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Abstract

It was clarified that the damage rate of MgO-C brick is influenced by graphite content by an investigative
experiment in which MgO-C bricks relined in test vessel were heated up along with iron or steel to
the Ultrahigh temperature up to 1800 C in a high frequency induction furnace. It is inferred that the
damage progressed in two steps, vanishment of the brick matrix near the heated surface associated with
formation of a void region in the first step and the capture of the remaining coarse magnesia particles in
molten metal in the second step. It is indicated that MgO-C reaction plays a role in void region formation
and deterioration degree of brick structure near the heated surface. This depends on graphite content

as well as on heating temperature, and influences the transience of gas phase generated by MgO-C
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reaction.
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1. Introduction

The steel refining process, in which overall refining
is carried out step-by-step in different furnaces or
vessels with specialized refining functions and/or
purposes is broadly applied in order to improve
the efficiency of refining reactions, reduce total slag
volume and expand the use of steel scrap’. A core
refining facility is a convertor furnace, in which hot
metal dephosphorization and decarburization is
carried out dividedly in two different furnaces*?, or
hot metal fabricated by smelting reduction of steel

* 1 RAiTHRZTAT 55 1 THZRED 55 1 H3RE  Research Center, Shaped Refractories R&D Sec., Research Dept. No.1
* 2 JiThgRr 85 1 BHZRER &&  General Manager, Research Dept. No.1, Research Center
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Table 1 Chemical and physical properties of
three types of MgO-C brick samples

Sample C25 C255  C13S
Chemical composition

MgO /% 71 71 83
C /% 25 25 13
(Graphite A) O

(Graphite B) O O

Physical properties after being fired at 1450 ‘C
Apparent porosity / % 10.5 10.4 6.9
Bulk density 2.65 2.70 2.95

Graphite A Graphite B

SEM Image

300um

Fig. 1 SEM images of graphite A and graphite B.

scrap and/or iron ore in one furnace is sequentially
decarburizedinanother furnace®. Since the operation
temperature among convertor furnaces with such
specialized functions differs greatly appropriate
material design is necessitated for MgO-C bricks
relined in the convertor furnace with consideration
on dominant damages in the corresponding ope-
rational temperature range.

MgO-C bricks were relined in a test vessel and an
iron/steel source was filled in the test vessel. They
were heated up to a specified temperature in order
to investigate MgO-C brick damage as well as the
reactions between brick and molten metal using
high frequency induction furnace. Assuming low and
ultrahigh operational temperatures in a convertor
furnace, three (3) levels of heating temperature,
namely, 1450°C, 1700°C and 1800 C, were sele-
cted as the upmost heating temperatures. The
differences in the damage process were evaluated
by investigating the damage rates of MgO-C bricks
with different C content and/or different types of
graphite. The details are described in this report.

2. Experiment

2. 1 Sample preparation

The major chemical and physical properties of
three types of MgO-C brick samples with different
C contents (25 % and 13 %) and different types of
graphite (graphite A and graphite B) are summarized
in Table 1. The MgO-C brick samples are labeled
C25, C25S and C13S. The apparent porosity and
bulk density of the MgO-C brick samples fired
at 1450 C in a coke breeze are shown in Table 1.
As per Fig. 1, in which SEM images of graphite A
and graphite B are shown, graphite A exhibits an
accordion-shaped microscopic appearance” and
the microscopic appearance of graphite B is foliate
shape®. It is noted that specific surface of graphite A
is almost 8 times bigger than that of graphite B.

2. 2 Experiment equipment

As schematically illustrated in Fig. 2, MgO-C brick
samples relined in a test vessel were heated up to a
specified temperature in a high frequency induction
furnace with roughly 8 kg of melting capability. More
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Sample

Induction coil

i

Molten
metal ——H

g $

Stamping material Filling sand Vessel

Fig. 2 Schematic diagram of heating test for
MgO-C brick samples in high frequency
furnace.

Molten metal MgO-C bricks

Fig. 3 Appearance of upper face of test vessel
in high frequency furnace.

specifically, two pieces of each sample C25, C25S
and C13S were relined in a test vessel along with
two dummy bricks. Each relined brick sample was
processed in advance so as to assemble cylindrical
test vessel samples with 128 mm of inner diameter
and ¢193mm of outer diameter.
2. 3 Experiment conditions

As previously described, temperatures of 1450 C,
1700 C and 1800 C were applied for the heating
test. As for the iron/steel source used in the test
vessel, hot metal (commercially available dense bar)
was used in the heating test at 1450 ‘C and stainless
steel (SUS430) was used in the heating tests at
1700 C and 1800 C. The heating temperature was
controlled by monitoring the temperature measured
by a continuous temperature measuring probe which
was dipped in the molten metal bath. Basically, the
heating test was conducted for 5 hours. However,
in cases where metal leakage by severe erosion of
the relined bricks occurred the heating test was
interrupted at that the time of occurrence. Since the
major purpose of the heating test was to investigate
the physical damage of MgO-C brick induced
by molten metal as well as reactions inside the
refractories, no erosive agent was added. The test
vessel assembled with MgO-C brick samples was
oscillated by eccentric rotation at 30 rpm rotation
speed. Fig.3 shows the appearance of the upper
face of the test vessel in the heating test, during
which fluctuation of the molten metal bath was
observed.
2. 4 Evaluation method

Wear volume of the MgO-C brick samples
undergoing the heating test was measured as per
Fig. 4. H represents the metal line height, namely, the
depth of the molten metal bath. The wear volume
(V) was calculated with the measured wear area (5)
and sample width (W). The damage rate or volume
reduction rate (Vi) was calculated by dividing the
wear volume by the heating test time. Afterwards,
the cross sections of the MgO-C brick samples were
observed along with microscopic observation of the
damaged areas in the brick samples.



Report

No.67 2024

HERISEIEERASEEE L, ABRPICRERYNADDIES
ENKREL, REMOBRNS 2 CHIlSNIZIBEGICE, 2
DRRTHEIR T & Uz, 88, X TE, MgO-CnA
PORRIREETOBH: (F 72 (3758) (C K BYIENEEE P
NADRBORINICEB L TWBZHBEREI(XZ7) [3E
AETERBRETo/1c, HBRPE30rpmTRLODEZ S,
P EEE LT, Fig 3B DnE =L, —EDZE
wEyEtER L.
2. 4 FHEFGE

HERY T IOBEEAEREEFgAIRT. Y
T DEEEESERAEL, Y TILBEEWE L THREY
TR, HBEBETESZEICk>T, BEREV ZKD
1o T, HEXIIIL ST VEDBESZERT. BIC, 1
Wi D> FILANER, BIEBOMBSEHEZIT o/,

Vo

Vo : Initial volume / mm?3
V :Wear volume / mm?
S
H

T
Il
———"—Q—-—-

: Wear area / mm?
: Metal line height
(depth of molten
metal bath) / mm
W Width / mm

Fig. 4 Measurement of wear volume of MgO-C
brick sample in heating test.
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3. Results

The volume reduction rates of samples C25, C25S
and C13S at each heating test temperature are
comparatively shown in Fig. 5. The cross section of
each MgO-C brick sample is compared and classified
by heating test temperature in Fig. 6. The MgO-C
prick samples that underwent the heating test at
1450 C exhibited light damage with a small volume
reduction rate. In association with C content, the
MgO-C brick samples put through the heating test
at over 1700 C exhibited different damage patterns.
The volume reduction rate of C25 and C25S samples
in the heating test at 1800 ‘C grew markedly larger
than those in the heating test at 1450°C by a
factor of 13-15. Semicircular localized damage was
observed at the molten metal bath portion in the
cross section of the MgO-C brick samples in the
heating test at 1700 C and at 1800 ‘C. Fragments
mixed with metal and magnesia particles captured
in localized damage areas were also observed in the
cross sections of samples C25 and C25S.

The microscopic photographs of the damaged
area in each MgO-C brick sample in the heating
tests at 1450 ‘C and at 1800 C are shown in Fig.7
and Fig. 8, respectively. Except for a decarburized
layer with <100 um thickness on the hot face,
no damage was observed in the microstructure
of the MgO-C brick samples after the heating
teat at 1450 C. While, a distinct difference in
damage pattern was observed in the microscopic
photographs of the damaged area in the MgO-C
brick samples in the heating test at 1800 C. The
damaged area microstructure in sample C25 can
be divided into three layers, that is, a unified region
where washed-out magnesia particles are captured
in metal (1st layer), a void region in which parts of
the brick matrix have vanished (2nd layer) and the
original brick refractory structure (3rd layer) from the
hot face of brick sample. Three similar divided layers
were observed in the damaged area microstructure
in sample C25S. While, sample C13S exhibited only
2nd and 3rd layer in its microscopic photograph
of the damaged area it retained a wider range of
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Fig. 5 Volume reduction rate of samples C25, C25S
and C13S at each heating test temperature.

healthy brick structure than sample C25 or C25S.
In short, the degree of damage induced by molten
metal in samples C25 and C25C characterized by
high graphite content was much more severe than
that in sample C13S. When comparing sample C25
blended with graphite A with sample C25S blended
with graphite B, sample C25 exhibits slightly more
severe deterioration in the original refractory brick
structure than sample C25S with almost equivalent
thickness of void region (2nd layer).

4. Discussions

Based on the experiment results, it is inferred
that MgO-C brick damage by molten metal at
ultrahigh temperatures progresses, in two steps as
schematically illustrated in Fig.9. That is, early on,
the brick matrix composed of fine magnesia and
graphite particles disappears and a void region
is formed as shown in the first step framed with
a blue color line. This is followed by the capture
of the remaining coarse magnesia particles into
the molten metal in the second step, framed with
red color line. Unlike fired refractory brick with a
structure tightly upheld by a ceramic bond, MgO-C
brick structure is sustained by carbon bond derived
from the resin used as binder and mechanical

1450°C X 5h

1700 C X 3h

1800 °C X 2h

c25 C25S

-

C13S c25

5

C25S C13S c25 C25S

¢ 5, Lo

C13S

€ S FOEL
Libifl

Fig. 6 Cross section of each MgO-C brick sample experiencing heating test at 1450 °C,

1700 °C and 1800 °C.
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C25S

C13s

5 1006um

Fig. 7 Microscopic photographs of damaged area
in each MgO-C brick sample in heating test
at 1450 °C.
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LEDBERNS, BERICHITDIMZO-CNANDIEE
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&, NATERDIOY T2 7ERBHASHIVDHET
N T 2B DERNETLU TERENER SN D R
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< Hot face. 1st layer 20 layer 31 layer
: — i m— :

C25

#1000 um

1=t layer 2nd layer 3rd layer

- 21000 um
2 layer 3 layer

C13s

1006um

Fig. 8 Microscopic photographs of damaged area
in each MgO-C brick sample in heating test
at 1800 °C.

compaction. Therefore, it is expected that after
first step progresses to a certain extent, the force
to maintain the brick structure will be less than the
stirring force of the molten iron, and second step
will easily progress.

Among the variety of proposed mechanisms for
the formation of a void region in MgO-C brick
at ultrahigh temperatures under reduction atmo-
sphere”?, the MgO-C reaction, oxidation-reduction
reaction between MgO and C, is acknowledged
as an established theory. The MgO-C reaction is
expressed with equation (1), which comprises equa-
tion (2) and (3).

MO (5) +C () > CO(E)+HME(g) +++rereeeeerereeeees 1)
CO(g)+MgO () >Mg(g)+CO,(g)  weeeeereeees (2)
COZ(g)—i—C(S) SDCO() w+veeevermremeemesseeensees (3)

It can be comprehended that the MgO-C
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at>1700 C

Disappearance of
carbon bond and
fine particles by

MgO-C reaction.

. Molten metal g%gl\/\atrix

Vanishment
of matrix

Carbon bond

Penetration of ~ Capture of Decrease in
molten metal remaining MgO  residual thickness
particles by
molten metal.

MgO grain

Fig. 9 Schematic illustration of wear mechanism of MgO-C brick at ultrahigh temperature.
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MgO-CRIMEFEFN BT T2 7 Eh—HR > DBEILET
RIGHZDEHRE L TROND Z NS L. ZDMgO-C
RitlE, kO (1) TRSN, BICZOXM) I XQ)H
KU B) DSBS NTWV D,

MgO (5) +C (5) =CO(R) +ME(Q) -++ererrereereeeee (1)
CO(g) +MgO (5) »Mg(g) +COs(g) +ereereerereses: )
COx(g)+C (s) S2CO(g) werereeeereee (3)

ZCT, ®() TREINBRIGE B (MgO-Q) H 5
CO, MgHZADENBRIGE R BT ENTE D, BIE
DEDBRRIHEEERD D10, BRRGICH T DREE
EORDYICHEEaZBAL, BEHISTBHEE
[, K@) DESICRT S ENTEBY,

reaction expressed with equation (1) is a thermal
decomposition reaction from solid phase (MgO
and C) to gas phase (CO and Mg gas). To calculate
thermal decomposition rate of solid phase,
decomposition reaction rate (hereinafter referred to
simply as “reaction rate”), a, which is coordinative
term of concentration change rate in liquid phase
reaction, was introduced. Reaction rate, «, at time,
t, is expressed as per equation (4)*'?.

da

E:kf(a) ................................................ (4)
With integrating equation (4), equation (5) is
obtained.
(OG0
F(oc)—O ) kt (5)

Where, k and f(a) respectively represents reac-
tion rate constant and function depending on
rate-determining step of the reaction. Based on
this reaction model, a variety of functions, f(a), are
suggested™”. Presuming that the reaction process
in which generated gas phase diffuses through
solid phase and finally effuses out of the system
is regulated by one-dimensional diffusion, a’ is
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B, cNEBNITDERRXG)DLDICKRTZENT

5o

_(* do _
Fla)= Ty kt

C T, KITEEEH, f(a) (HPRERFEICIKFT ST
H%. f(a)FBLDRINETINICEDNWTHRL BN E
PNTH™?, [BERM DB ERY P Z AL TR
[CRHEEN2BIEZ 1 XTHIMEIEETH D E AR LT,
Fla)e LT’z &E LIz, 9h5, (5 EF 6)D
EDOCKRTZENTE D,

ZCT, RBRTEONLCEBEEV.H S, REREXR
ViNEKRD, ChZERIbEaE Uiz, 6) D5, 27
NBICEHBRERCHTBIREREERKEEH Uiz, £
DfER=ZTable 2(2R" T, T5IC, BONTEEREEHH S,
IL<H5NZ7 L =0 AN BV TRIDmEikFtz
FHD U7z, 77 L= A BANHMDEICEKT &,

_ B e,
In(k)=Ln (A) RT (7)

selected as f(a). Consequently, equation (5) was
rewritten as per equation (6).

In this study, using volume reduction rate, Vi, which
was obtained from heating test, volume reduction
rate, Vi/Vo, was deemed as the reaction rate, . Thus,
reaction rate constant, k, of MgO-C brick samples at
each heating test temperature were calculated. The
calculation results are summarized in Table 2. The
temperature dependency of reaction was evaluated
by inserting calculated reaction rate constant, k, into
well acknowledged Arrhenius equation. Arrhenius
equation in natural logarithm form is expressed as
per equation (7),

_ B e,
In(k)=Ln (A) RT (7)

where,
k : Reaction rate constant
A: Frequency factor
E : Activation energy
R: Gas constant
T: Temperature

As per Fig. 10, the calculation results of three
types of MgO-C brick samples are plotted on an
Arrhenius plot with “1/T” horizontal axis and “In(k)”

Table 2 Results of experiment data calculation for Arrhenius plot

T 10T Vi a k In(k)
Sample
C K K™ mm’-h” % sec’

1450 | 1723 5.804 1078 0.527 0.278 -1.282

C25 1700 | 1973 5.068 3737 1.827 3.336 1.205
1800 | 2073 4.824 15939 7.790 60.691 4.106
1450 | 1723 5.804 1006 0.492 0.242 -1.420

C25S | 1700 | 1973 5.068 3090 1.510 2.282 0.825
1800 | 2073 4.824 15470 7.561 57172 4.046
1450 | 1723 5.804 1042 0.509 0.259 -1.349
C13S | 1700 | 1973 5.068 1581 0.773 0.597 -0.515
1800 | 2073 4.824 13704 6.698 44.861 3.804

T: Temperature Vi : Volume reduction rate

a: Reaction rate

k : Reaction rate constant
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Fig. 10 Arrhenius plot of each MgO-C brick
sample calculation data.

Table 3 Activation energy (E), term of frequency
factor (In(A)) and correlation coefficient
(r) of each MgO-C sample obtained by
Arrhenius plot

-E/RX10* | E (kJ/mol) | In(A)(sec™) -r
C25 5.0082 416.4 17.5 0.9474
C25S 4.9938 415.2 17.2 0.9270
C13S 4.3043 357.9 13.1 0.7937

FEDETEFERZEC, Fig 1021/ Tz#E#E, In(k) 7zt
WMELETLZORTOY NERT. OOy M5,
BHEETRILF—E B|ERFINA), EEREDIESN
Jzo ZDfER%ETable 31277 Y. B> FILC25HKUVC255
DEEEFHHOR—HL, MW RLEREZFHDOORE
EHEoNTIz. —A, T2 FILCI3SOBEIFC25H LT
C255&FRBBEZR LIz, Tz, TOMEEMMIEIIN
S5EHET BEPREN D, 7LIURTOY hOENF
BEROBERIEL, RELVCEHICHT S —HMERT L
N5, C13SO7OY MABNBERICESEA >l &
(&, EREREARGY, RIGRENMPEREREE LT
AENTVBTOREEN S B,

vertical axis. Classifying with MgO-C brick sample,
activation energy (E), term of frequency factor
(In(A)) and correlation coefficient (r) obtained with
Arrhenius plot are summarized in Table 3. Calculated
two major parameters, E and In(A), for damaging
reaction of MgO-C brick (or MgO-C reaction) in
sample C25 and C25S conform to each other with
a high correlation coefficient of regression curve.
E and In(A), which are the damaging reaction of
MgO-C brick in sample C13S differ from those
in sample C25 and C25S with lower correlation
coefficient of regression curve. Since the correlation
coefficient of regression curve indicates conformity
to the reasonability of the presumption that a® is
appropriate as function (f(a)) to express the rate-
determining step of the reaction. The fact that the
sample C13S plot is relatively nonlinear indicates
that the reaction rate may be observed as a mass
transfer rate.

The progress of MgO-C reaction consists of
thermal decomposition of solid into gas phase and
effusion of generated Mg and CO gas out of system.
For this reason, it is purported that the progress of
MgO-C reaction is influenced by various properties
of MgO-C brick, such as porosity, permeability,
specific surface area of particles, and purity of
blended raw materials"". In a model proposed by
S. C. Carniglia et al.”, for example, it is explained
that diffusion of generated gas regulates the overall
reaction. Furthermore, it is indicated in precedent
investigation works by Doi et al."” that MgO-C
reaction is influenced by porosity and permeability
of MgO-C brick. Even when the test temperature
is raised, the thickness of the void region observed
on the hot surface in sample C13S is not varied
so much as those of sample C25 and C25S. It is
inferred that, since the void region thickness of
sample C13S did not change much in the heating
test at 1450°C and 1700 C, the effusion of gas
was suppressed, resulting in less damage. When
sample C25 blended with graphite A, and sample
C25S blended with graphite B, are compared the
deterioration degree of the original refractory brick
structure in sample C25 was slightly more severe
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AN ET, BRI DN ADIEZRELIzHIC, K
IDDETUIC K Ao Telch EEZEZ BND, —7, RIBTEA
BLUBZFEALZC25&C255& DB TIE, C25NEN
ADBOIBIEDZENC25SEPPARETVEDD, BB
BN AN ERET 212 THL<, RINREEHCEMEL
IRNF—BECENASNEA DD TFHRND EHER
T3

5 F&&

SREKRFASPZEAL T, B8R (1800C) TOMgO-C

NANDEEEZERBRNCHIREL, UTOHRER .

- JOEEER(IC KB C25, C25SOEEREF, BRELRIC
o THEWERN(CIBII LA, C13SOEBRER,
EemIcEBmLE,

- TILC25B LVC25SOMIBSE(IC L, BHEEH, SIE
(, BHICY TR TRFIRBEUHER B1B), =
BRE(EE2B), NANTHERB (B3I HH5 N,

- FIWCIISOMHEE(ICE, EEEDDE, HIHEH
2BEEIBHAHSN, C25%0C25SEHH LT, BE
HOZEREBEMA (FINEh 2T,

- FEERERHAS, 1800CTORBERCHDEEANZI A
CDWTUTDEDHB2DDRATY THEZ =,

STEP1 : MgO-CRIBIC LD, NANFDT NIy TN
HET %o

STEP2 : W7 X FRIFHANADHEBD SRELT, B
FKICHE)AFEN D,

- BONERRT—IEEIL, MgO-CRIRICHIT B RIH
FEDREKEEZ7 L ZUX Oy NTEHEILZE
3, H>FILC25, C255ICx LTCI3SEBRRMEISEW
NHHN, BERICBVTHRBOBEMEHERL TL
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than that in sample C25S. It is inferred that, because
of the small influence of original refractory brick
structure deterioration degree on the diffusion
of generated gas, no differences are observed in
reaction rate constant (k) and activation energy (E)
between sample C25 and C25S.

5. Conclusion

A heating test on MgO-C bricks at 1800 C was
conducted using high frequency induction furnace
S0 as to reproduce damage by molten metal, and the
following results/conclusions have been obtained.

In accordance with the elevation of heating test
temperature, the damage rate (volume reduction
rate) of sample C25 and C25S increased almost
linearly. While, the damage rate of sample C13S
gradually increased.

In the damaged area microstructure of samples
C25 and C25S in the heating test at 1800°C, a
unified region where washed-out magnesia particles
were captured in metal (1st layer), a void region, in
which parts of brick matrix are vanished (2nd layer)
and the original brick refractory structure (3rd layer)
were observed from the hot face of brick sample.

In the damaged area microstructure of sample
C13S in the heating test at 1800 C, only the 2nd
and 3rd layers were observed, and the void region
thickness was smaller than those of samples C25
and C25S.

Based on the experiment results, it is inferred that
the molten metal damage mechanism of MgO-C
brick at ultrahigh temperatures proceeds by two
steps, vanishment of brick matrix structure (Step 1)
and capturing of remaining magnesia particles into
molten metal (Step 2).

Evaluation of the temperature dependency of the
reaction by Arrhenius plotting of the experiment
data revealed the difference in the correlation
coefficient of the regression curve between sample
C25/C25S and sample C13S. The reaction rate of
C13S, which maintained its microstructural integrity
even at ultrahigh temperatures, could have been
observed as a mass transfer rate.

The above results/conclusions are useful for
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ZCI3SORIWEE (F, MEBENRE S U THRASINT resolving the problem of suitable graphite content
WATEERH B, or other adequate MgO-C brick physical properties
1800 CE VW BESERENSETNIEETRED in material design work for MgO-C brick to be
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