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Abstract

Alumina-magnesia castable materials used mainly in steel ladles form spinel at high temperatures
heated under free conditions results in large permanent linear change and the material texture
becomes porous. The materials are used as a structure in actual use and are bi-axially restrained
by the surrounding structural members. It is known that the textures and characteristics of
the materials in actual use do not match the laboratory evaluations. This study investigated the
influence of bi-axial restraint on the characteristics of alumina-magnesia castable refractories.
The other castable material with high strength was cast to the surrounding area of the alumina-
magnesia castable to prepare bi-axially restrained specimens. Densification of the specimen texture
was observed after heating under restraint. The strength was greatly increased especially after
heating at high temperature. This suggests that the difference in the strength between the working
face and backside of actual ladles is significantly larger than the material evaluations carried out
under non-restrained conditions.

1. #E 1. Introduction
HIE, EHEEHAE Y ARSI EHIIE TV 3 Alumina-magnesia castable refractories have
F =T AT TG LABRMDIL L b Tw been widely used for working linings of steel

bo TIVIF -T2 THEIX T3 FEER ladles. They are composed of alumina and
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Fig.1 An example of thermal expansion behavior

of alumina-magnesia castable refractories.
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magnesia raw materials”™, and spinel is formed
by the following reaction (1).

Al,Os;+MgO — MgAlLO, (Spinel)

The formed spinel gives the good effects of
the high corrosion resistance and high slag
penetration resistance.

Alumina-magnesia materials expand drasti-
cally at 1200C-1400C and the expansion
remains after cooling under non-restrained
conditions (Fig.1). The expansion causes an
increase in apparent porosity and the material
texture becomes porous. However, in actual use,
the expansion is limited by the surrounding
structural members and steel shell. In addition,
the refractories show creep behavior at high
temperature”. The material texture under
restraint is considered to be denser than that
under non-restrained conditions as in laboratory
evaluations.

In the recent researches, the heating tests
under restrained conditions have been reported.
Kitanaka et al.9 carried out heating tests with
the specimens fixed at the both ends and
reported that the specimens were cracked and
buckled. Kamio et al.® conducted rapid heating
tests with the specimens fixed at both ends and
reported about the observations of crack-devel-
oping behavior. However the refractories used
in actual steel ladles are under bi-axial restraint
and are free in the direction perpendicular to
the hot face. The examinations under uniaxial
restraint such as the above do not fit the actual
use conditions in steel ladles. In this study, we
heated specimens under bi-axial constraint and
investigated the change in the material charac-
teristics.

2. Heating Test under Restraint

2. 1 Preparation of restrained specimens
The outline of the restrained specimen is shown
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Fig.2 Schematic diagram of restrained specimen.
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Table 1 Specifications of sample castables and
outer castable

Sample Castable | Quter

(a) (b) (c) |Castable
Chemlcal A|203 87 91 95 57
composition | MgO 1 7 3 —
/% S0 NN 39
Maximum particle size /mm| 5 5 5 5
Water content / % 5.5 5.5 5.5 6.5

in Fig.2. The castable specimens were prepared
by casting into a 25mmX*25mmx*120mm mold
and were cured over 24 hours. They were put at
the center of another 120mmX25mmXx180mm
mold and the other castable material (hereafter
“outer castable”) was cast to the surrounding
area of the specimens to be restrained. They
were cured over 24 hours and were dried at
110C for 24 hours. For comparison, the non-
restrained specimens without outer castable
were also prepared by the same curing and
drying methods.

The specifications of the specimens and
the outer castable are shown in table 1. The
specimens were alumina-magnesia castable
refractories containing 3% to 11% of MgO. The
outer castable had good spalling resistance and
small permanent linear change.

The restrained and non-restrained specimens
were heated at 1000C, 1300C and 1500C for 3
hours in air.

2. 2 Results of heating test under restraint

Figure 3 shows the appearance of the
restrained specimen containing 11% MgO after
heating at 1500C. No cracks were found on the
specimen or outer castable. Figure 4 shows the
permanent linear changes of the restrained and
the non-restrained specimens. The permanent
linear change was measured in a longitudinal
direction after removing the outer castable in
case of the restrained specimen. The expansion
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Fig.3 Restrained specimen after heating at 1500°C.
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Fig.5 Modulus of rupture of restrained and
non-restrained specimens at various
temperatures.
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Fig.4 Permanent linear change of restrained
and non-restrained specimens at various
temperatures.

of the non-restrained specimens increased
according to higher heating temperature, on
the other hand, expansion of the restrained
specimens was almost zero at all heating tem-
peratures.

The alumina-magnesia refractories show
large permanent linear change. However, the
specimens heated under bi-axial restraint sup-
pressed the expansion regardless of no stress
relaxation by fracture behaviors such as cracks
and buckling”®.

We evaluated various characteristics of the
specimens heated under restraint and non-
restraint.

3. Change in Characteristics under
Restraint

3. 1 Characteristics comparison after
heating

The samples containing 11% of MgO (sample
(@) in Table 1) were heated at high temperature
under restrained and non-restrained conditions.
The characteristics were measured and evalu-
ated.

Figure 5 shows the modulus of rupture
(hereafter MOR) after heating. The MOR of
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Fig.6 Modulus of elasticity of restrained and
non-restrained specimens at various
temperatures.
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Fig.8 Microscope image of (a) non-restrained specimen; (b) restrained specimen; (c) schematic

diagram of sampling position.
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both of them increased with the higher heating
temperature. The MOR of the restrained speci-
mens increased more especially when heated at
1500C. Figure 6 shows the modulus of elasticity
(hereafter MOE) after heating. The MOEs of the
restrained specimens were higher than those of
the non-restrained specimens throughout the
heating temperature range. The change in appar-
ent porosity (hereafter AP) is shown in Fig.7.
The AP of both increased with temperature.
The AP of the restrained specimens increased
less than the non-restrained specimens, which
means that the restrained specimens had a
denser texture than the non-restrained ones.
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Fig.9 Pore-size distribution of restrained and
non-restrained specimens after heating at
1500°C.
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3. 2 Microstructures of restrained and
non-restrained specimens

Figure 8 shows the compositional images of
the specimens containing 7% of MgO heated
at 1500C Fig.8(a) is an image of the non-
restrained specimen and Fig.8(b) is an image
of the restrained specimen. The images were
taken parallel to the restraint plane (Fig.8(c)).
In the photos, the black area and dots indicate
pores. The non-restrained specimens had more
pores and a more porous texture. The restrained
specimen had less pores and denser texture.

To investigate the influence of restraint on
pore size, the pore size distribution of the
specimens containing 7% MgO was measured
by mercury porosimeter (Fig.9). The median
pore size of restrained specimen was 2.4um,
which is smaller than that of the non-restrained
specimen at 3.1 um. Moreover, the largest peak
of non-restrained specimen at 3.8 um was dras-
tically reduced in the restrained specimen.
3. 3 Change in characteristics under

restraint

Outer castable suppressed the permanent
linear change of the specimens. The specimens
showed no cracks or buckling after heating
under bi-axial restraint. Porosity reduction,
pore refinement, MOR and MOE increase were
observed. It is considered that texture densifica-
tion caused by heated under restraint results in
increase of MOR and MOE.

4. Influence of MgO Content on Physical
Characteristics after Heated under

Restraint

4.1 Influence of MgO content on permanent
linear change

We evaluated the influence of MgO content

on material characteristics after heating under

restraint (Table 1 (a)-(c)). The change in per-

manent linear change (hereafter PLC) according



Vol. 60 2017
5.0
- - - - Restrained
40
--0-- Non-restrained
3.0 o)
= 1500°C 3h 7
20 -7
9 e
a ’
10 s
o | |
’  SEEEEE - 4
1.0
0 H 10 15

MgO Contents / mass%

Fig.10 Permanent linear changes of restrained
and non-restrained specimens with various
MgO contents.
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Fig.11 Modulus of rapture of restrained and

non-restrained specimens with various
MgO contents.

to the MgO content is shown in Fig.10. The
PLC after heating under non-restrained condi-
tions increased as the MgO content increased.
On the other hand, PLC after heating under
restrained conditions, the PLC remains about
the same throughout the whole heating temper-
ature range. It is considered that the restrained
specimens were heated in enough restrained
conditions. The specimens containing 3% MgO
heated under both of restraint and non-restraint
showed almost zero PLC.
4. 2 Influence of MgO content on physical
characteristics

We evaluated the change in the physical char-
acteristics against MgO content after heating
under restrained conditions. Figure 11 shows
the change in MOR. After heating under non-
restrained conditions the MOR lowered as the
amount of MgO increased. On the other hand,
the MOR was not influenced by the content of
MgO and remained almost same after heating
under restrained conditions. The restrained
specimens show the same or higher MOR than
the non-restrained one for each MgO contents.
Figure 12 shows the change in MOE in rela-
tion to the MgO content. The MOE of both the
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restrained and the non-restrained specimens
decreased as the MgO content increased. The
MOE of the non-restrained specimens decreased
more markedly than those of the restrained
specimens for each MgO contents. Figure 13
shows the change in AP. The AP of both the
restrained and non-restrained specimens rose
up as the content of MgO increased. The AP
values of the non-restrained specimens rose up
more significantly than those of the restrained.
4. 3 Influence of MgO content on physical
characteristics after heating under
restraint

The PLCs of the specimens containing 3% of
MgO were almost zero after heating under not
only restrained but also non-restrained condi-
tions. The physical characteristics did not show
significant difference between the restrained
and the non-restrained specimens. On the other
hand, the PLCs of the specimens containing
11% MgO after heating under restraint were
larger than those under non-restraint resulting
in lower MOR.

The PLCs of the restrained specimens were
approximately zero regardless of the increase in
AP and decrease in MOE as the MgO content
increased. The bi-axially restrained specimens
are considered to have expanded in the direc-
tion perpendicular to the restrained axis, and
the material texture became porous.

5. Influence of Restraint in Actual Use

The MOR of the restrained specimens heated
at high temperature significantly increased in
comparison with those of the non-restrained
specimens. This suggests that the difference in
the material strength between the hot face and
backside of the ladles will be more significant
than the estimated under non-restrained con-
ditions in laboratory, especially in case of the
materials which have large MgO content and
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larger PLC.

The alumina-magnesia materials containing
much MgO showed a very small PLC in the
restrained directions, however, the AP increased.
The materials are considered to have expanded
in the direction perpendicular to restrained
axis. Spalling can occur in actual use with
materials that spalled in the uniaxial restraint
tests®?. Corrosion resistance can be improved
by increasing the content of MgOV, but it is
necessary to pay attentions to the significant
difference in material strength between the hot
face and backside of the ladles, and material
expansion in the direction perpendicular to the

restrained axis.
6. Conclusion

In order to evaluate the characteristics of
alumina-magnesia castable refractories in con-
ditions similar to those of actual use, heating
tests under bi-axial restraint were conducted.
It was experimentally confirmed that the PLC
of the restrained specimens after heating was
very small and the texture became denser.

Hereafter, we would like to compare the
results of experiments and actual use and
improve the examination methods. Moreover,
we will make efforts to establish better evalua-
tion methods reproducing actual conditions.
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