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In the current investigation, the thin film method was employed to clarify the formation mechanism of
the oxide layers at the interface between the Al,0s-SiO,—C refractory and liquid Fe. A reacted layer was
formed in such a way that initially FeO-enriched liquid layers are widely distributed on the Fe surface and
FeO and SiO; in the liquid layer are reduced by Al in liquid Fe to develop solid Al,Oz-enriched layer of
inclusions. Some inclusions in liquid Fe might be produced by the remaining oxygen in Ar gas being sup-
plied through the nozzle to prevent the adherence of inclusions onto it. The oxide layers at the interface
estimated by thermodynamic calculation are in good accordance with the experimental results of the reac-
tion between Al,03-SiO,—C refractory and Al-killed/Al-Ti-killed steels previously reported.
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1. Introduction

Production of ultra clean steel has led a growing emphasis
on the proper control of nonmetallic inclusions in steels.
Refractory materials have been indicated as one of the major
sources of non-metallic inclusions in the molten steel during
ladle metallurgy.'™ Al,O; agglomeration onto a tundish
nozzle has been a serious problem with the continuous cast-
ing process of steel. Nozzle clogging by agglomerated
Al,O; lead to a non-uniform flow of molten steel in the
mold and to the defects in products from large AL,O3 inclu-
sions separated from the clogged nozzle. Several investi-
gations on the clogging mechanism and its prevention have
been reported.®'” In particular, the interfacial reactions
between the nozzle and molten steel have been receiving
extensive attention since the formation and growth of inclu-
sions generated by the interfacial reactions are ascribed to
the nozzle clogging. This indicates that the reaction products
between the constituting oxides in nozzles and deoxidation
elements in molten steel are accumulated at the interface.
There have been numerous studies about nozzle clogging in
Al-killed and Al/Ti-killed steels, which are supported by the
consistent observation that the accumulated oxide layers on
the nozzle surface are similar to the nozzle materials in
terms of the constituting elements.

Sasai et al.'” clarified the formation mechanism of react-
ed layer in Al-killed and Ti-killed steels. They reported that
SiO; in refractory was reduced by carbon to produce SiO
and CO gases and that SiO» in refractory reacted with Al or
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Ti in molten Fe to generate Al,O; or Ti3Os inclusions.
Kaneko et al.'” also reported that Al or Ti in molten Fe
directly reduced SiO; in refractory. In most cases, it is well
known that a reticulate layer is formed on the surface of a
refractory and another tight layer of alumina cluster is added
onto it. In the case of Al-killed steel, it is difficult to make
a difference between the reticulate and tight layers since
AlO; is the major component in both layers. However,
although the AI-Ti—O layer on the surface of a refractory
and the layer of Al,O; cluster were easily identified in the
case of Al/Ti-killed ultralow carbon steel, it is not easy to
separate both the layers from a viewpoint of nozzle clog-
ging. Therefore, it is required to clarify the effect of inter-
facial reaction between actual nozzle and molten steel by
employing new experimental technique.

It is required to investigate the formation and behavior of
inclusions at the interface adjacent to the refractory since it
is difficult to clearly identify the interface in the convention-
al experimental methods employing the reaction of refrac-
tory with molten steel. Therefore, in the present study, a thin
film method was employed to clarify the effect of interfacial
reaction between Al,O3—SiO,—C refractory and liquid Fe on
the formation and evolution of inclusions at the interface.

2. Experimental

2.1. Materials Preparation

According to Dekkers et al.,'*'® the formation of meta-
stable secondary particles was unavoidable in the course of
sampling regardless of the sampler used. It is believed that
this is the most ambiguous factor affecting the analysis of
the morphology and size of inclusions adjacent to the inter-
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face between the refractory and molten iron. Therefore, the
thin film method developed in the current study would facil-
itate the clear explanation of the effects of supersaturation
degree, reaction time and surface roughness of the substrate
on the morphology and size distribution of alumina inclu-
sions formed at the iron/refractory interface. The validity of
the method suggested in the current research was evaluated
by analyzing the morphology and composition of inclusions
using SEM and EPMA. That is, it was confirmed that the
current method could sufficiently be reasonable for simulat-
ing interfacial reactions between the substrate and liquid iron.

As shown in Fig. 1(a), the lower supporting material of
the sample assembly is the alumina single crystal substrate
whose top side was coated with pure aluminum (>99.999%)
of variable thickness to control the Al content in liquid Fe
using the general sputtering method (70 W, Ar 5 mL/min).
And a pure Fe foil of 100 gm thickness (>99.99%, 15x15
mm?) was placed on top of the coated side in a way that the
aluminum on the substrate can diffuse through the layer of
liquid Fe. Initial compositions of the Fe foil used in the cur-
rent experiment are listed in Table 1. In case pure Al
(>99.999%) of about 1 ym thickness was coated on the sub-
strate, the Al content in liquid iron was estimated to be about
0.06 mass% under the assumption that all the Al dissolved
into the pure Fe foil. As the upper substrate, Al,03;—Si0,—C
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Fig. 1. Schematic diagram of (a) sample assembly and (b) experi-

mental setup.
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refractory was used. Table 2 shows the chemical composi-
tion of Al,O3—SiO,—C refractory before and after decarbur-
ization. The Al,03-SiO,—C refractory was sufficiently
decarburized by the preheating. The surface roughness of
the refractory was not available since the measured values
were much beyond the upper limit of measuring capacity.
Then the sample assembly was wrapped by ash-less paper,
dipped into Al,O3; powder in a graphite crucible, and a cylin-
drical tungsten weight was placed on top of Al,O3 powder.

2.2. Experimental Procedure

A vertical electrical resistance furnace was employed as
shown in Fig. 1(b). The temperature was automatically con-
trolled within £2 K using an R-type thermocouple (Pt-
13%Rh/Pt) and a PID controller. The sample assembly was
put into the furnace purged with Ar (6N purity) gas prelim-
inarily purified by passing through Mg chips at 723 K to
remove residual oxygen. After equilibrating for 3 hours, the
graphite crucible containing the sample assembly was
quickly withdrawn out of the furnace and quenched with
water. The refractory/Fe interface containing inclusions was
observed using FE-SEM (Hitachi, S-4200). The concentra-
tion of oxygen and nitrogen in the iron sample was analyzed
by the combustion method using LECO™ TC-300.

3. Results and Discussion

3.1. Effect of Refractory Materials on the Interfacial
Reaction between Al;O3—SiO,—C and Liquid Fe
Figure 2 shows the surface image of Fe sample obtained
after raw Al,O3—SiO>—C refractory reacted with liquid Fe
containing 0.06 mass% of Al for 3 hours at 1823 K. It was
observed that the reacted layer of approximately 100 £ m
exists between the refractory and Fe. Due to the limitation
in analyzing the compositional change of the constituents in
the reacted layer by macroscopic analysis, the reacted layer
was further magnified and analyzed by SEM/EDS. Accord-
ing to SEM/EDS analysis of the reacted layer, its averaged
composition was analyzed to be 1.5%Fe0-3.7%SiO,-
94.8%A1,03. When moving from the refractory side to Fe,
the proportion of Al,Os gradually decreased, which is sim-
ilar to the results of the reacted layer formed between
ALO;s—C refractory and liquid Fe.'® In order to observe the

Table 1. Initial compositions of Fe foil used in the present study
(mass%).
Fe C N S Mn Si Mg Al (¢}
balance 0.009 0.003 0.0002 trace 0.0009 trace trace 0.017

Table 2. Chemical compositions of Al,O3-SiO,—C refractory before
and after decarburization (mass%).

Before decarburization After decarburization

ALO; 382-47.6 55.4
Si0, 29.6-38.9 435
Fe,0s 03-09 0.41
Fixed C + SiC 18.4-352 0.11
Na;O 037
MgO 0.20
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SEM image of the reacted layer formed by the reaction between raw Al,O3—SiO>—C refractory and liquid Fe.
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Fig. 3. Line mapping results of interfacial area after reaction between the refractory before preheating and Al-killed steel.

compositional change of the constituents, EPMA line map-
ping was carried out across the interface along the lines 1
and 2 in Fig. 2 and the results are shown in Fig. 3. It is clear
that the concentrations of carbon and Si increased in Fe after
the reaction. It is believed that some inclusions comprising
FeO-Si0,—-Al,03;-MgO exist in the reacted layer, which has
been solidified after melting. It is expected that the increase
of carbon in liquid Fe is ascribed to the dissolution of carbon
in the refractory or to the introduction of CO gas formed by
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the reaction between SiO; and carbon in the refractory. The
increase of Si in liquid Fe is due to the reaction between Al
in liquid Fe and SiO gas formed by the reaction between
SiO; exposed to the surface of the refractory and carbon as
explained by Egs. (1) and (2).

$i0, (s)+C(s) = SiO(g)+CO(g)

38i0(g) +2Al = 38i + AL O, (s)
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3CO(g)+2A1=3C+ALO, (s)

Figure 4(a) shows the interface formed by the reaction
between the preheated Al,O3—SiO,—C refractory and liquid
Fe containing 0.1 mass% of Al for 3 hours at 1823 K. As
can be expected by the Reactions (1) to (3), the lower
amount of ALOs inclusions can be formed in case less
SiO(g) and CO(g) will be generated by the decreased activ-

/=300 . 00Aum WD11lmm

(a) Refractory/reacted layer/Fe

ity of carbon in the preheated refractory. Thus, liquid Fe
containing slightly larger amount of Al was used in a way
that similar amount of Al,O; inclusions would be formed in
liquid Fe by driving the forward reactions of Egs. (2) and
(3). It was observed that the reacted layer of about 50 to 170
pm exists between the refractory and Fe. This reacted layer
is separated from the coarse refractory and looks denser than
the refractory. As previously performed, the reacted layer

100um

(b) Reacted layer

Fig. 4. SEM image of the reacted layer formed by the reaction between preheated A1,O3;—Si0>—C refractory and liquid Fe.

Yy Fe 1 Y 1
. L . 1 LU 1
e | e TS 1 1 I
fcnt QET T T[T T T T [ T¥ T T[T T T[T T[T T T T[T TTTprTTT]
ome sl T T T T T T T T LI ]EDEE " i 1 1 |I
’:C fru] 1 1 1 C awl i
“r TR : ! el
20l i I‘ 4 LR m*f j‘
|.‘u )LJ LJJ,,JL\L|,‘|JJ“.J|I L \\I‘\IlJiJn.llLllllil\[lL&LJLl\l[l\\Ilﬂ]\II
- g 1 nzt 0.4 7.6 Tos m 0,00 0.10 0.20 0,30 0,40 9,50 0.60 aAI
CTE O — i i — I = n
Loe s T g7 T T [ T 7T T ] T T v 1T [ T 1T 1T [ T 1] e T S L R TR |||I\|||_
Fe I I § I 1 [Fe I /
Fe s | | 60 ol
ELTS | ﬂ | Fe anf 1 I ]
1 IJ o J.nji 1L L 1 ‘ 1 X 1 1. | 1 L L Ilh 1 1 Ll |IJ I Lol Lenl lJ ...l |J | Ll
. 0.0 0.2 " 0. 0.6 To.a m 000 Jo.10 0.0 0.3 0.40 0.50 0.60 o
1 1 1
1 cone 8] L T T Cone (%1 | 1 1
[Tap T II T T | I\ T T | T T ‘ T T II | T [TAP TTrTT TTTT | T | TTTT I TTTT | TTTT I TTTT ‘ TTTT
a1 ﬂk a1 3 1 ﬁ I
o = B0 | o
Al b I w*lﬁ/ﬁ wl
(| i K 1
(WL RTY 1 l
ol | W’ V o al 1 4
ro ‘RI 1 k \J i
0 IR AR [N TYNET S M N TN S VRN TN AN ANN WY V., A 0‘..H].‘.m..|‘,..|.H.|HH|.W\I..H
w 0.0 i 0.4 5.6 LIS mo 0,00 0.0 0.20 1 0.30 0.40 0.50 0.60 o.ia
1 1 1
e T T oo T8 1 T ‘ . i
'I'PE" T il T T | I‘ T T | T T ‘ T T |I | | Z‘-:P 5—‘ TTT ! T Ed | TETT | TTTT I FETTE | FTT7d I TTT !'| TT V__
iy 3 o A [
(si & ] L AT |
ak | - . E 3
| , i | E
;-'ﬁ L N L S '\ri‘ 1
= I \j } Ll el i l-'r“" i : n \“ k.
i el i WJ ! K ":\l = ; J'\U‘!JllJIII'\!lIII\\I|\\\\Ilwwml_lk\l’
L gl R S N V. N_—T L ) Lot mm 0,00 nio 0.20 0.30 0.40 0.80 0,70
= 0.0 0.2 0. 6 0.8 1
1 1 ot one Ter
[ cone 9 rap \II\|[!II|\|II|\IIIII\\Il\\\lll\\r‘lll\!
[Tap I\ T T | T T ‘ T T |I | LS| o 60 |
O w0l I E | ]
pl 40 1 s |
Sl lo !
1 ] 2l W 1 E
20— - |
J 1 0 |LIiI|\ ul.‘.nmumﬂ.wku il | T
obmmtbs 1 1| Wi obtias | e ik bl PR N w000 0.4 0.50 0.60 0.7
= 0.0 0.2 " 0.4 0.6 Y08 — |
1 1 1 ETEE
lch1 cone [%] TAP TT II! I TT 1T | T I TT I TTI 1T I TT 71T I TT 1T I TT 1T ‘II TTT
a0 L e e A Bt i LU 1 i | " 1
Mo 1.50 |
|
|

(a) Across line 1

Fig. 5.
liquid Fe.

© 2014 1SIJ

830

(b) Across line 2

Line mapping results of interfacial area developed by the interfacial reaction between the preheated refractory and
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was further magnified as shown in Fig. 4(b) and analyzed
by SEM/EDS. The average composition of zone A located
adjacent to Fe was 5.4%Fe0-50.8%8S10,-43.8%A1,03. Zone
B located closer to the refractory was analyzed to be
0.6%Fe0-58.8%8S10,-40.6%A1,0;3. That is, when moving
from the refractory side to Fe, the proportion of SiO, grad-
ually decreased while the contents of FeO and AlLO;
increased. Although the compositions of A and B are in sol-
id state according to FeO—SiO>—Al,O3; phase diagram at
1823 K,'” the growth of reacted layer cannot be explained
by the transfer of oxygen in terms of SiO(g) and CO(g) pro-
duced by the reaction between SiO, and carbon in the
refractory since the refractory contains almost no carbon.
Therefore, the current results are ascribed to the involve-
ment of oxygen as a surface active element in the reaction,
which is in good agreement with the previously reported
ones.'®!” That is, FeO-enriched inclusions (FeO—SiO—
Al,O3) observed in Al-killed Fe are gradually reduced to
Al,O3 by Al dross initially injected. It is believed that the
reacted layer can be formed in such a way that initially FeO-
enriched liquid layer of inclusions are widely distributed on
Fe surface. Then, FeO and SiO, in the liquid layer are
reduced by Al in liquid Fe, which ends up with the devel-
opment of solid Al,Os-enriched layer of inclusions with
increasing the number of inclusions. Then the inclusions
might be pushed back toward the refractory as Al,O3 content
in the inclusion increases.

As shown in Fig. 5, EPMA line mapping was carried out
across the interface along the lines 1 and 2 in Fig. 4(a) to
observe the compositional change of the constituents. The
increase of carbon content in Fe layer was remarkably not
observed compared with the case of the raw refractory. In
general, the carbon in liquid Fe is normally identified due to
the reaction between carbon-containing refractory and Fe.
This is ascribed to the low carbon content remaining in the
preheated refractory with other oxide constituents unchanged.
Therefore, it is believed that the supply of oxygen toward the
surface of liquid Fe is not available by the reaction between
SiO; and carbon in the refractory as previously mentioned. On
the other hand, it is believed that the increase of Si in Fe is
ascribed to the reduction of SiO, exposed to the refractory sur-
face after decarburization directly by Al in liquid Fe as
explained by Eq. (4). This can be supported by the EPMA

1823K
No Al in Fe

Fig. 6. SEM image on Fe surface between quartz and liquid Fe.
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mapping result that the reacted layer shows very high AL,Os
content and slight amount of FeO, SiO, and MgO. After all,
it is believed that the increase of Si in Fe is ascribed to the non-
uniformity of the preheated refractory.

3Si0, (s)+4Al = 38i +2A1,0, (s)

3.2. Interfacial Reaction between Non-uniform SiO; in
Refractory and Liquid Fe

In case the raw refractory contains carbon, the reaction
between the SiO(g) or CO(g) supplied from the refractory
and Al in liquid Fe could take place to produce Al,Os inclu-
sions as represented by Egs. (2) and (3). However, in the
case of decarburized refractory, the reaction between SiO»
exposed to the refractory surface and Al in liquid Fe could
occur to generate Al,Os inclusions and to increase Si level
in Fe as indicated by Eq. (4). From the remaining FeO in
the reacted layer, the reaction between Al in Fe and FeO—
Si0,—Al,03 inclusion resulted from the interaction between
FeO and refractory could proceed.

Before the reaction between SiO; exposed in the refrac-
tory and liquid Fe is examined, the reaction between pure
quartz and liquid Fe containing no Al was considered.
Figure 6 shows the surface of Fe reacted with quartz for 3
hours at 1 823 K. It is clear that no inclusions were observed
on Fe surface. According to EDS analysis, only small
amount of FeO and Fe was detected. In order to thermody-
namically examine the decomposition of pure SiO», [%Si]
content in liquid Fe was estimated based on the initial [%0O]
in Fe listed in Table 1.

Si0, (s)=Si+20

log K (= logag; -a,’ ) ==30 110/ T +11.4*

Based on Eq. (6), about 0.026 mass% of Si would be in
equilibrium with 0.017 mass% of O for the pure SiO». Ther-

1823K
. [%A[]=0.2

A: 31.6%Fe0-62.4% SiO,-6.0%Al,0,
(Sphere type)

B: 1.38%Fe0-51.5%Si0,-47.2%Al,04
(Cluster: coral type)

Fig. 7. SEM image on quartz surface between quartz and liquid Fe.
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modynamically it is likely that pure SiO» directly decomposes
into Si and O in liquid Fe, which results in the dissolution of
some Si in Fe for the initial O content of 0.017 mass%. There-
fore, it was confirmed that pure quartz might decompose
into Si and O in liquid Fe without forming any kind of inclu-
sion. Figure 7 shows the surface of quartz reacted with lig-
uid Fe containing 0.2 mass% of Al. Spherical particles and
coral-shaped cluster of inclusions were observed. According
to EDS analysis, the composition of spherical particle A in
Fig. 7 was 31.6%Fe0-62.4%S10,-6.0%A1,03 and that of
part B was 1.38%Fe0-51.5%8S10,-47.2%A1,03. On the oth-
er hand, Fig. 8 shows the surface of Fe reacted with quartz.
According to EDS analysis, the composition of coral-shaped
cluster ~of inclusions was  4.0%Fe0-29.5%Si0,-
66.5%A1,0s. Therefore, it can be understood that FeO and

SiO; can be reduced by Al in liquid Fe.

Figure 9 shows the surface of Al,O; single crystal facing
liquid Fe. Spherical particles and coral-shaped cluster of
inclusions were observed. According to EDS analysis, the
composition of spherical particle A in Fig. 9 was
24.1%Fe0-67.2%8Si0,-8.7%A1,03 and that of part B was
20.3%S10,-79.7%A1,03. 1t is understood that the Si sup-
plied by the interfacial reaction between non-uniform SiO,
in the refractory and liquid Fe would have the opposite dif-
fusion path to Al and that Al and Si have counter-diffusion
each other. Therefore, the SiO, exposed by non-uniformity
of refractory can be reacted with Al in liquid Fe, which
results in forming solid Al,Os-enriched inclusions as repre-
sented by Eq. (4). After all, it is believed that this process
might cause the serious nozzle clogging.

(4.0%Fe0-29.5% Si0,-66.5%Al,0;)

Zoom in

Fig. 8.

SEM image on Fe surface between quartz and liquid Fe.

Fig. 9.
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SEM image on the surface of Al,Oj3 single crystal substrate between Al,O3 and liquid Fe.
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3.3. Interfacial Reaction Affected by the Formation of
FeO on the Surface of Liquid Fe
The surface activity of oxygen, Jo is defined as the slope

of the surface tension, o vs Xo at infinite dilution:

Jy=—| 29 =(RTT vy
aXO Xpe -1

where [, ° is the adsorption coefficient of almost pure Fe
and v, is adsorption coefficient of O at infinite dilution. It
is well known that those values can be very high and that
the concentration of a surface-active species at an interface
is often several thousand times higher than that in the
bulk.?V At 1823 K, Jo was calculated to be about 1 030. This
means that the concentration of oxygen at Fe surface is
about 1 030 times higher than that in the bulk. As shown in
Fig. 10, the activity of O on Fe surface can be increased to
Point B (3090 ppm O) from Point A where Al of 400 ppm
and oxygen of 3 ppm are in equilibrium. This can induce the
super-saturation corresponding to the difference between
Points B and A. Therefore, it is believed that 170 ppm oxy-
gen used in the current experiment has sufficient driving
force to form FeO on the Fe surface. The activated tendency
of oxygen on Fe surface might result in the unstable state
on the surface of liquid Fe and means that Fe easily oxidizes
to FeO on the Fe surface thermodynamically. According to
Ono-Nakazato et al.,*? the Al content on Fe surface is about
1.7 times larger than that in the bulk of Fe as a deoxidizing
element. Therefore, it is believed that the formation of
Al,Os3 at the interface between the refractory and liquid Fe
will be promoted. Although Fe initially contains about 170
ppm of oxygen, the current oxygen content is almost equal
to that in actual molten steel considering that the molten
steel contains about 1 000 ppm of Al and that the reaction
time is about 3 hours. In comparison with actual casting
conditions, the FeO layer can react with the refractory mate-
rials to form melt layer since the FeO layer on the surface
is formed in the initial period of casting. Then, the melt
reacts with Al in liquid Fe, which is followed by the gradual
growth of the reacted layer. This reacted layer is gradually
enriched in Al,Os, which results in the increase of melting
point. Then the solid inclusions would move toward the
refractory wall by interfacial tension between the refractory
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Fig. 10. Al-O equilibrium in liquid Fe.?”
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and liquid Fe. Therefore, it is understood that the layer of
inclusions formed at the interface consists of the layer sim-
ilar to the refractory materials and Al,Os layer. The Al,O3
layer is successively produced by the reaction between Al
in liquid Fe and liquid FeO-SiO>—Al,03 or SiO(g)/CO(g)
supplied from the refractory containing carbon. This indi-
cates that the coral-shaped Al,Os layer is more outstanding
than dendrite-shaped one. After all, the liquid layer of inclu-
sions will play a role in attaching the deoxidation inclusions
to the refractory wall.

3.4. Effect of the Remaining Oxygen in Supplied Ar
Gas on the Formation of Inclusions

It can be considered that the inclusions in liquid Fe can
be formed due to the oxygen included in Ar gas which is
supplied through nozzle to prevent the adherence of inclu-
sions onto it. Figure 11 shows the analyzed content of oxy-
gen in liquid Fe through which Ar was blown for 3 hours
when the initial content of oxygen was 0.05 mass%. Two
kinds of Ar gases were used. The first Ar gas (99.999%
purity) was sufficiently deoxidized by passing through Mg
turnings preliminarily and the second Ar gas was directly
supplied without deoxidation. In the chemical analysis, the
specimen surface was slightly dissolved into HCI(1 + 10)
for 30 min in such a way that FeO on the surface could not
affect the analysis of oxygen in the bulk of Fe. The activity
of FeO in Fig. 11 was evaluated according to the following
equilibrium between liquid Fe and dissolved oxygen:

Fe(1)+0=Fe,O(I) cuvrrrrrrmrrrrerranen ®)

AG" =-138 910+57.007(J / mol)* ............ 9)
° aFe‘O

K =exp(-AG /RT)=—F"—"—— ......... (10)

ag, (z 1) “dg
where the standard state of oxygen is the infinitely dilute
solution of Fe—O and the activities of Fe and FeO are with
respect to pure liquids. Then the partial pressure of oxygen
was estimated from the dissolved oxygen in liquid Fe:

4.0x10”
1.0 |- 1823K
[ —@—[wt% O] in Fe
[~ O-apy, 9
| —l—p, (atm) 13-2x10
Q -9
E —2.4x10
~
o =
01} ~
) ®
S {1exw0® E
+8.0x10™
0.0 : L . 0.0
Initial Ar 5N Ar5N
Sample (Deoxidized) (Non-Deoxidized)
Fig. 11.  Effect of oxygen partial pressure on the oxygen in liquid Fe.
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AG =117 150+3.32T(J /mol)™ ... (12)

From Fig. 11, it is clear that even Ar gas of 99.999% purity
can cause to form inclusions due to the remaining oxygen
in Ar gas. Although the blowing of Ar into nozzle for
preventing the clogging can help separate the layer of inclu-
sions attached to the wall of nozzle, it can increase the oxy-
gen content around the bubbles due to the oxygen in Ar gas.
Then the increased O content in bubbles might react with
the deoxidizing elements, which end up with the formation
of inclusions in liquid Fe. Accordingly, it is of great impor-
tance to use Ar gas fully deoxidized to prevent the formation
of nozzle clogging.

3.5. Thermodynamic Prediction of Interfacial Oxide
Layers

Based on the formation of inclusions at the interface
between the refractory and liquid Fe, thermodynamic calcu-
lation was carried out to predict the characteristics of react-
ed layer and the thickness of inclusion layer. The calculation
was performed using thermodynamic calculation software,
FactSage5.2. Fundamental assumptions and procedure for
the calculation are as follows: (1) The composition in the
inner part of the refractory remains unchanged since only
the surface is decarburized in actual process. (2) The initial
reaction occurred among the liquid Fe, the produced gases
from refractory materials and the remaining constituents in
the refractory of 1 mole. (3) Solid inclusions resulted from
the reaction stick to the refractory and that they are not
involved in the subsequent reactions. And the liquid phase
and gases continue to react with 1 mole of Fe.

The current calculation was carried out for 1 mole of raw
refractory of 47%A1,03-24%Si0,-28%C and 1 mole of Fe
containing 600 ppm of Al. It was assumed that the refractory
was not decarburized. When the change of reaction were
infinitesimal compared with that in the previous stage, the
reaction was forced to stop. In order to calculate the thick-
ness of reacted layer, it was assumed that 1 mole of Fe was
contained in a cube. The contact area between the refractory
and liquid Fe was calculated to be 1.9x1.9 cm?. The densi-
ties of Mullite, AbO3;, FeO-TiO, FeO-SiO»—Al;O3(slag)
were 3.52, 3.05, 4.44 and 3.0 g/cm’, respectively. The cal-
culation result is shown in Fig. 12(a). Based on Fig. 12(a),
the calculation was discussed by comparing it with the
experimental results. It is experimentally evident that FeO

formed on Fe surface reacts with Al,0s—SiO>—C refractory.
FeO and SiO; are reduced by sufficient carbon in the refrac-
tory, resulting in the formation of Al,Os-enriched layer.
Thus, it is likely that FeO-SiO,—ALOs3 are reduced by Al in
liquid Fe to generate the layer of Al,Os—SiO,, which is in
good agreement with some experimental results.>*2%
Another AlLOs layer of 1.8 yum could originate from the
reduction of SiO, in mullite (3A1,03-2S10,) layer by Al in
liquid Fe. However, the mullite layer could be destroyed due
to the unstability during cooling in actual experiments. And
it is likely that Al,Os inclusions were agglomerated and
attached to the reacted layer, which resulted in the formation
of Al,O;-enriched layer on the refractory observed in the
current study. Therefore, it can be considered that the ther-
modynamic calculation show the stepwise progress of form-
ing the first and second reacted layer.

Another calculation was carried out for 1 mole of the raw
refractory of 47%A1,03-24%Si0,-28%C and 1 mole of lig-
uid Fe containing 0.06 mass% of Al and 0.06 mass% of Ti.
The other conditions are similar to those previously men-
tioned. The calculation results are shown in Fig. 12(b) and
are compared to the experimental results by Kwon et al.*”
As previously explained, the Al,Os layer was formed in the

refractory reacted layer liquid Fe
Mullite 0.2344 mol
Carbon 0.6269 mol Al,O,
SiC 0.0344 mol
58.9 mm 53um  5pm’ 1.8um

1st reaction  2nd reaction
(a) Reaction with Al-killed Fe

reacted layer

refractory liquid Fe
Mullite 0.2344 mol
Carbon 0.6269 mol #-Al,0,
SIC  0.0344 mol Higquid)y -
56.7 153
58.9 mm [ 20/Hm  Toskm b
1st reaction 2nd reaction

(b) Reaction with Al/Ti-killed Fe

Fig. 12.  Calculation results for the reaction between Al,03—SiO,—
C refractory and Al-killed Fe and for that between ALLO3—
SiO»—C and Al/Ti-killed Fe.

Fig. 13. Reaction between Al,O3-SiO,—C refractory and Al/Ti-killed Fe. [A: Al-Ti-O, T: Ti-Al-(Fe)-O, U: unaltered
layer, D: decarburized layer, P: Product layer, M: metal droplet, BM: bulk metal]*”
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first reaction, and simultaneously FeO on Fe surface could
combine with TiO; in liquid Fe to generate FeO-TiO; layer.
However, Al,O3- and TiOj-enriched inclusions are mixed
together in the experimental results reported by Kwon et
al?” This indicates that AlLO; particles and FeO-TiO,
inclusions mix together in the first reaction since FeO and
TiO; exist in the solid-liquid coexisting region of the phase
diagram as shown in Fig. 12(b).

4. Conclusions

The thin film method was carried out to investigate the
formation mechanism of interfacial inclusions between
refractory and molten steel because it has the only interfa-
cial properties in boundary layers except for the inclusions
and reactions in bulk metal. The new experimental method-
ology was effective in clarifying the effect of refractory
materials on the interfacial reaction between Al,O3—Si10,—C
refractory and Al-killed/Al-Ti-killed steels. Based on the
findings, the following conclusions were obtained.

(1) According to SEM/EDS analysis of the interface,
when moving from the refractory side to Fe, the proportion
of SiO; gradually decreased while the contents of FeO and
Al,Oj increased.

(2) The reacted layer is formed in such a way that ini-
tially FeO-enriched liquid layers are widely distributed on
the Fe surface and then FeO and SiO; in the liquid layer are
reduced by Al in liquid Fe to develop solid Al,Os-enriched
layer of inclusions.

(3) SiO; exposed by non-uniformity of refractory can
be reacted with Al in liquid Fe, which results in forming sol-
id Al,Os-enriched inclusions. This might cause the nozzle
clogging.

(4) The inclusions in liquid Fe can be increased due to
the oxygen remaining in Ar gas being supplied through noz-
zle to prevent the adherence of inclusions onto it.

(5) According to the thermodynamic calculation, the
oxide layers formed at the interface are in good agreement
with the experimental results previously reported for that

835

between AlLO3-SiO,—C refractory and Al-killed/Al-Ti-
killed steels.
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