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Adding

microsilica into the fired alumina-zirconia-carbon sliding
gate plates is considered to optimize their microstructure and further
improve their properties. The effects on the thermal linear change,
weight change, cold crushing strength, pore size distribution, hydration resistance and microstructure of samples fired from 800 °C to
1400 °C under coke bed and N2 atmosphere separately are studied
in this work.
The results show that the silica reacts with metal Al and decreases
the formation of aluminium carbide and AlN phases, which damp the
hydration phenomenon; meanwhile, addition of silica is of benefit to
form much finer whiskers in the matrix, reduce the average pore size
and increase the cold crushing strength of the samples. More benefits can be detected from samples fired in N2 atmosphere at relatively lower firing temperature.

1 Introduction
Al2O3-ZrO2-C refractories are widely used to
control the flow of molten steel in steelmaking industries all over the world due to their
superior spalling and corrosion resistance
[1]. In general, the combination of aluminium metal and silicon powder is usually
added into fired alumina-zirconia -carbon
refractories to form such ceramic phases as
SiC, AlN, etc, in-situ in the matrix, which contribute to the excellent thermo-mechanical
properties [2]. However, the increase in
adding the amount of Al powder takes the
risk of hydration, which leads to the deterioration of the properties, even the efflorescence of sliding gate plates [3]. But those
metals show a somewhat different reaction
behaviour in N2 atmosphere. It was reported
that Al2O3-C refractories containing 10 to
20 % aluminium metal achieved very good
oxidation resistance and thermal shock resistance properties when fired in N2 atmosphere around 1100 °C [4, 5]. G.Q. Liu [6]
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also reported that the Si metal converted to
β-SiC, SixN and the metal Al formed Al2OC
and AlN to improve the strength and thermal
shock resistance when Al2O3-C material was
fired in N2 atmosphere.
On the other hand, in comparison with the
traditional coke-bed atmosphere, the big
advantages of N2 atmosphere are that it
saves the energy from the direct heating in
the firing process with a loading capacity increase and avoids excess labour for coke
loading and unloading operation; also improves the environment in the manufacturing plant.
Microsilica, as amorphous silicon dioxide,
has high activity and is widely used in cement concrete and unshaped refractories [7,
8]. The present work studies the effects of
microsilica on the mechanical properties and
microstructure of Al2O3-ZrO2-C sliding gate
plates under different types of firing atmosphere, so as to provide theoretical directions
for next practical applications.

3 (2011) [3]

Tabular alumina (8–14 mesh, 14–28 mesh,
–28 mesh and 20 μm, 99,4 % Al2O3), fused
zirconia corundum (14–28 mesh, –28 mesh
and –325 mesh, 73,1 % Al2O3, 26,4 %
ZrO2), fused white corundum (5 μm, 99,7 %
Al2O3), silicon (-200 mesh, 99,2 % Si), flake
graphite (-200 mesh, 95,87 % C), carbon
black, Al powder (Al > 99 %) and microsilica (98 % SiO2, Elkem) were used as raw materials, and phenol formaldehyde resin as a
binder. The mixture ratios of the raw materials for the experiment are shown in Tab. 1
(microsilica and resin are added as an extra
part).
All batches were mixed according to the
strict mixing sequence of 30 min, and then
pressed into cylinder samples (36 mm in diametre, 36 mm in height) with a pressure of
200 MPa. Consequently, all the samples
were cured at 180 °C. Finally, the samples
were fired at 800 °C, 1000 °C, 1200 °C,
1300 °C and 1400 °C for 3 h, with coke bed
and N2 atmosphere respectively. After firing
the physical properties of the samples including thermal linear change, mass change,
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Tab. 1 The recipes of Al2O3-ZrO2-C for the experiment [mass-%]
A

B

Tabular alumina

60

60

Fused zirconia corundum

20

20

Fused white corundum

10

10

Flake graphite

4

4

Carbon black

1

1

Silicon

3

3

Aluminum

2

2

Microsilica

0

1,5

Phenolic resin

4

4

Mass change [%]

Bulk density [g/cm3]

Raw materials

bulk density, apparent porosity and cold
crushing strength (CCS) were measured.
Also the pore size distributions of typical
samples were measured by mercury
porosimetry (Autopore IV9500, Micromeritics Instrument Corp.). The hydration resistance property was evaluated by boiling in
water at 100 °C for 30 min. The mass
change and residual strength after hydration
were measured. The phase compositions and
microstructures of specimens were determined by X-ray diffraction (XRD, Philips,
X’Pert Pro) and FE-SEM (Field EmissionScanning Electron Microscope, Nano-

Temperature [°C]

Cold crushing strength [MPa]

Permanent linear change [%]

Temperature [°C]

Temperature [°C]

Fig. 1 The physical properties of the samples against coking temperature and atmosphere,
a) bulk density,
b) mass change,
c) permanentr linear change,
d) cold crushing strength,
e) apparent porosity

Apparent porosity [%]

Temperature [°C]

Temperature [°C]
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3 (2011) [3]

Cold crushing strength conservation rate [%]

Weight change after hydration [%]

achieve the best strength at 1200 °C, then
decrease rapidly with a clearer trend. Compared with the samples without microsilica,
it seems that microsilica does not affect the
apparent porosity (Fig. 1e) too much, but
has a benefit on the pore size and its distribution as shown in Tab. 2, especially for
those samples fired in N2 atmosphere.

3.2 Hydration resistance test
Samples fired at 1200 °C in both coke bed
and N2 atmosphere were tested for the hy-

Fig. 2 The mass change and CCS decay of the samples after hydration experiment

3 Si + 2 Al + 5 C + <0,35A> CO + <0,65A> N2
6,0

The bulk density of samples containing different additions of silica as a function of the
firing atmosphere and temperature is shown
in Fig 1a. They show the same trends on
bulk density in the same atmosphere regardless to the microsilica addition. The firing atmosphere influence on the bulk density can
be detected as the samples fired in coke bed
show a remarkable change at 1000 °C, then
decrease sharply over 1300 °C, relatively.
There is no remarkable change in bulk density of samples fired in N2 atmosphere in the
range of 1000 to 1300 °C, then a slight increase at 1400 °C. On the other hand, combining the mass change of the samples

4,0
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3 Results and discussions
3.1 Physical properties
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a) Sample without silica in coke bed

3 Si + 2 Al + 5 C + 1,5 SiO2 + <0,35A> CO + <0,65A> N2
6,0
5,0
4,0

Gram

(Fig. 1b), it is supposed that the reactions
between Al, Si, silica, and gaseous constituents of CO and N2 etc. inside the samples have been triggered in the whole range
from 800 to 1400 °C, which explains the
lasting weight gain tendency even though
weight loss of all samples is caused by carbonization of the binders. Below 1300 °C
the higher weight gain of those samples
fired in coke bed contributes to the higher
bulk density of samples with relatively similar linear change (Fig. 1c). However, more
expansion gives a side effect on the bulk
density of samples after firing in a coke bed
over 1300 °C even in case of remarkable
weight gain.
From Fig. 1d can be seen that the microsilica gives a very positive effect on the
strength in both firing atmospheres at any
evaluated temperatures. It is found that the
CCS of samples fired in N2 atmosphere

SEM400, Nova FEI ) linked with an energy
dispersive spectrometer (EDS, EDAX, Phoenix).

3,0
2,0
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Tab. 2 Pore size distributions and average pore size of specimens

0,00 %

Temperature [°C]
Coke bed

N2 atmos

1,50 %

Coke bed

N2 atmos
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0,8

1,2

1,6

2,0

Alpha

Pore size distribution,
[vol-%]

b) Sample with 1,5 mass-% silica in coke bed

Average
pore size

> 1 μm

1 –0,1 μm

< 0,1 μm

[nm]

1000

47,59

36,05

16,36

777,1

1200

37,02

41,66

21,32

441,4

5,0

1400

39,8

41,45

18,75

510,7

4,0

1000

42,97

40,18

16,85

641,8

1200

42,15

38,33

19,52

627,4

1400

46,57

38,85

14,58

738,2

2,0

1000

45,63

37,51

16,86

697,9

1,0

1200

28,1

43,79

28,11

283,5

1400

24,95

44,23

30,82

226,6

0

1000

25,43

52,64

21,93

351,5

c) Sample with 1,5 mass-% silica in N2 atmosphere

1200

21,32

47,76

30,92

222,2

1400

24,97

38,31

36,72

194,6
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3 Si + 2 Al + 5 C + 1,5 SiO2 + <0,9995A> N2 + <0,0005A> O2
6,0

Gram
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Fig. 3 The phase evolution in matrix by Equilib module in Factsage software
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Tab. 3 Standard Gibbs free energy of Al4C3 and AlN hydration
Reaction equation

Standard Gibbs free energy (100°C)

1

Al4C3 + 12 H2O = 4 Al(OH)3 + 3 CH4

2

AlN + 3 H2O = Al(OH)3 + NH3

dration resistance characterized by weight
change and CCS decay (Fig. 2). Those samples show weight gain coupling with CCS
decay after the hydration test owing to the
formation of aluminium carbide and nitride
in the matrix of all samples [3]. However, the
weight gain and strength decay of the samples decreases with the amount of silica
added, it is thought that silica can damp the
hydration of Al2O3-ZrO2-C sliding gate plates
to a certain extent. The higher hydration resistance owing to interaction between silica,
aluminium and other constituents in the matrix of sliding gate plates is simulated by the
Equilib module in Factsage software shown
in Fig 3.
One of starting chemical compositions is 3 g
Si, 2 g Al and 5 g C; the other is 3 g Si, 2 g

– 1680
–166

Al, 5 g C and 1,5 g SiO2 under the condition
of 1 atm at 1200 °C; α is the mass ratio of
gas / solid in the system. The thermodynamic
calculation indicates that the amount of SiC
and Al2O3 phase increases with the decrease
of Al4C3 and AlN phases as silica is added to
the matrix (Figs. 3a and b). Therefore, as
mechanism to improve the hydration resistance is mainly supposed that silica reacts
with Al and reduces the amount of aluminium carbide and AlN phases formed in the
matrix of the samples. For samples with
1,5 % silica fired in N2 atmosphere (Fig. 3c),
the Al4C3 phase is converted to AlN phases
more quickly.
However, the weight gain and strength decay of samples are lower for those samples
fired in N2 atmosphere. The lower apparent

a) Samples in coke bed

b)Samples in nitrogen atmopshere
Fig. 4 XRD patterns of the samples with addition of 1,5 % silica
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porosity and finer pore size of samples fired
in N2 atmosphere contribute to the better
hydration resistance properties. On the other
hand, the samples fired in N2 atmosphere
form less amount of aluminium carbide and
more AlN phases in the matrix at 1200 °C.
Also the thermo-dynamical calculations [9]
(Tab. 3) show aluminium carbide is more
easily hydrated than aluminium nitride.

3.3 Phase compositions and
microstructure
All samples coked at 800 to 1400 °C were
investigated by X-ray diffraction, which confirms that metal Al still exists in the specimen after firing at < 1000 °C and AlN and
SiC phases appear in the product between
1200 and 1400 °C except for corundum, zirconia, graphite and silicon phases from raw
materials. And there is no distinct difference
in XRD patterns of specimens without and
with microsilica addition (Fig. 4) because
adding 1,5 % SiO2 to samples doesn’t affect
significantly the phase change and reaction
evolution in the same firing atmosphere.
The diffraction peak of metal Si becomes
lower and lower in coke bed atmosphere; it
indicates that the metal Si reacts at temperatures above 1000 °C. Up to 1400 °C when
it completely disappears, and SiC diffraction
peak is strong enough to be detected. But
the metal Si still exists in the specimen after
firing at 1400 °C in N2 atmosphere. May be
there is much less chance that SiO(g) or any
other silicon containing gaseous species partially diffuses away and reacts with CO(g)
and / or carbon to form SiC below 1300 °C
[10]. Whereas, the silicon containing
gaseous species play an important role in
the formation of SiO2 and SiC phases in a
coke bed.
The metal Al also presents different
reaction behaviour under different firing atmospheres. In coke-bed atmosphere, the reaction starts over 800 °C with appearance
of the AlN phase at 1300 °C. For samples
fired in N2 atmosphere, the metal Al still exists in the specimen after firing at 1000 °C,
and the AlN phase can be detected from
samples fired at 1200 °C, and at that moment samples achieve the best strength.
The morphologies of all ruptured samples
were observed under FE-SEM. There are no
whiskers at the surface of the ruptured samples at temperatures < 1000 °C. Up to
1200 °C some whiskers appear in the matrix
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a) 1200 °C
°C inin
coke
bed bed
(a) 1200
coke

b) 1400 °C °C
in coke
b1400
in bed
coke bed

Fig. 5 The morphology of the ruptured specimens without silica coked in coke bed at different temperatures

of the samples, which are composed of Si,
Al, O, C and N elements determined by
EDAX, although no peak of new phases is
detected in XRD patterns. In the range of
1200 to 1400 °C many whiskers are observed in the matrix of the samples. Combining the results of XRD analysis, these
whiskers are estimated to be a mixture of
SiC, AlN, etc. However, for those samples
fired in coke bed the whiskers in silica-added
samples are much more and finer than those
in no-silica samples.
For instance, it can be found that a great
deal of whiskers of < 2,5 μm in length

and < 50 nm in diameter are well distributed in samples containing 1,5 % SiO2
at 1200 °C in contrast to no-silica samples,
where only few coarser whiskers with
average length of about 3 to 4 μm are
sporadically dispersed among the particles
(Fig. 5a, 6a). Up to 1400 °C, the effect of
silica on the formation of whiskers becomes much more evident, the densely
cross-linked whiskers can be easily seen
in the samples with 1,5 mass-% silica
added, not in no-silica samples (Figs. 5b,
6b). Based on the thermodynamic calculation and growth mechanism of SiC whiskers

a) 1200 °C°C
in coke
bed
a1200
in coke
bed

[11–13], it is suggested that the silica added
to samples will react with Al metal to produce SiO(g), then SiO can easily react
with CO(g) to SiC whiskers at lower temperature.
For samples with 1,5 % silica fired in N2 atmosphere at 1200 °C, there are much more
and longer whiskers well distributed inside
(Fig. 7a).
Most of them are AlN whiskers as they are
only composed by Al and N elements determined by EDAX. Up to 1400 °C. Also some
fine whiskers can be detected but with sporadic dispersion, some very short and coars-

b) 1400 °C °C
in coke
b1400
in bed
coke bed

Fig. 6 The morphology of the ruptured specimens with 1,5 % silica coked in coke bed at different temperatures
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1200 °C°C
in Nin
2 atmopshere
(a)a)1200
N2 atmosphere

b) 1400 °C in N2 atmopshere
(b) 1400
°C in N2 atmosphere

Fig. 7 The morphology of the ruptured specimens with 1,5 % silica coked in nitrogen atmosphere at different temperatures

er whiskers are present in samples fired in
N2 atmosphere (Fig. 7b), which caused the
strength drop.
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