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Abstract

Al,053-SiC-C refractories are widely used in the steelmaking process due to their outstanding properties, and in order to improve their slag
corrosion resistance, the erosion resistant materials have often been used. p-Sialon and Ti(C, N) are point out as novel additives that present
suitable properties to increase the corrosion resistance of refractories. In this study, unfired Al,O3;—SiC/p-Sialon/Ti(C, N)-C refractories were
prepared using Ti(C, N)/p-Sialon powders, brown alumina, SiC, micro a-Al,O; powder, silica fume, ball pitch, calcium aluminate cement,
aluminum and silicon as the starting materials. The effect of the Ti(C, N)/B-Sialon powders and SiC on the slag penetration and corrosion
resistance of the refractories was investigated, and the slag resistance mechanisms of the Al,O3;—SiC/p-Sialon/Ti(C, N)—C refractories were also
discussed. Fractal theory, scanning electron microscopy (SEM) and energy dispersive spectroscope (EDS) were carried out in order to better
understand the slag resistance effects and reaction mechanisms. The results showed that all samples made with Ti(C, N)/p-Sialon powders had
excellent slag corrosion resistance. The slag corrosion resistance of the samples was based on their low apparent porosity and high volume

density. The p-Sialon and SiC powders contributed to the improved slag corrosion resistance performance of the composite refractories.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

It is well known that the steel metallurgy industries need to
consume abundant amounts of refractory material, including
shaped and unshaped refractories [1-3]. This is, especially so
in puddling blast furnace systems [4], including the process
engineering of blast furnace shells, casting houses, and molten
iron storage, and transportation, etc. [5,6]. These require
numerous Al,O3-SiC-C refractories [7]. Although increases
in the prices of the raw materials restricts the use of Al,O;—
SiC—C castables in steelmaking plants, these unshaped refrac-
tories maintain their high consumption level due to their
excellent thermal shock and slag corrosion resistance proper-
ties [8]. The Al,O3—SiC—C refractories are mainly fabricated
using corundum, carborundum, micro a-Al,O; powder, micro
silica powder, and calcium aluminate cement as starting
materials, which markedly improves the working life of the
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refractory materials used in blast furnace iron making systems.
In addition, they provide the refractory conditions required for
large scale production in blast furnaces [9].

The refractory castables used in the steel making industries
typically comprise of a mixture of coarse (5—100 mm) and fine
(100-0.1 mm) raw materials, a binding agent (e.g., calcium
aluminate cement) and chemical additives in water [10]. Since
the 1990s, unshaped refractories have seen a sharp increase using
in steel-making applications [11]. In particular, refractory castables
containing o-AlO3;, SiC and C are being used with increasing
frequency [12]. However, corrosion caused by liquid oxides is one
of the most severe modes of degradation which limits the lifetime
of the refractory linings [13]. Consequently, carbon-containing [14]
and carborundum-containing [15] refractory castables are widely
used in blast furnaces due to their high refractoriness, thermal
shock resistance, and low molten slag wettability [16—18]. These
materials can improve the slag corrosion resistance of the
refractories used in blast furnaces.

In this study, p-Sialon and Ti(C, N) powders were synthe-
sized using the carbothermal reduction and nitridation (CRN)
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Table 1
Phase composition of the as-synthesized powders.

Table 2
Chemical composition of blast furnace slag, (mass%).

Specimen no.  Temperature/C Major phase(s) Minor phase CaO SiO, Al,O3 MgO Fe, 03 K,0 TiO, others
L1 1450 B-Sialon 15 R(SiAl,O,N,) 35.85 30.90 17.23 10.56 0.70 0.55 0.45 3.76
L2 1400 B-Sialon  Ti(C, N)  a-AlLO;

L3 1350 B-Sialon  Ti(C, N)  a-Al,O3

L4 1350 p-Sialon  Ti(C, N) «a-Al,O3

method which decreases prices by substitution of micro
powders such as brown alumina (0.074 mm, 0.044 mm),
97SiC (0.074 mm), and micro a-Al,O3 powder (0.074 mm).
This is because obtaining these micro powders consumes a
great deal of energy. Beside this, f-Sialon can be used in many
fields requiring elevated temperatures because of its superior
corrosion resistance [19], hardness and flexure strength [20],
and resistance to thermal shock [21]. Consequently, B-Sialon
powder is a viable candidate for use in Al,O3—SiC—C castables
and has the ability to improve the slag corrosion resistance of
the refractories [22,23].

The Ti(C, N)/B-Sialon powders were synthesized in 3h in a
nitrogen atmosphere from low-grade bauxite and ilmenite raw
materials using CRN at different temperatures (Table 1). According
to Table 1, the main phase compositions of the as-synthesized
powders were Ti(C, N) and p-Sialon after removing iron by
washing with hydrochloric acid. The mechanism of the non-oxide
phase composition Ti(C, N) and SiC/B-Sialon resistance to slag
erosion was discussed in a later section.

2. Experimental procedures

The Ti(C, N)/p-Sialon powders were synthesized by CRN
using different ratios of low-grade bauxite and ilmenite. The
weight ratios used were 100:0, 90:10, 70:30 and 50:50, and the
corresponding composite powders were labeled as L1, L2, L3
and L4. The iron in the Ti(C, N)/B-Sialon powders was
removed by washing with hydrochloric acid.

Five types of unfired Al,03—SiC/p-Sialon/Ti(C, N)-C refrac-
tories were designed corresponding to different types of Ti(C,
N)/p-Sialon powders. The sample numbers of the unfired
refractories were designated S1, S2, S3 and S4 corresponding
to the additive Ti(C, N)/p-Sialon powders L1, L2, L3 and L4.
Additionally, a sample SO, without Ti(C, N)/B-Sialon powders,
was used as a control group.

The unfired Al,03-SiC/Sialon/Ti(C, N)-C refractories with
different types of Ti(C, N)/B-Sialon powders were produced
using brown alumina (8-5 mm, 5-3 mm, 3—1 mm, 1-0 mm,
0.074 mm, 0.044 mm), 97SiC (0.074 mm), 90SiC (1-0 mm),
micro a-Al,O3 powder (0.074 mm), silica fume (0.044 mm),
ball pitch, calcium aluminate cement (CA-70), aluminum, and
silicon as the starting materials, with sodium hexametapho-
sphate as additive.

The refractories were made using the static crucible method
and fractal dimension calculations were used to discuss the
results. In addition, according to the close stacking principle, the
mass percentage of coarse particles (> 1 mm) accounted for
about 48 wt%; intermediate particles (1-0.088 mm) represented

approximately 22 wt% and powders constituted around 30 wt%
in the unfired refractories. Besides this, the mass fraction of Ti(C,
N)/p-Sialon powders in this formulation was 5% and the
proportion of the other raw materials was almost the same among
samples S1, S2 and S3. As the purpose of the Ti(C, N)/B-Sialon
powders was to substitute some of the micro powders, the
percentages of brown alumina (0.074 mm, 0.044 mm), 97SiC
(0.074 mm), micro a-Al,O3 powder (0.074 mm) in samples SI,
S2 and S3 were less than those in SO.

The raw materials were initially mixed for 5 min in a mortar
mill. Then they were mixed for 3 min after adding distilled
water (approximately 7 wt% of the total mass). Prior to this,
water reducer (sodium hexametaphosphate), which accounted
for 3 wt%o of the gross mass, was added to the water until it
completely dissolved. Afterwards, crucible samples (d=50
mm and ~#=50 mm) were prepared in a crucible mold using
30 MPa pressure and an inner bore of @20 mm x 25 mm. The
crucible samples were dried at room temperature for 24 h.
Then they were cured at 110 °C for 24 h in a drying oven.
After that, 6 g of blast furnace slag was put into the inner bore
of the crucible samples filling about two-thirds of this volume.
Subsequently, the crucible samples were sintered at 1450 °C
for 3 h in a high temperature furnace with in an air atmosphere
and the samples were then cut along the center line after
natural cooling. The chemical composition of the blast furnace
slag was shown in Table 2.

The micro-morphologies and micro-area chemical analysis
of the products were examined by scanning electron micro-
scopy (SEM; JEM-6460LV microscope, Japan) equipped with
an energy dispersive spectroscopy (EDS, INCA X-sight,
Oxford Instrument, UK).

3. Results and discussion
3.1. Slag corrosion resistance of the composite refractories

Photographs of the crucible section morphology after corrosion
using blast-furnace slag at 1450 °C for 3 h in an air atmosphere
were shown in Fig. 1. It can be seen from the photographs that all
the five samples were only slightly eroded by the blast-furnace slag
because most of the slag was residual and the slag blowholes had
clear outlines. Furthermore, every boundary between slag and
sample was distinct — the interior structure of the crucible was
compact and the aggregate and the matrix were closely combined.
It can be demonstrated that the specimens had excellent perfor-
mance with respect to resistance to slag penetration and melting
loss. However, the erosion reaction was serious on the three-phase
border between the matrix, slag, and air, in which the apertures of
the crucibles were enlarged. Moreover, the interior structures of the
diameters in specimens S3 and S4 were expanded greater than in
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Fig. 1. Photographs of the crucible section morphology after slag erosion at 1450 °C for 3 h.
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Fig. 2. The crucible boundary morphology for fractal dimension calculation.

the others and their outlines were also fuzzier. According to the
quantity of residual melting slag which was slightly more in
specimens S1 and S2 than the others, these specimens had better
slag corrosion resistance performance than the others.

According to the discussion above, it may be concluded that
Ti(C,N)/p-Sialon powders could effectively replace parts of the
brown alumina (0.074 mm and 0.044 mm), 97SiC (0.074 mm),
and a-Al,O3 micro powder (0.074 mm) used in Al,O3-SiC-C
refractories.

However, the static crucible method cannot accurately illustrate
the slag corrosion resistance performance in slag erosion experi-
ments, because it is easy to add subjective ideas from the
researchers involved. So, comparing and analyzing results from
different researchers is difficult. In order to improve the objectivity
and accuracy of this study, the fractal theory [24] is introduced to
study the boundary shape of the specimens after eroding the
composite refractories. For the refractory materials a clear concept,
refractory fractal (Rf), is defined according to the definition of
fractal dimension [24,25].

Rf=1: The aggregate and matrix of the refractory materials
have the same corrosion resistance and the surface of the
materials always remain smooth during erosion.

Rf=1.0-1.15: Refractory materials have excellent slag
corrosion resistance and the boundary curve of the erosion
surface primarily presents a smooth surface. Besides this, the

residual safe thickness of the refractory materials can be
estimated from theoretical values.

Rf=1.15-1.20: Refractory materials have moderate slag
corrosion resistance and the boundary curve of the erosion
surface is coarse. Moreover, the residual safe thickness of the
refractory materials must be suitably magnified from the
theoretical values.

Rf > 1.20: Refractory materials have poor slag corrosion
resistance and the boundary curve of the erosion surface
presents an obvious undulating appearance. Furthermore, the
residual safe thickness of the refractory materials cannot be
estimated from the theoretical values.

Rf=2.0: The structures of the refractory materials are cracked
and scattered after being affected by the erosion medium.

In this experiment, calculation of the fractal dimension of
the erosion boundary morphology was carried out using the
method of box counting. The values of the cell lengths, e, used
were 10, 20, 40, 60, 80 and 100 mm. The formulae for fractal
dimension were as follows:

d; = [InN(g9)—InN(e;)]/[In(go)—In(e;)] )

d =[Xd]/n @
where £y=10, £=(20, 40, 60, 80 and 100), and n=5.
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Fig. 3. Specimens from boundary fractal graphs.

The crucible boundary morphology was shown in Fig. 2 for
fractal dimension calculations corresponding to the photo-
graphs in Fig. 1.

The boundary fractal graphs were calculated (Fig. 3) from
the crucible boundary morphology in Fig. 2 using the box
counting method. Consequently, the fractal dimensions of the
erosion boundaries in the specimens from various unfired
Al,03-SiC/p-Sialon/Ti(C, N)-C refractories were calculated
after the slag erosion experiments. It is manifest from Fig. 3
that, according to the refractory fractal, the slag erosion
resistance of the five specimens was excellent, and that there
was no apparent distinction between the numerical values of
the fractal dimensions of the slag corrosion resistance in the
five specimens. More specifically, the numerical values of the
fractal dimensions from the specimens SO, S1, and S2 were
almost the same and slightly larger than those from S3 and S4.
The results showed that the slag corrosion resistance of
specimens SO, S1, and S2 were slightly better and the
performance of S1 was the best.

In general, it had been shown that the slag corrosion
resistance of the unfired Al,Os-SiC/f-Sialon/Ti(C, N)-C
refractories was excellent with the Ti(C, N)/p-Sialon powders.
Also, the slag corrosion resistance of the samples S1 and S2
was a little better than that of the control group SO. The
conclusion was that the addition of Ti(C, N)/p-Sialon powders
could improve the slag corrosion resistance of Al,0;-SiC-C
refractories.

3.2. The microstructure of the composite refractories after
slag erosion

The results of microstructure and energy dispersive spectro-
scopy (EDS) analyses on specimen Sl after slag erosion at
1450 °C for 3 h in air was shown in Fig. 4. According to the
figure, the density of the melting slag was high after slag
erosion but the melting slag also included numerous pores.
After analyzing the EDS results from the melting slag, it was
found that the melting slag mainly contained the elements Ca,

2 4 6 8 W 2 @ % B N
b AR 200 cts IR 20077 eV 0 cls) keV

Fig. 4. Microstructure and EDS analysis of specimen S1 after slag erosion at
1450 °C for 3 h.

Al, Si, Mg, and O, with corresponding percentages of 26.56%,
14.59%, 19.39%, 5.06%, and 34.41%.

The microstructure and line scanning on the specimen SO
after slag erosion at 1450 °C for 3 h were shown in Fig. 5. It
was seen that the combination between the matrix and
aggregate (brown alumina and SiC) was extremely tight and
the coarse and fine aggregates were also closely packed, which
formed a strong interface. These structures ensured that the
Al,03-SiC/p-Sialon/Ti(C, N)-C refractories had excellent
usability.

Fig. 6 showed results from the conversion zone between the
slag and crucible bottom and line scanning of sample S2 after
slag erosion at 1450 °C for 3 h. Ca in the blast furnace slag
was the main element invading the interior structure of the
matrix. Consequently, the content of Ca in both the melting
slag and matrix could be used to judge the level of matrix
erosion by the melting slag. According to the line scanning in
Fig. 6, it was obvious that the Ca content decreases con-
tinuously from the slag layer, penetration layer, to matrix and
that the thickness of the penetration layer was approximately
0.5 mm. Table 3 gave the Ca content at points 1, 2, 3 and 4 of
the sample S2 by EDS analysis. It illustrated that the content of
Ca decreased rapidly from point 3, which demonstrated that
the melting slag erosion did not reach up to point 3.

From the fractal dimension calculation results, the slag
corrosion resistance of unfired Al,O3—SiC/p-Sialon/Ti(C, N)-C
refractories was excellent and a discussion of the slag resistance
mechanism follows.

Firstly, carbides and nitrides were not readily wetted by the
melting slag, so the slag penetration was small in the
refractories. These kinds of structures and compositions
ensured the composite refractories having excellent perfor-
mance in terms of resistance to melting slag erosion.

Furthermore, adding Ti(C, N)/p-Sialon powders were one of
the key measures to improve the slag corrosion resistance of
unfired Al,O3;—SiC/p-Sialon/Ti(C, N)-C refractories. This was
because f-Sialon had superior thermal properties, chemical
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Fig. 6. Microstructure and line scanning on sample S2 after slag erosion at
1450 °C for 3 h. (a) The conversion zone between slag and crucible bottom and
(b) Ca element.

Table 3
The elemental Ca content at different points in specimen S2, (Wt%).

Point 1 2 3 4

Ca 20.87 16.35 3.73 1.81

stability, and an excellent resistance to slag erosion. Non-oxide
SiC also had great slag corrosion resistance [26]. Therefore,
B-Sialon and non-oxide SiC contributed greatly to promoting
slag corrosion resistance in the composite refractories.

Lastly, Ti(C, N) and B-Sialon powders deposited in the
reaction layer between melting slag and the matrix effectively
prevented oxygen passing into the matrix of the composite
refractories. Some raw materials also produced high silica
glass phases that contained high viscosity N compounds,
which also contributed to improve slag erosion resistance.
Meanwhile, the wetting angle between Ti(C, N) and melting
slag was small and this effectively resisted the melting slag
eroding and infiltrating the matrix.

b

Fig. 5. Microstructure and line scanning on sample SO after slag erosion at 1450 °C for 3 h. (a) The matrix of the sample So (b) Al element and (c) Si element.

4. Conclusions

Generally, the slag erosion resistance of the unfired Al,O3—SiC/
B-Sialon/Ti(C, N)-C refractories made was excellent according to
the method of static crucible and fractal dimension calculation. Ti
(C, N)/p-Sialon powders (specimen L1) were able to improve the
slag corrosion resistance of the composite refractories. However,
when the content of Ti(C, N) (such as specimens L2, L3, and L4)
was excessive, they had negative effects on the slag erosion
resistance of the re-prepared refractories.

The low porosity and high volume density of the unfired
Al,O3-SiC/B-Sialon/Ti(C, N)-C refractories contribute to the
slag corrosion resistance. In addition, p-Sialon and non-oxide
SiC was also beneficial for improving the slag erosion
resistance of the composite refractories.
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