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Developing high-performance polyethylene-based insulating materials for high-voltage direct
current (HVDC) application is still a great challenge owing to space charge effects especially
under DC conditions. In particular, microscopic crystal-amorphous structures make the charge
transport process more complex under coupled fields, i.e., electric, temperature, and mechanical
fields. Here, we investigate the effect of heat treatment on the morphology and space charge
behavior of low-density polyethylene (LDPE) under temperature fields ranging from 20 to 60
°C under a high external DC field of —100 kV/mm. The results show that better crystallization
in LDPE was achieved with a lower annealing rate, and both the size and level of uniformity of
spherulites increased. Positive and negative charge packets were observed and followed the field-
dependent negative differential mobility (NDM) law, which were strongly affected by temperature.
According to the change in trap property, the effect of crystal-amorphous regions is critical to
long-range hole transport, because larger spherulites showed increased difficulty on interchain
tunneling, reduced carrier mobility, and reinforced hole trapping.

1. Introduction

Currently, polyethylene-based insulating materials have shown great potential for applications
in high-voltage direct current (HVDC) apparatuses owing to their excellent insulation properties, i.e.,
high resistivity and low carrier mobility."

Polyethylene is a semicrystalline polymer, whose morphology and structure are strongly
associated with heat treatment and additives.>?
polyethylene consist of chain-folded lamellae, which are usually molded through hot melting and

Spherulites in the crystalline region of

annealing. Nonisothermal annealing has a considerable effect on the crystallinity of polymers:

3 Hot melting and

slower annealing results in larger spherulites and higher crystallinity.
annealing processes are used in the actual processing and manufacture of extruded power cables
as well. Thus, investigation into the relationship between the nonisothermal crystallization and
the morphological structure is not only of great academic value, but also significant to engineering

practice.
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As a main candidate for HVDC power cable insulation, polyethylene-based insulation suffers
from coupled fields in a practical service environment wherein temperature makes charge evolution
more complicated: conductivity increases nonlinearly with temperature, and the temperature
gradient results in the heterogeneous distribution of conductivity and severe field distortion.®
Thus, the law and mechanism of nonisothermal crystallization in relation to the transient behavior
of space charge and external current are of significance in polyethylene.

The aim of this work is to investigate the transient behavior of space charge and external
current in heat-treated low-density polyethylene (LDPE) under coupled fields. For this purpose,
a ms-level simultaneous measurement system of space charge and external current was developed
(Fig. 1). The main results, consisting of quantitative analysis of charge injection, field distortion,
space charge packet behavior, and so forth, are discussed here.

2. Materials and Methods
2.1 Materials and sample preparation

LDPE pellets were purchased from Sigma-Aldrich (CAS 9002-88-4) with the melt index of
25 g/10 min, density of 0.925 g/ml (25 °C), and melt point of 116 °C. LDPE films (190 + 10 pm)
were prepared via hot pressing using polyimide films as substrates at 140 °C and 10 MPa for 5 min
pressing. After the hot pressing, the LDPE films experienced three typical annealing processes,
i.e., ice water (I), air (A), and slow (S) annealing. The resultant samples were denoted as LD-I,
LD-A, and LD-S, respectively. Note that the slow annealing process was carried out by holding
the samples in the molds without pressure. To avoid the effect of moisture, all samples were
subsequently vacuumed at 70 °C overnight and then stored in a drier.

2.2 Characterization of crystalline structure

The effect of annealing rate on the crystallinity and melt point of the LDPE samples during
the nonisothermal crystallization was determined by Q2000 Differential Scanning Calorimetry
(DSC). The temperature range was from 20 to 180 °C at a ramp rate of 10 °C/min under a N, flow.
The heating curve of the first round was used to compare the effect of annealing history on the
crystalline morphology.
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Fig. 1. (Color online) Schematic diagram of ms-level system for simultaneous measurement of space charge and
external current.
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In order to observe the microscopic cell morphology of the heat-treated LDPE samples, ~10 pm
films were prepared between two glass slides, and a polarizing microscope (POM) was utilized
with the transmission mode and 500-fold magnification.

2.3 Thermally stimulated current measurement

The effect of heat treatment on the trap level property was investigated by the thermally
stimulated current (TSC) method.””) Film samples were coated with gold electrodes and polarized
under DC 30 kV/mm at 50 °C for 20 min under a N, atmosphere to avoid moisture. Then, the TSC
cell was rapidly cooled to =70 °C and shorted for 3 min after the high voltage was turned off. The
TSC was recorded via a Keithley6485 picoammeter while the temperature was linearly increased at
a ramp rate of 5 °C/min. Trap depth and corresponding trap density were calculated by the method
reported in detail previously.®

2.4 Simultaneous measurement of space charge and external current

An advanced ms-level simultaneous measurement system of space charge and external
current was developed on the basis of the pulsed electroacoustic (PEA) method and the three-
electrode method, respectively.”” A 9 pm B-polyvinylidene fluoride (PVDF) film was used as
the piezoelectric sensor, which possesses a wide operating frequency (0—500 MHz). The voltage
endurance capability of the PEA unit could reach £60 kV DC with a new design of high-voltage
electrodes. Temperature was conditioned via an oven up to 70 °C. The main parameters of the
solid-state high-voltage pulse generator were 1 kHz, 250 V, and 4.5 ns.

In this work, the external DC field was chosen as =100 kV/mm, resulting in a good signal-
to-noise ratio of the PEA system. Thus, the average number of filters for PEA signals could be
reduced from hundreds or thousands to just 10 or even less, for the subsequent data processing.
By utilizing a large-capacity storage module of 500 MB for the digital oscilloscope, PEA
measurements with a high-speed acquisition of 1 ms could be continuously performed for as long
as 10 min, which was denoted as high-speed mode. For the steady measurement, e.g., space charge
evolution at room temperature, the oscilloscope was set in average acquisition with an interval of 5 s,
which was denoted as low-speed mode. Furthermore, the external current and space charge could
be recorded simultaneously. A thin alumina (Al,O3) layer was used for the signal separation owing
to its insulation property and similar acoustic impedance to aluminum electrodes.

The transient behavior of space charge was measured using the high-speed mode of the PEA
system at 40 and 60 °C for 3 min, and the interval of 5 s was chosen using the low-speed mode at
20 °C for 60 min. Each group was tested at least twice.

3. Results
3.1 Morphological structure of LDPE samples
Figure 2 shows the typical DSC heating curves of the first round of heat-treated LDPE samples.

It is clear that the effect of annealing on the melting point ranging from 111.5 to 112.0 °C is
almost negligible. However, what attracts special attention was that the peak width at half height
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Fig. 2. (Color online) DSC heating curves of LDPE samples.

decreased with a smaller annealing rate, which might be related to the parameters of crystalline
cells including size and uniformity. On the basis of DSC curves, the crystallinity was calculated
and the results, i.e., 36% for LD-I, 39% for LD-A, and 40% for LD-S, indicate that a slow
annealing rate benefits the crystalline process.!?)

Figure 3 shows the POM observations of cell microscopic morphology. The bright part
indicates the crystal regions, and the dark part probably is the amorphous regions and crystal—
amorphous interfaces. Obviously, both the size and uniformity increased with a slower annealing
rate. Specifically, ~20 um cells homogeneously appeared in LD-S samples owing to the complete
growth of the crystals, and 2-5 pm cells distributed in LD-A samples with a higher density. In
comparison, a wider size distribution was found in LD-I samples, ranging from 0.5 to 2.69 pm.

3.2 Space charge and external current density at RT

Under a certain high DC field, it is usual to observe an interesting phenomenon known as a
space charge packet as a pulse of net charge that remains in the form of a pulse as it transits across
the insulation.!"'?

Figure 4 shows the external current, maximum distortion field, and space charge dynamics in
different heat-treated LDPE samples under —100 kV/mm at RT. In Figs. 4(a)—4(c), a positive space
charge packet near the anode appeared in all the samples and migrated toward the cathode. The
space charge packet moved fastest in LD-I and slowest in LD-S, which has the maximum amount
of injected charges.

The moving space charge packet strengthened its front electrical field while weakening the
rear, and the neutralization of positive and negative space charge packets after the encounter also
enhanced the electrical field in the bulk. Therefore, the inner maximum distortion fields of three
samples in Figs. 4(d)—4(f) increase as the frontiers of positive and negative space charge packets
become closer, among which, the value of LD-A is the largest owing to its maximum amount of
negative space charge encountering with the positive space charge packet.

The synchronous external current measurement results of heat-treated LDPE samples in Figs.
4(g)—4(i) show that the conductivity decreases with annealing rate. The higher annealing rate
results in the smaller, more irregular, and more nonuniform spherulite size, which might increase
the size of the crystal-amorphous interfacial regions.



Sensors and Materials, Vol. 29, No. 8 (2017) 1127

(a) (b) (c)
Fig. 3. Cell morphologies of LDPE samples: (a) LD-I, (b) LD-A, and (c) LD-S.
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Fig. 4. (Color online) Relationship of (a)—(c) space charge and (d)—(f) maximum distortion field with (g)—(i)
external current density in heat-treated LDPE within 60 min under —100 kV/mm.

3.3 Transient space charge at 60 °C

Figure 5 illustrates the transient evolution of space charge in heat-treated LDPE at 60 °C under
—100 kV/mm, which is divided into three different time scales, namely, 0—1 s, 0—10 s, and 0-1
min. Space charge packets in all three groups appeared rapidly within 1 s when the temperature is
increased to 60 °C. The polarity of space charge packets is positive in LD-I, negative in LD-S, and
both positive and negative in LD-A after 1 s polarization. The main space charge that remained
is positive in LD-I, negative in LD-A, and negative in LD-S 10 s later. It is also seen in Figs. 4(c),
4(f), and 4(i) that only in LD-A and more than one space charge packet appear during the 1 min
polarization.
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Fig. 5. (Color online) Transient evolution of space charge in heat-treated LDPE at 60 °C under —100 kV/mm:
(a)—(c) LD-I, (d)—(e) LD-A, and (g)—(i) LD-S.

4. Discussion
4.1 Effect of temperature on dynamic charge evolution

In order to depict in more detail the features of charge packets, the peak positions of positive
charge packets are plotted as they transit the insulation. The decrease in the velocity of the peak
is similar at each temperature field. Moreover, the migration velocity and the sequence of the
formation of charge packets follow this order: 60, 40, and 20 °C. Note that space charge packets do
not always arrive and dissipate in the electrodes, which is closely associated with the heterocharge
packet in the bulk (Fig. 6).

4.2 Effect of annealing rate on charge injection and transport

Figure 7 shows a model of injection and transport of space charge packets from the electrode.
The surface charge on the electrode could be regarded as a thickness-negligible charge layer [see
the bold black line in Fig. 7(a)] as well as the space charge packets. However, the obtained PEA
signal has a quasi-Gaussian shape owing to the system function, including the high-voltage pulse
shape, the thickness of the PVDF sensor, and the effects of attenuation and dispersion on pressure-
wave propagation.

Charge injection immediately starts through the electrode/polymer interface via the Schottky
effect when a high electric field is applied. During the transit of the charge packet, the field after
it continuously relaxes, leading to the increase in the Schottky injection barrier height and the
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Fig. 7. (Color online) Calculation method of the total amount of space charge packet: (a) schematic diagram and (b)
measured data and peak-separation results.

formation of a blocking effect for the subsequent charge injection. Then, the packet continues to
move towards the other electrode following the field-dependent negative differential mobility (NDM)
law until recombination and extraction.!*'¥ Figure 7(b) shows the measured space charge profile
and peak-separation results involving the polarization process within 1 s at 60 °C under —100 kV/
mm. The injection amount of the charge packet can be integrated as

L
Qp (1) = ij; lop (x, D)l dx, )

where Op(f) is the injected amount of space charge (C) at time 7 (s), A is the surface area (m?) of
the upper electrode of the PEA unit, L is the thickness (m) of the samples, and pp(x, ?) is the charge
concentration (C/m?) at time ¢ and location x.

When the injected charge packet has not been isolated from the electrode, the waveforms of the
charge packet and the electrode surface charge layer partially overlap. A multi-peak separation
technique is utilized to obtain the individual charge packet profile, which is shadowed in Fig. 7(b).

The charge injection process is of critical significance for the subsequent charge dynamic
behavior in the bulk of polymers. Figure 8 shows the total injected amount of charge packets in
heat-treated LDPE samples within 10 s under —100 kV/mm at 60 °C using the model and method
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described in Fig. 7. All the samples show a rapid increase in the total amount of injected charges
at the initial stage within 1 s, and LD-A samples have the largest amount of injected charges owing
to the appearance of both positive and negative charge packets at the same time [see Fig. 5(d)]. In
the comparison of LD-I and LD-S, the former has a positive charge packet [see Fig. 5(a)] and the
latter has a negative one [see Fig. 5(g)], but the injection rates were almost equal at the first second.
Moreover, both LD-A and LD-S encountered a decrease in the charge amount after the meet,
recombination, and extraction processes. In contrast, the amount of positive charge packet in LD-I
seemed to be saturated after 2 s owing to the slow movement and accumulation of negative charges
in the vicinity of the cathode.

In order to analyze the propagation of the charge packets, the mobility of the charge packet
obtained from the space charge profiles was presented under —100 kV/mm at 60 °C (Fig. 9). One
remarkable feature is that the mobility of the positive packet in LD-A and that of the negative
packet in LD-S overlap each other and radically decrease to zero at ~120 kV/mm following the
NDM law.(®

4.3 Morphology and related trap level in heat-treated LDPE

Figure 10 shows the trap-level distribution of heat-treated LDPE samples. The results indicate
that the peaks of the trap levels are in the range of 0.95-1.00 eV, which are assumed to be deep
trapping sites and agree well with the previous results.'®!”) The peak trap densities of LD-I, LD-
A, and LD-S are 5.3 x 1020, 4.0 % 1020, and 4.2 x 1020/(eV-m3), respectively. It is also shown that
there are much fewer trapping sites in LD-S than in the other two groups, which might be related
to the uniform cell size and the smaller crystal-amorphous interfacial regions. However, it is
contradictory that LD-I samples have the largest carrier mobility (see Fig. 9) and the highest trap
density of deep trapping sites at the same time based on the trap level distribution. As a typically
simple semicrystalline polymer, LDPE consists of spherulites formed from nucleating sites with
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Fig. 10. (Color online) Trap level distribution of heat-treated LDPE samples.

diameters of micrometer level. Most of the deep trapping sites (~0.92 eV in Ref. 7) formed from
physical defects occurred in the crystal-amorphous interfacial regions, which mainly consist of
chain branches, chain ends, short polymer chains, impurities, and so forth, that strongly affect the
charge carrier transport process.1519)

Here, we propose a mechanism that could explain the effect of heat treatment on the charge
carrier transport shown in Fig. 5. Although the annealing rate did alter the trap level distribution,
the extent was relatively limited compared with the radical change in the microscopic morphology
of the LDPE samples. In contrast to electron transport, hole transport can take place while
confined to polymer chains, and long-range hole conduction requires interchain hole tunneling.?”
Thus, hole transport is more sensitive to morphology conformations in the amorphous regions. As
a consequence, the difficulty of finding available paths across the spherulites in the field direction
rapidly increases with the increase in spherulite size, resulting in the reduced hole mobility and

encouraged hole trapping.

5. Conclusions

In this study, an advanced ms-level PEA system was developed for the measurement of the
transient behavior of space charge in heat-treated LDPE samples under coupled fields. From the
DSC curves and POM images, it could be concluded that a slower annealing rate contributes to the
complete crystallization of LDPE with larger spherulites and better uniformity. Both positive and
negative charge packets followed the field-dependent NDM law, and the transit and mobility of
positive charge packets were radically affected by the temperature fields. In comparison with the
limited change in trap level distribution, the morphology conformation of spherulites played a more
dominant role in affecting long-range hole transport by decreasing the hole mobility and increasing
the hole trapping.
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