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Abstract

In this study, the susceptibility of properties of blast furnace trough slag line material including

various types of carbonaceous materials to thermal cycle was investigated. Properties of slag line
material changed throughout the thermal cycle according to progress of sintering characterized by
mullite formation. However, the degree of sintering varied according to the kind of carbonaceous
materials, that is, sintering of the castable containing pitch as a carbonaceous material progressed
little. The corrosion resistance of the castable containing carbon black deteriorated after 5 thermal
cycles. Increase of pore size was observed in the castable containing carbon black after 5 heats,

which probably caused large slag penetration and poor corrosion resistance.
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1. Introduction

The main trough of a blast furnace is not only
a channel for molten metal and slag drained from
the blast furnace tap hole but also a separator
of the two immiscible liquids. Castables mainly
composed of alumina, spinel, silicon carbide and
carbon are widely used for the wear lining of
the blast furnace main trough. Because main
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Table 1 Material composition and water content
Sample A | B | C | D
Al:Os 17
SiC 75

Chemical Green
composition Carbon bitch Coal-tar
/mass% C black |~ \o | Ppitch —
4 A 4
Others 4
Water content
/mass% 5.4 7.2 7.1 6.3
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trough castable is affected by the thermal cycle,
which is caused by liquid surface level varia-
tion accompanying opening and closing of the
taphole as well as drainage of liquids stored in
the main trough for repairing/inspection of the
trough and short stop for planned blast furnace
maintenance, characteristics of the main trough
castable are expected to change during use.
Thus, it is very important to evaluate the change
in characteristics according to thermal cycle in
order to understand the damage mechanism
of main trough castables for improvement of
advanced materials.

Previously, property changes of blast furnace
main trough metal line material during long
term operation and their causes had been
discussed according to the results obtained
from repetitive heating experiments"”?. For this
study, blast furnace trough slag line material
was subjected to a repetitive heating experi-
ment followed by investigations of changes in
properties and microstructures. In addition, this
study focused on the influence of carbonaceous
materials. Regarding carbonaceous materi-
als for main trough castable, it is known that
carbon blacks improve corrosion resistance of
the material after short term heating but pitch
does not”. However, there are few reports on
the characteristics of castable after long term
heating or heating-cooling repetition. Therefore,
the influence of carbonaceous materials on
blast furnace trough slag line material property
changes after repetitive heating was investi-
gated in this study.

2. Experiment

The raw material percentages for the exami-
nation samples are shown in Table 1. These
samples were based on typical trough castables
for the slag line of main trough. Three materi-
als including different types of carbonaceous
materials and the material excluding carbona-
ceous material were prepared. A carbon black,
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Table 2 Properties of each carbonaceous raw

material
Softening Fixed Volatile
point carbon matter
/C / mass% / mass%
Carbon black — >99 <1
Green pitch coke >300 >80 <20
Coal-tar pitch >200 >70 <30

H—Kr7Ivs, F)—r¥yFa—-rAx (U
Ta—2R), a—L¥—LEvF (LTFEvF)
Thbo 1—HRVEROFELRKEML Table 21278
T

ZNENOREWZ, FEEORENED T O N
B X HNRG R, TTRE FH— % VR
L 72, 40 x40 % 160mm O 85 3A A Fe 12 HE B & hn
ZRISOUE LaAA, 24KEH DL A U 722 12 ik
L, 110C C24K5f#zE:, Z0Hha—2 A7) — X
HT1500C-3hD gk - ARG HIZ IR K5 E £ T
M0 R L CRBR R 21572,

nEt - mEI T LT R, BRI, 77
AV RNV =y 7B X DEEERLHE L7, £

f2 1 BN & 5 EUNIAAGEL 5R0E, RARGAAL
#, B S HEEOWILOWE, B & OETEHR

2 & DR E, XM RIITEIC X S8 O
ExATo72. 61T, B—Rr 7T v 7 HRIME
A, T— 7 ZAWMMEB, ¥ v FEmsECIZ B
LT, 1mEm#iz & 5 Btk ok 2 Hw
THHE BT AEIC & B AT 7R ERER & KGUE A
RIS & B SIS ORIE 24T o 720 RERERR
FEIZ1600TC, FEREFMIZ 5 e, = 1Rl 2 &
ICAT T DANGER @ Ef L7z MEJikE LT
&, BB OBRILECIZ WY =7 gk e L,
C/S=120 AT 7 e fti{ A 7 7 & L7zo &4l
53 Ai130.01~10 u m D FEPH 2 5% L 72

3. HEBRIER

3.1 YO

MY LINEA T & oz b, EELE, b
PR O ERE % Figs.1 ~ 3128 T o T-XCTOH
BT, mBUzE b vy, ST, EHE, EEEE D
BRI R A & 2o 7208, WL 7z 0 —R

Shinagawa Technical Report

a green pitch coke (hereinafter referred to as
coke), and a coal-tar pitch (hereinafter referred
to as pitch) were used as carbonaceous materials.
Table 2 shows the properties of carbonaceous
materials used in this experiment.

These raw materials were mixed with water
to exhibit equivalent flowabilities and cast into
molds (40x40x160mm). After waiting over 24
hours to set, the materials were demolded and
dried for 24 hours at 110C. Those samples were
heated at 1500C for 3 hours in a coke breeze,
and then, cooled in the furnace naturally. Heat-
ing-cooling was repeated up to 5 times.

After each heat, the linear change, weight
change and dynamic modulus of elasticity
were determined. Evaluations of the modulus
of rupture, cold crushing strength, apparent
porosity, and bulk density, observation of the
microstructures by EPMA, and identification of
mineral phases by XRD were carried out for
the specimens after the first and the fifth heat.
In addition, corrosion and pore size distribution
tests on the specimens, including carbonaceous
materials, i.e., A, B and C, after the first and
fifth heat were carried out. The corrosion tests
were carried out by rotary drum method with
1 kg of blast furnace slag (C/S=1.2) at 1600C.
The slag was replaced every one hour. Test-
ing time was 5 hours and heating method was
arc heating which has little oxidation influence.
The pore size distribution of 0.01~10xm was
measured by mercury press-in method.

3. Results

3. 1 Physical properties

Figures 1 to 3 show the linear change, weight
change and modulus of elasticity after each
heat. The length, weight and modulus of elastic-
ity roughly increased as the number of heats
increased. But the degree of change varied
according to the kind of carbonaceous materi-
als included. The linear change of sample D
significantly increased until 2 heats and did not
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increase much after that while the linear change
of sample A increased continuously with the
heating-cooling repetitions. On the other hand,
the linear changes of coke containing sample B
and pitch containing sample C increased little
with the heating-cooling repetition. The weight
increase with heating-cooling repetition of
sample C was smaller compared to the increase
of other samples. The increase in modulus of
elasticity of sample A was larger compared to
other samples. Figures 4 to 7 show the appar-
ent porosity, bulk density, modulus of rupture
and cold crushing strength of the specimens
after 1 time and 5 times heating. The apparent
porosity decreased and the bulk density and
strength increased after repetitive heatings in
all samples, however, the degree of change in
properties differed. Particularly, the changes in
physical properties by heating-cooling repeti-
tions of sample C were smaller comparing to
other samples.
3. 2 Microstructures and mineral phases
The microstructures of the samples after
heating are shown in Fig.8. Relatively large
pores and carbon residue around pores were
confirmed in coke containing sample B and
pitch containing sample C. After 1 time heat-
ing, mullite was observed on the periphery of
fine corundum grains (=5um) and corundum
grains appeared to be connected by mullite
In carbonaceous materials excluding sample
D. However, fine particles of corundum were
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20

18 | [__] After 1 heat
o 16 Il After 5 heats
=
S 4 —
(]
§ 12
3 10
5 8
n
S
= 6
8
S 4

2
0

A B C D

Fig.6 Modulus of rupture after 1 and b heats.

3. 2 WMmKEES X UVLmBEOEL

TEE OB EG B % Fig8IZRd, I—72
AU EB, € v Sl RC T R
X RS RD SN, FORBEIFRRK T ERR L
720 =R YFERZ BRI L TW 2R WHEDTIE,
1 [N 4% o BB TRl 2>V Corundumbr 1 (B &
ZHEZESumbT) ORI IZMullite 23588 5 1,
MulliteZ /- L CiifE L T 5 L) ICEIg s
DKL, =R VFEERZ RN 72WF o
b, 1 AnEE O BB €Ll 2> v Corundumbr 1
MWHMCTHIEL TWize —7, 5 IRNEE T,
=R T Ty 7 RMMEA, 3 — 7 AR
FBT b KFDMl A v Corundumbis 1 o J& B 121X
Mullite 28 LB 26 < 5RO BN & ) kT [H]

Shinagawa Technical Report

2.80

[ After 1 heat

27511 I After 5 heats

2.70

2.65

2.60

Bulk density / -

2.55

2.50

2.45

A B C D

Fig.b Bulk density after 1 and 5 heats.

80

[ 1 After 1 heat
I After b heats

70

60

50

40

30

20

Cold crushing strength / MPa

10

0

A D

Fig.7 Cold crushing strength after 1 and 5 heats.

isolated in all carbonaceous materials containing
samples. After 5 heats, on the contrary, sufficient
amounts of particle-connecting mullite phase
were observed for all specimens except pitch
containing sample C. In sample C, no connecting
structure among corundum fine particles was
confirmed despite only a little amount of mullite
phase was recognized. Smallness in quantity of
mullite was confirmed by XRD analysis of which
just weak broad mullite peak was detected in
pitch containing C after five heats.
3. 3 Corrosion resistance

Figure 9 shows the corrosion index after 1
and 5 heats. After 1 heat, the corrosion
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Fig.8 SEM images after 1 and b heats.
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resistance of sample A was higher than that of
samples B and C. After 5 heats, the corrosion
resistance of sample A deteriorated, but, the
corrosion resistance of samples B and C did not
change much.

Figure 10 shows the microstructures and
distribution of Ca after the corrosion test. Slag
penetration was observed for all specimens but
material A after 1 time heating.
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Fig.9 Corrosion index after 1 and b heats.

3. 4 Pore size distribution

Figure 11 shows the pore size distribution
from 0.0lxm to 10um. For all materials, the
pore diameter distribution shifted to a larger
zone after five heats. Sample A showed smaller
pore size than samples B and C.

Figure 12 summarizes the result of an extra
experiment that evaluated the pore size and
corrosion resistance of materials consisting of
particles finer than 75um and including various
kinds/amounts of carbon black. The amount of
carbon black was varied from 0 to 3Z2mass%.
The result indicates that the corrosion resis-
tance changed drastically as mode value of
pore diameter increases and the threshold is
0.25um.

4. Discussion

4. 1 Microstructures

As for trough metal line castable, which
consists of alumina, spinel, silicon carbide and
carbonaceous materials, previous experimental
studies have shown that Mg(g) and SiO(g)
evaporate from spinel and SiC, respectively, fol-
lowed by reactions among Mg(g), SiO(g) and
corundum in the matrix to form liquid phase,
which induces sintering. These studies also indi-
cated SiO(g) dissolution into the liquid phase
promotes SiO(g) evaporation from SiC to keep
equilibrium pSiO(g)"".
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Fig.11 Distribution of pore diameter.

The pore diameter mode values of each
sample are also indicated in the figure.
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The apparent porosity values of each
sample are also indicated in the figure.

The same phenomenon is consider to also
occur in trough castable for the slag line. In
slag line castable, a eutectic reaction occurs at
the grain boundary between different kinds
of raw materials to form the liquid phase into
which SiO(g) from SiC dissolves. In the liquid
phase, mullite would be precipitated as a result
of SiO(g) dissolution. These reactions can be
expressed as the following equations.

SiC(s) + CO(g) — SiO(g) + 2C(s) -+ (1)
3ALOs(s) + 2SiO(g) + 2CO(g)
— 3ALO;-2Si0:(s) + 2C(s) -+ (2)

The mullite observed in the microstructure
shown in Fig.8 is considered to be formed
by this reaction. Assuming that the sintering
of the material proceeds by the connection of
corundum particles shown in the above process,
the degree of sintering can be evaluated by con-
nection status.

Because dissolution of SiO(g) into the liquid
phase decreases pSiO(g), evaporation of SiO(g)
from SiC continues to keep the equilibrium of
pSiO(g). As a result, the sintering accompany-
ing mullite formation progresses.

Suppression of mullite formation by carbo-
naceous materials can be explained as follows.
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after heating-cooling repetitions.
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Because the existence of carbon raw materials,
which have no sinterability between sinter-
able raw material particles, inhibits contact of
particles and suppresses formation of liquid
phases, dissolution of SiO(g) into liquid phase
is suppressed. Hence, the decrease in the rate
of pSiO(g) is retarded, resulting in suppression
of the reaction represented by equation (1).
The reason why pitch was more effective for
suppressing sintering than the other carbon
raw materials is considered as follows. Different
from solid carbonaceous materials like carbon
black or coke, which tend to be fixed after
being dispersed homogeneously in the material
by mixing, pitch can move from its initial place
to another place by melting or/and volatiz-
ing/condensing. In this process, it is acceptable
to assume that carbon condensation is likely
to occur at the grain boundary because of its
geometric configuration. As a result, it inhibits
contact of particles more efficiently (Fig.13).
That is to say, the relatively large pores and
carbon residue around pores in samples B and
C shown in Fig.8 are assumed to be formed by
the volatizing and condensing of pitch.

The mullite forming reaction expressed by
Egs.(1) and (2) is accompanied by volume and
weight increase. In sample A, B and D, in which
the progress of sintering was clearly observed,
length and weight increased as the number of
heats increased (Figs.1 and 2). Therefore, it is
suggested that the formation of mullite consid-
erably influences the changes in the physical
properties by heating-cooling repetition.

4. 2 Corrosion resistance

The corrosion resistance of sample A was
higher than samples B and C after 1 heat. This
result supports the previous studies®. Based on
the observation of microstructure, it is attrib-
uted to the little slag penetration in carbon
black containing the materials. After 5 heats,
however, the corrosion resistance of sample A
drastically deteriorated. On the other hand, the
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corrosion resistance of samples B and C did not
deteriorated even after 5 heats. Since appar-
ent porosity decreased after 5 heats as shown
in Fig.4, the change in corrosion resistance
by thermal cycle cannot be explained by the
decrease in apparent porosity.

Also, it is difficult to explain the deteriora-
tion in corrosion resistance of sample A by
the increase in SiO, since no deterioration in
corrosion resistance was evaluated for sample B
after 5 heats, from which considerable progress
of sintering was recognized. According to Iida
et al, who evaluated the corrosion resistance
of metal line castable after long term heating
(1400C for 24h), the corrosion resistance did
not deteriorated even if SiC was oxidized and
Si0,-rich phase was formed. The reason is that
SiOs-rich phase is condensed under equilibrium
conditions and localized in the materials®. On
the analogy, no significant influence of mullite
formation can be assumed since corrosion
resistance of coke containing sample B has not
deteriorated after 5 times heating.

The corrosion resistance of sample A was
deteriorated by 5 heats. This is attributable
to the increase in slag penetration after heat-
ing-cooling repetitions. Doi et al. suggested
that pore size distribution is one of the major
factors affecting the corrosion resistance?. The
corrosion resistance was varied dramatically at
mode value in the pore size diameter of around
0.25um (Fig.12). With large pore size diameter,
slag easily penetrates into castable. Therefore,
the corrosion resistance deteriorated. In this
study, the mode value of the pore size of sample
A shifted from 0.22um to 0.28 um after five
thermal cycles. In spite of the smallness, it
exceeds the threshold of 0.25um. In this mate-
rial, the threshold was considered to be the
critical pore diameter in which molten slag
penetrates. As a result, the corrosion resistance
of sample A varied.
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5. Conclusion

Thermal cycle influence on the properties of
blast furnace main trough slag line materials
were investigated and the following were clari-
fied.

*Sintering accompanied by the formation of
mullite progressed throughout the thermal
cycle, resulting in changes in physical proper-
ties and corrosion resistance.

*The degree of sintering and change in the
characteristics of the castable after repetitive
heating varied according to the kind of car-
bonaceous material. A pitch was found to be
the most effective material that suppresses
the progress of sintering. The changes in
strength and corrosion resistance of the cast-
able using pitch were smaller than the other
samples.

*The corrosion resistance and slag penetration
resistance of the castable using carbon black
deteriorated after 5 thermal cycles. The poor
corrosion resistance can be attributed to the
slight increase mode value of pore diameter
in excess of the threshold.
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