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Abstract: Due to the good electrical performance and high 
thermal stability, there is a tendency to develop the new generation 
of polymeric insulation materials based on polypropylene (PP). 
Compared with XLPE, PP is a thermoplastic polymer which can 
be recycled after use. However, the tertiary carbon structure on 
the side chain makes PP easier to be oxidized and degraded under 
high temperatures and high electric field. Nanocomposite 
technology can improve the electrical properties of polypropylene 
and reduce the damage of polypropylene under high electric fields. 
In this paper, the effects of octaphenyl polyhedral oligomeric 
silsesquioxane (OpPOSS) nanofillers on the electro-aging 
characteristics of PP are reported. Measurement techniques 
including thermally stimulated depolarization current (TSDC); 
scanning electron microscope (SEM); breakdown strength tests 
and conductivity tests, were used to understand the mechanisms 
by which the addition of  OpPOSS influences the aging 
characteristics of PP. The lifespan of PP and OpPOSS/PP 
nanocomposites have been estimated by use of the Weibull 
distribution. As a results of this research work, the addition of 
OpPOSS nanofiller could improve the long-term performance of 
PP for HVDC applications. 
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I. INTRODUCTION

As one of the commercial thermoplastic polymers, PP has 
become one of the favourite choices for polymeric insulation 
materials, because of its advantages of low cost, excellent 
electrical properties, good thermal stability and low dielectric 
loss [1-4]. During last few decades, many scientific reports 
demonstrated the nanocomposites technology can be utilized 
to enhance the electrical performance of PP’s 
nanocomposites, including DC breakdown strength, space 
charge characteristics, dielectrics properties, etc [1-4].  

From research papers [5-8], many kinds of nanofillers can 
be used to improve the electrical performance of polymers, 
such as MgO, SiO2, Al2O3, et al. However, Q. Zhong, et al. 
indicated that the improvement of electrical properties of 
polymers is inversely proportional to the particle size of 
nanofillers [9], and that as a consequence agglomeration 
problem would be a challenge in the manufacture of 
polymeric nanocomposites.  

Compared with inorganic nanofillers, POSS has attracted 
attention due to its special structure. The chemical bonds of 
Si-O-Si build the main cage of POSS and each corner is 
connected with a side-group. As shown in Fig. 1, the main 
cage of OpPOSS can perform as a nano-silica to improve the 
electrical properties of polymers [10] while the eight phenyl 
groups connected to the corners introduce the polar group 
which could improve the trapping characteristics of polymers. 

In this paper, OpPOSS/PP nanocomposites were subjected 
to electrothermal ageing under an electric field of 30 kV/mm 
and a temperature of 110℃. The electrical properties of aged 
samples were tested after 5, 10, 15, 20, 25 and 30 days. It was 
found that the addition of OpPOSS/PP could enhance the 
aging characteristics and operational lifespan of PP. 

Figure 1. The chemical structure of OpPOSS molecule 

II. MATERIALS AND EXPERIMENTS

A. Materials 

The matrix material, isotactic polypropylene (iPP) and the
nanofiller, OpPOSS were purchased from Aladdin Industrial 
Inc., China. The density of iPP and OpPOSS nanofillers are 
0.92 g/cm3 and 1.25 g/cm3 respectively. Xylene used was 
also provided from Aladdin Industrial Inc., China  

B. Nanocomposites preparation

The pellets of PP and 2.0 phr OpPOSS nanofiller were
dispersed and blended in xylene at a temperature of 120 ℃. 
After even mixing was achieved, the solution of 
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OpPOSS/PP/xylene were dried at 100℃ in the drying box. 
The resulting 2.0 phr OpPOSS/PP nanocomposites powder 
was then  placed in moulds and pressed under 15 MPa and 
200℃ for 15 min, then cooled down to room temperature 
under the pressure of 10 MPa within 5 min. The samples 
were then placed in a vacuum oven at 60 ℃ for 2 hours to 
remove the moisture on the surface of samples This allowed 
the manufacture of nanocomposite samples with thickness of 
100 and 200 μm.  

C. Electro-thermal aging process design

The system used to electrothermally stress the 100 and 200
μm. samples of PP and its nanocomposites is shown in Fig. 
2. The ageing was carried out in a vacuum oven. In a practical
DC cable, the maximum operational temperature and DC
electric field would be limited t0 70 ℃ and 15 kV/mm
respectively. In this research, the temperature of electro-
thermal aging process was set to 110℃ and the electric field
was adjusted to 30 kV/mm in order to accelerate the aging
process of PP and nanocomposites.  In addition, there were
no antioxidants in the manufactured samples while in a
practical cable antioxidants are added into insulation layer to
delay the aging process of the insulation materials.

Figure 2. The experimental design of electro-thermal aging process for PP 
and its nanocomposites 

The upper electrode block, bottom electrode board and 
middle metal sheet are all made of 304 stainless steel. There 
are arc chamfers on the upper electrode and the middle metal 
sheet so that the electric field is distributed uniformly in the 
samples. The total thickness of the samples being aged is 
around 200 μm. Therefore, an electric field of 30 kV/mm was 
applied when the power source provided 60 kV DC voltage 
to the samples. The vacuum was set to 0.01 Pa in the vacuum 
oven. Samples were taken out for electrical tests every 5 days. 

D. The experimental design for lifespan estimation
The DC system shown in Fig. 3 was designed to measure 

the time to failure of aged PP and OpPOSS/PP 
nanocomposites under a field of 60 kV/mm, a temperature of 
110 ℃ a pressure of 0.01 Pa. The duration time until the 
breakdown occurred was recorded to estimate the lifespan of 
samples.  

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Thermally stimulated depolarized current (TSDC) result

Figure 3. The experimental design for the lifespan estimation of PP and its 
nanocomposites. 

The TSDC curves of PP and its nanocomposites have been 
given in Fig. 4. In PP and its nanocomposites, the TSDC 
curves have a thermal stimulation current peak at - 5 ℃, 
which is due to the glass transition point of PP. The TSDC 
curve of PP shows a peak of thermally stimulated current at 
64 ℃ which is corresponding to the trapping level of 0.8 eV. 
Compared with PP, the TSDC curve of OpPOSS/PP 
nanocomposites demonstrated two peak values of 1.79 and 
0.95 pA at 98 ℃ and 128 ℃ respectively, which means the 
addition of OpPOSS introduced many deep traps with the 
trapping levels of 1.02 and 1.1 eV to improve the trapping 
characteristics of PP [12].  
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Figure 4. The TSDC results of PP and OpPOSS/PP nanocomposites 

B. SEM observation

The surface microstructure of PP and 2.0 phr OpPOSS/PP
nanocomposites shown in Fig. 5 and Fig. 6. after being 
subjected to electro-thermal aging process for differing times 
days were observed using SEM techniques. Cracks of 
different severity appeared on the surface of the aged 
samples after electro-thermal aging process. The surface 
roughness of PP increased with the increase of aging time. 
After 15 days of electro-thermal aging obvious cavities 
began to appear, and the deterioration of PP surface began to 
become more marked with the increase of time. Although the 
cracks on the surface of OpPOSS/PP nanocomposites 
became more serious with the increase of electro-thermal 
aging time, the surface roughness and deterioration degree 
were lower than that of PP. Because PP and OpPOSS/PP 
nanocomposites were aged in a vacuum oven, and the upper 
and lower surfaces of the samples are covered by electrodes, 
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the damage of the samples mainly came from electrical stress 
rather than through reactions the oxidation. Therefore, the 
results showed that the electrical damage of PP in the aging 
process is decreased by the addition of OpPOSS.

Figure 5. The aged PP films by the aging process after 0 (a), 5 (b), 10 (c), 15 
(d), 20 (e), 25 (f) and 30 (g). 

Figure 6. The aged OpPOSS/PP nanocomposites films by the aging process 
after 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 25 (f) and 30 (g) 

C. DC breakdown strength

The DC breakdown strength of aged PP and OpPOSS/PP 
nanocomposites after the electro-thermal aging process are 
shown in Fig. 7 by fitting to a 2-parameter Weibull 
distribution and the Weibull parameters are shown in Fig. 8 
[13]. The critical value E0 and the shaping factor β of 
breakdown strength were used to describe the breakdown 
strength of samples with the breakdown probability of 63.2% 
and the dispersion of breakdown strength respectively. 

Figure 7. The DC breakdown strength of aged PP and OpPOSS/PP 
nanocomposites 

Figure 8. The parameters of DC breakdown strength of aged PP and 
OpPOSS/PP nanocomposites 

From Fig. 7 and Fig. 8, the DC breakdown strength of PP 
was decreased continuously with the increase of electro-
thermal aging time. When the electro-thermal aging time was 
30 days, the DC breakdown strength of PP decreased from 
440 kV/mm to 331 kV/mm, with a decrease of 24.8 %. While 
the critical value of DC breakdown field strength of 
OpPOSS/PP nanocomposites decreased from 586 kV/mm to 
401 kV/mm, with a decrease of 31.6 %. With the electro-
thermal aging process, the effect of OpPOSS on the DC 
breakdown strength of PP decreased. The OpPOSS/PP can 
still improve the breakdown strength of PP from 331 kV/mm 
to 401 kV/mm by the increasing rate of 21.1 %.  

D. DC Conductivity

The DC conductivity measurement was described in [11].
Fig. 9 shows the DC conductive current of PP and 
OpPOSS/PP nanocomposites as a function of electric field 
increases during the electro-thermal aging process, which 
means that the resistivity is decreased with the increase of 
aging time. When the aging time was 30 days, the 
conductivity of OpPOSS/PP was still to 22.6 % of that of 
pure PP. Although OpPOSS nanocomposites would be 
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degraded by the electro-thermal aging, the deep trap 
introduced by OpPOSS could capture the homocharges 
injection from the electrode and further inhibit the charge 
transport in PP. Therefore, the electrical damage of PP in the 
aging process was reduced and the coupling between 
OpPOSS and PP was protected. 

Figure 9. The DC conductivity of aged PP and OpPOSS/PP nanocomposites 

E. The lifespan estimation of samples

The lifespan calculation method is described as follows
[13]. The Weibull distribution is generally used to describe 
the breakdown strength of materials. Under the condition of 
time 𝑡 and the electric field 𝐸, the breakdown probability 
is 

𝑃(𝑡, 𝐸) = 1 − exp (−𝐶 ∫ (𝑘𝑡𝑘−1𝐸𝜆)𝑑𝑡
𝑡

0

)  (1) 

Where 𝑘  is a shaping factor, 𝜆  is the distribution factor 
and 𝐶 is the constant about the temperature.  

When the applied electric field is constant, 
𝑃(𝑡, 𝐸) = 1 − exp(−𝐶𝑡𝑘𝐸𝜆)  (2) 

𝑡𝐸𝑛 =  𝑐         (3) 
Where c is a constant and 𝑛 =  𝜆/𝑘 
Assume The lifespan of PP and OpPOSS/PP to be 𝑡0.

𝑡

𝑡0

= (
𝐸0

𝐸
)𝑛   (4) 

Table 1. The breakdown time of samples under 60 kV/mm and 110℃ 

Samples PP 2.0 phr OpPOSS/PP 

Breakdown time (h) 4.21 7.70 

In this part, the value of 𝑛 is set to 9. Therefore, according 
to Tab. 1, the lifespans of PP and 2.0 phr OpPOSS/PP 
nanocomposites under15 kV/mm and 110℃ are estimated to 
126.0 and 230.4 years respectively. 

IV. CONCLUSION

The addition of OpPOSS nanofillers is aimed to improve 
the long-term performance of the base PP insulation material. 
The improvements to electro-thermal aging characteristics 
have been investigated. The results indicated the introduction 
of deep traps could capture the mobile charges then build the 
potential barrier so that the charge injection and charge 
transportation could be suppressed. Therefore, the electrical 
damage would be reduced during the operation, finally the 
lifespan of PP could be enhanced. 
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