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Abstract

The corrosion behavior of three sorts of refractories based on alumina-graphite were studied by
immersion tests. The melts included smelting reduction molten slag and corresponding carbon
saturated molten iron. The influence of test temperature, FeO content in slag and specimen rotative
velocity on the corrosion rate of refractories was examined. By means of SEM and EDS, the
microstructure change of the refractories after immersion test in kinds of melts was studied. The
morphology of the deteriorated layer showed the corrosion extent of refractories. With the addition
of zirconia and titania into the refractories, the corrosion rate changed to some extent. The corrosion
rate of three sorts of refractories increased dramatically with the increasing FeO content in smelting
reduction slag. Compared with alumina-graphite refractory and alumina-graphite-zirconia
refractory, alumina-graphite-titania refractory had stronger corrosion resistance in the smelting
reduction conditions. By the results of SEM and EDS, the corrosion mechanism of refractories was
developed.

Keywords: Refractories based on alumina-graphite; Smelting reduction; Corrosion mechanism;
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1. Introduction The corrosion resistance of the refractories
against the molten bath is one of the

Smelting reduction process with iron bath imperative and tough problems for the
i1s a typical smelting reduction technology. development of smelting reduction [1-4].
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The chemical composition and oxidation
behavior of the smelting reduction melts
with iron bath are much more complicated
than those of the blast furnace technology [2,
5-8]. The properties of the melts are changed
dramatically and continuously in the melting
process. On the other hand, the behavior of
the melts depends greatly on the activity of
FeO and the reduction rate of iron oxides in
the molten bath [7-9]. Due to the high
concentration of FeO in slag and high
reduction rate of iron oxides in the molten
bath, the corrosion behavior and corrosion
mechanism of the refractories in smelting
reduction melts are the key factors in
development of the smelting reduction
technology. Up to now, improving refractory
quality of corrosion resistance of melts,
developing high quality and long service life
refractories used as the lining refractory
materials of the molten bath are still the most
important mission for developing smelting
reduction technology.

Alumina-graphite refractory (AG) and
alumina-graphite-zirconia refractory (AGZ)
have been used in metallurgical industry
successfully for many years. They are widely
used in blast furnace, convertor, electric arc
furnace [7,8,10-15]. But it is imperative to
investigate the corrosion mechanism of
different refractories in the melts of smelting
reduction with iron bath, to control the
corrosion reaction and to decrease the
corrosion rate of refractories efficiently.

This investigation focused on studying
the physical properties, corrosion behavior,
corrosion rate, investigating the main factors
that affect the corrosion process of refractory
lining in smelting reduction technology with
iron bath and examining the microstructure

change for the alumina-graphite based
refractories, AG, AGZ and alumina-graphite-
titania (AGT).

2. Experimental

The specimens of the alumina-graphite
based refractory (AG, AGZ and AGT) were
applied in this study. AG refractory specimen
was made from the finished product that has
been used as the lining materials of the
electric arc furnace (Chongqing Special
Steelmaking Co.). AGZ and AGT refractory
specimens were prepared in laboratory,
shaped and sintered in refractory factory
(Refractory Factory of Chongqing Iron and
Steel Co.). These bricks were sintered in
high temperature furnace (the service
temperature over 1800°C) in the reduction
atmosphere. The properties of the
refractories are listed in the table 1.

The Smelting reduction melts consisted of
molten slag and iron bath. The composition
of slag is shown in table 2. Slag specimens
were made of the blast furnace slag (from
Chongqging Iron Making & Steel Making
Co.) and chemical agents (Shanghai
Chemical Agents Co.). The slag grain of
immersion test was made by melting the
mixture of the blast furnace slag and
chemical agents in advance. The iron bath
was composed of pig iron scrap (from
Chongqing Iron Making & Steel Making
Co.). Its composition was (%wt): C 4.16, Si
0.53, Mn 0.32, P 0.10 and S 0.034. Before
the testing, iron bath was saturated with
carbon, using a graphite block on the bottom
of the crucible at 1500 °C for three hours.

Corrosion tests were carried out in two
ways: rotary immersion and quasi-static
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Table 1. Chemical compositions and physical properties of the refractories

Specimens AGI AG2 AG3 AGZ1 AGZ2 AGZ3 AGT1 AGT2 AGT3
AlLO; (%) 76.75 74.6 72.8 71.58 68.35 66.02 72.93 70.52 68.72
Si0, (%) 11.2 10.4 9.63 10.17 9.5 8.14 9.18 8.65 7.12

C (%) 4.45 7.64 9.8 9.9 9.8 9.8 9 9.05 9
Zr0, (%) | 0.12 0.11 0.1 3 6 9 0.12 0.11 0.11
TiO, (%) 0.68 0.66 0.65 0.67 0.66 0.65 3 6 9
CCS (MPa) 41.95 44.74 4497 42.53 39.65 39.95 41.85 43.12 39.28
MOR (MPa) 15.45 16.68 15.5 15.36 14.45 15.66 16.5 16.86 16.6
Porosity (%) 5.38 5.52 5.41 5.81 5.92 6.14 5.42 5.35 5.55

Density (g/em3)| 2.79 2.76 2.76 275 274 | 278 2.7 2.73 271

Table 2. Chemical composition of slag Ve nHp, (D, _Dt)2 " 60 0

(Wt.%) €= 4 )
spescliarien FeO|CaO | MgO| 8i0, | ALO5 Balance Where Dy, is the original diameter of the
S1 13 1388 31 | 95 4.4 refractory specimen (millimeter), D, is the
S2 85 1355 345 ] 95 3 diameter of the specimen after the immersion
S3 1451325 9 31 | 95 35 test (millimeter), H is the immersion depth of

immersion, in electric resistance furnace
respectively. Experimental method and
experimental condition were the same as
reference [8]. The specimen of refractory
was 50mm immersed into molten bath. The
experimental temperature was designed
between 1723K and 1923K. The
composition of the atmosphere in the molten
bath was maintained CO 30%, N, 60% and
CO, 10% in volume. The solid grain slag
was added into the crucible after the iron
scrap melted completely. The refractory
specimen was immersed into melts when the
temperature of the bath reached the designed
level. The corrosion behavior was examined
by measuring the diameter change and the
mass loss of refractory specimen after the
immersion tests.

The test results of corrosion are expressed
as the corrosion rate V¢, which is calculated
according to the equation 1:

specimen (millimeter), r is the density of the
refractory specimen (milligrams per cubic
millimeter), t is the immersion time (minute),
V¢ has the unit of g/h.

Scanning electron microscopy (SEM), X-
ray diffraction and X-ray Spectrum were
used to examine the composition and
structure change of the wear surface and the
deteriorated layer during the immersion test.
This examination is helpful to investigate the
corrosion mechanism of the refractory in the
melts of smelting reduction with iron bath.

3. Results and discussion

The properties, structures and the
corrosion behavior of alumina-graphite
based refractories in smelting reduction
melts with iron bath had been studied
[7,8,15]. A linear relationship between the
FeO content of melts and the corrosion rate
of refractories was observed. The corrosion
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rate decreased with the increasing carbon
content in the refractories when the carbon
content was in the range from 2% to10%.

ZrO, has been used in metallurgy industry
and refractory production as an addition
materials for many years [7,11]. The
refractory brick containing ZrO, has been
widely used in high temperature furnace or
kiln. But the condition in the melts of
smelting reduction with iron bath is much
more complex than other metallurgical
processes. The corrosion behavior of
refractories in the melts of smelting
reduction with iron bath is quite different
from that of blast furnace. Table 3 was the
test results of the relationship between the
corrosion rate and the ZrO, content of
refractories. The test results show that the
higher the ZrO, content in refractory, the
lower the corrosion rate of the refractories in
smelting reduction melts. ZrO, has a good
corrosion resistance of smelting reduction
melts with iron bath. The reasonable content
of ZrO, in the AGZ refractory is 6~9% for
smelting reduction technology.

Table 3. Test results of the corrosion rate for
AGZ refractories (g/h)

Zr0, (%) 011 | 1.5 3 | 6 | 9 | 10
SI | 1.22]1.15] 1.02 | 0.93 | 0.89 | 0.89
S2 | 1.61 155 128 121 |1.181.18
S3 197 175 1.69 | 1.51 | 1.52 | 1.48

The investigation of the microstructure of
AGT refractory shown that the major
morphology of Ti in refractory is a well
developed TiC network when TiO, content is
6~9% [8]. The random distribution C
decreased evidently in refractory as the TiO,

TiC
the

content increased extremely. The
network improves properties and
corrosion-resistance of the refractory.
Figure 1 is the test results of the corrosion
rate of AGT refractories. Table 1 gives the
properties of the AGT refractories and the
strength at the high temperature (MOR) is
higher and the porosity is lower than that of
the AG and AGZ refractories in the same
condition. The melting point of TiC is fairly
high (above 3290K). When the molten slag
covers refractory, the corrosion reactions
will occur and graphite carbon will be
oxidized and porosity increases. The molten
slag penetrated refractory through the pore
and crack. Meanwhile, the TiC network will
be broken and the TiC particles distribute in
the slag film and the interface between melts
and refractory. This effect will decrease the
flowability behavior of the slag film and the
melts greatly and decrease the Kkinetic
tendency of the corrosion reaction between
the refractory and molten slag. The result is
the rate of corrosion reaction between
refractory and melts is decreased gradually.
When the TiO, content is over 10%, the

2.20
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120 p

Corrosion rate, g/h
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Fig.1. Relationship between the TiO, content

and the corrosion rate of refractory
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corrosion increases slowly. This
phenomenon is related to the TiC network
structure and the reduction of the TiO, or
other titanium oxides existing in the
refractory. The structure study of the AGT
shows that there are TiO, and titanium
oxides compounds in the refractory if the
content is over 10% with 9% carbon [8]. The
reasonable content of TiO, is 6-9% for the
alumina-graphite based refractory with 9-
10% carbon content.

The corrosion behavior and the
mechanism for several kinds of refractories
in the melts of smelting reduction technology
have been investigated in detail. FeO
concentration and activity are the important
factors that affect the corrosion behavior of
refractories [2, 4, 6, 9]. A test result of
studying the relationship between FeO
concentration and corrosion rate is shown in
figure 2. The corrosion rate of refractory
increases as a linear relationship with the
FeO content in the smelting reduction melts.
The corrosion resistance of the refractories
decreases with the increasing FeO of the

3.00

250

2.00

1.50

Corrosion rate, g/h

1.00

0.50
0.00

3.00

6.00 9.00
FeO Content, %

Fig.2. Test results of the influence of FeO
content in melts on the corrosion rate of the
refractories, 1773 k at the rotary immersion

12.00 15.00

melts. The AGT refractories exhibit
relatively good anti-corrosion characteristic
among the three types of refractories,
especially in high FeO concentration melts.
The oxidization of the melts increases with
increasing FeO content. The reaction rate
between the melts constituent and the
refractory is related to the oxidization
capacity of the melts. The carbon graphite
contained in the refractory is an active
reducing agent of the ferrous oxidizes.
During the immersion test, the graphite
carbon contained in refractory will reduce
FeO of the melts and produce metal Fe and
gaseous CO, the pore and crack will appear
in the reaction layer of refractory. This effect
will improve the kinetic condition of the
corrosion process and the penetrating rate of
melts refractory. The AGZ refractory
contains ZrO, which behaviors a good anti-
oxidization ability. TiC, forming a well-
developed network structure in the AGT
refractories, with high melting point,
improves the anti-corrosion of AGT
refractory evidently. The AGT refractories is
the best materials for anti-corrosion of the
smelting reduction melts among the alumina-
graphite based refractories (AG,AGZ and
AGT).

Figure 3 is the test results of corrosion
rate of refractories at the different test
temperatures. It shows that the temperature
of the molten bath is one of the important
factors that influence the corrosion behavior
of the alumina-graphite based refractory.

The corrosion rate of refractory increased
rapidly with the increasing temperature. But
the changing ratio of corrosion rate was less
than that of FeO concentration of melts. The
moving velocity of slag film and reaction
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4.00 increases with the increasing rotative
velocity of refractory. The influence of
e i locity of the refractory specimen
200 | nazs rotative ve 001.y o] ry sp :
< . on the corrosion rate of AG refractory is
N —a— AGT3
g much greater than that of AGT refractory
| under the same test condition.
g
° Table 4. Relation between rotative velocity of
1. 3
. refractory and corrosion rate, g/h
0.00 Rotative |1 10 | 15 | 20 | 25 | 30
1650 1700 1750 1800 1850 1900 1950 VelOClty, r/mln
Tomperature, K AG1 04 1064078 1.13]1.42]1.63
AG2 0.36 | 0.56 1 0.69 | 1.09 | 1.27 | 1.41
Fig. 3. Relationship between the temperature
of the melts and corrosion rate of refractory, with AG3 0.33]10.54]0.661092 1.18| 13
8.5% FeO concentration in melts, rotative AGZ1 0.3410.4510.58 098 |1.23 | 1.38
velocity 20r/min. AGZ2 0.3 1043]0.54/096| 1.2 | 1.34
. . AGZ3 0304 1052/095]1.18|1.32
between the melts and refractongs will be AGTI 03110461053 093 114|115
speeded up when the temperature increases. AGT2 028 10411 05 [08911.09 1.1
On the other hand, increasing molten bath AGT3 026 | 04 1046085 1oLl 1

temperature would accelerate the mass
diffusion in slag film, molten melts and
deteriorated layer of the refractory. The
reduction rate of FeO in melts would also
increases and the stirring behavior of the
molten bath by the heat motion and the
gaseous CO produced in the reduction
reaction would become fierce as the
temperature increases.

The research results show that the higher
the stirring speed, the higher the diffusion
rate of mass in the molten bath [8, 16]. The
moving speed of slag film of interface
between refractory and molten slag increases
as a linear function with the rotative velocity
of refractory in smelting reduction melts.
The test results of relationship between
rotative velocity of alumina-graphite based
refractory and corrosion rate are shown in
the table 4. Corrosion rate of refractory

In order to study the corrosion behavior
and corrosion mechanism of the alumina-
graphite based refractory in the smelting
reduction melts, The microstructure of
deteriorated layer of the refractory had been
investigated by  Scanning  Electron
Microscopy (SEM) and Energy Dispersive
Scanning (EDS).

Figure 4 is the microstructure of the
deteriorated layer of AG2 in melts of slag2
and iron bath. Figure 4a is the original
structure of the AG2 refractory. The
structures of AG refractory are corundum,
mullite, 0-Al,O; and graphite. Figure 4b is
the microstructures of the deteriorated layer
of immersed AG2 refractory. The
deteriorated layer of refractory was corroded
greatly by melts. The structure was changed
in evidence with the slag and iron penetrated.



G. Qiu/JMM 46 (2) B (2010) 131 - 140 137

a)
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Fig. 4 The microstructures of the AG2 refractory, immersion melts of salg2 and iron bath, test
temperature 1773K, rotative velocity of refractory in melts 15r/min. (a) the original microstructure.

(b) the deteriorated layer of refractory.

Interaction between melts and refractory has
taken place and a lot of new compounds
formed in the deteriorated layer of refractory.
An evident phenomenon is graphite carbon
almost oxidized and produces CO. The
porosity increases dramatically. The
compounds of slag and new oxides appear in
the deteriorated layer.

Figure 5 is the composition of the
interface between deteriorated layer and slag
film. The metal iron, FeSi,05, CaSiO;,

Fig. 5. The composition of AG2 of the
interface between deteriorated layer and slag
film(EDS) with test temperature of 1773K

2FeSi0, and SiO, were found in the
deteriorated layer of refractory. The graphite
carbon was oxidized over 90% and no
graphite carbon was found in the interface
between deteriorated layer of the refractory
and slag film.

Figure 6 is the microstructure of the
AGZ2, immersed in melts of salg2 and iron
bath, test temperature 1773K with the
rotative velocity 15r/min. The principal
constituents of the AGZ refractory are
zircon, zirconolite, corundum, mullite, a-
AlO; and graphite. The structure change
behavior of the AGZ refractory in the
corrosion process was that graphite and
Zirconia were partially disappeared,
zirconolite, CaO-Si0,, Fe;C and metal Fe
appeared in the deteriorated layer of the
refractory. The structure of the refractory
was damaged by the molten iron bath and
slag penetrated. The interaction between
melts and the refractory occurred and new
compounds of FeO-SiO, (melting point
1205°C), SiZrO,, FeO-3CaO, 2CaO-SiO,
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Fig. 6. The microstructures (SEM) of the
AGZ2 refractory, immersion melts of slag2 and
iron bath, test temperature 1773K, the rotative
velocity of refractory in melts 15r/min. the
layer of melts

deteriorated refractory,

penetrated.

and CaO-Si0, were found in the deteriorated
layer and slag film. The graphite carbon of
the refractory had been oxidized nearly 90%.
The porosity increases evidently. Figure 7
shows the composition of the AGZ2 in
deteriorated layer. Compounds of SiO,,
CaO, TiO,, FeO appeared in the deteriorated
layer of refractory. Metal iron also exits in

Fig. 7. The composition of AGZ2 of the
interface between deteriorated layer and slag
film(EDS) with test temperature of 1773K

the deteriorated layer and slag film.

Figure 8 is the microstructure of the
deteriorated layer of AGT2 refractory. The
principal constituents of the refractory are
well-developed TiC network, mullite, a-
AlyO; and well-distributed graphite carbon.
The structure of the AGT refractory was
changed by the molten iron bath and molten
slag penetrating refractory through the
crack, aperture formed by the oxidizing
reaction of graphite carbon. But the content
of Fe, Ti and Ca is much lower than that of
refractory AG2 and AGZ2 under the same
condition.

The compounds of TiC, Fe;C, CaO-TiO,
and CaO-SiO, were found in the deteriorated
layer. The graphite carbon was oxidized
greatly and porosity increased. Figure 9 is
the composition (EDS) of the deteriorate
layer of refractory AGT2, test was at the
temperature 1773K. The elements of Ti, Ca,
Fe and Si appeared in the deteriorated layer
of the refractory.

Fig. 8. The microstructures (SEM) of the
of AGT2
immersion melts of salg? and iron bath, test

deteriorated layer refractory,

temperature 1773K, the rotative velocity

15r/min.
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Fig. 9. The composition of AGT2 of the
interface between deteriorated layer and slag
film(EDS) with test temperature of 1773K

4. Conclusion

The corrosion rate of the alumina-graphite
based refractories in melts of smelting
reduction with iron bath was investigated in
the condition of quasi-static immersion and
rotary immersion. The corrosion rate of
alumina-graphite based refractories
decreases with the addition of TiO, and ZrO,
in the refractories. The important factors that
influence the corrosion rate are iron oxides
content of the melts, relative rotative
velocity of refractory specimens in melts and
the molten bath temperature. But the most
important factor is iron oxides concentration
of the melts.

The principal constituents of the alumina-
graphite refractory are corundum, mullite, o-
Al,O; and graphite. During the corrosion
test, the interaction between melts and the
refractory occurred and the new compounds
of FeO-Si0, (melting point 1205°C),
SiZrO,, FeO-3Ca0O, 2Ca0O-SiO, and
Ca0O-Si0O, formed in the deteriorated layer.
The graphite carbon was oxidized over 90%
and porosity increased greatly in the
deteriorated layer of refractory.

The corrosion behavior of AGZ refractory
was that graphite and zirconia partially
disappeared. Zirconolite, CaO-Si0O,, Fe;C
and metal Fe formed. The corrosion of the
AGZ refractory was interaction between
melts and the refractory and formed new
compounds of FeO-SiO, (the melting point
1205°C), SiZrO,, FeO-3CaO, 2CaO-SiO,
and CaO-Si0, in the deteriorated layer. The
graphite carbon was oxidized 70~80% and
porosity increased.

AGT shows the best anti-corrosion
character in the melts of smelting reduction
with iron bath. The principal constituents of
the AGT refractory are a well-developed TiC
network, mullite, a-Al,O; and graphite. The
content of Fe, Ti and Ca in the deteriorated
layer was much lower than that of refractory
AG2 and AGZ2. The compounds of TiC,
Fe;C, CaO-TiO, and CaO-SiO, were found
in the deteriorated layer. The graphite carbon
was oxidized 40~50%. TiC Network can
improve the corrosion resistance of the
alumina-graphite based refractory greatly.
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