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ARTICLE INFO ABSTRACT

Keywords: Electrically conductive porous SiC ceramics are attracting substantial attention due to their application in
Sic heatable filters, vacuum chuck, and semiconductor processing parts, etc. The main problem is their high pro-
Mullite

Electrical resistivity
Mechanical properties
Manganese oxide

cessing cost. Ideal candidates from an engineering ceramic perspective will be mechanically durable and have the
required electrical properties with sufficiently low fabrication costs. To decrease the sintering temperature,
kaolin has been added, but it tended to render the material an insulator. Graphite was used to effectively

decrease the electrical resistivity. Additionally, manganese oxide was used to decrease the quantity of kaolin (the
component that leads to an insulator material after sintering) and decrease the electrical resistivity while
maintaining the mechanical properties. In our study, we found that SiC with 35% kaolin, 20% graphite and 10%
manganese oxide can produce samples with 6.5 x 107! Q cm electrical resistivity and 43.5 MPa flexural strength
at a low sintering temperature of 1200 °C.

1. Introduction

Porous ceramic materials are of substantial interest due to their high
performance in solving contemporary issues in the energy, environment,
and manufacturing industries. Porous SiC ceramics offer a unique
combination of properties such as enhanced chemical, mechanical and
thermal stabilities, higher permeability, oxidation and corrosion re-
sistances, and a low coefficient of thermal expansion [1-5]. Due to these
superior properties, porous SiC ceramics are widely used in many en-
gineering applications, e.g., in separation membranes [6-8], molten
metal filters [9,10], hot-gas filters [11,12], dust collectors [13], catalysis
supports [1,14,15], heat exchangers [16,17], thermal insulators [18],
and heat sinks [19,20]. For the fabrication of porous SiC-based heatable
filters (which are used for contaminated indoor air cleaning), the key
parameters to control are the electrical resistivity, thermal conductivity
and porosity.

Most of the literature on porous SiC ceramics is based on the pro-
cessing/control of the pore morphology and the control of mechanical
properties. However, interest in the control of electrical properties is
increasing [4,21-23]. SiC is categorized as an electrical semiconductor

material with wide bandgap energies from 2.4 to 3.3 eV at room tem-
perature that depend on the polytype [24]. The key factors in controlling
the electrical conductivity of porous SiC ceramics are the porosity, type
of dopant and its concentration, sintering atmosphere and impurities in
the raw SiC powders [25-29]. Most of the studies involved two strate-
gies for decreasing the electrical resistivity of dense SiC ceramics: ni-
trogen doping using nitrogen-containing additives [30-33] and the
addition of an electrically conductive carbon-based phase [34-42]. In
the literature, it is reported that the addition of a nitrogen-containing
liquid phase in the first method causes enhanced grain growth [30],
thereby leading to densification. Therefore, this approach is not suitable
for the fabrication of porous SiC ceramics. The second strategy involves
the addition of carbon nanotubes (CNTs), graphene, graphene oxide and
graphite. The electrical resistivity of dense SiC ceramics was decreased
via the addition of CNT from 1.1 x 10’ t0 2.7 x 10~ ' Q cm [34], via the
addition of graphene from 1.0 x 10° to 5.9 x 10! Q cm and from 1.0 x
10°t02.3x 10 ' Qem [35-40], via the addition of graphene oxide from
5.8 x 10'-1.0 x 10° Q em to 4.2 x 10'-5.5 x 107! Q em [40,41], and
via the addition of graphite from 1.3 x 10 to 1.0 x 10° Q cm [42].
Recently, Kim et al. added graphite to produce porous SiC ceramics with
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Table 1

SiC, kaolin and graphite compositions of the samples.
Sample name SiC Kaolin Graphite Total

% % % %

S70K30C0 70 30 0 100
S65K35C0 65 35 0 100
S60K40C0 60 40 0 100
S55K45C0 55 45 0 100
S60K30C10 60 30 10 100
S55K35C10 55 35 10 100
S50K40C10 50 40 10 100
S45K45C10 45 45 10 100
S50K30C20 50 30 20 100
S45K35C20 45 35 20 100
S40K40C20 40 40 20 100
S$35K45C20 35 45 20 100

Table 2

Mixture compositions with increasing Mn3O4 contents.
Sample name SiC Kaolin Graphite Mn304 Total

% % % % %

S$35K45C20M0 35 45 20 0 100
S35K40C20M5 35 40 20 5 100
S35K35C20M10 35 35 20 10 100
S35K30C20M15 35 30 20 15 100

Table 3

Mixture compositions that contain 50% Mn304 with 50% SiC (S50M50) and
50% kaolin (K50M50).

Sample name SiC Kaolin Mn304 Total
% % % %

S50M50 50 50 100

K50M50 50 50 100

A Silicon Carbide, a-SiC

e : Mullite, 3A1,0,.28i0,
©: Cristoballite, SiO,

¢ : Graphite, C

S35K45C20

Intensity (a.u.)

20 (degree)

Fig. 1. XRD results of samples that contain mixtures of SiC, kaolin and graphite
and were sintered at 1400 °C.

up to 50 wt % graphite content and observed a decrease in electrical
resistivity from 3.9 x 10'9.0 x 1072 Q em [43]. Thus, graphite was
found to effectively decrease the electrical resistivity to produce porous
conductive SiC ceramics. All of these studies involve high fabrication
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costs due to the use of sophisticated techniques and high sintering
temperatures (>1800 °C).

Thus, the objective of this study was to propose a composition by
which we can realize a low electrical resistivity (up to 10°1Q cm) with a
low sintering temperature while maintaining sufficient mechanical
strength. Therefore, in this study, we used a clay-bonded SiC system for
low-temperature processing of SiC; however, this system leads to very
high electrical resistivity. Graphite was added to the composition to
decrease the electrical resistivity since it has very low intrinsic electrical
resistivity. Furthermore, manganese oxide (Mn304) was added for the
first time as another inorganic sintering additive besides kaolin, and it
was found to form materials with low electrical resistance as a result of
phase transformation and reaction with kaolin at higher temperatures
[44-46]. The study was divided into two parts: In the first part, the ratio
of graphite with respect to clay and SiC for the required electrical
properties was optimized. In the second part, the effect of manganese
oxide was evaluated for the replacement of kaolin as a sintering additive
with enhanced control of electrical properties.

2. Materials and methods

For preparing the pellets, SiC powder (with an average particle size
of 4.5 pm) was obtained from Han Song Ltd., China, and kaolin (average
particle size 2.1 pm), graphite powder (average particle size 20 pm), and
manganese oxide (Mn3O4) powder (average particle size ~100 nm)
were obtained from Sigma-Aldrich, USA. All powders were mixed by
ball milling for 5 h at 200 rpm, with water with a powder to water ratio
of 1:2 according to the specified composition in Tables 1-3 in plastic
bottles using 10 mm alumina balls (the powder to ball ratio was 1:5) as
the mixing medium. After mixing, the balls were separated from the
slurry, and the mixture was dried in an oven at 105 °C for 24 h. Then, the
mixture was ball milled again for 5 h to convert the dried slurry into
powdered form. The resulting powder mixture was uniaxially pressed
using a cylindrical die (diameter: 3.6 cm) and a uniaxial load of 20 MPa.
After pressing, the samples were sintered at various temperatures with
heating and cooling rates of 5 °C/min in an argon gas (99.995%)
atmosphere.

XRD patterns for classification of the phases were obtained using an
X-ray diffractometer (D/Max-2500VL/PC, Rigaku Co. Ltd., Tokyo,
Japan) at 40 kV and 200 mA with a Cu Ka radiation source. The mi-
crostructures of the samples were investigated by using low-voltage
scanning electron microscopy (LV-SEM, Carl Zeiss, Germany). The
linear shrinkage of the pellets was calculated via the following equation:

D, — Dy
Linear shrinkage (%):"T x 100 (€D)]
g

where Dg and Ds are the diameters of the samples of the green sample
and sintered sample, respectively. The pore size distribution of the
samples was analysed by mercury porosimetry (Autopore IV 9510,
Micromeritics, USA). Porosity was determined by the Archimedes
method, with distilled water as the liquid medium. To measure the
average flexural strength, the mixture pellets were machined into di-
mensions of 4.0 mm x 4.0 mm x 36 mm, and a four-point bending test
(Instron 4206, Instron, USA) was conducted on five samples. The volume
electrical resistivity of each sintered sample was evaluated using a
MODUSYS 4-point probe analyser (Modusystems, Inc. South Korea).

3. Results and discussion
The study is divided into two parts: First, the effect of graphite is

evaluated in SiC and clay systems. Second, the effect of manganese oxide
is evaluated.
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Fig. 2. SEM images of (a) clay-bonded SiC (S55K45C0) and (b) clay-bonded SiC
with graphite (S35K45C20), sintered at 1400 °C.
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Fig. 3. Effect of the graphite contents and kaolin contents on electrical re-
sistivity of the samples sintered at 1400 °C.
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Fig. 4. XRD results that show the effects of sintering temperatures on
S35K30C20M15 samples.
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Fig. 5. XRD results that show the effects of the sintering temperature on
samples with 50% Mn304 and 50% kaolin (K50M50).

3.1. Effect of graphite on clay-bonded SiC

SiC is a typical engineering ceramic material with a high fabrication
cost due to its high sintering temperature. To decrease the sintering
temperature, clay was incorporated. Furthermore, graphite was added
to control the electrical resistivity of the product. To evaluate the effect
of graphite on clay-bonded SiC, samples were prepared according to
Table 1 with various concentrations of SiC, kaolin and graphite. In
Table 1, each sample is labelled with the first letter of the name of the
material, namely, S for SiC, K for kaolin, and C for graphite, and the
subsequent number represents the percentage of that material in the
composition. This series of the samples will be termed SKC (consisting of
SiC, kaolin and graphite) samples.

After preparing the samples according to Table 1, the samples were
sintered at 1400 °C for 2 h in an argon atmosphere. XRD of the samples
was conducted to evaluate any crystallographic changes after sintering.
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Fig. 6. XRD results that show the effects of the sintering temperature on
samples with 50% Mn30,4 and 50% SiC (S50M50).
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Fig. 7. Effects of the Mn3O,4 content and sintering temperature on the linear
shrinkage of samples.

Fig. 1 shows that the sample that was comprised of only SiC and kaolin
had distinctive SiC peaks with mullite and cristobalite. Thus, kaolin was
converted into mullite and cristobalite phases, which is a known phase
transformation for kaolin [47]. However, no phase transformation for
SiC or graphite occurred, and the height of only the graphite peak
increased with the addition of graphite. Similarly, according to Fig. 2,
when there was only SiC and kaolin, as presented in Fig. 2(a), the SiC
particles showed satisfactory connectivity with each other due to the
needle-like mullite phase. Whereas in case of S35K45C20, as shown in
Fig. 2(b), a large volume of flake like low density graphite powder was
incorporated into the clay-bonded SiC samples, the particles were well
in contact with each other and become a part of clay and SiC structure.

The objective of adding graphite was to decrease the electrical re-
sistivity of clay-bonded SiC, as graphite is a strong conductor of elec-
tricity [48]. Fig. 3 shows the effect of graphite addition into the SiC
kaolin system. After sintering at 1400 °C for 2 h in an argon atmosphere,
the samples were evaluated in terms of electrical resistivity. Fig. 3 shows
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Fig. 8. The effect of the sintering temperature on the pore size distribution and
porosity of (a) S35K40C20MO and (b) S35K35C20M10 samples.

that an increase in kaolin content leads to an increase in electrical re-
sistivity. As shown by Fig. 1, kaolin is converted into mullite and cris-
tobalite, and both materials are electrical insulator materials [49], thus
increase in mullite and cristobalite were the reason for increased in
electrical resistivity. Whereas an increase in graphite content leads to a
logarithmic decrease in electrical resistivity. To further decrease in
electrical resistivity more graphite will be required, which could lead to
decrease in mechanical strength of the product. Also, decrease in kaolin
contents could help to decrease the electrical resistivity. Therefore, it is
better to replace kaolin (which causes higher resistivity in the material)
with a material that can facilitate sintering at lower temperatures and
also help in electrical properties of the material.

3.2. Effect of manganese oxide on SKC samples

To increase the flexural strength even at lower temperatures while
maintaining the electrical properties, a fourth component, a low melting
point additive, manganese oxide (Mn304) was added to facilitate liquid
phase sintering. This section will explain the effect of Mn3O4 addition on
graphite-containing clay-bonded SiC samples.

Table 2 presents the compositions that were used to prepare the
samples. In Table 1, the sintering additive as the binding phase was only
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Fig. 9. (a) The effect of the Mn304 content on the flexural strength of samples
that were sintered at 1400 °C and (b) the effect of the sintering temperature on
the flexural strength of S35K45C20MO0 and S35K35C20M10.

kaolin, whereas, in Table 2, Mn3O4 was added, which also acts as a
sintering additive similar to a bonding agent [44-46]. The Mn3O4 con-
tents were denoted as ‘M’. According to Table 2, when we increased the
Mn304 content, we decreased the concentration of kaolin while keeping
the concentrations of SiC and graphite constant; hence, the total sin-
tering additive content remained constant at 45% by mass.

To evaluate the changes in the electrical resistivity with increasing
sintering temperature and MngO4 content, changes in the phase
composition were evaluated via XRD, shown in Fig. 4. In Fig. 4, the
temperature effect on S35K30C20M15 was evaluated. This composition
was selected as a reference because it contains maximum Mn3O4 (15 wt
%) contents. At 1100 °C, in addition to SiC and graphite, kaolin and
manganese oxide were identified as manganese silicates and aluminates
according to their peaks. At temperatures above 1100 °C, we could not
detect the peaks of manganese silicates or aluminates, whereas at
1200 °C, silica from kaolin crystalizes to form cristobalite, and at
1300 °C and above, additionally mullite formation from kaolin was also
observed.

In Fig. 4, at 1100 °C, manganese oxide presence was observed as
manganese silicates and aluminates and at higher temperatures they
were not observed. To explain this phenomenon, manganese oxide
phase transformation and its reaction with kaolin will be explained.
According to the Dorris et al. [50], when heated to a higher temperature,

Ceramics International 47 (2021) 23045-23052

Mn304 (tetragonal) is initially converted to MngO4 (cubic). Then, Mn3gO4
(cubic) in an inert atmosphere is converted into MnO with the release of
oxygen. Thus, at our study temperature, the most common form of
manganese oxide was MnO. Therefore, to identify the products of
manganese oxide, we can utilize the phase diagram of the MnO-
—Al,03-SiO system, as reported by Jung et al. [51]. A range of com-
pounds are formed when manganese oxide interacts with silica and
alumina; thus, manganese compounds must be present in the samples
that contain manganese oxide. From the phase diagram, we observe that
in our temperature range, namely, < 1400 °C, the following reactions
can occur:

3A1,03+3Si0; — 3A1,03-2Si0, (mullite)+ SiO; (cristobalite), 2)
2MnO + SiO; — Mn,SiOy (tephorite) 3
MnO + SiO; — MnSiOj3 (manganese silicate) @
2MnO + Al,03 —»MnAl,Oy (galaxite) 5)
3MnO + SiO;+A1L,03 -»Mn3Al,(SiOy4); (spessartine) 6)

Further, in order to clarify the effect of the Mn3O4 on our material
system, new compositions were prepared by adding 50% Mn3O4 with
50% SiC and kaolin. The compositions are specified in Table 3.

Fig. 5 presents the effect of the sintering temperature on the phase
changes in the samples that were prepared with 50% Mn3O4 and 50%
kaolin. As shown in Figs. 1 and 4, we expected that we would identify
cristobalite and mullite as the products of kaolin at high temperatures,
but we instead identified tephorite (MnySiO4) and spessartine
(Mn3Aly(SiO4)3). Thus, from Fig. 5, we can confirm that the components
of kaolin, namely, alumina and silica, reacted with manganese oxide and
formed compounds with manganese. It was also observed that, until
1200 °C crystallized phases were observed, but after that, we only
observe the amorphous phase. Liquefaction of the materials occurs, due
to presence of low melting point spessartine (1200 °C). This is also one of
the main reasons why the effect of Mn304 addition in Fig. 4 was not
observed.

Similarly, the effects of the sintering temperature on the phase
changes in the samples that were prepared with 50% Mn3O4 and 50%
SiC are shown in Fig. 6. As explained earlier by Dorris et al., at higher
temperatures, Mn3O4 (cubic) is converted into MnO, and oxygen is
released. This oxygen can react with SiC to form silica. This silica can
further react with MnO to form tephorite and manganese silicate via
equations (3) and (4). According to the XRD results, at 1100 °C, along
with SiC peaks, cristobalite, compounds of MnO with silica (i.e., man-
ganese silicate and tephorite) and unreacted MnO phases were present.
It was observed that, a very small amount of silica is produced at
1100 °C, which is converted into silicates of manganese, whereas at
higher temperatures, all manganese oxides are present as MnO and its
relevant silicates, with high concentration of cristobalite. From Figs. 5
and 6, we conclude that Mn304 reacted with silica from kaolin and SiC
oxidation and with alumina from kaolin to form relevant compounds.
The concentrations of these compounds are very low; thus, we were
unable to detect them based on the XRD results in Fig. 4.

Fig. 7 shows the effect of Mn3O4 addition on linear shrinkage with
increasing sintering temperature. The temperature variation was
examined from 1100 to 1400 °C. According to Fig. 7, with the increase in
temperature, for samples without Mn3O4 content (i.e., S35K45C20M0),
a sharp increase in shrinkage was observed from 1100 to 1200 °C. This
increase in shrinkage was attributed to the start of sintering in kaolin-
based materials, whereas from 1200 to 1400 °C, an increase in
shrinkage was still observed, but the change was very small. This trend
corresponds to the further proceeding and completion of the mullitiza-
tion reaction. On the other hand, the linear shrinkage of the samples
decreased with increasing Mn3O4 content. There could be two reason for
this decrease in linear shrinkage. First, as an increase in the Mn3O4
content is accompanied by a decrease in the kaolin content; thus the
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Fig. 10. Effect of the sintering temperature on the microstructures of S35K30C20M15 at (a) 1100 °C, (b) 1200 °C, (c¢) 1300 °C and (d) 1400 °C.
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Fig. 11. Effects of the Mn304 content and sintering temperature on the elec-
trical resistivity of samples,

decrease in shrinkage could be attributed to decrease in kaolin contents
or in other terms; kaolin is a more effective additive in the case of an
increase in shrinkage. Secondly, as Fig. 6 shows that the reaction of
Mn304 and SiC results in the formation of low-density cristobalite (2.33
g/cm?) from SiC (3.23 g/cm®). Thus, the conversion of high-density
material with low-density material, cause lesser shrinkage in our sam-
ples [52,53]. This kind of behaviour could also affect the pore
morphology as well.

Fig. 8(a) and (b) shows the effect of the Mn30O4 content and sintering

temperature on the porosity and pore size distribution for
S35K40C20MO and S35K35C20M10 samples respectively. From Fig. 8
(a), for S35K45C20MO samples, we can observe that with the increase in
sintering temperature porosity decrease with the increase of pore size
[54]. This difference is small in case of 1100 °C and 1200 °C, which may
be due to low sinterability of the material at this temperature, but form
1200 °C-1300 °C, a sharp decrease in porosity with increase in average
pore size was observed [55]. This may be due to removal of small pores,
to become large pores, which is indicative of start of mullitization and
sintering in the S35K40C20MO0 samples. On the other hand, in Fig. 8(b),
for S35K35C20M10 samples, porosity decrease with increasing tem-
perature, but average pore size first shows an increase from 1100 °C to
1200 °C, which is due to high sinterability of S35K35C20M10 samples at
this temperature, and then shows a decrease in average pore size with
increasing temperature. This decrease in pore size may be caused by
combination of two phenomena; conversion of manages silicates into
liquid phase, which causes to increase in linear shrinkage, whereas
oxidation of SiC leads to increase in low density oxide layer over SiC
particles which causes to increased effective particle size [52].

When comparing Fig. 8(a) and (b), we can clearly observe the rela-
tively high average pore size for S35K35C20M10 samples. This could be
the result of addition of manganese oxide, which leads to higher
sinterability due to reactive sintering and formation of amorphous phase
at lower temperature. Due to formation of liquid phase at the particle
interface pore coalescence occur during sintering process and higher
average pore sizes were observed. It could be appreciated that as heating
element, for higher permeability, higher pore size with high porosity is
important and the addition of manganese oxide had well contributed in
increasing the average pore size.

Fig. 9 shows the effects of the Mn3O4 content and sintering tem-
perature on the flexural strength of the samples. Fig. 9(a) shows the
effect of increasing Mn3O4 content on the flexural strength of samples
sintered at 1400 °C. It was observed that at 5 wt %, the flexural strength
initially increased slightly and subsequently showed no major change.
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Thus, Mn3O4 positively impacted the flexural strength of the samples. In
addition, we compared the effect of the sintering temperature on
S35K45C20MO0 samples with that on S35K35C20M10 samples. It was
observed that the flexural strength of the S35K45C20MO sample
increased with increasing sintering temperature until 1400 °C. The main
bonding phase in this sample was kaolin, which began to convert into
mullite and cristobalite at 1200 °C and completed its conversion at
approximately 1400 °C [55]. In contrast, the S35K35C20M10 sample
shows an initial sharp increase in flexural strength from 1100 to
1200 °C, which is similar to the trend of the S35K45C20MO0 sample, but
the flexural strength was comparably higher, and from 1200 to 1400 °C,
a negative slope in trend was observed. At 1200 °C, reaction sintering
occurred due to the reaction of Mn304 with kaolin and SiC; thus, the
maximum flexural strength was attained. According to Fig. 5, at tem-
peratures below 1300 °C, crystalline phases that were formed by the
reaction of kaolin and manganese oxide were converted into an amor-
phous state at 1300 °C; thus, due to the formation of an amorphous
phase, the strength was decreased.

Fig. 10 shows the fracture microstructure of S35K30C20M15 sam-
ples that were sintered at various temperatures. The sinterability
increased with the sintering temperature. At 1100 °C, the samples were
not well sintered, as a mullitization reaction was not initiated [55-57].
At 1200 °C, as shown in Fig. 10, particle-to-particle necking was well
established, which is indicative of increased volume shrinkage and, thus,
increased mechanical strength. Above 1300 °C, the microstructure did
not show substantial changes; we can relate this phenomenon with the
mechanical strength of the samples at 1300 °C, and above 1300 °C, the
mechanical strength did not change substantially.

The electrical resistivity results of the samples are presented in
Fig. 11. For the S35K45C20M0 samples, which don’t contain MngOy, the
electrical resistivity shows no change until 1300 °C, whereas at 1400 °C,
a decreasing trend is observed, which may be associated with increased
densification in the samples. For samples other than S35K45C20M0, an
initial decrease in electrical resistivity from 1100 to 1300 °C and a
subsequent increase in electrical resistivity from 1300 to 1400 °C, with a
minimum value at 1300 °C, was observed. The first decrease in electrical
resistivity from 1100 to 1300 °C may be due to combination of two
things; first decrease in kaolin content and the other due to formation of
low electrical resistivity materials by the reaction of manganese oxide
with kaolin and SiC, and the increase in electrical resistivity from 1300
to 1400 °C may be due to the conversion of these low electrical re-
sistivity materials into the liquid phase and relatively higher rate of
formation of high resistivity cristobalite and mullite. We have also
observed that the slopes of the S35K40C20M5 to S35K30C20M15
samples from 1100 to 1300 °C increased with respect to the added
Mn304 contents, which is indicative of the role of Mn304 in decreasing
the electrical resistivity of the samples.

4. Conclusions

In this study, we examined the effects of graphite and Mn3O4 on clay-
bonded SiC ceramics for the production of electrically conductive
heatable filters. It was observed that kaolin has a role of producing SiC-
based ceramics at low temperature, but it led to high electrical resistance
of the product. Graphite was identified as a better option that could
effectively decrease the volume resistivity from 3.28 x 10° to 1.86 x
10' Q cm; however, graphite addition was associated with a decrease in
the mechanical strength. Mn3O4 was found to be a highly satisfactory
sintering additive that outperformed kaolin in terms of decrease in
electrical resistivity and promoted liquid phase sintering, thereby
leading to increased mechanical strength, with controlled electrical
resistance. When considering the average pore size, porosity, flexural
strength and electrical resistivity as low temperature as 1200 °C, sample
S35K35C20M10 exhibited gives the optimum results, i.e., an average
pore size 0.61 pm with 35.18% porosity, a flexural strength of 43.5 MPa
and an electrical resistivity of 6.5 x 10~} Q cm.
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