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Abstract

Ceramic bonding phases of non-oxide whiskers can enhance the hot strength and the thermal shock resistance of Al2O3–C

refractories. In this paper, the effect of different metals on the microstructure and thermo-mechanical properties of Al2O3–C refractories

has been investigated. Thermodynamic calculation of Al–Si–O–C–N systems shows that Al4C3, AlN, SiC and b-Sialon are stable at

elevated temperature. AlN with the shape of short column can be generated in Al2O3–C refractories with metallic Al, which leads to high

hot modulus of rupture (HMOR) and poor resistance to thermal shock. SiC whiskers formed in Al2O3–C refractories with metallic Si

give rise to low HMOR and good resistance to thermal shock. When metallic Si and Al are added together in the refractories, b-Sialon
(z¼2) with plane structure can be generated under the action of catalyst (nano-sized Ni). The existence of the catalyst promotes the

diffusion of Al and O in Si3N4 crystals and contributes to the generation of plane-shaped b-Sialon. The corresponding HMOR and

residual cold modulus of rupture respectively increase to about 20 MPa and 10.3 MPa. The plane-shaped b-Sialon can significantly

enhance both hot strength and thermal shock resistance of Al2O3–C refractories.

Crown Copyright & 2013 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Ceramic bonding phases; b-Sialon; Plane structure; Thermo-mechanical properties; Al2O3–C refractories
1. Introduction

Carbon in refractories has the advantages of nonwett-
ability by molten slag, high thermal conductivity and low
thermal expansion [1–3]. All these features give rise to
Al2O3–C refractories with excellent physical and chemical
characteristics at elevated temperature, such as high hot
strength, good resistance to both thermal shock and slag,
etc. Therefore, Al2O3–C refractories can withstand long-
lasting and repetitive chemical corrosion and mechanical
attack coming from both molten steel and slag. Nowadays,
Al2O3–C refractoreis are widely used as functional ele-
ments like nozzles, well blocks, sliding gate plates and
stoppers in the continuous casting process of steel produc-
tion [4–7]. The function of these refractories is to control
flow field and velocity, decrease the addtion of impurity
and prevent the oxidation of molten steel.
e front matter Crown Copyright & 2013 Published by Elsevier
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Al2O3–C refractories typically consist of corundum
aggregate (larger than 0.088 mm) and the fine powder of
matrix (smaller than 0.088 mm). The matrix usually con-
tains corundum powder, graphite, anti-oxidant, binders
and so on. The role of the matrix is to interlink coarser
particles of the material. So the properties of the matrix
could determine the density and mechanical strength of the
refractories at room and high temperature. However, the
matrix consisting of fine powder is often porous, fragile and
easily eroded. When Al2O3–C refractories are attacked by
molten liquids, the cracking and spalling will firstly occur in
the matrix and ultimately deteriorates the comprehensive
properties of the refractories. In order to enhance the
properties of the matrix, the researchers usually added
metals into the matrix as anti-oxidants because these metals
can form ceramic bonding phases of SiC and AlN. The
ceramic bonding phases, often taking on one dimensional
structure, would reinforce the matrix and enhance the hot
strength of Al2O3–C refractories through tightly interlinking
the particle of corundum and graphite.
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The usual additive in the matrix is metallic Si and Al,
which will respectively form b-SiC whiskers and Al4C3 or
AlN whiskers as the ceramic bonding phase at a high
temperature. These ceramic whiskers would be in-situ
generated at a high temperature under different conditions
and play different roles during service [1,4,8,9]. For
example, Fan et al. [6,10] found that metallic Si in
Al2O3–C refractories would form SiC particles and SiC
whiskers. The former are synthesized from the reaction
between metallic Si and carbon black, while the latter are
produced from the reaction between graphite flake and
derivative carbon pyrolyzed from phenolic resin. The
formation of much more curved SiC whiskers can enhance
the hot strength for Al2O3–C refractories. Roungos and
Aneziris [4] and Roungos et al. [5]also found that crystal-
line b-SiC whiskers in Al2O3–C refractories can be formed
at 1400 1C. Yamaguchi [11] reported that metallic Al in
Al2O3–C refractories could produce Al4C3 whiskers, which
result in higher bending strength than that of alumina
carbon refractories with metallic Si [12]. Based on thermo-
dynamic calculation and growth mechanism of SiC whis-
kers [1,4,6,12], it is indicated that the silica added in
samples will react with CO(g) to produce SiO(g). Then
SiO(g) can easily react with CO(g) and is turned into SiC
whiskers at a lower temperature. Meanwhile, because some
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Fig. 1. Predominance area diagrams of the system Al–Si–
metallic Al is consumed in the process of the reduction of
silica, the decrease of aluminum carbide and existence of
AlN could improve the hydration resistance of Al2O3–C
slide gates [6,7,10–12].
In recent years, much effort has been directed to the further

improvement of thermal shock resistance of Al2O3–C refrac-
tories through the modification of ceramic bonding phases.
The greatest progress is in the development of b-Sialon
whisker reinforcement in this system. b-Sialon is represented
by the formula Si6–ZAlZOZN8–Z (Z=0–4.2), which is also
considered as the substitution of x Al–O groups for x Si–N
groups in b-Si3N4 [13–18]. Compared with other ceramic
whiskers (SiC, Si3N4, AlN, Al4C3, etc.), b-Sialon has an
advantage in thermal and mechanical porperties, such as good
resistance to both thermal shock and corrosion by liquid
melts, excellent oxidation resistance, high hot strength at
elevated temperature and so on [14,15]. So the ceramic
bonding phases of b-Sialon whiskers could improve the high
temperature properties of Al2O3–C refractories significantly.
Li et al.[19] researched that in-situ synthesis of O-Sialon
whiskers at 1500 1C could enhance the hot strength of
Al2O3–C refractories because the whisker could tightly inter-
link the particle and matrix. Yue et al. [20] and Yu et al. [21]
found that b-Sialon whiskers can be formed in Al2O3–C
refractories with anti-oxidant of Al and Si. The b-Sialon
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whiskers would improve its hot strength greatly. They also
found that the addition of b-Sialon based on bauxite could
enhance the fracture strength up to 40 MPa at 1400 1C.
Authors’ previous work [22] also showed that b-Sialon
bonded corundum slide gates have a fracture strength of
34.4 MPa at 1400 1C because the whiskers with large diameter
improve its hot strength and oxidation resistance. At the same
time, b-Sialon whiskers have been successfully synthesized in
reducing atmosphere [23].

So in-situ synthesis of ceramic bonding phases is a key to
the properties improvement of Al2O3–C refractories. Their
morphology has a great influence on their comprehensive
properties. The purpose of this paper is to study the formation
mechanism of ceramic bonding phases with different morphol-
ogies, especially plane-shaped b-Sialon in Al–Si–O–C–N
systems. Meanwhile, the effect of the ceramic bonding phases
on the thermo-mechanical properties of Al2O3–C refractories
has been studied.

2. Experiments

Coarse particles and fine powder of white fused corundum
(99.60 wt% Al2O3), reactive alumina powder (98.50 wt%
Al2O3 and d50¼0.7 mm) and natural flake graphite
(95.00 wt% o88 mm) were used as raw materials. Metallic
Si (98.50 wt%) and Al (99.50 wt%) were used as anti-
oxidants. Phenolic resin was used as binder. The detailed
compositions for Al2O3–C refractories are shown in Fig. 1. In
order to study the effect of ceramic whisker bonding phases on
the properties of Al2O3–C refractories, additions of Si and Al
were used. As shown in Fig. 1, sample A included Al as an
anti-oxidant while sample B contained metallic Si. For sample
C both Al and Si have been added. At the same time, nano-
sized metallic Ni was used in this sample as a catalyst. Three
samples were mixed homogenously and then pressed into bar
shaped samples (25 mm� 25 mm� 150 mm) at 150MPa. The
pressed samples were cured at 200 1C for 24 h and then
subsequently coked at 1000 1C, 1200 1C and 1400 1C for 3 h in
reducing atmosphere (embedded in the graphite where the
atmosphere contains 35% CO and 65% N2). The phase
composition and the microstructure of the coked samples were
determined through X-ray diffraction (XRD, X’Pert pro) and
scanning electron microscopy (SEM, Nova NanoSem 400)
supported by energy dispersive spectroscopy (EDS, Pheoenix).

The cold modulus of rupture (CMOR) of the coked
samples was measured using three-point bending test at
ambient temperature. The thermal shock resistance
Table 1

Experiment design of Al2O3–C refractories (wt%).

Samples White fused corundum a-Al2O3 Flake g

3–0 mm 0.074 mm

A 65 22 6 4

B 65 22 6 4

C 65 19 6 4
(at reducing atmosphere) of the coked samples was
evaluated with the method of water quenching. The coked
samples were heated at 1100 1C for 0.5 h in reducing
atmosphere and then put into the water at room tempera-
ture for 5 min. The samples were dried and their residual
CMOR was determined after one thermal shock cycle. The
hot modulus of rupture (HMOR) of the samples heated at
1400 1C was measured in reducing atmosphere using three-
point bending test. The testing temperature was 1400 1C
and the soaking time was 30 min.
3. Results and discussion

3.1. Thermodynamic analysis of Al–Si–O–C–N systems

Based on FactSage software, thermodynamic calculations
for Al–Si–O–C–N systems were conducted. The possible
reaction in this system and the corresponding Gibbs free
energy in standard state are shown in Table 2.
It is shown that it is easier for metallic Al to react with

surrounding atmosphere (C, N2 and O2) than metallic Si
because the Gibbs free energy of reactions (3)–(5) is lower. The
melting point of Si is 1410 1C and its carbonization or nitrogen
cannot begin until the temperature increases to about 1000 1C.
A predominance area diagram for the system Al–O–C–N is
depicted in Fig. 1(a) for 1000 1C. It is revealed that AlN is
stable when ln(PN2/P

0) is larger than �27.24, which is satisfied
for the reducing atmosphere caused by graphite embedding
where ln(PN2/P

0) is �0.43. Stability of Al4C3 necessitates an
even lower partial pressure of nitrogen associated with a low
partial pressure of carbon monoxide.
At 1200 1C and 1400 1C, metallic Si will react with other

system components and the stable phase compositions are
shown in the predominance area diagrams of Fig. 1(b) and (c).
SiC will be stable at 1400 1C when ln(PN2/P

0)o�0.4 and
ln(PCO/P

0)o�1.38. For higher nitrogen partial pressure
Si3N4 will be stable. This shows that a relatively high partial
pressure of nitrogen would be needed for silicon nitride
formation, which might not be achieved when the partial
pressure is decreased by formation of aluminum nitride. The
formation of b-Sialon from the nitrides together with alumina
is shown in the following formula [13–16]:

ð6�ZÞSi3N4þZAl2O3þZAlN-3Sið6�ZÞAlZOZNð8�ZÞ

DGy ¼ �778; 370þ392:12T ðJÞ ðZ ¼ 2Þ ð1Þ

The Gibbs free energy of reaction (1) at 1200 1C and
1400 1C is 200.78 kJ and �122.35 kJ, respectively, which is
raphite Anti-oxidant In addition

Al Si Phenolic resin Catalyst

3 – 4 –

– 3 4 –

3 3 4 0.5



Fig. 2. XRD patterns of Al2O3–C refractories with different metals sintered at 1400 1C.

Table 2

Reaction and Gibbs free energy for Al–Si–O–C–N systems.

no. Chemical reaction Gibbs free energy at standard state (J) Temperature (K)

(1) CðsÞþ0:5O2ðgÞ-COðgÞ DGy
¼�112,138�87.35T 300–2000

(2) AlðsÞ-AlðlÞ DGy
¼10,268�10.859T 933.45

(3) 2AlðlÞþ1:5O2ðgÞ-Al2O3ðsÞ DGy
¼�168,8477þ327.45T 933.45–2000

(4) AlðlÞþ0:5N2ðgÞ-AlNðsÞ DGy
¼�328,946þ117.05T 933.45–2000

(5) 4AlðlÞþ3CðsÞ-Al4C3
4
ðsÞ DGy

¼�269,319þ99.081T 933.45–2000

(6) SiðsÞþCðsÞ-SiCðsÞ DGy
¼�73,043þ7.65T r1685

(7) 3SiðsÞþ2N2ðgÞ-Si3N4ðsÞ DGy
¼�745,271þ330.72T r1685

(8) SiðsÞþO2ðgÞ-SiO2ðsÞ DGy
¼�899,437þ169.84T 1140–1685
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in good agreement with the report of Refs. [17,18]. So from
thermodynamic calculation of Al–Si–C–N–O system, b-
Sialon could be formed under reducing atmosphere when
the temperature is raised to about 1400 1C.

3.2. Phase composition and microstructure of Al2O3–C

refractories with different anti-oxidants

The XRD patterns of Al2O3–C refractories with different
anti-oxidants are depicted in Fig. 2. It is shown that the major
phases of three samples are corundum and graphite. Sample A
with metallic Al as anti-oxidant has the peaks of AlN, while
sample B with metallic Si has the peaks of SiC. Besides the
phases of SiC, sample C with both metallic Al and Si has the
peaks of b-Si4Al2O2N6. Thermodynamic calculation of
Table 1 and Fig. 1 reveals that equilibrium partial pressures
PN2 and PCO of the coexisting phases AlN/Al4C3 and Si3N4/
SiC, respectively, increases with rising temperature. For sample
A, AlN could be generated at 1400 1C when the value of
ln(PN2/P

0) is larger than �0.43, which fits the condition of
reducing atmosphere. It is also found that SiC is more stable
than Si3N4 in sample B at this atmosphere according to the
thermodynamic calculation. So in our experiment, SiC could
be formed in sample B. When metallic Al and Si coexist in
sample C, both SiC and b-Si4Al2O2N6 can be generated. It is
worth noting that in theory b-Si4Al2O2N6 can be formed
under reducing atmosphere from thermodynamic calculation
of reaction (3). But many researchers [13–16] proved that it is
difficult to generate b-Sialon because metallic Si easily reacts
with carbon to form SiC and a high pressure of nitrogen is
necessary for the formation of b-Sialon. In our experiment
with low nitrogen pressure under reducing atmosphere, the
existence of b-Si4Al2O2N6 results from the action of nano-
sized Ni as catalyst. The catalyst introduced promotes the
nitridation of metallic Si and helps to generate b-Sialon crystal
structure [13,14].
The SEM for three samples is illustrated in Fig. 3. It can be

seen that AlN (points 1 and 2 in Fig. 3) in sample A has the
shape of both short-column and whisker while the peaks of O
and C in the spectrum originate from the surrounding Al2O3

and graphite. The formation of AlN is followed by reactions
(2) and (4). According to the morphology of AlN (point 1 in
Fig. 3), the presence of liquid drops during formation of the
whiskers is assumed. This reveals that the growth mechanism
of AlN whiskers follows a vapor–liquid–solid model. This
could change to a vapor–solid model when the liquid amount



Fig. 3. SEM and EDS of Al2O3–C refractories with metallic Al (1: short column, 2: whisker).

Fig. 4. SEM and EDS of Al2O3–C refractories with metallic Si.
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is insufficient and bring about short-column morphology of
AlN as shown by point 2 of Fig. 3. The corresponding
reaction is given by 2Al(g)þN2(g)¼2AlN(s). The hexagonal
structure of AlN also benefits the formation of short-column
morphology. The results are consistent with the report of Li
et al. [24] and Wang et al. [25], who also found that AlN with
the same morphology as short-column type could be formed
when the reaction system without Y2O3 addition lacks enough
liquid at high temperature. Yang et al. [26] also found that
using 5% Al, a suitable resin and some additives to the matrix
promoted the formation of Al3CON whiskers. But in our
experiments, Al3CON whiskers have not been found probably
due to the presence of graphite, which is expected to cause a
higher partial pressure of carbon monoxide.

For sample B with metallic Si as anti-oxidant, a large
number of SiC whiskers (shown in Fig. 4) have been
formed and the EDS reveals no nitrogen but peaks for Al
and O originated from neighboring Al2O3. From the
analysis of Table 1 and Fig. 1, it was found that SiC is
easier to be formed than Si3N4.
Fig. 5 shows whiskers and plane structures formed in
sample C with metallic Al and Si as anti-oxidants. XRD and
EDS reveal that whiskers are composed of SiC and the
planar structures are formed by b-Sialon. AlN was not
found. It should be noted that b-Sialon occurs with planar
shape but does not form whiskers. A vapor–liquid–solid
reaction model is assumed for b-Sialon according to Eq. (1).
With Ni acting as a catalyst the melting temperature of
metallic Si can be decreased and the eutectic temperature is
below 1200 1C. A first step of the reaction is the formation of
a melt from Si and Al, later the dissolution of CO and AlO
in this liquid, and finally the formation of SiC and
b-Si4Al2O2N6 [13,16,27–29]. It is interesting to note that
planar shape of b-Si4Al2O2N6 is preferred compared to one
dimensional structures like whiskers and rods. The latter ones
are believed to result from surface tension effects [27,29]. It is
believed that the Ni catalyst promotes nitridation of Si,
accelerates the diffusion of AlO into Si3N4, supports the
b-Sialon formation and contributes to generation of planar
structures. Without Ni acting as a catalyst Sialon growth will



Fig. 5. SEM and EDS of Al2O3–C refractories with metallic Al and Si. (a) SEM and EDS of plane-shaped b-Si4Al2O2N6 (point 1) and SiC whiskers

(point 2) and (b) SEM of b-Si4Al2O2N6 with plane structure.
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be influenced by a gradient of the vapor concentration
and the surface tension; this would result in whiskers
[13,21,23].
Fig. 6. Cold modulus of rupture (CMOR) of Al2O3–C refractories with

different metals.
3.3. Strength of Al2O3–C refractories with different anti-

oxidants

The cold modulus of rupture (CMOR) for samples A–C
sintered at different temperatures (1000 1C, 1200 1C and
1400 1C) is depicted in Fig. 6. CMOR of all samples
increases with rising temperature due to the promotion
of the sintering process and therefore enhanced the bond-
ing. The increase of CMOR when rising the temperature
from 1000 1C to 1200 1C for sample B is by far higher than
that of samples A and C. This is due to the formation of
silicon carbide, which does not take place at 1000 1C, but
at 1200 1C. Compared with samples A and B, the CMOR
of sample C at 1000 1C has doubled because the lower
eutectic point of Al–Si would benefit the formation of
ceramic bonding. At the same time, that would also help to
improve the strength of refractories sintered at 1200 1C.
When the sintering temperature is about 1400 1C, CMOR
of sample C has the largest value of 23 MPa, compared
with samples A and B.



Fig. 7. HMOR (at 1400 1C), CMOR and CMORst of Al2O3–C refrac-

tories with different metals.
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The hot modulus of rupture (HMOR) at 1400 1C and the
change of CMOR for samples A, B andC after thermal
shock at 1100 1C (with water quenching) are depicted in
Fig. 7. At 1400 1C, the three samples have different bonding
phases AlN, SiC and b-Si4Al2O2N6, correspondingly. This
gives rise to the different HMOR. Sample A with the
bonding phase of AlN whiskers and short-column shape
has the HMOR of 15 MPa, while sample B with the bonding
of SiC whiskers has the lowest HMOR of 8 MPa. The
strength of AlN with one dimensional shape (short column
and whisker) in sample A is higher than that of SiC whiskers
in sample B, because the former has higher bonding strength
with Al2O3. The result agrees with the report of Ref. [30]. As
for sample C, b-Si4Al2O2N6 bonding phases with plate
structure give rise to the highest HMOR of 20MPa. It is
believed that the reaction among Al2O3, Al, Si and N2 to
form b-Sialon enhances the bonding forces between the
particles and the matrix and thereby increases the HMOR.

The residual CMOR (CMORst) after quenching specimens
with a temperature of 1100 1C with water is depicted in Fig. 7.
For carbon containing refractories, the thermal shock leads to
large thermal stresses and oxidation, which would deteriorate
the microstructure and strength. The CMORst of sample A
has the lowest value of 4.3 MPa while that of sample C has the
largest value of 10.3 MPa. The AlN bonding phase of sample
A may hydrate during water quenching and thereby decrease
the residual strength significantly. The high CMORst of
sample C is attributed to the high bonding strength and the
oxidation resistance of b-Sialon with planar structure. Upon
oxidation of b-Sialon, mullite is expected to be formed, which
also contributes to the ceramic bond.
4. Conclusions
(1)
 The thermodynamic analysis of the Al–Si–O–C–N sys-
tem shows that Al4C3, AlN, SiC and b-Sialon may be
stable depending on the partial pressures of nitrogen
and carbon monoxide. Aluminum nitride with the
morphology of short columns or whiskers can be
generated in alumina carbon refractories with Al addi-
tion. SiC whiskers can be formed in the refractories with
metallic Si. When metallic Si and Al are added in
refractories with the addition of a Ni catalyst, b-
Si4Al2O2N6 with plane structure and SiC whiskers can
be formed.
(2)
 Alumina carbon refractories with AlN as ceramic
bonding phases show high hot modulus of rupture
(HMOR) and poor resistance to thermal shock. The
refractories with SiC whiskers as ceramic bonding
phases show low HMOR and good resistance to
thermal shock. When the refractories are bonded by
plane-shaped b-Sialon and SiC whiskers, their HMOR
and residual cold modulus of rupture are 20 MPa and
10.3 MPa, respectively. The presence of b-Sialon with
planar structure as a bonding phase significantly
enhances the hot modulus of rupture and the thermal
shock resistance.
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