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Abstract:

The effect of Al addition in the middle of metal-slag
reaction and slag composition was investigated by labo-
ratory-scale experiments in order to suppress the forma-
tion of MgO-«+Al>0;3 spinel-type inclusions in bearing
steel. Mg content in steel and MgO content in inclusions
were low before Al addition, but they were increased rap-
idly after Al addition. On the other hand, they remained
low after Al addition at lower CaOlSiO; and CaOlAl>03
in the slag. According to a kinetic model calculation
under virtual conditions of actual process, the Mg con-
tent in steel was lower than that in laboratory. At actual
LF process, Al addition in the middle of treatment and
change of slag composition were carried out. Compared
with the conventional practice, Mg content in steel and
MgO content in inclusions were decreased, and the
fatigue life was around 1.5 times longer.

1. Introduction

High carbon chromium bearing steel has excellent
rolling fatigue strength characteristics and is mainly
used in bearing races and steel balls. With downsizing
and weight reduction of machines in which bearings
are used, needs for longer bearing life are steadily
increasing. Since peeling of bearing steel due to fatigue
frequently originates from nonmetallic inclusions
(hereinafter, inclusions), reduction of oxide inclusions
by improving the cleanliness of the steel is effective for
improving bearing life. JFE Steel’s West Japan Works
(Kurashiki District) has worked to improve cleanliness
by operational improvements in the LF (ladle refining
equipment) and tundish of the continuous casting
machine". Recently, however, MgO * Al,O3 spinel-type
inclusions have been observed frequently in areas where
peeling originates in bearing steels, suggesting that sup-
pression of spinel-type inclusions is necessary in order
to achieve further improvements in bearing life.

Spinel-type inclusions are considered to be inclu-
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sions that form when Mg, which is formed by the reac-
tion between the Al deoxidant added to molten steel
and the MgO in the slag or refractory, react with Al,O3
type inclusions, which are the deoxidation product, as
shown in Egs. (1) and (2)*, respectively.

IMgO+2[A=3[Mg+ALOs ovveeveee (1)
3[Mg]+4AL03=3MgO* ALOs+2[A]l] ...... ©)

In other words, in order to suppress spinel-type
inclusions, it is important to reduce the concentration
of Mg in the molten steel. In this connection, it is
known that the slag composition has a large influence
on the Mg concentration in the molten steel. For exam-
ple, since the activity of MgO in slag decreases as the
CaO/SiO; or Ca0O/Al>0s3 of the slag decreases, forma-
tion of Mg in the molten steel is suppressed, and as a
result, formation of spinel-type inclusions is also
reduced” ”. However, if a MgO-based refractory is
used at the ladle slag line, dissolution of the MgO in
the refractory into the slag will proceed in ladle refining
processes such as the LF. Since this causes an increase
in the activity of the MgO in the slag, simply reducing
the CaO/SiO, or CaO/Al,O3 of the slag is insufficient
for reducing the Mg concentration in the molten steel.

Therefore, the authors focused on the timing of Al
addition to the molten steel. In addition to reducing
the activity of MgO as such, considering the equilib-
rium of the reaction in Eq. (1), reducing the concentra-
tion of Al in the molten steel would also be effective,
but this is not realistic from the viewpoint of cleanli-
ness, since Al is used as a deoxidizing element. On the
other hand, in terms of kinetics, there is a possibility
that the rise in the Mg concentration can be suppressed,
without reducing the final Al concentration, by delay-
ing the timing of Al addition to the molten steel in
order to shorten the reaction time between the Al in the
molten steel and the slag. However, in research on the
formation of spinel-type inclusions to date, the reaction

T Originally published in JFE GIHO No. 55 (Feb. 2025), p. 36—41

*! Senior Researcher (currently, Senior Management Researcher),
Steelmaking Research Dept., Steel Res. Lab., JFE Steel

18
Copyright © 2025 JFE Steel Corporation. All Rights Reserved.

"2 Steelmaking Technology Sec., Steelmaking Dept.,
West Japan Works (Kurashiki), JFE Steel

*3 Chief Engineer, Quality Dept., BaoWu JFE Special Steel Co., Ltd



Inclusion Control for Extending Bearing Steel Life

between the molten steel and slag was generally evalu-
ated in a condition in which the Al had already been
added, and there are many unknowns regarding the
changes in the inclusion composition by the reaction
between the molten steel and slag in molten steel with-
out Al addition, or with addition of Al at the midpoint
of the reaction.

Against this background, in this paper, laborato-
ry-scale reaction experiments were carried out to exam-
ine the reaction between slag and molten steel without
Al addition and evaluate the changes in the composi-
tion of the inclusion. In addition, the inclusion behav-
ior when Al was added at the midpoint of the reaction
was also evaluated. Based on the results of the labora-
tory experiments and calculations using a kinetic
model, tests were also conducted at the actual-machine
level.

2. Experimental

Laboratory-scale melting experiments were carried
out to evaluate the changes in the inclusion composi-
tion accompanying the reaction between molten steel
without Al addition and the effect of Al addition at the
midpoint of the reaction. A high frequency melting
furnace was used in these experiments. First, a crucible
was placed in the furnace, and 30 kg of electrolytic iron
was charged into the crucible as the base material.
After heating and confirming melting of the electrolytic
iron, Fe-Si alloy, metallic Mn, metallic Cr, Fe-S alloy
and carbon were added as alloying elements, and the
melt was adjusted to the composition shown in Table 1.

Table 1 Composition of molten steel

C Si Mn S Cr
mass%o mass%o mass%o mass%o mass%o
1.0 0.2 0.35 0.004 1.5

Table 2 Composition of flux before addition and slag at end
of experiment

CaO | SiO; |ALO3| MgO
Flux C/S* | CIA*

mass’o| mass’o| mass’|mass’o
Flux before add. 56 7 22 5 80 | 25
A Slag at end of exp. | 55 8 24 6 6.7 | 2.3
B Flux before add. 50 14 21 5 36 | 23
Slag at end of exp. | 49 13 23 7 39 | 2.2
Flux before add. 44 11 30 5 40 | 1.5
¢ Slag at end of exp. | 42 9 31 8 45 | 14
b Flux before add. 47 12 26 5 40 | 1.8
Slag at end of exp.| 35 10 43 5 35| 0.8

*) C/S = CaO/SiO2, C/A = CaO/AlO3
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An Ar atmosphere was maintained in the chamber
during melting and during the experiments, and Ar gas
was blown at a flow rate of 2 Nl/min from a porous
plug installed in the bottom of the crucible for stirring
of the molten steel. After adjustment of the molten
steel composition, the molten steel was sampled, and
2 kg of flux of the specified composition was added on
top of the molten steel. The timing of flux addition
was set at 0 minutes of the experiment. Four types of
fluxes (A to D) were used to investigate the effect of the
flux composition. The compositions of the fluxes
before addition to the molten steel and at the end of
the experiment are shown in Table 2. In the experiments
with fluxes A to C, a magnesia crucible was used, and
with flux D, an alumina crucible was used to maintain
a low CaO/ALO3 while suppressing the rise in the MgO
concentration in the slag. Metallic Al equivalent to 0.04
mass% was added to the molten steel 25-30 min after
flux addition, and the experiment was concluded
approximately 25 min after Al addition. During the
experiments, the molten steel and slag were sampled at
specified times. The C and S concentrations of the
obtained metal samples were analyzed by the oxygen
gas combustion-infrared absorption method, and other
components of the metal samples and the components
of the slag samples were analyzed by ICP-AES. How-
ever, the Mg concentration of the metal samples was
analyzed by ICP-MS. The inclusions in the samples
were evaluated using a SEM-EDX (ASPEX Explore)
equipped with an automatic particle measurement sys-
tem.

3. Experimental Results

Figure 1 shows the changes in Total Mg (T.Mg) in
the molten steel. The T.Mg content in this research is
the total of the dissolved Mg content in the steel and
the Mg content in inclusions. Until Al addition, T.Mg
was approximately the same as at the start of the
experiment, or increased slowly. In the case of fluxes
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Fig. 1 Changes of total Mg content in molten steel ™
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Fig. 3 Changes of average MgO content in inclusions '

A to C, T.Mg showed a stronger increasing tendency
after Al addition than before Al addition, and the
increase was particularly large in the case of flux A. On
the other hand, the increase in T.Mg was slight in the
case of flux D.

Figure 2 shows the average composition change of
the inclusions in the steel when each flux was applied.
The average composition of the inclusions in the steel
was obtained by averaging the measured compositions
of oxide-type inclusions. At the start of the experiment,
the inclusions were mainly the Al,03-Si0>-MnO system
regardless of which flux was applied. Until just before
Al addition, the Al concentration in the molten steel
increased gradually as a result of the reaction between
the molten steel and the slag. Therefore, a shift toward
AlLO3 type inclusions could be observed. When flux A
was applied, many Al.Oj3 type inclusions could be
observed before Al addition, and some MgO ¢ Al,O3
type inclusions were also partially confirmed. After Al
addition, in the case of flux A, the concentration of
MgO increased and the inclusions were almost entirely
the MgO ¢ AlxOs3 type inclusions. On the other hand,
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Fig. 5 Relationships between total Mg content in steel and
average MgO content in inclusions before and after
Al addition™

with fluxes B and C, there was a shift to the Al,O3 type
inclusions, after which the MgO content increased, and
in the final stage, the inclusions were the Al,O3 type
and MgO ¢ Al,O3 type. In the case of flux D, there was
also a change to Al2Os3 type inclusions, but the MgO
concentration remained low. Figure 3 shows the change
of the average MgO contents in the inclusions at this
time. The trend was similar to the trend in the content
of Mg in the molten steel. Before Al addition, there
was little change from the MgO content at the start of
the experiment, but after Al additions, large increases
in MgO content were observed with fluxes A to C,
while the increase with flux D was small. Figure 4
shows the relationship between the T.Mg content in the
molten steel and the average MgO content in the inclu-
sions before and after addition of Al to the molten
steel. The relationship was roughly linear, and both
before and after Al addition, the average MgO content
in the inclusions decreased as the T.Mg of the molten
steel decreased. The relationship between the T.Mg
content of the molten steel and the slag composition is
shown in Fig. 5. The T.Mg content in the molten steel
decreased as CaO/SiO, and CaO/Al,03 became
smaller, and this tendency was more remarkable after
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addition of Al to the molten steel.

Based on the above results, when Al is not added,
the Mg content in the molten steel increased as a result
of reaction with the slag, but the composition of the
inclusions did not reach that of stable spinel-type
inclusions. Furthermore, even when Al is not added,
these results indicated that control of the slag composi-
tion is important from the viewpoint of reducing the
Mg concentration. On the other hand, after Al addi-
tion, the rate of increase of the Mg content in the mol-
ten steel was large, and the inclusions changed rapidly
to the spinel type, except in the case of flux D.

4. Discussion

4.1 Thermodynamic Study of Inclusion
Composition

In order to evaluate the inclusion compositions
observed in the results of the laboratory experiments,
the inclusions were compared with the thermodynami-
cally stable inclusions predicted from the molten steel
composition. Here, a phase stability diagram of the
inclusions was prepared and evaluated. As the formed
inclusion phases, silicate, Al1,O3, MgO ¢ Al,O3 and
MgO were considered. Concretely, the boundary lines
of each phase were calculated from the respective equi-
librium constants (7) to (11)*'"” of reaction equations
(2) to (6). In addition, because there were variations in
the SiO, concentration in the inclusions before Al addi-
tion in the laboratory experiments, when calculating
the boundary line for silicate, diagrams were prepared
for three levels of SiO» activity, namely, 0.01, 0.1 and
1.0.

4MgO+2[Al]=MgO - Al,O3+3[Mg] ......... 3)
2MgO+([Si]=Si02+2[Mg] .o, 4)
2A103+3[Si]=3Si02+4[Al] ..., 5)
MgO -« Al,O3+2[Si]=2S10,+[Mg]+[A]] ...... 6)
log K2=26.92=27940/T ...........coevevnene... (7)
log K(3=—23.64+32285/T .....coevvinnnnn. ®)
log K@y=—19.96+20 710/T ..................... )
log K(5)=—10.96+270/T ...........enin.... (10)
log K¢=—16.28+9 133/T .................. (11)

Here, K¢ to K are the equilibrium constants of
reaction equations (2) to (6), and T is the temperature
of molten steel (K).

The phase stability diagram for the average molten
steel temperature of 1863 K in the laboratory experi-
ment is shown in Fig. 6. Results of the laboratory
experiment are also plotted on the diagram. Strictly
speaking, the concentration of dissolved Mg in the
molten steel should be used here, but since the dissolved

JFE TECHNICAL REPORT No. 34 (Sep. 2025)

Flux Formed inclusions in experiments
Si0,-ALO;-MnO ALO, MgO-AlLO,
A O 0]
B A A A
C < < +
D O ]
0.01
Just before Al addition
MgO /
0.001 E / MgO- ALO;
o 1 @
OVJ J “\h‘ ‘-& |
E N ‘
£ 0.0001 Vi
=) Silicate End of
0.00001 ; Y — experiments
Start of experiments ALO,
a;g=1| Asion = 0.1 ag0,=0.01
0.000001 SOI L1 ||S|O%|I 1 SIOI L aaal 1 L3 1 33111
0.0001 0.001 0.01 0.1

[Al] (mass %)

Fig. 6 Phase stability diagram of inclusions '¥

Mg content was unknown, the T.Mg of the molten
steel was used in these experiments. When using fluxes
A to C, at the start of the experiment and just before
Al addition, the inclusions are positioned close to the
boundary line with the silicate phase stability region or
the MgO + Al,O3 phase stability region, and after Al
addition, they were positioned in the MgO * Al,O3
phase stability region. In the case of flux D, the inclu-
sions were positioned near the boundary line with the
silicate and Al;O3 or MgO « Al>O3 phase stability
regions, and after Al addition, they were positioned
near the boundary line with the Al.O3 and
MgO ¢ Al,O3 phase stability regions. Since the T.Mg
content was used here, there is a possibility that the
plots of the experimental results may be estimated at
high concentration side compared to the actual values.
However, the final inclusion compositions roughly cor-
respond to the experimental results.

4.2 Kinetic Study at Actual Scale

The results of the laboratory experiments showed
that when fluxes A to C are used, the Mg content in the
molten steel increases rapidly after Al addition to the
molten steel, and spinel-type inclusions form. However,
at the actual scale, the volume of molten steel is large
compared to interfacial area of the molten steel-slag
reaction, which suggests that formation of Mg in the
molten steel can be suppressed in comparison with the
laboratory experiments. Therefore, in order to estimate
the reaction behavior at the actual scale, an evaluation
was carried out using a kinetic reaction model'*!?.
Table 3 shows the calculation conditions. The composi-
tions of the molten steel and slag were the same as in
the laboratory experiments in this research, and only
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Table 3 Basic conditions for lab and actual scale calculation

Lab-scale | Actual-scale
Weight of molten steel (kg) 30 200 000
Weight of slag (kg) 2.0 2000
Ar stirring gas flow rate (N1/min) 2.0 1500
Bath diameter (m) 0.18 3.0
Reaction area/Steel volume (1/m) 5.9 0.2

the amounts of the molten steel and slag and the stir-
ring gas flow rate were scaled up for calculations
assuming the actual scale. The stirring gas flow rate
was decided so that the stirring energy density was
approximately the same as in the laboratory experi-
ments.

First, to confirm the validity of the model calcula-
tions, calculations were carried out under the condi-
tions of the laboratory experiments. Figure 7 shows the
results of calculations of the Mg and Al contents in the
molten steel when using flux A. Here, the model calcu-
lation results are shown on the phase stability diagram
of the inclusions prepared in section 4.1. In this model
calculation, it is also possible to calculate for the dis-
solved Mg content, in addition to T.Mg. Therefore, the
calculated results for both dissolved Mg and T.Mg are
shown in the figure. The calculations confirmed that
the model calculation results and the experimental
results for the T.Mg content in the molten steel show a
good correspondence. Therefore, next, calculations
were performed assuming the actual scale. Figure 8
shows the calculated results assuming use of flux A in
the actual LF. Here, the dissolved Mg content obtained
from the model calculation was used for evaluation, as
it is considered to be a more appropriate representation
of the Mg content for discussion of the compositions
of the inclusions. The calculation time was set at 50
minutes, and Al was added to the molten steel 25 min-
utes after starting the calculation. Under the laboratory
conditions, the inclusions were positioned in the
MgO -« Al,O3 phase stability region quickly after Al
addition. However, under actual conditions, the inclu-
sions were positioned in the Al>O3 phase stability
region after Al addition, then moved toward the
MgO ¢ Al,O3 phase stability region, and finally were
positions on the boundary line of the MgO * Al,O3
phase stability region. Fig. 8 also shows the calculation
results when flux D was applied under the laboratory
conditions and actual conditions. In the experiment
using flux D, the Al content in the molten steel was
already high before flux addition because an alumina
crucible was used. Therefore, the calculations were per-
formed under a high initial Al condition, as in the
experiment, only in the calculations for the laboratory

22

FI Formed inclusions in experiments
" 1'8i0,-ALO,-MnO ALLO; MgO- ALO,
A O O [
0.01
F[— [TMgl - - [Sol Mgl
0.001 E MgO MgO- ALO
& 24 min 4¥ mun 36 min
£ 00001
g
= Silicate Al addition
0.00001 E
ALO;,
0.000001 i T i
0.0001 0.001 0.01 0.1

[Al] (mass %)
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Fig. 8 Calculation results of Al and Mg content in steel under
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conditions. In comparison with flux A, the Mg content
tended to be suppressed under both the laboratory and
actual conditions, and the inclusions remained in the
Al>O3 phase stability region even after Al addition. In
addition, the Mg content was lower under the actual
conditions. Figure 9 shows the increment of the calcu-
lated Mg content from the time of Al addition. In the
case of flux A, the calculated increment of Mg tends to
be significantly reduced under the actual-scale condi-
tions in comparison with the laboratory-scale condi-
tions, indicating that the actual-scale conditions have a
high Mg suppression effect when Al is added at the
midpoint in treatment. Moreover, because flux D was
more effective than flux A in reducing the increment of
Mg, it was suggested that addition of Al midway in
treatment and reduction of CaO/SiO, and CaO/Al>O3
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in the slag are effective under actual-scale conditions.

Based on these studies, tests were carried out in the
actual bearing steel production process. Specifically, in
the steelmaking process consisting of the converter —
LF — RH — continuous caster, the timing of Al addi-
tion was changed from start of treatment to the mid-
point of treatment, and the composition of the LF slag
was changed to reduce CaO/SiO, and CaO/Al,O3 in
comparison with the conventional process. As shown in
Fig. 10, the T.Mg content in the molten steel at the end
of LF treatment was reduced approximately 60% from
the conventional level, and the average MgO content of
the oxide-type inclusions was also reduced from 25% to
4%. In addition, almost no spinel-type inclusions were
observed. When the bearing steel produced in this test
was used in a thrust life test, rolling fatigue life was
improved by approximately 1.5 times compared to the
conventional level. These results verified the effective-
ness of inclusion composition control by Al addition at
the midpoint of treatment and optimization of the slag
composition.

5. Conclusion

In order to reduce spinel-type inclusions in bearing
steel, the effects of Al addition at the midpoint of
treatment and the slag composition on the Mg content
in the molten steel and the composition of inclusions
were investigated, and the effects at the actual scale
were evaluated by kinetic calculations based on the
results.

As a result of molten steel-slag reaction experiments
in the laboratory, the T.Mg content in the molten steel
and the formation of spinel inclusions were low before
Al addition, but after Al addition, the T.Mg content in
the molten steel increased rapidly, and spinel-type
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Fig. 10 Test results in actual process

inclusions could be observed. On the other hand, the
increase in the T.Mg content in the molten steel and
formation of spinel-type inclusions was suppressed as
the CaO/SiO, and CaO/Al,O3 of the slag decreased.

In order to estimate the effect of Al addition at the
midpoint of treatment at the actual scale, virtual calcu-
lations were performed using a kinetic model. In com-
parison with the laboratory scale, the effects of Al
addition at the midpoint of treatment and the change
in the slag composition were remarkable at the actual
scale, suggesting that the increased in the Mg content
in the molten steel and spinel-type inclusions can be
suppressed more effectively at the actual scale than at
the laboratory scale. When a test was carried out at an
actual LF in the steelmaking process, the Mg content
in the molten steel and the formation of spinel-type
inclusions were suppressed, and the rolling fatigue life
of the bearing steel was improved by approximately 1.5
times.
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