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Joining of AlO3 Rods Using Microwaves and
Employing Sic Particles as Adhesive
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Abstract: The joining of Al,O3 rods using SiC particles in a microwave field was examined. SiC with
high microwave absorption characteristics is coated on the fracture surface of AlO3 rods. Then,
microwave irradiation is performed using a 2.45 GHz single-mode cavity and the Al,O3 rods are
rapidly joined. Energy dispersive X-ray spectroscopy reveals that the substance generated on the
joining surface comprises Al and O. It is believed that the SiC interacts with the microwave to generate
microwave plasma and that the plasma melts the Al,O3 rods. Thus, the matrix melts and the fracture
surfaces are joined.
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1. Introduction

Microwaves, which can heat material rapidly and selectively, have recently become the focus of
attention for many researchers. Microwaves can be used to heat the internal components of materials
with low thermal conductivity; this property of microwaves has been applied for sintering, relevant
chemical reactions, and joining [1-7]. Joining by microwaves in particular has been treated as an
important technology by many researchers [8-12]. Ahme et al. reported on the microwave joining of
AlyO3-ZrO;-5i0; ceramics by employing selective microwave heating. Pulsing microwaves were used
to control thermal distribution and an improvement in the joint quality was noticed in their study [8].
Silberglitt et al. recently made advancements in microwave joining by employing SiC. They introduced
the direct joining of reaction-bonded SiC (RBSC), together with Si braze results for sintered SiC (SSiC),
suggesting the possibility of direct microwave joining of RBSC-S5iC combinations [9]. Fukushima et al.
reported the direct joining of Al,O3-Al,O3 by microwave heating. Their joining conditions were 3
min and 420 MPa and the average strength of the resultant was equal to the original strength of the
material [10]. Aravindan et al. reported that sintered Al;O3/30%-ZrO, ceramic composites were joined
by hybrid heating using microwave radiation at 2.45 GHz and 700 W, and sodium silicate glass powder
as an interlayer. They applied 28 MPa of pressure as well, which improved the joint strength [12].

Microwave joining uses the selective heating of an interface, in which the electrical properties of its
two components are the key parameters that control the joining technology. Generally, the absorption
of microwave energy by materials is determined by their electrical permittivity and permeability.
The microwave power absorbed by materials per unit volume, P [W/m3], is described by 27 fepe, |E2

7

when the materials are neither metal nor magnetic, where f is the frequency, ¢ is the permittivity of
free space (F/m), ¢, is the relative permittivity (imaginary part), and E is the electric field strength.
Notably, the absorbed power is largely dependent on ¢,. When microwave heats a material with ¢,
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selectively, ¢, increases with the temperature of the material, and the heated material absorbs more
microwave energy than a low temperature material [13-15]. As a result, the joint surface is heated
more strongly [16].

The parameter ¢,” is key to understanding the microwave heating mechanism. For example, it
has been reported that ¢,” of Al,Os is lower than that of SiC, and that the microwave power absorbed
by the two materials differs [17]. For example, McGill et al. investigated the heating behaviour of
materials during microwave irradiation by varying the irradiation power of a 2.45-GHz microwave
unit. According to their results, SiC absorbed energy at a temperature of 600 °C after 3 min of being
subjected to 2000 W microwave irradiation, while Al,O3 required the same conditions at an irradiation
of 3000 W. Therefore, this indicates that SiC better absorbs microwave energy than Al;O3. When SiC
absorbs microwaves and generates heat, such that it reaches a high temperature, it reacts with the
ambient oxygen to produce oxide. Therefore, the possibility of joining under a microwave irradiation
can be determined using the relative permittivity (imaginary part).

This study investigated the joining of the rough interface between Al,O3; rods by employing
SiC particles as the microwave absorbing material. We confirmed that SiC is selectively heated by
microwave irradiation with the composite material. SiC was applied to the fracture surface of Al,O3
rods and the rods were adhered to each other. Then, the temperature increase at the fracture surface
was investigated. The joining temperature threshold was determined by changing the maximum
heating temperature. Finally, in the case of successful joining, we examined the joining ability of SiC
and clarified the joining mechanism. The substances generated at the joining interface were analysed
and the joining conditions were determined. Hence, the welding mechanism was clarified.

2. Materials and Methods

2.1. Compound Selection and Fabrication of Specimen

Al,Oj3 rods (Otsuka Seiko, SSA-S 99.7%, corner: 10 x 10 X 70 mm?>), which has an excellent low
&/ and heat resistance, was used as the base material. The adhesive for joining was SiC (Ultrafine,
IBIDEN, d = 350 nm), which has a very high ¢,”.

Pre-cracks were introduced to the Al,O3 rods at 98.07 N (retention time: 15 s) with a Vickers
hardness tester. The rods were then broken through three-point bending using a universal testing
machine (Autograph AG-X 5 kN, Shimazu Co., Kyoto, Japan).

A SiC slurry, for use as adhesive, was prepared by mixing 1.0 g of SiC and 2.0 mL of isopropanol.
The slurry was applied to both fracture surfaces of the Al;O3 rods. The fracture surfaces were matched
to each other and acupressure was applied; then, the slurry was dried. This composite material is
referred to as a specimen in this work. Where, the size of Al;O3 rods was 10 X 10 X 70 mm? and that of
the fracture was about 10 x 10 mm?2

2.2. Microwave-Irradiation Experiment and Analysis of Joint Behaviour

A microwave heating furnace with a single-mode cavity resonator (Nissin Co. Ltd., Hyogo, Japan)
was used [18]. The microwaves oscillating from the magnetron were adjusted by an E-H tuner and
introduced to the resonator. The specimen was placed at the electric-field maximum point of the TE1g3
formed between the iris (52 mm) and plunger. The microwave irradiation mode was Emax. Microwaves
as progressive and reflected powers (Pp and Py, respectively) were measured using a power monitor.
The interface temperature of fracture-surface was measured using a radiation thermometer (Japan
Sensor, FTK9-P300R-30R21, 300 °C < Measurement temperature < 2000 °C). The spot diameter of
the radiation thermometer was 5 mm, and the temperature was measured at the fracture surface.
Therefore, the radiation thermometer counted the numbers of photons from the SiC-Al,Oj3 interface.

Initially, it was confirmed that the SiC applied to the specimen was selectively heated. Then,
experiments with varying holding temperatures were performed and the fracture surface joining was
confirmed. After placing the specimen in the microwave heating furnace, AlO3; weighing 166.0 g was
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placed on top of the specimen and the fracture interface was pressurised. Then, microwave irradiation
was performed in conjunction with a dry air flow of 0.6 mL/min. First, in the selective heating
experiment, microwave irradiation was performed for 20 min at a constant microwave irradiation
power of 600 W. Next, an experiment was conducted to adjust the output temperature by adjusting the
microwave output power, so that the heating rate was approximately 50 °C/min. After the experiment
was completed, the output power was gradually lowered to prevent a sudden drop in temperature, and
adjustment was performed. The output power was adjusted so that the maximum temperature was
+20 °C by checking the radiation thermometer, and the holding time was 1.0 min. Then, the cooling
rate was lowered to 5 °C/min. The heating and cooling rates were adjusted to prevent thermal shocking
of the ceramics. Microwave heating produces a temperature difference between the surrounding
atmosphere and specimen. To maintain a low temperature difference between the specimen and the
surrounding atmosphere, the cooling rate was adjusted, where, the temperature distribution of the
specimen was measured with a thermo camera (R500Pro, Software: InfReC Analyzer NS9500Pro,
Nippon Avionics Co., Ltd, Tokyo, Japan).

The joining strength of the specimen was measured after the joining experiment. Then, the
substance involved in the joining was specified. The joining strength was measured via a three-point
bending test using a universal testing machine (Autograph AG-X 5 kN, Shimazu Co., Kyoto, Japan)
at a crosshead speed of 0.5 mm/min. For substance identification, the composition of the specimen
fracture surface was analysed using energy dispersive X-ray spectroscopy (EDX). To observe the
ceramic material, which is an insulator in terms of the apparatus specifications, the specimens were
coated by sputtering with Pt-Pd alloy or Au. For comparison, the SiC powder applied to the fracture
surface before the joining experiment was analysed in the same manner.

3. Results and Discussion

3.1. Selective Heating via Microwave Irradiation

As explained in the introduction, SiC shows higher microwave absorption than Al,Os. Considering
that the relative permittivity (imaginary part) has frequency dependence [13,14], it can be inferred that
SiC with a covalent chemical bond is superior to Al,O3 with an ionic bond as a microwave absorber. In
the following, electrical measurement and their heating behaviour are compared.

From the experimental measurement results of the thermo camera, it is evident that SiC was
selectively heated. Figure 1a is a schematic diagram of the specimen used in the experiments. The
centre part of the Al,O3 rods was broken and the SiC adhesive was applied to the fracture surface (see
Methods and Appendix Methods). In the fractured side view of Figure 1b, it can be observed that
the vicinity of the fracture surface was the brightest. Furthermore, from the observation results of
the thermo camera on the fractured side surface in Figure 1c, it was also confirmed that the centre
of the fracture surface had the highest temperature. Figure 1d shows the energy and temperature
properties of the specimen under microwave irradiation during the experiment, where this temperature
was measured by a radiation thermometer, as explained in the methods. The temperature increased
in two stages. The blue and red lines correspond to progressive power (Pp) and reflected power
(PRr), respectively. At 175.3 s, the temperature began to rise from 300 °C at a rate of 5.40 °C/s. The
temperature increase in the first stage reached 894 °C. Subsequently, the temperature rose gently,
reaching 1208.5 °C at 716.1 s. At that time, the PR reached 17 W. Immediately after the behaviour of
this Pr was observed, the temperature began to rise in the second stage at a rate of 4.6 °C/min, to 1373
°C. This type of Pr was often observed by plasma ignition; meanwhile, plasma arcing was probably
also present. As seen in Figure 1d, herein, this phenomenon cured at point A, which indicates the
sudden increase in Pg. Thereafter, the temperature was maintained at almost 1.4 x10% °C (13801420
°C). The Pp behaviour at 738.9 s stemmed from momentary cessation of the microwave output, before it
instantly restarted. After the microwave irradiation was stopped, the temperature decreased suddenly,
where the thermometer used for this measurement cannot measure 300 °C or less. Figure 1e shows the
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temperature distribution of a specimen heated by microwaves measured from the side. As can be seen
from the counter images, the centre temperature is high in each image, indicating that the temperature
conducts from the fracture surface to Al,O3 rods. Therefore, the SiC applied to the fracture surface is
selectively heated.
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Figure 1. A result of an experiment to test selective heating behaviour. (a) Schematic diagram of
specimen shape. SiC was applied by breaking the centre position of the Al;O3 rods. (b) Selective
heating state at a constant microwave output power of 600 W. The fracture surface position is brightest,
indicating high temperature radiating from the SiC. (c) Observation of fracture surface temperature
during heating using thermo camera. The temperature rise was confirmed from the fracture centre. (d)
Energy characteristics (upper figure) and heating behaviour (lower figure) under microwave irradiation.
The blue and red lines indicate progressive (Pp) and reflected (Pr) power, respectively. (e) Thermal
distribution of the joining interface measured via thermo camera.

Although the temperature gradient decreases as temperature increases, it is surmised that the
microwave absorption of the SiC increases. As shown in the equation P = 2ntfeg e;|E2’, microwave
absorption is a function of the relative permittivities (imaginary part) of the materials. As the
temperature rises in SiC, the imaginary part decreases (or stagnates) once, but rises again above 1000
°C [13,14]. Therefore, at 1000 °C or higher, the microwave selectively heats SiC more significantly.
In addition, the sudden increase in reflected powers observed at point A in the figure indicates that
phenomena other than the increase in the imaginary part are occurring. Considering that the reflected
power and temperature discontinuity were observed at point A, it is suspected that micro plasma has
appeared at the joining interface.

3.2. Identification of Substances Affecting Joining

Al,O3 rods were melted by selective heating of SiC at the fracture surface. Figure 2a shows the
specimen shape after microwave irradiation. A fracture surface can be confirmed at the centre of
the Al,O3 rods, and SiC is applied to this fracture surface. Figure 2b,c shows the photographs of the
fracture surface shape after and before the microwave irradiation, respectively. Before the microwave
irradiation, SiC powder, which are black, was pasted to the fracture surface. Microwave irradiation



Processes 2019, 7, 750 50f12

turned this to white as shown in Figure 2b and created a crack in the x-axis direction. As shown in this
figure, melting materials were observed beside cracks, which has some height. Figure 2d shows the
results of element mapping by SEM-EDX. Where, the surface analysis results are a combination of Al,
Siand O. A lot of Al was detected in the centre of the analysis range (shown by yellow colour), and a
lot of Si was detected in the blue part. These results and Figure 2e,f indicate that the melted materials
were Al,O3 that oozed out from the fracture surface. Furthermore, some Si elements probably existed
at the interface as mullite (Al4O135i) phase considering that there are Si elements.
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Figure 2. Elucidation of substances affecting the joining. (a) Specimen shape after joining. (b) Fracture
surface observation after the test; the red square is the energy dispersive X-ray spectroscopy (EDX)
analysis range. (c) Photograph of fracture surface coated with SiC before the experiment. (d) Results
of EDX analysis overlay at Al and Si, O. Yellow area represents Al elements and blue, Si. (e) EDX
elemental analysis results. Au, Pt, and Pd were used for sputtering. (f) EDX elemental analysis results
for SiC powder.

3.3. Elucidation of Joining Mechanism Due to Microwave Irradiation

Point A makes a significant contribution to the success or failure of the joining. Figure 3a shows
the point A appearance range and the joining temperature threshold, which was determined from the
joining experiment results. As shown in the figure, point A was not observed at temperatures lower
than 1200 °C. Figure 3b shows the energy and temperature properties of the microwave corresponding
to successful joining. The black line shows the temperature measured by the radiation thermometer, the
blue line shows the Pp, and the red line shows the Pr. The behaviour of point A was also determined in
this experiment. The temperature began to exceed 280 °C at 532 s. It rose at 7.2 °C/s after approximately
3 s, when point A occurred, and reached 1310 °C. Thereafter, the temperature was held for 1 min.
Point A momentarily peaked in a value of 95 W at 1282 °C. The output power at that time was 844 W.
In the measurement where point A as shown by this curve exists, the Al,O3 rods were joined, and
this tendency has been observed for all measurements. Figure 3¢ shows the results corresponding
to joining failure. For those specimens, all the SiC applied to the fracture surface reacted to become
white-coloured, but there was no cavity in the centre. The temperature increased to 280 °C at 473 s and
reached 1300 °C at 1900 s. It was then maintained at 1300 + 5 °C and then decreased after 1 min. In
this experiment, the maximum output was 752 W, although point A was not observed. The rising edge
of the PR seen at 1960 s was not Point A, because it was generated by the reduced Pp output. Therefore,
the rise of this reflected power is not point A because it did not show a rapid temperature rise. Figure 3d
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shows the holding temperature and holding time for each joining experiment, the output power and
temperature at which point A was generated, and the joining strength. No. 1-3 is SiC (Ultrafine,
IBIDEN), No. 4-No. 13 is the result of SiC (include NayO3) used in Appendix A. Figure 3b,c is Test No.
3 and No. 6, respectively. As described above, even when the temperature was the same, when the
behaviour of point A did not occur, no joining was made. From these results, we conclude that the
typical behaviour at point A is necessary for the joining to occur. We considered the possible causes
of the phenomenon by which reflected powers and temperature increase rapidly at point A. When
point A appeared, there was a sudden rise in temperature; therefore, and because of the heat transfer
rate relationship as shown in Figure 1d, it is conceivable that the centre of the specimen had a higher
temperature than the surface. The selective heating of the joining interface was observed by plasma or
thermal runaway. With the assumption that the plasma was generated at the joining interface, the
plasma gas is estimated to be CO(g). According to equilibrium thermodynamics, SiO(g) and CO(g)
exist on the joining interface, where the reaction constants are: SiC 4 3/20, — SiO; + CO : 28.85
and SiC 4 Op — SiO + CO : 13.56 in there log K¢ [19]. Further, the SiO(g) was generated to the same
extent. Moreover, although SiO(g) was generated, its amount was less than that of the generated CO(g),
according to the reaction constant. Therefore, it can be concluded that CO(g) plasma is generated at the
joining interface and heated. With the consideration that mullite is produced at 1400 °C or higher [20],
it can be estimated that the joining interface was heated to 1400 °C or higher. This hypothesis can
successfully explain the increase in reflected powers at point A. Another hypothesis is based on the
SiC thermal runaway. It has been reported that when a mixed material is heated by microwaves, only
the material that has good microwave absorption is selectively heated. This is caused by an increase in
the imaginary part of the relative permittivity because of the temperature rise [16]. Since SiC absorbs
microwaves at high temperatures [13], the system in this study meets the required conditions.

When claiming abnormal heating of the joining interface by selective heating, it is difficult to
explain the increase in reflected powers at point A. As shown in Figure 3e, point A is thought to have
occurred owing to the fact that substances that absorb microwaves change because of oxidation and the
phase of the microwaves is shifted. Initially, when the specimen was irradiated, the microwave power
was absorbed via SiC, which has a higher imaginary part of the relative permittivity than Al,Oj3, and
subsequently converted into heat. This, in turn, increased the temperature of SiC, which caused the
gradual oxidation of SiC in the air, resulting in SiO,. Reportedly, the relative permittivity (imaginary
part) of SiO; is lower than that of SiC [21], which causes the decrease in the absorption of microwaves
at the joining interface of the transition of SiC to SiO,. SiC, as a semiconductor, releases thermionic
electrons at high temperatures [22]. Therefore, these results indicate that the phenomenon observed
at point A is due to the plasma arcing, which was triggered by the electrons emitted by SiC. It is
conceivable that CO(g) instead of SiO, reacted with the electrons to generate plasma. When plasma is
irradiated by microwaves, the microwave wavelength changes in the plasma [23,24]. Furthermore, the
microwaves are reflected when the plasma becomes dense. Therefore, it can be inferred that point A
developed because of the phase shift associated with the plasma. From the thermodynamic perspective,
it can be predicted that there was high CO partial pressure on the joining interface. As there were
many kinds of gases and powders on the joining interface, there is a high possibility that the plasma
was excited by the microwaves. It is thought that the temperature rises in the second stage became
even higher because of reaction heat from the plasma formation.

By using microwave plasma in this manner, it is possible to locally raise the temperature to melt
the Al,O3 rods. The plasma with increasing temperature contributes greatly to the joining.
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Figure 3. Joining experiment results. (a) Temperature bar showing threshold range for Al,O3 rods
joining and range in which point A appeared. (b) Experimental results for successful joining: point
A appeared. (c) Experimental results for joining failure: point A did not appear. (d) List of joining
experiment results: point A appeared upon joining. Note that the No. 3 and No. 1 results are shown in
Figure 3b,c, respectively. (e) Behaviour of point A when it appeared.

4. Conclusions

To develop a novel joining method using the microwave irradiation, the joining of Al,O3 rods was
examined. SiC with high microwave absorption is coated on the rough fracture of sintered Al,O3 rods
and then, microwave irradiation is performed using a 2.45 GHz single-mode cavity. Thermography
results suggest that SiC particles were selectively heated by microwave irradiation. The imaginary
part of the electrical permittivity increased with temperature, so the heating rate of SiC increased
exponentially. Considering that the reflected power at 1.3 X 10° °C has a great influence on the joining
result, it is inferred that plasma generation is necessary for joining.
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Appendix A. Joining of Al,O3 Rods Using Microwaves and Employing Sic Particles as Adhesive

A.1. Appendix Methods

A.1.1. Relative Permittivity Measurement of AlO3 Rods and SiC as the Adhesive, and Heat Generation
Properties because of Microwave Irradiation

Al,O3 rods (Otsuka Seiko, SSA-S 99.7%, corner: 10 x 1 x 70 mm?®), which has excellent low
&;” and heat resistance, was used as the base material. SiC was used as adhesive (acicular powder:
30-200 um) [15] because it has good microwave heat generation characteristics. The SiC powder was
micronised using a bead mill (LABSTAR min, Ashizawa Fintech Ltd., Chiba, Japan, i).

The SiC was further micronised so that the SiC diffused into the rods. Pulverisation was performed
using a bead mill with alumina beads. Then, 5.06 g of SiC, 100 mL of isopropanol, and 50.84 g of
alumina balls were placed in a bottle of soda glass and pre-ground via ball milling. Note that trace
amounts of NaO, were contained in the powder because of its preparation method. Next, the slurry
resulting from the ball milling was pulverised by a bead mill. As the SiC exhibited sufficiently good
microwave absorption characteristics, it was mixed with Al,O3 supplied from beads, such that the SiC
content was 4.0 wt.%. The average particle size after bead milling was measured using a zeta potential
meter (Nano-ZS, Malvern Panalytical Ltd., Malvern, Worcestershire, United Kingdam) and was found
to be 295 nm. Finally, the SiC slurry was dried and the powder was collected.

For the relative permittivity measurement, a perturbation method [25] based on a cylindrical
cavity (TMp19 mode) was used. The powder sample was inserted into a quartz holder of @2 x 25 mm.
The sample weights were 0.070 and 0.1348 g for the SiC and Al,Oj3, respectively. Only the quartz holder
was inserted into the cylindrical cavity, and the resonance frequency and Q value were measured
using a network analyser. The powder was then inserted into the cylindrical cavity and measurements
were performed in the same manner. From the changes in the two resonance frequencies, the real
and imaginary parts of the relative permittivity of the SiC and Al,O3 powder were clarified. The
perturbation coefficient used here was 1.855.

A single-mode cavity resonator (Nissin Inc., Hyogo, Japan) [18] was used as the heating furnace.
The microwaves oscillating from the magnetron were adjusted by an E-H tuner and introduced to the
resonator. The Al,O3 rod and SiC powder were placed in the electric-field with maximum point of the
TE; 03 formed between the iris (52 mm) and plunger. The electric-field absorption characteristics of the
sample were then evaluated. The conditions were as follows: Microwave irradiation power: 220 W;
microwave irradiation duration: 20 min; dry air flow: 0.6 mL/min constant. SiC powder (0.5 g) was
used to fill a ¢12 quartz tube and placed in a furnace. The temperature rise was measured by irradiating
the radiation thermometer from the observation window. Note that the radiation thermometer could
not measure temperatures lower than 300 °C, because of the device specification. The Al,O3 rods was
placed in the furnace, and a fibre thermometer was used for the measurement. As a fibre thermometer
melts at 300 °C or higher, the microwaves were stopped when the temperature reached 250 °C.

A.1.2. Effect of Na;O3 Content on Joining Behaviour

Joining behaviour by impurities was confirmed using SiC containing Na;O3 by micronisation.
SiC was applied to the fracture surface of the Al;O3 rods and dried in a state where the fracture surface
was matched to prepare a specimen. The specimen was placed in a furnace, and Al,O3 weighing 166.0
g was placed on top of the specimen to pressurise the fracture surface. Then, microwave irradiation
was performed in conjunction with a dry air flow at 0.6 mL/min and held for 1 min after point A
appeared. The joining behaviour of the fracture surface and the temperature rise curve were compared
with SiC (ultrafine, IBIDEN Co., Ltd., Gifu, Japan) not containing Na;Os3.
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A.2. Appendix Results and Discussion

A.2.1. Relative Permittivity Measurement of Al,O3 Rods and SiC as the Adhesive, and Heat Generation
Properties because of Microwave Irradiation

We found that SiC works well as an adhesive. Figure A1 shows the heat generation properties
when the sample was irradiated by microwaves at a constant output power. The conditions other than
the output at the time of irradiation are shown on the upper left of Figure 2. Note that the radiation
thermometer used for SiC measurement was incapable of measuring temperatures lower than 300 °C,
because of its specifications. Therefore, the temperature result indicates a constant value of 300 °C until
this temperature was exceeded. The dashed lines indicate the time at which the microwave irradiation
was stopped, and the triangular symbols show the temperature rise slopes. The ¢,” and &,” values in
room temperature were 2.44 and 0.144 for SiC, respectively, and 2.75 and 0.0230 for Al,O3, respectively.
The SiC heat generation was divided into three stages: temperature increase, steady state, and cooling.
During the heating process, the temperature began to exceed 300 °C at 42.3 s. A temperature of 520.8
°C was achieved at 62.8 s, after increases of 16.1 °C/s during the temperature increase stage. The SiC
heating rate was higher than that of Al;O3, which was 0.189 °C/s. The SiC temperature reached 836.1
°C at 600 s, after gradual increases. In the steady state, the temperature was constantly maintained at
839.5 + 4 °C. This was due to the heat balance equilibrium caused by the heat generation because of
the microwave absorption, and the heat release to the surrounding atmosphere. In the cooled state
after microwave termination, the temperature decreased at a rate of 3.61 °C/s. The heat generation was
stopped by terminating the microwave irradiation; this is attributable to the fact that the heat removal
expenditure was larger. The Al,O3 increased to 500 °C at 0.189 °C/s, and then exponentially increased
until 745.8 s, reaching 251.7 °C. The microwave irradiation was then stopped, and the temperature
decreased rapidly at a cooling rate of 0.223 °C/min.

The cause of the high SiC heat generation rate is the higher ¢,” of SiC compared to Al,Os.
Therefore, the SiC heat generation calculated from the heat generation equation, P, exceeded that of
AlyOs. This result implies that the SiC absorption exceeded that of Al;O3. Jia et al. have reported that
SiC oxidation begins at approximately 800 °C and gradually produces SiO, [26]. In the steady state,
although the temperature was held at 800 °C or more, at which SiC oxidation was predicted, chemical
reaction other than adhesives was not observed and the material was stable. It is thought that the heat
of the chemical reaction was low because the SiC content was small, at 4 wt.%. Furthermore, the rapid
temperature decrease in the cooling state revealed that the temperature of the atmosphere surrounding
the sample was lower than that of the sample. Hence, sufficient microwave absorption for reaction
and heat generation was confirmed, even for SiC content as low as 4 wt.%.

A.2.2. Effect of NayO3 Content on Joining Behaviour

Figure A2 shows the results of the joining experiment, (a) SiC simple substance (Na;O3 not
include) (b) SiC (include NayO3). Red line is PR, blue line is Pp, black line is temperature rising curve.
The arrow shown at the bottom of the temperature rise curve shows the behaviour of the temperature
rise curve. Point A occurred in both cases, and the temperature was raised, and the behaviour of rapid
temperature rise was observed. However, it showed different behaviours when holding for 1 min after
rapid temperature rise. In Figure A2a, the temperature was lowered rapidly and the SiC remained
unoxidized on the side fracture surface. On the other hand, in Figure A2b, the temperature decrease
after the rapid temperature rise was suppressed, and all fractured SiC was oxidized.

This is because the microwave energy was absorbed at a position different from the irradiation
position of the radiation thermometer which was measuring the temperature of the side surface of the
fracture surface as the factor of lowering the temperature during holding with SiC alone. By containing
NayO;3, it is considered that plasma generated by heating of SiC induces microwave energy in the fracture
surface because Na,Ojs is next converted into plasma. It is known that SiC as a semiconductor releases
thermionic electrons at high temperatures [22]. Na as the alkali metal has a first ionization energy of 5.13
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eV [27], which is lower than the ionization energy of 14.1 eV [27] of CO. From this, it is understood that
Na (g) reacts with electrons to generate plasma easily. For this reason, plasma generated by SiC triggers

Na as a plasma, so it is considered that the fracture surface was maintained at a high temperature state.
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Figure Al. Heat transfer characteristics of SiC and Al,O3 for microwave irradiation with constant
output power. The dry air flow was 5 mL/min and the microwave was constant at 220 W with E;ay.
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generated heating speed.

(a)

(b)

100

T
a
o

M/3d ‘1emod

T
o

100

2
o 50
o
=
o
o 04

1400
e
&
91200
=]
©
3
£ 1000+
[ T

1500 1700 1900
Time, t/s

(c)

N
o
]

[$)]
o

e I~

2400

N
o
o

N

o

o
!

Temperature, T/°C  Power, Pg/W

2600
Time, t/s

2800

o

100

wn
o
M/4d ‘Jemod
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experiment result of SiC simple substance. (b) Photograph of fracture surface after the experiment
of (a). (c) Joining experimental results when Na20O3 was contained in SiC. (d) Photograph of fracture
surface after the experiment of (c). Since the behaviour of point A was observed in (a), it was proved
that the generation of plasma was due to SiC. In (b), since the temperature decrease after the rapid
temperature rise was more gradual than (a), and all of the fractured SiC was oxidized, it was possible
to induce plasma to the fractured surface by containing Na,Oj3.

References

1.  Hsieh, C.Y;; Lin, C.N,; Chung, S.L.; Cheng, J.; Agrawal, D.K. Microwave sintering of AIN powder synthesized
by a SHS method. J. Eur. Ceram. Soc. 2007, 27, 343-350. [CrossRef]

2. Zhang,]; Cao, L.; Xia, F. Microwave Sintering of Si3N4 Ceramics. Mat. Res. Soc. Symp. Proc. 2018, 269,
329-334. [CrossRef]

3. Fukushima, J.; Takayama, S.; Goto, H.; Sato, M.; Takizawa, H. In situ analysis of reaction kinetics of reduction
promotion of NiMn204 under microwave H-field irradiation. Phys. Chem. Chem. Phys. 2017, 19, 17904-17908.
[CrossRef] [PubMed]

4. Jin, H.B,; Cao, M.S,; Zhou, W.; Agathopoulos, S. Microwave synthesis of Al-doped SiC powders and study of
their dielectric properties. Mater. Res. Bull. 2010, 45, 247-250. [CrossRef]

5. Mizuno, M.; Obata, S.; Takayama, S.; Ito, S.; Kato, N.; Hirai, T.; Sato, M. Sintering of alumina by 2.45 GHz
microwave heating. J. Eur. Ceram. Soc. 2004, 24, 387-391. [CrossRef]

6.  Mcgill, B.S.L.; Walkiewicz, W.; Clark, A.E. Microwave heating of Chemicals and Minerals. U. S. Dep. Inter.
Bur. Mines 1995, 95, 1-28.

7. Fujii, T.; Kashimura, K.; Tanaka, H. Microwave sintering of fly ash containing unburnt carbon and sodium
chloride. J. Hazard. Mater. 2019, 369, 318-323. [CrossRef]

8. Ahmed, A ; Siores, E. Microwave joining of 48% alumina+32% zirconia+20% silica ceramics. J. Mater. Process.
Technol. 2001, 118, 88-95. [CrossRef]

9.  Silberalitt, R.; Ahmad, I.; Black, W.M.; Katz, ].D. Recent Developments in Microwave Joining. MRS Bull.
1993, 18, 47-50.

10. Fukushima, H.; Yamanaka, T.; Matsui, M. Microwave heating of ceramics and its application to joining.
J. Mater. Res. 1990, 5, 397-405. [CrossRef]

11. Sato, T.; Kojo, J.; Kawauchiya, N.; Tachikawa, T. The Joint of Alumina Ceramics by Using a Microwave
Heating Method. J. Ceram. Soc. Jpn. 1989, 97, 623-627. (In Japanese) [CrossRef]

12.  Aravindan, S.; Krishnamurthy, R. Joining of ceramic composites by microwave heating. Mat. Lett. 1999, 38,
245-249. [CrossRef]

13. Baeraky, T.A. Microwave measurements of the dielectric properties of Silicon Carbide at high temperature.
Egypt. ]. Sol. 2002, 25, 263-272.

14. Sugawara, H.; Kashimura, K.; Hayashi, M.; Ishihara, S.; Mitani, T.; Shinohara, S. Behavior of microwave-heated
silicon carbide particles at frequencies of 2.0-13.5 GHz. Appl. Phys. Lett. 2014, 105, 034103. [CrossRef]

15. Clark, D.E.; Gac, ED.; Sutton, W. Microwaves: Theory and application in materials processing. Ceram. Trans.
Amer. Ceram. Soc. 1991, 215-224.

16. Kenkre, V.M.; Skala, L.; Weiser, M.W.; Katz, ].D. Theory of microwave interactions in ceramic materials: The
phenomenon of thermal runaway. J. Mat. Sci. 1991, 26, 2483-2489. [CrossRef]

17.  Chatterjee, A.; Basak, T.; Ayappa, K.G. Analysis of Microwave Sintering of Ceramics. AIChE ]. 1998, 44,
2302-2311. [CrossRef]

18.  Yokawa, H.; Mutou, H.; Tsubaki, S.; Haneishi, N.; Fuji, T.; Asano, N.; Kashimura, K.; Mitani, T.; Fujii, S.;
Shinohara, N.; et al. Water Vaporization from Deposited Sand by Microwave Cavity Resonator. J. Civ.
Environ. Eng. 2017, 7. [CrossRef]

19. “NIST_JANAF”. Available online: https://janaf.nist.gov/ (accessed on 10 September 2018).

20. Sacks, M.D.; Wang, K.; Scheiffele, G.; Bozkurt, N. Effect of Composition on Mullitization Behavior of
a-Alumina/Silica Microcomposite Powders. . Am. Ceram. Soc. 1997, 80, 663—672. [CrossRef]

21. Yan, C.; Yoshikawa, N.; Taniguchi, S. Microwave Heating Behavior of Blast Furnace Slag Bearing High

Titanium. ISI] Int. 2005, 45, 1232-1237. [CrossRef]


http://dx.doi.org/10.1016/j.jeurceramsoc.2006.03.003
http://dx.doi.org/10.1557/PROC-269-329
http://dx.doi.org/10.1039/C7CP02728A
http://www.ncbi.nlm.nih.gov/pubmed/28660956
http://dx.doi.org/10.1016/j.materresbull.2009.09.015
http://dx.doi.org/10.1016/S0955-2219(03)00217-6
http://dx.doi.org/10.1016/j.jhazmat.2018.12.114
http://dx.doi.org/10.1016/S0924-0136(01)00892-5
http://dx.doi.org/10.1557/JMR.1990.0397
http://dx.doi.org/10.2109/jcersj.97.623
http://dx.doi.org/10.1016/S0167-577X(98)00166-9
http://dx.doi.org/10.1063/1.4890849
http://dx.doi.org/10.1007/BF01130199
http://dx.doi.org/10.1002/aic.690441019
http://dx.doi.org/10.4172/2165-784X.1000279
https://janaf.nist.gov/
http://dx.doi.org/10.1111/j.1151-2916.1997.tb02882.x
http://dx.doi.org/10.2355/isijinternational.45.1232

Processes 2019, 7, 750 12 of 12

22.

23.

24.

25.

26.

27.

Shiota, I.; Miyamoto, Y. Functionally Graded Materials; Elsevier Science: Amsterdam, The Netherlands, 1995;
Volume 44.

Fukushima, J.; Takizawa, H. In Situ Spectroscopic Analysis of the Carbothermal Reduction Process of Iron
Oxides during Microwave Irradiation. Metals 2018, 8, 49. [CrossRef]

Mase, A.; Kawahata, K. Lecture 2. Fundamentals of plasma diagnostics with electromagnetic waves. J. Plasma
Fusion Res. 2011, 87, 315-325. (In Japanese)

Dubertrand, R.; Bogomolny, E.; Djellali, N.; Lebental, M.; Schmit, C. Circular dielectric cavity 124 and its
deformations. Phys. Rev. A 2008, 77, 013804. [CrossRef]

Jia, Q.; Zhang, H.; Li, S.; Jia, X. Effect of particle size on oxidation of silicon carbide powders. Ceram. Int.
2007, 33, 309-313.

NIST Atomic Spectra Database Ionization Energies Form. Available online: https://physics.nist.gov/
PhysRefData/ASD/ionEnergy.html (accessed on 10 October 2019).

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/met8010049
http://dx.doi.org/10.1103/PhysRevA.77.013804
https://physics.nist.gov/PhysRefData/ASD/ionEnergy.html
https://physics.nist.gov/PhysRefData/ASD/ionEnergy.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Compound Selection and Fabrication of Specimen 
	Microwave-Irradiation Experiment and Analysis of Joint Behaviour 

	Results and Discussion 
	Selective Heating via Microwave Irradiation 
	Identification of Substances Affecting Joining 
	Elucidation of Joining Mechanism Due to Microwave Irradiation 

	Conclusions 
	Joining of Al2O3 Rods Using Microwaves and Employing Sic Particles as Adhesive 
	References

