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Abstract

MgO-C reaction, which spontaneously occurs at high temperature in low oxygen atmosphere, is

one of the important wear factors of MgO-C bricks. In this paper, we will report the influence of
porosity on MgO-C reaction. As a result of the experimental heating of porosity-varied specimens,
it was verified that weight loss increased with increase in porosity and the reaction progressed
from the surface toward the inside. According to the microstructure of the post-heated specimen,
the reaction front, which is the boundary between reacted peripheral and unreacted inside, was
clearly recognized. Thus, it is assumable that MgO-C reaction occurs only at the peripheral. Based
on the experimental results, we constructed a “reaction front model” that describes the influence
of the porosity of each brick on the migration speed of the reaction front. The results calculated by

the model well-agreed with the previously published data and experimental results.
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MgO-CILA DI EIRILEA T 7% LENRTZ
M EMEZRTMgOE AT 720§ Ak %
EAREE E Vo TR R o R 2 ML e
BIFKYTH Y, BIFZiR0, BEXIFRIEA 7
7T A e EXEEIF N K & L CIRIR < B S
NTna,

1. Introduction

MgO-C brick is a composite comprised of
MgO, which exhibits superior corrosion resis-
tance against high basicity slag, and graphite,
which has high thermal conductivity and poor
wettability to molten slag. According to its excel-
lent characteristics, MgO-C brick is widely used
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Fig.1 Microstructure of used MgO-C brick near

hot face.
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for steel refining vessels such as basic oxygen
furnaces (BOF), electric arc furnaces (EAF),
the slag zone of steel ladles, and so on.

Recently, our MgO-C products have been
developed from the aspect of microstructural
engineering’. Especially, MgO-C bricks for the
BOF, which are mainly damaged by molten
slag, have been developed focusing on not only
the purity of raw materials but also suppres-
sion of microstructure deterioration.

As shown in Fig.l, a decarburized layer is
often observed in the hot face of MgO-C bricks
used in the BOF. Many factors are conceivable
for decarburization such as liquid-phase oxida-
tion by FeO in slag, oxidization by oxygen in
the air and dissolution to molten steel. In addi-
tion to these factors, MgO-C reaction at high
temperature is also important. This reaction is
a redox reaction where the MgO and C con-
tained in the brick react in a 1:1 molar ratio
as comprehensively described by Eq.(1). The
reaction proceeds through simultaneously occur-
ring competitive reactions as expressed by
Eqs.(2) and (3).

MgO(s) +C(s) = CO(g) +Mg(g) == (1)
CO(g) + MgO(s) > Mg(g) +CO:(g) - (2)
COL(g) + Cls) = 2C0(g) - +reereeeeereerenne 3)

Many previous studies have been reported
about the influences of the kinds of the raw
materials and the carbon content on the MgO-C
reaction””. Tn some previous articles, reaction
models were also proposed. In the internal part
of a large brick, according to the diffusion lim-
ited model suggested by S. C. Carniglia, 1973,
the product gases of equation (1) should come
to near equilibrium pressures instantaneously
and stop reacting. Thus, the reaction continues
only at the surface shell in which an apprecia-
ble pressure drop of product gases occurs’.
L. Longti et al., 2003 expressed that the
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Fig.2 Variations in slag corrosion index as a
function of apparent porosity after firing
at 1600°C under reducing atmosphere.
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rate-determining step of the reduction changes
in accordance with the reaction progression. In
the initial stage of reduction, the solid phase-
boundary reaction determines the reduction
rate, and then in the second stage, the reaction
between MgO and CO becomes the rate-deter-
mining step for the overall process of magnesia
reduction by carbon®. Recently, Hino and
Zhang, 2015 constructed a new kinetic model
which enables quantitative evaluation of the
effect of various parameters by using an unre-
acted core model, and they suggested that the
particle diameter of MgO has a large effect on
the MgO-C reaction rate.

Empirically speaking, as noted by Carniglia,
we often observed the surface deterioration
layer on the reacted samples of which initial
porosity was maintained in the unreacted cen-
tral area. The surface deterioration layer is
assumed to be formed by MgO-C reaction.
Additionally, it was unveiled that porosity of
post-heated MgO-C samples influences their
slag corrosion resistance as shown in Fig.2.
According to these empirical facts, we focused
on the effect of porosity on the MgO-C reac-
tion rate. It is naturally expected that an
increase in the porosity increases the permea-
bility of gas generated by the reaction, result-
ing in acceleration of the reaction. However,
experimental investigation for correlation
between the reaction degree and porosity has
not been published as far as we know. In this
report, therefore, we show a relationship
between the MgO-C reaction speed and poros-
ity of bricks and introduce a simple reaction
model based on the experimental data.

2. Experimental Procedures

Five kinds of bricks with different porosities
were prepared by changing the pressing
conditions. Fused magnesia, flake graphite,
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Table 1 Apparent porosity of starting materials
A B C D E
A. P. (%) 9.1 8.5 8.4 7.9 7.7

Vol. 61 2018

some kinds of additives and phenolic resin were
used as raw materials and binder, respectively.
Then, each brick was cylindrically shaped with
27mm diameter and 30mm height followed by
heating at 1500C for 3 hours in a coke breeze-
filled sagger. The porosity of the cylindrical
starting material A-D are listed in Table 1.
The chemical composition of these starting
materials was MgO :C=82 : 14 by weight ratio,
which is equivalent to 1.7 :1.0 by molar ratio.
More than a 60 percent weight loss will be
observed if all the contained carbon is com-
pletely consumed for the MgO-C reaction.

Carniglia compared the weight loss speeds of
MgO-C material heated in a rapidly flowing
Ar atmosphere and in a loosely lidded crucible
that was placed in an Ar flow and reported
that the reaction speed of the former condition
was about a hundred times faster than the lat-
ter one of which gas diffusion was limited”.
During BOF operation, the hot face of the
refractories is generally covered by splashed
slag scattered by strong agitation. Therefore,
we carried out the heating experiments in a
loosely lidded crucible to prevent the rapid
dissipation of the generated gas accompanying
the MgO-C reaction.

Lid of crucible

Vacuum case
(¢ 500X 650mm)

Sample

Graphite crucible
(¢ 130% 180mm)

Graphite electrode

Insulating material

Fig.3 Experimental apparatus of MgO-C reaction
tests.
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Fig.4 Starting material and reacted samples.
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Heating tests were carried out using a con-
trolled-atmosphere furnace as shown in Fig.3.
The five cylindrical starting materials were
placed in a loosely lidded graphite crucible and
heated at 10C per minute up to the desired
temperature and maintained for 30-360min-
utes followed by natural cooling in the furnace.
The heating tests were conducted at 1600-
1800C. The atmosphere in the furnace was
displaced with argon gas prior to the heating
and argon gas was supplied at a rate of 1/ per
minute during heating.

Weight change after heating was evaluated
and it was regarded as the phenomenon accom-
panying the MgO-C reaction. Furthermore, we
measured the pore size distribution and perme-
ability of the starting materials and observed
the microstructures of the cross-sections of the
post-heated samples.

3. Results

Fig4 shows the appearance of the starting
material and post-heated samples of material E.
Significant surface deterioration was observed
for the samples that had more than 15% weight
loss and the sample that had been heated at
1800C for 240 minutes was decarburized com-
pletely and collapsed.

The weight loss as a function of porosity of
the starting material at respective temperature is
shown in Fig.5. The weight loss accompanying
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Fig.b Weight losses of reacted samples.
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Fig.6 Micrograph of cross-sections of reacted samples.
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Fig.8 Pore size distribution of starting materials.

the MgO-C reaction increased with increase in
the porosity of the starting materials.

Fig.6 shows a micrograph of cross-sections of
the post-heated samples. The upper side of the
photograph corresponds to the sample surface.
While the starting material had an almost flat
surface initially, porous deteriorated layer
extended from the surface toward the center of
the sample in accordance with the progress of
the reaction. Hereinafter, we denote the porous
deteriorated part as “reaction layer”, and the
boundary between the reaction layer and
unreacted part as “reaction front”, respectively.
Although voids formed as a result of the reac-
tion increased from reaction front toward the
sample surface, both MgO and C remained in
the reaction layer. This suggests that the reac-
tion has not completed in the reaction layer in
this study. A magnified image near the reac-
tion front is shown in Fig.7. The MgO-C reac-
tion started at the phase boundary between
MgO and C to form a void along the interface.
The voids distribution in the reaction zone is so
obvious that the reaction front is distinguish-
able clearly. The thickness of the void is larger
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than a few tens of micrometers, which is much
larger than the pre-existent pore size in the
starting materials as shown in Fig.8.

Fig9 shows permeability of the starting mate-
rials as a function of the apparent porosity. The
permeability increased exponentially with
increase in the apparent porosity of the bricks.

Based on these results, we constructed a
reaction model and analyzed the data using the
model.

4. Discussion

4. 1 Assumption of model

The diffusion limited model, which was pro-
posed by Carniglia when tar-impregnated magne-
sia bricks were mainly used for the BOF,
assumed that the carbon, which was constantly
contained in the brick, disappears discontinu-
ously at the boundary between the decarbu-
rized zone and original structure zone. There-
fore, a new model is needed to describe the
extension of the reaction layer as well as pro-
gression of reaction degree in the reaction
layer.

In order to establish a new “reaction front

(C) + c
T 5| © 5 S o
= CContent & «| B2 |& 12 8
g SNEN |8 18 &
5 | Carbon- L g 0l3 @
8 Containing 8 ggle &
()
Body a o NjW
(d)
........................ -
C
(@]
S
(&}
-
>
L

Fig.10 Schematic illustration of Carniglia’s diffusion limited model (a, b) and the reaction front model (c, d).
(a)(c) indicate zones in the models, and (b)(d) indicate kinetic function in isothermal case.
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model”, the following were hypothesized accord-
ing to the experimental results.

- The apparent porosity of the starting mate-
rial affects the weight loss accompanying the
MgO-C reaction.

- Weight loss occurs only at the reaction layer
located outside of a reaction front.

- The voids generated at the reaction layer are
larger by orders of magnitude than the pre-
existent pores in the starting material.
Therefore, the influence of the porosity of
the reaction layer on the MgO-C reaction
speed is negligible.

- Apparent porosity affects the “reaction front
migration speed”.

Fig.10 shows the schematic illustrations of
Carniglia’s diffusion limited model and our
reaction front model. The reaction front model
describes the weight loss of samples, taking
reaction front migration as well as continuation
of the reaction between the residual carbon
and MgO in the reaction layer into account.
Assuming that there is a thin boundary film
that limits the gas transfer rate in the vicinity
of the reaction front, porosity can be regarded
as one of the properties influencing pressure
drop in the film. As a result of controlling the
gas transfer rate, reaction front migration
speed varies. Hence, the reaction front model
treats porosity as the parameter influencing
the reaction front migration speed instead of
introducing the concept of boundary film from
a holistic point of view.

4. 2 Data analysis based on the reaction
front model

According to the assumption, the reaction
front migration speed 2 /mm-s” is defined by
the radius changing speed (dr/dt) of the cylin-
drical unreacted part that is identical to the
height changing speed (dh/dt) of it as expressed
in Eq.(4).



Shinagawa Technical Report

20 20

®  [1600° 1625°
T 15| 1828C
2

210 10t

=

Ko

o) | L

2 5 5

0 —_ 0
0 7200 14400 21600 0

7200 14400 21600

Vol. 61 2018
20 20

1650°C 1700°C_
15} 15}
10t 10t

5 5t

0 L L L L L 0 L L L L L
0 7200 14400 21600 0 7200 14400 21600

Duration/ sec

Fig.12 Weight losses of sample E and fitting curves of reaction front model.

Table 2 Reaction rate coefficient obtained by the model

1600°C 16256°C 1660°C 1700°C
ka(mmes™) 1.46x10" 0.88x10° 3.16%x 10" 4.96x10*
Ks 1.33%x 10" 9.93x10° 2.82%x10" 4.39%x10*
Ke 1.13%10* 8.95x10° 2.56%10* 4.24x10"
Ko 1.06% 10" 8.86x 10° 2.66x10° 4.29x 10"
Ke 1.09% 10" 8.66x10° 2.63x 10" 4.17x10"
J (molsmm?+s™) 2.0%x10° 1.6%x10* 3.0x10° 4.6x10°
AW=W,—523n; %k3t4—3l(2r0+ ho) Bt % - %z B eeeeeeeeeeeri e (4)
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Thus, radius »/mm and height 2/mm of unre-
acted cylindrical part at time ¢ can be repre-
sented by initial radius 7,/mm, initial height
ho/mm, the reaction front migration speed %/
mm-s ' and time ¢/s as indicated in Egs.(5)
and (6) in association with Fig.11.

Introducing average reaction rate in the reac-
tion layer as 7 /mol'mm™-s”, weight loss due to
the MgO-C reaction AW/g observed at time ¢
is expressed as Eq.(7).

AW=W,—=5237[L0 Vo ~Viea)dt = (7)

Where W,, V, and Vi are initial weight in
the unit of g, initial volume and unreacted vol-

ume in the unit of mm?® at time t, respectively.
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Fig.13 Arrhenius plot of reaction rate j.
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Fig.14 Arrhenius plot of reaction front speed K.
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52.3 is the weight loss in the unit of g caused
by the reaction between 1 mole of MgO and C.
The unreacted volume at ¢ is also denoted as
Eq.(8) by using Egs.(5) and (6),

I/()_ I/zmreact = 7[72)2}[0_ 7'[7’2h
zn:rozho_n(ro_kt>2(ho_kt> ”‘(8)

Weight loss at ¢ is also shown by substitution of
Eq.(8) to Eq.(7).

AW=Wo—52.3 j [Lolmriho—n (ro—kt)* (ho—kt)}dt (9)

And we obtain Eq.(10) by integrating Eq.(9).

AW=W;=5237] {}R0'-% @ro+ hORE
+3 (rf +2rh) RE|-+(10)

Eq.(10) is applicable unless C and/or MgO
would be consumed completely.

According to Eq.(10), £ and j of each tem-
perature are determined by regression analy-
sis. Fig.12 shows the observed weight loss and
fitted curves in the case of sample E. The
obtained % and 7 at each temperature are also
listed in Table 2.

4. 3 Reaction rate j in the reaction layer

Temperature dependence of the reaction rate
7 in the reaction layer is represented by Arrhe-
niuss equation in Eq.(11), that is log-transformed
as Eq.(12).

7 —]Oexp _% .................................... (11)
ln]=ln]0—% .................................... (12)

Where, R, j, and E; are gas constant in
J-K™mol™, the frequency factor in mol'm™-s”
and activation energy in J-mol’, respectively.
Plotting the logarithm of j against the inverse
of absolute temperature, which is so-called
Arrhenius plot, the slope of the plot is equiva-
lent to the activation energy F;. Fig.13 shows
the plot. Obtained apparent activation energy
E; was 307k]-mol”, which is in good agreement
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~ 0.0003 AA AA ] migration speed % increased with the increase
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starting material are shown in Fig.14. They
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AP and frequency factor %4, depend on the porosity

Fig.16 Kk as a function of apparent porosity. Plots
are obtained by fitting of the reaction
front model as listed in Table 2, and
curves were calculated from equation (13).

XTI LD TE S,

E _
RT (-1.65¢+34.44)

— - (-28490 +703750) ---(13)

Ink=Inko—

Figl6iZ, i (13) TROZFMESRMHIZBIT 5
kOZALFARAFE 2 Hi# T/R$ o Table 21278 L 72

of the starting materials. The dependencies of
E, and In %, on the porosity of the starting
materials are shown in Fig.15. From the
regression lines of £, and In %y as a function of
the porosity, Ink is uniquely determined as
functions of porosity and temperature as the
following equation,

E,
RT

Ink = Ink,— = (-1.65e+34.44)

— L (-28490£+703750) ---(13)

The dependence of %2 on the porosity at
respective temperature calculated by Eq.(13) is
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shown in Fig.16. The symbols plotted in Fig.16

represent the values independently obtained

fitting results, which are listed in Table 2.

4. 5 Comparison with thickness of reaction
layer

Fig.17 is a comparison of the thicknesses of
the reaction layer between calculation and
observation in the case of sample E heated for
120 minutes. Good conformity was obtained.
This result supports our assumption that the
MgO-C reaction occurs only at the reaction
layer. Hence, the thickness of the reaction layer
of the material became predictable.

4. 6 Comparison with wear rate in BOF

Assuming that the reaction front migration
speed coincides with the wear rate of MgO-C
bricks in a BOF, it is possible to predict an
effect of post-heating porosity on the wear rate
of the brick. In the refining stage of BOF oper-
ation, the temperature of hot metal gradually
elevates toward target tapping temperature of
1650C or so. Therefore, we hypothesized that
the hot face of the bricks is exposed to 1650TC
for 15 minutes per one heat. Fig.18 shows the
estimated wear rate as a function of the poros-
ity of the bricks. The calculated wear rates are
approximately 0.2mm-ch™ and strongly influ-
enced by the porosity. Taking the fact that the
actual wear rate in the BOF is approximately
0.3 mm-ch™ in Japanese steel manufactures into
account, so the calculation result obtained by
the reaction front model is considered to be a
reasonable order of magnitude.

As discussed above, the reaction front model
would be suitable to explain the experimental
results in this study. On the other hand, both %
and 5 will be affected by many parameters
such as chemical composition, grain-size distri-
bution, and so on. Therefore, it is necessary to
reveal the physical implication of 2 and j to
construct a generally applicable model for the
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Fig.18 Calculated wear rate of MgO-C brick
using reaction front model.
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MgO-C reaction.
5. Conclusion

We investigated the effect of porosity of
MgO-C bricks on the MgO-C reaction rate.
The experimental results indicate that the
reaction proceeds from sample surface toward
inside to form the reaction layer in the periph-
eral and weight loss accompanying the reaction
occurs within the reaction layer. In the reacted
samples, weight loss increased with an increase
in porosity of the starting material and tem-
perature. Based on the experimental results,
we constructed the “reaction front model” of
which the porosity of each brick effect the
migration speed of the reaction front, which is
defined by the boundary plane between the
reaction layer and original brick structure.
Some calculations were carried out by applying
the reaction rate and the reaction front migra-
tion speed, which had been obtained from the
regression analysis. The calculation results
agreed with the measured reaction layer thick-
ness as well as the previously published results.
Thus, the accuracy of the model was validated.
In order to generalize the model, it is neces-
sary to reveal the physical implications of the
reaction rate and the reaction front migration
speed.
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