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Abstract

In this article, influences of restraint and MgO content on densification of alumina-
magnesia castable during heating were experimentally studied. High thermal
expansion-alumina-magnesia castable specimens were surrounded by low thermal
expansion-alumina-silica castables, and heated in an electric furnace. Doing so
allows restrained heating of alumina-magnesia castable. According to the results of
simple calculations, the restraint stresses were estimated to be between 2 to 20 MPa,
so the experimental conditions were considered reasonable.

As a result of the experiments, it was verified that restraint densifies alumina-
magnesia castable, resulting in an increase in modulus of rupture and modulus of
elasticity. The densification effect of restraint became larger as the MgO content
increased. The effects are attributable to an in-situ spinel forming reaction, which
improves corrosion resistance.

Taking the temperature distribution in the castable lining into account, large restraint
stress is expected for the hot face while only a little effect is expected for back end.
Thus, excessive difference in material property in the thickness direction, which is
undesirable in terms of structural spalling, is a concern.

Hence, the MgO content of alumina-magnesia castable should be determined
carefully, taking not only corrosion resistance but also spalling resistance into
consideration.
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1 INTRODUCTION

For decades, Japanese integrated steel mills have been adopting castable
refractories to the metal line and bottom of steel ladles because of the easy
installation procedure without the requirement of skilled masons, as well as formation
of jointless monolithic structure. Since the early 1990’s, alumina-magnesia castable
refractories, which are composed of alumina and magnesia raw materials [1]-[3],
have been widely used due to superior corrosion and slag penetration resistance.
These favorable properties are attributed to microstructure strengthening induced by
an in-situ spinel forming reaction as expressed in Equation 1.

Al203 + MgO — Al2MgO4 (1)

As a result of the reaction, alumina-magnesia materials tend to exhibit large thermal
expansion in the temperature range between 1200 ‘C-1400 °C under non-restrained
conditions, resulting in large permanent linear changes (hereinafter, referred to as
PLC).

However, the expansion is limited by the surrounding structural members in actual
use. In addition, the materials show creep behavior at high temperature [4].
Therefore, the material texture under restraint is considered to be denser than that
under non-restrained conditions. Although experimental heating under load is
possible by utilizing apparatus for the thermal creep experiment or the refractoriness
under load evaluation, the imposed load is usually 0.2 to 0.5 MPa, which is
considered to be much smaller than the actual use restraint load.

Braulio et al. [5] conducted bi-axial restrained heating experiments. They heated
large expansion-alumina-magnesia castable specimens surrounded by low thermal
expansion-alumina-silica castable. The alumina-magnesia materials were densified
by heating under restrained conditions. According to those results, they concluded
that the densification improves slag penetration resistance. In their study, the
influence of particle size was evaluated.

Kitanaka et al. [6] carried out mono-axial restrained heating experiments in which
both ends of the rectangular specimens were fixed. As a result of the experiment,
they observed that the specimens were cracked and buckled. Therefore, they
concluded that excessive expansion of castables possibly deteriorates spalling
resistance. However, mono-axial restraint is considered to be inadequate for
reproducing the restraint of an actual steel ladle.

In this study, the authors evaluated the influences of MgO content and bi-axial
restraint on castable properties and their effects on spalling resistance are discussed.

2 MATERIAL AND METHODS

2.1 Procedure and mathematical model of restraint heating

Figure 1 schematically shows the specimen shape for restraint heating. High thermal
expansion-alumina-magnesia test materials are surrounded by alumina-silica

castable that shows lower thermal expansion. Restraint heating of alumina-magnesia
test materials is achievable by heating these combined bodies in an electric furnace.
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Figure 1. Schemaic diagram of restrained specimen.

Since the surrounding outer castable shows thermal expansion, the inner test
materials are not completely restrained. Under these experimental conditions, stress
loaded on test materials can be estimated mathematically.

Figure 2 shows a schematic diagram of a mathematical model in which the inner test
material and outer castable adhere completely. At elevated temperatures, high
thermal expansion-inner test material is shortened and low thermal expansion-outer
castable are lengthened from their natural expansion position in order to maintain
identical overall expansion. In this situation, compressive stress and tensile stress
are applied on the inner test material and outer castable, respectively, according to
their elasticities. The overall expansion can be calculated since it is at the position at
which the compressive force applied on the inner test material is equivalent to tensile
force applied on the outer castable. Thus, stress loaded to specimen can be
estimated by thermal expansions, hot modulus of elasticities (hereinafter, referred to
as HMOE) and cross sectional areas of each material.

Outer castable

/ Test material
/

Figure 2. Schematic diagram of model to estimate
stress generated by restraint.
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In the following mathematical model description, suffixes “”, " and “o” indicate
combined body, inner test material and outer castable, respectively. Assuming the
overall expansion of the combined body, natural coefficients of thermal expansion,
HMOEs at elevated temperature (T) and cross sectional areas as ac(T), ai(T), ao(T),
Ei(T), Eo(T), Si and So, respectively, forces acting on inner test material and outer
castable (Fi(T) and Fo(T)) are expressed as Equations 2 and 3, respectively.

F(T=(o(M-ac(T)-E(M-S, (2
Fo(T) = (0c(T) = a0 (T))-Eo(T)- Sy (3)
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According to the assumption, Equation 4 is obvious.

F(M=FRM=KT) (4)

By solving simultaneous equations (Equations 2 and 3), F(T) is given by Equation (5).

a,(T) -, (T)
(Ei(T)-S) " +(Eo(T)-So)"

F(T) = (5)

Hence, stress loaded to inner test material at temperature T (0i(T)) can be estimated
by Equation (6)

_ a,(T)—ay(T)
Oi(T) ) {(Ei(T) : Si)il + (EO(T) ’ So)il}' Si

(6)

Strictly speaking, thermal expansion and restraint occur in three dimensions. In this
study, however, a one dimensional mathematical model was employed for
convenience sake.

2.2 Specimen preparations

Table 1 provides the characteristics of the materials. Three alumina-magnesia
castables containing different amounts of MgO were used as test materials. The
outer castable is alumina-silica material which shows good spalling resistance and
small PLC.

Table 1. Characteristics of specimens and outer castable

Test materials Outer
(@ (b)) (c) castable
Chemical Al,O3 87 91 95 57
composition MgO 11 7 3
/ mass% SiO; 1 1 1 39
Maximum particle size /mm 5 5 5 5
Water content / mass% 55 55 55 6.5

The test materials were mixed with water and mixtures were cast into a 25 mm x 25
mm x 120 mm rectangular mold. The test material filled molds were left on a
horizontal table at room temperature over 24 hours for curing. The cured test
materials were demolded and put at the center of another 120 mm x 25 mm x 180
mm mold followed by outer castable casting to the surrounding area of the test
materials. Subsequent to outer castable curing and demolding, the combined bodies
were dried at 110 °C for 24 hours.

Additionally, in order to evaluate other properties, which will be described in the next
subsection, some other test materials specimens and outer castables were prepared
by the same procedure, i.e., casting, curing and drying.

2.3 Property evaluations
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The evaluated properties and heating conditions are summarized in Table 2.
According to the mathematical model mentioned in subsection 2.1, thermal
expansions and HMOEs of test materials and outer castable are necessary for
restraint stress estimation. For the estimation, static modulus of elasticity rather than
dynamic modulus of elasticity is suitable. Therefore, the HMOE were evaluated by
static method. Taking time consuming procedure of static HMOE evaluation and
required accuracy of estimation into account, evaluations of static HMOEs were
performed just for test material (b) and outer castable.

Properties of test materials after heating with and without restraint at 1000 "C, 1300
°‘C and 1500 °C were evaluated. In order to verify the influences of restraint,
microstructure observation and pore size determination were carried out.

Static HMOEs and modulus of ruptures (hereinafter referred to as MOR) after heating
were evaluated by three point bending method. The apparent porosities (hereinafter,
referred to as AP) and dynamic MOE after heating were mesured by Archimedes
method and Grindosonic method, respectively. The pore size distrubutions were
determied by mercury intrusion method. An EPMA was utilized to observe the
microstructures of the materials.

Table 2. Materials subjected to evaluations

Heating conditions

Evaluations 1000 °C, 1300 °C, 1500 °C 1500 °C for 3
for 3 hours in air hours in air

Thermal expansion at elevated temperatures (@), (b), (c), outer castable -
without restraint

Static hot modulus of elasticity(static HMOE)  (b), outer castable -
at elevated temperatures

Permanent linear change (PLC) @) (@), (b), (c)
after heating with and without restraint

Apparent porosity (AP) @) (@), (b), (c)
after heating with and without restraint

Modulus of rupture (MOR) @) (a), (b), (c)
after heating with and without restraint

Dynamic modulus of elasticity (MOE) €) (a), (b), (c)
after heating with and without restraint

Microstructure observation - (b)

after heating with and without restraint

Pore-size distribution - (b)

after heating with and without restraint

3 RESULTS AND DISCUSSION

In this section, evaluated properties will be demonstrated subsequent to description
of restraint stress estimation. Then, the cause of property variations and their
influences on commercial application will be discussed comprehensively in terms of
microstructure evolution.

3.1 Estimation of restraint stress
Figures 3 and 4 show the linear changes of all materials and the HMOEs of (b) and

the outer castable at each temperature, respectively. The thermal expansions of test
specimens increased as the MgO content increased. The outer castable showed the
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lowest thermal expansion. While the HMOE of the test material (b) decreased linearly
as temperatures rose, the outer castable showed the highest HMOE at 1300 °C.

By using the evaluated values shown in Figures 3 and 4, restraint stresses acting on
test materials were estimated according to Equation 6. For calculation, the HMOEs of
test materials were assumed to be identical. Figure 5 summarily shows the calculated
results. The stress values were calculated between 2 and 20 MPa, which are
considered to be reasonable.

According to Figure 5, restraint stress became larger as the MgO content of the test
material increased. That is attributable to variation in thermal expansion. The
restraint stresses at 1500 ‘C were smaller than those at 1300 °C since the HMOEs of
the test materials at 1500 ‘C were smaller than those at 1300 °C.

10
5 | --O-- Sample castable
o - (a) 11% s 8 I'__x- Outer castable
O\ 4 - "O" (b) 7% ’ (D 6 |
S, | T ©3% " D R X
g ° [ --%- Outer castable .~/ o 4 O.. .-~
5 R = <L
- 2 r ,A,// I 2 | X \\\\O
3 -- -
©, | Ot e
57 e 0 Lfp————0
o L X . | 0 1000 1250 1500
0 1000 1250 1500 Temperature / °C

Temperature / °C
Figure 3. Linear change of test materials and  Figure 4. Hot static modulus of elasticity of

outer caastable at each temperature. test material (b) and outer castable.

. 20 A

. N

~ 15 - ,', \\

% ’ 4 \\

S10 | @l O

oo e - i

3 --&- (a) 11% AN

g S --O- Eb)) 7%
--¢- (c) 3% ¥

2 o L . t

L )

0 1000 1250 1500
Temperature / °C

Figure 5. Variations of estimated stress
acting on the restrained specimens along
longitudinal direction.

3.2 Physical properties and microstructure of test materials after heating with
and without restraint

The evaluated properties are shown in Figures 6 to 13. The PLCs of the non-
restrained test materials (b) increased in accordance with heating temperature
increase. In terms of MgO content, after heating at 1500 ‘C under non-restrained
conditions, the PLC increased as MgO content increased. On the other hand, the
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PLCs of the restrained specimens were almost zero. This suggests that the restraint
was effective. The APs of the test materials increased with increase in temperature
as well as MgO content. While, the test materials heated under restrained conditions

showed smaller APs.

The MORs increased as heating temperature rose. Restraint enhanced MOR
increase after heating at 1500 ‘C. While a negative corelation was recognized
between the MORs and the MgO content after heating without restraint, the MORs of
all test materials after heating under restraint were equivalent. Similar tendancies for

the MORs were recognizable for the dynamic MOEs after heating.

While influences of restraint were negligible for the test material containing 3 mass%

of MgO, it became larger proportionally to the MgO content.
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Figure 6. Permanent linear change of test

material (a)
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temperatures with and without restraint.
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Figure 8. Apparent porosities of test material
(a) after heating at various temperatures with
and without restraint.
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Figure 7. Variation in permanent linear
change of test materials after heating at 1500
°C for 3 h with and without restraint as a
function of MgO content.
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test materials after heating at 1500 °C for 3 h
with and without restraint as a function of
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Figure 12. Dynamic Modulus of elasticity of
test material (a) after heating at various
temperatures with and without restraint.
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a function of MgO content.

al
o

Figures 14(A) and 14(B) show the compositional images of the test material (b) after
being heated at 1500 “C without and with restraint, respectively. The images were
taken perpendicular to the restraint plane (Figure 14(C)). In the images, the blackish
areas indicate pores. As is obvious, smaller pores were observed for restrained
specimens. It was quantified by pore size distribution as shown in Figure 15.
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Figure 14. Microstructures of (A) non-restrained specimen and (B) restrained specimen.
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Figure 15. Pore-size distributions of restrained and
non-restrained specimens after heating at 1500 °C.

3.3 Discussion

It is natural to hypothesize that variations in properties are attributable to
microstructure evolution induced by an in-situ spinel forming reaction. Assuming that
the densities of corundum (Al203), periclase (MgO) and spinel (Mg2AlO4) are 4000
kg/m3, 3580 kg/m® and 3640 kg/m?3, respectively, 6.5 % increase in volume will
accompany the spinel forming reaction. Thus, a 0.2 % increase in PLC is expected
theoretically for the material containing 10 mol% of MgO. However, considerably
larger PLCs were observed for test materials after heating at 1300 °C and 1500 °C
without restraint. This disagreement is attributed to the reaction process in the test
materials.

As described in PART 1 in this series of papers [7], the spinel forming reaction in
alumina-magnesia refractories is caused by diffusion of Mg?* through the liquid phase,
which is formed along the rims of magnesia particles as a result of a eutectic melting
reaction. Since spinel is a stable solid phase in the liquid, spinel precipitation and
MgO dissolution continues until complete dissolution of MgO particles. In this process,
spinel precipitates freely in the liquid phase to expand the inter-particle distances,
resulting in rapid expansion as well as a larger PLC in comparison with the
theoretical prediction. This results in large APs, which induce negative influence of
MgO content on MORs and MOEs after heating at 1500 °C.

Although it is impossible to determine the rate controlling step of the reaction series
in this study, all the reaction processes, i.e., eutectic melting, Mg?* diffusion, spinel
precipitation and MgO dissolution, would obey the Arrhenius equation. Thus,
changing degrees of each property become larger with increase in temperature.
Inverse proportionality of the HMOE of test material (b) to temperature corresponds
to the amount of liquid phase. Contrarily, the HMOE of the outer castable at 1300 'C
was larger than that at 1000 °C. This is considered to be a result of the formation of a
slight amount of liquid phase which connects particles tightly according to interfacial
tension.

Under the restrained heating condition, it is impossible for the inter-particle distance
to expand. Zero PLCs is evidence. Therefore, spinel tends to precipitate to fill the
void among particles, resulting in lower APs and smaller pore sizes, in another word,
densification. Improving effect of restraint on MORs and MOEs is attributed to
densification.
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Nevertheless, APs of test materials after heating at 1500 °C with restraint increased
with the increase in MgO content. This suggests expansion in the direction
perpendicular to the restrained plane. While no thickness measurement was carried
out, 0.5 mm increase in thickness is expected for 2 % increase in AP.

In refractory linings of actual steel ladles, a difference in restraint stress along the
lining thickness direction in accordance with temperature distribution is expected.
Therefore, the difference in properties between the hot face and the back side is
expected to be much larger than what has been predicted by heating experiments
without restraint. This is an undesirable state in terms of structural spalling. In spite of
the favorable influences of an in-situ spinel forming reaction in terms of corrosion
resistance, the adverse effect on spalling resistance was clarified. Since the influence
of restraint becomes larger with the increase in MgO content, careful attention should
be paid for the determination of the MgO content of alumina-magnesia castables for
steel ladles from the view point of spalling.

4 CONCLUSION

In order to reproduce the heating of alumina-magnesia castable refractories installed
in actual steel ladles, heating experiments under restrained conditions were carried
out for laboratorially prepared MgO content-varied test materials. Heating with
restraint was achieved by heating the combined specimens of which high thermal
expansion-alumina-magnesia castables were surrounded by low thermal expansion-
alumina-silica castable. By using a simple mathematical model, restraint stresses
were calculated to be in the range between 2 to 20 MPa, which are considered to be
reasonable.

According to experimental results, it was found that restraint accelerates densification,
which increases the modulus of elasticity and modulus of rupture of alumina-
magnesia castables. Taking the temperature gradient found in an actual steel ladle
lining into account, the difference in modulus of rupture and/or modulus of elasticity in
the refractory lining was found to be much bigger than expected. This is an
undesirable state in terms of spalling. These results are attributable to an in-situ
spinel forming reaction that improves corrosion resistance. Since the difference in
properties between the hot face and the back side is expected to be much larger than
what has been predicted by heating experiments without restraint, careful attention is
necessary to determine the MgO content of castables.
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