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Abstract: Ceramic outdoor insulators play an important role in electrical insulation and mechanical
support because of good chemical and thermal stability, which have been widely used in power sys-
tems. However, the brittleness and surface discharge of ceramic material greatly limit the application
of ceramic insulators. From the perspective of sintering technology, flash sintering technology is used
to improve the performance of ceramic insulators. In this paper, the simulation model of producing
the ceramic insulator by the flash sintering technology was set up. Material Studio was used to study
the influence of electric field intensity and temperature on the alumina unit cell. COMSOL was used
to study the influence of electric field intensity and current density on sintering speed, density and
grain size. Obtained results showed that under high temperature and high voltage, the volume of the
unit cell becomes smaller and the atoms are arranged more closely. The increase of current density
can result in higher ceramic density and larger grain size. With the electric field intensity increasing,
incubation time shows a decreasing tendency and energy consumption is reduced. Ceramic insula-
tors with a higher uniform structure and a smaller grain size can show better dielectric performance
and higher flashover voltage.

Keywords: flash sintering; ceramic insulator; densification behavior

1. Introduction

Line insulators are an essential part of the transmission system, whose main function
is to suspend the wire on the tower support. Therefore, line insulators require stable
mechanical properties and excellent insulation properties. Due to their good chemical and
thermal stability, ceramic insulators are widely used in power systems [1,2]. However,
the brittleness of ceramic insulators and the susceptibility to surface discharge greatly
limit the application of ceramic insulators. With the development of the power system
in the direction of large capacity and extra-high voltage, higher requirements have been
placed on the performance of the insulators, and the safety of the insulators has also
been paid attention to [3—6]. Therefore, from the perspective of sintering of ceramic
materials, this paper used flash sintering technology to improve the insulation performance
of ceramic insulators.

Ceramic sintering is an important process of ceramic production. Conventional
sintering is a process with high energy consumption and high time consumption, which
is not suitable for the current development theme of reducing energy consumption and
environmental protection [7-14]. In order to reduce energy consumption, optimize the
process, increase production efficiency and reduce sintering temperature, new sintering
processes were proposed: hot-press sintering [15-17], microwave sintering [18-20], spark
plasma sintering [21-25], flash sintering [26-30], etc. The comparison of various sintering
processes is shown in Table 1.

Energies 2021, 14, 1157. https:/ /doi.org/10.3390/en14041157

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2042-9758
https://doi.org/10.3390/en14041157
https://doi.org/10.3390/en14041157
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14041157
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/4/1157?type=check_update&version=2

Energies 2021, 14, 1157

20f 14

Table 1. The comparison of sintering processes.

Sintering Process Furnace Temperature Sintering Time Pressure Assist/Electromagnetic Assist
Conventional sintering 1350 °C-1500 °C 320h None
Hot-press sintering 1150 °C-1300 °C 05-2h Pressure assist
Spark plasma sintering 1000 °C-1100 °C A few minutes Electromagnetic assist
Flash sintering 750 °C-900 °C A few seconds Electromagnetic assist

Flash sintering technology is a new type of ceramic sintering process with an assisted
electric field, which has the advantage of rapid densification at low temperatures and
can effectively save energy and economic costs. Compared with traditional sintering
technology, flash sintering has two advantages: (1) the temperature required for flash
sintering is generally much lower than that of traditional sintering, and (2) the flash
sintering process takes only a few seconds, and the time is much lower than that of
traditional sintering [31,32]. Cologna et al. introduced the most typical experimental
equipment of flash sintering and sintered yttrium-stabilized zirconia. They found that by
applying a DC electric field, the 3YSZ material can be densified within a few seconds at
850 °C [33]. Zapatasolvas et al. proposed an experimental device that is most similar to
spark plasma sintering. However, the flash sintering process cannot be seen when using
this experimental device, and therefore the detection of flash sintering depends on either
observing the change of power or detecting the change of die displacement [34]. Many
scholars use experiments to study flash sintering. The cost of flash sintering experiments is
high, and it is not easy to measure the experimental data during the experiment. Therefore,
this paper used simulation technology to study flash sintering.

In this paper, two simulation models for flash sintering of alumina samples were
established. Through simulation, the influencing factors in the flash sintering experiment
were analyzed, such as electric field intensity, current density, temperature, etc. The results
of the simulation help us have a deeper understanding of flash sintering, and this gives us
anew way to improve the performance of ceramic insulators.

2. Analysis of the Alumina Unit Cell

In order to simulate the results of microscopic changes in the absence of experimental
environment and equipment, we need to choose a simulation software. Material Studio
mainly studies the molecular and atomic levels. It can solve the problem of micro-level
analysis in today’s industry. It is convenient for researchers to establish three-dimensional
structural models and properties for in-depth study of various crystalline, amorphous and
polymer materials. For the measurement of structure optimization, practical function, X-ray
diffraction analysis, complex dynamic simulation and quantum mechanics calculation,
accurate data can be obtained through practical operation. The content of Material Studio
simulation includes catalysts, compounds, internal and external surfaces, micro-reactions
and other materials, as well as the main topics of chemical research. Therefore, Material
Studio is used as the simulation software of unit cell analysis.

2.1. Construction of an Alumina Model

Alumina is odorless and tasteless with a high melting point. It has two solid states:
white solid or white amorphous powder. Natural alumina, commonly known as corundum,
is second only to diamond in hardness. Its chemical properties are relatively active. It
can react with both acidic and alkaline liquids. It is insoluble in water and does not react
with water. In industry, it is generally extracted from bauxite and can be electrolyzed
into high-purity aluminum. A major use of alumina is its catalytic function. Due to good
activity, it can be used as an auxiliary function in many experiments. Another great use is
water absorbent. Activated alumina is a kind of porous material, with high activity and
strong adsorption capacity, and its internal surface area is up to hundreds of square meters
per gram. After adsorption saturation, activated alumina can be reactivated by removing
water at 175-315 °C. Adsorption and reactivation can be carried out many times. For the
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high purity of alumina, it is usually prepared by a chemical method. The parameters of
alumina are shown in Table 2.

Table 2. The parameters of alumina.

Chemical Formula Al,O3
Crystal structure Cube
Lattice constant a=4.758
Density 3.5~3.9 cm?
Purity 99.98%
Melting point 2054 °C
Coefficient of thermal expansion 10.3 x 1076 °C
Dielectric constant 30
Crystal growth methods Arc melting method
Standard method (100), (110) and (111)
Orientation tolerances +0.3°

There are many kinds of isomers of Al,O3, but the most common ones are «-Al,O3,
3-Al,O3 and y-Al,O3, which are almost completely converted to x-Al,O3 at a high tem-
perature above 1300 °C. The unit cell is shown in Figure 1 below.

Figure 1. The structure of an alumina cell.

2.2. Application of Boundary Conditions

CASTEP is a basic program of modern quantum mechanics especially designed for
solid materials science. It uses the density functional plane wave pseudopotential method
to perform first-principles quantum mechanics calculations. It can explore the crystal and
surface properties of materials such as semiconductors, ceramics, metals and minerals.
Typical applications include research on surface chemistry, bond structure, density of states
and optical properties.

The energy task in CASTEP allows one to calculate the total energy and physical
properties of a specific system. In addition to the total energy, the force acting on the atom
can be reported after the calculation, and a charge density file can also be created.

The properties task in CASTEP allows the electronic and structural properties to be
calculated after the energy operation is completed.

According to Formula (1), the corresponding energy value in the CASTEP module can
be obtained by:
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1, 1 1 D?
W—EeE_EED_E-? 1)
where W is the electric field energy per unit volume, ¢ is the absolute permittivity of a
dielectric, D is the electric displacement vector, and E is the electric field intensity.

There are two external conditions for flash sintering: electric field intensity and
external temperature. Therefore, we also need to apply these two boundary conditions to
the model in the simulation process. When using Material Studio software, we need to
build a geometric model of alumina first. Then we need to open the CASTEP simulation
module and set the boundary conditions.

The electric field intensity applied in the CASTEP module is 150 eV/A/e and
450 eV/A/e. eV/A/e is the unit of electric field intensity, which is another form of
an electric field intensity unit.

According to the relevant temperature conversion formula, the temperature can be
converted to thermodynamic temperature. Therefore, the thermodynamic temperature
results of 369 °C and 440 °C under the experimental conditions are 642 K and 713 K.

2.3. Simulation Results and Discussion

By changing electric field intensity and temperature, the change graph of the alumina
unit cell is shown in Figure 2. The external conditions corresponding to (a—d) are low
temperature and low electric field intensity, low temperature and high electric field intensity,
high temperature and low electric field intensity and high temperature and high electric
field intensity. In Table 3, the lattice in the three-dimensional space generally has three
lattice constants, which are represented by a, b and c, respectively, and V represents the
volume of the unit cell. The unit of lattice constant is usually A which is a unit of length.
The lattice constant refers to the physical size of the unit cell in the crystal lattice. It can
be seen from Figure 2 and Table 3 that under high temperature and high electric field
intensity, the bond length shrinks and the volume of the unit cell becomes smaller. This
makes the arrangement of atoms closer together. It can be concluded that the unit cells
are arranged more closely after the material is densified under high temperature and high
electric field intensity.

Figure 3 shows the change in the bond length of the alumina unit cell under changes
in temperature and electric field intensity. The blue line in the figure represents probability
density, and the red line represents smoothed probability density. We only need to look
at the first peak coverage value. It can be seen from Figure 3 that the bond length of the
first graph is between 1.7 and 1.74, and the bond length of the second graph is between
1.68 and 1.72. The bond length of the third picture is between 1.67-1.7, and the fourth
picture is between 1.6-1.63. It can be seen that under high temperature and high electric
field intensity, the bond length is shortened. The size of the unit cell decreases, causing
the atoms to be more closely aligned. With the increase of temperature and electric field
intensity, the arrangement of atoms in the cell becomes more and more compact. When
the variable increases to the peak, the density no longer changes. This is consistent with
the analysis of the influence of external factors on atomic volume changes in Section 3 of
this paper.

Table 3. The relationship between unit cell volume and variables.

alA b/A c/A VIA3
High temperature and high electric field intensity =~ 16.3221 16.4069 11.21 3001.982651
High temperature and low electric field intensity ~ 17.279121  17.279121 11.264262  3470.632919
Low temperature and high electric field intensity 17.698 17.272789 11.5536 3531.864116

Low temperature and low electric field intensity 17.698 17.2789 11.5536 3533.113666
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Figure 2. The change graph of the alumina unit cell. (a) The simulation graph at low temperature and low electric field
intensity; (b) the simulation graph at low temperature and high electric field intensity; (c) the simulation graph at high
temperature and low electric field intensity; (d) the simulation graph at high temperature and high electric field intensity.

There are six material transport methods, which are surface diffusion, lattice diffusion
(starting from the surface), gas-phase transport, grain boundary diffusion, lattice diffusion
(starting from grain boundary) and plastic flow. The mass transfer mechanisms of these six

modes are shown in Table 4.
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Figure 3. The change graph of bond length. (a) The simulation graph at low temperature and low
voltage; (b) the simulation graph at low temperature and high voltage; (c) the simulation graph at
high temperature and low voltage; (d) the simulation graph at high temperature and high voltage.

Sintering is an irreversible process. Like other irreversible processes, sintering is
mainly due to its own energy reduction. The method that can reduce energy is called the
sintering driving force. The three possible driving forces for sintering are particle surface
curvature, applied pressure and chemical reaction. Densification means that the ratio of the
atomic volume to the unit cell volume increases and the atomic gap decreases. Therefore,
the densification of crystals means the reduction of atomic gaps, and macroscopically, the
reduction of solid gaps. Through the above-mentioned physical process, the pores are
gradually reduced and eliminated. This mass transfer process transports particles from the
particles to the pores between the particles. The transfer of matter is driven by the reduction
of surface energy, and the energy required for this process is obtained by external heating.
The material is transported from a high chemical potential to a low chemical potential.
Under normal circumstances, the material will have an obvious sintering phenomenon at
about half the melting point. Of course, this process has a lot to do with the grain size of
the sintered material. When the particle size is smaller, the surface area becomes larger,
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and more energy is absorbed. The increase of the energy obtained per unit area will reduce
the sintering temperature.

Table 4. The mass transfer mechanism of flash sintering.

Mass Transfer Path Material Source  Material Arrival Site Densification
1 Surface diffusion Surface Neck No
2 Lattice diffusion Surface Neck No
3 Gas-phase transport Surface Neck No
4 Grain boundary diffusion Interface Neck Yes
5 Lattice diffusion Interface Neck Yes
6 Plastic flow Dislocation Neck Yes

3. Electrical Behavior during Flash Sintering

COMSOL Multiphysics is a powerful multiphysics simulation software that can
simulate the physical processes in multiple fields. The flash sintering model involves
electrical, thermal and other physical fields, and therefore Joule heat and thermal expansion
physical fields were selected in COMSOL. The “Joule Heating and Thermal Expansion”
multiphysics interface combines thermal, electrical and structural multiphysics effects. The
predefined interaction adds electromagnetic losses in the electric field as a heat source. In
addition, the temperature in the “solid heat transfer” interface acts as a thermal load for
the “solid mechanics” interface, causing thermal expansion.

3.1. Simulation Setup and Procedure

Generally speaking, the simulation in COMSOL needs four steps: the construction
of a geometric model, the addition of materials, the setting of boundary conditions and
the division of mesh. Firstly, a simple cuboid was set up as the sample in the simulation
process, which is 1 pm in height and 2.5 pm in length and width. The simulation model is
shown in Figure 4.

The second step is the addition of materials. During the flash sintering, the sample is
alumina. Therefore, it is necessary to add alumina material to the established geometric
model. The specific parameters of the alumina material are shown in Table 5.

The third step is the setting of boundary conditions. The applied voltage is applied
to the two sides of the cuboid along the X-axis. One of the faces is used as input and the
other face is used as output. The purpose of changing the electric field intensity can be
achieved by changing the magnitude of the voltage during the simulation. The voltage set
during the simulation is 0.0375 V and 0.075 V. The conductivity of alumina increases as the
temperature rises. Therefore, we need to set the conductivity of alumina to user-defined.
This step can be achieved in the conduction current column. In this way, the conduction
current during the simulation will increase as the temperature increases.

Table 5. The parameters of alumina.

The Properties of Material Value Unit
Thermal expansion coefficient 6.5 x 107 1/K
Constant pressure heat capacity 730 J/(kg-K)
Relative permittivity 5.7 1
Density 3965 Kg/m3
Thermal conductivity 35 W/(m-K)
Young’s modulus 400 x 10° Pa
Poisson’s ratio 0.22 1

Under the solid heat transfer node of the Model Builder window, both the initial
temperature value and the heat flux were set to 800 K. The purpose is to provide the
initial temperature at the time of flash sintering and to keep the entire geometric model at
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this temperature. For the heat transfer equation, the heat flux boundary condition with
a heat transfer coefficient 1 of 5 W/(m?-K) is used to simulate convective air cooling in
other boundaries.

Figure 4. The meshing of the geometric model.

The fourth step is the division of mesh. The accuracy of obtained results based on
the finite element analysis model is directly related to the finite element mesh. With the
continuous refinement of the grid, these elements become smaller and smaller, and thus
the result of the solution approaches reality. The mesh refinement process is a key step
to verify the finite element model and ensure the credibility of the model and calculation
results. In order to ensure the accuracy of the model and save the simulation time, free
tetrahedral mesh is used for simulation, and its size is set as the conventional size. The
meshing of the geometric model is shown in Figure 4.

3.2. Simulation Results and Discussion
3.2.1. The Influence of Electric Field Intensity

When the voltage is 0.075 V, indicating that the electric field intensity is equal to
300 V/cm, the change of the current density through the sample changing with time is
shown in Figure 5. The current density increases first and then decreases with time, and
finally tends to be stable. This curve can be divided into three stages: 0-0.25 s as stage 1,
0.25-0.5 s as stage 2 and 0.5 s and later as stage 3.

1.5223

1.5222F

The density of current (mA/m?)

Time (s)

Figure 5. The change of current density with time when the electric field intensity is 300 V/cm.
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Stage 1 is a stage before the occurrence of flash sintering, called the incubation stage
of flash sintering. The power supply is under voltage control, and the sample is mainly
heated by Joule heat. At this stage, the current density and the power are increasing. Stage
2 is the stage of occurrence of flash sintering. As Joule heat is generated, the temperature
in the sample gradually increases until it reaches the threshold for flash sintering. At this
stage, rapid shrinking of the sample volume, grain growth and electroluminescence can
be observed. In order to avoid the infinite increase of current density, a current density
threshold is generally set artificially to protect the experimental equipment. When the
current reaches the threshold, it will enter stage 3. Stage 3 is the adiabatic stage, in which
the electric field intensity and current density remain stable.

With the electric field intensity of 150 V/cm by changing the voltage, the curve of the
current density through the sample changing with time is shown in Figure 6. Compared
with Figure 5, it can be observed that the electric field intensity becomes smaller and the
time during the incubation phase becomes larger. It shows that the electric field intensity
will affect the incubation time of the sample. The greater the electric field intensity, the
shorter the incubation time. It is worth noting that in the actual situation, the current
density in the stable phase should remain unchanged. However, considering that the
current density in the final stage cannot be set in the simulation, the current density in the
stable stage is different in the simulation.

1.1164

1.1163+

The density of current (mA/m?)

Time (s)

Figure 6. The change of current density with time when the electric field intensity is 150 V/cm.

Through the simulation, it is found that when the magnitude of the electric field inten-
sity is changed, the displacement of the sample surface remains unchanged, as shown in
Figure 7. It shows that the electric field intensity will not affect the grain size of the sample.

Liu Guangxin [35] took 8YSZ ceramics as the research object. The current through the
sample was set to 0.05 A, and the electric field intensity was set to 190 V/cm, 255 V/cm and
325 V/cm, respectively. The curve of the current density changing with the flash sintering
time was obtained. The curve of current density is consistent with the curve in this paper,
and both of them have a sudden change. The results show that the electric field intensity
does not change the density, and the electric field intensity determines the incubation time.
This is consistent with the simulation results in this paper.
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Total surface displacement (um)

x10™*

Yl ox
Figure 7. The displacement of the sample surface when the electric field intensity is 300 V/cm.

In the flash sintering process, because of the rapid increase of power density in the
sample, it is a challenge to accurately measure the temperature of the sample. Therefore,
the finite element simulation method was used to measure the temperature of the sample.
When the electric field intensity is equal to 300 V/cm, the distribution of the sample surface
at the stable stage is shown in Figure 8. Through the finite element simulation analysis of
the flash sintering process, the results show that there is a temperature gradient between
the surface and the inside of the sample, and the temperature of many parts in the sample
surface is greater than 800 K. In [36], the flash sintering process was analyzed by the finite
element method. The simulation results show that when the electric field intensity is
120 V/cm, the maximum temperature of the sample reaches 1840 K, which is much higher
than 1390 K at the beginning. There are obvious thermal gradients on the surface and
inside of the strip specimen. Even on the surface, the temperature gradually decreases
from the center to the edge. This is consistent with our results.

Temperature (K)

18 4 x10*
1.8
1.6

4114

y\I/'x

0.8

Figure 8. The temperature distribution of the specimen when the electric field intensity is 300 V/cm.

It can be explained by Joule heating occurring inside the sample. When current
flows through the sample, the sample generates a large amount of Joule heat. Joule heat
will generate a lot of heat and cause the temperature to rise, which will further reduce
the resistivity of the conductor. When the electric field intensity is constant, according
to P = U%/R, the thermal effect of electric energy will increase, and the temperature
will also increase. It is positive feedback, and thermal runaway of Joule heat will occur,
causing the temperature in the sample to increase continuously. Rachman C [37] proposed
the densification mechanism of ceramic powder used in the flash sintering process. He
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analyzed that due to Joule heating, the particles may melt in contact. The conductivity of
alumina increases by three orders of magnitude from solid to liquid, which will lead to the
thermal runaway effect.

Although the Joule heating effect can explain this phenomenon well, it cannot be
considered that the mechanism of flash sintering is the Joule heating effect because of the
existence of electroluminescence. There are certainly other mechanisms for flash sintering.
Many scholars have also proposed the rapid densification effect, electrochemical reduction,
Frenkel pairs and so on [38].

3.2.2. The Influence of Current Density

Similarly, the current density is also a decisive factor for the temperature of the sample.
The higher the current density, the higher the temperature of the sample. By keeping the
conductivity of the sample constant, the current density of the sample is kept at 1.74 A/m?.
The displacement of the sample surface at this time is shown in Figure 9.

Total surface displacement (um)

x107°

14
12

10

300

z 16 Hm

V\I/' %

0

Figure 9. The displacement of the sample surface when the electric field intensity is 150 V/cm.

By comparing Figures 7 and 9, it can be found that the current density becomes smaller
and the displacement of the sample surface also becomes smaller. In other words, the
current density will affect the grain size of the sample surface. The greater the current
density, the greater the grain size of the sample surface.

In [39], the effect of current density on the densification of samples was obtained under
constant applied electric field intensity and furnace temperature of 900 °C. The results show
that the density varies with the current density. It is consistent with the simulation results.

After the chemical composition of the ceramic material is determined, the performance
of the ceramic material depends on the microstructure of the material. The influence of
the preparation process of ceramics on the microstructure of ceramic materials is very
important. The preparation process is the main means to control the microstructure of
ceramic materials. Sintering is the most critical process for the formation of ceramic
microstructures, and it is also the most critical process for imparting various special
properties to materials. Therefore, the sintering process of ceramic material has a significant
effect on ceramic properties.

Studies have shown that for the ceramic insulator sample of alumina, if the grain size
of the sample is smaller, the size distribution is more uniform, and the fewer pores there
are in the crystal, the lower the surface charge is [40]. The corresponding along-surface
flashover voltage is higher.

Therefore, from the above research, we can conclude that the ceramic insulator pre-
pared by flash sintering technology has higher insulation characteristics. The ceramic
insulator used in a power grid can avoid flashover and insulator failure under overvolt-
age. After long-term operation under the specified mechanical and electrical loads and
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various environmental conditions, this insulator does not produce obvious deterioration,
thus reducing the maintenance cost of the insulator and improving the service life of
the insulator.

4. Conclusions

This paper studies the flash sintering technology of ceramic insulators through simu-
lation. Using Material Studio, the unit cell model of alumina was established. The effects
of temperature and electric field intensity on the alumina unit cell and bond length were
analyzed. COMSOL Multiphysics was used to simulate the flash sintering of ceramic
insulators, and the effects of electric field intensity and current density on the flash sin-
tering process were studied. By changing the electric field intensity and current density
to measure the temperature change during the flash sintering process, the temperature
distribution characteristics during the flash sintering process were obtained. The specific
conclusions are as follows:

(1) Under high temperature and high electric field intensity, the bond length is reduced
and the volume of the unit cell becomes smaller. The atoms are arranged closer
together.

(2) The magnitude of the electric field intensity determines the incubation time of flash
sintering. The greater the electric field intensity, the shorter the incubation time. The
electric field intensity does not affect the density and grain size of the sample.

(3) The current density determines the density and grain size of the final sample.

(4) There is a temperature gradient between the surface and the inside of the sample.

(5) The ceramic insulator prepared by flash sintering has higher density and smaller
grain size. This makes ceramic insulators have better insulation properties. It is not
easy for surface discharge to occur.
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