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Abstract

As one of the decarbonization measures aiming to save and recycle resources, an attempt was made
to apply porous alumina, previously used as a catalyst, to castable refractories for steel ladle linings. With
the increasing addition of a waste alumina catalyst, both the modulus of rupture and bulk density decreased,
while apparent porosity increased, resulting in deterioration of slag corrosion resistance. On the other hand,
when an appropriate amount of waste alumina catalyst was added, crack initiation and propagation
throughout the material were suppressed in thermal shock resistance tests. The utilization of the waste
alumina catalyst as a refractory raw material is feasible through a formulation design that accounts for the
material characteristics, minimizes reduction in strength and slag corrosion resistance, and leverages
advantages such as thermal shock resistance and thermal conductivity. This approach represents an effective
means of reducing environmental impact.
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According to a previous report”, CO; emissions from
producing fused alumina are estimated to be 3,198
kg CO: per ton, and those from sintering of alumina
are also estimated as 1,148 kg CO; per ton. In
response to this issue, efforts to recycle refractory raw
materials, i.e., collecting, processing, and re-
utilization of used refractories, have been implemented
mainly in steelworks.

Furthermore, during operation in high-
temperature facilities, energy loss due to heat
dissipation  through refractories occurs, and
technologies to mitigate this loss are also required. In
response to this challenge, the development of new
porous alumina raw materials and their application
to castables has been reported ?.

Thus, reducing CO. emissions and energy
savings are pressing issues in industry. This study
examined the potential effective utilization of porous
waste alumina catalyst, used as a catalyst support in
petroleum refining, and exceeded its usable limit, as a
refractory raw material. Unlike existing refractory
raw materials, the waste alumina catalyst is porous
and may influence the kneading characteristics and
physical properties when used in castable refractories.
We examined changes in material properties when
replacing part of the sintered alumina aggregate with
the waste alumina catalyst in alumina-magnesia
castables and tried to clarify the effectiveness of
applying the waste alumina catalyst as a raw material

for refractories.

2 Experimental methods
2.1 Aggregate composition of prepared test
castable

Alumina-magnesia castables used in steel
ladles are formulated with 90 mass% alumina and 7
mass% magnesia as the base composition, mixed
with sintered alumina aggregates, alumina cement as
binder, silica fume, and other additives in appropriate
amounts. In the aggregate composition, the castables
were prepared by partially or entirely substituting
sintered alumina aggregate with waste alumina
catalyst. Since the bulk density of the waste alumina
catalyst is approximately one-third of the sintered
alumina, a comparable volume was maintained by
incorporating the waste alumina catalyst at one-third
the weight ratio relative to sintered alumina. Details
of each aggregate composition are shown in Table 1.
After kneading the constituent materials, the water
content was adjusted to achieve a tap flow value
ranging from 165 to 175 mm.
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Table 1 Aggregate composition of prepared test castable materials A to D

Castable material
A* B c D
Aggdregate raw material
Sintered alumina (SA) 3a** 2a a 0
/mass%
Waste alumina catalyst (WAC) 0 a3 2al3 a

* Base composition of castable : 90 mass% Al,O, - 7 mass % MgO.

** Value of “a” (lImass%) : 5<a<10
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2.2 Experimental apparatus

Each material was molded into specimens with
dimensions of 40x40x160 mm, dried at 110 °C for 24
h, then fired at 1000 °C or 1500 °C for 3 h, followed
by measurement and evaluation of modulus of
rupture, permanent linear change, bulk density, and
apparent porosity. Thermal conductivity —was
measured by the hot wire method using specimens of
65x114x230 mm rectangular solid shape, after firing
at 1000 °C for 3 h.

Slag corrosion resistance tests were conducted
by using crucible-shaped specimens fired at 1600 “C
for 3 h, filled with the converter slag, and maintained
at the temperature for 12 h. After the test, the specimens
were cut in the longitudinal section, including the
crucible center, and the areas of both worn-out by
corrosion and slag infiltrated in the cut surface were
determined as indicators of slag corrosion resistance.

Thermal shock resistance was evaluated by a
one-sided rapid heating test under restraint® (Fig. 1).
A 65x114x230 mm size specimen was heated at
300 °C for 5 h, then mechanically restrained in the
longitudinal direction before rapid heating. Heating
was performed up to 1600 °C at a rate of 200 “C+min™,
followed by a 10 min holding period and a 10 min
cooling period. This cycle was repeated six times in
total. During the initial heating, a stress of 1 MPa
was applied due to restraint, increasing by 3 MPa at
the start of the second to fourth heating cycles. The
fifth and sixth cycles were conducted without
changing the applied stress at the start. The side of
the heated surface was photographed at a fixed time
interval using a digital camera installed at a stationary
observation point.

Using the digital image correlation method,
the strain distribution on the specimen surface
changing with thermal shock progress was obtained
from the images.
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Fig. 1 Schematic illustration of thermal shock test equipment.
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When cracks occurred in the specimen, strain
locally increased sharply, making it possible to
determine the location and size of the cracks.

For quantitative evaluation of cracking, a crack
index was defined at the end of the sixth heating cycle
as:

Crack index = (the number of evaluation points
where strain = 0.02) / (the number
of evaluation points)

Only strain data equal to or greater than 0.02
were extracted to exclude strains caused by thermal
expansion and isolate crack-induced strains.

3 Results and discussion
3.1 Characterization of waste alumina catalyst

Figure 2 shows the appearance of sintered
alumina and waste alumina catalyst. Sintered
alumina has an angular shape, whereas waste alumina
catalyst consists of comparatively uniform spherical
particles with a diameter from 3 to 6 mm.

Table 2 summarizes the bulk density, apparent
porosity, and compositional analysis results of
sintered alumina (SA) and waste alumina catalyst
(WAC). As previously stated, the WAC has a bulk
density of 1.33, approximately one-third of that of
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Fig. 2 Appearance of alumina aggregate raw materials for alumina-magnesia castable (a) sintered
alumina (SA) and (b) waste alumina catalyst (WAC).
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the SA, which is 3.60. On the other hand, the
apparent porosity of the WAC was 66.5 %, higher
than that of the SA. Both materials had a high ALO;
content exceeding 99.3 %, confirming their high
purity with few impurities. X-ray diffraction (XRD)
results shown in Fig. 3 indicate that both materials
contain the high-temperature stable a-alumina
phase. Only the SA showed a trace amount of
intermediate phase, such as diaoyudaoite. This

Table 2 Composition and density of alumina aggregate raw materials for alumina-magnesia
castable (a) sintered alumina (SA) and (b) waste alumina catalyst (WAC)

Aggregate raw material Sintered alumina (SA) Waste alumina catalyst (WAC)
Al,O, 99.6 99.3
Composition /mass% Na,O 0.18 0.14
Ig-loss 0.02 0.22
Bulk density /g-cm 3.60 1.33
Apparent porosity /% 3.7 66.5
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difference is considered to arise from differences in
firing temperature and Na,O distribution between
the two materials.
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Fig. 3 X-ray diffraction patterns of alumina aggregate raw materials.
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3.2 Kneading properties

Figure 4 shows the relationship between the
amount of WAC added and the water content
adjusted to achieve a tap flow value of 165-175 mm.
The necessary water amount increased with increasing
WAC content, and compared to the additive-free
material A, material D (containing "2" mass% of
WAC) required twice the water content.
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Water content /%

0 1

al3

2a/3
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Fig. 4 Determined water content for kneading to adjust the tap flow value of 165 to 175mm by

adding an amount of WAC.
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3.3 Physical properties

Figure 5(a) and (b) shows the modulus of
rupture of specimens heat-treated in the various
conditions, and the permanent linear change of
specimens fired at 1500 °C, as a function of WAC
addition. Overall, the modulus of rupture decreased
with increasing the WAC content, particularly greatly
in the specimen fired at 1500 “C. The permanent
linear change also showed a decreasing trend with the
WAC content.
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Fig. 5 Effect of WAC content on modulus of rupture (a) and permanent linear change (b) of

alumina-magnesia refractory with various treatments.
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Figure6 (a) and (b) shows macroscopic fracture
surfaces after the rupture test of material C (with
2a/3 mass% WAC) fired at 1000 and 1500 °C,
respectively. At 1000 °C, fracture of the WAC
aggregate was observed, indicating that the strength
of the WAC is lower than that of the matrix phase. In
contrast, the sintered alumina (SA) aggregate
exhibited higher strength than the matrix phase and
did not fracture; instead, delamination was observed
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at the interface between the aggregate and matrix.
Further, relatively large voids around every WAC

aggregate were observed in the specimen fired at

1500 “C.
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Fig. 6 Bending fracture surfaces (upper row) of material C (WAC: 2a/3 mass% addition) fired at
1000 °C (a) and 1500 °C (b) for 3 h, and their magnified views of the squared part in the

upper row in the bottom row.
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Figure 7(a) and (b) shows the variation of the
bulk density and the apparent porosity with the WAC
addition for specimens dried at 110 “C and fired at
1000 °C and 1500 °C. Both bulk density and apparent
porosity decreased and increased monotonically with
the WAC content, respectively. This is due to the
WAC aggregates having lower bulk density and
higher porosity than the SA.
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Fig. 7 Effect of WAC content on bulk density (a) and apparent porosity (b) of alumina-magnesia

refractory with various treatments.
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3.4 Slag corrosion resistance

Figure 8(a) to (d) shows the longitudinal cut
surface, including the centerline of the crucible
corrosion test specimen (for materials A to D), after
the slag corrosion resistance test at 1600 “C for 12 h.
Figure 9 shows the areas of corrosion worn-out and
infiltrated by slag. By analyzing the image of pictures
(@ to (d) using software "Image]", the areas of
corrosion worn-out and infiltrated by slag were
quantitatively determined as follows. at first, the sum
of total corrosion area worn-out and infiltrated, and
the inner pore of crucible poured molten slag
(measured as 24 cm?, area squared by dotted line in
the top figure of Fig. 8) was calculated as value @,
then, the sum of worn-out area and the inner pore
section area (24 cm?) was calculated as value @.
Finally, the worn-out area was determined by
subtracting 24 cm? from the value @), and the
infiltrated area was obtained by subtracting the value

@ from the value @.
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Fig. 8 Results of the crucible corrosion test showing a vertical cross-sectional view in the
alumina-magnesia refractory fired at 1600 °C for 12 h (materials A to D for (a) to (d),
respectively). Based on these images, the corroded area was determined, including both
slag-infiltrated and worn-out areas, using the image analysis software “Image]”.
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Fig. 9 Effect of WAC content on the slag corrosion resistance of alumina-magnesia refractory
fired at 1600 °C for 12 h.
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The total corrosion area (worn-out and
infiltrated) tended to increase with increasing WAC
content, as shown in Fig. 9. In particular, the material
D with the highest WAC addition showed the largest
infiltration compared to the materials A to C. Also,
slag was relatively uniformly infiltrated deeply into
the material A, whereas the materials B to D with the
WAC addition showed a rather non-uniform rate,
part by part, with increasing the rate by meeting
WAC aggregates.

3.5 Thermal shock resistance test
Crack

monitored and detected during thermal shock

initiation and propagation were

resistance tests under constrained conditions.
Figure 10 shows temperature changes of the test
specimen on both heating and back surfaces during
the test. Heating and cooling were repeated on one
side; the highest temperature in each cycle reached
about 1600 °C. At each point indicated by the arrows
in the figure, the strain distribution image shown in
Fig. 11 was obtained. These images represent the
surface strain distribution of the specimen at the end
of each heating phase during the six heating—cooling
cycles. The high brightness part in the image
corresponds to the high strain that occurred, which
tends to associate with the initiation of cracks. In the
material A without the WAC addition, parallel cracks
appeared from the initial heating cycle on the heated

surface. These cracks grew with increasing cycles,

2000
|Timing to detect strain distribution in Fig.11

1600
&
01200
S
-+
T 800
8 Heating surface
£ 400
= Back(Opposite side) surface

0
0 2000 4000 6000 8000 10000
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Fig. 10 Example of measured temperature variation during thermal shock test.
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Fig. 11 Strain distribution of samples A~D during thermal shock test.
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associated with the newly initiated plenty of small
cracks and propagated near the heating surface. In
material B with a/3 mass% WAC addition, the
parallel cracks initiated at the initial heating cycle,
but their growth was somewhat suppressed compared
to the case of material A. Material C with 2a/3 mass%
WAC addition showed smaller initial parallel cracks
compared to materials A and B, and growth and
propagation of the cracks were limited even in the
repeated heating/cooling. Conversely, material D with

a" mass% WAC addition exhibited comparatively
large initial parallel cracks, and after the fifth and
sixth heating cycles, larger parallel cracks through
the test body and propagation of cracks to the other

direction were observed.
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Fig. 12 Effect of WAC content on the crack index determined by thermal shock test (maximum heating

temperature: 1600 “C) of alumina-magnesia refractory.
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Figure 12 presents the relation between the
crack index determined by the formula described in
section 2.2, at the end of the sixth heating, and the
amount of WAC. The crack index decreased by
increasing WAC to a/3 mass% (material B) and 2a/3
mass% (material C), reaching a minimum at 2a/3
mass%, but increased sharply at "a" mass% WAC
(material D), exceeding the index of material A. This
suggests that there is an optimal WAC amount for
thermal shock resistance.

Figure 13 shows the microstructure near the
WAC aggregates in material C after the thermal

Fig. 13 Microstructure of material C after thermal shock test.
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shock resistance test. Propagation of cracks along
with the WAC aggregate-matrix interface was
observed. These cracks have never penetrated the

WAC aggregates.

3.6 Thermal conductivity

Figure 14 shows the thermal conductivity of
material A (no WAC) and material C (2a/3 mass%
WAC) measured at temperatures from 600 to
1250 °C. The thermal conductivity was lowered with
WAC addition by about 20 % in the range of

temperatures measured.
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Fig. 14 Thermal conductivity of casting materials A and C.
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Introduction of the WAC lowered thermal
conductivity mainly due to increased apparent
porosity, as the amount of WAC increased. The
thermal conductivity of solids strongly depends on
conduction paths through the solid phase and the
existence and distribution of pores. Since gases such
as air have thermal conductivity orders of magnitude
lower than solids, the presence of many pores lowers
thermal conductivity effectively. The high porosity
characteristic of the WAC directly contributes to
increased total porosity and lowered thermal
conductivity of the final material.

Lowering the thermal conductivity of the
lining material in the steel ladle reduces heat loss
from the furnace body and contributes to energy
savings. Thermal analysis (Fig. 15) shows that when
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using the material C with 2a/3 mass% WAC, the
temperatures of the wear lining back and steel shell
decreased by 71 °C and 25 “C, respectively, from the
case using the material A. Thus, utilizing the WAC
can be an effective approach from the viewpoint of
decreasing the thermal conductivity.

Outside
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Fig. 15
analysis of casting materials A and C.
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Thermal conduction model of the sidewall of a steel ladle and results of steady-state thermal

4 Conclusions

This  study examined the material
characteristics of waste alumina catalyst, used as a
catalyst and subsequently discarded, and its

performance as an aggregate in alumina-magnesia
castables.

Adding the waste alumina catalyst to castables
increased the required water addition due to its high
apparent porosity. The dried and fired materials
showed decreasing modulus of rupture and bulk
density and increasing apparent porosity with
increased addition, due to low aggregate strength and
void formation caused by delamination at the high-

These

changes led to decreased slag corrosion resistance.

temperature ~ aggregate-matrix  interface.

On the other hand, the incorporation of the
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waste alumina catalyst was found to suppress crack
initiation and propagation in the thermal shock
resistance test when added at a/3 mass% and 2a/3
mass% as aggregate. The improvement is presumed
due to the facilitation of microcrack dispersion under
stress owing to the low strength of the aggregate.
However, excessive addition caused strength
reduction and defect increase, lowering the thermal
shock resistance. Thermal conductivity lowered with
the waste alumina catalyst addition, suggesting it
contributes to improving the insulation effect and
heat loss suppression.

Based on the above results, it is considered
feasible to effectively utilize waste alumina catalyst as
a refractory raw material by understanding its
material characteristics and designing an optimal
formulation that suppresses the deterioration of
physical properties—particularly strength—and slag
corrosion resistance, while leveraging its advantages
such as high thermal shock resistance and low
thermal conductivity.

Application of the waste alumina catalyst to
refractories is an effective means of reducing
environmental burden by saving energy consumption

and CO,

production, promoting efficient resource utilization,

emissions from new raw material
and suppressing energy loss and CO, generation
caused by refractory heat dissipation during operation

of high-temperature facilities.
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