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Abstract

In this study, the effect of magnesium oxide addition (0 - 10 wt%) on the microstructure, mechanical properties, cor-
rosion and oxidation resistance of alumina-graphite refractory bodies containing 20 wt% zirconia was investigated.
Samples were fabricated by mixing raw materials with phenolic resin as a binder. The powder mixtures were isostatical-
ly pressed at 850 bar and sintered at 1400 °C for 8 h under reducing atmosphere. The results showed that the presence
of MgO reduces the bulk density, which causes more slag penetration and thus reduces corrosion resistance. Also,
evaluation of the mechanical properties reveals that with increasing magnesium content, the flexural strength and
compressive strength of the samples decrease. Furthermore, it has been proved that positive permanent linear change
owing to spinel formation leads to a reduction in thermal shock resistance.
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I. Introduction

Refractories are one of the most important industrial
materials. Growth in all metallurgical and high-tempera-
tureindustries depends on these materials. Refractories are
mainly made of various oxide materials with low evapo-
ration rate and high temperature stability. Enhancement
of the properties and performance of refractories may be
achieved by means of combination with carbon as a high-
temperature-resistance material 1=2. These advanced re-
fractories include oxides of nonferrous and carbon such
as ZrO,-C, MgO-C and Al,O3-C and are mainly used in
the steel industry 3. One of the most important applica-
tions of this type of refractories is in fabrication of stop-
pers based on Al,O3-C, where it is necessary to use a ma-
terial with a high modulus of rupture, high cold crushing
strength, low thermal expansion coefficient, high thermal
conductivity, high thermal shock resistance, and slag and
molten metal resistance. Despite the aforementioned ad-
vantages of using alumina-carbon refractories, they have
several problems. The most important issue is carbon oxi-
dation at high temperatures, which increases their resid-
ual porosity and thus reduces their strength and corro-
sion resistance . Another problem is erosion (chemical
and physical) owing to the penetration of molten metal or
slaginto the pores caused by dissolution of alumina by slag
or oxidation of carbon by iron oxide in slag and ambient
gas. The last problem is direct wear with the flow of liquid
iron and thermal or mechanical impacts. These problems
may be alleviated by using antioxidants that play an im-
portant role in reducing carbon oxidation >. Another so-
lution is to prepare composite refractories using other ox-
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ides with a high melting point. Accordingly, refractories
containing other oxides such as magnesia /graphite ¢ and
zirconia /graphite 7, etc. have been developed.

Liu Qing-cai and his coworkers 8 studied the corrosion
resistance and microstructure of Al,O3-C-based refracto-
ries. They evaluated the performance of the refractories by
submerging them in a quasi-steady state as well as in a ro-
tating state. They deduced that the addition of carbon and
zirconia reduced the corrosion rate of Al,O3-C-based re-
fractories. In other research, Resende and his coworkers ?
investigated the properties of alumina-magnesia-graphite
refractories with resin bonds. Their results revealed that
this new class of refractories demonstrates excellent chem-
ical and thermodynamic stability as well as thermal and
mechanical properties. Khoshkalam and Faghihi-Sani 10
evaluated the effects of uniaxial and cold isostatic pressing
on the mechanical properties of alumina-zirconia-mag-
nesia spinel composite with different compositions and
sintered at temperatures in the range of 1500-1650 °C.
They showed that the composites produced by means of
cold isostatic pressing have better mechanical properties
at a lower sintering temperature. Rand and his cowork-
ers investigated the role of carbon and graphite in com-
posite refractories. They emphasized that the main rea-
son for the use of carbon is not wettability but its abil-
ity to modify the thermal shock properties of the com-
posite owing to its unique thermal and mechanical prop-
erties !1. Bakr and Wahsh 1 proved that MgO has a posi-
tive effect on refractoriness, apparent porosity and ther-
mal shock resistance of alumina-zirconia-based refracto-
ries. Klewski et al. 12 studied the effect of different alumi-
na sources with different grain size on the final properties
of AMC bricks. Babakhanova and Aripova 13 changed the
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Table 1: Formulation of samples in wt%.
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Phenolic resin
Sample | Tubular Brown |White fused| Fused silica| Coarse- |Zirconia| Mag- | Si |Powder| Liquid
alumina fused alumina grained nesia
alumina graphite
3 3 5 0 10 20 10 10 10 25
5 5 10 20 10 10 10 25 2
5 10 10 20 10 10 10 25

corundum, talc and graphite amount and showed that the
maximum slag strength is related to the composition with
the lowest porosity.

Mukhopadhyay er al. 14 discussed the effect of MgO
grain size and found that the spinelizarion reaction and
permanent linear change of the refractories are directly re-
lated to the total surface area of magnesia.

Magnesia is used in a wide variety of applications ow-
ing to its special properties such as high thermal and low
electrical conductivity 1. In the present study, the effect
of using MgO in the range of 0 to 10 wt% on the chemical,
physical and mechanical properties of Al,O3-zirconia-C
refractories is investigated.

II. Experimental Procedure

The chemical composition of the alumina-carbon refrac-
tory composite containing magnesia is shown in Table 1.
As can be seen, all samples are made of three types of
alumina (tubular, white fused and brown fused alumina),
fused silica, coarse-grained graphite (specification is illus-
trated in Table 2), zirconia, silicon and phenolic resin.

All the raw materials used in this study were metallur-
gical grade. A particle size analyzer and scanning electron
microscopy were used to determine the physical proper-
ties of the raw materials.

Table 2: Coarse-grained graphite specification.

Fixed Ash Volatile |Moisture |Particle
carbon  |[(wt%) (Wt%) (Wt%) size (Lm)
(Wt%)
Min 95 | Min 4.00 | Max 1.50 | Max 0.50 | (50 wt%)
100-200
(50 wt%)
200-350

According to the chemical composition, all materials
were wet-milled in a planetary ball mill for 7 h using abso-
lute ethanol as a dispersant. The mixed powders were then
passed through 60 mesh sieves to obtain a uniform granu-
lated powder. After being dried, the mixed powders were
poured into a latex mold and were vacuumed. Ultimate-
ly, the powders were isostatically pressed with the appli-
cation of 850 bar pressure and sintered at 1400 °C for 8 h.

Bulk density, modulus of rupture, thermal shock re-
sistance, thermal expansion coefficient, permanent lin-
ear changes and oxidation resistance were measured ac-

cording to ASTMC-138, ASTMC-133, ASTMC-1171,

ASTMC-531, ASTMC-113, ASTMC-863 standards, re-
spectively.

III. Results and Discussions

The particle size distribution of the raw materials is pre-
sented in Table 3. As can be seen, all materials except alu-
mina are smaller than 100 microns and the average particle
size is about 10 microns.

The SEM image of the graphite powder is displayed in
Fig. 1. As shown, the graphite particles are flaky and irreg-
ular, the particles are almost uniformly distributed, and the
average of particle size is estimated at about 150 microme-
ters.

Table 3: Size and size distribution characteristics of the
used raw ceramic materials.

Material Digum | Dsgpum | Dggum
Tabular alumina 0.726 6.968 42.374
Brown fused alumina| 38.319 | 126.927 | 246.672
White fused alumina| 0.996 13.205 62.939
Magnesia 1.037 13.973 67.681
Zirconia 0.544 2.605 7.293
Fused silica 1.363 24.208 99.051

Fig. 1: SEM image of coarse-grained flaky graphite.

The effect of MgO addition on the physical properties of
the fabricated refractory composites is shown in Fig. 2 and
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isalsoreported in Table 4. As can be seen, addition of MgO
led to a decrease in the bulk density, MOR, CRS and TSR
of the composite. The presence of magnesia increases the
grain size of zirconia !, which can reduce the bulk density
of the samples, subsequently leading to a decrease in the
MOR, CRS and TSR of the composite. The modulus of
rupture and other physical properties depend on the grain
size, grain shape, apparent porosity, nature and amount of
phases in the sintered body, which are mainly influenced
by the chemical composition 16.

The grain size of samples that do not contain magnesia
is smaller and, as a result, their cold crushing strength and
modulus of rupture is higher 1. In addition, although mag-
nesia has good thermal conductivity, its high coefficient of
linear thermal expansion reduces shock resistance.
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Fig.2: (a) Bulk density and modulus of rupture, (b) Permanent
linear changes and oxidation resistance (c) Cold crushing strength,
and thermal shock resistance.
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As shown in Fig. 2b, the permanent linear change of a
magnesium-free sample is negative, meaning that the sam-
ple shrinks during sintering. The addition of magnesia
causes MgAl,O, spinel formation, which results in pos-
itive permanent linear changes.

The effect of magnesia on the oxidation resistance of the
fabricated refractories is also shown in Fig. 2b. As can be
seen, the sample containing 5 wt% magnesia has the least
reduction in thickness and therefore the highest oxidation
resistance. In fact, the oxidation of carbon-carbon bonds
depends on the texture, grain size distribution, purity and
chemical composition of the raw material, as well as on
the amount of residual porosity and pore size distribution.
Using alumina as a basic raw material in fabrication of C-
alumina refractories leads to higher oxidation of graphite.
The presence of alumina in alumina-carbon refractories
accelerates the oxidation of graphite. A3+ ions in alumina
act as an electron acceptor against C*+ and weaken the C-
C bond, thus increasing graphite oxidation. On the oth-
er hand, ZrO, and MgO are electron donors that pre-
vent oxidation by stabilizing the electron distribution of
the graphite structure 16. Therefore, oxidation resistance
can be expected to improve with the addition of magne-
sia. However, it is observed that adding more than 5 wt%
of magnesia reduces the oxidation resistance, which is due
to the increase in residual porosity. The large amount of
porosity in the samples leads to the irreversible expansion
of graphite at high temperatures, which can affect the oxi-
dation resistance.

The effect of MgO addition on the thermal expansion
of alumina-carbon refractories is shown in Fig. 3 and the
values of thermal expansion coefficient are presented in
Table 5.

As can be seen, for the sample without MgO, at about
1100 °C, a significant change in the slope of the expansion
diagram versus temperature (from positive to negative val-
ues) is observed, which changes again to a positive value
when the temperature is increased up to 1200 °C.

Table 4: Bulk density, cold crushing strength, modu-
lus of rupture, thermal shock resistance, permeant linear
changes and oxidation resistance.

Properties 0% 5% | 10%
MgO | MgO | MgO
Bulk density (g/cm?) 225 | 210 | 215

Cold  crushing
(kg/cm?2)

Modulus of rupture (kg/cm?) | 109.72 | 122.21 | 72.69
Thermal shock resistance| 67.05 | 47.75 | 36.2
(kg/cm?2)
Permanent linear changes| -0.69 | 0.59 | 1.86
(mm)

Oxidation resistance (thick-| 5 2.6 3.6
ness reduction (mm))

strength| 287.95 | 174.7 | 182.02
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Table 5: Thermal expansion coefficient (x10-6) values of
Al,O;-C refractories containing MgO.

Tempera- 0wt% 5wt% 10wt%
ture (°C) MgO MgO MgO
145 3.57 2.74 3.71
500 4.59 4.50 5.93
800 5.92 5.79 7.98
900 6.20 6.05 8.09
1000 4.19 4.01 7.60
1125 -1.10 2.47 2.56
1200 4.51 3.12 5.86
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Fig. 3: Thermal expansion of the alumina-carbon refractories con-
taining (a) 0, (b) 5 and (c) 10 wt% magnesia.

For the sample containing 5 wt% MgO, almost the same
trend (with less intensity) can be observed, butin the sam-
ple containing 10 wt% MgO, no significant change in the
slope was recorded. The change in the slope is proba-
bly due to zirconia phase transformation from monoclin-
ic to tetragonal, which is expected to occur in the tem-
perature range of 1100 to 1200 °C. For the sample con-
taining 10 wt% magnesia, according to the XRD pattern
(Fig.4), zirconium silicate (zircon) and cordierite phases
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are formed and as a result no change in the slope is ob-
served. Based on the thermal expansion coefficient data
presented in Table 5, the sample containing 10 wt% MgO,
in the temperature range of 100 to 1200 °C, has the highest
TEC values.

The X-ray diffraction pattern of the samples is presented
in Fig. 4. As can be seen, for the sample containing 0 wt%
MgO, only peaks related to the raw materials are observ-
able and it seems that no significant reaction has occurred.
In the sample containing 5 wt% magnesium, compared
with the magnesia-free sample, the peaks related to cristo-
balite are eliminated and there are peaks of ZrO, (zirco-
nia), ZrSiOy (zirconium silicate), MgAl,Oy, (spinel) and
Mg,Al,Si50 5 (cordierite), which indicates that some re-
actions have occurred in the sample. Finally, in the sample
containing 10 wt% magnesia, the reactions are complet-
ed, and no peaks associated with the raw materials except
alumina can be detected. All reactions occurred in the sol-
id-state sintering process. The formation of cordierite as
the most important compound in the SiO,-MgO-Al,O4
ternary system, due to its desirable properties such as low
TEC, high refractive index, high chemical resistance, low
dielectric coefficient and high thermal shock resistance,
can affect the properties of the samples 1719, The proper-
ties of refractories containing cordierite phase are expected
to be significantly improved.
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Fig. 4: X-ray diffraction of the samples containing (a) 0, (b) 5 and
(c) 10 wt% magnesia.

Fig.5 shows the surface of samples containing 0, 5 and
10 wt% magnesia before and after corrosion by the molten
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Before corrosion After corrosion
0 wt% MgO
5 wt% MgO
10 wt%
MgO

Fig. 5: Surface of samples containing 0, 5 and 10 wt% magnesia before and after corrosion. See table 1.

metal at 1600 °C. As can be seen, the microstructure in-
tegrity of the sample containing 0 wt% MgO is higher than
other samples, which is consistent with the density results.
Images show some pitting on the eroded surface, indicat-
ing the corrosion process. As can be seen, as the amount of
magnesium increases, so does the corrosion, which is like-
ly due to the lower density and greater penetration of the
melt.

IV. Conclusions

Alumina-carbon refractory composites containing zir-
conia were prepared and the effect of magnesium addi-
tion on their physical, chemical and mechanical proper-

ties was investigated. The results showed that the addi-
tion of magnesia reduces the bulk density, cold crushing
strength, modulus of rupture, and thermal shock resis-
tance. Italso causes expansion during the sintering process
and shows positive permeant linear change. The sample
containing 10 % MgO had the highest thermal expansion
coefficientand the lowest corrosion resistance. The results
also showed that oxidation resistance was improved with
the addition of 5 wt% magnesia.
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