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ABSTRACT High magnetic field causes premature failure of insulation. In order to improve the breakdown
strength of silicone rubber (SiR), different filler contents of ferroferric oxide (Fe3O4) nanoparticles were
added. Experimental results show that 1 wt% addition amount of ferromagnetic nanoparticles is beneficial
to improve the AC breakdown strength of SiR by 5.40% in 12 T magnetic field due to their ability to regulate
dielectric polarization and partial discharge (PD) behavior, resulting from the relative higher permittivity and
permeability of Fe3O4. Magnetization of Fe3O4 nanoparticles results in 3.33% decrease of DC breakdown
strength with 2 wt% filler content in 12 T magnetic field. Fluorination treatment was carried out and proved
to be able to improve the DC breakdown strength of SiR/Fe3O4 nanocomposites by 8.84% in 12 T magnetic
field with the treatment time being 5 minutes, resulting from the regulation of surface traps. Fluorination
treatment weakened the magnetism of nanoparticles, weakening their regulation on insulation polarization
and PD. Adding an appropriate amount of ferromagnetic nanoparticles before the fluorination of SiR/Fe3O4
nanocomposites can improve the AC and DC breakdown strength by 0.64% and 8.81% respectively at the
same time in high magnetic field.

INDEX TERMS High magnetic field, nanocomposites, fluorination treatment, polarization, insulation
breakdown.

I. INTRODUCTION
With the development of high-field magnets, it plays an
important role in the fields of magnetic confinement nuclear
fusion [1], [2], [3]. The reliability of coil insulation directly
affects the safe and stable operation of the device and the
stability of the entire system [4]. The heat shrinkable insu-
lation represented by silicone rubber has been proved to be
a feasible way for coil insulation [5]. While the operation of
high-field magnets, the coil insulation faces the challenge of
high magnetic field [6], [7]. As for the Central Solenoid (CS)
coils in International Thermonuclear Experimental Reactor
(ITER), the maximum magnetic flux density reaches 12 T
[8]. Moreover, the coil insulation will withstand both steady
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and transient high voltage when the magnet is in pulse current
mode, with the current in the coil increasing and decreasing
at uniform and variable rates [9]. Breakdown of coil insula-
tion under the coupling effects of high magnetic field and
strong electric field will cause significant economic losses
and hinder the development of controllable nuclear fusion
technology [4], [10]. According to technical standards, the
processed coil insulation shall pass DC and AC tests [11],
[12], without considering the effects of high magnetic field.

High magnetic field has been proved to be able to cause
variation of dielectric properties [13] and promote partial
discharge, deterioration [13], [14], [15], and breakdown [16]
process of insulation material. Effects of high magnetic field
on the electrons of polymer molecular chain result in energy
level splitting, which is known as Zeeman effects [17]. Split-
ting of trap levels causes the decrease of energy barrier

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 37123

https://orcid.org/0000-0003-2634-2116
https://orcid.org/0000-0002-4000-2399
https://orcid.org/0000-0002-3153-9338


M. Wang et al.: Effects of Ferromagnetic Nanoparticles and Fluorination

during the hopping migration of charge carriers, resulting
in the increase of DC conductivity [14]. Splitting of surface
trap levels changes the D-value of the density of donor-like
and acceptor-like traps, resulting in the decrease of interface
barrier [16]. The larger amount of charge injection and space
charge accumulation in high magnetic field increases the
possibility of partial discharge (PD) and results in lower DC
breakdown strength of insulation material [16]. The conver-
sion between electromagnetic energy and dielectric polar-
ization energy in high magnetic field leads to the variation
of dielectric polarization process [13]. Inhibition effects on
polarization cause lower amplitude and higher speed of polar-
ization [13], [14], [15], resulting in the decrease of calculated
permittivity and the increase of PD frequency in high mag-
netic field. As a result, electrical trees are more easily to be
initiated and spread quickly toward the ground in insulation
material under AC voltage [14], [15], [16]. Thus AC break-
down strength is decreased due to high magnetic field.

Experimental results and mechanism analysis in current
research prove that the effects of high magnetic field cause
the problem of lower AC and DC breakdown strength of insu-
lation material, which remains unsolved based on the existing
research and must be taken into account in the insulation
design and factory acceptance testing of high-field magnets.
Adding moderate contents of ferromagnetic nanoparticles to
polymers has been proved to be a feasible way to resist the
electrical treeing deterioration in gradientmagnetic field [18].
The experimental result provides a possible method to resist
insulation degradation. However, absence of research on
mechanism of ferromagnetic particles affecting behavior of
insulation material results in no theoretical guidance for
improving AC breakdown strength. Modification method of
adding surface functionalized nanoparticles is proved to be
able to suppress the polarization of polymer insulation mate-
rial due to the boundary between nanoparticles and polymer
matrix. PD activity is also reduced due to nanoparticles’
suppressing free space charges [19], [20]. Regarding the
existing research, lack of research on improving AC and DC
breakdown strength in high magnetic field simultaneously
also handles the progress of insuring insulation reliability.

In this paper, adding Fe3O4 nanoparticles, whose relative
permittivity and permeability are higher than that of SiR,
and fluorination treatments were carried out based on the
mechanism of AC and DC breakdown in high magnetic field
respectively. The mechanism of improving the breakdown
strength by the modification methods was analyzed through
experimental results and model calculations. The experimen-
tal results and the mechanism analysis provide a proper
modification method to ensure insulation reliability in high
magnetic and theoretical basis for the insulation design of
high-field magnets.

II. EXPERIMENTAL SETUP
A. SPECIMEN PREPARATION
The specimens used in this paper are made of 110-2
methyl vinyl silicone rubber produced by Nanjing Dongjue

FIGURE 1. Pictures of the surface of specimens with different filler
contents and fluorination time.

Silicone Co., Ltd., 2,5-dimethyl-2,5-bis(tert-butylperoxy)
hexane (DBPH) sulfidizing agent produced by Guangdong
Wengjiang Chemical Reagent Co., Ltd. and Fe3O4 nanopar-
ticles with an average grain diameter of 20 nm [18]. The
silicone rubber and the sulfidizing agent weremixed in amass
ratio of 100:1. Then the Fe3O4 nanoparticles were added to
the mixture with contents of 0, 0.5, 1, 2 wt%. The three
raw materials are mixed in corresponding proportions by
a double screw blender at a speed of 120 rpm for half an
hour. Then the material was extruded into a mold made of
stainless steel and shaped into 60 mm×60 mm sheets with
the thickness of 0.3 mm through hot pressing by setting the
temperature and pressure as 175 ◦C and 10 MPa respectively
for 20 minutes [21], forming sheets made of original SiR and
SiR/Fe3O4 nanocomposites.
In the process of fluorination treatment, the original SiR

specimens and SiR/Fe3O4 nanocomposites were suspended
in the reactor by an iron bracket wrapped with polyimide.
The temperature in the reactor was remained at 25 ◦C. Before
the fluorination treatment, the reactor was vacuumed with
a vacuum pump, then filled with nitrogen to atmospheric
pressure, and then vacuumed again. The above process was
repeated three times to complete gas washing. After the gas
washing stage, the reactor was filled with fluorine gas to half
atmospheric pressure [22] and the fluorination reaction was
carried out, which lasts for 3, 5 and 10 minutes respectively.
After the fluorination reaction, the process of vacuuming the
reactor and filling the reactor with nitrogen is repeated for
three times again to complete the gas washing stage.

The pictures of the surface of the specimens used in this
paper with the color of the background being white are shown
in Fig. 1. The specimens with different contents of Fe3O4
nanoparticles and being fluorinated for different times are
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FIGURE 2. Experimental setup for partial discharge and breakdown tests
as well as the voltage waveform in DC breakdown tests.

discriminated by the first half (H0, H1, H2 and H3) and the
second half of the labels (F0, F3, F5 and F10) respectively.

B. PARTIAL DISCHARGE AND BREAKDOWN TESTS
The experiments in this paper were all carried out at
room temperature. High magnetic field was generated by a
superconducting high-field magnet, JMTD-12T100, with the
largest magnetic flux density being over 12 T. The direction
of external magnetic field is perpendicular to the surface of
the specimens. AC and DC breakdown tests were carried out
using the same sphere-plate electrode system made of brass
as described in [16]. The diameter of the sphere electrode is
20 mm as shown in Fig. 2(a). During AC breakdown tests,
the rising speed of the applied voltage is 3 kV/min. The
applied voltage rises from 0 kV to the breakdown of the
specimens, and the process is repeated 10 times for each
type of specimen in each condition with different magnetic
flux densities. During DC breakdown tests, step-up boosting
up method [16] was used, with the relationship between the
voltage applied to the specimens and the time being described
by the diagram in Fig. 2(b). Breakdown strengths of the
specimens were calculated through dividing the breakdown
voltage by the actual thickness of the sample measured with
a vernier caliper.

PD behavior was tested using the same experimental setup
as that used in AC breakdown tests and was detected by a
high-frequency current transformer (HFCT) being connected
to a high-resolution oscilloscope and surrounding the ground

FIGURE 3. High magnetic field affecting AC breakdown strength of
SiR/Fe3O4 nanocomposites.

line as described in [13], [15], and [16]. 5 kV AC voltage
was applied to the specimens for 1 minute, and PDs whose
amplitudes of the signals were higher than 200 mV were
recorded.

The surface density of different types of shallow traps
on the specimens’ surface was tested and calculated using
the same experimental setup and equations respectively as
described in [16]. The charging process lasts for 10 minutes,
and the discharging process lasts for 20 minutes. Distribu-
tions of donor-like and acceptor-like surface shallow traps are
tested with the voltage polarity of the needle electrode being
positive and negative respectively.

III. RESULTS AND DISCUSSION
A. EFFECTS OF NANOPARTICLES ON BREAKDOWN
The AC breakdown strength of SiR/Fe3O4 nanocomposites
with different addition amounts of Fe3O4 nanoparticles in sit-
uations without external magnetic field andwith themagnetic
flux density being 12 T is shown in Fig. 3. In a magnetic
field free environment, the AC breakdown strength of the
SiR composite insulation specimens with Fe3O4 nanoparti-
cles added is higher than that of the original SiR specimen,
and the AC breakdown strength of the composite insulation
specimens increases with the increase of the mass fraction of
Fe3O4 nanoparticles. AC breakdown strength of the compos-
ite specimens with the mass fractions of Fe3O4 nanoparticles
being 1 wt% and 2 wt% is almost the same.
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FIGURE 4. Statistical data of high magnetic field affecting PD amplitudes
and times.

When the magnetic flux density is 12 T, the AC breakdown
strength of SiR/Fe3O4 nanocomposites is higher than that of
the original SiR specimen. The AC breakdown strength is
the highest when the mass fraction of Fe3O4 nanoparticles
is 1 wt%. The AC breakdown strength of the four types of
specimens in high magnetic field is lower than that in free
environment. Therefore, high magnetic field reduces the AC
breakdown strength of SiR. Adding an appropriate amount of
Fe3O4 nanoparticles can effectively improve the AC break-
down strength of SiR in the absence of magnetic field and
high magnetic field.

Under AC voltage, the change of breakdown strength is
closely related to the behavior of PD. The damage of PD to the
specimens develops rapidly from the specimens’ surface to
the ground electrode and finally penetrates the specimens to
cause insulation breakdown. Statistical data of the amplitudes
and times of PDs with the electrodes being applied with 5 kV
AC voltage for 1 minute are shown in Fig. 4
As for the specimens with the same content of Fe3O4

nanoparticles, the average amplitude of PDs decreases and
more PDs take place in high magnetic field compared to that
in the situation without external magnetic field. Higher PD
frequency results in the decrease of AC breakdown strength
in high magnetic field. In the situation without external

FIGURE 5. Schematic diagram of the model to calculate the effects of
magnetic field on polarization.

magnetic field, the PD frequency decreases and average PD
amplitude increases with the increase of filler contents. Cou-
pling effects of lower PD frequency and higher average PD
amplitude result in similar AC breakdown strength of the
specimens with 1 and 2 wt% filler contents. In high magnetic
field with the magnetic flux density being 12 T, PD frequency
of the specimen with 2 wt% Fe3O4 nanoparticles is higher
than that with 1 wt% Fe3O4 nanoparticles. Higher total dis-
charge energy per unit time leads to a weaker inhibition effect
on AC breakdown in high magnetic field with the contents of
Fe3O4 nanoparticles being higher than 1 wt%.
PD behaviors are related to the polarization and depolariza-

tion process of the polymer insulation material as described
in [13] and [16]. In order to analyze the effects of high
magnetic field on the dielectric properties of SiR/Fe3O4
nanocomposites, a model is established and shown in Fig. 5.
One piece of a specimen can be divided into a finite number

of spherical elements whose radius is r. The movement of
all physical elements (electrons, ions, dipoles, et al.) taking
part in polarization process is unified into the separation of
positive and negative charge centers. As a result, the model is
suitable for elements of all sizes. The spherical elements can
represent both SiR matrix and Fe3O4 nanoparticles. Consid-
ering the energy conversion in the range of spherical elements
during the polarization of specimens, the conservation equa-
tion of energy density is as follows [13], [15], [16].

1
2
εε0E2

+
1
2
µµ0H2

0 =
3JElt
4πr3ε

+
3
√

εµ

4c
E (H0 + H) (1)

where ε and µ are relative permittivity and permeability
respectively; ε0 and µ0 are the permittivity and permeability
of vacuum; E is the external electric field; H0 is the external
magnetic field intensity; J is the current density generated by
polarization; l is the length of electric dipole; c is the speed of
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light; H is the magnetic field intensity generated by J . As a
result, the electromagnetic field affecting dipole moment d(t)
and the time for depolarization τ can be expressed by the
equations (2) and (3) respectively [13], [16].

d (t) =
4πr3
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ε2ε0E
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−
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πr3H0
√

εµ

)]
(3)

where Qmax is the quantity of polarized charges.
As for the specimens with the same contents of Fe3O4

nanoparticles, higher magnetic flux density results in lower
polarization intensity and higher speed of depolarization,
causing higher PD frequency and lower average PD ampli-
tude. SiR/Fe3O4 nanocomposites display much higher per-
mittivity and permeability than original SiR specimen. As a
result, addition of appropriate amount of Fe3O4 nanoparticles
is able to arrange the polarization of SiR in the situations
with high magnetic field and without external magnetic field,
resulting in lower PD frequency and higher AC breakdown
strength. Higher filler content (2 wt%) causes both higher
PD frequency and higher average PD amplitude, resulting in
lower AC breakdown strength in high magnetic field, due to
the magnetization of Fe3O4 nanoparticles.

B. EFFECTS OF FLUORINATION ON DC BREAKDOWN
The DC breakdown strength of fluorinated SiR specimens
in situations with high magnetic field and without external
magnetic field is shown in Fig. 6.
The DC breakdown strength of the specimens increases

with the increase of fluorination treatment time, except for
the specimen being fluorinated for 10 minutes. As for the
specimens being fluorinated for the same time, high magnetic
field causes the decrease of DC breakdown strength.

Scanning electron microscope (SEM) images of the frac-
ture surface of the specimens are shown in Fig. 7. Fluorination
treatment generates a fluorinated layer on the surface of the
specimens. The thickness of the fluorinated layer increases
with the increase of fluorination treatment time. Although
the thickest fluorinated layer appears on the SiR specimen
being fluorinated for 10 minutes, the fluorination treatment
also causes damage to the specimen’s surface, resulting in the
demonstrable decrease of DC breakdown strength.

According to [14] and [16], high magnetic field affects the
charge injection barrier through splitting the energy levels of
polymer insulation material and changing the surface density
of the two types of surface traps. Lower charge injection
barrier causes more space charge accumulation, resulting in
the decrease of DC breakdown strength in high magnetic
field [16]. Changes in the density of two types of surface traps
after fluorination treatment in high magnetic field are shown
in Fig. 8. Difference between the densities of donor-like and
acceptor-like is calculated and marked at the corresponding

FIGURE 6. High magnetic field affecting DC breakdown strength of
fluorinated SiR specimens.

FIGURE 7. SEM images of the fracture surface of fluorinated SiR
specimens.

position of each specimen. Compared with the original SiR
specimens, fluorination treatment results in larger density of
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FIGURE 8. Changes in densities of surface traps by fluorination treatment
time in high magnetic field.

acceptor-like surface traps, which is caused by electronega-
tivity of the fluorinated layer. With the increase of magnetic
flux density, both the densities of donor-like and acceptor-like
surface traps increase. High magnetic field has more signifi-
cant effects on the increase of donor-like surface trap density,
resulting in lower density difference between the two types
of surface traps with the magnetic flux density being 12 T.
Higher surface density of acceptor-like traps is favorable for
the improvement of interface barrier [16], resisting space
charge injection and PD. As a result, fluorination treatment
is able to increase the DC breakdown strength of SiR both in
high magnetic field and conditions without magnetic field.

C. COLLABORATIVE REGULATION
Considering the fact that high-field magnet coil insulation
faces the challenge of steady-state and transient high voltage
simultaneously, DC breakdown tests on nanocomposites in
high magnetic field were carried out to verify the universality
of adding Fe3O4 particles. Scale parameter of theWeibull dis-
tribution of DC breakdown strength of SiR/Fe3O4 nanocom-
posites is shown in Fig. 9
While in the situation without magnetic field, DC break-

down strength increases with the increase of Fe3O4 filler
contents. The Fe3O4 nanoparticles form quantum dots and
play a role as deep traps [18]. Higher filler contents result in
higher density of deep traps, capturing homo-polar charges

FIGURE 9. High magnetic field affecting DC breakdown strength of
SiR/Fe3O4 nanocomposites.

FIGURE 10. Magnetic field affecting DC and AC breakdown strength of
fluorinated nanocomposites with 1 wt% filler content.

and resisting space charge injection, causing higher DC
breakdown strength. While in high magnetic field, the mag-
netization of Fe3O4 nanoparticles enlarges the effect of mag-
netic field on the reduction of interface barrier. As a result,
adding Fe3O4 nanoparticles fails in increasingDCbreakdown
strength of SiR in high magnetic field.

The SiR/Fe3O4 nanocomposite with 1 wt% filler content,
which shows the highest AC breakdown strength in high
magnetic field, is fluorinated. AC andDCbreakdown strength
of the fluorinated nanocomposites in the condition without
magnetic field and in high magnetic field is shown in Fig. 10
The nanocomposites being fluorinated for 5 minutes also

show the highest DC breakdown strength with the magnetic
flux density being 0 and 12 T. However, the AC break-
down strength decreases with the increase of fluorination
treatment time. Besides the damage caused by overdose
fluorination, fluorination treatment also weakens the effect
of Fe3O4 nanoparticles on improving the AC breakdown
strength of SiR. The magnetic hysteresis loops of the fluo-
rinated nanocomposites are shown in Fig. 11.

As a polymer, SiR is antimagnetic, thus the tail of mag-
netic hysteresis loops of the SiR/Fe3O4 nanocomposites
shows a downward trend. With the increase of fluorination
treatment time, except 10 minutes, the magnetism of the
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FIGURE 11. Magnetic hysteresis loops of the fluorinated nanocomposites
(from 0 to 3 T).

TABLE 1. Specimens with the highest breakdown strength.

TABLE 2. The highest breakdown strength of the specimens with the
same filler content.

SiR/Fe3O4 nanocomposites is weakened. By combining the
color of specimens shown in Fig. 1, conclusions can be
drawn that fluorination treatment converts some of the mag-
netic Fe3O4 nanoparticles into non-magnetic FeF2 and FeF3,
which are crystals with the color of light green. According to
equations (2) and (3), lower permeability weakens the modi-
fication effects of nanoparticles on the polarization of SiR.

DC and AC breakdown tests on the specimens in Fig. 1
were carried out with the magnetic flux density being 0 and
12 T. The specimen with the highest breakdown strength and
the corresponding breakdown strength are counted and shown
in Table 1 and Table 2.
DC and AC breakdown strength of H0F0 is 79.41 and

28.90 kV/mm in the condition without magnetic field, and
72.87 and 26.67 kV/mm in high magnetic field, respectively.
With the filler content being the same, all the specimens
being fluorinated for 5 minutes show the highest DC break-
down strength, and all the specimens except those who have
2 wt% Fe3O4 nanoparticles show the highest AC breakdown

strength when fluorination treatment is not carried out. Both
DC and AC breakdown strength of H3F5 is higher than the
original SiR specimen in highmagnetic field. Considering the
effects of fluorination treatment on the conversion of Fe3O4
nanoparticles, H3F5 has a larger quantity of magnetic fillers
left than H2F5 does. As a result, relative higher DC and
AC breakdown strength of H3F5 in high magnetic field is
caused by a) higher density of quantum dots, b) electronega-
tive fluorinated layer and c) enough magnetic particles after
fluorination treatment.

IV. CONCLUSION
This paper investigates the effects of adding Fe3O4 nanoparti-
cles and fluorination treatment on the AC and DC breakdown
strength of SiR in high magnetic field respectively. The two
modification methods are combined to improve the AC and
DC breakdown strength of SiR simultaneously. Main conclu-
sions are as follows:
(1) Fe3O4 nanoparticles can modify the polarization of SiR

and cause the decrease of PD frequency. As a result, adding
1 wt% Fe3O4 nanoparticles can improve the AC breakdown
strength of SiR in high magnetic field by 5.4%. Magnetiza-
tion of Fe3O4 nanoparticles makes the magnetic field more
significant in promoting the breakdown of SiR with the filler
content being excessive.
(2) Fluorination treatment generates a fluorinated layer on

the surface of SiR and improves the density of acceptor-like
surface traps. 5 minutes of fluorination treatment causes the
increase of interface barrier and improves the DC breakdown
strength of SiR in high magnetic field by 8.84%. Overdose
fluorination treatment causes damage to SiR and results in a
significant decrease in breakdown strength.
(3) Fe3O4 nanoparticles act as quantum dots, resisting

space charge injection and improvingDC breakdown strength
in the conditions without magnetic field. Magnetization
of Fe3O4 nanoparticles causes decease of DC breakdown
strength in high magnetic field.
(4) Fluorination treatment reduces themagnetism of Fe3O4

nanoparticles, thus reducing the inhibitory effect of magnetic
nanoparticles on AC breakdown. Through supplementing an
appropriate amount of magnetic nanoparticles to SiR/Fe3O4
nanocomposites, the combination of fluorination treatment
and adding Fe3O4 nanoparticles can improve the AC and
DC breakdown strength in high magnetic field by 0.64% and
8.81% simultaneously.
Based on the experimental results and mechanism analysis

in this paper, the structural design of coil insulation will
be carried out in the future, completing a highly reliable
insulation design for high-field magnets using the material
preparation method obtained in this paper.
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