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Chapter

Electrical Property of 
Polypropylene Toughened  
by β Nucleating Agent
Ling Zhang, Yuanxiang Zhou and Zhaowei Wang

Abstract

High-performance polymer insulating material is a crucial knob for developing 
HVDC power cables. However, the production process of traditional cross-linked 
polyethylene, especially degassing, is complicated. The space charge accumulation 
could render severe electric field distortion under high temperatures and electrical 
stresses, detrimental to the insulation reliability. As a potential alternative, poly-
propylene (PP) has excellent properties and is environmentally friendly. However, 
crucial challenges for the PP application include brittleness deficiency at low tem-
peratures and space charge problems caused by toughened PP composites. In recent 
years, the β nucleating agent (β-NA) has emerged as an effective additive to improve 
mechanical and electrical properties due to the introduction of the β-crystal form. 
Herein, PP/β-NA with different contents and self-assembled β-NA were subsequently 
prepared, respectively. The melting and crystallization behaviors, crystalline struc-
ture, and electrical properties were systematically investigated, and the influence 
on the space charge characteristics of PP/β-NA composites was explored. We aim to 
summarize the β-crystal form regulation strategies for advanced PP materials and 
how they perform, point out the critical characteristic parameters to improve the 
target performance, and offer suggestions for the rational design for future HVDC 
cable engineering.

Keywords: polypropylene, β nucleating agent, crystallization, self-assembly, space 
charge, electric field distortion

1. Introduction

1.1 Research background

The transmission line, as the carrier of electric energy, is an essential foundation 
for the development and progress of the whole power grid. DC cable transmission is 
not affected by the weather, and thus, its operation is stable and reliable. Compared 
with AC cable, DC cable has less power loss and lower maintenance cost, which can 
meet the demand of large-scale new energy power transmission. Therefore, DC 
cable transmission technology will become an essential link in building the future 
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energy channel [1]. Cross-linked polyethylene (XLPE) is the main insulation material 
commonly used in high-voltage DC power cables. It has excellent heat resistance and 
mechanical properties. Still, it also exposes many problems that cannot be ignored, 
such as limited transmission capacity, environmental pollution, and space charge 
accumulation caused by cross-linked by-products [2–4].

To meet the environmental friendliness of power grid and the development 
demand of large-capacity DC cable transmission in the future, it is vital to develop 
high-performance and environment-friendly DC cable insulation materials. Among 
them, polypropylene (PP), one of the five general plastics, has a broad application 
prospect due to its excellent heat resistance, insulation, low cost, environmental 
protection, and economy [5, 6].

The properties of PP are affected by its crystalline state. Different crystallization 
conditions make PP have five structures: α, β, γ, δ, and quasi-hexagonal. Compared 
with α-crystalline PP, β-crystalline PP has become a research hotspot in recent years 
because of its loose internal structure and better absorption of external impact.

β nucleating agent (β-NA) was widely used to control the crystalline state of 
polypropylene so as to obtain an ideal crystalline morphology [6]. The addition of 
β-NA has little effect on the chemical structure and other properties of PP, so β-NA 
modification is one of the effective methods to improve its processing and mechanical 
properties. β-NA plays the role of crystal nucleus, changing the crystalline state of PP 
and improving its physical properties. However, the β-NA content directly affects the 
formation of β-crystals in PP materials, and different types of β-NA have different 
optimal induction amounts.

1.2 Space charge of PP materials

In recent years, many scholars have actively explored the electrical properties of 
PP and its composites [7]. Such as nanoparticle filling, molecular linkage, etc.

Reference [8] found that there were a lot of shallow traps in α-crystalline PP, and 
the average trap depth in β-crystalline PP was deep. By preparing polypropylene/β-NA 
DCTH composites, it was found that the increase of β crystal content deepened the aver-
age trap depth of the composites and inhibited the accumulation of space charges [9]. It 
was reported that the β crystal form in block PP introduces deep traps, thus improving 
the space charge and conductance current characteristics of the material [10].

The use of polymer insulation materials in DC cables will inevitably face the space 
charge problem, especially when adding elastomer into PP. Many interfaces will be gen-
erated, which may aggravate space charge accumulation. In recent years, much research 
has been carried out on the suppression of space charge in PP materials. The main meth-
ods include: 1) nanocomposite; 2) grafting modification; 3) crystal form regulation.

1.2.1 Nanocomposite

Deep traps can be introduced into the interface region of nanoparticle-polymer 
matrix, so nanocomposite is expected to suppress the space charge under DC electric 
field. As early as 2004, the influence of nanolayered silicate on the space charge 
characteristics of PP was studied [11] and found that the addition of nanoparticles 
reduced the accumulation of space charge, and the DC conductivity and breakdown 
strength of the composites were improved due to the increase of the apparent mobil-
ity of carriers. It was reported that the addition of nanoclay made the total space 
charge of PP nanocomposites higher than that of pure PP [12].
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By doping MgO nanoparticles with different contents and surface modification 
processes in PP, the optimal parameters of space charge suppression were obtained 
[13, 14]. By doping MgO nanofiller prepared by freeze-drying into iPP/SEBS blends, 
it was found that when the doping content is only 0.2 wt.%, the injection and accu-
mulation of space charges are well inhabited, and the DC breakdown field strength is 
increased by more than 10% [15].

Because the relevant theory of nanoparticle-interface effect has not yet been 
finalized, there is no reliable guiding significance for the selection standard of 
nanoparticles (such as type, content, particle size), preparation technology of com-
posite, and long-term operation stability, etc. Thus, the macro-scale preparation in 
engineering is mainly based on experience, and there is a lack of reference operation 
standard flow.

1.2.2 Grafting modification

Compared with nanocomposites, the grafting modification method can effectively 
avoid agglomeration and make the performance of PP more stable and reliable. As 
early as 1992, it was found that introducing a small number of polar groups into 
HDPE can make the space charges in HDPE evenly distributed [16]. After grafting 
maleic anhydride on the LDPE surface, it was found that the grafted material obvi-
ously had less heteropolar space charge accumulation, and the conductance current 
was significantly reduced [17]. It was also found that the space charge injection 
amount of PP grafted with maleic anhydride decreased obviously [18]. By measuring 
the space charge of PP grafted with different content of maleic anhydride at room 
temperature, the results show that the same polarity charge injection on the cathode 
side is inhibited after grafting 2% maleic anhydride [19]. In addition, it was found 
that grafting 1.14% 4-acetoxystyrene into PP can effectively restrain space charge and 
improve volume resistivity and DC breakdown strength [20].

1.2.3 Crystal form regulation

The polymer’s crystalline morphology will affect the material’s trap characteristics, 
thus affecting the carrier transport process. By adding β-NA into PP, it was found 
that the introduction of β-crystal deepened the trap energy level of the composites, 
thus inhibiting the accumulation of space charges [21]. It is found that when the β-NA 
doping content is 0.1 wt.% ~ 0.5 wt.%, the composite has a “flower-shaped” β-crystal 
morphology, and its mechanical properties and space charge suppression effect are 
the best [22].

1.3 Key issues in this research field

DC cable transmission technology will become an important link in building the 
future energy Internet channel. The development of environmental protection DC 
cable insulation materials with excellent comprehensive performance is the critical 
research direction. At present, there are the following problems in the research of 
PP-based DC cable insulation material modification:

1. The mechanism of β-NA effectively inducing PP to form β-crystal still needs fur-
ther study. From the influencing factors, the content and morphology of β-NA 
greatly influence the nucleation effect of β-NA in PP.
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2. From the research content, it is mainly concentrated in a single condition, 
without considering the actual working conditions, that is, different tempera-
ture fields and DC electric fields. It is necessary to conduct in-depth research to 
obtain the optimal modification methods and parameters.

3. Nanocomposite method is not yet mature, so applying it in large-scale engineer-
ing is challenging. However, β-NA is used to control the crystal form of PP, and 
the process is simple and practical, which provides researchers with a new idea 
of modification.

2. Effect of β-NA content on the electrical properties of PP

2.1 Microstructure observation

The addition of β-NA will change the crystalline state of polymer materials. Its 
crystalline behavior, including the changes in cell size and grain size, will also affect 
the electrical properties of polymer materials. The crystalline materials were observed 
by polarized light microscopy (POM) to find the relationship between the micro-
scopic crystalline state and the macroscopic characteristics.

Isotactic polypropylene (iPP) was selected as the research object, and the product 
of Maoming Company of Sinopec (K8003) had a melting point of 162°C, a density 
of 0.91 g/cm3, and a melting index of 2.5 g/10 min. β-NA is aromatic amide β-NA 
provided by Shanxi Institute of Chemical Industry. TMB-5 is a white powder with a 
melting point higher than 340°C, high nucleation efficiency, good dispersibility, and 
stable structure and performance. The mass fraction of β-NA added was 0.05%, 0.1%, 
0.2%, 0.5%, and 1.0% in turn.

In the process of β-NA nucleation, it is often accompanied by a change of micro-
morphology. Combined with the changes in crystallites observed by a polarizing 
microscope, the mechanism of β-NA affecting the mechanical properties of materi-
als can be explained. In this paper, Zeiss Gemini SEM 500 ultrahigh-resolution 
field emission scanning electron microscope was used to observe the brittle section 
of iPP-βx sample. After spraying platinum on the sample surface, the sample was 
scanned at 10 kV voltage, and the surface was observed at ×2000.

In Figure 1d, there are many regional brittle fracture lines on the brittle section 
of iPP-pure, which are blocky, and the brittle section is highly uneven. The blocky 
area of the brittle section of the sample with β-NA addition decreased significantly, 
and the overall brittle fracture caused the brittle section. When the mass fraction of 
β-NA is increased, such as iPP-β1.0%, the brittle fracture lines increase. This is also 
consistent with the phenomenon in the actual brittle fracture process. The speci-
men with β-NA added is more challenging to be brittle fractured by liquid nitrogen, 
indicating that its low-temperature toughness has improved dramatically. According 
to Figure 1b, it can be found that the iPP-pure sample has large spherulites, and its 
low-temperature toughness is poor. When it is brittle broken by liquid nitrogen, 
there are physical, structural defects in the sample, which easily become the weak-
ness of the whole structure. However, β-NA improves the compactness of crystals 
from the crystal level, strengthens the connection between crystallites, and makes 
it difficult to bend and break. However, when the mass fraction of β-NA increases, 
the uniformity of microcrystalline clusters decreases, and the connection between 
crystallites worsens.
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2.2 Crystallization characteristics

iPP is a semicrystalline polymer material, and the nucleating agent controls its 
crystallization behavior and crystal structure. The change of β-crystal content has the 
most significant effect on its properties, and the addition of β-NA is one of the most 
commonly used methods to regulate the crystal form of iPP. X-ray diffraction (XRD) 
was used to characterize the characteristic peak of the crystal form of the iPP sample, 
and the crystal composition and relative content of the material were analyzed. The 
crystal test results are shown in Figure 2.

It can be seen from Figure 2a that all six groups of samples show typical iPP 
diffraction patterns [23]. There are both α-and β-crystals in iPP-pure, and the latter 
is less. In iPP-βx, β crystal is the main component, and a small amount of α crystal 
is also contained. Combined with the POM observation results of microcrystalline 
cluster morphology, it was found that β-NA can effectively induce the production of 
β-crystalline iPP. The β crystal content K of iPP sample is shown in Figure 2b. With 
the increase of β-NA content, the value of K first increases and then decreases. This 
is because when the content of β-NA in iPP matrix is too high, the dispersion effect 
becomes worse and local clusters appear, and the total specific surface area of nucleat-
ing agent of clusters decreases, which inhibits the process of iPP epiphytic crystalliza-
tion and heterogeneous nucleation, and the content of β-crystal drops.

Figure 1. 
Microscopic observation images of iPP/β-NA sample. (a), (d)-(f) are SEM images, (b) and (c) are POM images.

Figure 2. 
Crystallization data of β-NA/iPP samples with different contents. (a) XRD spectrum, (b) relative content of β 
crystal and crystal cluster size, (c) DSC melting curve.
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The melting behavior of iPP with different content of β-NA was analyzed 
by a TA Discovery DSC250 differential scanning calorimeter (DSC), as shown in 
Figure 2c. Compared with iPP-pure, the crystallization peak temperature Tp and the 
initial crystallization temperature T0 of iPP-βx both move toward high temperature, 
which indicates that β-NA, as an external phase, makes iPP undergo heterogeneous 
nucleation, which reduces the interfacial free energy of the crystal, thus lowering the 
nucleation activation energy, and makes iPP form a stable crystal nucleus at a lower 
supercooling degree, and can crystallize smoothly at a higher temperature. With the 
increase of β-NA mass fraction, Tp tends to increase, which is more prominent.

2.3 Dielectric properties

The dielectric properties of iPP/β-NA composites were tested by a Novocontrol 
Concept 80 broadband dielectric spectrometer. As shown in Figure 3a, compared 
with iPP-pure, the β nucleating agent of iPP-β0.05% is only 0.05%, while the β crystal 
content is as high as 50%. The relative dielectric constant has no noticeable change, 
indicating that the β crystal content has little influence on the relative dielectric 
constant of iPP materials. TMB-5 β-NA belongs to substituted aryl heterocyclic 
phosphate, and it also contains impurities consisting of elements P, Na, and Cl, and its 
polarity is significant [24, 25]. It can be inferred that the relative dielectric constant of 

Figure 3. 
Electrical properties of β-NA/iPP samples with different contents. (a) Relative dielectric constant, (b) dielectric 
loss tangent, (c) DC breakdown field strength, and (d) conductance current curve.
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iPP composites is related to impurities, the content of β-NA itself, and its dispersion in 
the matrix. The more the β-NA content is and the more it is uniformly dispersed, the 
greater the relative dielectric constant is. When the content of the nucleating agent 
increases, the polarization of the nucleating agent itself and impurities in the electric 
field will be enhanced, but excessive β-NA content will also increase the viscosity 
of the composite system and the movement of its chain segments will be restrained. 
Overall, the relative dielectric constant increases first and then decreases.

Figure 3b shows that when the voltage frequency is lower than 1000 Hz, com-
pared with iPP-pure, the nucleating agent of iPP-β0.05% has a negligible effect, the 
content of β crystal increases to 50%, and its dielectric loss tangent decreases to some 
extent. With the further increase of its filling fraction, the dielectric loss tangent 
decreases at first. It then increases, which indicates that the dielectric loss tangent is 
also related to impurities, the filling amount of the nucleating agent, and its disper-
sion. On the whole, the increase of β crystal content is beneficial in reducing its 
dielectric loss tangent.

DC breakdown strength is an important index to measure the insulation perfor-
mance of materials. Many accidents often come from the decrease in breakdown 
strength of insulation materials after the long-term operation of equipment. The dis-
tribution of DC breakdown field strength obtained in this paper is shown in Figure 
3c. With the increase of β-NA mass fraction, the scale parameters of the sample first 
increase and then decrease, which is consistent with the change of β crystal content 
in the sample. However, the shape parameters gradually increase, which is related to 
the crystal’s poor uniformity and grain distribution dispersion with the increase of 
β-NA content.

Compared with breakdown and dielectric properties, direct current conduction 
can directly reflect the carrier transport process in the material under the action of 
electric field. To study the change of conductance current of iPP/β-NA composites. 
Figure 3d shows that the conductance currents of six groups of samples are arranged 
in the following order: iPP-pure > iPP-β1.0% > iPP-β0.5% > iPP-β0.05% > iPP-
β0.1% > iPP-β0.2%. As mentioned above, the transition electric field intensity of 
space charge limiting current, the corresponding turning point voltage is UΩ, and its 
corresponding electric field intensity is the electrical aging threshold of the material, 
which is the initial electric field intensity of the material aging. It is obtained by fit-
ting the turning point of the curve with discrete points in the figure. Overall, β-NA 
increases the electrical aging threshold of iPP materials, with 0.2% of iPP-β being 
the largest.

Space charge limiting current can reflect the trap characteristics inside the mate-
rial. On the one hand, with the increase of β-NA, the conductance current decreases 
at first and then increases and satisfies iPP-pure > iPP-βX. The charge trapped by 
the deep trap is more difficult to be trapped, and the carrier mobility μ is smaller. 
Therefore, the conductance current decreases with the decrease of carrier mobility, 
which is consistent with the change rule of dielectric loss tangent at low frequency 
(1000 Hz).

2.4 Space charge characteristics

The kinetic evolution of space charge will significantly influence the internal 
electric field distribution of the sample, and it can also reflect the change of traps in 
the sample. In this paper, the space charge distribution and dynamic evolution of iPP 
with different β-NA content are studied based on space charge test platform.
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It can be seen from Figure 4 that when the temperature rises to 70°C, six groups of 
samples begin to accumulate positive charges near the cathode. With the increase of 
polarization time, the positive charge injected from the anode migrates to the cath-
ode, and an apparent positive space charge accumulates near the cathode. The injec-
tion rate of space charge in iPP-pure is higher than in other groups. With the increase 
of β-NA content, the accumulation of space charge in the iPP sample first decreases 
and then increases.

According to the measurement results of space charge in the polarization process, 
calculate the distortion rate of electric field intensity, and measure three times in each 
group. See Table 1 for the average value of each group. It can be seen that at 25°C and 
100 MV/m, the electric field intensity distortion rate of six samples is less than 6%, 
among which the minimum is 4.1% for iPP-β0.2% and 4.3% for iPP-β0.1%. At 70°C, 
the maximum distortion rate of iPP-pure electric field intensity is 36.1%, the mini-
mum distortion rate of iPP-β0.1% is 13.2%, and that of iPP-β0.2% is 14.8%, which is 
within the experimental error range.

Generally speaking, the temperature dramatically influences the space charge 
performance of iPP samples, and the pure iPP samples will have evident space charge 
accumulation at 70°C. The addition of β-NA can inhibit the space charge accumula-
tion, especially at 70°C. In addition, the β-NA content is about 0.1 wt% ~ 0.2 wt%, 
which is the best. Space charge accumulation is closely related to trapping param-
eters. The average trap depth is an important parameter for studying space charges’ 

sample iPP-pure iPP-β0.05% iPP-β0.1% iPP-β0.2% iPP-β0.5% iPP-β1.0%

Distortion rate 

(%) 25°C

5.5 5.3 4.3 4.1 4.8 5.2

Distortion rate 

(%) 70°C

36.7 25.4 13.9 14.3 21.3 28.2

Table 1. 
Maximum electric field distortion within 30 min under −100 MV/m.

Figure 4. 
Space charge distribution of iPP samples at 70°C and − 100 MV/m for 30 min.
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accumulation and dissipation. Simply put, the larger the amplitude of the average trap 
depth, the slower the charge dissipation.

2.5 Carrier migration characteristics

According to the space charge test results, the variation curve of average trap depth 
and space charge accumulation is calculated, as shown in Figure 5a. With the increase 
of β-NA content, the accumulated space charge decreases and then increases. The 
accumulated space charge in iPP-β0.1% is less than that in other groups and iPP-pure > 
iPP-βx%. The change in average trap depth of the iPP sample is the opposite.

According to the charge injection theory, the charge must overcome a specific bar-
rier (φm-χ) to enter the dielectric from the electrode. The difficulty of charge injection 
increases with the increase of barrier height. Because the electrode materials used in 
the space charge test are all aluminum, they have the same φm. The electron affinity 
decreases with the increase of the dielectric constant. Therefore, as shown in Figure 3a, 
with the rise of β-NA mass fraction, the relative dielectric constant of the composite 
increases first and then decreases, while the electron affinity is on the contrary so that 
the barrier height increases first and then decreases. Finally, the number of injected 
electrons Ne decreases first and then increases. It can be seen that the addition of 
appropriate β-NA is beneficial in inhibiting the accumulation of space charges.

As shown in Figure 5c, the contact area between unit cells of microcrystalline 
clusters in β-crystalline iPP is more significant than that of round α-crystalline iPP, 
and there are some phenomena such as entanglement of molecular segments, as 
shown in Figure 5d. The current research results show that the electrons in the poly-
mer are easier to pass through the larger free space, including the amorphous region 
and micropores in the material. The formation of microcrystalline clusters leads to the 
entanglement of molecular segments, which reduces the free space in the material, 
makes the electrons more challenging to pass through, and reduces mobility [26].

When the content of β-NA is low, the nucleating agent is uniformly dispersed in 
iPP matrix, the content of β-crystal gradually increases, the average size of crystal-
lite clusters decreases, the interface area between crystallites increases, and the trap 
density and average trap depth increase. However, the trap density on the surface of 
the material is much higher than that inside the material, and the charges injected by 
the electrode are easily caught by the traps on the surface of the material. The gener-
ated internal electric field increases the charge injection barrier of the electrode, and 
finally, the total charge injection amount decreases [26]. When the β-NA content 
further increases to 0.5% or even 1.0%, the β-NA particles begin to agglomerate, and 
the efficiency of β-crystal formation induced by unit mass decreases, which leads 
to the decrease of β-crystal content, the increase of the average size of crystallite 
clusters, the reduction of interface area between crystallites, the decline of deep trap 
density and average trap depth, the weakening of space charge suppression effect, 
and the rebound of the accumulated amount to some extent.

3. Electrical properties of iPP/self-assembled β-NA

3.1 Crystallization and morphology observation

From the previous research, it can be found that the nucleation process of TMB-5 
β-NA is mainly heterogeneous nucleation. That is, the nucleating agent has alternating 
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polar and nonpolar parts to form a sandwich structure, which contains the molecular 
chains of iPP and arranges them neatly. The induction effect of the nucleating agent 
is not only related to its mass fraction but also closely related to its morphology. β-NA 
can self-assemble into different forms at different hot processing temperatures and 
has other crystallization regulation behaviors on PP, thus affecting its comprehensive 
properties [27, 28].

Samples with hot working temperatures of 180°C, 240°C, and 280°C were named 
iPP-β180, iPP-β240, and iPP-β280, and the control group was iPP-pure, that is, 
samples without a nucleating agent.

It can be seen from Figure 6 that iPP-pure shows a typical large-size spherulite 
morphology at room temperature. The crystallite cluster morphology in iPP-β180 
is rod-shaped, while iPP-β240 has an apparent transverse crystal structure, while 
iPP-β280 offers a feather-like crystal, and the crystal uniformity decreases. When the 
temperature rises to 180°C until the iPP matrix melts, no nanoscale nucleating agent 
particles can be observed in iPP-pure and iPP-β180. Still, the self-assembly of the 
nucleating agent into needle-like structure appears in iPP-β240, and the dendritic net-
work structure appears in iPP-β280. It can be found that the crystalline morphology 
of iPP is highly similar to that of a self-assembled nucleating agent. This is because 
the polarity of TMB-5 β-NA is significant, and its solubility in iPP melt is different at 
different temperatures. When the hot pressing temperature is 180°C, it is insoluble 

Figure 5. 
(a) Curves of space charge accumulation and trap depth and (b) non-isothermal crystallization curves of 
β-NA/iPP samples with different contents, (c) growth phase diagrams of α-crystal and β-crystal at different 
temperatures, and (d) schematic diagram of iPP crystallization on β-NA surface.
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in iPP melt and dispersed in iPP in the form of initial particles (nanometer crystals). 
When the hot pressing temperature rises to 240°C, β-Na dissolves in the molten iPP 
matrix. In the cooling process, the nucleating agent precipitates first, and the needle-
like fiber is self-assembled by intermolecular hydrogen bonding. However, when the 
processing temperature is further increased to 280°C, the movement ability of the 
dissolved nucleating agent molecules is enhanced, and the molecules are uniformly 
dispersed in the matrix. It is easy to precipitate into a dendritic network structure 
when the temperature is lowered.

The change of self-assembly morphology of β-NA will also make iPP have different 
crystalline states, and XRD will also test the crystal structure. The XRD test results 
of iPP/self-assembled β-NA samples are analyzed, and the results are shown in 
Figure 6e. There are both α and β crystal forms in iPP-pure, and the latter is less. In 

Figure 6. 
(a)–(d) POM images of iPP/self-assembled β-NA at room temperature, (e) XRD spectrum, (f)–(i) POM images 
at 180°C, (j)–(l) schematic diagram of iPP crystal morphology on the surface of self-assembled β-NA.
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iPP-βy (y refers to hot pressing temperature), β crystal is the main form, and a small 
amount of α crystal is also contained. Similarly, the β-crystal content K of the iPP 
sample is calculated. As shown in Figure 6, the K in iPP-pure is only 1.8%, while the 
β-crystal content in iPP-β240 is the highest, with the K value reaching 66.3%.

Compared with iPP-pure, β-NA nanoparticles in iPP-β180 increased the number 
of heterogeneous nucleation points in the crystallization process of iPP and promoted 
the formation of β crystals. The nucleating agent particles in iPP-β240 are dissolved in 
the matrix, which supports its dispersion in iPP. The nucleating agent self-assembles 
into acicular fibers. Compared with particles, its total specific surface area increases, 
improving nucleation efficiency. At the same time, with the rise in hot processing 
temperature, the movement of the iPP molecular chain is enhanced, and it is easier 
to be adsorbed on the surface of the nucleating agent, which promotes the nucleation 
process and further increases the content of β crystals. However, for iPP-β280, the 
nucleating agent self-assembled into a dendritic network structure, and the total 
specific surface area decreased compared with that of the needle, which eventually 
led to the decrease of β crystal content to some extent.

Figure (j)–(l) are schematic structural diagrams of self-assembly of β-NA fused 
in iPP matrix and subsequent crystallization morphology of iPP. At the low pro-
cessing temperature of 180°C, β-NA cannot be dissolved in the polymer melt, so it 
keeps its original dot shape to induce iPP to crystallize into spherulites, as shown 
in Figure 6j. With the increase in hot working temperature, such as 240°C, β-NA 
gradually melts into the polymer. The nucleating agent can self-assemble when 
cooled into a fiber needle structure with a high aspect ratio through intermolecular 
hydrogen bond interaction, as shown in Figure 6k. The premise of forming the 
needle-like structure of the fiber is the melting of the nucleating agent. At a higher 
processing temperature, such as 280°C, more dissolved β-NA participates in the self-
assembly process to produce relatively longer fibers, which are connected to form 
a dendritic network structure, as shown in Figure 6l. At this temperature, the iPP 
matrix melted, and the nucleating agent remained unchanged. Then iPP epitaxially 
grew along the surface of the fiber needle nucleating agent, forming a mixed cross-
crystal morphology with orientation. In the hot pressing process, the fiber needle-
like nucleating agents tend to align along the flow direction so that their alignment 
is transformed into the orientation of polymer sheets through the template mecha-
nism. The nucleating agent with a high aspect ratio fiber needle structure has the 
best induction effect, further increases the content of β crystal, and significantly 
improves its electrical properties. However, with the rise of hot working tempera-
ture, when the fibers are connected to form a dendritic network structure, lamellae 
grow on its surface and finally appear as feather-like crystals. Compared with the 
needle-like structure of fibers, its total specific surface area decreases, which leads 
to the decrease of the β crystal induction effect.

3.2 Dielectric properties

As shown in Figure 7, the self-assembly of β-NA has a specific influence on the 
dielectric properties of the material. With the increase of hot pressing temperature, 
the relative dielectric constant increases at first and then decreases. In contrast, the 
change of dielectric loss tangent is the opposite, in which the dielectric loss tangent 
of iPP-280 is the smallest, which may be related to the self-assembly of the nucleating 
agent into a dendritic network structure.
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It can be seen from Figure 7c that the shape parameter of the sample (the disper-
sion of DC breakdown electric field strength) increases, which indicates that 
the self-assembly of the nucleating agent makes the uniformity of the sample 
crystallization decrease to some extent. Under the same external conditions, the 
DC breakdown electric field strength of the iPP-β240 sample (nucleating agent 
self-assembled into fiber needle) is the highest, 14.3% higher than that of iPP-pure. 
However, the DC breakdown electric field strength of iPP-280 decreased to some 
extent, which was related to the decrease of β crystal-induced generation rate 
per unit surface area of nucleating agent. At the same time, compared with the 
test results of DC conductivity current, it was also found that the self-assembled 
dendritic nucleating agent made the conductivity current of the composite material 
increase. That is, under the same electric field strength, more charges frequently 
fell in and out, which would release energy and lead to the decrease of breakdown 
strength.

Figure 7d shows the curves of the experimental conductance current and the 
applied electric field intensity of four groups of iPP samples in double logarithmic 
coordinates. Under the same external conditions, the conductance currents of 
the four groups of samples were arranged in the following order: iPP-pure > iPP-
β180 > iPP-β280 > iPP-β240. That is, with the increase in processing temperature, the 
conductance currents decreased at first and then increased. In addition, the threshold 
electric field intensity iPP-β240 is the largest. Compared with iPP-pure, adding β-NA 
or self-assembly into acicular fibers increased the relative content of β-crystals in the 

Figure 7. 
iPP/self-assembled β-NA sample (a) relative dielectric constant, (b) dielectric loss tangent, (c) DC breakdown 
field, and (d) conductance current curve.
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sample, and the DC conduction current decreased. However, when β-NA is self-
assembled into a dendritic network structure, its conductance current increases to a 
certain extent, possibly due to the decrease of β-crystal content. At the same time, the 
nucleating agents of the network structure were connected in the iPP matrix. Under 
the influence of impurities, they acted as bridges, leading to the increase in dielectric 
loss.

3.3 Space charge characteristics

The space charge distribution and dynamic evolution of iPP/self-assembled 
β-NA are shown in Figure 8. With the test temperature rising to 70°C, a noticeable 
accumulation of space charges of different polarities appeared near the cathodes of 
the four groups of samples. The charges injected by the electrodes easily moved to 
the opposite electrodes. Among them, iPP-pure samples accumulated more positive 
body charges, and with the extension of polarization time, there was a growing trend. 
It is calculated that when the polarization time is 30 min, the charge amount reaches 
25.0 (× 104c/m), while that of iPP-β240 is only 8.3 (× 104c/m), which has the least 
charge accumulation. It can be seen that the self-assembly of β-NA into fiber needles 
has a noticeable inhibition effect on the space charge accumulation. However, the 
self-assembled branch network structure is (8.3 (× 104c/m)), and the effect is not 
apparent.

Figure 8. 
Space charge distribution polarized at 70°C and 100 MV/m for 30 min.
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3.4 Electric field distortion

Under the high electric field (−100 MV/m), the charge injected into the polymer 
is trapped by the material trap, accumulating to form space charge, which distorts 
the electric field intensity in the material, and then generates electrical stress. In 
severe cases, the internal micropores and cracks will cause partial discharge, and the 
dielectric will be easily aged for a long time, even breakdown, etc. Therefore, under 
the same conditions, the distortion rate of the electric field is an important index to 
measure the space charge characteristics of materials.

As can be seen from Figure 9a, the internal electric field intensity of the four 
groups of samples is distorted to different degrees when polarized at 70°C and − 100 
MV/m for 30 min, and there is a big difference. The distortion of iPP-pure is the most 
serious, and that of iPP-β240 is better. Among them, the maximum electric field 
intensity of iPP-pure always rises, while the maximum electric field intensity of iPP-
β240 and iPP-β180 remains unchanged after 8 min polarization.

Figure 9b shows that the minimum electric field distortion rate of iPP-β240 is 
only 7.5%, that of iPP-β280 is 31.9%, and that of iPP-pure is 33.6%, which indicates 
that the addition of β-NA can induce the formation of β-crystal, which can inhibit the 
space charge accumulation to some extent. However, when β-NA self-assembles into 
fibrillar needles, the inhibition effect is enhanced, while the self-assembly into the 
dendritic network is weakened.

On the one hand, the needle-like fiber formed by self-assembly increases the 
relative dielectric constant of the composite material, and the holes enter the sample 
through a lower potential barrier so that the injection amount of holes increases. 
The process of electrons entering the medium from the cathode is the opposite, and 
finally, the sample as a whole shows the accumulation of positive space charges. At the 
same time, with the increase in temperature, the excess hole mobility increases and 
moves to the cathode, and the accumulation phenomenon occurs near the cathode. 
On the other hand, with the rise of β crystal content in the sample, the average trap 
depth of the material increases. The surface deep trap traps the charges of the same 
polarity injected into the electrode, weakening the electric field strength between the 
electrode and the electrode and inhibiting the further injection of charges. On the 
contrary, the charges trapped by shallow traps on the material’s surface are easy to 
migrate to the inside, increasing the space charge accumulation. Therefore, the aver-
age trap depth of the iPP-β240 sample is the deepest, and its charge accumulation and 
electric field distortion rate are the smallest.

Figure 9. 
iPP/self-assembled β-NA samples: (a) space charge accumulation and average trap depth, (b) maximum internal 
electric field, (c) maximum electric field distortion.
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3.5 Trap characteristics

The thermal stimulation current measurement theory (TSC) is developed based 
on dielectric physics, which can effectively evaluate the microscopic trap param-
eters of dielectric materials. TSC curve can directly reflect the trap characteristics 
inside the material. The larger the characteristic peak value, the higher the trap 
density, and the higher the peak temperature, the deeper the trap energy level. In 
addition, by secondary calculation of the TSC curve, the corresponding parameters 
such as trapped charge amount, relaxation time, and activation energy can be 
obtained.

It can be seen from Figure 10a and b that the TSC curve of each group of iPP 
samples is decomposed into two Gauss waves, and the fitting results are all above 
0.996. Because each current peak is caused by the release of trap charge, by inte-
grating the current release peak curves of each single trap level, it is found that the 
trapped charge of the iPP/β-NA sample is more significant than that of Pure iPP. 
Therefore, β-NA increases the trap trapping ability of iPP composites. This is because, 
after the introduction of β-NA, more than 90% β crystal form is generated, which 
brings more interface traps between crystalline and amorphous regions. In addition, 
β-NA doping increases the activation energy of the carrier relaxation process, thus 
reducing the relaxation time.

Figure 10. 
(a) And (b) TSC current diagrams of iPP materials, (c) and (d) trap energy level density distribution of iPP 
materials.
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By the improved TSC method mentioned above, the sample’s trap level density 
distribution curves are shown in Figure 10c and d. The trap energy levels of the two 
trap peaks of pure iPP are 1.089 eV and 1.138 eV, respectively, and the corresponding 
trap densities are 1.00× 1021/(m3∙ev) and 1.59× 1021/(m3∙ev), respectively. At the same 
time, β-NA doping does not introduce apparent new trap energy levels (shallow traps 
with trap peaks around 1.1 eV). The addition of β-NA makes iPP lamellae thinner and 
shorter, and the interface area between the crystalline phase and amorphous phase 
and physical defects at the interface increase, which also leads to the further growth 
of shallow trap density [29].

4. Conclusion and outlook

4.1 Conclusion

iPP/β-NA was used to modify and control different influencing factors, and 
samples of iPP/β-NA with different contents and iPP/self-assembled β-NA were 
prepared, respectively. The materials’ basic physical and chemical properties and 
electrical properties were tested and analyzed, and the influence of this modifica-
tion method on the comprehensive properties of iPP was explored. In this paper, the 
effects of the content and morphology of β-NA on the space charge characteristics 
of modified composites under different temperature fields and strong electric field 
polarization conditions are studied emphatically. According to the processes of space 
charge injection, transportation, accumulation, and dissipation in different iPP/β-NA 
composites, the corresponding explanations are given based on the fundamental 
physical and chemical properties, electrical properties, and related dielectric basis of 
the composites.

4.2 Outlooks

Based on the actual operating conditions of HVDC cables, further research is still 
needed in the future:

1. The research on the modification of iPP/β-NA can go deep into improving the com-
posites’ fundamental properties and space charge characteristics by regulating the 
non-isothermal crystallization process, including optimizing the cooling rate.

2. In the study of iPP crystal form control to improve the comprehensive properties 
of composites, the effect of iPP/β-NA/elastomer ternary blend on the crystalliza-
tion state and comprehensive properties of polyethylene materials can be studied 
from the point of view of synergy between β-NA and elastomer.

3. Considering the actual operating conditions of DC cables, the test condi-
tions of iPP/β-NA modified composites can be from the actual conditions to 
the transient conditions such as polarity reversal and pre-breakdown, etc. 
Meanwhile, the stability of the materials under long-term operation should be 
emphasized, and the performance comparison with the existing polyethylene-
based DC cable materials should be strengthened to study the practicability of 
iPP-based composites.
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