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ABSTRACT

Effect of addition of various antioxidants such as ferrosilicon,
pure silicon, aluminum and their combinations on microstructure
and mechanical properties of magnesia-graphite refractories were
investigated at different temperatures. Sample preparation and
measurements were according to DIN or ASTM standards. The
data showed that up to about 1300°C, the slope of the apparent
porosity against temperature of the samples was positive; but lower
than that of the samples containing no antioxidant. Effect of the
carbothermal reduction of MgO became significant only at tem-
peratures greater than 1400°C. At 750 to 1000°C, the CCS and
MOR of the specimens without any antioxidant decreased with
temperature. The depth of the decarburization layers and the per-
centage of the oxidation surface increased with temperature, no
matter the sample contained or did not contain ferrosilicon or sili-
con aluminum combination. Oxidation resistance of the samples
containing ferrosilicon-silicon was greater than that of the ferrosil-
icon or silicon containing specimens. Results indicated that the
worst hydration condition was with the samples containing alu-
minum. Other samples showed a good resistance against hydration.
Best results were obtained with the samples containing (a) 1-3 wt%
silicon, (b) 2-4 wt% ferrosilicon and (c) 4% ferrosilicon plus 1%
Al.

1. INTRODUCTION
MgO-C bricks are utilized in various metallurgical furnaces such

as BOF converters, LF vessels and EAF units. They are especially
used in high capacity steelmaking systems such as UHP arc melt-
ing furnaces. MgO-C bricks have desirable properties such as
resistance to spalling, thermal shock and corrosion [1-3]. Their car-
bon content decreases, however, due to oxidation. Further
enhancements in durability of these bricks are, therefore, hardly
achievable.

Due to the weak bonding between MgO and graphite, some kind
of chemical or ceramic bonding is required to improve the mechan-
ical properties and performance of these refractory materials.
Graphite oxidation results in property degradation and lifetime
shortening of the MgO-C refractory materials. This process causes
structural bonding deterioration and excess porosity formation

which eliminates the beneficial effects attributed to the presence of
graphite within the matrix [4-5]. These problems can be remedied
by engineering of chemical formula, using of proper raw materials
and performance of suitable heat treatments.

Previous studies have shown that addition of a low temperature
carbon containing material (such as pitch or resin) or a high tem-
perature ceramic phase (such as an oxide, a carbide or a boride) [6-
13] improves the properties of the MgO-C bricks. Reducing mate-
rials such as Al, Si and Al-Mg powders as well as carbides, borides,
and complex B4C, ZrB2, SiB6, TiB2, BN, CaB6, Al4SiC4, Mg B2O6
and Al8B4C7 compounds are generally added to MgO-C refracto-
ries in order to suppress their oxidation rate. A great deal of
research has been conducted, during recent years, on influence of
the antioxidants and their role in increasing the life time of the
MgO-C bricks. These studies show that the added antioxidants act
differently during their industrial application.

Thermodynamic studies conducted by different groups such as
Yu and Yamaguchi [14], Goto et al. [15], Poirier and Rigaud [16]
and many others [17-18] have been focused on the effect of vari-
ous additives. Zhang et al. [19] have studied, for example, the
effect of Al, Si and B4C. They have concluded that ceramic phases
form from 1200 to 1500°C in this system. Their investigations have
also shown that Al4C3 and AlN form at low temperatures and Al2O3
and MA phases form at high temperatures in a system that contains
Al as an antioxidant [20-21]. SiC, Si3N4, SiO2 and M2S phases
form similarly in a system containing the Si and/or SiC antioxidant
[21-22].

Different additives have different absorption potentials for oxygen.
It is reported that each antioxidant has a specific range of oxygen
absorption [23]. For metallic materials, it is in the range of 30-53%,
for borides, it is in the range of 42-54% and for carbides, it is in the
range of 39-70% [23].

An important issue is the kinetics of oxidation. Numerous authors
have considered kinetic modeling of gas-solid reactions [24-26] as
applied to the refractory-graphite oxidation reactions. Examples
are Rigaud et al. [27,31], Faghihi and Yamaguchi [28], Ghosh et al.
[10,29], Rongti et al. [30] and Hashemi el al. [32] who have stud-
ied the oxidation kinetics of MgO-C refractories. Many others have
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also addressed the oxidation kinetics of MgO-C refractories [33-
37]. An important issue is the influence of the additives on the
mechanical properties of the MgO-C bricks that must further be
treated.

Effect of addition of antioxidants is not, however, studied com-
prehensively yet. An antioxidant such as ferrosilicon has, for exam-
ple, some beneficial effects on properties of the magnesia-graphite
refractories. There is not, however, significant information avail-
able in the literature about it. Ferrosilicon can be used as an antiox-
idant, too. Its addition to the refractory increases the oxidation
resistance of the MgO-C refractory. Both species contained in the
MgO-C refractory, i.e. silicon (Si) and iron (Fe), exhibit good
potential for absorption of oxygen. A combination of ferrosilicon,
silicon and aluminum could also be added to the MgO-C refracto-
ry. This combination seems to be more effective than each single
one. This paper presents the most recent findings on the effect of
the combined as well as the individually added ferrosilicon, silicon
and aluminum antioxidants into the MgO-C refractories.

2. EXPERIMENTAL PROCEDURE
The samples were made of 97% pure Chinese sintered magnesia.

Size distribution of the magnesia grains is shown in Table 1. Two
main characteristics of this material are high MgO content and C/S
>2. Natural Chinese graphite flakes with an ash content of 3.3 wt%
were added to the magnesia grains together with 4 wt% of liquid
phenol (Novalac resin) to produce the refractory samples required
for the tests. After mixing the raw materials, the samples were
formed under 120 -140 MPa by hydraulic press and were heated at
240°C for 18 hrs. The samples were prepared based on DIN or
ASTM standards in order to eligibly perform MOR, CCS, density
and apparent porosity measurements on them.

Three antioxidant raw materials were used: Ferrosilicon (F.S.),
Silicon (Industrial grade) and Aluminum (Fluka grade). Chemical
composition and physical properties of the raw materials are listed
in Tables 2-6. Ferrosilicon was domestic. Its XRD pattern and rel-
evant Fe-Si phase diagram are shown in Figures 1-2. The samples
were fired in a bed of coke at 750, 1000, 1300 and 1600°C, for 5

hrs. For oxidation test, tempered samples with 50x50x70 mm size
were maintained at 1000, 1300 and 1600°C for 2 hrs under atmos-
pheric air. Taking the ratio of the black surface to the total surface
and the depth of decarburization into account, the oxidation resist-
ance was then evaluated. Hydration tests were conducted under
humidity of 98% at 50°C for 142 hrs on the samples having
20x40x20 mm dimensions. Hydration resistance of the samples
was determined both before and after the tests.

Different combinations of the raw materials used in this study are
given in Table 7. XRD analysis was used to determine the phases
formed in the samples. Since the amounts of the antioxidants in
some samples were lower than the detection range of the XRD
analysis, a few samples were made with higher amounts of antiox-

Figure 1. XRD pattern of ferrosilicon.

Figure 2. Phase diagram of Fe-Si.
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idants merely for phase detection purposes. The compositions of
these samples are shown in Table 8.
3. RESULTS AND DISCUSSION
Density and porosity of the samples

Bulk density and apparent porosity of the samples coded 00 after
tempering at 240°C and heating at 600°C were measured accord-
ing to ASTM C-20 in oil. The Data are shown in Table 9.

Figure 3 shows that the apparent porosity of the samples increas-
es with temperature, no matter they contain any ferrosilicon, sili-
con or they do not. It can be seen that the apparent porosity of the
samples containing these antioxidants increases with a slower
slope than that of the samples containing no antioxidant at tem-
peratures less than 1300°C. Based on this figure, the S1 and S3
samples have the least apparent porosities.

Porosity changes are caused by three processes that occur during
the firing of the specimens: (a) loss of volatile materials, (b) reduc-
tion of oxide-impurities and (c) oxidation of the residual carbon. It
seems that the carbothermal reduction of MgO becomes signifi-
cant at temperatures higher than 1400°C.

Figure 3. Apparent porosity of Si-FeSi as a function of firing temperature.

According to Figures 3-4, the rates of the change of the apparent
porosities of the samples depend on the type of the antioxidants.
This is due to the formation of carbide and oxide phases, volume
expansion of the phases and filling up of the pores with products
of the Si, Al and Fe reactions.

It seems that the formation of forsterite, magnesioferrite, carbide
and oxide phases at temperatures above 1100°C (for samples con-
taining Al) and above 1300°C (for samples containing Si) cause
the decrease of the apparent porosity. This result is similar to that
mentioned by previous researchers [7-15]. In samples containing
Fe, iron carbide is formed by the following reaction:

3Fe(s) + C(s) ! Fe3C(s) 
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magnesioferrite is then formed from reaction of carbide with the
oxide materials present in the sample according to an unknown
mechanism. Specimens containing both ferrosilicon and silicon
have, thus, less apparent porosity than the others. Less apparent
porosity of the samples S1 and S3 may also be due to the volume
expansion of the phases formed such as forsterite and magnesio-
ferrite. The difference in samples S1 and S3 might be due to the Fe
and Si contents of the samples. The SEM images are shown in
Figures 13-16.
Mechanical properties (CCS and MOR) of the Specimens

Results of CCS and MOR tests of the samples containing fer-
rosilicon and silicon (FeSi-Si) are shown in Figures 5-6, respec-

tively. The CCS and MOR of the specimens without antioxidants
decrease with temperature. The CCS and MOR of specimens with
antioxidant decrease with temperature up to 1000°C. This behavior
is, however, different above 1000°C where samples with antioxi-
dants increased in strength at 1600ºC and S3 have more CCS and
MOR than S0 and S5.

Results of CCS and MOR tests on samples containing ferrosili-
con and aluminum are shown in Figures 7-8, respectively. CCS
and MOR of the specimens without antioxidant decrease with tem-
perature. CCS and MOR of the specimen with antioxidant decrease
with temperature up to 750-1000°C and then increase with tem-
perature at higher temperatures.

Up to 750-1000°C, CCS and MOR of the samples depend on
pyrolysis of the resin and oxidation of the residual carbon. This
behavior is, however, different above those temperatures. The for-
mation of such phases as forsterite, magnesioferrite and carbides
increases ceramic binding and improves the mechanical properties
of the refractory material. It is mentioned that the carbothermal
reduction of MgO above 1300°C may have some improving
effects. CCS and MOR of S1 and S3 specimens are better than S0
and S5 specimens. The formation of magnesoferrite and forsterite
cause more binding between system components in S1 and S3
specimens. As the firing temperature increases, the quantities of
these compositions increase, too. Ceramic binding between system
components consequently increases and causes more MOR and
CCS developments. Ferrosilicon and silicon containing specimens

Figure 8. MOR of samples with Al-FeSi as a function of firing temperature.

Figure 7. CCS of samples with Al-FeSi as a function of firing temperature.

Figure 4. Apparent porosity of Al-FeSi as a function of firing temperature.

Figure 5. CCS of samples with FeSi-Si as a function of firing temperature.

Figure 6. MOR of samples with FeSi-Si as a function of firing temperature.
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have greater MOR and CCS. The SEM image are shown in Figures
13-16.
Oxidation Resistance of Specimens

Results of oxidation of the samples with and without ferrosilicon,
silicon and aluminum are shown in Figures 9-10. The data indi-
cates that the depth of the decarburization layer and the percentage
of the oxidation surface increase with temperature. The range of
these changes is more palpable at temperatures greater than
1300°C.

Similar behavior was observed in the samples with and without
ferrosilicon and aluminum. The data indicates that as the tempera-
ture increases, the depth of the decarburization layer and the per-
centage of the oxidation surface increases as shown in Figures 11-
12.

Previous studies show that the oxidation of carbon is controlled
by pore diffusion mechanism [32]. Oxygen must pass through the
porous layer formed on the exterior layer of the refractory materi-
al. This process is rather rapid in samples without antioxidant. It
seems that resistance to the oxidation of the specimens decreases
with porosity. Formation of such phases as forsterite and magne-
sioferrite in specimens S1 and S3 above 1300°C causes volume
expansion and improves densification of the sample. It tightens,
therefore, the microstructure and improves oxidation properties.
These processes fill up the pores and improve the oxidation resist-

ance of S1 and S3 specimens at 1600°C, particularly. Many
researchers believe that silicon reacts with carbon and forms SiC at
low temperatures. It then changes to SiO2 due to oxidation. The
consequence is the filling up of the pores [27-32]. 
Hydration of the samples

The hydration resistance of the samples conducted under the con-
ditions mentioned previously are shown in the Table 10. Worst
results were obtained for the samples containing aluminum. Other
samples showed good resistance against hydration. Samples A1,
A3 and A5 showed undesirable hydration resistance:

Al4C3 + 12H2O " 4Al (OH)3 + 3CH4

Based on the literature [33], it is believed that the formation of
Al4C3 and subsequent reaction with moisture and formation of
Al(OH)3 and its expansion are the main reasons behind this phe-
nomenon. Formation of these phases is discussed next. 
SEM analysis of the material

Different mechanisms are proposed to explain the effects of sili-
con and aluminum on formation of different phases such as SiC,
SiO2, Al4C3 and Al2O3, Forsterite and MgAl2O4 [6-17]. Results of
phase analyses showed formation of spinel at 1300°C and 1600°C.
The SEM image of the spinel at 1600°C is shown in Figure 14. 

The sample S5 was heated at 1300°C for 5 hours. SiC was formed
under this condition. Figure 13 shows the SEM image of the SiC

Figure 11. Depth of the decarburization layer of the samples with and
without ferrosilicon and aluminum as a function of the firing tempera-
ture.

Figure 9. Depth of decarburization layer of the samples with and without ferrosil-
icon and silicon as a function of firing temperature.

Figure 10. Non-oxidation surface of the samples with and without ferrosilicon
and silicon as a function of firing temperature.

Figure 12. Non-oxidation surface of the samples with and without ferrosilicon
and aluminum as a function of firing temperature.
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Figure 16. SEM picture of Magnesoferrite and Forsterite.

Figure 14. SEM image of the spinel formed at 1600°C.

produced and the ferrosilicon remained un-reacted in the sample.
EDAX analyses of the SiC and the un-reacted ferrosilicon con-
firmed the chemistry of these phases.

The results obtained shows that by increasing temperature, the
phase Forsterite (2MgO•SiO2) forms in vicinity of the phase SiC,
at 1600°C. SEM and X-ray spectroscopy analyses approve the for-
mation of Forsterite in-between magnesia particles of the refracto-
ry as shown in Figure 15.

There is no information available in the literature on the mecha-
nism and effect of iron as an antioxidant present in the MgO-C
refractories. A mechanism similar to that of the Al and Si antioxi-
dants may be proposed for iron.  It seems that Fe3C phase is formed
at 1000°C and 1300°C. Fe3C is then changed to magnesioferrite
(MgO•Fe2O3) at 1600°C as shown in Figure 16. The mechanism

for this process is unknown. At high temperatures, the analysis
shows that the spinel phase is also formed in the system.
XRD analysis of the formed phases in the systems

XRD showed that when sample A15 was heated from 1000°C to
1600°C, Al4C3 and MgO•Al2O3 were formed in the system. The
other formed phase in the system is listed in each pattern.

5. SUMMARY
Effects of ferrosilicon, silicon and aluminum added to MgO-

Graphite refractory have been investigated in this research. The
main conclusions are:

Apparent porosity of the samples containing the antioxidants
increased with slow slope up to 1100-1300°C. It seems that the for-
mation of forsterite, magnesioferrite and carbide and oxide phases
might cause the decreases in the apparent porosity. It seems that
the carbothermal reduction of MgO signifies only at high temper-
atures; i.e. T !1400°C.

The CCS and MOR of specimen without antioxidants decrease
with temperature below 750 to 1000°C. They are related to pyrol-
ysis of the resin and the oxidation of the residual carbon. This trend
changes above 1000°C. The formation of a ceramic phase increas-
es the ceramic binding and improves the mechanical properties of
the specimen. It is also mentioned that the carbothermal reduction
of MgO above 1300°C may have some effects.

The experimental data shows that in the samples with and with-
out ferrosilicon, silicon and aluminum, the depth of decarburiza-
tion layer and percentage of oxidation surface increases with tem-
perature. Oxidation resistance of the ferrosilicon-silicon contain-
ing samples was greater than the specimens containing individual
silicon or ferrosilicon species. It seems that decreasing of the
porosity of the samples increases the oxidation resistance of the

Figure 15. SEM image of Forsterite phase at 1600ºC in S5
sample.

Figure 13. SEM image of SiC and unreacted ferrosilicon phases
in S5 sample heated at 1300°C for 5 hr.
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specimens. The latter arises from volume expansion of new phas-
es.

Regarding the hydration resistance, the worst results were
obtained for the samples containing aluminum. Other samples
showed good resistance against hydration.

The data show that there is an optimum level of ferrosilicon, sil-
icon and aluminum in the samples. Best results were obtained for
samples containing (a) 1-3 wt% silicon and 2-4 wt%. ferrosilicon,
(b) ferrosilicon and silicon and (c) ferrosilicon and aluminum.
Optimum data was obtained from samples containing 1% Al and
4% ferrosilicon.
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