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In the preparation process of composites, the implementation of green manufacturing technology has an important impact on
improving material properties and preparation efficiency. The adopting of green manufacturing technology not only greatly
reduces the energy consumption but also effectively avoids the environmental pollution. Compared with the traditional material
preparation process, the material preparation process for green manufacturing is a new concept and idea. Microwave sintering is
such an efficient, clean, and pollution-free preparation process, so it is widely used in the field of material preparation. By
microwave sintering, the mullite reinforced SiC/Al,O; composites with different SiC particle size were prepared from the
composite powders composed of SiC particles coated with SiO,, by a sol-gel method and Al,O; particles. The effect of SiC particle
size on the microstructure, bulk density, fracture toughness, flexural strength, and thermal shock resistance of SiC/AL,O3
composites was studied. The bulk density, fracture toughness, and flexural strength were evaluated by the Archimedes method,
single-side notched beam method, and three-point bending method, respectively. The thermal shock resistance of samples was
investigated through the combination of water quenching and three-point bending methods. The results showed that with the
increase of SiC particle size, the bulk density, fracture toughness, and flexural strength of samples all increased first and then
decreased. The bulk density, fracture toughness, flexural strength, and flexural strength retention of SiC(5 ym)/Al,O; composites
were better than those of other samples, which were 2.06 g/cm3, 1.98 MPa-m'’?, 63 MPa, and 60%, respectively. The better
mechanical properties and thermal shock resistance of SiC(5 #gm)/Al,O3 composites are due to the formation of bridging mullite
whiskers between SiC and Al,O; particles with large length diameter ratio. Therefore, the unique sintering mechanisms of size
coupling effect and local thermal aggregation effect in microwave sintering were discussed. The research results can not only
provide reference for the preparation process of mullite reinforced SiC/Al,O3 composites but also for the wide application of
microwave sintering technology.

become the development direction in the future. The green
manufacturing of composites is an important innovation

With the rapid development of science and technology, the
manufacturing industry has also received more development
opportunities, which not only creates greater economic
value for the society, but also brings more economic benefits
to the development of the society [1]. However, with the
rapid development of traditional manufacturing industry,
problems such as high energy consumption and high pol-
lution gradually appear. The environment-friendly
manufacturing process based on green manufacturing has

and development in the research field of composite prep-
aration technology. Green manufacturing is also known as
environmental conscious manufacturing for environment
[2, 3]. Low energy consumption green preparation process is
also called energy-saving process in general [4]. Compared
with traditional material preparation, material preparation
based on green manufacturing is a new concept and idea [5].
Microwave sintering is a new method of material sintering
process. It has the characteristics of fast heating speed, high
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energy utilization rate, high heating efficiency, safety, san-
itation, and no pollution. Because the time of microwave
sintering is greatly shortened, the energy utilization effi-
ciency is greatly improved. Compared with traditional
sintering methods, microwave sintering can achieve high
efficiency and energy saving. The rapid sintering charac-
teristics of microwave sintering greatly reduce the use of gas
as sintering atmosphere in the sintering process, which not
only reduces the cost but also reduces the emission of waste
gas and waste heat in the sintering process. As one of the
green manufacturing processes, microwave sintering is
worthy of its name. At the same time, microwave sintering
can improve the microstructure and properties of sintered
materials, which has become a new research hotspot in the
field of material sintering.

Microwave sintering is a method to realize densification,
by coupling the special band of microwave with the basic fine
structure of materials to generate heat, and the dielectric loss
of materials makes the whole material heated to the sintering
temperature. In the 1960s, some researchers proposed to use
microwave sintering technology to prepare ceramic mate-
rials. After the mid-1980s, there was a climax of microwave
sintering ceramics all over the world [6]. So far, researchers
have done a lot of research on the preparation of carbide
ceramics and oxide ceramics by microwave sintering tech-
nology [7, 8]. Because of the excellent high temperature
mechanical strength, superior refractoriness, low electrical
conductivity, good chemical stability, and good thermal
shock resistance, the SiC/Al,O3 composites have become a
promising candidate for high-temperature applications in
the fields of refractory materials, machinery, chemical in-
dustry, metallurgy, electronics, and ceramics [9, 10].
However, in the fields of several thermal shocks or appli-
cations requiring high toughness, the SiC/Al,O; composites
are unsuitable for their brittleness [11, 12]. In order to make
the SiC/Al,O5 composites tougher, some reinforcing phase
is introduced into the composites to overcome their inherent
brittleness. Not only the morphology of the reinforcing
phase but also the chemical compatibility and thermal ex-
pansion match of the reinforcing phase and matrix could
influence the preparation process and final properties of SiC/
Al,O5 composites. The recent research showed that particles
and whiskers can greatly improve the strength and tough-
ness of the ceramic matrix composites [13-16]. For whisker
reinforced composites, the improvement is due to the
changes of the microstructure, interface strengthening, and
fracture mechanisms. Mullite whiskers are widely used to
enhance the properties of alumina-based composites. The in
situ mullite whiskers can be synthetized by coating SiO, on
SiC particles, which facilitates the reaction between SiO, and
AL O; to form mullite whiskers at high temperature. The
connections of mullite whiskers improve the interfacial
bonding between SiC and Al,O3 particles. In addition, the
oxidation problem of SiC particles in the sintering process is
also solved through the coating of SiO, in SiC particles. For
SiC/AL,O5 composites, many reports indicated that mullite
whiskers show attractive bending strength at high temper-
ature, good thermal shock resistance, and excellent chemical
compatibility with SiC [17-19]. Thus, due to their excellent
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thermal shock resistance, mullite whisker reinforced SiC/
Al,O; composites have broad application prospects, espe-
cially in refractories.

Using various processing techniques such as pressureless
sintering, hot pressing, and microwave sintering, the mullite
reinforced SiC/AL,O; composites can be prepared. As an
internal and faster technique, microwave sintering has re-
ceived more attention compared with traditional sintering
methods [20-22]. Besides being a green manufacturing
process, microwave sintering also has two advantages. One is
the volumetric energy absorption without temperature
gradient over the entire sample. And the other is some
special properties induced by the electromagnetic field [23].
Furthermore, besides the improvement of quality of the
composites, the microwave sintering can also bring time and
energy savings for its unique heating behavior [24, 25]. In
addition to increasing the heating rate, uniform heating, and
energy saving, microwave sintering also makes the com-
posites have higher density and mechanical properties
[26, 27]. Bodhak studied the sintering of pure mullite and
mullite-zirconia composites and the results show that
compared with the conventional sintering, the microwave
sintering leads to better densification and better mechanical
[28].

Nevertheless, so far, there were few reports about the
preparation of in situ mullite whisker reinforced SiC/Al,O;
composites, especially on the microstructure, properties, and
microwave sintering mechanism of the composites. In the
present investigation, the SiC/Al,O; composites reinforced
by in situ mullite were prepared. In the previous research,
the optimum sintering temperature, holding time, volume
fraction of SiC particles, and volume fraction of Al,O;
particles about the mullite reinforced SiC/Al,O3 composites
were 1500°C, 30min, 50%, and 50%, respectively [14].
Therefore, the above sintering parameters were also used
here. The effect of SiC particle size on the microstructure and
properties of mullite reinforced SiC/Al,O; composites were
studied in details. Furthermore, the mechanism of micro-
wave sintered SiC/Al,O; composites were discussed, com-
pared with the conventional sintering.

2. Experimental Method

2.1. Microwave Sintering Equipment. Microwave sintering
furnace is the key equipment of microwave sintering. The
microwave sintering furnace used in this study was shown in
Figure 1. Its model is WXD20S-07 (Nanjing Sanle Micro-
wave equipment) multimode microwave sintering furnace,
with a maximum input power of 10kw, frequency of
2.45 GHz, and resonant cavity mode of TEgs. The micro-
wave furnace is mainly composed of microwave emission
source, microwave conduction system, multimode resona-
tor, microwave detection, feedback system, and infrared
temperature measurement system.

In order to quickly complete the sintering and reduce the
heat loss of samples in microwave sintering, a thermal
insulation structure based on a hybrid heating mode was
used to isolate the samples from the external environment
[29]. The thermal insulation structure, which was mainly
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FiGure 1: The resonant cavity and control panel of microwave sintering equipment uniformity of samples. And at the same time the
disadvantages that the temperature of samples close to the SiC rods in the insulation structure was high, and the temperature away from the
SiC rods, which was low, was avoided. (a) Resonant cavity (b) Control panel.

composed of insulation layer, aided heaters, and sample bin
was shown in Figure 2. The aided heaters and insulation
layers were SiC rods placed around and porous mullite plate
and mullite fibers, respectively. The porous mullite plates
possessed excellent thermal shock resistance and thermal
insulation effect. Mullite fibers enhanced the thermal
insulation effect, which not only ensured the stability of the
temperature change of the samples in heating and cooling
stage but also improved the heating uniformity of samples.
And at the same time, the disadvantages that the temper-
ature of samples close to the SiC rods in the insulation
structure were high and the temperature away from the SiC
rods, which was low, was avoided.

2.2. Preparation of SiC/Al,O5; Composite Samples. In mullite
reinforced SiC/Al,O5; composites, the composition of SiC/
Al, O3 composite powders were 50 vol.% Al,O5 and 50 vol.%
SiC. The SiC/Al,O3 composite powders are composed of
AL,O; powders and SiC particles coated on SiO,. The
morphologies of raw powders were characterized by SEM
(Czech FEI Company Quanta 250). The Al,O; powders with
a mean particle size less than 300 nm were commercially

purchased (Beijing Deke Daojun Technology Co., Ltd),
which was shown in Figure 3. In the previous research, it was
found that the SiC/Al, O3 composites with the SiC particle
size of 5 ym had good mechanical properties. Therefore, the
SiC particle size of 5 ym was taken as the center, through the
increase and decrease of SiC particle size, the influence of
SiC particle size changes on the mechanical properties of
SiC/AlL,O3 composites were studied. The SiC raw particles
(Henan Haixu Abrasive Co., Ltd.) were commercially
purchased and were available in four sizes, which were 1 ym,
5um, 50 ym, and 125 ym (Figure 4).

In order to coat SiO, on SiC particles, a sol-gel method
was used [30]. Through the hydrolyzation of tetraethyl
orthosilicate (TEOS), the coating process was carried out.
For the sake of solving the agglomeration problem, the SiC
particles were suspended in distilled water and treated with
the ultrasonic for 30 min. Then, the SiC particles were evenly
distributed in distilled water. By controlling the mixing ratio
of TEOS and ethanol the SiO, with a volume fraction of 10%
was coated on SiC particles. During the coating process, a
certain amount of TEOS and ethanol were added to the
suspension of SiC particles. The mixture was evenly stirred
on a magnetic stirrer for 4 h. By citric acid, the pH value of
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FIGURE 2: The thermal insulation based on hybrid heating mode. (a) Exploded figuer (b) Combination figuer.
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FiGure 3: SEM image of Al,O; powders.

the suspension was firstly adjusted at about 3. Then, after the
TEOS was fully hydrolyzed, the pH value of the suspension
was controlled at 9 by dropping ammonia water. A few
minutes later, the gel of SiC particles coated on SiO, was
formed. In a blast drying oven, the gel of coated particles was
dried 10h at 80°C. Later, the coated particles were mixed
with Al,O; particles. Figure 5 shows the SEM image of the
SiC/AL, O3 composite powders, which indicates that the
Al,O; particles uniformly mix with the SiC particles coated
on SiO,. In the end, through sol-gel method, the SiC/Al,O5
composite powders were prepared. By the reaction between
Al,O; and SiO,, the mullite was formed during microwave
sintering.

Next, in a special mould (Figure 6(a)), the SiC/Al,O3
composite powders were cold pressed at 3 MPa for 1 min
into green compacts (Figure 6(b)). Then, the green compacts
were placed in the thermal insulation structure, and sintered
in the microwave furnace. By adjusting the input power, the
heating rate was controlled. At the same time, the changes
between the reflected power and temperature were also
detected. With an approximately heating rate of 10°C/min,
the green compacts were sintered at 1500°C for 30 min. After
that, the samples of SiC/Al,O; composites were slowly

cooled down to room temperature in the furnace at about
15°C/min.

3. Experimental Process

3.1. Bulk Density Test. A high-precision solid-liquid elec-
tronic hydrometer (DE-120T, Shenzhen Dahong Meituo
density measuring instrument Co., Ltd.) was used to mea-
sure the bulk density of SiC/Al,O; composite samples,
according to the Archimedes method, with distilled water as
immersion medium. The bulk density of SiC/Al,O3; com-
posite samples is calculated from the following formula:
m

p= mpo’ (1)

where p is the bulk density of sample, g/cm”. m,, m,, and m,

are the dry weight, suspended weight, and wet weight of

sample, respectively. p, is the density of distilled water, g/
3
cm’.

3.2. Fracture Toughness Test. Fracture toughness refers to
the ability of a material to prevent the unstable propagation
of macro cracks. It is also a toughness parameter for a
material to resist brittle failure. The fracture toughness was
measured by single side notched beam method (SENB), with
a span of 16 mm[31, 32]. The size of the fracture toughness
specimen is 2mmx4mm x22mm, and the cross-head
speed of universal material testing machine is 0.5 mm/min.
The fracture toughness of SiC/Al,O; composite samples is
calculated from the following formula:

BN 2

K=Y ——
€77 Bw?

where P is the breaking load of sample, N. L is the span
between lower supports, 16 mm. B and W are the width and
thickness of sample, 2 mm, 4 mm, respectively. a is the notch
depth of sample, 0.8-1.2 mm. Y is a constant [33]. When the
ratio of L/W is equal to 4 [34], the value of Y can be cal-
culated by the following formula:
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FIGURe 4: SEM images of SiC particles with different particle size. (a) SiC particles of 1 ym. (b) SiC particles of 5um. (c) SiC particles of

50 ym. (d) SiC particles of 125 ym.

FIGURE 5: SEM image of SiC/Al,O3 composite powders.
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3.3. Thermal Shock Resistance Test. Thermal shock resistance
refers to the ability of a material to resist damage under rapid
temperature changes. The thermal shock resistance is not
only one of the important properties of refractories but also

the comprehensive embodiment of mechanical and thermal
properties of materials under rapid temperature changes.
The thermal shock resistance of mullite reinforced SiC/
Al,O; composites was studied by measuring the flexural
strength retention of multiple water quenching cycles at
1000°C [35, 36]. For this purpose, the temperature of the
heating furnace was raised to 1000°C. After holding for
20 min, the samples with the size of 3 mm x 4 mm x 35 mm
were quickly put into the furnace. The thermal cycle process
of samples was composed of heat preservation process and
quench process. The heat preservation process was that the
samples were put into the furnace with a temperature of
1000°C for 15 min. And the quench process was that after the
heat preservation process, the samples were immediately
water quenched for 5min. This thermal cycle of heat
preservation and quenching was repeated and the selected
thermal shock cycles were 0, 5, 10, and 15 times, respectively.
There were two main reasons for this choice. One was that
according to references, the number of thermal shock cycles
given in many references was 0, 5, 10, and 15 times. The
other was based on the previous research. In the previous
research, the thermal shock resistance cycles were 0, 5, 10,
and 15 times. After the thermal shock cycle was completed,
the flexural strength was tested on samples by three-point
bending method (Figure 7). The three-point bending
method was performed using universal testing machines
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FIGURE 6: Pressing mould and green compacts of samples. (a) The special mould (b) Green compacts of SiC/Al,O3 composites.
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FI1GURE 7: Measurement of flexural strength by three-point bending
method.

(WD-P4504, Jinan Test Machine Co., Ltd.). The span and
cross-heat speed were 30 mm and 0.5 mm/min, respectively.

Based on the test values of flexural strength, the flexural
strength retention of samples after several thermal cycles was
calculated. The flexural strength retention of SiC/AlL,O;
composites was expressed as R. Under the condition of the
same sample composition, R was defined as the ratio of the
flexural strength of samples after n times of thermal shock
cycles to the flexural strength of samples without thermal
shock cycles. The flexural strength retention of samples can
be calculated bythe following formula:

R, = 2% % 100%, ()
99

where R is the flexural strength retention. # is the number of
thermal cycles. Ry, Rs, Ryg, and R;s are the flexural strength
retention of samples after 0, 5, 10, and 15 times of thermal
cycles, respectively. o, is the flexural strength of samples
without thermal shock cycles, and o, is the flexural strength
of samples after n times of thermal shock cycles.

4. Experimental Results and Analysis

4.1. Experimental Results. The properties of mullite rein-
forced SiC/Al,O3 composites with different SiC particle sizes
are listed as Table 1.

The flexural strength of mullite reinforced SiC/Al,O;
composites with different SiC particle sizes under different
thermal shock cycles are listed as Table 2.

The flexural strength retention of mullite reinforced SiC/
ALO5; composites with different SiC particle sizes under
different thermal shock cycles are listed as Table 3.

4.2. Analysis of Experimental Results. As we all know, the
mechanical properties of ceramic matrix composites are
closely related to its microstructure. The SEM images of
mullite reinforced SiC/Al,O; composites with different SiC
particle sizes after microwave sintering were shown in
Figure 8.

It can be clearly seen from Figure 8(a) that there were
many pores in the samples of SiC (1 ym)/Al,O; composites.
The SiO, coated on SiC particles melted, but did not form a
good interface with the surrounding Al,O; particles. The
reason was that the selected SiC particle size (1 ym) was too
small to achieve good aggregation. The samples were mainly
heated by the aided heaters of SiC rods and the self-heating
cannot be well realized. Therefore, the particles grew slowly
and the interface between Al,O; and SiO, was not good.
With the increase of SiC particle size (5 ym), there were few
pores in the composites as shown in Figure 8(b). Through
the reaction of SiO, and Al,Oj particles, the mullite whiskers
with large length diameter ratio had been formed and
presented a bridge structure through the pores. As a result,
the bridging mullite whiskers improve the interface between
SiC and Al Oj; particles. As can be seen from Figure 8(c),
with the continuous increase of SiC particle size (50 ym) in
samples, although the mullite whiskers still existed after
microwave sintering, its length diameter ration was small.
And there were many pores in SiC (50 yum)/Al,O5; com-
posites. Due to the large size (50 yum) of SiC particles, the
samples can quickly achieve thermal aggregation during
microwave sintering, while the rapid outward diffusion of
heat cannot be realized, resulting in the formation of many
pores. With the further increase of SiC particle size (125 ym),
the mullite whiskers with large length diameter ratio did not
form after microwave sintering, as shown in Figure 8(d). The
morphology of mullite phase in samples is short rod-like.
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TaBLE. 1: Properties of samples with different SiC particle sizes.

Composites

1/2)

Bulk density, p (g/cm’) Fracture toughness, K;c (MPa-m Flexural strength, o, (MPa)

SiC (1 um)/ALO;
SiC (5 pm)/ALO;
SiC (50 um)/Al,O5
SiC (125 ym)/AL, 05

1.76 1.04 30
2.06 1.98 63
1.94 1.12 34
1.88 0.93 29

TaBLE. 2: Flexural strength of samples under different thermal shock cycles.

Composites

Flexural strength,
0y/MPa 0 times

Flexural strength,
os/MPa 5 times

Flexural strength,
0,0/MPa 10 times

Flexural strength,
0,5/MPa 15 times

SiC (1 4m)/Al,O5
SiC (5 um)/ALO5
SiC (125 um)/ALO;,

30 16 7 6
63 38 19 17
34 19 10 9
29 14 8 7

TaBLE. 3: Flexural strength retention of samples under different thermal shock cycles.

Flexural strength

Flexural strength

Flexural strength Flexural strength

Composites retention, Ry/% retention, Rs/% retention, R,/% retention, R;5/%
SiC (1 um)/ALO; 100 53 23 20
SiC (5 ym)/AlL,O; 100 60 30 27
SiC (50 um)/AlL, 04 100 56 29 26
SiC (125 um)/AlL, 04 100 48 28 24

There were also many pores in SiC (125 ym)/Al,O3 com-
posites. Due to the large SiC particle size (125 ym) and rapid
temperature rise of samples, the Al,O; particles and SiO,
cannot react fully, so, the mullite grains formed had no time
to grow. Under the condition of gas-solid two-phase co-
existence, the anisotropic growth of mullite grains was
limited to a certain extent [37], and the growth rate in all
directions was relatively fast, making the mullite phase
formed in a short rod-like shape.

The curve of bulk density of mullite reinforced SiC/
Al,O; composites with SiC particle size was shown in
Figure 9.

It can be observed from Figure 9 that the density of SiC
(1um)/AL,O; composites after microwave sintering was
relatively small. With the increase of SiC particle size in
samples, the bulk density of SiC/Al,O; composites also
increased. The bulk density of SiC (5 ym)/Al,O; composites
reached the maximum. The reason was that with the increase
of SiC particle size, the better thermal aggregation on the
particle surface can be realized. The SiO, in samples was
melted at high temperature to form a flowing glass phase and
fill the pores, so that the porosity of samples was reduced and
the density was improved. With the continuous increase of
SiC particle size in samples, the bulk density of samples after
sintering decreased (Figure 9). The bulk density of SiC
(50 um)/AL,O3 composites was lower than that of SiC
(5 um)/Al,O3 composites after microwave sintering, and the
bulk density of SiC (125 um)/AlL,O5 composites decreased
further after microwave sintering. Combined with the
analysis results of SEM images in Figure 8, the reason for this
phenomenon was that the SiC particle size in samples was

too large, the heating rate was too fast, and large amounts of
heat accumulated on the particle surface. As a result, the
rapid outward diffusion of heat cannot be realized, and the
pores formed during the sintering process. Therefore, the
porosity of samples was increased, the structure was loose
and the bulk density was low. For the bulk density of
samples, the reason was the thermal aggregation on the SiC
particles. If the thermal aggregation was poor or the thermal
aggregation cannot be released in time, the bulk density of
SiC/Al,O3 composite was relatively low. Overall, with the
increase of SiC particle size, the bulk density of SiC/Al,O,
composites increased first and then, decreased.

The curve of fracture toughness of mullite reinforced
SiC/AL,O5 composites with SiC particle size shown in
Figure 10.

From Figure 10, it can be seen that the fracture toughness
of SiC (1 um)/AlL,O; composites was relatively low. With the
increase of SiC particle size dispersed in samples, the fracture
toughness increased. When the SiC particle size increased to
about 5um, the fracture toughness of SiC (5um)/ALO;
composites reached the maximum 1.98 MPa-m'/%. This is
because the content of mullite whiskers was relatively high,
and the mullite whisker connecting phase was formed be-
tween the particles, which improved the fracture toughness
of the samples. However, when the SiC particle size dis-
persed in the samples continued to increase, the fracture
toughness of SiC (50 um)/AlL,O; composites and SiC
(125 ym)/Al,O5 composites both decreased. The main rea-
son for this phenomenon was that although the mullite was
also formed in SiC (50 ym)/Al,O; composites at high
temperature, the growth power of mullite was not enough,
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FIGURE 8: SEM images of mullite reinforced SiC/Al,O; composites with different SiC particle sizes. (a) Samples of SiC(1 ym)/ALO;
composites. (b) Samples of SiC(5 ym)/Al,O; composites. (c) Samples of SiC(50 yum)/Al,O5 composites. (d) Samples of SiC(125 ym)/Al, 05
composites.
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so the mullite whiskers with large length diameter ratio did
not form, while the morphology of mullite in SiC (125 ym)/
ALO5; composites after microwave sintering was short rod-
like and the short rod-like mullite was basically no aspect
ratio. Therefore, the mullite whiskers bridging between
particles were not formed in SiC (50 ym)/Al,O; composites
and SiC (125um)/AlL,O; composites, so the fracture
toughness of these samples was not high. For the fracture
toughness, the reason was the formation of mullite whiskers.
If there were mullite whiskers with large length diameter
ratio, the flexural strength and fracture toughness of samples
were high. With the increase of SiC particle size, the fracture
toughness of SiC/Al,O; composites also increased first and
then decreased.

The curves of flexural strength of mullite reinforced SiC/
AlLO; composites with different SiC particle size after 0, 5,
10, and 15 times of thermal cycles were shown in Figure 11.
Figure 11 shows the thermal shock resistance of SiC/Al,O3
composites.

According to Figure 11, when the four groups of samples
were not subjected to thermal shock, the flexural strength of
SiC/Al,O3 composites increased with the increase of SiC
particle size dispersed in the samples. The flexural strength of
SiC (5 um)/Al,O; composites reached the maximum value
of 63 MPa. This is mainly due to the synthesis amount of
mullite whiskers increased with the increase of SiC particle
size, which enhanced the flexural strength of the samples.
When the SiC particle size in SiC/Al,O3 composites further
increased, the flexural strength of samples decreased. The
main reason is that when the added SiC particle size was too
large (50 ym and 150 ym), the temperature rise of samples
was too fast, Al,O; and SiO, cannot fully react, and the
mullite grains had no time to grow, which reduced the
flexural strength of SiC/Al,O; composites. In short, with the
increase of SiC particle size, the flexural strength of SiC/
Al,O3; composites also increased first and then decreased.
After 5 times of thermal shock cycles, the flexural strength
retention of SiC (125 ym)/Al,O; composites was only 48%,
and the flexural strength retentions of SiC (1 ym)/Al,O;
composites, SiC (5 ym)/Al, O3 composites and SiC (50 ym)/
AlL,O; composites were 53%, 60%, and 56%, respectively.
After 15 times of thermal shock cycles, the flexural strength
retention of SiC (1 ym)/Al,O3 composites was 20% and the
flexural strength retention of SiC (125 ym)/Al, O3 compos-
ites was 26%. While, the flexural strength retention of SiC
(5pm)/Al,O3 composites was 27%. Although, the flexural
strength retention of SiC (50 ym)/Al,O; composites was
very similar to that of the SiC (5um)/AlL,O; composites
(Table 3), their flexural strength was greatly different.
Therefore, the thermal shock resistance of SiC (50 ym)/
AlL,O; composites was not very good. With the increase of
thermal shock cycles, the flexural strength of four groups of
SiC/ALO5 composites all decreased. After 5 thermal cycles,
the flexural strength of four groups of SiC/Al,O; composites
decreased sharply. As the continued increase of thermal
shock cycles, the flexural strength of four groups of SiC/
ALO5; composites decreased gently. Comparing the above
four groups of samples, the SiC (5um)/Al,O5; composites
had good thermal shock resistance. Better thermal shock
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FiGure 11: Curve of flexural strength of samples with different SiC
particle size after several thermal cycles.

resistance of mullite reinforced SiC/Al,O3; composites ob-
tained by microwave sintering can be applied to the re-
fractory and heat insulation materials.

Based on the above analysis of microstructure, bulk
density, and thermal shock resistance, among the four
groups of SiC/Al,O3 composites (SiC particle size of 1 ym,
5 um, 50 ym, and 125 ym), the SiC (5 yum)/Al,O5 composites
possessed the best comprehensive mechanical properties.

5. Mechanism Analysis of Microwave Sintering

Through analyzing the microstructure and mechanical
properties of SiC/Al,O; composites, it can be seen that the
morphology of mullite phase was different in different group
of samples. The mullite phase was mullite whisker with large
length diameter ratio in SiC (5pm)/AlL,O; composites.
While, the mullite phase was short rod-like in SiC (1 ym)/
ALO3; composites, SiC (50 yum)/Al,0; composites, and SiC
(125 ym)/Al,O5 composites. It is the morphology of mullite
phase that affected the mechanical properties of SiC/Al,O;
composites. Through the whisker pullout and whisker
bridging, the mullite whiskers toughen the SiC/AlO;
composites. During the fracture process, the whiskers were
pulled out and made bridging cracks, so the cracks can be
deflected and energy can be absorbed, resulting in the im-
provement of mechanical properties for SiC/Al,O; com-
posites [38]. In addition to in situ mullite whiskers, the
mullite whiskers can also be added externally. But there were
some problems with the external mullite whiskers, such as
uneven distribution, poor dispersion, difficult sintering, and
poor compatibility, with interface and harmful to human
body. Compared with the external whisker addition, the situ
synthesized mullite whiskers in SiC/Al,O; composites can
more effectively toughen the samples because of low cost,
better dispersion, and without pollution[39]. For the
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formation of mullite whiskers, there existed two mecha-
nisms during the microwave sintering.

One of the reasons for the different morphology of
mullite phase was the size coupling effect in microwave
sintering. In the initial stage of microwave heating, the
temperature rise of SiC/Al,O; composites mainly
depended on the local thermal aggregation generated by
the coupling of SiC particles and microwave field. When
the size of SiC particles dispersed in samples was too
small, such as 1 ym, the ability of SiC particles absorbing
microwave loss was lower than the ability of particle
surface heat diffusion. The good thermal aggregation on
the surface of SiC particles cannot be achieved, resulting
in slow temperature rise of samples, so the synthesis
ability of mullite was limited. When the size of SiC
particles dispersed in samples was too large, such as 50 ym
and 125pum, the ability of SiC particles absorbing mi-
crowave loss was higher than the ability of particle surface
heat diffusion. Although the thermal aggregation on the
surface of SiC particles was more, the heat cannot be
diffused rapidly, resulting in the slow temperature rise of
samples. The more thermal aggregation can promote the
reaction of SiO, coated on SiC particles and Al,O; to
synthesize mullite, but the anisotropic growth of mullite
was not obvious [40], and the length and diameter of
mullite whiskers were small. In the process of microwave
sintering, the ability of SiC particles absorbing microwave
loss and the ability of SiC particle surface heat diffusion
needed to be balanced so that the mullite grains can grow
rapidly along the one-dimensional direction into whiskers
with large length diameter ratio. Therefore, there was a
critical size (about 5 ym) of SiC particles. When the size of
SiC particles dispersed in samples was within the critical
size range, the size coupling effect was the most obvious.
So, the ability of SiC particles absorbing microwave loss
was basically consistent with the ability of particle surface
heat diffusion, which made the samples heat up rapidly at
low temperature and obtained the mullite whiskers with
large length and diameter and bridging between particles.

Another reason for the formation of mullite whiskers
during microwave sintering was the local thermal aggre-
gation effect. Because microwave sintering is an integral
heating method, this sintering mechanism is a unique fea-
ture of microwave sintering. In the conventional sintering
method, materials absorbed energy and heated up by means
of conduction, convection, and thermal radiation. The
sintering mechanism of microwave sintering was completely
different from that of conventional sintering. So, in the
conventional sintering process, there were no size coupling
effect and local thermal aggregation effect. The schematic of
mullite growth during microwave sintering and conven-
tional sintering was shown in Figure 12. It can be seen that
the mullite growth is different during the two sintering
methods [7].

Figure 12(a) shows the growth process of mullite
crystal in microwave field. When the SiC/Al,O; com-
posites were prepared by microwave sintering, due to the
high SiC dielectric loss, the SiC rods (aided heaters) in
the thermal insulation structure absorbed the microwave
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energy to generate heat and transfer the heat from
outside to inside. At the same time, the SiC particles in
samples also preferentially absorbed the microwave
energy to make the local instantaneous temperature rise
on the SiC particle surface, causing local thermal ag-
gregation effect, and the generated local heat diffused
from inside to outside. The local thermal aggregation
heated the SiO, coated on SiC particles to form a molten
of glass phase, which reacted with Al,O; to form mullite.
During sintering process, the microwave hybrid heating
produced two forms of heat. With the continuous in-
crease of microwave input power, the local thermal
aggregation effect was strengthened, which promoted the
anisotropic growth of mullite grains, made the mullite
grains grew rapidly along one-dimensional direction,
and formed the mullite whiskers with large length di-
ameter ratio.

Figure 12(b) shows the growth process of mullite crystal
in conventional sintering process. In conventional sin-
tering of SiC/Al,O; composites, the samples are mainly
heated by thermal radiation and heat conduction of con-
ventional furnace. The heat was transferred from outside to
inside and cannot form the local thermal aggregation effect
to make the surface of SiC particles temperature rise in-
stantaneously. This heating method raises the temperature
slowly, and the energy dissipates greatly from outside to
inside, which causes the less energy use for the synthesis of
mullite. Therefore, the growth rate of mullite grains is slow
and the anisotropic growth of mullite is not obvious,
resulting in the formation of mullite phase with small
length diameter ratio.

The SEM images of SiC/Al,O3 composites sintered by
microwave sintering and conventional sintering were shown
in Figure 13.

It can be obviously seen that the morphology of mullite
phase in Figure 13(a) is different from Figure 13(b).
Compared with the conventional sintering, the greatest
advantage of microwave sintering is the local thermal ag-
gregation effect. Because of the thermal aggregation effect,
the mullite whiskers formed around the SiC particles. The
bridging mullite whiskers with large length diameter ratio
only existed in samples prepared by microwave sintering. As
shown in Figure 13(b), the SiO, coated on SiC particles only
melted and reacted with Al,O; to form mullite, but the
morphology of mullite was not whiskered. The reason is that
the anisotropic growth of mullite is not promoted during
conventional sintering. Therefore, the mullite whiskers with
large length diameter ratio were not formed.

Due to the different sintering mechanism, the mor-
phologies of mullite phase are different in different sintering
methods, resulting in different mechanical properties. The
main reasons are the size coupling effect and thermal ag-
gregation effect analyzed above. In addition, compared with
the conventional sintering, the microwave sintering can
reduce the synthesis temperature of mullite, resulting in
energy savings. Moreover, microwave sintering is also a
relatively clean, pollution-free, and waste gas free sintering
method [41]. Therefore, microwave sintering is a kind of
green manufacturing with great potential.
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FIGURE 12: Schematic of mullite growth during microwave sintering and conventional sintering. (a) Microwave sintering. (b) Conventional
sintering.

FIGURE 13: SEM images of SiC/Al,O; composites sintered by microwave sintering and conventional sintering (a) Samples of microwave
sintering (b) Samples of conventional sintering.

6. Conclusion mullite whiskers with large length diameter ratio

found in the SiC (5 um)/ALO ites.
(1) Through microwave sintering, the in situ synthesized were found in the SIC (5 um)/Al,0; composites

mullite reinforced SiC/Al,O3; composites with dif- (2) With the increase of SiC particle size in samples, the bulk
ferent SiC particle size were prepared. The composite density of SiC/AL,O; composites first increased and then
powders of samples were composed of SiC particles, decreased. The bulk density of SiC (5 ym)/ALO; com-
coated with SiO, by a sol-gel method and Al,O; posites was higher than that of other SiC/ALO; com-

particles. During microwave sintering, the bridging posites, which reached the maximum value 2.06 g/cm”.
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(3) With the increase of SiC particle size in samples, the
fracture toughness and flexural strength of SiC/
ALO5; composites also first increased and then de-
creased. The fracture toughness and flexural strength
of SiC (5pum)/Al,O3; composites were higher than
those of other SiC/Al,O; composites, which reached
the maximum value 1.98 MPa-m'? and 63 MPa,
respectively.

(4) With the increase of thermal shock cycles, the
flexural strength retention of SiC/Al,O5 composites
with different SiC particle size also decreased.
Among the four groups of SiC/Al,O; composites, the
flexural strength retention of SiC (5um)/AlLO;
composites was also higher than those of other SiC/
AlL,O; composites. After 5, 10, and 15 times of
thermal shock cycles, the flexural strength retention
of SiC (5 ym)/Al, O3 composites were 38%, 19%, and
17%, respectively, which indicated the better thermal
shock resistance.

(5) The morphology of mullite phase were mullite
whiskers in SiC (5 ym)/Al,O5; composites, which was
due to the size coupling effect and thermal aggre-
gation effect in microwave sintering. Based on the
size coupling effect and thermal aggregation effect,
the anisotropic growth of mullite grains in SiC
(5um)/Al,O; composites was promoted and the
mullite grains grew rapidly along one-dimensional
direction during microwave sintering, while the
sintering mechanism was heat radiation and heat
transfer during conventional sintering, resulting in
mullite phase with weak anisotropic growth.

Due to the unique sintering mechanism, the microwave
sintering preserves the characteristics of fast speed, clean,
and pollution-free, which brings the results of energy savings
and environment-friendly. Therefore, microwave sintering
is a kind of advanced material preparation process based on
green manufacturing.
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