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Abstract: Moisture has been a crucial problem during the operation of cable systems. When we
are faced with polypropylene (PP)-based insulation for the development of cable systems, there are
few reports on the effects of water intrusion on the electrical performances of PP. In this study, the
water absorption characteristics of isotactic PP (iPP) and atactic PP (aPP), as well as their effects
on volume resistivity and relative permittivity, were investigated. The structure evolution during
the water absorption process of the two PPs was also compared via infrared spectra and X-ray
diffraction analyses. The results show that both of the two PPs show a saturation of water absorption
at ~216 h, even though there are structural differences. And water intrusion into bulk could increase
the interplanar spacing of iPP while decreasing the interplanar spacing of aPP. Moreover, with the
increase in water absorption, the volume resistivity of the two PPs show a decreasing trend while the
relative permittivity presents an increasing behavior, which shows an almost linear correlation.

Keywords: water absorption; insulating properties; polypropylene; diffusion process

1. Introduction

As a crucial component for transmitting and distributing electrical energy, the safe,
reliable, and efficient operation of power cables is essential for maintaining a stable power
supply [1–4]. The electrical properties and quality of insulation materials in cable sys-
tems are critical for ensuring the safe and stable operation of power systems [5]. With
the advocacy of green, low-carbon, and environmentally friendly sustainable develop-
ment strategies, the development of environmentally friendly cable insulation materials
has become an urgent challenge for the power cable industry [6,7]. Polypropylene (PP)
possesses excellent electrical properties, good thermal stability, ease of processing and
manufacturing, low production costs, high production efficiency, and recyclability after de-
commissioning [8–11]. Therefore, PP represents a promising direction for the development
of environmentally friendly cable insulation materials, addressing several environmen-
tal drawbacks associated with cross-linked polyethylene (XLPE). Firstly, manufacturing
XLPE-insulated cables involves complex, time-consuming, and energy-intensive processes,
including crosslinking and degassing. Secondly, XLPE is a thermosetting insulation material
that cannot be directly recycled after decommissioning; thus, landfill, thermal, incineration,
and catalytic pyrolysis are the current treatment methods for retired XLPE insulation, and
these pose significant environmental hazards [12]. Therefore, due to the above factors, PP
insulation materials have garnered significant attention from both academia and the power
cable industry in recent years [13,14].

Currently, power cables in service are experiencing frequent accidents, with insulation
moisture being the most susceptible defect that can trigger these occurrences [15]. Cable
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bodies and accessories are often installed in cable trenches, conduits, or tunnels, and due
to weather conditions or other factors, these areas tend to accumulate significant amounts
of water. As a result, cables and their intermediate accessories can become submerged,
ultimately leading to insulation moisture defects [16]. It is reported that without considering
external damage, most cable failures are attributed to insulation moisture [17]. Li and Liang
et al. analyzed the variation in insulation parameters of the cable main insulation of XLPE
and the cable accessory-reinforced insulation of silicone rubber under different moisture
conditions were studied experimentally. Furthermore, the effects of typical moisture defect
forms and moisture positions on electric field distributions have been studied [18]. Li and
Zhao et al. analyzed the influence of the accelerated water treeing test on the properties
of 10 kV XLPE cable insulating materials. The dielectric and physicochemical properties
of both aged and unaged samples were tested [19]. When insulation becomes damp, it
reduces the insulating properties and current-carrying capacity of the cable. This can lead to
uneven electric field distribution, resulting in partial discharge or tree discharge, which can
ultimately cause insulation failure [20]. With environmentally friendly PP-insulated power
cables emerging as the new mainstream, the issue of water intrusion in PP cables remains a
crucial research direction in the power industry. However, the majority of current studies
are focused on optimizing and modifying PP materials and their engineering trials [21–23],
leaving a gap in the research regarding the evolution mechanism of dielectric properties in
PP-based insulated cable systems under the threat of water intrusion.

Therefore, this study focuses on two types of PPs, including isothermal polypropylene
(iPP) and atactic polypropylene (aPP). Initially, a comparative analysis is conducted to
examine the differences in molecular structure, free volume, and crystal structure between
the two PPs before a water immersion test. Next, the weight variation of the PPs is measured
at different immersion times to analyze their water absorption properties. Subsequently,
the structural changes in the PPs under the water immersion are investigated by Fourier
transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis. Finally, the
variations in volume resistivity and relative permittivity of PPs with different frequencies
at different immersion time are acquired. And the relationship between the dielectric
properties of PPs and water absorption process is further discussed.

2. Materials and Methods
2.1. Sample Preparation

Commercially available iPP and aPP were selected. The iPP shows an isotactic con-
tent of 98%, with a density of ~0.91 g/cm3 (23 ◦C) and a melt index of 3.0 g/10 min
(230 ◦C/2.16 kg). And aPP has a density of ~0.90 g/cm3 (23 ◦C) and a melt index of
2.5 g/10 min (230 ◦C/2.16 kg). Details of the PPs are listed in Table 1.

Table 1. Details of PPs used in this investigation.

Samples Isotacticity/% Melt Index/(g/10 min)
(230 ◦C/2.16 kg)

Density/(g/cm3)
(23 ◦C)

Tensile Strength
/MPa

iPP 98% 3.0 ~0.91 32.8
aPP \ 2.5 ~0.90 28.0

Pellets of PPs were first dried in an oven at 70 ◦C for 24 h. And then plate samples with
a dimension of 10 cm × 10 cm × 0.1 cm were prepared by a vulcanizer. The preparation
process involved placing a mold containing the appropriate amount of raw pellets onto
the vulcanizing machine, preheating it to 190 ◦C for 1 min, and conducting 3~5 exhaust
cycles. The pressure was then increased to 15 MPa, and after 15 min of heating, the mold
was removed. Once it was cooled to room temperature, the PP film specimen was extracted
and its surface was wiped with anhydrous ethanol. Before tests, all the plate samples were
pre-treated at 70 ◦C for 48 h to remove internal moisture and to relieve residual stress.
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2.2. Water Immersion Test

The plate samples were totally immersed in a water tank containing deionized water.
The upper edge of each specimen was 20 cm below the water surface, and each side of every
specimen was kept in full contact with the water. During the whole immersion process,
the temperature was controlled at 30 ◦C. The water soaking process of samples lasted for
216 h [24].

2.3. Water Absorption Rate Measurement

The mass variation of plate samples in the immersing process was evaluated by a
precision balance with a resolution of 0.01 mg. Samples were taken out and weighted on a
timed interval. Before weighing, residual water on the surface of samples was removed
with bibulous paper. The water absorption rate is defined as follows:

χt = (Wt − W0)/W0 × 100%, (1)

where χt is the water absorption rate at the immersion time of t, Wt is the weight of
the sample at the immersion time of t, and W0 is the original weight of the sample in
dry conditions.

The average value of three measurements was recorded. After weighing, samples
were immersed in water again [25].

2.4. FTIR Spectroscopic Analysis

FTIR spectra (Spectrum Two, PerkinElmer, Waltham, MA, USA) were used to compare
changes in chemical bonds before and after water absorption of PPs. After residual water
on the sample surface was removed, the wavenumber of samples ranged from 525 cm−1 to
4000 cm−1 and a resolution of 4 cm−1 in the transmission mode was recorded. A total of
32 scans was conducted.

2.5. XRD Analysis

XRD analysis (D2 Phaser, Bruker AXS GmbH, Karlsruhe, Germany) of samples was
employed to determine the effect of water absorption on the crystalline structure of PPs.
A copper target was used, generating an X-ray at a wavelength of 0.15406 nm. When a
voltage of 36 kV and a current of 20 mA were applied, the data were scanned from 10◦ to
60◦ at a rate of 5◦ per minute.

2.6. Differential Scanning Calorimerty (DSC) Analysis

The melting and crystallization behaviors of two PPs were analyzed by using a DSC
(DSC1, Mettler, Zürich, Switzerland). The samples of 5 mg were heated in a nitrogen
atmosphere from 30 ◦C to 200 ◦C at a heating rate of 10 ◦C/min and then maintained at
200 ◦C for 3 min. They were then cooled back to 30 ◦C at a cooling rate of 10 ◦C/min.
Thermograms were recorded during the heating and cooling processes. The crystallinity
(XC) of PP was calculated by the following equation:

XC = ∆Hm/∆H100 × 100%, (2)

where ∆Hm was the measured heat of fusion from the melting curve for two PPs, and
∆H100 = 209 J/g was adopted as the melting enthalpy of fully crystalline PP [26,27].

2.7. Positron Annihilation Lifetime Spectrum (PALS) Analysis

PLAS (PLS2-SYSTEMTK, ORTEC, Atlanta, GA, USA) was measured using a fast–fast
coincidence device with a spectrometer resolution of ~290 ps. The radioactive activity of
the positron source 22Na was approximately 30 µCi, and the counts for each spectrum were
greater than 1.5 × 106. The spectral fitting was performed using a three-lifetime model. In
the positron annihilation of polymers, based on the infinite deep spherical potential well
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model of free volume, the relationship between the third lifetime τ3 and the radius R of the
free volume is as follows.

τ3
−1 = 2{1 − R/(R + ∆R) + 1/2π sin [2πR/(R + ∆R)]}, (3)

where ∆R is 0.166 nm for polymers and free volume VF and corresponding fraction FV of
the sample can be illustrated by the following equations [28–30].

VF = 4πR3/3, (4)

FV = CI3VF, (5)

where C is a constant, which is equal to 0.0018 nm−3, and I3 is the intensity of the third
lifetime τ3 in %.

2.8. Volume Resistivity Measurement

A three-electrode system (ZC36, Shanghai Sixth Electric Meter Factory Co., Ltd.,
Shanghai, China) was used to investigate the volume resistivity of the two PPs. The
environment temperature remained at 30 ◦C. Direct-current voltage at 1 kV was applied to
samples with different water immersion times. The current values at 15 min were obtained.
When the applied voltage and specimen thickness were acquired, the volume resistivity
was calculated and the average value of three samples was taken.

2.9. Relative Permittivity Analysis

To reveal the influence of water content on the relative permittivity of PPs, an LCR
(LCR 6365, SAIMR, Suzhou, China) analyzer was used to measure the variation of capaci-
tance Cp for PPs with increasing immersion time under various frequencies, including 1 Hz,
50 Hz, 1 kHz, and 10 kHz. With the influence of edge effects being neglected, the relative
permittivity εr of plate samples was then calculated based on the following equation:

εr = Cp·t/(ε0·S), (6)

where Cp is the value of capacity in F; t is the thickness of the sample in m; ε0 is the
permittivity of the vacuum, which is 8.85 × 10−12 F/m; and S is the area of electrodes
in m2.

3. Results
3.1. Structure Differences between iPP and aPP

The differences in chemical groups, free volume and crystal structures between iPP
and aPP when dry are shown in Figure 1. Figure 1a presents the FTIR spectra of the iPP and
aPP, both revealing peaks at 2953 cm−1, 2917 cm−1, 2866 cm−1, 2839 cm−1, 1459 cm−1, and
1375 cm−1. The peaks at 2953 cm−1 and 2917 cm−1 correspond to asymmetric stretching
of –CH3 and –CH2–, respectively. And the peaks at 2866 cm−1 and 2839 cm−1 represent
symmetric stretching motions of –CH3 and –CH2–. The peaks at 1459 cm−1 and 1375 cm−1

are associated with bending vibrations and symmetric deformation vibrations of –CH3
and –CH2–. The peak locations are consistent with the results of Zheng et al. [31] and
Shen et al. [32]. Obviously, there are no significant differences in the positions of functional
groups between iPP and aPP samples.

As depicted in Figure 1b, the free volume characteristics of iPP and aPP are different.
It can be observed that the τ3 of iPP is higher than that of aPP, and the free volume radius
R for iPP and aPP is 0.614 and 0.598, respectively. This indicates that the average pore
diameter of iPP is larger than that of aPP. Additionally, the free volume fraction of iPP is
0.042, which is slightly higher than that of aPP.
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From the XRD patterns of iPP and aPP shown in Figure 1c, it can be seen that, for
iPP, there are obvious peaks at 2θ = 14.3◦, 17.2◦, 18.9◦, 21.3◦ and 22.1◦, which correspond
to the plane diffraction of the α-crystal form for PP at (110), (040), (130), (131) and (041),
thus indicating that the main crystal type of the iPP is α-crystal. For aPP, there are peaks
at 2θ = 14.0◦, 16.8◦, 18.6◦, 20.1◦, 21.2◦, and 21.9◦, where five peaks have the same location
corresponding to the peaks of the iPP and one additional peak at 2θ = 20.1◦ corresponds to
the plane diffraction of γ-crystal form for PP at (117). This phenomenon indicates that the
crystal type of the aPP is a mixture of α-crystal and γ-crystal forms.

The melting curves of the two PPs are shown in Figure 1d. The melting peak of iPP is
a single peak with a sharp shape, and the melting peak temperature Tm is 165.29 ◦C. The
calculated crystallinity degree of iPP is about 55.19%. The melting peak range of aPP is
wider than that of iPP. Except for a sharp melting peak located in the vicinity of 149.39 ◦C,
there is also a broad peak partially overlapping with it near 137 ◦C, and its degree of
crystallinity is 44.05%, which is less than that of iPP. The difference in crystallinity degree
for the two PPs is due to the fact that iPP has a higher tendency to crystallize because of
its more regular chain structure. The double peaks shown in the melting process of aPP
are probably due to the fact that there are α and γ crystal forms in aPP, as illustrated by
the XRD results. The existence of different crystal types in PP will lead to the generation of
melting double peaks [33].
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3.2. Variation of Water Absorpiton with Time for PPs

The relationship between the water absorption rates of PPs and the water immersion
time is shown in Figure 2. It can be seen that the water absorption rates of PPs show an
upward trend. Simultaneously, by comparing the water absorption rate of iPP and aPP, it is
observed that during the early 12 h of water immersion, the water absorption rate of iPP is
slightly higher than that of aPP. The reason for this phenomenon may be due to the larger
free volume of iPP compared to aPP.
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However, in the immersion time range of 12 h to 120 h, the water absorption rate
of aPP was higher than that of iPP, and the gap between them first increased and then
decreased. At the immersion time of 48 h, the difference in water absorption rates between
the two samples reached its maximum, at a value of 0.04%. From 120 h to 168 h, the water
absorption rates of both PPs showed a slow upward trend, with comparable increases.
This growth trend may be attributed to both samples approaching their water absorption
saturation states, resulting in slower growth rates for the two PPs. From 168 h to 216 h, the
growth in water absorption rates of both samples was relatively flat, indicating that the
two PPs were approaching a saturated state with a water absorption rate of approximately
0.28%. At the immersion time of 216 h, it can be observed that the water absorption rate of
iPP is slightly higher than that of aPP, which may be attributed to its relatively larger free
volume and higher free volume fraction.

3.3. Structure Changes before and after Water Absorption of PPs

From the FTIR spectra given in Figure 3, comparing differences in chemical groups
between PPs in their dry and water-saturated states, it can be observed that for the pure
water, the peak at 1645 cm−1 and the broad peak ranging from 3205 cm−1 to 3375 cm−1

correspond to the stretching vibration peak and bending vibration peak of the O–H bond,
respectively. For aPP, the peak at 3205 cm−1 in the water-saturated state increased sig-
nificantly, indicating that the content of water in the bulk of iPP increases after water
immersion. In the water-saturated state, the transmittance difference between iPP and aPP
at 3205 cm−1 before and after water absorption was 2.68% and 3.98%. Therefore, the peak
that appeared at 3205 cm−1 for iPP was not as significant for aPP. From the equivalent
water absorption rate and the reduction in absorption intensity, it could be inferred that the
O–H bond stretching vibration is suppressed in iPP, and further investigation is needed to
determine how this occurs.
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Further analysis of the XRD patterns for the two PPs before and after water absorption
in Figure 4 reveals that no new peaks appeared, nor did the original peaks disappear after
water absorption for PPs, which shows that the water intrusion process has little influence
on crystal forms of PP and water itself has minimal impact on the crystal forms of the PP.
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In order to study differences in the crystalline structure between the two PPs before
and after water absorption, the interplanar spacing of samples is calculated based on the
Bragg’s equation.

2d·sinθ = n·λ, (7)

where d is interplanar spacing in Å; θ is the incident angle in ◦; n is the series of reflection;
λ is the wavelength of the incident X-rays, 1.54056 Å. The calculated results are shown
in Table 2. Before water absorption, interplanar spacing d of a single α-crystal for iPP are
smaller, while interplanar spacing d of the α-γ mixed crystal for aPP is larger. After water
absorption, as presented in Table 2, the peaks of the iPP shift to the direction of angle
increment after water absorption, while the peaks of the aPP shift to the direction of angle
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reduction. Changes in the angle θ reveal the changes in interplanar spacing d, and the
phenomenon above indicates that after water absorption, the interplanar spacing of iPP
increases, while the interplanar spacing of aPP decreases.

Table 2. Differences in peak location and corresponding d of PPs before and after water absorption.

Peaks

iPP aPP

Before Water Absorption After Water Absorption Before Water Absorption After Water Absorption
2θ/◦ d/Å 2θ/◦ d/Å 2θ/◦ d/Å 2θ/◦ d/Å

Peak 1 14.3 6.20 14.2 6.25 14.0 6.34 14.2 6.25
Peak 2 17.2 5.16 17.1 5.19 16.8 5.29 17.1 5.19
Peak 3 18.9 4.70 18.8 4.73 18.6 4.78 18.9 4.70
Peak 4 21.4 4.16 21.3 4.18 21.2 4.20 21.5 4.14
Peak 5 22.1 4.03 22.1 4.03 21.9 4.07 22.2 4.01
Peak 6 / / / / 20.1 4.42 20.2 4.40

3.4. Variation of Electrical Properties with Water Immersion Time for PPs

Figure 5 depicts the changes in the volume resistivity of PPs with different water
immersion times. It could be noted that with the increase in water immersion time, the
volume resistivity of both two PPs exhibits a decreasing trend. This trend is attributed
to the water absorption of PPs, resulting in an increase in the amount of adsorbed water
in their bulk as the immersion time is prolonged. Consequently, the conductivity of PPs
increases, leading to a decrease in internal insulation resistance. Notably, the decrease in
volume resistivity is more pronounced for iPP compared to aPP. Under dry conditions, the
volume resistivity of iPP is higher than that of aPP, but after 216 h of water immersion, the
volume resistivity of iPP becomes lower than that of aPP. Taken together with the trends in
weight gain of the PPs at different immersion time obtained in Figure 2, it can be concluded
that the volume resistivity of iPP is more susceptible to water absorption.

Energies 2024, 17, x FOR PEER REVIEW 8 of 13 
 

 

of angle increment after water absorption, while the peaks of the aPP shift to the direction 
of angle reduction. Changes in the angle θ reveal the changes in interplanar spacing d, 
and the phenomenon above indicates that after water absorption, the interplanar spacing 
of iPP increases, while the interplanar spacing of aPP decreases. 

Table 2. Differences in peak location and corresponding d of PPs before and after water absorption. 

Peaks 
iPP aPP 

Before Water Absorption After Water Absorption Before Water Absorption After Water Absorption 
2θ/° d/Å 2θ/° d/Å 2θ/° d/Å 2θ/° d/Å 

Peak 1 14.3 6.20 14.2 6.25 14.0 6.34 14.2 6.25 
Peak 2 17.2 5.16 17.1 5.19 16.8 5.29 17.1 5.19 
Peak 3 18.9 4.70 18.8 4.73 18.6 4.78 18.9 4.70 
Peak 4 21.4 4.16 21.3 4.18 21.2 4.20 21.5 4.14 
Peak 5 22.1 4.03 22.1 4.03 21.9 4.07 22.2 4.01 
Peak 6 / / / / 20.1 4.42 20.2 4.40 

3.4. Variation of Electrical Properties with Water Immersion Time for PPs 
Figure 5 depicts the changes in the volume resistivity of PPs with different water 

immersion times. It could be noted that with the increase in water immersion time, the 
volume resistivity of both two PPs exhibits a decreasing trend. This trend is attributed to 
the water absorption of PPs, resulting in an increase in the amount of adsorbed water in 
their bulk as the immersion time is prolonged. Consequently, the conductivity of PPs 
increases, leading to a decrease in internal insulation resistance. Notably, the decrease in 
volume resistivity is more pronounced for iPP compared to aPP. Under dry conditions, 
the volume resistivity of iPP is higher than that of aPP, but after 216 h of water immer-
sion, the volume resistivity of iPP becomes lower than that of aPP. Taken together with 
the trends in weight gain of the PPs at different immersion time obtained in Figure 2, it 
can be concluded that the volume resistivity of iPP is more susceptible to water absorp-
tion. 

 
Figure 5. The volume resistivity of PPs at different water absorption time. 

To eliminate systematic errors within the measuring instruments, the relative per-
mittivity growth rate δε is adopted to characterize the variation of the relative permittivity 
with the increase in immersion time under 1 Hz, 50 Hz, 1 kHz, and 10 kHz. The relative 
permittivity growth rate δε is defined as 

Figure 5. The volume resistivity of PPs at different water absorption time.

To eliminate systematic errors within the measuring instruments, the relative permit-
tivity growth rate δε is adopted to characterize the variation of the relative permittivity
with the increase in immersion time under 1 Hz, 50 Hz, 1 kHz, and 10 kHz. The relative
permittivity growth rate δε is defined as

δε = (εrt − εr0)/εrt × 100%, (8)
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where εrt represents the relative permittivity of samples at the immersion time t, and εr0 is
the relative permittivity of samples at dry condition.

Figure 6 depicts the growth rates of relative permittivity for two PPs at different
immersion times at frequencies of 1 Hz, 50 Hz, 1 kHz, and 10 kHz. It can be observed that
frequency has little effect on the relative permittivity of two PPs at the same immersion time.
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As the immersion time increases, the relative permittivity of both PPs also increases.
The growth rate of relative permittivity for both samples at the four frequencies is relatively
fast in the early stages of immersion. However, as the immersion time continues to increase,
the growth rate gradually slows down. After an immersion time of 216 h, the relative
permittivity of iPP increased by approximately 17%, while the relative permittivity of aPP
increased by approximately 25%. This is because water is polar dielectric with the relative
permittivity of ~78 at 25 ◦C, which is much greater than the relative permittivity of PPs.
Therefore, based on the relationship between the water absorption rates of the two PPs
shown in Figure 2, as the immersion time increases, the water content in the two PPs
increases gradually, leading to the obvious increment in their relative permittivities.

A comparative analysis of the relative permittivity changes in the two PPs at four
different frequencies reveals that the change in relative permittivity is greater for aPP than
for iPP. However, when the immersion time reaches 216 h, the relative permittivity of aPP
is more affected by water absorption than that of iPP.

Further, the correlation between the relative permittivity and water absorption rates
of the two PPs at different immersion times under a frequency of 50 Hz is illustrated in
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Figure 7, in which linear fitting is used and the confidence level reaches 95%. The R-square
of iPP is about 0.940, and the R-square of aPP is approximately 0.963, which shows that
the linear correlation between water absorption and variation of relative permittivity for
both PPs is relatively good and there is a strong correlation between the increase in relative
permittivity of the two PPs and the increase in water content. However, it should be noted
that the slope of iPP is relatively lower than that of aPP, which indicates the effect of water
intrusion for the relative permittivity of iPP is more sensitive than that of aPP.
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4. Discussion

PP is a semi-crystalline polymer containing micro pores or free volume area at molec-
ular scale. As shown in Figure 1b, the radii of the spherical free volume for iPP and aPP are
0.617 nm and 0.598 nm, respectively, and it has been reported that the diameter of the water
molecule is about 0.2 nm [34]. So even though PP is hydrophobic, water can still spread
into the intermolecular space of PP as a result of the concentration difference. Thus, it is
possible to observe the saturated water absorption state of PP, and its possible mechanisms
are shown in Figure 8.
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Figure 8. A possible water diffusion model in both iPP and aPP.

Water molecules have polarity. Upon the application of the DC electric field, absorbed
water in PPs could take part in the polarization process of the whole bulk, which could
increase the polarization current. Meanwhile, water may accelerate the ionic conductivity
process, enhancing the long-range charge transference.
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The relative permittivity growth rate of aPP is greater than that of iPP, which may
be attributed to several factors. First of all, the change in crystal plane spacing between
the two PP samples caused by water diffusion affects polarization behavior. As illustrated
by Table 2, the crystal plane spacing of iPP increases after immersion, while the crystal
plane spacing of aPP decreases. Secondly, differences in crystallinity may also affect the
polarization behavior of semi-crystalline polymers. The higher the crystallinity, and the
more orderly the arrangement of the molecular chains, the stronger the intermolecular
forces, and the more difficult polarization is. This leads to the diffusion of water molecules
into the interior of the iPP sample, and the growth rate of its dielectric constant is slower
compared to aPP. Therefore, the growth rate of the relative permittivity of the aPP sample
is higher.

5. Conclusions

Water absorption of insulating materials in a power cable system can degrade the
insulation performance, posing a severe threat to the safe operation of the power grid. This
investigation explores the impact of water absorption for iPP and aPP. The conclusions are
as follows.

(1) The water absorption rates of both iPP and aPP increase with extended water im-
mersion, eventually reaching a saturation level of approximately 0.28% after around
216 h. Although the crystal form of PPs remains unchanged in a water environment,
water intrusion causes the interplanar spacing of iPP to increase, while the interplanar
spacing of aPP decreases slightly.

(2) The volume resistivity of both PPs decreases as the water absorption rate increases,
with iPP showing greater sensitivity to water intrusion. The increase in the water
absorption rate leads to an increase in the relative permittivity of PP materials. In
response to the saturated water absorption, the relative permittivity of iPP increased
by approximately 17%, whereas that of aPP rose by about 25%, indicating that the
relative permittivity of aPP is more affected by water.

There may be some limitations in this study, and future research should consider
the role of the electric field and the temperature in water diffusion process in PPs. These
findings may help us to understand the degradation of polymer applications in com-
plex conditions.
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