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in Al-Killed Steel
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To understand the effect of refractory on the evolution of inclusions in the secondary
steelmaking, steel samples were taken at different stages of the process train. Laboratory
experiments were carried out using different refractories (alumina, spinel, and MgO). In the
laboratory study, the types of inclusions considered were alumina, spinel, and calcium
aluminate. The focus was given to Al-killed steel. The results showed that alumina refractory
and spinel refractory had little effect on all the three types of inclusions, while the effect of MgO
refractory depended on the activity of dissolved oxygen in liquid steel. With lower oxygen
activity, alumina inclusions could transform into spinel inclusions. No evident change could be
found for spinel and calcium aluminate inclusions. When the oxygen activity was high enough,
spinel inclusions could not be generated from alumina inclusions. The laboratory results helped
in understanding the evolution of the inclusions in the industrial process.
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I. INTRODUCTION

In steelmaking, alumina, spinel, and calcium alumi-
nate inclusions are the common types of inclusions in
Al-killed steels.!"# Alumina and spinel inclusions are
irregular, and hard to deform, which may cause defects
in final products,!"">% while most of calcium aluminate
inclusions are globular and sometimes are considered
harmful for the fatigue property of steel.’"® Therefore,
the control of these inclusions becomes extremely
important for steelmaking industry.

Many studies have been conducted aiming at a better
control of inclusions in steelmaking process. A number
of publications have pointed out that refractory has
great impact on the formation and evolution of inclu-
sions during refining process.”** > Three types of
refractories—alumina, spinel, and MgO—are widely
used in industrial production.

For MgO refractory, Brabie er al.”'” proposed that
carbon in refractory could reduce MgO into Mg gas,
and then Mg gas would lead to the formation of spinel
inclusions. A number of studies®*!'" ¥ also indicated
that some of the dissolved Mg in Al-killed steel is
supplied from the reduction of MgO refractory by
dissolved Al. Some researchers!'*'”! suggested that the
carbon in high-carbon steels, e.g., bearing steels, could
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also reduce MgO refractory, resulting in the dissolution
of Mg into the liquid metal.

MgO inclusions have also been found in liquid steel.
The MgO inclusions may come from refractory. Some
researchersi®® 22! considered that the MgO refractory
was also one of the sources of the inclusions with MgO
islands inside the calcium aluminate liquid phase.

In fact, the effects of alumina and spinel refractories
on the inclusions have rarely been reported, though a
few studies have briefly touched this area.l**) Moreover,
the slag-steel-refractory system has usually been chosen
to study the effect on inclusions. Hence, the individual
effects of slag and refractory have not been clearly
identified. Further systematical investigation is needed
to understand the effects of different refractories on
different types of inclusions.

The present work focuses on the effect of refractory
on inclusions in Al-killed steel. Steel samples were taken
from industry to identify the types of inclusion. Labo-
ratory experiments were carried out to study the effects
of different refractories on different inclusions. Based on
the comparison of the results of laboratory experiments
with industrial findings, the effect of refractory on
different types of inclusions in real production was
discussed.

II. EXPERIMENTAL
A. Industrial Sampling

The steel grade was produced by the process route:
Hot metal predesulphurization — BOF steelmaking
(80 t) > LF (80 t) refining — RH (80 t) refining (cal-
cium treatment) — Bloom (280 mm x 325 mm) contin-
uous casting. The process was described in detail in a
previous publication.®! During tapping from the BOF,
most of aluminum, alloys, and slag formers were added
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Table I. Chemical Composition (Weight Percent) of Experimental Steel Grade
C Si Mn Cr Mo Al
0.33 to 0.38 0.15 to 0.35 0.60 to 0.90 0.85 to 1.20 0.15 to 0.30 0.02 to 0.04
Table II. Chemical Composition (Weight Percent) of Steel-I
C Mn Si Cr Al
0.23 1.5 0.3 1.0 0.025

into the ladle. After tapping, the dissolved oxygen
activity was 2-4 ppm (by Celox measurements). In LF
refining, some aluminum and refining fluxes were also
added. The treating times for LF and RH refining were
about 40 and 25 minutes, respectively. Note that all the
ladles were built with carbon bearing MgO refractory.

The general composition of experimental steel grade is
presented in Table I. Steel samples were taken at
different stages during the process, viz. (1) at the end
of BOF, (2) after tapping, (3) at the middle stage of LF
refining, (4) after LF refining, and (5) after RH refining.
The samples were prepared for inclusion analysis.
A scanning electron microscope (SEM, HITACHI
S-3700N) with energy-dispersive spectrometer (EDS)
was employed to study the morphologies and phases of
inclusions.

B. Laboratory Experiments

1. Materials and sample preparation

Three different refractories were considered in the
present study, viz. alumina, spinel (mole ratio MgO/
AlL,O; = 1:1), and MgO. The types of inclusions studied
were alumina, spinel, and calcium aluminate.

All the refractory plates (diameter 18 mm) were made
from chemical agents (reagent grade). To make a plate,
the oxide powders were well mixed and then pressed into
a plate by a mold with a pressure of 20 MPa. Thereafter,
the plate was sintered (on a piece of Pt sheet) in a muffle
furnace at 1773 K (1500 °C) for 8 hours. Besides, MgO
crucibles (inside diameter 20 mm) were also used to
further investigate the formation of spinel inclusions in
steel.

In view of the difficulties in finding a specific inclusion
in the steel sample, thin oxide sticks were made. To
make the stick, the corresponding type of oxide plate
was cut into small pieces and polished into thin oxide
sticks (diameter <1.5 mm). In order to keep the stick in
liquid steel without melting at 1873 K (1600 °C), solid
calcium aluminate CaO-2A1,0; (simplified as CA; in the
following text) was chosen in the study of calcium
aluminate inclusions.

Two steel grades were employed in the experiments:
Steel-1 and Steel-11. Steel-I is Al-killed microalloyed
steel, the composition of which is given in Table II,
while Steel-II is almost pure iron (Fe > 99.9 pct). The
steels were cut into small pieces (around 30 g per piece).
A small hole was drilled in the middle of each steel piece
in order to put an oxide stick in.
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2. Experimental procedure and analysis

The experimental setup is presented in Figure 1. A
resistance furnace was employed. The alumina reaction
tube and the quenching chamber were internally con-
nected and sealed by O-rings. A vacuum pump could
evacuate the reaction tube. The quenching chamber was
cooled by water. High-purity argon with high flow rate
could be injected on to the sample to enhance the
quenching. A sample holder (graphite/molybdenum)
was hung on a suspension steel rod. The suspension rod
could be moved up and down by a lifting motor. O-rings
were used to seal the whole system.

The experimental conditions are presented in
Table III. In a typical run, a sintered refractory plate
(for Runs Al to D3 only) was placed at the bottom of
the crucible (inside diameter 20 mm). An oxide stick was
put in the hole of the steel piece, before placing them
into the crucibles. In order to keep the stick in the
middle of the liquid steel bath, the position of the thin
stick was fixed by an alumina plate placed on the top of
the crucible (see Figure 1(b)). Thereafter, the crucibles
were positioned in a graphite or Mo sample holder. In
general, three crucibles were placed in the sample holder
in each run. The sample holder was positioned in the
quenching chamber by the steel rod. The alumina
reaction tube and the quenching chamber were sealed,
evacuated, and filled with high-purity argon. The
procedure of evacuating and argon filling was repeated
three times. Thereafter, the furnace was heated up, and
the gas was switched to the reaction gases with a total
gas flow rate of 0.2 NL/min. When the furnace reached
the target temperature, the sample holder with crucibles
was lowered into the reaction tube and kept at the
position of 1573 K (1300 °C) to preheat for 15 minutes.
After that, the sample holder was lowered to the even
temperature zone of the reaction tube. This time was
considered the time zero (¢ = 0 minutes) of the run.
After the reaction time, the sample holder was quickly
lifted into the quenching chamber by the motor. The
argon gas with high flow rate was immediately injected
into the quenching chamber to enhance quenching.

In the experiments, the activity of dissolved oxygen in
liquid steel is evaluated by Eq. [1]. For Run Al to E2,
the graphite crucible was used. The oxygen partial
pressure in Eq. [1] can be calculated using Eq. [2]. In the
case of Mo crucible (Run F1 to F2), the oxygen partial
pressure can be obtained from Eq. [3]. The thermody-
namic data for Reactions [1] through [3] are obtained
from literature:***
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Fig. 1—Experimental setup: (a) Furnace; (b) Sample holder and crucibles.

Table III. Experimental Conditions for Each Run

Run T [K (°C)] ¢t (min) Steel Crucible Plate Stick Sample Holder Reaction Gas
Al 1873 (1600) 180 I alumina alumina alumina graphite CO
A2 1873 (1600) 180 I alumina alumina spinel graphite CO
A3 1873 (1600) 180 I alumina alumina CA, graphite CO
Bl 1873 (1600) 180 I alumina spinel alumina graphite CO
B2 1873 (1600) 180 I alumina spinel spinel graphite CO
B3 1873 (1600) 180 I alumina spinel CA, graphite CO
C1 1873 (1600) 180 I alumina MgO alumina graphite CO
C2 1873 (1600) 180 I alumina MgO spinel graphite CO
C3 1873 (1600) 180 I alumina MgO CA, graphite CO
D1 1873 (1600) 360 I alumina MgO alumina graphite CO
D2 1873 (1600) 360 I alumina MgO spinel graphite CO
D3 1873 (1600) 360 I alumina MgO CA, graphite CO
E1l 1873 (1600) 360 I MgO — alumina graphite CO
E2 1873 (1600) 360 II MgO — alumina graphite CO

F1 1873 (1600) 360 I MgO — alumina molybdenum CO+4 pctCO,

F2 1873 (1600) 360 11 MgO — alumina molybdenum CO+4 pctCO,

o ~ 90 | The activity of dissolved oxygen, gjo;in Run Al to E2

2(g) =2[0], [1] was 1 ppm, while in Run F1 to F2, g;o; was 456 ppm.

The experiments F1 and F2 were carried out to

2C(s) + O2(g) = 2CO(g), 2] investigate the effect of oxygen potential on the disso-

lution of Mg in liquid steel from MgO refractory.
2CO(g) + O2(g) = 2CO,(g). 3]
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The steel sample with the oxide stick inside was cut
and prepared for microscopic analysis. The morphology
and phase(s) in the stick were also investigated by
SEM-EDS. Special attention was paid to the boundary
between steel and oxide stick.

III. RESULTS

A. Inclusions in Industrial Samples

The identified types of inclusions and their specification
are given in Table IV. Figures 2(a) through (h) show the
morphologies of these types of inclusions. Totally, eight
types of inclusions are found in the industrial samples.
Type 1 inclusions are calcium silicate with high FeO
content and low Al,O3, MgO, and MnO contents, while
Type 2 inclusions are a combination of Type 1 and some
(Mg, Fe, Mn)O islands. The inclusions of Type 3 are (Fe,
Mn)O inclusions. Types 1 to 3 inclusions are only
observed in the crude steel at the end of BOF. The
amount of Type 4 inclusions (alumina clusters) are very
limited, and they are only found after tapping from the
BOF. Singular alumina particles (Type 5) are mainly
detected in liquid steel after tapping. A few of them are
also observed at the middle stage of LF and after LF
refining. Spinel is considered Type 6 inclusions, and they
are mainly seen at the middle stage of LF refining. Besides,
a few of them are also found after tapping and after LF
refining. Calcium aluminate inclusions, namely Type 7,
contain also low contents of MgO and SiO,. Type 8 is the
combination of Type 6 and Type 7. In a typical Type 8
inclusion, spinel phase is surrounded by a calcium
aluminate outer layer. Type 7 and Type 8 are the main
types of inclusions after LF and RH refining. Even
though, a small amount of these two kinds of inclusions
were also detected after tapping and at the middle stage of
LF. The composition range of each type of inclusions is
presented in Table V. Earlier study®® has already
reported that Type 1 and Type 2 are from BOF slag,
and Type 3 is formed during oxygen blowing.

As shown in Figure 2, the inclusions of Types 1, 2, 3,
7, and 8 are in globular shape, while other types are
irregular inclusions. The nature of globular shape and
the composition shown in Table V imply that Types 1,
2, 3, 7, and 8 are liquid inclusions (or the outer layer is

liquid). Note that Type 1 and Type 2 inclusions have a
wide size range (1 to 50 um, Figures 2(a) and (b) just
give two examples). Type 4 inclusions are relatively
small, and their sizes are less than 10 um (see
Figure 2(c)). As shown in Figures 2(d) and (e), the size
of alumina clusters is much bigger than that of singular
alumina inclusions (<10 um). Meanwhile, inclusions of
Types 7 and 8§ are also smaller than 10 um.

B. Effect of Refractory on Inclusions in Laboratory
Experiment

1. Effect of refractory on alumina inclusions

Figure 3 presents the elemental mappings of alumina
sticks in steel kept with different refractories. It is easy to
understand that alumina refractory could not affect
alumina inclusions, and therefore, the elemental mappings
of the stick kept with alumina refractory are not shown in
this figure. In order to keep it brief, O element is not shown
in the figures, though it is still one of the elements in the
sticks. Also note that all the elemental mappings are
obtained from the samples at low oxygen partial pressure.
As shown in this figure, after 180 minutes of reaction, the
alumina stick in steel still remains alumina phase using
spinel refractory (see Figure 3(a)). When the alumina stick
is put into liquid steel with MgO refractory, some spinel
particles are formed at the boundary between liquid steel
and alumina stick. The spinel particles are very small and
irregular. Their sizes are usually less than 10 um (see
Figure 3(b)). It implies that MgO refractory helps alumina
inclusions to generate spinel inclusions, but spinel refrac-
tory could not influence evidently.

The experimental result of each run is summarized in
Table VI. As shown in Table VI, the effect of MgO
refractory on alumina sticks (inclusions) depends also
on the activity of dissolved oxygen. When the oxygen
activity is very low, spinel phase is formed on the
alumina sticks (Run CI1, DI, and E1 to E2). On the
other hand, if the oxygen activity is too high (Run F1 to
F2), even with MgO refractory, no new phase could be
found on the alumina sticks.

2. Effect of refractory on spinel inclusions
Figure 4 shows the elemental mappings of spinel
sticks in steel kept with different refractories. All the

Table IV. Types of Inclusions at Different Stages

End After Middle
Type Specification of Inclusions of BOF Tapping of LF After LF After RH
1 calcium silicate with high FeO content and low Al,O3;, MgO and X

MnO contents

2 (Mg, Fe, Mn)O + calcium silicate with high FeO content and low X
Al,O3, MgO and MnO contents
3 (Fe, Mn)O X X
4 alumina cluster X
5 singular alumina X X X X
6 spinel X X X X
7 calcium aluminate with low SiO, and MgO contents X X X X X X
8 spinel + calcium aluminate with low SiO, and MgO contents X X X X X X

“X x” main type of inclusions at the stage, ““X”” small amount of inclusions at the stage.
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Fig. 2—SEM images of different types of inclusions: (a) Type 1; (b) Type 2; (¢) Type 3; (d) Type 4; (e) Type S; (f) Type 6; (g) Type 7; (h) Type

8.
Table V. Composition Ranges (Weight Percent) of Different Types of Inclusions
Type Phase in Inclusions CaO SiO, Al,O4 MgO FeO MnO
1 calcium silicate 40 to 58 13 to 21 2to3 3to S 14 to 26 2to4
2 (Mg, Fe, Mn)O - — — 60 to 77 10 to 20 5to 10
calcium silicate 41 to 57 13 to 20 2to3 3to5 14 to 26 2to4
3 (Fe, Mn)O — — — — 66 to 77 20 to 26
4 alumina (cluster) — — 100 — — —
5 alumina (singular) — — 99 to 100 Otol — —
6 spinel — — 55to 74 20 to 28 — —
7 calcium aluminate 34 to 53 0to?2 45 to 61 1to5 — —
8 Spinel — — 61 to 73 21 to 29 — —
calcium aluminate 32 to 47 0to?2 47 to 63 2to7 — —

elemental mappings are acquired from the samples at
low oxygen activity. As shown in this figure, after
180 minutes of reaction, the spinel sticks in steel do not
have any evident change, no matter what refractory is
used. Even after 360 minutes (Run D2), the spinel stick
in liquid steel does not show any change, in the case of
both spinel and MgO refractory. It means that these
refractories have very little effect on spinel inclusions in
liquid steel.

3. Effect of refractory on calcium aluminate inclusions

The elemental mappings of calcium aluminate sticks
are shown in Figure 5. They are also acquired from the
samples in the CO + C atmosphere. As shown in this
figure, Al element and Ca element are mainly distributed
in the sticks. At the boundary between calcium alumi-
nate and liquid steel, no element enrichment can be
clearly seen. Besides, almost no Mg element is
distributed in the calcium aluminate sticks, no
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matter whether the refractory is spinel or MgO (see
Figures 5(b), (¢) respectively). It is also necessary to
mention that the result of Run D3 (MgO refractory,
t = 360 minutes, see Table VI) is almost the same as
shown in Figure 5(c) (r = 180 minutes). This indicates
that the three refractories have no obvious effect on the
calcium aluminate inclusions in liquid steel.

IV. DISCUSSION

A. Effect of Refractory on Inclusions

1. Effect of alumina refractory

As shown in Table VI, and Figures 4(a) and 5(a),
alumina refractory has little effect on the three types of
inclusions in Al-killed steel. According to Eq. [4], the
existence of alumina may influence the activities of
dissolved aluminum and oxygen:

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 3—Elemental mappings of alumina sticks: (a¢) Run B1, spinel refractory; () Run C1, MgO refractory.

Table VI. Laboratory Experimental Results at 1873 K (1600 °C)

Steel Refractory

Run t (min) Grade *ai0) (ppm) Material Form Stick (Inclusion) New Phase on Stick
Al 180 I 1 alumina plate alumina no

A2 180 I 1 alumina plate spinel no

A3 180 I 1 alumina plate CA, no

Bl 180 I 1 spinel plate alumina no

B2 180 I 1 spinel plate spinel no

B3 180 I 1 spinel plate CA, no

Cl 180 I 1 MgO plate alumina spinel
C2 180 I 1 MgO plate spinel no

C3 180 I 1 MgO plate CA, no

D1 360 I 1 MgO plate alumina spinel
D2 360 I 1 MgO plate spinel no
D3 360 | 1 MgO plate CA, no

El 360 I 1 MgO crucible alumina spinel
E2 360 11 1 MgO crucible alumina spinel
F1 360 I 456 MgO crucible alumina no
F2 360 11 456 MgO crucible alumina no

*aoy is calculated using Eq. [1] according to oxygen partial pressure.

2[Al] + 3[0] = ALO;(s). [4]

In the case of alumina refractory, the activity of
alumina can be considered as unity; meanwhile, the
activity of dissolved oxygen is around 1 to 2 ppm (see
Table VI). Therefore, the activity of dissolved aluminum
in liquid steel would not change according to Eq. [4]. In
other words, the activities of the dissolved elements in
liquid steel would maintain the same, and the inclusions
in liquid steel would not be affected. The little effect of
alumina on the inclusions would confirm that the use of
alumina crucibles in present study has negligible effect
on the experimental results.

METALLURGICAL AND MATERIALS TRANSACTIONS B

2. Effect of MgO refractory

The alumina stick does not contain MgO as shown in
Figure 3(a). On the other hand, Table VI (Run CI, DI,
El to E2) and Figure 3(b) reveal that spinel particles are
formed at the boundary between liquid steel and
alumina stick, when MgO refractory is used at low
oxygen activity. Thus, the Mg element in spinel inclu-
sions should be related to MgO refractory. Since MgO is
solid, the only possible explanation for this effect is the
dissolution of MgO in the steel according to Eq. [5]. In
fact, the thermodynamic data of Eq. [5] are very
scattered (see Table VIII®?" 3% Therefore, to avoid
using inaccurate values, the reactions are discussed on a
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Fig. 4—Elemental mappings of spinel sticks: (¢) Run A2, alumina refractory; (b) Run C2, MgO refractory.
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Fig. 5—Elemental mappings of calcium aluminate sticks: (¢) Run A3, alumina refractory; (b) Run B3, spinel refractory; (¢) Run C3, MgO
refractory.
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Table VII. Equilibrium Constant K for Eq. [5] at 1873 K (1600 °C)

Researcher log K K References
Sigworth et al. 12.45 — 38060/T 107787 [30]
Seo et al. -7.21 10-72! B1]
Itoh et al. —4.28 — 4700/T 107¢7° [32]
Turkdogen et al. —7.74 10774 B3]
Inoue et al. —7.80 10780 B34]
Nadif et al. 8.241 — 26110/T 10-570 B35]
Kulikov 8.208 — 31375/T 10784 [36]
Gorobetz 4.24 — 25240/T 10793 37]
Han et al. 1.27 — 13670/T 107693 [38]
Gran et al. _8.07* 10807 [39]

*Measured at 1823 K (1550 °C).

qualitative base. Despite the big scatter of the data, the
mechanism could still be discussed.

MgO(s) = [Mg] + [O]. [5]

The dissolved Mg in liquid steel can be transferred to
the alumina stick and react with it to form spinel phase
using Eq. [6]:

ALOs(s) +

Since the refractory is pure solid MgO, the activity of
MgO can be considered as unity. According to Eq. [5],
the activity of dissolved Mg would decrease with the
increase of dissolved oxygen activity.

It is reported that the Mg content in steel is only a few
ppm (even less) with an oxygen activity lower than 5
ppm in the steel during ladle treatment.”=>" In the
present work, when MgO refractory is used (Run Cl,
D1, El to E2) with a low oxygen activity (around
1 ppm), the amount of dissolved Mg should be very
tiny. Due to the strong affinity of dissolved Mg with
oxygen, when the dissolved Mg generated from refrac-
tory meets alumina, spinel phase would be formed. Since
the alumina stick is still much bigger than real inclu-
sions, the amount of dissolved Mg transferred to the
boundary is not enough to form a spinel layer sur-
rounding the alumina stick, but only some small
particles on the stick as shown in Figure 3(b). When
the oxygen activity increases to around 500 ppm (Run
F1 to F2), the dissolved Mg in liquid steel should be
extremely low. The mass transfer of Mg would be
extremely small, which can be ignored. Therefore, no
spinel phase could be detected in Run F1 to F2 as shown
in Table VI.

In Run E2, even the steel is pure iron, spinel phase is
still generated at low dissolved oxygen level. It means
that the formation of spinel is due to Reaction [6], but
not the following reaction:

2(Al] + [Mg] + 4[0] = MgO - ALOs(s).  [7]

[Mg] + [0] = MgO - ALOs(s).  [6]

The present results indicate that lower oxygen activity
is one of the key factors for the formation of dissolved
Mg from MgO refractory. The dissolution of the MgO
refractory into Al-killed steel could be due to both the
reduction of MgO by dissolved AI**!'""18 and reduc-
tion of MgO by dissolved carbon in steel.t'*!”]

METALLURGICAL AND MATERIALS TRANSACTIONS B

As shown in Table VI and Figure 4(b), MgO refrac-
tory has almost no effect on spinel inclusions in liquid
steel. In fact, the formation of spinel inclusions has been
discussed by many researchers.>*® It is found that
when there is trace of dissolved Mg, spinel inclusions
could be stable in liquid steel at a certain dissolved
oxygen level. In the present study, the formation of
spinel particles on alumina stick in Run C1, D1, and El
to E2 actually supports the argument that spinel
inclusions could be stable at the experimental oxygen
level. Therefore, the effect of MgO refractory on spinel
inclusions should be very limited.

As shown in Table VI and Figure 5(c), the effect of
MgO refractory on calcium aluminate inclusions is not
obvious. Because of the decomposition of MgO refrac-
tory, the Reaction [8] may take place:

Ca0 - 2A1,05(s) + 2[Mg] + [O]

= 2(MgO - ALLO3)(s) + [Ca]. 8]

According to this reaction, spinel phase may form on
the calcium aluminate stick. However, there is no spinel
phase at the boundary between liquid steel and calcium
aluminate stick (see Figure 4(b), Run C3), even after
360 minutes of reaction (Run D3, see Table VI). This
implies that the experimental conditions do not favor
Eq. [8].

On the other hand, according to the CaO-MgO-Al,04
phase diagram,*® a small amount of MgO could
dissolve into CaO-2A1,05 solid solution. Although some
MgO is dissolved, the phase is still solid calcium
aluminate. As discussed above, the amount of dissolved
Mg in steel is tiny. Consequently, the amount of Mg
transferred to calcium aluminate should be also very
small. In fact, no obvious element enrichment is found
at the boundary in Figure 5(c) (Run C3), even after
360 minutes of reaction (Run D3). Note that EDS
analysis has uncertainties. Due to the difficulty of
detecting trace elements, it is also hard to see the
mapping difference of Mg element as shown in
Figure 5(c).

Some oxide sticks were used to simulate inclusions in
the present study. When MgO refractory was employed
at low oxygen activity, spinel particles were detected at
the boundary between alumina stick and liquid steel. In
fact, this result indicates that the tiny amount of
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dissolved Mg in liquid steel could make some phase
transformation for the stick, although the stick is much
bigger than real inclusions, and the new phase is small
particles, not a phase layer. On the other hand, at the
same oxygen level, no new phase was detected on spinel
stick and calcium aluminate stick, even no local element
enrichment was found. It implies the reactions for phase
evolution are not favorable for spinel and calcium
aluminate inclusions on the experimental conditions.
However, it should be mentioned that both spinel phase
and calcium aluminate phase can pick up small amount
of MgO. The uncertainties associated with EDS would
make it difficult to detect the tiny increase of MgO in
these two phase.

3. Effect of spinel refractory

The results in Table VI, and Figures 3(a) and 5(b)
show that spinel refractory has little impact on all the
three types of inclusions. As known, spinel is a solid
solution composed of Al,O; and MgO. Hence, the
activities of alumina and MgO in s?inel refractory
would play important role. Fujii er al.”®! measured the
activities of these two components. According to their
results, the activity of MgO in spinel refractory is very
low (around 0.06), while the activity of alumina is
around 0.5. As discussed above, it is easy to understand
that spinel refractory is difficult to generate dissolved
Mg in liquid steel due to the low activity of MgO.
Therefore, spinel refractory has little influence on
inclusions in steel.

B. Comparison of the Laboratory Results with Industrial
Finding

At the end of BOF, a certain amount of calcium
silicate inclusions were found. Some of them contain
only liquid phase (Type 1), while some of them have
(Mg, Fe, Mn)O islands embedded in the liquid calcium
silicate phase (Type 2). Earlier study®® indicates that
they are small droplets of BOF slag. The paper®® also
indicates that after deoxidation calcium silicate is
transformed into calcium aluminates. It is reasonable
to conclude that inclusions of Type 7 and Type 8 found
just after deoxidation (after tapping and at the middle of
LF refining in Table IV) are, respectively, the products
of the reduction of Type 1 and Type 2 by dissolved
aluminum. However, the amount of these inclusions is
very small as presented in Table IV.

The dissolved oxygen activity in liquid steel in the
ladle was very low after tapping. After deoxidation, (Fe,
Mn)O inclusions (Type 3) in BOF crude steel would be
reduced by dissolved Al to form alumina inclusions
(Type 5). The reduction of FeO and MnO by dissolved
Al can very well explain the vanishing of Type 3
inclusions after tapping (see Table IV).

Table IV indicates that a small amount of alumina
clusters (Type 4) were detected after tapping. It is well
known that alumina clusters could be formed by
homogenous nucleation when the supersaturation is
high enough. The big alumina clusters (see Figure 2d)
would float up and join the top slag easily. Therefore,
the alumina clusters could only be detected just after the
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main deoxidation step. Although some amount of
aluminum was also added into ladle in LF refining,
homogenous nucleation could not take place due to the
low supersaturation of aluminum. The present finding is
in good accordance with earlier studies.?!*”)

While the main inclusions are singular alumina (Type
5) after tapping, spinel (Type 6) becomes the main type
of inclusions at the middle stage of LF refining. This
indicates that most of alumina inclusions have been
transformed into spinel phase. The industrial results are
in line with the laboratory results. Both of them confirm
that MgO refractory could help alumina inclusions to
transform into spinel inclusions. In the ladle, MgO
refractory has a large contact area with liquid steel.
Although the top slag could also supply Mg to liquid
steel in the ladle, MgO refractory is easier to decompose
due to its high activity (unity) and the large contact area
with liquid steel at low oxygen level. It is very important
to mention that the dissolved oxygen level in Al-killed
steel is very low (measured to be 2 to 4 ppm), then spinel
inclusions could be formed from alumina incisions due
to the decomposition of MgO refractory. On the other
hand, if the dissolved oxygen in liquid steel is very high,
the formation of spinel inclusions from alumina would
be very difficult. This could be explained by the
experimental results of Run El1 to F2 as presented in
Table VI.

As revealed in Table IV, calcium aluminates (Types 7
and 8) exist in liquid steel during the whole period of
refining processes. This finding is well explained by the
present laboratory results. In the laboratory experi-
ments, no appreciable Mg enrichment is found at the
boundary between steel and calcium aluminate (see
Figure 5(c)). Note that only CaO-2Al,0; phase is
considered in the present work. However, according to
the CaO-MgO-Al,0; phase diagram,®! the solubility of
MgO in the other calcium aluminates (3Ca0O-Al,Os,
12Ca0-7A1,05 and CaO-Al,O;) is larger than that in
CaO-2A1,0;. It is expected that the formation of spinel
phase on these calcium aluminates is even more difficult
than that on CaO-2Al1,03, since the dissolved Mg is not
enough. The present results suggest that MgO refractory
would have negligible effect on calcium aluminate
inclusions.

A lot of studies®*®! show that calcium aluminate is
the most stable phase in liquid steel with trace of
dissolved Ca. It is believed that top slag is the source of
dissolved Ca in liquid steel. As shown in Table IV, the
ladle spinel phase is mainly detected at the middle stage
of LF refining, while after LF and RH refining, calcium
aluminates (Types 7 and 8) become the main types of
inclusions. As mentioned above, the amount of calcium
aluminates transformed from Type 1 and Type 2 is very
mall, so most of the calcium aluminates should be from
other types of inclusions. The vanishing of spinel phase
after LF and RH refining in fact indicates that the most
of the inclusions of Type 7 and Type 8 are from the
transformation of spinel phase. On the other hand, in
the present laboratory study, spinel phase was found to
be stable (see Figure 3(b), Run CI1, D1 and EIl to E2)
without slag. The comparison between industrial and
laboratory results suggests strongly that the refining slag
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helps spinel inclusions to transform to calcium alumi-
nate inclusions, and MgO refractory could not have an
evident impact on this evolution.

Table IV also reveals that after LF refining, a small
amount of Type 5 inclusions (alumina) are still found.
This can be explained by the additional deoxidation
using Al during LF refining. After RH treatment, this
type of inclusions has vanished. The constant supply of
Ca from the slag would react with alumina resulting in
calcium aluminate inclusions (Type 7), though the
solubility of Ca is very low. The effect of slag on the
transformation of spinel inclusions and alumina inclu-
sions has been reported by many researchers.!>!

Itis worthwhile to mention that the mole ratio of MgO/
Al,O5is around 1:1 in the present laboratory study, while
in some steel plants, alumina-saturated and MgO-satu-
rated spinel refractories are used. According to the
experimental results by Fujii er al®! the activity of
MgO is unity in MgO-saturated spinel refractory, while
the activity of alumina is almost zero. It is expected that
MgO-saturated spinel refractory would behave similar as
MgO, possibly helping alumina inclusions to generate
spinel phase. Similarly, when the alumina-saturated
spinel refractory is used, the effect would be negligible.

V. SUMMARY

In order to study the effect of refractory on different
types of inclusions in Al-killed steel, steel samples were
taken at different stages of the process train, and
laboratory experiments were carried out. Refractories
of alumina, spinel, and MgO and inclusions of alumina,
spinel, and calcium aluminate were considered in the
experiments. The results showed that alumina refractory
and spinel refractory had little impact on all the three
types of inclusions, while the effect of MgO refractory
depended on the activity of dissolved oxygen in liquid
steel. When the oxygen activity was very low, alumina
inclusions could transform into spinel inclusions, but no
evident change could be found for spinel and calcium
aluminate inclusions. On the other hand, when the
oxygen activity is high enough, spinel inclusions could
not be generated from alumina inclusions due to the
extremely low dissolved Mg in liquid steel. Lower
oxygen activity is one of the key factors for the
formation of dissolved Mg from MgO refractory.
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