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Propylene carbonate (PC) has the advantages of great permittivity, high breakdown
strength, and great environmental adaptability. However, the applications of propylene
carbonate in pulsed power systems have been restricted by the significant polarity effect
(differences between the positive breakdown strength and the negative breakdown
strength). In this article, the breakdown characteristics of PC by nano-modification
under microsecond pulse have been systematically studied. The results showed that
the positive breakdown strength is about twice that of the negative breakdown strength of
pure PC. After nano-modification, the negative breakdown strength increases significantly,
while the positive breakdown strength decreases. The energy band theory of nanofluids
was established.
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INTRODUCTION

High power, high repetition frequency, and compactness are important development directions
of the pulsed power technology [1–3]. The liquid medium, due to its easy forming capability,
great restorative capacity, and high breakdown strength, is widely used in the pulse-forming line
as an energy storage medium. The liquid medium mainly includes oil medium and water
medium [4–6].

The advantage of a water medium is the high dielectric constant and high energy storage density
[7, 8]. However, the water medium requires a deionization system to hold the resistivity, which is
against the compactness of the pulsed power system [9]. For oil medium, the resistivity and
breakdown strength are relatively high; however, the poor degradation ability limits its wide
application [10–12].

Propylene carbonate, with its great permittivity, high breakdown strength, and eco-friendly
features, has a great potential in improving the compactness of pulsed power systems, while the
strong polarity effect restricts further growth [13, 14]. The polarity effect refers to the difference
between positive and negative breakdown strengths. With the development of nanotechnology,
researchers try to modify the breakdown characteristic of the liquid medium [15, 16]. In 1998,
Segal reported that the breakdown strength of transformer oil increased by more than 50% after
nano-modification [17]. It can be seen that nano-modification has a great application prospect
for improving the breakdown strength of the liquid medium.

In this article, we used nano-modification to improve the polar effect of propylene carbonate.
First, we set up a microsecond pulse breakdown platform composed of a pulse generator and a
breakdown test. Second, we prepared TiO2 propylene carbonate nanofluids. Third, the positive
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and negative breakdown strengths of nanofluids were
measured, respectively, and findings showed that the
polarity effect was improved effectively after nano-
modification. Finally, the liquid medium energy band model
was built.

EXPERIMENTAL SETUP

The pulse generator (ARC-01) shown in Figure 1A can output
380 kV under a single pulse. The apparatus was completely
satisfactory for the breakdown test. Figure 1B shows the
diagram of the breakdown test under microsecond pulses.
When the main thyristor was turned on, the secondary
capacitor will be boosted by the Tesla transformer. When
the voltage of the test cell reaches the breakdown threshold
of the liquid medium, the liquid breaks down, and the test cell
is turned on. Figure 1C shows the test cell (20 × 20 × 20 cm)
with embedded needle-plate electrodes. The diameter of the
needle tip was about 0.23 mm, and the diameter of the plate
was 40 mm. The distance between the needle and plate was
5 mm, which can be controlled within 0.1 mm by using a high-
speed camera (HSFC).

The preparation method of nanofluids comprises the
following steps: first, nanoparticles were placed in a vacuum
dryer for 24 h. Second, nanoparticles were dispersed into pure
PC by using planetary and vertical mixers. Third, the mixture
was poured into an ultrasonic pulverizer for 0.5 h. Finally, the
nanofluids were obtained by 24 h ball milling. The nanofluids
prepared by this method can remain stable for more than
1 week.

EXPERIMENTAL METHODS AND
EXPERIMENTAL RESULTS

At standard conditions (25°C, 0.1 MPa), the positive (the needle
electrode was set to ground) and negative (the plate electrode was
set to ground) breakdown voltage and current of pure PC and
nanofluids were tested. High-voltage probes (Pintech, 1000:1,
220 MHz) were used to measure the voltage, and Pearson coils
(Model 6585, 1 V/A, 200 MHz) were used to measure current,
respectively.

The negative breakdown waveforms of the pure propylene
carbonate and nanofluids are shown in Figure 2. The
breakdown waveforms can be divided into two parts: 1)
pre-breakdown (the process of voltage and current changes
slowly) and 2) breakdown (the process of voltage and current
changes rapidly). It can be found that the negative breakdown
voltage of pure PC was 33 kV, while the negative breakdown
voltage of nanofluids was 45 kV. During the pre-breakdown,
the current of pure PC changed significantly. When reaching
2.5 A, the pure PC breakdown started. However, for nano-
fluids, the voltage and current changed significantly. Once
reaching 5 A, the nanofluid breakdown started. The pre-
breakdown time of nanofluids was shorter than that of
pure PC.

The positive breakdown waveforms of the pure propylene
carbonate and nanofluids are shown in Figure 3. It can be found
that the positive breakdown voltage of pure PC (76 kV) was about
twice the negative polarity breakdown voltage of pure PC (33 kV),
and the pre-breakdown time was about 40 ns. After nano-
modification, the positive breakdown voltage of propylene
carbonate nanofluids dropped to 51 kV, and the pre-
breakdown time extended to about 80 ns.

FIGURE 1 | Liquid medium microsecond pulse breakdown test platform. (A) Pulse generator; (B) breakdown test circuit diagram; (C) breakdown test piece.
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EXPERIMENTAL ANALYSIS

For polar liquid medium, such as deionized water and
propylene carbonate, the Helmholtz double layer shown in
Figure 4 at the interface between the electrode and liquid
medium was formed. When the electrode is in contact with the
liquid medium, the electron cloud will adsorb on the liquid
molecules on the electrode, forming the inner Helmholtz layer
(IHL) and the outer Helmholtz layer (OHL). The outward
layer is the Gouy–Chapman space charge layer which depends
on the net space charge density [18].

The potential distribution under different applied voltages
is shown in Figure 5. Without an applied electric field,
electrons will be injected into the electrode by the liquid
medium so that the negative charge will accumulate on one
side of the electrode in the Helmholtz double layer, resulting

FIGURE 2 | Negative breakdown waveforms of NFs. (A) Pure propylene
carbonate. (B) NFs.

FIGURE 3 | Positive breakdown waveforms of NFs. (A) Pure propylene
carbonate. (B) NFs.

FIGURE 4 | Helmholtz double layer at the interface. (A) Electron cloud,
(B) inner Helmholtz layer, (C) outer Helmholtz layer, and (D) space
charge layer.
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in the potential inside the liquid medium being higher.
However, with the applied electric field, the positive charge
will accumulate on the liquid medium near the cathode,
enhancing the electric field, while the negative charge will
accumulate on the liquid medium near the cathode,
weakening the electric field. Finally, the electric field of the
Helmholtz double layer at the cathode will increase with the
increase in the applied voltage, and the electric field of the
double layer at the anode will decrease with the increase in the
applied voltage. So the negative breakdown strength is lower
than the positive breakdown strength.

Figure 6 shows the electronic state distribution at the
interface between the cathode and the liquid. It can be
found that the energy band of the liquid medium at the
interface tilts under the applied electric field. The electron
near the Fermi level Ef will tunnel, and the hole is generated.
Then, the hole will be filled by other electrons with energy
release. The energy will most likely be absorbed by free
electrons in the non-radiative form, resulting in the free
electrons crossing the barrier. In nanofluids, the
nanoparticles will introduce a large number of traps in PC.
Traps will lift the surrounding potential barrier and

effectively inhibit the electrons from entering the liquid,
resulting in the increase in the negative polarity
breakdown strength.

Figure 7 shows the electronic state distribution at the
interface between the anode and the liquid. It can be found
that the energy band of the liquid medium at the interface tilts
under the applied electric field. The ions will gather near the
anode, enhancing the electric field on the anode surface.
Similarly, electrons will tunnel. Then, the electron enters
the Fermi level and releases energy. The energy will be
transferred to electrons distributed below the Fermi level
with the generation of holes. Finally, holes will be filled by
electrons of the liquid medium in the tunneling effect. Thus,
many holes are generated in the liquid and move away from
the anode under the electric field. In nanofluids, nanoparticles
will significantly increase the hole density near the anode. The
hole will accelerate into the PC under the electric field,
resulting in a decrease in the positive breakdown strength.

FIGURE 5 | Potential distribution under different applied voltages.

FIGURE 6 | Electronic state distribution at the interface between the
cathode and the liquid. (A) Propylene carbonate/electrode interface. (B)
Nanofluids/electrode interface.
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CONCLUSION

In this study, we measured positive and negative breakdown
strengths in pure propylene carbonate and nanofluids. Based on
the results, the conclusions are drawn as follows:

1. Under the same experimental conditions, the positive
breakdown strength is twice the negative breakdown
strength of propylene carbonate.

2. After nano-modification, the positive breakdown strength is
almost equal to the negative breakdown strength. The polarity
effect of propylene carbonate is improved.

3. Nanoparticles can capture electrons effectively, resulting in the
increase in the negative breakdown strength of propylene
carbonate. Also, nanoparticles can increase the hole density
near the anode, resulting in a decrease in the positive
breakdown strength of propylene carbonate.
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FIGURE 7 | Electronic state distribution at the interface between the anode and the liquid. (A) Propylene carbonate/electrode interface. (B) Nanofluids/electrode
interface.
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