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Abstract

In order to develop chrome-free refractory materials applicable in coal slurry gasification, SiC-CaAl12O19

(SiC-CA6) composite refractories were developed and prepared by using SiC aggregates and CA6 powders
as main raw materials. The sintering behaviour of the composites was investigated. After firing at different
temperatures under CO atmosphere, the effects of oxidation of SiC aggregates on the sintering behaviour and
microstructures of SiC-CA6 composite refractories were investigated. SiC-CA6 composites could not be sintered
when firing temperature was lower than 1500 °C. SiC had a passive oxidation and the oxidation components
were able to react with CA6 to form CaAl2Si2O8. The CaAl2Si2O8 melted into liquid when sintering tempera-
ture was in the range of 1500–1600 °C, which promoted the sintering process of the SiC-CA6 composites. At
temperatures above 1600 °C, an active oxidation of SiC occurred. Simultaneously, SiC could also reacted with
the SiO2(s,l) to form SiO, leading to the precipitation of Al2O3 and CaO in the liquid to generate plate-like
CA6. Above this temperature, the sintering of the SiC-CA6 composite refractories was affected by the growth
of CA6 and oxidation of SiC. This work demonstrates that the optimal sintering temperature for the SiC-CA6

composite refractories was 1600 °C.
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I. Introduction

Coal gasification is an important efficient approach

to the clean utilization of coal [1]. At present, the coal

gasifiers work between 1300 and 1600 °C at pressures of

2–9 MPa under a strongly reducing atmosphere [2–5].

During the coal gasification process, the refractory lin-

ing of gasifiers will be attacked by the molten coal slag.

Therefore, the refractories used in the gasifiers not only

require excellent coal slag penetration and corrosion re-

sistance, but also need excellent mechanical strength to

bear the enormous thermal stress and abrasion [6,7].
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Because of harsh working conditions in the coal gasi-

fiers, the refractories used in gasifiers usually have an

open porosity between 15 and 18%. Also, the bending

strength (CMOR) should be about 10 MPa or higher to

withstand the high pressure and the self-weight of the

lining [8,9]. In general, chrome-containing refractories

are used as lining materials due to their great high tem-

perature strength, excellent slag penetration and corro-

sion resistance. However, Cr2O3 may react with CaO,

Na2O or K2O to form Cr6+ [1], which has adverse ef-

fects on the environmental protection and human health.

Thus, environment-friendly low-chromium or chrome-

free refractories for coal gasifiers have become a major

subject for sustainable development of coal chemical in-

dustries.

SiC has high melting point, good thermal stability,
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excellent erosion resistance, slag resistance and other

characteristics [10–12], revealing an important appli-

cation prospect in coal gasifiers. However, sintering of

SiC-containing materials is difficult due to the strong

covalent nature of Si–C bond and the oxidation of SiC

[13–15]. Calcium hexaluminate (CaAl12O9, abbreviated

as CA6) has plate-like structure, excellent high tem-

perature mechanical properties, strong stability in re-

ducing atmosphere at high temperature, and especially

good chemical stability in alkaline environment [16–

18]. Therefore, CA6 has been applied in steel making,

petrochemical and other fields as a new synthetic raw

material in recent years. Considering the operating en-

vironment of coal gasification, the development of SiC

and CA6 composite materials as refractory lining of

gasifier is supposed to be an alternative to chromium-

containing refractories for coal gasification.

When SiC aggregates coexist with oxide matrix, the

sintering process of the composites is complex [19].

Since SiC might oxidise to SiO2, and if there were

Al2O3 and CaO in the materials, SiO2 could react fur-

ther with them to form low melting point phase [20],

which could promote the sintering of the materials at a

high temperature. In this paper, SiC-CA6 composite re-

fractories were prepared by using fused SiC particles as

aggregates and sintered CA6 powders as matrix. The as-

prepared composite refractories were fired in the tem-

perature range of 1300–1650 °C under CO atmosphere.

The effects of oxidation of SiC aggregates on the sinter-

ing behaviour and microstructures of the SiC-CA6 com-

posite refractories were investigated.

II. Experimental

2.1. Raw materials

Commercial SiC (98 wt.%, Luoyang Naiyan Industry

and Trade Co., Ltd, China) powders (with particle sizes

of 2.5–1.43 mm, 1.43–0.5 mm, ≤ 0.5 mm) and sintered

CA6 powders with sizes of 45µm and 20 µm were used

as main raw materials. XRD patterns of the CA6 raw

materials (Fig. 1) show that the main phases were CA6

and corundum. The chemical compositions of these raw

materials are shown in Table 1.

2.2. Sample preparation

According to the formulation of the specimens listed

in Table 2, these raw materials were accurately weighed

Figure 1. XRD patterns of CA6 raw materials

Figure 2. Carbon-rich conditions

and mixed with an organic resin as binder. After 24 h

ageing, the mixtures were pressed to prismatic sam-

ples with dimensions of 25 × 25 × 150 mm with the

pressure of 100 MPa. Then, all prepared samples were

dried at 110 °C for 12 h and completely embedded into

the graphite bed powder in a corundum-mullite crucible

(Fig. 2). Finally, all the samples were fired at 1300,

1400, 1500, 1550, 1600 and 1650 °C for 3 h.

2.3. Characterization

The weight change of the samples was calculated us-

ing Eq. 1 below:

Table 1. The chemical components of the raw materials

Raw Chemical composition [wt.%]

material SiC C Si Fe2O3 Al2O3 MgO CaO SiO2 Na2O TiO2 K2O

SiC 98.51 0.36 0.22 0.30 - - - - - - -

CA6 - - - 0.06 88.94 0.92 7.98 0.86 0.28 0.04 0.01

Table 2. Formulations of specimens

Raw materials
SiC CA6 Organic

2.5–1.43 mm 1.43–0.5 mm ≤0.5 mm 45 µm 20 µm resin

Content [wt.%] 30 20 15 20 15 +4

12



Y. Si et al. / Processing and Application of Ceramics 15 [1] (2021) 11–18

Figure 3. Sintering behaviour of samples after firing at different temperatures: a) linear dimension change and the mass
change and b) apparent porosity and bulk density

WC =
W1 −W0

W0

· 100 (1)

where WC represents the weight change of the samples,

W0 and W1 are the weight of the samples before and

after the heat treatment, respectively.

The linear dimension change of all the samples was

measured according to the Chinese Standard GB/T

5988-2007. The apparent porosity and bulk density

of the samples were measured by the Archimedes’

method in accordance with the Chinese Standard GB/T

2997-2015. The phase composition of the fired samples

was investigated by X-ray diffraction (XRD, Empyrean,

PAN Analytical Company). The microstructures and

chemical components of the samples were examined by

SEM (EVO-18, Zeiss Company) and EDS (X-Max50,

Oxford Company). The mercury intrusion instrument

(AutoPore IV 9500, American Micrometrics Instru-

ment Corporation) with the filling pressure from 0.1 to

60000 psi was used to measure the pore size distribu-

tions of the samples fired at different temperatures.

III. Results and discussion

3.1. Sintering behaviour

Figure 3 shows the sintering behaviour of the sam-

ples fired for 3 h at different temperatures. As it could

be seen from Fig. 3a, the linear dimension change and

the weight change of the samples increase at first and

then decrease with the increase of firing temperature. It

seems that 1500 °C is the turning point for the sinter-

ing behaviour of these samples in the experiments. Be-

low 1500 °C, the samples showed expansion and gained

some weight, the apparent porosity and bulk density

of the samples had changed a little (Fig. 3b). When

the firing temperatures exceeded 1500 °C, the samples

showed shrinkage and weight loss. The shrinkage of the

samples reached the maximum value at 1600 °C while

Figure 4. XRD patterns of samples after firing at different temperatures
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Figure 5. SEM images of the specimens sintered at: a) 1400 °C, b) 1500 °C, c) 1600 °C and d) 1650 °C

weight loss was continuously increased. However, the

linear dimension change increased when temperature

was higher than 1600 °C. The apparent porosity of the

samples had the same tendency with the linear dimen-

sion change (Fig. 3b).

3.2. Phase evolution and microstructures

Figure 4 shows XRD patterns of the SiC-CA6 com-

posite refractories fired at different temperatures. The

main phases of the samples fired at different temper-

atures were SiC, CA6 and a small amount of corun-

dum. In addition, anorthite (CaAl2Si2O8) formed show-

ing weak peaks when firing temperature was lower than

1550 °C.

The microstructures of the samples fired in the tem-

perature range of 1400 to 1650 °C are shown in Fig. 5.

It could be seen that the interface between SiC parti-

cles and CA6 fine powders was very clear after firing

at 1400 and 1500 °C (Fig. 5a and 5b). In addition, the

edges of fine CA6 powders in the matrix were also dis-

tinctive with a little amount of CA6 sintered together.

As the firing temperature was raised continuously up to

1600 °C (Fig. 5c), tiny granular crystals in the matrix

bonded not only with each other but also with the sur-

rounding particles in large quantities, resulting in a large

number of bonded granular crystals. However, when the

samples were fired at 1650 °C (Fig. 5d), besides the sin-

tered matrix, it could be also seen that much more large

pores formed partially connected when compared with

the samples fired at 1600 °C.

By comparing Fig. 5d with 5b and 5c, it could be

found that the pore size distribution changed obviously

with the increase of temperature as shown in Fig. 6.

The average pore size was much smaller when fired at

1500 °C. When temperature increased, the pore size in-

creased accordingly, but the amount of total pores was

decreased significantly. However, when temperature ex-

ceeded 1600 °C, the content of large pores was much

higher. The average pore diameters of the samples fired

at 1500, 1600 and 1650 °C were 0.6, 1.0 and 6.3µm,

respectively.

In order to further understand the microstructure evo-

lution of the samples, the fracture surfaces of the sam-

ples fired at 1500, 1600 and 1650 °C are shown in Fig. 7

Figure 6. Pore size distributions of the samples sintered at
1500, 1600 and 1650 °C
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Figure 7. Fracture surfaces of the samples sintered at: a) 1500 °C, b) 1600 °C and c) 1650 °C

Table 3. Chemical compositions of the points in Fig. 7

Location
Content [wt.%]

Al2O3 SiO2 CaO Total

1 87.76 5.05 7.19 100.00

2 70.38 16.60 13.03 100.00

3 60.94 23.95 15.10 100.00

4 87.66 4.23 8.11 100.00

and the EDS analyses of the points in Fig. 7 were shown

in Table 3. It can be seen that the samples had low

density and inhomogeneous microstructure at 1500 °C.

Most of CA6 grains had granular morphologies and few

of them had the plate-like structure (point 1). The floc-

cules (point 2) appearing in the microstructure shown

in Fig. 7a were examined by EDS which indicated that

grassy phase mainly composed of Al, Si, Ca and O el-

ements. When firing temperature increased to 1600 °C

(Fig. 7b), the samples became denser and the grains

combined together, which might be due to the formation

of liquid at this temperature and the liquid promoted the

sintering of the samples. Additionally, it could also be

found from the EDS analysis that the SiO2 content in-

creased in the grassy phase (point 3). However, it could

be clearly seen that the grassy phase disappeared and

plate-like structure of CA6 grains formed in the matrix

when temperature increased to 1650 °C (Fig. 7c). From

the EDS analysis of point 4 in Fig. 7c, it could be found

that small amount of SiO2 along side the CA6 grains still

exists.

IV. Discussion

In this study, carbon-rich atmosphere should be re-

garded during the experimental procedure. Since the

crucible was not completely sealed, oxygen could get

into the crucible during the heating process. Under these

conditions, carbon would react with oxygen to form CO,

i.e. C(s) + 0.5 O2(g) −−−→ CO(g). Therefore, the experi-

mental environment could be considered as a CO rich

atmosphere, and CO gas partial pressure (PCO) is about

0.035 MPa. Oxidizing reactions of SiC in the SiC-CA6

composites could be described as follows [21,22]:

SiC(s) + CO(g) −−−→ SiO(g) + 2 C(s) (2)

SiO(g) + CO(g) −−−→ SiO2(s) + C(s) (3)

SiC(s) + 2 CO(g) −−−→ SiO2(s) + 3 C(s) (4)

∆Gθ4 = −603150 + 331.983T [J ·mol−1] (5)

In this experimental environment, when firing tem-

perature was lower than 1500 °C, SiC in local area of

the samples underwent passive oxidation, which was

carried out through Eqs. 2 and 3, or directly through

Eq. 4. This conclusion could also be explained from the

mass change shown in Fig. 3a. The SiO2(s) was gener-

ated and filled the pores in the samples, preventing the

further oxidation of SiC inside the samples. Meanwhile,

SiO2 could further react with CA6 to form CaAl2Si2O8

(Eq. 6), as also shown in Fig. 4. In addition, the amount

of CaAl2Si2O8 increased simultaneously with the in-
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Figure 8. The Gibbs free energy of reactions given in Eqs. 7-9

crease of temperature, resulting in the increase of weight

change of samples compared to that at 1300 °C. Al-

though SiO2(s) was formed after firing at 1300–1500 °C,

the density of samples changed a little or not at all be-

cause the samples had not yet started sintering as seen in

Figs. 5a and 5b. When temperature exceeded 1500 °C,

the SiC in the samples could undergo an active oxida-

tion through Eq. 2 [22] in some areas while in other

areas still having passive oxidation. Besides, the exist-

ing CaAl2Si2O8 (with a melting point of 1557 °C [23])

could melt to form liquid phase and the samples could

began to sinter, causing shrinkage of samples and reduc-

ing apparent porosity as well as improving density. This

is consistent with the variation of pore size distribution

as shown in Fig. 6.

2 SiO2(s)+CaAl12O19(s) −−−→ CaAl2Si2O8(s)+5 Al2O3(s) (6)

However, when firing temperature was above

1600 °C, the active oxidation of SiC happened as the

main reaction process through the Eqs. 7-9 [24–28]. The

∆Gr results indicate that all these reactions can occur

spontaneously under the test conditions as shown in Fig.

8 and that ∆Gr of Eq. 9 had a turning point as the Si

gas formed when temperature is higher than 1600 °C.

The synchronously formed SiO(g) and Si(g) might cause

the increase of porosity as well as the decrease of den-

sity as shown in Fig. 3b, which could also be proved by

the variation of the pore size distribution through 1600

to 1650 °C. Furthermore, the SiO2 in the liquid would

also react with the CO (Eq. 10) to form SiO(g) which

could escape from the samples [29,30], leaving to the

remained Al2O3(l) and CaO(l) in the liquid. Thereafter,

the CA6 grains with plate-like morphologies could be

precipitated from the liquid as shown in Fig. 7c.

SiC(s) + 2 SiO2(s,l) −−−→ 3 SiO(g) + CO(g) (7)

SiC(s) + SiO2(s,l) −−−→ 2 SiO(g) + C(s) (8)

2 SiC(s) + SiO2(s,l) −−−→ 2 CO(g) + 3 Si(l,g) (9)

SiO2(l) + CO(g) −−−→ SiO(g) + CO2(g) (10)

The schematic illustration of microstructures devel-

opment during the sintering process is shown in Fig. 9.

When firing temperature is lower than 1500 °C, SiC un-

dergoes a passive oxidation and the oxidation compo-

nents can react with CA6 to form CaAl2Si2O8. When

sintering temperature is in the range of 1500–1600°C,

CaAl2Si2O8 melts into liquid, which promotes the sin-

tering process of SiC-CA6 composites. At temperatures

above 1600 °C, SiC can react with CO in the atmosphere

and SiO2 in the liquid, leading to the formation of plate-

like CA6 from the liquid.

V. Conclusions

According to the published papers [13,14], the pas-

sive oxidation production of SiC can generate a protec-

tive film to protect the material and the active oxida-

tion production of SiC can cause the constantly con-

Figure 9. Schematic illustration of microstructures development during the sintering process, representing the difference
between 1600 and 1650 °C
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sumption of the materials. But in this paper, it could

be found that the passive and active oxidation of SiC

both had some good effects on the SiC-CA6 composite

refractories. Therefore, the following conclusions were

drawn by investigating the effects of oxidation of SiC

aggregates on the sintering behaviour and microstruc-

tural evolution of the SiC-CA6 composite refractories

after firing at different temperatures under carbon-rich

atmosphere.

(1) When firing temperature was lower than 1500 °C,

the oxidation of SiC in the SiC-CA6 composite refrac-

tories was controlled in the region of passive oxida-

tion and CaAl2Si2O8 was formed via the reaction with

generated SiO2. The SiC-CA6 composite refractories

showed expansion and weight gain, but a little change in

their density. Crucially, sintering of the SiC-CA6 com-

posite refractories did not start under this condition.

(2) In the temperature range of 1500 to 1600 °C, the

active oxidation of SiC-CA6 composite refractories oc-

curred and SiC also had a passive oxidation inside the

refractories. The oxidation products SiO2 and the ex-

isting CaAl2Si2O8 were incorporated into the liquid as

low-melting phases. The liquid promoted the sintering

of the SiC-CA6 composite refractories and caused the

shrinkage and increase in the density.

(3) At temperatures above 1600 °C, the active oxida-

tion of the SiC-CA6 composite refractories occurred as

the predominant process and gaseous SiO was gener-

ated. SiC in the composite refractories could also re-

act with SiO2(l) to form much more SiO(g), leading to

a greater amount of the remaining Al2O3(l) and CaO(l)

in the liquid. Then the CA6 plate-like particles were

precipitated. Under this condition, the oxidation of SiC

and growth of CA6 had a synergistic effect on SiC-CA6

composite refractories, which caused the expansion of

the composites and decrease of density.

Therefore, the results showed that the SiC-CA6 com-

posite refractories fired at 1600 °C for 3 h under carbon-

rich atmosphere had a better sinterability. For the gasi-

fiers applications, the SiC-CA6 composite refractories

will be further studied to improve their properties and

corrosion resistance in our future work.
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