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Abstract

Carbon-containing refractories have excellent characteristics, however, they also have a severe

shortcoming, easy oxidation. Additives such as metals and carbides have been developed as

antioxidants used in these refractories. We found that some additives not only prevent the carbon

oxidation but also give refractories a self-repairing function by forming a surface protective layer,

decreasing porosity, improving corrosion resistance and increasing hot-strength. More effective

additives will be developed with attention to this function in the future. Those components are

predicted to be in M(metal)-O-C-N system. In this paper, the application possibilities of Al-Si-C,

Al-B-C and Al-C-O system compounds are discussed.
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1. Introduction

There are six main kinds of oxide components in
present refractories, SiO., Al:O;, MgO, CaO, ZrO,
and Cr;0s. Both simple and complex types, such as
3A1,0;+ 2510, (mullite), (Mg, Fe™)(Al, Cr, Fe™),0,
(spinel, chromium-iron ore), ZrSiO.(zircon), 2MgQO-
S10; (forsterite) and CaZrOs, are used in refractories
as raw materials. Non-oxides are also used as raw
materials like carbon (graphite, carbonblack), SiC
and SisNy.

The initial refractories made by use of fire were
probably mostly SiO;-Al;O;-based bricks such as
fireclay, silica and alumina, with natural minerals
like clay, silica stone and bauxite being utilized as
the raw materials. In the 1950s, dolomite brick and
magnesite brick were developed for lining
steelmaking furnace in Germany, so MgO and CaO
began to be applied in refractory industry. In the
1960s, the electric fused casting brick (generally
called electro-fused brick) was developed for the

glass-melting furnace. Most of the manufactured
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bricks were Al O;-Si0;-ZrO, system. Since then
ZrO; has been used as an ingredient in refractories.
In the 1970s, direct-bond magnesia-chrome brick
was developed, which overcame the weak points of
magnesia brick, that is, slag penetrates easily into
them and the softening temperature falls markedly
due to impurities. The brick is produced mixing
chromium-iron ore into magnesia and firing them
at an ultra high temperature above 1800°C. This was
the first application of Cr;O; in refractories. Cr:O;
has very high corrosion resistance among oxides so
that it was frequently added to the refractories
consisting of other oxides to improve corrosion
resistance in a short time after direct-bond magne-
sia-chrome brick was developed.

However, the use of Cr:O; came to be cautioned
since the pollution problem of 6-valence chromium
appeared and the amount used is now decreasing.
But Cr:0; system refractories like ALOs-Cr.0; bricks
are still used extensively in waste-incinerators such
as gasifying-melting furnaces where operating
conditions are harsh.

In the 1980s, carbon-containing refractories like
MgO-C, ALO;-C and ZrO.-C systems made rapid
progress. For refractories consisting of only oxides,
the densification of the structures improves corro-
sion resistance, but at the same time leads to dete-
rioration of thermal shock resistance. This is an
antinomious problem. The development of carbon-
containing refractories solves the contradiction,
simultaneously improving both characteristics.
This is because the added carbon prevents slag
penetration because of poor wettability between
carbon and slag and at the same time heightens the
heat conductivity and lowers the heat expansion
coefficient of the refractories.

However, carbon-containing refractories have a
severe shortcoming, that is, they are oxidized easily
at high temperatures. Solving this problem was an
important research topic. The effective solution is to
add non-oxides such as metals, alloys and carbides,
as antioxidants. The development of MgO-C brick
containing metal-Al and ALO;-C brick containing
SiC were successful efforts.

Additives of other non-oxides, besides metal-Al
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Fig. 1 Phase equilibrium diagram for pseudobinary
Al,C;-SiC system.
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and SiC, were also tried. New effects of additives
were discovered, that is, some additives not only
prevent carbon oxidation but also give the
refractories a self-repairing function by forming a
protective layer, decreasing porosity, improving
corrosion resistance, increasing hot-strength and so
on. More effective non-oxide additives are predicted
to be developed with attention to this function in the
future.

Some new components that may be applied to
refractories have been found through our studies.
Up to now, chiefly oxide-refractories have been
developed. From now on, carbides and nitrides,
moreover compounds composed of carbides and
nitrides, namely M-O-C-N system refractories will
be developed.

For example, there are compounds like AlsS1;Ou3
(mullite), AlSiC,, SIAION, AION, AlO,C and AL:OC
in Al-Si-O-C-N system. Almost only AlsSi; Oy
(mullite) has been used in refractories. The other
compounds, with rather different characteristics
from mullite, are also very interesting, and will
probably be applied to refractories.

The application possibilities of Al-Si-C, Al-B-C
and Al-C-O system compounds are discussed in this

paper.
2. Compounds in Al-Si-C System

Five kinds of compounds, ALSiC,", Al Si,Cs?,
ALSLC?, ALSi3,Cs” and AlsSiC:"’ have been reported
to exist in Al-Si-C system. ALSIC, is especially
promising for practical uses among the compounds,
so this section will outline some of its characteris-
tics.

Fig.1 shows a phase diagram of ALC;-SiC system,
which includes two kinds of compounds, ALSIC, and
AlSi,Cs”. The former is stable within the range of
1106~2037°C. The stable range of ALSi,C; is read to
be 2150~2037°C from Fig.1, but it has not been
clarified sufficiently. Although ALSIC, appears to
be unstable below 1106 °C from Fig.l, actually
AlLSIC, is stable once formed, and never resolves into
AlLC; and SiC at temperatures below 1106°C, even if

heated for a long time.
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Fig. 2 Change of the mass gain of the dense AlSiC,
body heated at various Temperatures.
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Fig. 3 Change of the thickness of the oxide layer
formed near the surface of the dense AlSiC,
body heated for 10 hrs with temperature.

2.1 Preparation of sintered ALSiC,-SiC compacts

Firstly, the starting raw material powders for
preparing the sintered ALSiC,-SiC compacts can be
synthesized by heating {Al+Si+C} mixture or
{kaolin (AL:O; ¢ 2Si0, » 2H.0)+ Al+C} mixture with
a fixed proportion in argon gas or vacuum atmos-
phere at 1600°C~1800°C.

Next, using the synthesized powders, the sintered
compacts of AlLSIC, and ALSiC,-SiC with optional
ratios of AlSiC, to SiC can be obtained by heating
at 1700°C using Spark Plasma Sintering (SPS), a
special sintering method. The relative density of the
sintered compacts can reach 97% or over. It is
difficult to prepare dense sintered compacts with the
general sintering methods of heating from the
specimen outside. The development of a new sinter-
ing method by which dense and large compacts can
be obtained is very important. This has become a
key point for the expansion of sintered AlSiC, and
Al1SiC,-SiC compact utilization in the future.

2. 2 Characteristics of the sintered compacts
(1) Oxidation properties®

Fig. 2 shows the mass changes of the sintered
Al SiCy compact (relative density: approximately
97%) with different oxidation times at 1250°C ~
1500°C in air. The mass hardly changes at 1250°C,

which suggests that the compact is not oxidized
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Fig. 4 Change of mass gain by oxidation of the
Al,SiC.-SiC bodies heated in air at 1500°C
for 10 hrs.
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below that temperature. While above 1250°C the
mass of the compact increases, being oxidized, and
no further increase in mass occurs after a critical
oxidation time. This means that an oxide-protection
layer is formed on the compact surface. As shown in
Fig.3, the thickness of the oxide-protection layer
hardly changes after the critical oxidation time, but
increases with an iIncrease in temperature. The
thickness is only about 100 # m even at 1500°C, so
should not influences the sintered AlSiC, compact's
application.

Fig.4 shows the mass changes of dense sintered
ALSiC+-SiC system compacts heated at 1500°C in air.
The mass of all compacts increases linearly in the
first stage of heating and becomes almost constant
after a critical heating time. The critical time short-
ens and the oxidation amount after the critical time
increases with the decrease in the ratio of Al to Siin
the compacts.

(2) Possibilities and characteristics as refractory
lining

Large compacts must be sintered in order to use
Al SiC,-SiC composites for the refractory lining.
Large compacts are not sinterable using the SPS
method at present, so development of a new effective
sintering method of heating from the outside of the
compacts, by which dense and large compacts can
obtained, is required.

If this problem is solved, manufacturing ALSiC,
and Al SiC,-SiC refractories should be possible.
These refractories have the following strong points,
compared to others such as SiC refractories.

SiC refractories can be used below 1600°C even
under air atmosphere, because the oxidation reac-
tion does not advance to the insides due to a SiO.-
protection layer formed on the surface. Above 1600
°C, the SiO;protection layer is destroyed on account
of the reaction between the SiO. and SiC inside
producing SiO and CO gases, and then the refrac-
tory inside is also oxidized. Consequently, the
usable range of SiC refractories is up to 1600°C.

In contrast, as AliSiC, is oxidized on Al:O5-3ALO;e
2510, (mullite)-protection layer is formed on the
surface, which never melts under 1850°C, so is very

stable. The surface protection-layer of sintered
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AlLSIC,-SiC system compacts can be controlled to be

3ALO; ¢ 2Si0; (mullite, the fusion point: 1890 °C)

single phase by adjusting the ratio of Al:SiC, to SiC.

Therefore, these refractories are applicable

to higher temperatures than SiC refractories.

Moreover, the Al;O0;-3AL0;s°2S10,-protection layer

shows stronger corrosion resistance than SiO, in

general use conditions, so Al SiC,-SiC system
refractories may be used in more severe conditions,
compared with SiC refractories.

2. 3 Characteristics of powdered AlSiC,-with
focus on characteristics as antioxidant in
carbon-containing refractories

Adding Al SiC; powder to carbon-containing
refractories gives the following advantages, over Al
and Al-S1 powders.

All Al, AlSi and AlLSiC, in carbon powders reduce
CO gas in the pores to carbon and change it into
AlLO; or Al;,Os-SiO;, mullite. In the case of Al or AISi
alloy, AlC; 1s formed upon reacting, as shown in
Fig.5 (AIN is also formed as N, gas originating in
air exists). Because ALC; and AIN have poor hydra-
tion resistance In air at room temperature, the
refractories including ALC; or AIN are easily hy-
drated once cooled to room temperature during use.
The formed hydroxide resolves and may cause the

refractories to collapse when reheated. In contrast,

100 AlsSiCs-C powder compact heated in carbon (C>

2hrs

80

60—+

40+

20+

Relative Intensity of X-ray Diffraction

AlsSi2013

1 l 1 1 1
T hd 1
900 1100 1300 1500 4 6 8 100
Temperature (°C) Time(hr) at 1500 (°C)

Fig. 5 Change of the reaction products of the each compact of (Al-C), (AlSi-C) and (Al:SiC.,-C) heated in

carbon with temperature and time.
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Fig. 6 Condensed phases and equilibrium partial
pressures of the gases in the Al-Si-C-O system
for partial pressure of CO(g) at 1500K.

no AlC; and AIN are formed in the case of ALSIC,,
explained as follows.

Fig.6 shows the changes of the condensed phases
and the equilibrium partial pressure of the gas
phases with Pco at 1700K in Al-Si-C-O system
coexisting with carbon. There is a similar tendency
at other temperatures.

ALSIC, in a carbon powder reacts with CO(g) to
form ALO; and SiC according to Reaction (1), not
forming ALC.

ALSICy(s) + 6CO(g) =

2A1:04(s) + SiC(s) + 9C(s) -------+ (1)

This reaction is discussed in detail here.

There are many kinds of gases in Al-Si-C-O
system, as seen in Fig.6. The main gases are consid-
ered to be Al(g) and SiO(g), since both have high
partial pressure.

The Al(g) generated by Reaction (2) diffuses
toward the surroundings and condenses into
ALO;(s) at the places where Pco is high (near the
refractory surface), because the equilibrium partial
pressure of Al(g) decreases as expressed in Reaction
3).

ALSICy(s) = 4Al(g) + SiC(s) + 3C(s) -+ (2)

2Al(g) + 3CO(g) = ALOs(s) + 3C(s) =w+eveee 3)
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Fig. 7 Thickness of the decarbonized layer of the
MgO-C refractory heated in air 4 hrs.
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Reaction (2) and Reaction (3) X 2 make Reaction
(1.
After Al SiCi(s) disappears due to the above
reactions, the SiC(s) formed by Reaction (1) reacts
with CO(g) following Reaction (4).

SiC(s) + CO(g) = SiO(g) + 20(s) ~+rvrerrveeos )

The generated SiO(g) diffuses toward the sur-
roundings and condenses into SiO:(s) at the places
where Pco is high (near the refractory surface),
since S1O(g) equilibrium partial pressure decreases
as shown in Reaction (5).

SIO(g) + CO(g) — SlOz(S) + C(S) ............... (5)

The result is that Reaction (6) obtained by com-
bining Reaction (4) with (5) occurs.

SiC(s) + 2C0O(g) = SiOy(s) + 3C(g) =wrereereee (6)

Moreover, Reaction (1) added to (6) equals (7).

ALSICy(s) + 8CO(g) =

2A1:04(s) + SiOu(s) + 12C cwereeveeees (7

That is, ALiSiCy(s) reduces CO(g) due to the carbon
oxidation into C(s), and at the same time the carbon
in ALSIC, separates into free carbon, which prevents
carbon loss. The formed AL:O; and SiO; are also very
effective in building a surface protection layer.

Therefore, Al;SiC, plays various useful roles in
refractories as mentioned above. This compound can
also be wused in carbon-containing unshaped
refractories as antioxidant, because it is very stable

without hydration.
3. Al-B-C System Compounds

Four kinds of compounds, Al;BisC,, AlB.C,, ALBC
and AlB.C;, have been reported to exist in Al-B-C
system. Al;B:C; is not hydrated in air at room
temperature and one of the most stable compounds,
so 1t may be used as a component in refractories.

The synthesis of AlsB,C; began in 1980s, and some
of its properties such as crystallographic character-
istic have been elucidated *".

ALB,C; powder can be synthesized by heating the
mixture of {Al+B,C+C} powder under argon
atmosphere at 1800°C”. A dense sintered AlLB.C:
compact with about 97% relative density can be
obtained by sintering the AL;B,C; powder by SPS
method. As the sintered compact is heated in an

oxidation atmosphere at high temperature, a
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Fig. 8 Condensed phases and equilibrium partial
pressures of the gases in the Al-B -C-O system
for partial pressure of CO(g) at 1500K.
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protective layer of Al:O;-B:0O; system compounds is
formed on the surface due to the oxidation reaction.
But the protective layer is not stable enough since
B:O; evaporates easily, so the compact cannot be
used stably. Further studies are necessary.

However, if ALB.C; powder is added to carbon-
containing refractories it will give the refractories a
self-repairing function for the following reasons.

3. 1 Characteristics of AI;B,C; as antioxidant in
carbon-containing refractories

Four kinds of 30 X 30 X 30mm specimens were
prepared, one was MgO(80mass%)-C(20%) refracto-
ries with no additives. The other three had Al, {Al+
B.C} or AlsB.C: added, respectively, to this base.
Each of the four kinds of refractories was heated in
air for 4 h at 1000, 1200 and 1500 °C, respectively.
Fig.7 shows the thickness of the oxidatized layer on
the specimen surfaces". The layer thickness of {Al+
B.C} or ALB,C;-adding refractories was very small
and decreased with the increase in temperature,
which is the exact opposite of the no-additive refrac-
tory. This means that {Al+B.,C} and ALB.C; have
great effect on oxidation prevention. That is be-
cause the amount of melted MgO-B,O; in {Al+B.C}-
and AlsB.C;-containing refractories increases with
the increase in temperature, which eliminates oxy-
gen diffusion.

Moreover, adding Al:B.C; shows an advantage,
compared with adding {Al+B.C}. Al:B.C:-containing
refractories do not change, but {Al+B; C}-
containing refractories collapse, as they are cooled
to room temperature after being heated to
1200°C."” The collapse of the latter is due to the
hydration of the formed ALCs; at room temperature.
No ALC; is formed in the former refractories for the
following reasons.

Fig.8 shows the changes of the condensed phases
and the equilibrium partial pressure of the gas
phases with Pco in A-B-C-O system coexisting with
carbon at 1500K. The relationships among them are
almost the same at other temperatures. When
logPco in the atmosphere is 4.691 or above,
ALB4Ci(s) becomes unstable due to the following

reaction.
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Fig. 9 Phase equilibrium diagram for Al,0:-Al.Cs
system.
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AlB.Ci(s) + 12CO(g) =
4ALOy(s) + BiC(s) +18C(g) -rvveeeeee 8)
After ALBiCi(s) disappears, the formed B,C(s) reacts
with CO(g).
B.C(s) + 6CO(g) = 2B:0s(s,]) + 7C(s) -++--+-- )

In consequence, Reaction (10) obtained by adding
Reaction (8) to (9) occurs, not forming ALCs(s).

AlBiCi(s) + 18CO(g) =

4ALOy(s) + 2B:0s(s,1) + 25C(s) -+ (10)

Based on this reaction process, it 1s understood
that AlsB.C:(s) reduces CO(g) into C(s) and the
carbon in Al;B;C:(s) separates into free carbon,
which prevents carbon loss. The formed B,Os(s,l) and
Al;04(s) have the effects of preventing the oxidation
and increasing the hot-strength, as stated below.

The formed B:O; reacts with MgO to form liquid
MgO-B,0;, which prevents the oxygen invasion. The
formed ALO; reacts with MgO to form MgAlLQO,,
which promotes matrix densification, prevents

oxidation and improves hot-strength.
4, Al-O-C System Compounds

Metal-Al powder is now used more widely as an
antioxidant in MgO-C refractories. Although metal
-Al is effective in carbon-containing refractories, it
has the following weak points.

1) Handling metal-Al fine powder is dangerous
during manufacturing of refractories; 2) Because
metal-Al fine powder is hydrated easily, when it is
added to unshaped refractories water system bind-
ers can not be used; 3) Metal-Al powder reacts with
the carbon to form AlCs; during heating, which is
hydrated after cooling. The hydrate resolves and
causes the refractories to collapse upon reheating; 4)
Pores occur at the places where Al particles origi-
nally existed, which hasten oxidation and corrosion.

In contrast, Al-C-O system compounds added
would not cause the problems and show the same
oxidation-preventing effect as metal-Al. Both be-
haviors are discussed as follows.

Fig.9 is the phase diagram of AL O;-AlLC;
system', where two compounds, AliO,C and ALOC,
exist.

Fig.10 shows the behaviors of AL,O.C and Al,OC in
CO gas™. Both compounds begin to react with CO(g)
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at about 800°C converting into Al;Os(s), and not
producing AlCs(s).

ALO,C(s) +2C0O(g) = 2A1:04(s) + 3C(g) -+ (11)

ALOC(s) + 2CO(g) = AlLOs(s) + 3C(s) ===+ (12)

Moreover, both compounds themselves are not
hydrated; therefore they can be used in unshaped
refractories with water system binders. In addition,
the compounds separate into carbon from those
surfaces due to the above reactions, so they never

produce the pores, differing from metal-Al.
5. Conclusion

No new refractories have recently appeared,
though many years have passed since carbon-
containing refractories were developed. However,
we have had some glimpses of carbon-containing
refractories with self-repairing functions. The

development of self-restoration refractories greatly
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Fig.10 Phase changes of each of Al, Al.O.C and Al,OC which are heated in CO(g) at various temperatures for 2 hrs.
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