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Nanoparticles enhance the electrical insulation and thermal properties of vegetable oil, and such improvements are desirable for
its application as an alternative to traditional insulating oil for power transformers. However, the traditional method of insulating
nanofluids typically achieves high electrical insulation but low thermal conductivity.This work reports an environmentally friendly
vegetable oil using exfoliated hexagonal boron nitride (h-BN) showing high thermal conductivity and high electrical insulation.
Stable nanofluidswere prepared by liquid exfoliation of h-BN in isopropyl alcohol.With 0.1 vol.% of the nano-oil, theACbreakdown
voltage increased by 18% at 25∘C and 15% at 90∘C. Both the positive and negative lightning impulse breakdown voltages of the nano-
oil were also enhanced compared with those of the pure oil. Moreover, the thermal conductivity of the nano-oil increased by 11.9%
at 25∘C and 14% at 90∘C. Given its high thermal conductivity, the nano-oil exhibited faster heating and cooling effects than the pure
oil. Nano-oils with an electric field (either DC or AC) displayed a faster thermal response than that without an electric field. The
reason is that h-BN is oriented under the electric field and formed a thermal network to increase the heat transfer.

1. Introduction

Nanofluids, formed by adding nanoscale particles to the base
fluid, are stable and homogenous suspensions that present
advanced performance of electrical insulation and thermal
conductivity [1–6]. In recent years, nanofluids with various
kinds of nanoparticles have promising potential applications
in fields including electric engineering, microelectronics,
biomedicine, and energy storage [7–10]. Vegetable oil, which
is a new kind of environmentally liquid dielectric, has drawn
attention as a potential alternative to traditional mineral oil
for power transformers in electric engineering [11]. Improv-
ing insulation and thermal conductivity of vegetable oil is a
benefit to reduce the size of power transformer and improve
long-term stable operation.

Nanofluids with long-term stability are the basis for
ensuring improved physical and electrical properties as
well as heat transfer performance. Preparation of nanoflu-
ids also has two methods: one-step method and two-step
method. Most literature reported that the nanofluids pre-
pared by two-step method have a good stability [12, 13].

The nanoparticles in nanofluids have three main surface
forces between each other, such as van der Waals force,
electrostatic force, and steric hindrance forces. The clas-
sical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory
indicated that stability of fluids is mainly determined by
electrostatic and van der Waals interaction forces. DLVO
theory is valid at macro and macron scale but no longer
applicable to nanoscale size [14]. Although the extended
DLVO (xDLVO) approach and other theories were proposed,
nanofluids with nanolevel systems show complex behavior
due to multiscale collective effects [15]. The main factors
affecting the dispersion stability of nanofluids include the size
of the particles, the dielectric constant, and the Zeta potential
of the nanofluids [16]. For unstable nanofluids, the surface of
the nanoparticles adsorbs a layer of surfactant or dispersant
to form the stable nanofluids [17].

In the field of liquid dielectric, existing studies have
focused mainly on mineral oils with nanoparticles [18–21].
Compared with mineral oil, vegetable insulating oil has a
higher AC and DC breakdown voltage [22]. The addition
of a certain amount of magnetic conductive nanoparticles,
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such as Fe3O4, to either vegetable insulating oil, improves
its positive (∼37.4%) and negative (∼11.8%) lighting impulse
breakdown voltages [23]. In addition, nanoparticles can form
negatively charged particles in a short time period and con-
sequently affect the development of the streamer. However,
the addition of Fe3O4 semiconductors above 0.014% w/w
dramatically reduces the breakdown voltage of vegetable oil,
which does not satisfy the requirement of insulating oil used
in real transformers.

Moreover, nanofluids enhance the breakdown voltage
of base fluids, one of the most challenging works is to
improve the heat transfer. Compared with the conventional
solid-liquid two-phase suspension with larger particles, the
dispersion stability and the effective thermal conductivity
of nanofluids are considerably improved because of the
nanosized particles and the large contact area between the
particles and the base fluid. Eastman et al. [24] used oleic
acid as dispersant to disperse Cu particles of 3 nm radius into
ethylene glycol (EG), and the effective thermal conductivity
of the nanofluids was increased by approximately 40% when
the volume fraction of Cu particles was 0.2%. Zheng et al.
[25] utilized graphite suspensions (graphene volume fraction:
1%) to examine the thermal conductivity of different base
fluids; they found that the effective thermal conductivity of
the EG and poly 𝛼-olefin oil base solutions was increased
by 150% and 200%, respectively. Ettefaghi et al. [26] added
carbon nanotubes to engine oil and observed an increase by
13.2% when the mass fraction was 0.1% and so on. Numerous
experiments indicated that the effective thermal conductivity
of the nanofluids was substantially greater than that of the
traditional solid-liquid two-phase suspension.

However, these high-thermal-conductivity materials are
either conductors or semiconductors. The mass fraction of
nanoparticles in base fluids shows high thermal conductivity,
but it is not beneficial to the insulation properties of liquid
dielectrics. Thus, the insulating nanomaterials can ensure or
even improve the insulation performance of liquid dielectric,
and nanoparticles with high surface area, such as two-
dimensional materials, are good choices for thermal fluids.
The h-BN nanoparticles called white graphene have a high
thermal conductivity (∼360W/m⋅K) and insulation charac-
teristic with band gap (∼4–6 eV) [27]. Thus, the discovery of
this nanomaterial can enhance both the electrical insulation
and thermal properties of the vegetable oil.

This research aims to study the effect of insulating BN
nanoparticles on the insulation and thermal conductivity of
vegetable oil. The different electrical properties of nano-oil
prepared by two-step method are presented and discussed.
Next, we show the thermal conductivity varying with differ-
ent concentration of nanoparticles and analyze the heating
and cooling response of nano-oil under effect of electric field.

2. Experimental

2.1. Preparation of Nanofluids. Boron nitride was prepared by
liquid exfoliation method. Micrometer-sized h-BN (Aladdin,
1-2 𝜇m, 98%) was sonicated for 24 h in isopropyl alcohol
at room temperature and then centrifuged at 3000 rpm
for 10min to collect the supernatant. The supernatant was

Table 1: Basic properties of the FR3 insulating oil.

Parameter FR3 insulating oil
Appearance Bright and clear
Density (kg⋅m−3, 20∘C) 0.92
Acid number (mgKOH⋅g−1) 0.032
viscosity (mm2⋅s−1, 40∘C) 24.1
Pour point (∘C) −21
Flash point (∘C) 316
Interfacial tension (mN/m) 24
Breakdown voltage (kV) 56
Dissipation factor (%, 90∘C) 1.55
Relative dielectric constant (90∘C) 2.86
Volume resistivity (×1010Ωm, 90∘C) 1.1

vacuum-dried in an oven for 48 h. Then, the white powder
was collected and grinded.

The collected powder was dispersed in vegetable insulting
oil (FR3mechanized formCargill, Basic properties in Table 1)
and sonicated at room temperature for 30min for different
volume fractions (0.015, 0.03, 0.06, and 0.1 vol.%). Prior to
electrical and thermal characterization, the nano-oil and the
FR3 were dried at 85∘C under 50 Pa for 48 h. The volume
fraction was calculated as follows:

𝜑 =
𝑚𝑝/𝜌𝑝

𝑚𝑝/𝜌𝑝 + 𝑚oil/𝜌oil
× 100%, (1)

where 𝜑 is volume concentration, 𝑚𝑝, 𝑚oil is the weight of
nanoparticles and vegetable oil, and 𝜌𝑝, 𝜌oil is the respective
density where 𝜌BN = 2200 kg/m3, 𝜌oil = 920 kg/m3 at a
temperature of 20∘C.

2.2. Electrical Properties of Nano-Oil. The measurement of
dielectric constant, dielectric loss factor, and electrical resis-
tivity were performed using BAUR DLT C dissipation factor
measurement equipment, followed by the execution of IEC
60247. The test method of AC and DC breakdown voltage
were in accordance with the IEC60156 (Insulating liquids-
Determination of the breakdown voltage at power frequency-
testmethod).The adopted test electrodewas copper electrode
with a class spherical electrode radius of 13mm and an
electrode gap of 2.5mm. The test temperature was 25∘C and
90∘C, and the frequency of AC breakdown voltage was 50Hz.
The nano-oil was placed in a test oil cup to avoid the effects
of microwater and pollutants and set aside for 5min prior
to testing to ensure the absence of bubbles in the nano-oil.
During the test, the voltage was increased by 2 kV/s, followed
by breakdown.A 5min test intervalwas set to avoid the effects
of bubbles and product discharge. The test was repeated six
times.

The lighting impulse breakdown, which is a key param-
eter in the insulation of dielectric liquids, was measured in
accordance with the IEC 60897 standard. The nano-oil was
subjected to lightning striking test by rising voltage method.
The lightning impulse was provided by a six-stage impulse
generator, of which the maximum voltage was 900 kV for
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Figure 1: Sketch of electrode setup and oil vessel for lightning
impulse breakdown experiments.
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Figure 2: Diagram of the test system for discharge in oil.

an energy of 33.74 kJ. This impulse generator was used to
deliver a standard lightning impulse of 1.2 (±30%)/50 𝜇s
(±20%) and a switching impulse of 250 (±20%)/2500𝜇s
(±60%). The voltage waveform was measured by a high-
voltage capacitive resistor voltage divider and recorded by
an oscilloscope (LeCroy WaveRunner 610zi). The sampling
rate was 10GS/s, and the bandwidth was 1 GHz.The lightning
impulse breakdown voltage test device is shown in Figure 1.
The high-voltage electrode served as the needle electrode.
The radius of the curvature of the cone top was 40 𝜇m, and
the low-voltage electrode was the ball electrode of 13mm
diameter. The gap distance of the electrodes was 15mm.
The breakdown experiments in liquid is shown in Figure 2,
which illustrates the development pattern of the nano-oil.
The entire system consists of four parts: the test cell, the
impulse generator and measurement component, the oil
purifier system, and the discharge recording equipment.
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Figure 3: The schematic of the experimental setup for thermal
response experiment.

2.3. Heat Transfer of Nano-Oil. The thermal conductivity of
the nano-oil was measured using a TC3010L series liquid
thermal conductivity tester, which had a maximum resolu-
tion of 0.0005W/mK and accuracy of 0.5%. The measure-
ment was performed by unsteady instantaneous hot wire
method, which can obtain accurate results in a short time.
Prior to the test, at least 25mL nano-oil was placed into
the tester to avoid the effects of microwater and pollutants.
During the experiments, the hot wire was heated for 2 s at
a rate of 2∘C/s. The hot wire simultaneously acted as a heat
source and a temperature sensor by measuring the temper-
ature changes surrounding the nano-oil and calculating the
thermal conductivity. During the thermal conductivity test,
the coefficient of thermal conductivity was first determined
by injecting 25mL of liquid and then using the hot wire
for liquid heating. The heating time for 2 s and the heating
rate were 2∘C/s. Measuring a set of samples lasted for
approximately 2-3min, and the software interface displayed
the experimental data of thermal conductivity. Each test was
repeated six times.

In view of the significant heat generated by the coil
of electric current in a transformer, a thermal response
experiment was conducted in this study. A 25∘C and 55% RH
environment was maintained in the experiment. The heating
and cooling processes were measured for pure oil, 0.1 vol.%
nano-oil, 0.1 vol.% nano-oil with 1 kV/mm DC, and 0.1 vol.%
nano-oil with 1 kV/mmAC.The heating process ranged from
25∘C to 80∘C, and the cooling process ranged from 80∘C to
25∘C. The schematic of the experimental setup is shown in
Figure 3.

3. Results and Discussion

3.1. Structural Characterization. The transmission electron
microscopy (TEM) images of the exfoliated h-BN samples are
presented in Figure 4. As shown, the size of the exfoliated
h-BN nanoparticles was mostly irregular, and the length
ranged from few hundreds of nanometers to onemicrometer.
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(a) (b)
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Figure 4: TEM images of exfoliated h-BN sample, (a), (b), (c), and (d) are all TEM images under different magnification, and the arrow in
figure (d) is to magnify the edges of the nanosheet.

The h-BN nanosheets were few nanometers thick, which
is expected to become even thinner as soon as possible.
The thermal conductivity of the h-BN nanosheets is closely
related to the number of layers [27]. Statistical analysis of
100 pieces of h-BN nanosheets (TEM images Figure 5(a))
revealed that the lengths of the exfoliated h-BN were mostly
in the range of 300–700𝜇m. The X-ray diffraction (XRD)
spectrum of the h-BN powder indicated that the main
prominent peak was located at 2𝜃 = 26.7∘, which was the
h-BN lamellar direction corresponding to the (002) crystal
face.

Figure 6 shows the nano-oil with different volume
fractions of h-BN. The vegetable oil became milky after
the nanoparticles were added. No particle sedimentation
occurred in the nano-oil after 30 d. The zeta potential of
the nano-oil with BN nanoparticles, which determined the
stability of the suspension, was measured by a Malvern ZS
Nano S analyzer. The measurements were run at 10V and
298K for 50 s. Each experiment was repeated five times to
obtain the average value.The zeta potential of the h-BNnano-
oil with 0.1% volume concentrationwas 55mV, indicating that
the nanoparticles stabilized in vegetable oil.

3.2. Dielectric Properties. The test results of relative dielectric
constant of nano-oil are shown in Figure 7(a). With the
increase of concentration, the relative dielectric constant of
nano-oil increases slowly. Its value increases from 3.08 (pure
oil) to 3.11 (with 0.1 vol.% nanoparticles) at 25∘C. Figure 7(b)
shows the resistivity and dissipation factor of nano-oil versus
volume fractions at 25∘C and 90∘C. The values of resistivity
and dissipation factor of pure oil are 1.75 × 1011Ω/m and
0.046% at 25∘C, respectively. The values of resistivity and
dissipation factor of nano-oil with 0.1 vol.% nanoparticles are
2.87× 1011Ω/m and 0.033%, which exhibit an increase of 63%
and a decrease of 28% compared to those of the pure oil,
respectively.

3.3. Breakdown Voltage

3.3.1. AC and DC Breakdown Voltage. The AC and DC
breakdown voltage is a key indicator of electrical strength
of the insulating oil; it indicates the high-voltage resistance
in electrical equipment. Figure 8 shows the AC and DC
breakdown voltage of nano-oil with different volume frac-
tions at 25∘C and 90∘C. The breakdown voltage was greater
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Figure 5: Length statistical analysis result with 100 pieces of h-BN nanoparticles (a) and XRD patterns of the h-BN nanosheets (b).
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Figure 6: Photograph of pure oil and nano-oil with different volume
fraction of h-BN.

at 90∘C than at 25∘C for both pure oil and nano-oil. The
breakdown strength is closely related to the presence of gas,
moisture, and impurities. The moisture concentration in the
oil remained constant at different temperatures. However,
the saturated water absorption capability of vegetable oil
increased as the temperature increased, thereby reducing the
relative moisture concentration. The breakdown voltage was
significantly affected by the relative moisture because of the
polarity sorting that occurs under an electric field, in which
the electrons easily travel along a neatly arranged bridge to
the discharge channel. Consequently, the breakdown voltage
was increased.

The AC breakdown voltage of the h-BN nano-oil was
stable, and it increased as the nanoparticle volume increased
in Figure 8(a). When the volume concentration was 0.1%,
the breakdown voltage increased by 18% at 25∘C and 15%
at 90∘C. The DC breakdown voltage of nano-oil performs

similar tendency as AC breakdown voltage in Figure 8(b).
The h-BNnanoparticles exhibited high insulationwith awide
band gap (approximately 5.5∼6.4 eV), which enhanced the
breakdown voltage of the vegetable oil. Moreover, an electric
charge was generated on the surface of the nanoparticle
because of the polarization under the electric field. These
polarized charges generated the electric field, which changed
the original electric field. A “trapping” was formed near
the nanoparticles, thereby enhancing the breakdown voltage
[28].

3.3.2. Lightning Impulse Breakdown Voltage. The characteris-
tics of the impulse breakdown voltage are key performance
indicators of insulating materials, particularly for oil-paper
insulation. Figure 9 shows the positive and negative lightning
impulse breakdown voltages of nano-oil with different vol-
ume fractions. As the volume fraction of the nanoparticles
increased, the lightning impulse breakdown voltage also
increased.The average positive lightning impulse breakdown
voltage of the nano-oil with 0.1 vol.% was 60 kV, which was
23% greater than that of pure vegetable oil. The average
negative lightning impulse breakdown voltage was 95 kV,
which was 10% greater than that of pure vegetable oil.

Figure 10 shows the lightning breakdown time of pure oil
and nano-oil with different volume fractions of nanoparticles.
The positive and negative lightning impulse times of nano-oil
were significantly higher than those of pure vegetable oil, and
themaximumvaluewas increased by 22.0% and 28.8% for the
positive and negative cases, respectively. The rate of average
streamer can be expressed as follows:

V = 𝑑
𝑡
, (2)

where 𝑑 is the gap distance of electrodes (1.5 cm) and 𝑡 is
the breakdown time (𝜇s). As calculated by formula (2), the
maximum streamer rate of nano-oil was 1.38 and 1.04 km/s
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Figure 7: Relative dielectric constant (a) and resistivity and dissipation factor (b) of nano-oil with different volume fractions at 25∘C and
90∘C.
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Figure 8: AC (a) and DC (b) breakdown voltage of nano-oil with different volume fractions at 25∘C and 90∘C.

for the positive and negative lightning impulses, respec-
tively. However, the positive and negative lightning impulse
streamer rates of the pure vegetable oil were 1.5 and 1.3 km/s,
respectively. These results indicate that the nanoparticles
can effectively retard the development of streamers in the
insulating oil.

The increase in positive impulse breakdown voltage of the
nano-oil was larger than the negative one. This phenomenon
can be explained by space charge theory [23, 29]. In the
positive polarity model (Figure 11), some electrons near the
positive-electrode were captured by nanoparticles. These
nanoparticles, which become negative ions electrons, caused
the additional electric field with positive charge behind in

Figure 11(b). These space charges reinforced the electric field
near the positive pole but also weakened the electric field
with other electrodes. When the voltage increased, discharge
was not easily developed, thus preventing a breakdown of the
entire gap breakdown. By contrast, in the negative polarity
model, the space electric field generated by the nanometer
anion enhanced the electric field near the needle electrode
and reduced only the electric field away from the needle
electrode. Therefore, the increase in the negative lightning
breakdown was less than that in the positive one.

The images of the streamer discharge formation are
shown in Figure 12. The streamer discharge was initiated and
then gradually developed as the applied voltage increased.
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The streamer propagation images of pure oil (Figure 12(a)(6))
and nano-oil (Figure 12(b)(6)) were captured at 40 kV. More
branches were observed for nano-oil than for pure oil. Given
the greater number of branches at the streamer heads, the
electric field of nano-oil was less distorted than that of pure
oil because of the shielding effect. Consequently, the streamer
was suppressed, thereby decreasing the propagation length
and velocity [29, 30]. These results indicated that the h-
BN inhibited the steamer propagation and enhanced the
breakdown voltage.

As demonstrated in Figures 12(a)(1–5) and 12(b)(1–5), the
development process of the lightning impulse mechanism

of the nanovegetable oil is similar to that of the vegetable
oil. The process started at the initial state of the streamer.
When the electric field gradually increased, liquid molecules
appeared, and bubble ionization occurred near the needle
tip. The ionization region expanded as the applied voltage
increased, ultimately closing the area near the needle tip to
form the streamer and the corona. Consequently, a small-
scale streamer body was formed. If the applied voltage was
further enhanced, the streamer bodywould continue growing
around the core, that is, the needle top. Then, the streamer
quickly spread to the direction of the ground electrode after
initiation, the shape of which was converted into a branch or
a long filament state that diverged outwardly from the needle
tip by a small-scale dispersion or a filament state distribution
near the tip.The streamermorphology grew along the electric
field line and accelerated the plate electrode as the voltage
was increased. In addition, the transmission of the streamer
was limited by the electric field strength, the dielectric liquid,
and the streamer resistivity, causing the streamer to reach a
specific length without further development.Therefore, if the
voltage was insufficient to cause a breakdown, the streamer
would disappear after reaching a certain length. In most
cases, if the applied voltage reached the breakdown voltage,
the streamer would jump to the main charge channel at a
very high speed after reaching a specific length. However,
nano-oil requires a higher voltage to form the charge channel
for breakdown. Therefore, the addition of nanoparticles
can effectively improve the electrical characteristics of the
liquid dielectric by improving the breakdown voltage and
inhibiting the streamer development, implying the suitability
of nanoparticles in transformers.

3.4. Heat Transfer of Nano-Oil

3.4.1. Thermal Conductivity of Nano-Oil. In power trans-
formers, the insulating liquid dielectric plays a role not only
in insulation but also in heat dissipation. The internal heat
source of the oil-immersed transformerwasmainly generated
by core losses and winding losses, and the losses were
transformed into heat, resulting in the increased temperature
of the oil [31]. The high temperature of the inner part of the
transformer accelerated the aging of the insulating materials
and diminished the operation life of the transformer. In
addition, an electric field was created inside the transformer,
although the effect of this electric field on the heat transfer
of nano-oil was unknown. The improved insulation and heat
transfer performance are beneficial to the miniaturization of
high-power transformers.

The thermal conductivity of the nano-oil changed with
the nanoparticle volume fraction as shown in Figure 13.
Nanoparticles addition was found beneficial to improving
the fluid thermal conductivity. A higher temperature of the
nano-oil corresponded to a larger increase in the thermal
conductivity. As shown in Figure 13, the thermal conductivity
of nano-oil with 0.1 vol.% nanoparticles increased by 11.9%
at 25∘C (0.1875.6WK−1m−1 versus 0.167WK−1m−1 of pure
vegetable oil) and by 14% at 90∘C (0.185WK−1m−1 versus
0.161WK−1m−1 of pure vegetable oil). The increased thermal
conductivity of the nano-oil was due to not only the high
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Figure 12: Positive streamer propagation images for pure oil (a) and nano-oil (b) with 0.03% vol. nanoparticles. Figures (a)(1–5) and (b)(1–5)
are process of breakdownwith 20 us interval.The breakdown time of nano-oil is larger than pure oil. Figures (a)(6) and (b)(6) are the streamer
images of prebreakdown under applied voltage of 40 kV. Compared to pure oil, the length of streamer of nano-oil is shorter and streamer
with greater number of branches.
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thermal conductivity of h-BN (300Wm−1K−1) but also the
large specific surface area.

For a solid-liquid mixture, if the solid particles are
dispersed in the liquid without aggregation, then the thermal
conductivity of a liquid-solid mixture can be obtained based
on the volume fraction of spherical solid particles in the liquid
Maxwell model as follows [32]:

𝑘eff
𝑘𝑓
=
𝑘𝑝 + 2𝑘𝑓 − 2𝜑 (𝑘𝑓 − 𝑘𝑝)

𝑘𝑝 + 2𝑘𝑓 + 𝜑 (𝑘𝑓 − 𝑘𝑝)
, (3)

where 𝑘eff is the thermal conductivity of the solid-liquidmix-
ture, 𝑘𝑝 is the thermal conductivity of the nanoparticles, and
𝑘𝑓 is the thermal conductivity of the nanofluids. However,
theMaxwellmodel does not consider the interaction between
the nanoparticles and their shapes, making it suitable only for
liquid-solid mixtures in which the solid and the liquid have
similar volume fractions. The liquid molecules are adsorbed
on the surface of the nanoparticles, called the interfacial layer,
which was a heat exchange bridge between solid materials
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Figure 14: Heating and cooling responses of the vegetable oil and nano-oil under DC and AC electric fields.

and base fluids [33]. In the interfacial layers of solid-liquid
mixtures, the degree of ordering of the liquid molecules near
the solid surface was higher than that of the liquid molecules.
Its thermal conductivity was between that of solid and
liquid particles, because the liquid layer was highly ordered
and closer to the solid. The adsorption layer enhanced the
effective volume fraction of the nanoparticles and in turn
the thermal conductivity of the nano-oil. Brownian motion
caused particles to disperse in the base fluid for disordered
movement. The passing heat between colliding particles may
increase the effective thermal conductivity of the nano-oil.
In particular, a higher temperature corresponded to a more
intense Brownian motion. Thus, the enhancement in the
thermal conductivity of the nano-oil was more apparent at
90∘C than at 25∘C. In addition, as the nanoparticle volume
fraction was increased in the vegetable oil, the nanoparticle
distance was decreased, thereby increasing the probability
of contact among the nanoparticles. Consequently, thermal
conduction channels were formed, which may increase the
thermal conductivity due to the percolation mechanism.

3.4.2. Heating and Cooling Responses of Nano-Oil. The heat-
ing and cooling responses can more intuitively illustrate the
heat transfer efficiency of liquid dielectrics. Figure 14 shows
the thermal responses of vegetable oil and nano-oil under DC
and AC electric fields for cycling up to 80∘C for three times,
and the infrared thermal images are shown in Figure 15 at
first heating and cooling responses. As shown, the nano-oil,
given its high thermal conductivity, exhibited faster heating
and cooling than pure oil. As the temperature approached
room temperature, the temperature of the nano-oil gradually
declined. However, the nano-oil with an electric field (either
DC or AC) presented an increased heat transform, and the
nano-oil with an AC electric field promoted faster cooling
faster than that with a DC electric field. According to the
results in Figure 14, repeated heating and cooling test are

well repeatability. Compared to pure oil, each heating and
cooling cycle time of nano-oil, nano-oil with DC, and nano-
oil with AC on average decreased 19.4%, 27.2%, and 32.1%,
respectively.

The h-BN distribution in the vegetable oil was irregular
without an electric field. However, the h-BN is oriented under
the force of the electric field. The main diffraction peak of
boron nitridewas 2𝜃= 26.7∘, which corresponded to the (002)
crystal plane, that is, the h-BN lamellar orientation.The h-BN
under an electric field is oriented in this direction to form
the network of heat transfer (the diagram in Figure 16). As
shown in Figure 14, the nano-oil has a faster thermal response
rate under an AC electric field than a DC electric field. Given
that more thermal chains are formed, the chain length and
tightness were greater under the electric field. When the
thermal networkwas formedwith the heat flow parallel to the
interior of the nano-oil, the heat fluxwas transmitted through
the formed network chain, because the thermal resistance of
the nanoparticles was substantially smaller than that of the
vegetable oil.Thus, the thermal resistance of the nano-oil was
reduced, and the thermal conductivity was improved.

4. Conclusion

In summary, the following conclusions were drawn based
on the experimental and analytical results. (i) The h-BN
nanosheets were successfully exfoliated in isopropanol solu-
tion and stably dispersed in vegetable oil. (ii) The nanopar-
ticles increased resistivity and decreased dissipation factor
of vegetable oil. AC and DC breakdown increased by 18%
and 19% at 25∘C as the nanoparticles volume increased
to 0.1 vol.%, respectively. (iii) The average positive and
negative lightning impulse breakdown voltages of nano-oil
with 0.1 vol.% were 23% and 10% greater than that of pure
vegetable oil, respectively. (iv) The thermal conductivity of
the nano-oil was greatly enhanced (14%) with a low volume
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fraction. The presence of an electric field was advantageous
to the heat transfer of nano-oil-based h-BN fillers. Such
improvements of insulation and heat transfer are beneficial
to the miniaturization of high-power transformers.
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