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Corrosion Simulation of ZrO:-C Refractories Considering the Change of
Wettability at the Slag/Metal Interface
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1 Introduction

The powder line part of the submerged entry nozzle
for continuous casting in steelmaking process is locally
corroded by fused mold powder (hereinafter referred to as
"powder") and molten steel. The submerged entry nozzle
(SEN) often ends the life due to corrosion of the powder
line part, so that ZrO»-C refractories (or zirconia-graphite
refractories, hereinafter ZG) having high corrosion
resistance is used. To develop highly corrosion-resistant
ZG, it is important to evaluate the corrosion resistance in
laboratory that can reproduce the phenomena in actual
usage of the SEN, but few study performed on such
evaluation.

A local corrosion mechanism in oxide-carbon
based refractories has been revealed in which refractories
are corroded by both slag and metal because of up and
downward motions of the slag/metal interface"?. This
phenomenon can be understood that solid oxides have
high wettability against molten slag and carbon has high
wettability against molten metal. That is, it is a mechanism
as follows. When area fraction of oxides on the surface of
refractory material is high, the material is easily wetted by
the slag. So, the refractory material and the slag are in
contact, and the oxides on the surface of material is
corroded by the slag. As the corrosion of the oxides
progresses, the area fraction of carbon on the surface of
material gets higher, so that the metal becomes more
wettable than the slag, the surface of material gets to
contact with the slag, and corrosion of the oxides by the
slag occurs. As a result, the area fraction of carbon on the
surface of material gets higher and the carbon on the
surface of material is corroded by metal.

Authors have previously conducted corrosion
tests for ZG (ZrO,-C) refractories containing different
ZrO; amount and porosity using pig iron (containing 4.5
mass% of C) and steel (0.1 mass% of C) to investigate
influence of carbon content in the molten iron®. Corrosion
rate decreased with increasing the ZrO: content in the ZG
when the steel was used, but increased with increasing the
ZrO; content for the pig iron. They derived the relationship
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of the ZG proceeding corrosion by wettability of zirconia
and carbon against molten iron and slag and concluded
that the reverse tendency was obtained because carbon
come to have low wettability against molten iron when
carbon content of the molten iron was high.

In this study, in order to discuss more in detail
the relationship between the carbon concentration of
molten iron and the corrosion resistance of the refractories,
a computer simulation work was performed on the
corrosion of the ZG material using the wettability
relationship of that at the slag/metal interface.

2 Modeling
2+ 1 Wettability of Refractory Material

On the assumption that ZG materials consist of
only zirconia and carbon, and sufficiently uniform and
smooth, it is supposed that the area fraction of zirconia on
the surface of the ZG is expressed by /z, the contact angle
between the slag/metal interface and the ZG is 6, and
also 0, 05, Os, 0., O,., 0,.arecontact angles between
slag and refractories, slag and zirconia, slag and carbon,
and refractory material, between metal and zirconia, and
between metal and carbon, respectively. When 6,<90°,
the surface of the ZG material wettable by slag. ¥,, 7, and
Vm> are expressing the surface tensions of molten slag,
molten metal and slag/metal interface, and 7y, ¥, and
Y are the interfacial tensions of slag / refractory material
interface, metal / refractory material interface and slag /
metal interface. These relationships are shown in Fig. 1.
Now, equations (1) — (3) are held from the balancing of the
surface tensions (Young’s equation).

Y, =7, +7, cosO, (1)
V.=V + Vncos B, 2)
ymr = y&r + yfm COS afm (3)

From equations (1) — (3), equation (4) is derived.

)

Yom cOS O, =V, cos 6, +7,, cos 8,

0, and 6, can be expressed as equations (5), (6) by

using Cassie’s equation.
g q

(©)
©)

cos O, = f7 cos O,z + (1= f2) cos Osc
cos Om =f; cos O,z +(1—f7) cos Ouc

Osm varies with f,, and when a certain critical

valuefZC is exceeded, the sign of cos8,c are reversed, and
the wettability relationship at the slag/metal interface is
reversed. Further, if the slag and metal composition and
the temperature are constant, which one the refractory
material gets wet is determined by the area fraction of
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Fig.1 Relationship at equilibrium between
the respective surface- and interfacial-
tensions () and the contact angles () for
the case of (a) molten slag on refractory
material, (b) molten metal on refractory
material, and () triple point of slag/
metal/refractory material interface.
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zirconia at the surface of refractory material, f, . Now, let

the f,. be f, when 0,,=90° f, can be simplified into
equation (7) from equations (4) — (6).

L= Ym €08 Ouc — Vs cos Osc
“7y, (cos Osz — cos Gsc) — Vm (cOS Onz — cOS Onc)

7)

Fig. 2 shows the calculation result of relationship
between f, and carbon concentration of molten iron using
the same contact angle and surface tension values as
previously reported by the authors®”. It can be seen from
Fig. 2 that f, decreases as the carbon concentration of

molten iron increases.

Critical area fraction of ZrO,, f,¢

0 1 2 3 4
Carbon concentration of molten iron /mass%

Fig.2 Relationship between critical area fraction
of ZrO, on the surface of ZG material
and carbon concentration of molten iron

calculated by eq. (1).
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dais 1xeN
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Fig.3 Schematic image of zirconia corrosion step
in one-dimensional simplified model.
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22 One-dimensional Simulation
Based on the results obtained in the previous
section 2.1, one-dimensional simulation was conducted by

using simplified model. Let /7, be the area fraction of ZrO>

on the surface of ZG material at the n-th step, and f7) be
the initial area fraction of ZrO, on the surface of ZG

material. Suppose when f},>/7., the ZG material contacts
with slag and zirconia is corroded by slag, and new zirconia
and carbon appear at the initial area ratio in the corroded
part. Also, for the sake of simplicity, it is assumed that
there is no unevenness after corrosion. Fig. 3 shows the
schematic image of zirconia corrosion step. The ZrO; area

fraction fzw+1) when one step from the n-th step passes this
process is

7@ =120+ Jon (8)

and the amount of corroded ZrO: at this step A L, can be

written using the corrosion thickness per step th as follows:

ALZn th 'on

)

Then, if.f,,</}., the ZG material contacts with metal and
carbon is corroded by metal, and new zirconia and carbon
appear at the initial area ratio in the corroded part. The

area fraction of the ZrOs, £, after this process is

(10)

Jon =L =J20) St S0
And the amount of corroded ZrO: at this step ALz is

Yoth-fu

n

ALz=" ALz (11)

Now, suppose dissolution of carbon in metal is sufficiently
faster than dissolution of zirconia in slag, the time taken
per step is defined 0 unit time for the process of carbon
dissolution, and 1 unit time for the process of zirconia
dissolution. Thus, the corrosion rate of the ZG material

after 7 unit time is defined as

ALy /(tf) (12)
Corrosion index of the ZrO> 79 mass% ZG material was
calculated when that of ZrO, 86 mass% ZG material is
100.
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Fig.4 Initial cell distribution of two dimensional
corrosion simulation by CA method.
(White: Zirconia, black: graphite; left:
ZG material of 79 mass% ZrO,, right: ZG
material of 86 mass% ZrQO,).
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2+*3 Two-dimensional Simulation

Cellular automaton (CA) method was used for
two-dimensional corrosion simulation. For initial cell
distribution of zirconia and carbon, the binarized images
of actual backscattered electron images of ZG material was
used. Fig. 4 shows initial distribution. Note that all pores
are distributed to carbon cell because of difficulty of
definition by contrast of the image. If slag contacts,
zirconia cells neighboring slag are corroded, and if metal
contacts, carbon cells neighboring metal are corroded.
Note that neighboring cells are around 8 cells (Moore
neighborhood). Let the corroded cells be penetrated slag or
metal at the next step. Assuming that U and U, are the
matrices where the slag or metal is 1 and the others are 0,
respectively. Using kernel matrix, K, corrosion criteria of
zirconia cells and carbon cells at the coordinates (i,j) can be
expressed as follows:

Ui+ K)ii>0
Un*K)ii>0

(13)
(14)

Now, equation (15) is two-dimensional matrix convolution
operation.

(f*@ii= . Z Do jonSonn

m

(15)

In addition, the kernel matrix, K is described as equation
(16) in Moore neighborhood condition.

111
K= [1 0 1] (6)
111

These CA rules are shown in Fig. 5. Now, the number
fraction of zirconia cells on present on the surface of ZG
material is defined as the area fraction of ZrO: on the

surface of ZG material at n-th step, /3,. Which contacts
with the surface, slag or metal is determined depending on

whether f3, exceeds f;, or not at each step. Now, let the
mean corrosion depth of the ZG material after t unit time
elapsed be taken as the area of the corrosion part divided
by the width (200 px), and let corrosion rate be mean
corrosion depth divided by t defined similary with the one-
dimensional case. Fig. 6 shows the example of corrosion

S| F ] M :
Zl |> =
— Zirconia
M m J M [€R Graphite
Z = Z = M Slag
M | Metal

Fig.5 CA rules of the corrosion simulation.
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Step | on

Cell Distribution

Fig.6 Simulation illustration of the corrosion
simulation step by step (f2=0.5).

Time

Structure

Fig.7 Relationship between time and structure
in Fig. 6.

step in the case of .f;,=0.5. At first, slag contacts the right

side of the ZG structure (step 0), and zirconia cells are

corroded by slag (step 1-2). /7, is defined zirconia cell ratio
of the surface cells (surrounded by red line). Next, at the

step 2, J7, become smaller than f;,, and the surface of the
ZG material become wettable against metal. And so
corrosion of carbon cells by metal proceeds (step 2’-6). As

a result, f,, exceeds f,. and corrosion of zirconia cells
occurs again (step 6-8). According to assumption that
corrosion of carbon is sufficiently fast compared with
corrosion of zirconia, progress of structure change due to
corrosion with time can be illustrated as Fig. 7.

3 Results and Discussion
The

corrosion simulation are shown in Fig. 8. From these

calculation results of one-dimensional

results, it is understood that as the critical area fraction of

ZrOs, [, decreases, in other words, as the C concentration
in the molten metal increases, the corrosion index of ZG
material containing 79 mass% ZrO: comes close to 100
and is suppressed. However, unlike the experiment by

authors?, even if /. became a very small value of about

Krosaki Harima Technical Report No.168 (2020)
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Fig.9 Structure change in two-dimensional
corrosion simulation by CA method.
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0.01, the corrosion rate of ZG material containing 79
mass% ZrO: did not become smaller than that of ZG
material containing 86 mass% ZrO..

The results of the two-dimensional corrosion
simulation are shown in Figs. 9 and 10. From Fig. 9, it can
be seen that the form of corrosion of coarse grain is
different from that of matrix part. Fig. 10 shows the
relationship between mean corrosion depth and time

obtained from the calculation. When f,.=0.50, the
corrosion rate of ZG material containing 79 mass% ZrO»
is larger than that of ZG material containing 86 mass%
ZrO:, however, corrosion rate of both are almost the same

when f.=0.15 and reversed when f;,=0.05. Fig. 11 shows
comparison of the corrosion index of ZG material
containing 79 mass% ZrO: obtained from the simulation
and the experiment by authors?. In the one-dimensional
corrosion simulation, the reversal of the corrosion tendency
due to the carbon concentration of the molten iron could

200

ZrO, 86%
f; ZC=0-50

ZrO, 86%
fzc=0.05

2r02 79%
fzc=0.50

160

120t /S A )

Zr0, 79%
fzc=0.05

40 = Zr0, 86%

fzc=0.15

Mean corrosion depth /px

Zr0, 86%
fzc=0.15 |

100 200
Time /unit time

300

Fig.10 Comparison of corrosion-time curves
for various ZG material obtained from

two-dimensional corrosion simulation

results by CA method.

160

Two-dimensional Simulation

RN

N

o
T

Experiment by authors (2015)

-
N
o

One-dimensional simulation

Corrosion index

N
o
o

L L

0.2 0.4 0.6 0.8
Critical zirconia area fraction, f,

8o [
0

Fig.11 Comparison of the corrosion index of
ZG of ZrO, 79mass% obtained from the
simulation and the experiment.
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not be reproduced, but in the two-dimensional corrosion
simulation could be reproduced. In the two-dimensional
simulation, as in the experiment by authors?, it can be seen
that the relationship between the ZrO: content of ZG
material and the corrosion index is reversed when the
carbon concentration of molten metal is high. From the
above, it was found that the influence of the microstructure
is largely relied on the corrosion tendency of the ZG
material.

4 Conclusion

In order to discuss more in detail the relationship
between the carbon concentration of molten iron and the
corrosion resistance of the refractories, a computer
simulation work was performed on the corrosion of the ZG
material using the wettability relationship of that at the
slag/metal interface. As a result of the one-dimensional
simulation, corrosion of the ZG with 79 mass% decreased
with increasing the carbon concentration of the molten
iron was, but the corrosion never become less than that of
the ZG with 86 mass% ZrO:. Two-dimensional simulation
by the cellular automaton method using the actual
structure of the ZG material, however, revealed that the
corrosion of the ZG with 79 mass% ZrO; became less
than that of the ZG with 86 mass% ZrO; with increasing
carbon concentration of molten iron, indicating that the
influence of the microstructure was largely relied on the
corrosion tendency of the ZG material.
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