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Using a gel-cast technique, SiC bodies were fabricated and their mechanical properties were thoroughly studied.
The main goal of this study is improvement of SiC green body features by the adjustment of slurry composition or
processing parameters. The influences of gel-casting parameters such as the monomer acrylamide (AM) content,
tetramethyl ammonium hydroxide (TMAH) content as a dispersant, the ratio of the monomer to crosslinking
agent AM/MBAM content and the ammonium persulfate (APS) as an initiator on the properties of the samples

were investigated. Based on the viscosity measurement and sedimentation tests, TMAH exhibited great electro-
sterically stability at the pH of 10-11. After the gel-cast process, the relative density of sintered body can be
enhanced to 93% and its flexural strength can reach 293 MPa at the optimized gel-casting process that has an AM
content 15%, a TMAH content of 0.4 wt%, an AM:MBAM ratio of 17.5:1, an APS 10% and a solid content of
50 vol%, comparable to the best results reported in the other works for SiC bodies.

1. Introduction

Ceramic materials have attracted considerable attention in turbine
production because of their excellent properties, such as low density,
high-temperature performance and cost-effective. The introduction of
ceramic materials as a turbine blade, combustor liner and airfoil com-
ponents offer significant reduction of fuel consumption, pollutant
emission and required air cooling [1-4]. Consequently, all these prop-
erties result in higher thrust and efficiency of turbines with ceramic
materials in comparison with superalloy components [5,6]. The wide
range of features in ceramics results in usage of these materials for a
multitude of applications. The features of ceramic materials are dictated
by the way the atoms are packed together and the types of bonding
between the atoms [7,8]. The two most common chemical bonds for
ceramic materials are covalent and ionic [9]. As a highly-covalent
ceramic material, silicon carbide (SiC) is especially promising for high
temperature applications, owning to the superior properties such as
thermal stability (high conductivity low coefficient of expansion), me-
chanical (hardness and flexural strength), chemical (corrosion, oxida-
tion and erosion resistance), relatively lightweight and melting point. It
should be noted that the reliability and performance improvement of
SiC for hightemperature application depends on homogenous

* Corresponding author.
E-mail address: hfallah@nri.ac.ir (H. Fallah-Arani).

https://doi.org/10.1016/j.ceramint.2019.05.110

microstructure and good packing of SiC powders at the consolidation
stage of the green body [10-13]. In recent years, the colloidal forming
techniques have been applied to obtain dense ceramic materials with
complex shape and improved uniformity, i.e. slip casting, tape casting
and gel casting [14-18]. Compared to other colloidal methods, a gel
casting method has significant benefits, including a near net shape and
rapid forming process, high dried strength, easy operation, good wet,
excellent machinability of parts before firing, cost-effective, high re-
lative green density, low processing temperature, the wide variety of
mold materials, and the capability to fabricate complex shape with
thick and thin parts [19,20].

It should be noted that the drying rate considerably affects crack
appearance in green gel-cast bodies. The selection of unsuitable drying
condition leads to the formation of large cracks across the green body. If
the rate of water loss is high or non-uniform, drying stresses will extend
and lead to the formation of cracks and warping [21-23]. It is well
known that polyethylene glycol (PEG) as a synthetic polymer with
different molecular weights is soluble in water and organic solvent,
which seems to be the most convenient liquid desiccant for drying of
gel-cast bodies. The drying method via PEG1000 has been proposed in
several studies to obtain bodies with the minimum defect and residual
stress [24].
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Fig. 1. FESEM micrograph of SiC powder.

To date, few reports have studied the formation of dense SiC
ceramic by the gel-casting method. Through the gel-cast route, It is
difficult to obtain homogeneous green bodies [25,26]. For solving the
mentioned problem in gel-casting, a selection and optimization of gel-
casting parameters are critical to be controlled at the desired level.

Here, we thoroughly optimized the gel-casting parameters for the
successful fabrication of SiC bodies used in the turbine hot section. To
do so, SiC suspension was prepared and influence of each of the men-
tioned variable on the rheological behavior, linear shrinkage and flex-
ural strength investigated. Then, the mechanical and microstructural
properties of the SiC body were fully characterized. Ultimately, this
study will pave the way towards vast industrial applications of ceramic
materials.

2. Experimental procedure
2.1. Materials

SiC powders with a purity of 99.9%, manufactured by Zhengzhou
Qijun Trading company (China), were employed in the study. As shown
in Fig. 1, SiC particles have an irregular shape and the average size of
these particles are lower than 7 pm. Acrylamide (AM, C,H;CONH,
Merck), N,N- methylene bisacrylamide (MBAM, (C,H;CONH,),CH.,,
Merck), were applied in the gel cast process as the monomer and
crosslinker for polymerization, respectively. Ammonium persulfate
(APS, (NH4)2820g, Sigma-Aldrich) was used as initiator and N,N,N',N-
tetramethylethylenediamine (TEMED, CgH,cN,, Sigma-Aldrich) was
applied as a catalyst. Then Dispersion was promoted by adding a tet-
ramethylammonium hydroxide water solution 25 wt% (TMAH, Sigma
Aldrich). NaOH solution was used to adjust the pH to desired values.

2.2, Gel-casting process

To prepare the gel-casting body, initially, the premix solution of the
monomer and cross-linker dissolved in water was prepared. Then,
suspensions by adding 50 vol% solid loaded SiC powder and the TMAH
(in the range of 0.2-1) the premix was prepared. Prior to casting, The
proper volumes of APS (APS: monomer solution is 1:20) and, even-
tually, TEMED (TEMED:monomer solution is 1:40) have to be added to

Ceramics International xxx (xxxx) XXX-XXX

the suspension. After ball milling, the suspension was de-aired under
vacuum to remove air bubbles introduced during milling. Finally, the
suspensions were cast in silicon rubber molds and drying of the samples
was performed in 60% polyethylene glycol (PEG1000) aqueous solution
for 2 h, at room temperature followed by two days with 5% humidity
and 5hat 120 °C. The polymer burn-out step was carried out at 600 °C
for 2h with the heating rate of 1°C/min. Subsequent sintering was
carried at 2000 °C for 2 h in the furnace with 0.1 MPa nitrogen and then
cooled down at a rate of 5°C/min to room temperature.

2.3. Characterization

The viscosity was measured with a rotational rheometer (Pro2 +,
Brookfield). Sedimentation tests were also performed for 24 h to de-
termine the sediment height. During this test, the suspensions were
poured into the test tube to a height of 2 cm, and after 24 h the height of
sediment was measured. Three-point bending tests (Digital bending
strength tester MR-1) were performed on green samples. Five specimens
were tested for each specific condition. The microstructure of the sin-
tered bodies was inspected using a field-emission scanning electron
microscope (FESEM, TESCAN-MIRA3).

3. Results and discussion
3.1. Rheology

Since SiC particles are at the maximum level of repulsion in basic
pH, TMAH can be an appropriate dispersant to prepare stable and fluid
[27,28]. Fig. 2a shows the effect of TMAH on the viscosity of the SiC
suspensions. As shown, viscosity initially decreased by increasing the
amount of dispersant and minimum viscosity was achieved when
TMAH concentration equals 0.4 wt% of SiC powders, after which visc-
osity increased. The main reason of decrement of viscosity is due to the
development of electron cloud surrounding SiC particles, creating
electrostatic repulsion forces. It is worth noting, by increasing the
concentration of TMAH, the performance of the electrical double layer
was influenced by execcive dispersed ions and viscosity increased due
to the increment of free ions.

The result was in agreement with the sedimentation test results.
Fig. 2b illustrates the result of sedimentation tests of the same sus-
pensions. The dispersant content changed the stability and the height of
the sedimentation. The suspension with 0.4 wt% TMAH showed the
lowest sedimentation height of about 7 mm out of 2 cm of the suspen-
sion height. It seems that TMAH affects the stability of the suspension
not only by affecting pH but also by adsorption on the surface of the SiC
particles, resulting in repulsion between them.

Fig. 3 depicts the schematic of the repulsion between the two par-
ticles of SiC in the presence of TMAH. It is known that the silanol group
is the main functional groups on the surface of SiC particles and dis-
sociation of silanol results in surface charge of SiC (Equ. 1). Therefore,
the presence of TMAH surfactant leads to enhancement dissociation of
silanol and further negatives on the surface of SiC. Inasmuch as the
molecular weight of TMAH is low, steric stabilization of SiC suspension
is negligible. Hence, the SiC suspension with 0.4 wt% TMAH at the pH
of 10-11 is electro sterically stable [29].

OH~

(sion,l* X (sion)- [SiO + H,0 1)

It is worth noting that the Stern layer thickness can vary within
bulky TMA™ absorption, leading to an increase of electrostatic inter-
actions and therefore desirable reduction of viscosity. Decrease of sus-
pension viscosity by the addition of TMAH results in the preparation of
dispersed state with weakly flocculated powders. Therefore, higher
particle packing densities are obtained.

Fig. 4 shows the effect of monomer on the viscosity of the SiC sus-
pensions. As shown, the viscosity of the suspension with monomer is
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suspensions based on the rate of dispersant.

slightly lower. The main reason of the reduction of viscosity in the
suspension containing monomer is due to the depletion effect. Deple-
tion stabilization of colloidal particles is created by macromolectiles
that are free in solution. This suggests that depletion force can be
generated by soluble monomers in the SiC suspensions. Therefore, it
can be concluded that higher solid loading can be achieved in a sus-
pension containing monomer.

3.2, Optimization of AM content and AM:MBAM ratio

The monomer content and monomer to crosslinking agent
(AM:MBAM) ratio play a significant role in the gel-casting process.
Fig. 5 demonstrates the effects of AM content and AM:MBAM ratio on
the linear shrinkage and flexural strength of the green body. It can be
seen from Fig. 5a, with the increase of the AM content, the linear
shrinkage firstly decreases to the critical point of 15 wt% of the AM and
then increases, In addition, with the increase of the AM content, flex-
ural strength (Fig. 5¢) is continuously increasing slowly. Therefore,
15 wt% of the AM content was the optimum amount for obtaining the
best properties. As a matter of fact, Three main reasons for optimum
selection were suggested in the present study. When the AM content is
low, the AM cannot form a complete 3Dstructure, Thus, incomplete
networks are not potent enough to withstand the capillary force per-
formed during the drying process. Therefore, the shrinkage increases
whilst the flexural strength decreases. In addition, for the AM content
below and around 15 wt%, although the AM amount isn't enough to
create a complete 3D network, the strength enhances continuously,

Electrostatic Stabilization

{ : ¥ s (i) S
(= sic & - 1 | = sic & !
V.o i

~—®— with monomer

=& without monomer

Viscosity (Pa.s)

0.08
0.06
0.04

0.02

0 200 400 600 800 1000
Shear rate (1/S)

Fig. 4. The effect of monomer content on the viscosity of the SiC suspension.

indicating the AM itself possesses some strength. Finally, at 15 wt% of
AM content, it seems that AM is adequate enough to generate the
complete network. Upon the addition of the critical point, the in-
complete network structure might be formed, which restricts the
ceramic powders load in the original network.

As shown in Fig. 5b, with the increase in AM/MBAM ratio up to
17.5, the shrinkage of the green body reaches the lowest value. Fig. 5d
shows that initially the increase in the AM/MBAM ratio will lead to an
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Fig. 3. The schematic of the steric stabilization occurred among SiC particles in the presence of TMAH.
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increase in flexural strength of green bodies. Networks can be formed at
the AM/MBAM ratio of 17.5, while decreasing slightly thereafter.
Consequently, 17.5 is optimal AM/MBAM ratio. At the small amount of
MBAM (high AM/MBAM ratio), the crosslinking rate in some parts of
the AM was decreased, leading to the formation of an incomplete net-
work and a consequent increase in linear shrinkage. As a result, the 3D
network structure of the polymer gel becomes so fine; therefore, the
green strength declines. On the contrary, when the AM/MBAM ratio is
low, the crosslinking rate enhances and, resulting in segregation and
brittleness of the network, thus causing a decrease in flexural strength.

In other hand, when the amount of MBAM is high, crosslinkers may be
distributed heterogeneously during polymerization and ineffective
branches can be formed.

3.3. Gelation time

Gelation time is a critical parameter in gel-casting, which is de-
pendent on the amounts and concentration of APS and TEMED. Fig. 6a
shows the effects of the APS concentration in aqueous solution on the
idle time and flexural strength. It should be noted that the idle time can
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Fig. 7. FESEM images of samples with different amount of TMAH (wt%) a) 0.2 and b) 0.4 and c) 0.8.

be determined by the variation in the thermal behavior of reaction. In
idle time thermal behavior changes from endothermic to exothermic
and terminates when the temperature rising is stopped. It can be seen
that doubling the APS concentration results in a five-fold decrease of
the Idle time.

When the initiator APS concentration isn't adequate, the content of
radicals produced isn't sufficient for the complete polymerization in
AM-MBAM system and thus reactors cannot contribute in the poly-
merization reaction.

By increasing the concentration of APS up to 10% the flexural
strength reaches the maximum level. As it is seen, enhancement of APS
has reduced flexural strength. Increasing the APS leads to the fast
polymerization in AM-MBAM and the enhancement in the active sites
for chain propagation. Consequently, the length of chains decline and
copolymerization of AM as chain former and MBAM increases. As a
result, coarse 3D structure forms and formation of microcrack in the
green body develops; thus causing a decrease in flexural strength. The
obtained results are in good agreement with the previous theoretical
work,

Fig. 6b shows the setting time and the temperature of the gel-cast
body prepared by various concentrations of the APS. The setting time
has a direct influence on the sedimentation and segregation phenomena
which can be occurred even in the stabilized suspensions. Therefore,
the time of gelation indirectly affected the homogeneity of the gel-cast
[30,31]. The setting time must be adjusted in a way that deairing can be
possible before casting and on the other hand, the particle sedimenta-
tion and segregation do not occur.

3.4. Microstructural analysis

Fig. 7 shows the microstructure of the 50 vol% solid content with
the different amount of TMAH (0.2, 0.4 and 0.8 wt%) sintered at
2000 °C. The FESEM micrographs of fracture surfaces of the final pro-
duct, confirming that these samples made from such optimized condi-
tions are rather dense and homogeneous microstructure in which the
SiC particles were surrounded by open porosity. It can be seen from the
micrographs that better packing of the powders was achieved in the
sample with 0.4 wt% TMAH compared to other samples. As can be
observed, excessive addition of TMAH dispersant results in the forma-
tion of pores and reduction of relative density caused by non-uniform
distribution of SiC. Due to the increment of viscosity after 0.4 wt%
TMAH (Fig. 2a). In addition, the calculated flexure strength and relative
density of this sample are 295MPa and 93%, respectively. This ob-
servation is in good agreement with the rheology behavior explained
previously.

4. Conclusion

SiC bodies with high performance were successfully fabricated by
means of an aqueous gel-casting technique and an optimal condition for
processing parameters has been achieved. According to the optimiza-
tion process, the amount of TMAH, AM, AM: MBAM ratio and APS were
the main factors for obtaining homogeneous slurry and consequently
the higher green strength. The sintered samples were obtained by
pressureless sintering at 2000 °C for 1 h in Ar atmosphere. At this op-
timized condition, the relative density and flexural strength of the SiC
sintered body are 93% and 295 MPa, respectively.
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