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1. INTRODUCTION

MgO-C Refractories with especial properties were developed not only for new technology of steel mak-
ing process, but also for consumption reduction of refractories per ton of steel production [1]. One of the
main and important problems of MgO- C refractories is oxidation of graphite, especially; at below 1400°C,
because, at this temperature range dense layer was not formed and burn out of graphite by air is very fast
[2-4]. Graphite oxidation can take place in three mechanisms, which are solid – gas reactions, solid –
liquid reactions and solid-solid reactions. In BOF furnaces, refractory can be oxidized with gas during
blowing of oxygen, tapping of melt and slag, charging of melt and scrap and at rest time of furnace. In
recent years many researches were conducted about parameters affecting oxidation and role of antioxi-
dant in MgO- C refractories [5-8], and different methods were designed for measuring and comparing of
oxidation [9-10]. But a few researches based on reassuring of weight loss with time or analysis of gas
products had gone to determine kinetic of oxidation [11-15]. Based on researches conducted by X. Li and
M. Rigaud [14] (via gas analysis) and N. K. Ghosh et al [15] (via weight loss measuring for a given
graphite contact) oxidation equations in one dimension were derived and concluded that Oxidation of
graphite is a diffusion control process.
In this research, Oxidation of samples containing 5-20 wt% G at temperature range 900°C-1300ºC and in
air based on measuring weight loss with time were investigated and the effect of graphite content on
oxidation and oxidation mechanism was determined according to shrinking core model (a simple model
for gas – solid  reactions).

2. EXPERIMENTAL  PROCEDURE

Cylindrical samples (with 30 mm in diameter and 25 mm height) were prepared using sintered magnesia
with a purity of 97% (Table1) and natural china graphite- flakes with an ash content of 5 wt.% and density
of 2.26 gr/cm3 (Table 2). The magnesia grains were in 0-5 mm (at four ranges, 3-5 mm, 2-3 mm, 0.1-2
mm and < 0.1 mm) with size distribution defined by n=0.5 in Andreasen’s Equation (y=100(d/D)n).
The graphite content of samples was 5-20 wt% and 5 wt% liquid phenolic resin (Novalac, Table 3) was
used as binder. Samples were prepared by one direction die press of 120 Mpa. The specimens were
tempered at 240ºC for 18h and then bulk density and apparent porosity of them measured according to
ASTM C-20 in Oil (Table 4).
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Before oxidation tests, the samples were heated at 600ºC for 5 hr in a coke bed to remove the volatile
species and to minimize the influence of them. After than, bulk density and apparent porosity of samples
remeasured (Table 5). The samples were Oxidized isothermally at temperatures 900°C, 1100°C and 1300ºC
in a tubular furnace as shown in Fig 1, by natural convection of air. The test sample was placed on an
alumina tube and then conducted to the furnace with test temperature. In order to create a unidirectional
oxidation process, the bottom and the top surfaces of the sample were covered by a piece of alumina plate
to prevent the oxidation from both ends. The weight changes were measured with time at regular intervals
and fraction of weight loss was calculated (X) according to below equation:

oxidationcompleteafterlossweightTotal

ttimeatlossWeight
XlossweightofFraction ==

2.1. Shrinking – Core Model (SCM)
The shrinking core model for an isothermal spherical particle (B) which reacts with gas (A) is illustrated
in Fig 2 for a particular instant of time, [16]. There is a sharp boundary (the reaction surface) between the
no reacted core of solid B and the porous outer shell of solid product (ash layer). The gas film reflected
the resistance to mass transfer of gas (A) from the bulk gas to the exterior surface of the particle. As time
passes, the reaction surface moves progressively toward the center of the particle. According to the SCM
model, three processes involving mass transfer of gas in gas film, diffusion of gas in porous layer and
reaction of gas with solid (B) at reaction surface, are rate controlling steps.
According to the cylinder shape of samples, if we consider a thin cylindrical shell in the ash layer at radial
position r and with a thickness of dr in samples by means of material balance across the shell, the
continuity equation for gas (A) will be obtained as below:

   Table 1. Chemical analysis and density of china sintered magnesia

Table 3. Properties of phenolic resin

   Table 2. Physical properties of china flake graphite
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If we assume that the concentration gradient for gas through the ash layer is established rapidly relative to
movement of the reaction surface, we may treat the diffusion as steady-state diffusion for a fixed value of
r, then Eq. 1 becomes

0
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2

=+
dr
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rdr

cd AA                                                                                                       (2)

This assumption is called the quasi-steady-state approximation (QSSA) and is valid because of the great
difference in densities of gas and solid. By solving the above equation according to boundary condition
[16] results in

[ ]






























−−+−−++= 2

1

)1(1
1

)1ln()1(
42 B

AS
BB

eAg

B

Ag

B X
k

XXX
D

R

K

X

bc

R
t

ρ
    (3)

This equation is the summation of three mechanisms that are gas layer mass transfer control, ash layer
diffusion control and surface reaction rate control, and may be one mechanism (one process) dominates
to others. Then if we draw each terms verses time, a liner relation will indicate that which term or process
controls the overall system behavior.

3. RESULTS AND DISCUSSION

The fraction of weight loss X versus time for different temperatures 900°C, 1100°C and 1300° C at
constant graphite contents 10 wt% and 20 wt% are shown in Figs. 3-4. It is obvious that the rate of weight
loss was very fast in the beginning of oxidation and decreases gradually because of increasing the thick-

    Table 4 . Bulk density and apparent porosity of samples
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ness of oxidized layer. The rate of weight loss increased with temperature. These observations indicate a
diffusional behavior, which represents faster transfer of oxygen at the higher temperatures with lower
oxidation rates at the greater weight loss. Increase of chemical reactivity of the graphite is another reason
for increasing of weight loss with temperature.
The fraction of weight loss with time and with 5%, 10%, 15% and 20% graphite at isothermal tempera-
tures 900°C, 1100°C and 1300° C are shown in Figs. 5 –7. By increasing the graphite content, the weight
loss decreases and at 15wt% and 20wt%G weight losses were almost same. At higher graphite contents,
more graphite existed per unit volume of the sample. A higher amount of O

2
must, therefore, diffuse into

the sample to oxidize the higher C content. Although the diffusion rate increases (due to the increase of
porosity of oxidized layer with graphite content and weight loss increases), however, because of chang-
ing of the produced gas composition, this increase is not proportional to the graphite content of the
sample and the fractional weight loss decreases by the amount of graphite, as shown in the figures.
Cross section of samples with 10wt% graphite after oxidation at different temperatures is shown in Fig. 8. It
is seen that the oxidation of graphite is topochemical in nature and reaction surface is sharp, then we can

Fig. 1. Schematic view of setup, used for weight loss measuring.

Fig. 2. The shirinking core model for an isothermal spherical particle
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Fig. 3.  Fractional weight loss of samples 10wt%G at
different temperatures

 Fig. 4 . Fractional weight loss of samples 20wt%G
at different temperatures

Fig. 7. Fractional weight loss of samples containing
various amount of graphite at 1300ºC

  Fig. 8. Cross section of samples containing 10wt%G,
Oxidized at different temperatures (from left to right

900°C, 1100°C and 1300ºC)

Fig. 5. Fractional weight loss of samples containing
various amount of graphite at 900º C

 Fig. 6. Fractional weight loss of samples containing
various amount of graphite at 1100º C
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relate the decarburized layer thickness with fractional weight loss (X=1-(r
c
/R)²).

The variation of  f (X) and g(X) versus time,(Where f(X) is X+(1-X)ln(1-X) for diffusion mechanism and
g(X) is 1-(1-X)0.5 for chemical reaction mechanism) were shown in Figs. 9 – 12. As it is clear that relation
between diffusion term and time is relatively linear in comparison to chemical reaction term (Gas layer
mechanism does not compare with others because if the gas layer mechanism would be dominating, a
linear relation must exist between X and time but Figs 5-7, do not show such behavior). But with increas-
ing of graphite content and temperature, deviation from linearity increases. At the samples containing
higher percentage of graphite, the oxidation mechanism tends to slightly deviate from pure pore diffusion
control. The gas volume variations due to the CO/CO

2
 ratio change may cause the slight shifting of the

oxidation mechanism from pure pore diffusion to pore diffusion - external gas transfer mechanism.

4. CONCLUSION

1. Oxidation increases exponentially with temperature because diffusion of oxygen and reaction of

Fig . 9. f (X) and g (X) versus time of sample with 5%
graphite at 1300º C

 Fig. 10. f (X) and g (X) versus time of samplewith
5% graphite at 1100º C

Fig. 11. f (X) and g (X) versus time of sample with Fig. 12. f (X) and g (X) versus time of sample with
20% graphite at 1100ºC
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graphite with oxygen increase when temperature increases.
2. With increasing of the graphite content, the rate of weight loss increases due to the formation of a

more porous oxidized layer, but the fractional weight loss decreases due to the increase of the initial
carbon content. The weight loss increase is not, however, proportional to the enhancement of the
graphite content. This may be attributed to the combined influences of the reaction front area change,
CO/CO

2
 ratio change and inter diffusion coefficients variations.

3. Oxidation mechanism is pore diffusion, which means the diffusion of oxygen through decarburized
layer is procsses control.

4. When graphite content of the samples increases, the oxidation mechanism tends to slightly deviate
from pure pore diffusion control. The gas volume variations due to the CO/CO

2
 ratio change may

cause the slight shifting of the oxidation mechanism from pure pore diffusion to pore diffusion -
external gas transfer mechanism.
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