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Abstract: Inorganic insulating powder can potentially be used in nuclear power plant cables, fire-
resistant cables, and so on due to its high heat resistance and radiation resistance. It is of great
academic and engineering value to study the dielectric properties of inorganic insulating powder.
In this paper, we aim to study the nonlinear dielectric properties via the measurement of the time-
domain polarization current spectrum under the application of a DC electric field. Three kinds of
silica powders are measured by a measurement system with adjustable pressure. The effects of
powder shape, particle size, and packing pressure and temperature on the dependence of relaxation
polarization and electrical conductivity on the applied electric field are studied. The experimental
results show that the relationship between electrical conductivity and the electric field of inorganic
insulating powder presents two different characteristics, i.e., field-induced enhancement and field-
induced weakening. The relationship between conductance and temperature shows an increase
with temperature. That is, the electrical conductivity increases or decreases with the increase in
temperature. The inorganic powder insulation can be regarded as a composite, which is composed of
inorganic powder particles and air gaps. The interface between the powder particles and air gaps
contributes a lot to the polarization of inorganic insulating powder. The phenomena (including the
field-induced weakening characteristic between relaxation polarization and electric field and the
decrease characteristic of polarization with increasing temperature) can be explained by a simplified
interface polarization mechanism.

Keywords: inorganic insulating powder; nonlinear polarization; nonlinear electrical conductivity;
time-domain current spectrum

1. Introduction

With the rapid development of human society, the demand for electric energy is
also increasing continuously. As an important part of the power transmission system,
the insulation reliability of cables is crucial to ensure the safety of power transmission
and the reliable operation of the power grid. In different applications, cable insulation
is usually subjected to different harmful effects, such as high temperature resistance, fire
resistance, radiation resistance, etc., which pose a great challenge to the performance of
insulation materials. In different operating occasions, cable insulation is usually subjected
to different harmful effects, such as high temperature, fire, radiation, etc., which pose a
great challenge to the performance of insulation materials [1,2]. Insulation materials must
not only withstand adverse conditions, but also need to ensure reliable dielectric properties.
Inorganic powder is traditionally used as a raw material for electrical and electronic
ceramics [3–5]. Moreover, it is also used in polymer-based composites as a functional filler
to improve the composite’s thermal, mechanical, and electrical insulating properties [6–10].
Due to its high temperature resistance and radiation resistance, inorganic insulating powder
is widely used in fire-resistant cables [1], nuclear power plant cables [2], and electromagnetic
winding coils [11], and it is potentially applied in the electrical insulation field under
extreme environments.
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Inorganic insulating powder can be considered as a composite system, which is
composed of powder particles and the air gaps between the packing powder particles. The
dielectric properties of the inorganic insulating powder are not only related to the intrinsic
dielectric properties of powder particles, but also to the packing structure of the powder
particles [12,13]. The factors that affect the packing structure of the powder particles mainly
include the applied pressure, the powder particles’ intrinsic properties (e.g., particle size,
shape, and surface roughness), and the container’s properties (such as container size, shape,
and inner surface roughness) [14,15]. The dielectric properties of inorganic powder are
important not only because of its usage as insulation in special cables [1,2,11], but also
because it is widely used as an additive in polymer composites. From the engineering
point of view, when inorganic insulating powder is filled in a specific insulation structure,
the circuit parameters of the insulation structure will be modified by the filled powder,
which influences the dynamic and steady-state characteristics of the insulation system.
It is beneficial to the design of the insulation structure only after the inorganic powder
material parameters are clarified. Moreover, from the scientific point of view, the study of
the electrical properties of inorganic powder helps to reveal the deep dielectric mechanism.

Bouanga et al. investigated the behavior of the permittivity of Al2O3 and BN powders
at low frequencies [16]. They revealed that the treatment under a vacuum is a more efficient
way to remove the water in powders than thermal treatment, and by measuring the value
for a powder, an accurate estimation of the permittivity of the bulk material can be acquired
by known mixing laws for the dielectric permittivity. The dielectric properties of inorganic
powders are also important in mineral separation techniques. Goossens et al. measured
the permittivity of mineral powders and found that obsidian can be served as a possible
reference mineral powder because it suits the necessary requirements of an excellent
dielectric reference mineral [17]. Stepan S. Batsanov found that the permittivity of diamond
powders increases with a decrease in size, which is not explained by the Maxwell–Wagner
effect well. A double electric layer induced by the charges (unpaired electrons) on the
surface atoms contributes to the permittivity increase with a decrease in size. The model
Batsanov presented provides a way to estimate correctly the sense of the size effect and
the order of magnitude of the permittivity for fine powders [18]. Though the permittivity
of inorganic powders has been studied before, the electric conductivity is rarely studied.
Compared to insulating powder materials, the studies of conductivity for conductive and
semi-conductive powders have been reported more frequently [19–21].

The aim of this paper is to study the dielectric properties of a typical inorganic in-
sulating powder (i.e., silica) by the time-domain polarization current method. Moreover,
the effects of the applied pressure, the powder particles’ shape and size, as well as the
temperature on the relaxation polarization and electrical conductivity characteristics of the
packing inorganic insulating powder are studied. It is expected to provide a more in-depth
understanding of the dielectric behavior of inorganic powders from this study.

2. Materials and Methods
2.1. Inorganic Insulating Powder

There are many types of inorganic insulating powders sorted by chemical composition.
Some insulating powders are mostly added to the polymer matrix for modification purposes
to prepare the corresponding composite materials, such as Al2O3, MgO, SiO2, and BN.
MgO and SiO2, in the form of a closely packed powder, also could be used in refractory
cables and cables for nuclear power plants. Considering the applications in practice and
the typical structure of SiO2, SiO2 is chosen as the model material in this study.

Three kinds of silica powders produced by Zhejiang Yamei Nano Co., Ltd. are studied;
all of their purities are greater than 99.9%. The scanning electron microscope morphologies
and the histograms of the average particle size, which were measured by a laser particle
size analyzer, of these powders are shown in Figure 1.
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Figure 1. Morphology and the histograms of the average particle size of silica: (a) small spherical
silica with a volume average diameter of 10.1 µm; (b) irregular silica with a volume average diameter
of 3.3 µm; and (c) large spherical silica with a volume average diameter of 42.6 µm.

The small spherical silica (SS) has a volume average diameter of 10.1 µm, and the
large spherical silica (LS) has a volume average diameter of 42.6 µm. The small irregular
silica (SIS) has a volume average diameter of 3.3 µm. These three kinds of silica powders
are used to investigate the effects of the powder particles’ shape and size on the apparent
dielectric properties of the inorganic insulating powder.

In order to eliminate the influence of moisture and space charge on the powders, these
powders are preprocessed before measurement. A clean circular plate electrode is placed
in a beaker, and the powder is loaded in the circular plate electrodes and is shorted. The
whole electrodes are placed under 200 ◦C and −0.1 MPa for 48 h, and then, the powder
is cooled to the measurement temperature under a vacuum. Subsequently, the powder is
filled in the electrodes in the system as soon as possible.

2.2. Measurement System and Conditions

To study the apparent properties of conductivity and polarization of inorganic pow-
ders, time-domain polarization current spectra under different temperatures and electric
fields are measured by a measurement system equipped with a cup-shaped three-electrode
system [22], as shown in Figure 2.
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Figure 2. Measurement system for time-domain polarization current.

The three-electrode system is a commonly used test electrode system in the field of
dielectric property research [23,24]. In this study, the diameter of the measuring electrode
is 50 mm. The inner and outer diameters of the shield electrode are 54 mm and 74 mm. The
diameter of the high-voltage electrode is 94 mm. The measurements are carried out at 25,
40, 55, and 70 ◦C, respectively. The ambient relative humidity is less than 40%.

It is known that the breakdown strength of air is about 3 kV/mm. The initial electric
field is inversely proportional to the relative dielectric constant. As is known, the relative
dielectric constants of air and silica are 1 and 4, respectively. The electric field E2,0 in the air
gap is described as E2,0 = 4E1,0.
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Considering that:

d1E1,0 + d2E2,0 = d1E1,0 + 4d2E1,0 = Eave(d1 + d2) (1)

d1 > 0, d2 > 0 and (1) are then rewritten as bellow:

E1,0 = Eave
d1 + d2

d1 + 4d2
< Eave (2)

Since Eave used in our manuscript is no larger than 0.7 kV/mm, the electric field
E2,0 in the air gap is presented as E2,0 = 4E1,0 < 4Eave = 2.8E2,0 kV/mm. Thus, the initial
electric field in the air gap is no larger than 2.8 kV/mm. In addition, the air gap between
powders is very thin, and it is more difficult for powders to emit electrons than metal
electrodes, so the breakdown of air hardly occurs. And, it was found that partial discharge
will not happen in powders when the applied electric field does not exceed 1 kV/mm in
experiments. Moreover, it was found that partial discharge will happen in powders when
the applied electric field exceeds 1 kV/mm. So, the applied electric field is from 0.1 kV/mm
to 0.7 kV/mm to avoid partial discharge in silica powders in this study. Correspondingly,
the voltage is from 0.5 kV to 3.5 kV because the thickness of the silica powder samples
is 5 mm. The polarization time is 1 h under each electric field and then follows the
depolarization process with at least 2 h to make sure the sample discharges completely.

2.3. Calculation of Apparent Relaxation Polarizability and Electrical Conductivity

The time-domain polarization current usually includes nonrelaxation polarization
current, relaxation polarization current, and conduction current.

Limited by the response of the measurement system, the nonrelaxation polarization
current cannot be acquired by the measurement system because the building time of
nonrelaxation polarization is much shorter than the system response. So, the measured
time-domain polarization current only includes the relaxation polarization current and the
conduction current. The measured current satisfies Equations (3) and (4) [25–30].

i(t) = ip(t) + iDC (3)

ip(t) = At−n or
n
∑

j=1
Aje

− t
τj (4)

where ip(t) is the relaxation polarization current, iDC is the conduction current, and A, n,
Aj, τj are constants. Figure 3 shows a typical time-domain polarization current spectrum.
Equation (4) can be used to eliminate the interference and realize the decomposition of
the relaxation polarization current and conduction current by fitting the measured data
according to the normal least squares method [31].
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Figure 3. Typical time-domain polarization current spectrum of silica.

The apparent electrical conductivity of the powder can be obtained as below.

fl =
iDC

SE
(5)
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where S is the effective electrode area, and E is the applied electric field.
The relationship between the relaxation polarization p(t) and time is able to be obtained

from the numerical integration of the polarization current ip(t) against time as follows.

p(t) =
1
S

∫ t

0
ip(τ)dτ (6)

Moreover, the steady-state relaxation polarization Psteady is then obtained according
to the trend prediction. The static apparent relaxation polarizability χr is then calculated
by Equation (7).

χr =
Psteady

ε0E
(7)

where ε0 is the vacuum permittivity.
Subsequently, the relationship of the static apparent relaxation polarizability (electrical

conductivity) and electric field are obtained by changing the applied electric field E.

3. Results and Discussion
3.1. Electrical Conductivity
3.1.1. Effect of Pressure on the Apparent Electrical Conductivity

Figure 4 shows the relationship between the apparent electrical conductivity and the
electric field of the three kinds of powders under different pressure conditions at 55 ◦C.
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Figure 4. Relationship between the apparent electrical conductivity and the electric field of silica
powders under different pressures: (a) apparent electrical conductivity of SIS powder; (b) apparent
electrical conductivity of SS powder; and (c) apparent electrical conductivity of LS powder.

It can be seen that the increasing applied pressure results in a higher apparent electrical
conductivity in Figure 4a,b. The apparent resistance of the powder consists of the intrinsic
resistance of the powder particles, the contact resistance between the particles, the air gap
resistance, and the interface resistance between the air gaps and powder particles via the
mixed series and parallel connection. The increasing pressure can effectively reduce the
contact resistance between particles and the air gap resistance. Thus, the powder shows
an increase in the apparent electrical conductivity. In addition, it also can be seen that
there is a nonlinear relationship between the electrical conductivity and the electric field
from Figure 4a,b. This is because the electrically conductive process of silica powder is
complicated, which is modulated by the contact between particles, the air gaps, and the
interface as mentioned above. The electric field influences the contact barriers and interface
charges [32], which results in the nonlinear electrical conductivity, as shown in Figure 5,
and also makes the polarization exhibit a nonlinear behavior hereinafter.
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It can also be seen from Figure 4 that the SIS powder has the highest apparent electrical
conductivity, followed by the SS powder and the LS powder. Compared with the point
contact between the spherical powder particles, the surface and line contact exist between
the irregular powder particles. Thus, the contact resistance between irregular particles is
much lower than that between spherical particles.

The reasons for the low apparent electrical conductivity of LS powder in Figure 4c are
as follows. On the one hand, the number of contact points between large particles per unit
volume is much smaller than that of small particles. On the other hand, the compactness of
them is lower than that of small-size powders under the same applied pressure, and the air
gap resistance takes effect at this time.

Seen from the effect of pressure on the apparent electrical conductivity of powders, the
contact resistance between powders with a small particle size gives the greatest contribution
to the apparent electrical conductivity, while the air gap resistance between powders with
a large particle size gives the greatest contribution to the apparent electrical conductivity.
This conclusion can be further confirmed by the relationship between the apparent electrical
conductivity of powders with different sizes and the electric field.

The relationship between the apparent electrical conductivity and the electric field
of powders with a small particle size presents an electric field-enhancing electrical con-
ductivity characteristic. The apparent electrical conductivity of powders with a small
particle size is determined by the interparticle contact resistance, which can be character-
ized by the interparticle contact barrier. The increase in electric field is able to reduce the
equivalent barrier height [23]; thus, the apparent electrical conductivity of powders with
a small particle size is electric field enhanced. In contrast, the relationship between the
apparent conductivity and the electric field of powders with a large particle size presents
an electric field-weakening conductivity characteristic. At this time, the air gap resistance
plays a leading role. In order to qualitatively discuss the conductivity and polarizability
characterization in inorganic insulating powder, a simplified model, as shown in Figure 6,
is established [28] where γ1 and γ2 are the electrical conductivities of the solid particles
and air gaps, respectively. ε1 and ε2 are the relative dielectric constants of the solid particles
and air gaps, respectively. d1 and d2 are the thicknesses of the solid particles and air gaps,
respectively.
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Figure 6. Simplified conductivity and interface polarization model of inorganic insulating powder.
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According to the basic principle of electromagnetic fields, the steady-state electric field
distribution in the composite system meets as follows.{

γ1E1,∞ = γ2E2,∞ = γEave
E1,∞d1 + E2,∞d2 = Eaved

(8)

where E1,∞ and E2,∞ are the electric fields in solid particles and air gaps, respectively. Eave
is the average electric field across the solid particles and air gaps, d = d1 + d2. γ is the
equivalent electrical conductivity of the model and is determined by eliminating E1,∞, E2,∞,
and Eave as below.

γ =
γ1γ2d

γ1d2 + γ2d1
(9)

Considering the variation in the electrical conductivity and the average electric field,
Equation (9) is rewritten as below by taking the derivative against the average electric field.

∂γ

∂Eave
=

γ2
1dd2

(γ1d2 + γ2d1)
2

∂γ2

∂Eave
(10)

γ2
1dd2/(γ1d2 + γ2d1)

2 > 0, ∂γ
∂Eave

, and ∂γ2
∂Eave

have the same sign. Since the current
density of air is closely related to the applied electric field, as shown in Figure 5, the
current density is nearly constant and independent of the electric field when the electric
field is larger than E1 but lower than E2. As the current density is the product of the
electrical conductivity and electric field, the approximately constant current density leads
to a decrease in the electrical conductivity of the air gap with the increasing electric field,
i.e., ∂γ2

∂Eave
< 0 and then ∂γ

∂Eave
< 0. Thus, the silica with a larger particle size shows the

electric field-weakening conductivity characteristic, which results in the static electrical
conductivity decreasing with the increase in the electric field as shown in Figure 4c.

3.1.2. Effect of Temperature on the Apparent Electrical Conductivity

Figure 7 shows the relationships between the apparent electrical conductivity and
the electric field of the three kinds of powders under different temperatures at decuple
atmospheric pressure.
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Figure 7. Relationship between apparent electrical conductivity and electric field under different
temperatures: (a) apparent electrical conductivity of SIS powder; (b) apparent electrical conductivity
of SS powder; and (c) apparent electrical conductivity of LS powder.

It can be seen that the IS powder has the highest apparent electrical conductivity. In
contrast, the SS powder has a much lower apparent electrical conductivity, and the LS has
the lowest apparent electrical conductivity. At the same time, the small-size powder shows
an electric field-enhancing electrical conductivity characteristic, whereas the LS powder
shows an electric field-weakening electrical conductivity characteristic. In addition, the
apparent electrical conductivity of SS powder increases with the increasing temperature. As
the powders’ intrinsic resistance and the contact resistance between the particles decrease
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with the increasing temperature, the carrier is able to pass from one particle to the adjacent
particle by overcoming the interfacial potential barrier, and the physical process attributes
to the thermal-stimulated hopping electrical conductivity model.

3.2. Polarization Characteristics
3.2.1. Effects of Applied Pressure on the Apparent Relaxation Polarizability

Figure 8 shows the relationships between the apparent relaxation polarizability and
the electric field of the studied powders at 55 ◦C.
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Figure 8. Relationships between the apparent relaxation polarizability and electric field: (a) apparent
polarizability of IS powder; (b) apparent polarizability of SS powder; and (c) apparent polarizability
of LS powder.

It can be seen that the increasing pressure leads to a much higher apparent relaxation
polarizability for each kind of silica. It can also be learnt that at the same pressure, the
SIS powder shows the highest apparent relaxation polarizability among the three kinds
of powders, and the SS powder has a much higher apparent relaxation polarizability than
the LS powder. These suggest that the relaxation polarization of powders belongs to the
interface polarization. With the increase in pressure, the powder is packed more compactly,
resulting in more interfaces per unit volume and an increase in the apparent relaxation
polarizability. The comparison of the apparent relaxation polarizability between the IS
powder and SS powder with a similar particle size further confirms that the powders’
polarization belongs to the interface one. When the pressure, which is in parallel with
the direction of the electric field, is applied on the IS powder interface, more interfaces
perpendicular to the electric field are generated, so the IS powder shows a very high
apparent relaxation polarizability.

As can be seen from Figure 8a,b, the apparent relaxation polarizability of the powder
decreases with the increase in the electric field, which means that it belongs to an electric
field-weakening polarization. In Figure 8c, the apparent relaxation polarizability of the
powder presents an obvious electric field-weakening polarization characteristic only at the
maximum pressure. At the other pressures, the error of the obtained polarizability is large
due to the low polarizability and polarization absorption current of the LS powder, which
conceals the varying trend of the polarizability and electric field.

3.2.2. Effects of Temperature on the Apparent Relaxation Polarizability

Figure 9 shows the relationships between the apparent relaxation polarizability and
the electric field of the studied powders under different temperatures and at decuple
atmospheric pressure.
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Figure 9. Relationship between apparent polarizability and electric field under different temperatures:
(a) apparent polarizability of SIS powder; (b) apparent polarizability of SS powder; and (c) apparent
relaxation polarizability of LS powder.

Figure 9 also shows that the apparent relaxation polarizability of SIS powder is the
highest, followed by SS powder, and that of LS powder is the lowest. Figure 9a,b clearly
show that the powder has an electric field-weakening relaxation polarization, and the
apparent relaxation polarizability of the powder decreases with the increase in temperature.
Similarly, Figure 9c does not clearly show the varying trend due to the large error of the
measured polarizability caused by the low relaxation polarization absorption current.

In addition, according to our model in Figure 5, the electric field distribution in the
composite system can be described as Equation (11) under the initial time of the applied
DC voltage U0.

ε0ε1E1,0 = ε0ε2E2,0 (11)

At this time, the electric field is inversely proportional to the relative dielectric constant,
and the charge density at the interface is 0.

According to Equation (8), the steady-state electric field can be obtained as follows.{
E1,∞ = γ2(d1+d2)

γ1d2+γ2d1
Eave

E2,∞ = γ1(d1+d2)
γ1d2+γ2d1

Eave
(12)

The steady-state interface charge density can be denoted as below.

σinter = ε0ε1E1,∞ − ε0ε2E2,∞ (13)

Substitute Equation (12) into (13); the steady-state interface charge density is rewritten
as follows.

σinter =
ε0(ε1γ2 − ε2γ1)(d1 + d2)

γ1d2 + γ2d1
Eave (14)

As the interface polarization is proportional to the interfacial charge density, the
apparent relaxation polarizability is obtained as Equation (15).

χr,inter =
Pinter

Eave
∝

σinter

Eave
=

ε0(d1 + d2)(ε1γ2 − ε2γ1)

γ1d2 + γ2d1
(15)

Considering the variation trend of the relaxation polarization and the apparent average
electric field, Equation (15) is derived with respect to the apparent average electric field,
and Equation (16) can be obtained.

∂χr,inter

∂Eave
∝

∂

∂Eave

[
ε0(d1 + d2)(ε1γ2 − ε2γ1)

γ1d2 + γ2d1

]
(16)

In Equation (16), only the air’s electrical conductivity is related to the electric field, and
it shows an electric field-weakening nonlinear electrical conductivity under the premise of



Energies 2023, 16, 2479 10 of 12

no discharge, i.e., ∂γ2
∂Eave

< 0. Equation (16) can be rewritten from the derivation formula
as below.

∂χr,inter

∂Eave
∝

ε0(d1 + d2)γ1[ε1d2 + ε2d1]

(γ1d2 + γ2d1)
2

∂γ2

∂Eave
(17)

According to the dielectric parameters of each material, it can be inferred that
ε0(d1+d2)γ1[ε1d2+ε2d1]

(γ1d2+γ2d1)
2 > 0. Consequently, ∂χr,inter

∂Eave
and ∂γ2

∂Eave
always show the same polar-

ity. When the air’s electrical conductivity shows an electric field-weakening nonlinear
electrical conductivity (i.e., ∂γ2

∂Eave
< 0), ∂χr,inter

∂Eave
< 0. Namely, the interfacial relaxed polariza-

tion of the inorganic insulating powder is bound to show a similar electric field-weakening
polarization characteristic.

It can also be seen from Equation (15) that the increasing temperature leads to the
increase in the intrinsic electrical conductivity γ1 of powder particles, which causes the
negative temperature dependence of the apparent relaxation polarizability χr. Thus, the
experimental phenomena that the apparent relaxation polarizability of insulating powder
decreases with increasing temperature is perfectly explained.

4. Conclusions

The effects of pressure and temperature on the relationship between the dielectric
parameters and the electric field of powders with different particle shapes and sizes were
experimentally researched, and some significant conclusions could be obtained.

(1) The powder with a small particle size is packed compactly, and its apparent
electrical conductivity is controlled by the contact resistance between the particles. In
contrast, the powder with a large particle size is packed more loosely, and the air gap
resistance plays a dominant role in its apparent electrical conductivity.

(2) Insulating powder shows a nonlinear electrical conductivity characteristic. When
the apparent electrical conductivity of the powder is determined by the contact resistance
between particles, the powder exhibits electric field-enhancing electrical conductivity. In
comparison, when the air gap resistance plays a leading role, the electrical conductivity of
the powder is electric field weakened.

(3) The apparent electrical conductivity of silica powder is positively temperature de-
pendent when the contact resistance between particles is dominant, whereas it is negatively
temperature dependent when the air gap resistance takes effect.

(4) The relaxation polarization of powder originates from the interface polarization be-
tween powder particles and air gaps. The increase of applied pressure results in an increase
in the number of interfaces per unit volume, which makes the relaxation polarizability
increase. The polarizability of SIS powder is the highest, followed by the SI powder with a
similar size, and the polarization of LS powder is the lowest.

(5) The interface polarization mechanism between the solid particles and the air
gaps determines if the insulating powder has an electric field-weakening polarization
characteristic and a temperature-weakening relaxation polarization.

(6) The relationships between the apparent electrical conductivity as well as the
relaxation polarizability and the electric field are helpful to reveal the dielectric mechanisms
of insulating powders. They can also provide some reference and guidance when insulating
powder is used as an additive agent in polymer insulating materials.
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