirradiated samples showed shallower trap 
distributions with a higher PBE content.

3. 	 The incorporation of PBE notably enhanced the AC 
breakdown strength of the irradiated sample by more 
than 21% when compared with iPP at 250 kGy . The 
breakdown strengths of the iPP samples decreased sig-
nificantly after irradiation. The breakdown strength 
of the blend increased with the cumulative dose up to 
80 kGy and then decreased, with a more pronounced 
improvement at higher PBE contents.

4. 	 Increasing PBE content was correlated with a decrease 
in the intensity of the carbonyl peak at 250 kGy . The 
microscopic morphologies of the blended samples 
retained their original form at lower doses but exhibited 

Fig. 12   (Color online) Improvement mechanism of PBE on the elec-
trical properties of iPP under irradiation. a Structures and b electrical 
properties for unirradiated iPP samples. c Structures and d electrical 

properties for irradiated iPP samples. e Structures and (f) electrical 
properties for unirradiated blend samples. g Structures and h electri-
cal properties for irradiated blend samples
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phase separation at higher doses. The addition of PBE 
mitigated the damage to the molecular chains of iPP and 
promoted the formation of crosslinked structures.

In summary, this study revealed that the electrical prop-
erties of irradiated iPP can be improved by introducing 
PBE. The deterioration of electrical properties is linked to 
the molecular chain structure, including Mw , Xc , and oxi-
dation. The iPP/PBE blend sample demonstrated a higher 
breakdown strength than the irradiated iPP, which is attrib-
uted to the enhanced irradiation resistance and formation of 
crosslinked structures. These findings suggest a promising 
choice of cable insulation materials for NPPs, contributing 
to their safe operation.
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