Industrial refractory brick were tested in the laboratory for their corrosion behavior at high temperatures under a protective atmosphere of argon

or argon and carbon monoxide. A statistically designed set of experiments provided a polynomial equation of the model for corrosion.
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Magnesizhcarbon (MgO-Q) refractories are widely used in
ladle refining furnaces because of their favorable propertics
such as low wetting by corrosive steelmaking slags—chemical
compatibility with basic slags and better thermal properties.
Their service lives, however, are much shorter in ladles com-
pared with basic oxygen furnace (BOF) use.

The development of higher-purity magnesia grains and a well-
engineered microstructure have led to dramatic improvements
in lining life. Resin-bonded magnesia—graphite refractories are
composed of high-purity magnesia filler grains of various sizes,
antioxidant metal powder and natural graphite flakes that are
bonded by a phenolic resin.!? The brick are cold-pressed into
shape and are used in lining the slag lines of secondary steel-
making vessels as well as applications in other steel furnaces.

The molten slag is in contact with the refractory during the
refining process, where temperatures >1650°C are common.
Because the slag is floating over the steel melt in the furnace,
local convection currents develop near the slag-refractory—
steel-air intersection that leads to small-scale circulating flows
that increase dissolution.”

The overall wear of a lining depends on chemical and physical
considerations. The chemical potential between the refractories
and the steelmaking slag determines the driving foree to dis-
solve the refractory lining. The conditions of the slag include its
chemistry, degree of saturation of magnesia, oxygen potential,
temperature, temperature equilibrinm and wetting characteris-
tics between the slag and refractory.

The slag can be conditioned to decrease the potential for
periclase dissolution by saturating it with magnesia. The
refractory reaction with the slag can be decreased by decreasing
its wettability. The use of large-flake graphite is a common
method to achieve the low wetting characteristies. To retain the
carbon to develop a ceramic bond and resist oxidation, metallic
additions, known as antioxidants, are made to the refractory.
Much work has been devoted to developing the proper chemical
composition, size and distribution of these additives to improve
their effectiveness.
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SEM image of brick D. Bottom right periclase
Srain is a low-quality sinter with a high pro-
portion of lore-melting intergranular bond
phase (IBP). Angular silicon and rounded
aluminum antioxidant particles are visible
in the middle portion. Dark elongated fea-
tures are graphite flakes. Large periclase
srain on the left is a higher-grade sinter with
a lower proportion of IBP.

The intergranular phase associated
with the high-magnesia periclase
grains is of great importance to the
performance equation.® The matrix
phases of the refractory have finer
grain sizes than the large aggregate,
and attack of the matrix is preferen-
tial. This attack weakens the bond-
ing of these aggregates and can
cause large volume loss. The compo-
sition of this matrix phase is,
therefore, important to the overall
chemical attack of the steelmaking
slag. Lee, Zhang and co-workers®®

have reported extensively on these corrosive reactions.

The physical attack of the lining results from charging of the
furnace, thermally induced stress on the lining and visco-
dynamic shear between the lining and the slag. The shear rate
increases the erosive impact of slag on the refractory. Endell et
al.” discussed these factors as early as 1939,

Understanding the wear rate of a particular furnace lining
depends on understanding the interaction between the chemical
and physical conditions within a furnace during the processing,.
One way to achieve this is to conduet controlled experimental
designs to determine the effects of chemical corrosion and
physical erosion. These designed tests can be conducted within
either laboratory or production furnaces.

Controlling conditions within a laboratory test, although
difficult, is more easily achieved than within a production
furnace. The results obtained from laboratory tests, however,
cannot be quantitatively applied to a production furnace
because of scale and gradient factors. Many attempts have been
made to develop slag tests that prediet refractory perform-
ance.®? Most attempts have resulted in qualitative data with
variability of 30, 530 and even 100% being common. The best
attempts have been achieved through statistically designed and
controlled experiments. One such laboratory study has resulted
in unassigned variability (experimental error ) as low as 5%.'"

Experimental Models

Prediction of refractory wear from slag tests and from produc-
tion data is difficult. In the former case, the seale of the test
and the dynamies are significantly different from those that
oceur in an actual produection furnace. In both cases, statistical-
ly designed experimental plans rarely have been used, and low
reproducibility of data is common.®

It is theoretically possible to produce a wear model based on
laboratory tests and then to correlate that model to actual
furnace practice by some type of regression technique. The
precision that can be achieved by any wear model is directly
related to the precision of the data used to develop that model.
Obviously a larger number of replications is required to achieve
greater precision.

Models developed from either laboratory tests or data sets
obtained from industrial operations require large data sets to
allow precise predictions. Predictive models can be made from
laboratory experiments provided the data are statistically
significant and have a known and small variance.

Carbon-containing brick are protected from the corrosive
action of slags mainly by their carbon component. Results from
tests on these refractories are sensitive to premature carbon
loss. The consequences of such should be considered when
selecting and evaluating slag-testing methods.!” Tests, such as a
rotary slag test, have seen widespread acceptance among the
refractory community because of their pragmatic approach.®?
The main disadvantages of these tests are poor control of
temperature, atmosphere, reproducibility and time-consuming
furnace construction.”

The test method used in this study, on the other hand, pro-
vides good reproducability and quantitative measurement of
refractory corrosion. Although some preliminary tests have
been run under dynamic rotating conditions, the results
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Response surface plot of the effect of time and temperature on percent area loss
in dargon atmosphere.

presented here have been obtained under static conditions. The
results obtained are consistent with observations cited in the
literature.,

The precise and quantitative results that have been achieved
in large part are because of the planning and use of statistical
experiment design. The objective is to develop a precise and
reproducible refractory corrosion testing technique to allow the
development of a predictive mathematical model for refractory
corrosion as a funetion of furnace operation and slag practice.

Materials and Method

Slag corrosion tests were performed in a vertical tube furnace
using a bath of slag melt as the corroding medium contained in
a high-alumina crucible. A 1.4 X 1.4 X 7 em refractory brick
sample was half-immersed from the top and was kept as such
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for preseribed lengths of time. The
testing geometry was similar to
ASTM C-621. Deseription of the
brick, slag, steel and experimental
apparatus are given below. Steel was
added to the crucible with the slag
to provide a sharp slag—metal
boundary during testing. The ratio
of steel to slag was held constant.

A commercially available resin-
bonded MgO-C brick (coded as D)
was tested in this project to under-
stand its corrosion behavior in
contact with a liquid secondary
steelmaking slag at 1600-1640°C.
The characterization of the brick is
reported elsewhere.!? Brick D
contained silicon and aluminum as
antioxidants. Crystallite size was in
the range 30-120 pm.

Two types of magnesia grains were
observed in the brick. The first grain
had a higher average dihedral angle
(>907) than the second grain (17°).
The glassy intergranular bond
phase, therefore, was relatively
higher in proportion in the second
type of grain.

Semiquantitative EDS analysis of
this bond phase showed its composi-
tion to range from monticellite
(CaO-MgO-Si0, (CMS)) to merwi-
nite (3Ca0-Mg0O-28i0, (C,MS,)).
Aluminum and silicon antioxidants
were identified in the brick using



SEM. Thin-section transmitted-light
microscopy revealed the potential
presence of monticellite in the
unused brick.

Graphite flakes were on the
average 50 pm thick and 200 pm
long in polished section. Sieve
analysis of air-burned brick indi-
cated that the particle-size distribu-
tion modulus (n) was ~0.47
although this test may have given
biased results because of potential
reactions on heating the brick.
Details of brick characteristics are
given elsewhere.'?

Three types of secondary refining
slags were used for corrosion testing
of brick. Their compositions were
obtained from a local steel plant and
had the following Ca0O:SiO, ratios:
0.9, 1.7 and 2.6. The latter is also
called white slag, and it disintegrates
on cooling because of the -y C,S
inversion at 675°CL. The first type is
an acid slag with a Ca0:Si0O, ratio of
0.9. The relative percentages of
major slag components in the three
systems (OMS, CAS and CMSAF can
be caleulated for later thermody-
namic evaluation. Because the
temperatures in the furnace are
high, equilibrium phase diagrams
can be used in evaluation of refrac-
tory—slag systems.!!

Slags with the above-mentioned
chemistries were prepared in
various proportions such that, at
1600°C, they would reach the
desired chemistries and a weight of
30 g. Slag components were weighed

in each run and placed in the reaction crucible, followed by the
steel additions.

The steel used in this study was a type-1018 steel. It was pur-
chased in the form of round bars 2.54 em in diameter and ~600
em in length. The steel samples were cut to ~9 em long pieces,
washed with soap to clean the oil residue from milling and dried
immediately, They were later ground on a sand belt to remove
oxide layers and used as-such in slag corrosion experiments.

Experimental Setup

The experimental apparatus consisted of a mullite reaction tube
mounted vertically in a resistance-heated furnace. The upper
end-cap assembly allowed a specimen, which was attached to a
1.27 em diameter steel shaft, to be raised, lowered and rotated
via a small hole at the center of the end-cap. An airtight seal
between the steel shaft and end-cap was maintained using a
graphite ring.

An argon or argon plus 5% carbon monoxide gas mixture
entered through a port in the bottom end-cap and exited
through the top end-cap. Square refractory specimens,

1.4 % 1.4 % 7 em, were cut from larger brick and mounted in a
caleium aluminate-cement-containing refractory castable. High-
alumina crucibles, 3.5 em outside diameter X 10 e¢m height,
were used to contain the molten steel and slag. These crucibles
were made in-house by slip casting and were satisfactorily
impervious to the steel-slag melt. The safety crucibles were used
to prevent spillage of liquid to the inner wall of the mullite
reaction tube.

The apparatus was able to accommodate continuous operation
of the simulated ladle furnace environment at 1640°C. A typical
run began by loading slag and steel into the reaction crucible,
securing all gas-line connections and heating at 320°C/h. The
specimen then was lowered into the melt and held there half-
immersed for 20-100 min.

Industrial-grade argon (with 7 ppm oxygen and 14 ppm water)
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used in the tests was treated to remove its moisture and oxygen.
Total gas flow rate was 1.62 L/min during the slag corrosion
tests. Oxygen gettering was done by passing argon through a
pack of copper turnings that was heated at 400°C. The oxvgen
partial pressure of the argon for the protection of carbon in the
brick was <10-15 atm (<1071 Pa). The oxygen partial pressure
also was measured to be of the order of 10-1% atm, using an
oxygen sensor (Bosch Co.). Carbon monoxide gas was reported
to contain 25 ppm carbon dioxide.

Refractory specimens were photographed after the run, and
they were mounted in polyester resin and sliced longitudinally
using a low-speed diamond saw. The sliced refractory specimens
were later polished and photographed to caleulate the percent
area loss in the cross section using an image analysis program.
The results obtained using the image analyzer were satisfactory
and reproducable.

Laboratory slag corrosion tests were planned using a statistical
experiment design. The objective was to verify the previous tests
on refractory corrosion and to present a mathematical model for
corrosion kinetics on corrosion rate. The key in statistical
experiment design is that it enables the researcher to obtain a
maximum possible amount of information from a limited
number of runs. Because of the difficulty of experimentation in
high-temperature research, the statistical design is essential.

The investigation started with an initial series of 16 experi-
ments designed according to the Box—Hunter screening experi-
ment design. The objective was to identify the more important
factors affecting experimental precision and refractory corro-
sion. The Box-Behnken response surface experimental design
was used to analyze the effects of factors affecting corrosion.!?

Box—Behnken Response Surface Experiments

The factor effeets chosen were duration of slag exposure, ten-
perature and C:S ratio of the slag. The response variable was
percent area loss due to corrosion. These experiments were
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Experimental Factors Used in Formulating
Response Surface Experiments
BB Eflect
Factor Low  Medum _ High
Time (min) 20 &0 100
Temperalure (‘C) 1600 1620 1640
CSratiootslag 09 17 286

planned to serve as a tool for devel-
oping the mathematical model for
corrosion of MgO-C refractories. An
exact theoretical model is difficult
to fit the real data in the process of
corrosion of refractories in service,

Most models are developed based
on plant data and suffer from poor
reproducability. Polynomial approxi-
mations are widely used in different
arcas and have proved valuable in
modeling process data. The depend-
ent variables can be mathematieally
formulated as follows:

¥y =S Ray &gy oy X

p)
N5 = 5% %5, %55 ivs xi,)

The value of the dependent
variable is affected differently at
various combinations of independ-
ent variables. The resulting 3-D plot
provides a visual response surface
model, while the polynomial equa-
tion presents the complete model
developed. The difference between
the exact mathematical model and
the polynomial model is that the
polynomial model is valid only
within the limits specified by the
levels of the independent variables
in the experiments.

A polynomial approximation
interpolates well, but the quality of



its extrapolation is unknown. In
most cases, the polynomial actually
closely approximates the exact
model, and this is an important
point to consider in this particular
work. The polynomial also forms the
basis for developing and fitting a
theoretical model. The optimum
value of the response surface does
not necessarily have to be inside the
limits studied.

The response surface experiments
are designed in such a way as to
keep the number of runs minimal
and at the same time to maintain
sufficient number of degrees of
freedom for error. In the case of
Box-Behnken experiment design, a
subset of the tull three-level factorial
is used. When three factors at three
levels are investigated, the total
number of runs in the full-factorial
is 27.

Minimum number of runs required

from the design to achieve a response surface is 10. However, 15
runs, including three center-point replications and 12 at the
edge centers of the design cube, are recommended. The three
dimensions of the design cube correspond to the three inde-
pendent factors investigated at three levels. The mid-point on
each axis is the edge-center, and it corresponds to the middle
value of one of the factors. Three experimental replicates are
made using the median of each factor to provide estimates of
experimental error. These replicates occur in the body-centered
position of the cube.

The potential response variables were percent area loss, slag line
cut, depth of slag penetration, ete. In this project, the percent
area loss of polished sections was used as the response variable.
The experimental plan was used for the runs in treated argon
atmosphere and in argon plus 5% carbon monoxide gas atmos-
phere. Therefore, two identical response surface experiment sets
were run to compare the effect of atmosphere on corrosion.

The centerpoint of the C:S ratio was 1.7 instead of the arith-
metic mid-point of 1.75. This was due to the fact that the
original slag used in the steel plant was 1.70, and we wanted to
use the original slag. Also, 15 run Box-Behnken experiments are
known to be robust against such small changes in levels.

Corrosion Test Results

Analysis of variance (ANOVA) tables for argon and argon plus
5% carbon monoxide gas runs were obtained. The experiments
done in argon plus 5% carbon monoxide gas atmosphere gener-
ally resulted in lower-percent wear numbers that were possibly
affected by two main factors related to the addition of carbon
monoxide: the lower oxygen partial pressure better protected
the carbon, and the loss of magnesia through reaction with car-
bon was accelerated in the presence of carbon monoxide where
oxygen partial pressure was lower.

Direct loss of magnesia was observed in some of the argon plus
5% carbon monoxide gas runs. A white, needlelike, light-colored
rim that formed around the tested brick during the corrosion
test was analyzed using XRD and was found to be composed of
magnesia crystals.

Percent wear (area loss) numbers are interchangeably used
with the term “corrosion” based on the assumption that erosion

American Ceramic Society Bulletin, Vol. 82, No. 5 a
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was not a major factor in this study
because of the static nature of the
test method. Erosion is definitely
not completely ruled out, but the
corrosion term was used for the
sake of terminology.

The ANOVA table shows that the
wear was much affected by the C:S
ratio of the slag and, to a smaller
extent, on the time and temperature
of the test when an argon atmos-
phere was used. The only significant
interaction term was the interaction
of temperature by itself. This means
that the impact of temperature is
nonlinear. For the case of argon and
carbon monoxide atmosphere, time,
temperature and slag basicity were
strongly significant, including again
the temperature—-temperature
interaction term.

The R-squared value, which is an
indication of the quality of the fit of
the model, was 0.95 in the latter
case. This was encouraging, because
the reliability of the test method
used was of major concern. The
addition of carbon monoxide
considerably improved this value
from 0.85 to 0.95. Improvement in
the model by carbon monoxide
additions suggested that oxidation of
carbon during the testing had a
major influence on the caleulated
area loss.

Loss of carbon by oxidation
weakens the refractory matrix and
exposes more refractory matrix to
slag attack. The loss of carbon,
therefore, causes increased attack
and higher variability through
mechanisms of increased and vari-
able wettability. Decreased structural
integrity of the refractory matrix
promotes refractory material loss.

Response surface plots were
obtained from the polynomial model
using the regression coefficients.
The polynomial model equation has
the general form

Z=K+xA +x,B +x,C + xx,AB
+ 20,40 + x0,BC + x3AA
+ x2BB + x20C (1)

where K is a constant, Z the percent



area loss in refractory, x, the time
(in minutes), x, the temperature (in
degrees Celsius), x the C:S ratio,
AB the interaction coefficient
between time and temperature, AC
the interaction coefficient between
time and C:8S ratio, BC the interac-
tion coefficient between tempera-
ture and C:S ratio, AA the interac-
tion coefficient between time and
time, BB the interaction coefficient
between temperature and tempera-
ture and CC the interaction coeffi-
cient between C:S ratio and C:S
ratio.

When the response surface is
plotted, for example, for time and
temperature, in argon, the slag
basicity is eliminated from the
polynomial equation and the
remaining factors are used:

Z=K+xA+x,B+ x,x,AB
+ x7AA + x3BB (2)

where, for example, A = —6.4604,

The resulting plot shows a dramat-
ically steep ascent in the vicinity of
high temperature and longer holding
times. This fact long has been
recognized by refractory specialists
and metallurgists. However, what
has been done in this project was
the quantization of the response
surface behavior of slag-refractory
interactions at a uniform well-
controlled temperature and a well-
controlled atmosphere.

The combined effect of time and
temperature is clear from the graph.
The decrease at the middle temper-
ature range is interesting. This
effect can be explained by some
mechanism that becomes active in
this temperature range. For exam-
ple, the loss of magnesia through
reaction with carbon has been
reported to activate in a similar
temperature range.'?

The plot of the effects of time and
slag basicity shows a dramatic
increase in wear as the C:8S ratio
decreases. This effect of time on
wear is more pronounced at a high
(1:S ratio. The effects of C:S ratio
and temperature on the wear, as in

Percent wear
15.00

0.90 W 20.00-25.00
1.50 O 15.00-20.00
209 & O 10.00-15.00
Slag basicity =
5.00-10.00
(C:8) 2 © ;
8 3] Time (min) | ® 0.00-5.00

Response surfuce plot of the effect of time and slag basicity on percent area
loss in argon plus carbon monoxide atmosphere.

the previous case, shows a minimum in the wear rate that
oceurs at ~1620°C. The wear increases from this temperature
and accelerates as the C:S ratio decreases. The combined effect
of high temperature and low C:S ratio produces a dramatic
increase in corrosion. The plot shows an increase in wear
linearly with time and nonlinearly with temperature.

The plots for time and temperature when carbon monoxide is
introduced to the atmosphere indicates a less significant time
effect at high temperatures. The overall wear is decreased in all
cases and the effect of slag basicity becomes nonlinear and
convex, while the effect of time remains linear. As in the previ-
ous case, the (:S ratio is nonlinear when carbon monoxide is
introduced and all wear is decreased compared to testing in
argon alone.

All these cases show dramatically the importance to the
retention of carbon during testing. The effects of low C:8 ratio
are dramatically inereased if the carbon in the refractory is
removed prematurely by testing atmospheres containing rela-
tively high oxygen partial pressures.

Conclusions

The goal of this research was to investigate the corrosion of
magnesia—graphite ladle refractories used in slag lines of second-
ary steelmaking vessels via the use of a laboratory slag test and a
statistically designed set of experiments. Wear of these refracto-
ries is a major expense; therefore, a reproducible, reliable and
quantitative model to explain the corrosion process is beneficial.
To achieve this goal, a test method has been developed and a
statistically designed set of experiments has been used to
develop a polynomial model of corrosion. This can enable
steelmakers to prediet reliably the consequences of the use of
different types of slags. This simple test can be used for
comparison of various brick types without variability introduced
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by uncontrolled thermal gradient effect during slag testing.

The following conclusions were obtained from this research:
* A reproducible slag test was developed to evaluate static slag
corrosion of carbon-containing ladle brick.
* Quantitative results were obtained for the brick under the
well-defined conditions of temperature, time, slag chemistry
and atmosphere.
¢ A mathematical model was developed to define the corrosion
of a commercial magnesia—graphite refractory brick under the
defined conditions. The model quantitatively predicted the
increased corrosion as time, temperature and oxygen partial
pressure in the atmosphere increased and as slag basicity
decreased. It should be possible to expand this model to include
effects of slag viscosity and erosion by minor modifications to
the test to include sample rotation.
* The degree of slag attack was related to the rate of carbon loss.
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