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Theory and fact of local corrosion of refractories containing
non-oxide at the slag - metal interfaces under metal level fluctuation
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Abstract

Much of the operating life of the main trough material is determined by local corrosion at the slag-
metal interface (Metal Line : ML). Although various interpretations have been advocated on this local
corrosion phenomenon due to the several experiments, a unified interpretation has not been shared up to
now. Based on the facts already reported, we hypothesized that the alternating contact between slag and
metal (dissolving into both) due to metal level fluctuation might be the essence of the local corrosion
phenomenon at the slag-metal interface in an actual trough. Furthermore, postulating the alternating
contact of both solvents, a one-dimensional mathematical model was proposed in which the dissolution
progresses from the refractory hot face to the back side. The equation derived from this model well reproduced
the curve profile of local corrosion observed in an actual trough.
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The main trough is a large facility of about 15
~ 20 m in total length for separating slag and metal
(molten pig iron) tapped from blast furnace by
specific gravity. Castable material: The main trough
material is a composite material containing oxides
such as ALO3; and MgAl:O4 and non-oxides such as
C and SiC.

As shown in Fig. 1, the main trough material
of pooling type shows local corrosion at two points,
the atmosphere-slag interface (Slag Line: SL, SL
material: SiC-ALLO3;-C material applied) and the
slag-metal interface (Metal Line: ML, ML material:
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Fig. 1 Local corrosion profile at ML and SL
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ALO;-SiIC-C  or  ALO;-MgALOs-SiC-C). In
particular, the local corrosion at the slag-metal
interface of the latter is widely known as important
phenomenon in determining the lifetime of MgO-C
bricks for molten steel ladles and immersion nozzle
materials for continuous casting (ZrO,-C materials)
in addition to ML materials.

Several authors™ reported the mechanism of
this phenomenon for about 40 years. Marangoni
convection and wettability have been considered to
be involved in the corrosion at this location, and have
been quoted frequently in recent years. That is, it has
been considered that a slag film is formed on the hot
face of the refractory having good wettability with
the slag at the three-phase boundary between slag
and metal and refractory, and the Marangoni
convection caused by the interfacial tension gradient
promotes the mass transfer. In addition to the above,
in the case of the ML material, oxidation of SiC by
FeO generated between the slag film and metal has
been recognized as one of the causes of the corrosion
(Fig.2 right side)> ©. Mukai et al.> % also proposed
the following model for the AG nozzle, based on the
observation of the slag film moving up and down by
direct X-ray radiographic technique. That is, when
the hot face of the refractory is oxide-rich, the slag
film covers the refractory (Fig.2 left side (A)), which
dissolves the oxide, and the graphite-rich surface
appears. Next, the metal wetting the hot face dissolves
the graphite (Fig.2 left side (B)), and the oxide-rich
surface appears again. This cycle is repeated, and this
model is based on the wettability.

Matsumoto et al.”® used f7 derived from
Young's equation and Cassie's equation for wettability
with ZrO,-C materials to explain that the higher tshe
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Fig. 2 Schematic diagram of local corrosion at the slag-metal
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C concentration in metal, the less likely it is to get
wet with metal. This explanation is consistent with
previous interpretations in that ML materials exposed
to metal with high C concentrations, such as molten
pig iron, are less likely to be wetted by metal, and slag
films are always formed, so that Marangoni
convection is dominant, and ZrO,-C materials
exposed to metal with low C concentrations, such as
molten steel, are wetted by both slag and metal,
leading to corrosion.

However, Chen et al.” stated that the corrosion
loss of Al;O3-C material in the corrosion test using
steel (low C concentration) is affected by Marangoni
convection. In addition, Jiao et al.'? insisted that the
alternating reciprocating motion of the slag-iron
interface leads to the corrosion of AL,O;-SiC-SiO,-C
bricks based on the results of corrosion tests using an
Fe-C alloy with a C concentration of 4.5 %. Thus,
even in recent years, a unified interpretation has not
been shared among researchers.

On the other hand, Yasuo et al.'” reported
with images that SiC in SL material dissolves into
molten pig iron after use in an actual trough. From
this fact, it is difficult to presume that the ML
material, which is located vertically below the SL
material, is not dissolved into molten pig iron.
Therefore, local corrosion of the slag-metal interface
in theactual trough might be caused by the alternating
reciprocating motion of the slag-metal interface (i.e.,
metal level fluctuation), regardless of the high or low
C concentration (i.e., good or bad wettability), and
the material might be dissolved in two solvents, slag
and metal, as insisted by Jiao et al.'?.

In this paper, a one-dimensional mathematical
model was proposed based on the hypothesis that the
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essence of the local corrosion phenomenon in an
actual trough is the dissolution of the refractory
material into both slag and metal due to the wave of
metal level fluctuation.

2 Modeling

Fig. 3 shows a schematic diagram of the three-
phase boundary between trough material, slag and
metal. For simplicity, the non-oxide was SiC, and the
oxide was Al,Os, and the porosity was 0 %. Focusing
on one point in the amplitude of the wave due to the
fluctuation of the metal level, the number names of
each solid were assigned in order from the hot face to
the back side up to 7 to IV, and the length was set to
L. The time when the hot face is in contact with slag
or metal was set to tyag and tpigiron respectively.

In addition, Table 1 approximated the
dissolution rates of each solid into slag and metal
with reference to the literature. The unit of each value
was converted into [lm-sec’.

Wave due to slag-
metal interface

fluctuation

El(l) H
Al203

T o)
Al203 Al203

Fig. 3 Schematic diagram of the trough material-slag-metal

three-phase boundary.

White and gray represent Al:O; and SiC, respectively.

Table 1 Approximate dissolution rate of each solid into each solvent

Pig iron Slag
. Pig iron 12) Slag 13)
SiC Var =10 0<vg <01
ALOs ngggn : No Data ijlzgos ~0.15 9
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No experimental value was found for the
dissolution rate of SiC into blast furnace slag at
around 1550 °C. However, Joo et al.!? calculated the
dissolution rate of SiC into CaO-SiO,-MnO based
slag at 1600 °C by observing it in situ with a confocal
scanning laser microscope, and we estimated from
this value to be less than 0.1 pim-sec’. In addition,
although there were no reported cases in which the
dissolution rate of ALLO; into molten pig iron was
measured, the relationship of inequality (1) is satisfied
because it is considered that Al,Os, which is an oxide,
will not dissolve in molten pig iron.

Pig iron Slag Slag Pig iron
sic > Va203 = Vsic~ = Vaizo3

(1)

Further, it was assumed that the contact period
of slag — metal — slag ... was less than 1 second due
to the wave caused by the fluctuation of the metal
level in the actual trough.

trigiron T tsiag < 1..(2)

Hereinafter, the time : 7 required for the

thickness : L of the material to disappear will be
described mathematically based on the assumptions

of i) to iii).

i) Refractory materials contact alternately on
the hot face, and are dissolved in both.

ii) In tapping, the refractory is exposed to fresh
slag and metal, so the mass transfer coeflicient and
interface-bulk concentration gradient: is constant,
that is, the rate of dissolution of solids in the material
is constant.

iii) Dissolving progresses only in a one-
dimensional direction from the hot face to the back
side.

First, it was verified whether any i-th SiC or
AL Qs satisfied inequalities (3) and (4).

Pig iron S

lag ()]
Sic tPig iron + Vsic tSlag < lSiC ..(3)
Pig iron Slag )
Vasoz  teigiron T Vazostsiag < lazoz - (4)
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Verifying inequalities (3)

Pig iron
v g

The left side of (3) = v2 " tyig iron + Ve tsiag

Pig iron Pig iron
< Vgic (tPig iron T tSlag) < Vgic
=~ 10

1D

The right side of (3) = L{ > MIN (1) ~ 10

The particle size of SiC in the ML material was
estimated to be less than 75 pm' and the minimum
was 10 pm. The left side is smaller than 10, but the
right side is 10 or more, so the left side < the right
side. Thus, inequality (3) holds.

Verifying inequalities (4)

Pig iron

The left side of (4) = v,;505

Slag
tpig iron T Varp03tsiag
Slag Slag
< Vaz03 (tPig iron tSlag) < Vap03
~ 0.15

The right side of (4) = 130,55 = MIN (1§35 ) ~ 0.2

There are many types of calcined Al,O3, but
the particle size of that used in the trough material is
0.2 gm in minimum'® 7. Since the left side is
smaller than 0.15, but the right side is greater than
0.2, inequality (4) holds. From the above, there is at
least one alternating contact between slag and metal
before any i-th SiC and Al,O; disappear.

Taking the time on the horizontal axis and the
dissolution rate on the vertical axis, the behavior of
the dissolution rate of any i-th solid becomes a step

function. (Fig. 4)

The time required for any i-th solid to dissolve
away can be described by the following equation:

SiC : l(l) tpigironttsiag (5)
1 © tsic Pig iront . Slagt
Sic PigirontVg;c lslag
N0 L+t
ALOs - lA1203 Pigiron, Slag - (6)
Vazoz CtpigirontVap03tsiag
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Fig. 4 Schematic diagram of the dissolution behavior of any i-th SiC and Al,O;
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three times)

Therefore, the sum of numbers 7-th to N-th: T

is:

N
_ tPig iron t tSlag O
T= Pig iron Slag (lSiC)
sic trigiron + Vsic™ Lsiag {7
N
tPL'g iron t tSlag O]
+ Pig iron Slag (lAIZOS) (7)
Vaizoz  tpigiron T Vaiap3tsiag =1

Here, for the sake of simplicity, the lengths of
SiC and AlLO; were the same from the I-th to the
N-th.

1 [ N

G == lgp == 1G0 = lsic . (®)
o _ .o _ .y _
Lizos = = = lzos = = = lazos = lazos - (9)

In addition, took the following ratios for
length : /, time : # and velocity: v.

lo:
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When the above transformations (8) to (14)
are applied to equation (7), they are organized into
equation (15).

T=(f+1 f+1)NlA1203m(15)

a§+1°  yE+B) o9

Since ly;903 and vﬁf"é’ are constants, an
equation is obtained in which the time : 7" required
for the thickness : L of the trough material to
disappear depends on the coeflicient of the
parenthesized part. Let this parenthesized part be D
(taken from the initials Dulability).

CEHl 41

D_af+16+yf+ﬁ'

. (16)

3 Results and discussion
-Relationship between local corrosion profile and
equation (16)-

Fig. 5 is a graph of equation (16) obtained by
taking &, which is the ratio of time on the horizontal
axis, and D on the vertical axis, and generating a
double-logarithmic graph. The velocity ratios @, f3
and y were set to 100, 10 and 0.1, respectively, with
reference to Table 1. Since the SiC content of the ML
material is generally about 15 mass%" '®, ALO; : 85
mass% and SiC : 15 mass% were set, and the length
ratio @ = 0.6 was calculated from the cube root of
the volume ratio. The specific gravity of Al,Os and
SiC is 3.95 and 3.1, respectively™.
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Fig. 5 Double-logarithmic graph of D and &
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The D value is a minimum value at about ¢ =
0.2 and is a curved line that converges to a constant
value at { — 0 (contact with slag is frequent) or ¢
— oo (contact with metal is frequent). This curved
profile reproduces the local corrosion profile of the
ML of the pooling type. It was suggested that when
the wave due to metal level fluctuation occurs, the
durability is lower in the center of the wave contacting
both slag and metal, i.e. the corrosion progresses.

-Consistency with past literatures-

Our proposed mathematical model is simple,
i.e. the hot face of the material dissolves into slag and
metal at the slag-metal interface. In the following,
whether this mathematical model is consistent with
the fact shown in the past literature was verified.

The fact that Domiciano et al. reported that
the higher the MgO concentration in the BF slag the
lower the corrosion rate of the trough material can be
explained by the experimental result of Taira et al. 2¥
that the dissolution rate of Al,Os; decreases as the
MgO concentration increases. A decrease in the
dissolution rate of the oxide corresponds to a decrease
in f in this mathematical model. Indeed, when
values other than f3 are fixed and f3 is reduced, the
D value increases, which explains the "the decrease in
the dissolution rate of the oxide leads to the decrease
in the corrosion rate of the material".

Also, although the experiment was not
conducted on the trough material, the experimental
result that the corrosion loss of the AG nozzle
containing SiC decreases as the C concentration in
metal is increased by Mukai et al.¥ can be explained
by taking into consideration the experimental result
that the dissolution rate of SiC into metal decreases
as the C concentration increases'?. (As is obvious, the
dissolution rate of C is slower as the concentration of
C in the metal is higher.) A decrease in the dissolution
rate of non-oxides corresponds to a decrease in @ in
this mathematical model. It is true that if the values
other than o are fixed and o is reduced, the D value
increases, which explains the "the decrease in the
dissolution rate of the non-oxides leads to the decrease
in the corrosion rate of the materials".

Furthermore, it is known that the trough
material of the non-pooling type, the profile of local
corrosion at two point of SL and ML shown in Fig. 1
does not appear and the profile of overall wear is
shown, and the impact zone rather than the side wall
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part is remarkably worn?. Unlike the pooling type,
the impact zone of the non-pooling type is directly
hit by a multiphase flow containing both slag and
metal®?, so it should be an environment in which slag
and metal alternately contact. This means that the ¢
in this mathematical model is neither large nor small.
As shown in Fig. 5, since the D value is small and the
durability is low in such an area, it can also be
explained that the wear of the impact zone of the
non-pooling type is significant.

-Application limits of the model-
Fig. 6 is a double-logarithmic graph of D and
0 at &£ =0.2.

Since D is a linear function of 8, it can be
seen that D increases with increasing 6 (increasing
SiC content). On the other hand, in general, the SiC
content in the ML material is designed to be around
15 %" '®. This is because the corrosion resistance is
inferior even if the SiC content is higher or lower.
Therefore, the present model is likely to be applicable
up to @ = 0.6 (SiC content: 15 mass%) or less, but it
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1) F. Hauck et al: Arch. Eisenhiittenwes, 53
133-138 (1982).

is not consistent with the actual condition for values
higher than this. This inconsistency may be to
originate from the assumption iii) which assumes
only one-dimensional corrosion loss from the hot
face to the back side. In actual wear, in addition to
one-dimensional corrosion, two-dimensional particle
loss (erosion) could be involved, and further studies
will be needed to clarify the phenomenon in detail.

4 Conclusion

Various interpretations have been proposed on
the mechanism of local corrosion at the slag-metal
interface, but no unified understanding has been
obtained among researchers.

This time, from the fact that the SL material
after use is dissolved into molten pig iron, we
hypothesized that the ML material is dissolved into
both slag and metal. A one-dimensional mathematical
model was constructed based on this hypothesis. In
the equation derived from this model, the coeflicient
D, which represents the durability of the material, is
described as the ratio of the length of the non-oxide
to the oxide: @, the ratio of the time of contact
between the slag and the metal: ¢, and the ratio of
the velocity at which the non-oxide and the oxide
dissolve in the slag or metal: @, 3, y. When a, f3,
Y, and 6 were set based on the literature values and
a double-logarithmic graph of D and ¢ was drawn,
the curve profile reproduces the local corrosion profile
obtained in an actual trough, and it was supported
that the essential cause of this phenomenon is the
alternating contact between slag and metal.
Furthermore, it is shown to be consistent with the
facts in the past literature. However, this model is
only one-dimensional corrosion from the hot face to
the back side, and eliminated two-dimensional
particle dropout etc., so that it deviates from the
actual condition when the non-oxide content exceeds
a certain level. Further examination will be necessary
for understanding the phenomenon which is more

consistent with the actual condition.
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