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Improved corrosion resistance and thermal shock resistance
of Al,O;-SiC-C castable for main trough of blast furnace by
composite addition of TiO, and metallic Si powder
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Abstract

Al O;-SiC-C castable used in the main trough of a blast furnace is subjected to local wear at the slag-
metal interface, which determines its service life. The addition of TiO; to this castable is known to form
Ti(C,N) in situ, thereby improving its corrosion resistance. However, the main trough is directly exposed to
molten slag and molten pig iron at temperatures exceeding 1500 “C after drying and preheating, requiring
high thermal shock resistance. Unfortunately, crack and deformation were observed in the Al,O;-SiC-C
castable with TiO; addition after thermal shock testing. In order to overcome these crack and deformation,
we investigated the effect of adding metallic Si powder to the castable. We have found that adding metallic
Si powder in a certain ratio or more to TiO mitigated the difference in microstructure between high and
low temperature areas, and suppressed cracking or deforming. This novel AL,O3-SiC-C castable with TiO»
and metallic Si powder has exhibited significantly higher corrosion resistance compared to the conventional
one. Furthermore, we suggest that the reason why TiC improve corrosion resistance at the slag-metal
interface is because it is poorly soluble in both slag and metal.

1 W8 1 Introduction
FAILE A O HE SN AT T L VAREE A I The main trough is a large facility of about 15

e . S ~ 20 m in total length for separating molten slag and
BT ARSH 15 ~ 20 m (FEDOKIEEH TH molten pig iron tapped from blast furnace by specific

bo FHHD X ¥ AZ 7)WL Al,Os 2 MgALO, & gravity. The main trough refractory castable is a
W EIE . C R SIC RO A S composite material containing oxides such as ALLO;
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and MgALOs and non-oxides such as C and SiC.
The castable of pooling type shows local wear at two
points, the atmosphere-slag interface (Slag Line: SL)
and the slag-metal interface (Metal Line: ML). In
particular, the local wear at the slag-metal interface of
the latter is widely known as crucial phenomenon in
determining the service life.

Tanaka " and Uehara et al.? reported that the
addition of TiC to MgAl,04-Al,O3-C and ALOs-
SiC-C (ASC) castables, respectively, is effective in
reducing localized wear at the slag-pig iron interface
to improve corrosion resistance. However, Ti-based
non-oxides, such as TiC, are significantly more
expensive than conventional materials like Al,O3 and
SiC, making them impractical for industrial
applications.

Ohba et al.? reported that adding TiO: to
ASC castable forms Ti(C,N) in situ, resulting in high
corrosion resistance at the slag-pig iron interface.
TiO:, an oxide, is less expensive than TiC, a non-
oxide, making it more practical from a cost
perspective. Moreover, the TiO: content appears to
be most favorable at around 10 mass%, and when
TiO; is applied as fine powder, the majority of the
microstructure will consist of TiO,.

Considering how main trough is used, it is
crucial to pursue high corrosion resistance, but
thermal shock resistance must also be balanced®. The
castable, which is a monolithic refractory, receives
molten slag and molten pig iron at 1500 °C or higher
directly after preheating. With conventional ASC
castable, some oxidation of SiC may occur even at
high temperatures, but the mineral composition at
low and high temperatures will not differ significantly.
However, if TiO; is contained in large quantities, the
mineral composition will change significantly.
Although it depends on the CO gas partial pressure,
it is known that TiO, and C react to form TiC at
temperatures starting from about 1200 °C%, and ASC
castable containing TiO, is predicted to undergo a
this

temperature. In many blast furnaces where main

significant change in microstructure at
trough refractory castable is used, it is unlikely that
preheating will reach more than 1200 °C from the
hot-face to the back-side and be maintained for a
sufficient time. Therefore, the castable must withstand
an extremely large thermal shock at the beginning of
operation while TiO; in the microstructure has not
yet changed to Ti(C,N).

This study investigates the thermal shock

resistance and corrosion resistance of ASC castable
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with a large amount of TiO,, aiming to develop a
formulation design that achieves both properties.

2 Experimental procedure
2°1 Test materials

As shown in Table 1, for the ASC castables,
the A series with 0 mass% TiO; and the B series with
10 mass% TiO, were prepared. In addition, carbon
black was added at two levels of 0.5 and 2.0 mass%
and metallic Si powder at four levels of 0.0, 1.0, 2.0,
3.5, and 5.0 mass%. Note that pigment-grade TiO,
and metallic silicon powder with a particle size of less
than 75 pm were used.The mixing water content was
set at 5.5 mass% externally, and after mixing for 3
min, it was casted into the mold. The next day, the
mold was removed and dried at 110 °C for 24 h.
Table 1 lists the values for the general properties of
both the dry specimens and the specimens subjected
to 3 h firing at 1450 °C in reduction atmosphere.
Specimens for thermal shock and corrosion tests were
heat-treated at 500 °C for 4 h to prevent explosion
due to steam generated from cement hydration
minerals during rapid temperature rise.

Table 1 Composition and Physical properties of the test ASC castables

Sample code AT | A2 [ B1 [ B2 | B3 | B4 | B5 | B6 | B/ | B8 | B9 | BIO
A0, 815 |80.0 | 715 | 705 | 69.5 | 68.0 | 66.5 | 70.0 | 69.0 | 68.0 | 66.5 | 65.0
SiC 15.0
CAC 3.0
Raw material TiO, 0.0 10.0
composition / mass% |Carbon Black 05 [ 20 0.5 2.0
Si powder 0.0 00 [ 1.0 [ 20 [35 ][50 |00 [10 20 [35]50
Dispersant 0.2
Water 55
Physical properties
Tap Flow / mm 157 | 150 | 146 | 152 | 152 | 151 | 150 | 154 | 159 | 162 | 156 | 160
. . [Bulk density / g-cm™ 3.01 |3.01 | 3.01 |2.99 | 3.00 | 297 | 2.95 | 3.00 | 2.99 | 2.99 | 2.96 | 2.94
g:ezrf;y'”gat”o C [Apparent porosity / % 167 | 147 | 162 | 16.4 | 1569 | 155 | 152 | 153 | 154 | 15.0 | 14.9 | 14.9
Modulus of Rupture / MPa | 2.6 | 34 | 46 | 49 | 52 | 61 | 61 | 45 | 53 | 57 | 55 | 59
) - |Bulk density / g-cm™ 3.02 | 3.00 | 2.99 |3.02 |3.02 | 3.02 | 3.02 | 2.95 | 2.94 | 2.95 | 2.97 | 2.96
g:i:?:i:ﬁ;:sgdc Apparent porosity / % 16.4 | 16.0 | 15.7 | 145 | 141 | 14.0 | 13.7 | 16.4 | 16.0 | 15.0 | 14.0 | 14.0
Modulus of Rupture /MPa | 4.2 | 3.9 | 84 | 81 | 99 |10.7 |13.0 | 54 | 62 | 6.3 | 104 | 126
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2°2 Test method
2+2°1 Thermal shock test
To evaluate thermal shock resistance, a molten

pig iron immersion test®

was adopted to simulate the
initial operating conditions of an actual trough.
Using a high-frequency induction furnace, specimens
with a size of 40x40x160 mm were immersed into
molten pig iron heated and maintained at 1550 °C for
15 min. The specimens were then withdrawn, cooled
at room temperature, and examined for any cracks,
deformation, or other damage. During immersion, a
heat-insulating cover was installed on the top to
prevent heat loss. The specimens after thermal shock
testing were subjected to XRD analysis to identify
the mineral phases and scanning electron microscopy
to observe the microstructure in the areas immersed
in molten pig iron and the areas not immersed.
2+2+2 Corrosion test

Corrosion tests were conducted on specimens
of Al, A2, Bl1, B3, B6, and B10. The corrosion test
involved lining the specimen in a high-frequency
induction furnace, charging pig iron, and heating
until the molten pig iron temperature reached
1550 °C. After the temperature reached 1550 °C, blast
slag  (C/S=1.2, SiO,-CaO-ALL,O3-MgO
system) was added to the molten pig iron and held for

furnace

a certain time. The total corrosion time was 5.0 h,
and the slag was replaced every 30 min. The corrosion
resistance was evaluated by measuring the remaining
length of the most corroded part from the cross-
section of the specimen after the test and calculating
the difference from the length before the test. The
difference in length before and after the test was
indexed with Al, which has 0 mass% TiO,, as the
corrosion index: 100, and each specimen was
compared and evaluated by indexing. To confirm
reproducibility, the same test was performed twice.

3 Results and discussion
3°1 Thermal shock test

Figure 1 shows the specimen images after
molten pig iron immersion. None of the specimens in
series A, which did not contain TiO,, exhibited
cracking or deforming. In contrast, series B, which
contained TiO», showed cracking or deforming in
specimens B1, B2, B6, B7, and B8. Figure 1 shows
each specimen photographed with a ruler placed
alongside it, revealing bending deformation in BI,
B2, B7, and B8. Specimens B3, B4, B5, B9, and B10
remained intact. In Series B, a tendency for cracking
or deforming was observed when the amount of
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Holze Tz, BN 7V (B6) (EHTLHE, carbon black was higher, unless a larger amount of

VSRR E T & I 1 T 0 3 TR T metallic silicon powder was added. Furthermore,
) focusing on the cracked specimen (B6), the fracture

Al 2 S >

HLTL T ThHoT appeared near the boundary between the area

immersed in molten iron and the non-immersed area.

X X X O

Fig. 1 Appearance of ASC castables after thermal shock test.
O : no change, X : cracked or deformed.
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This observed cracking or deforming is
predicted to lead to a delamination issue in actual
applications, where preheated structures are subjected
to molten slag and molten pig iron for the first time,
resulting in large longitudinal cracks between the
high-temperature hot-face and the low-temperature
back-side. Products with such potential for trouble
cannot be used. Therefore, a detailed investigation
into the cause of cracking was conducted through
comparative observation of the microstructure and
XRD analysis.

Figure 2 shows the XRD patterns near the
(200) plane of TiC for specimens A2 and B10, which
exhibited no cracking or deformation in the thermal
shock test, and specimen B6, which cracked. The
patterns for the non-immersed area in molten pig
iron (grey line) and the immersed area (red line) are
compared. In B6 and B10, which contain TiO,, TiC
peaks are observed in the immersed area. However,
in the non-immersed area, no peaks are observed in
B6, or only broad peaks are observed as in B10. These
XRD analysis results suggest that the cracking at the
boundary between the non-immersed area on the
low-temperature side and the immersed area on the
high-temperature side is attributed to changes in the
mineral phase. It is noteworthy that the detected
substance is unlikely to be high-purity TiC; however,
it is referred to as "TiC" for the sake of convenience
in the following discussion.

30000 : Non immersed area
— : |[mmersed area
25000
3
< 20000
>
% 15000 B10
C
(0]
£ 10000
B6
5000
\ P Ny A2
0 1
41.5 42.0 42.5
20 / degree

Fig. 2 XRD patterns of regions near TiC in the ASC castables after thermal shock test.
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Figure 3 shows the microstructures of A2, B6,
and BI10, comparing the immersion and non-
immersion areas in molten pig iron, respectively.
Firstly, the microstructures of A2 and B10, which did
not crack, showed a dense structure with no gaps
between the ALLO; aggregate and the fine powder in
both the immersion and non-immersion areas. Note
that B10 shows a homogeneous distribution of bright
particles, presumably TiC, within the microstructure.
Secondly, in the microstructure of B6, which cracked,
the immersion area showed a loose structure with
large gaps between the AL,O; aggregate and the fine
powder, while the non-immersion area showed a less
significant degree of gaps compared to the immersion

area.

Non immerged area

Immerged area

Fig. 3 Microstructures of ASC castables after thermal shock test.
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In the immersed area of B6, where cracks had
occurred, the fine powder part containing TiO,
appeared to have shrunk. Therefore, the change in
solid volume before and after the reaction of TiO»
was estimated. Assuming that TiC formation
proceeds via reaction (1), and taking the combined
solid volume of TiO; and C before the reaction as
100, the solid volume of TiC after the reaction
becomes 32. Figs. 4 and 5 show the XRD patterns

near the (111) plane of metallic Si and near amorphous



YEREINEIURT, FREREITTHALONLE)E Si SiO; for the non-immersed and immersed areas of
DY — 71, BEEFTCIEELTEY), BiEE B10, respectively. The metallic Si peaks observed in

X AE ]
the non-immersed area disappear in the immersed

IR E SIO FFHD 70— R E—= 27 3 A 5 area, and a broad peak characteristic of amorphous
NarZEH6, BIO TIEHIG (2) HEATL72EE 2 SiO; is observed in the immersed area; therefore,
S5ND. ZORIE (2) T TICALAHEITL 7215 5E reaction (2) is considered to have proceeded in B10.

o ) . Assuming that TiC formation proceeds via reaction
$aL, RUBHIO TIO; £ C & SiEahE 2 Ek (2), and tgaking the combined sglid volume of TiO,,
RAEZ 100 & L7236, RISHED TiC & Si0, & C, and Si before the reaction as 100, the combined
LA -FEEEREL102 200, BB, CoOlE solid volume of TiC and SiO; after the reaction

. D . becomes 102. Note that in this estimation, the
BV
I2HT Ti0s, €, Si Si0;, TIC DREIEL specific gravities of TiO., C, Si, SiO2, and TiC were

neh42, 19, 23, 23, 49, I, EVHE assumed to be 4.2, 1.9, 2.3, 2.3, and 4.9, respectively,

(gemol™) & Z 1L 2 1799, 120, 281, 60.1, and their molar masses (g-mol™”) were assumed to be
509 L7 79.9, 12.0, 28.1, 60.1, and 59.9, respectively.
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Fig. 4 XRD patterns of regions near metallic Si in the B10 after thermal shock test.
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Fig. 5 XRD patterns of regions near amorphous SiO; in the B10 after thermal shock test.
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TiOz(s) + 3C(s) = TiC(s) + 2CO(g)
TiOz(s) + C(s) + Si(s) = TiC(s) + SiOz(s)
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TiOa(s) + 3C(s) = TiC(s) + 2CO(g) 1)
TiOa(s) + C(s) + Si(s) = TiC(s) + SiO2(s) (2)

The observation of shrinkage in the fine
powder part in the immersed area of B6 qualitatively
agrees with the estimated result that the solid volume
decreases to one-third when reaction (1) proceeds.
Additionally, reaction (1) proceeds faster at higher
temperatures”, therefore the larger gap between the
aggregate and the fine powder part in the high-
temperature immersed area compared to the low-
temperature non-immersed area is consistent with
the degree of progress of reaction (1). The reason for
the cracking of the specimens containing TiO, near
the boundary between the immersed and non-
immersed areas is presumed to be due to the difference
in the degree of shrinkage of the fine powder part
between the high-temperature side with a higher
degree of reaction progress and the low-temperature
side with a lower degree of progress.

Conversely, the observation of no gaps between
the aggregate and the fine powder part in both the
immersed and non-immersed areas of B10 is
consistent with the estimated result that the solid
volume remains almost unchanged when reaction (2)
proceeds. Furthermore, the reason why more metallic
Si powder was required to suppress cracking or
deforming in systems with a higher amount of carbon
black than in systems with a lower amount is
presumed to be that the difference in the degree of
shrinkage of the fine powder part between high and
low temperatures due to reaction (1) is more
pronounced with a higher amount of carbon black,
so more reaction (2) is required to compensate for the
solid volume change.

3+2 Corrosion test

Although this thermal shock test revealed that
adding metallic Si powder can suppress cracking and
deformation, concerns regarding corrosion resistance
have arisen. This concern arises from the fact that
reaction (2) produces SiO: along with TiC within the
microstructure, and the dissolution rate of SiO” into
blast furnace slag is significantly faster compared to
ALO;Y. Therefore, there is a concern that the
corrosion resistance may be inferior compared to
systems without metallic Si powder. To verify this
concern, the corrosion resistance of Al, A2, Bl, B3,
B6, and B10 was compared.

Figure 6 shows the results of two corrosion
B series

tests. The corrosion resistance of the
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containing TiO, was clearly better than that of the A

series without TiO,. Additionally, the amount of

carbon black added had a minor impact on corrosion

resistance, with specimens containing metallic Si

powder exhibiting even better corrosion resistance.

No. 1 test

No. 2 test

Corrosion index / -

100

98

71

71

75

58

Fig. 6

Results of corrosion test against BF slag and pig iron at 1550 “C for each specimen.
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Tanaka " and Uehara et al.? argued that TiC
reduces local wear at the slag-pig iron interface
because when TiC dissolves, it increases the viscosity
of the pig iron, forming a viscous protective layer on
the hot-face. Indeed, TiC is added to carbon bricks
used in the hearth of a blast furnace to increase the
viscosity of molten pig iron, expecting it to stagnate
the molten pig iron flow and suppress corrosion”,
which is consistent with the above argument.
However, when Si or Ti is added to Fe-C alloy with a
C concentration of 4.5 mass%, the viscosity of the
molten iron increases in both cases'”. This indicates
that SiC also increases the viscosity of molten pig
iron, but it is known that around 15 mass% of SiC is
optimal in ML materials, and adding more than that
decreases corrosion resistance!”. Therefore, corrosion
resistance cannot be explained solely by the level of
viscosity. Furthermore, there is no evidence that the
increased viscosity of molten pig iron acts as a
protective layer at the refractory-molten pig iron-slag
three-phase interface.

The author has interpreted the local wear
phenomenon at the slag-metal interface as being
caused by metal level fluctuation, essentially waves'?.
Furthermore, the author has argued that these waves
induce a complex erosion-corrosion process that
involves both chemical corrosion, where particles in
the refractory material are dissolved into both slag
and metal, and physical erosion, where particles fall
off. Focusing on the corrosion aspect, we will now
consider the reasons why the containing of TiC
improves the corrosion resistance of ASC refractories.
AlLOs in ASC refractories dissolves in slag but, being
an oxide, is insoluble in metal. Conversely, SiC and C
are difficult to dissolve in slag but are easily soluble in
metal. Based on this interpretation, if a substance
that is less soluble in slag than Al,O3 and less soluble
in metal than SiC or C, i.e., a substance that is
difficult to dissolve into both slag and metal, is
contained in the material, corrosion at this part is
predicted to be reduced.

Although no literature directly compares the
dissolution rates of SiC and TiC into molten pig iron,
it can be indirectly shown that TiC is less soluble into
molten pig iron than SiC by comparing their
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solubilities. al?
investigated the solubility of C and Si in Fe-C-Si

Sanbongi et experimentally
alloys. From this investigation, it can be read that at
1540 °C, the solubility of Si is approximately 3.0
mass% when the C concentration is 4.3 mass%. On
the other hand, He et al."” thermodynamically have
expressed the solubility curve of Ti with respect to
temperature at a C concentration of 4.3 mass% by

the equation (3).

log [%T1i] = -8112/T + 4.34 (3

Substituting 1540 °C (1813 K) into equation
(3), the solubility of Ti is calculated to be about 0.7
mass%. Here, referring to the component values of
pig iron listed by He et al.'¥, the concentration
gradient of Si and Ti in molten pig iron is calculated
to be about 2.6 and about 0.5 mass%, respectively.
The concentration gradient of Ti being less than 1/5
that of Si strongly suggests that TiC is less soluble
than SiC. Furthermore, TiC, a non-oxide, should
dissolve more slowly into slag than Al O3, an oxide.
Therefore, the improved corrosion resistance of ASC
refractory with the application of TiC can be
explained by its low solubility into both slag and
metal.

However, it remains unclear why, despite
having a higher amount of SiO; in the microstructure,
which is inferior in terms of corrosion compared to
Bl and B6, B3 and B10, which contain a higher
amount of metallic Si powder, did not show inferior
the Further
investigation may be required to fully understand the

corrosion resistance to former.
phenomenon, considering both the corrosion and

erosion aspects.

4 Summary
This study investigates the effects of adding

TiO: on the thermal shock resistance and corrosion

resistance of ASC castable used in the main trough of

a blast furnace. The main findings of this study are

summarized below.

1. When thermal shock tests were conducted to
simulate the initial operation of the main trough,
no irregularities were observed in the specimens
without TiO.,, but cracks or deformations were
observed in the specimens containing only TiO».
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2. Cracks or deformations in the specimens
containing TiO» occurred near the boundary
between the immersed and non-immersed areas in
the molten pig iron. The estimation that the solid
volume decreases when reacting to TiC is consistent
with the microstructural observations. This
suggests that the difference in the degree of
shrinkage in the fine powder regions between the
high-temperature side with a high reaction rate
and the low-temperature side with a low reaction
rate led to the cracking.

3. Increasing the amount of metallic silicon powder
suppressed cracking. Furthermore, increasing the
amount of carbon black added required an increase
in the amount of metallic Si powder needed to
suppress cracking or deformation. These findings
suggest that the metallic Si powder suppresses
cracking by mitigating the reduction in solid
volume that occurs when TiC is formed.

4. Due to the use of metallic Si powder, the post-
reaction structure includes SiO;, however, the
corrosion resistance was clearly better compared to
the system without TiO; addition.

5. Based on literatures comparisons of solubility and
concentration gradient into molten pig iron, TiC
can be a substance with a slower dissolution rate in
molten pig iron than SiC. The reason why
containing TiC to ASC refractories reduces
localized wear at the slag-metal interface can be
explained by their property of being difficult to
dissolve into both slag and metal.

Through this investigation, we have developed

a new ASC castable that achieves both high corrosion

resistance and thermal shock resistance. A patent has

been granted for this new material, and it can be
expected to achieve high performance in practical
applications.
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