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Abstract To investigate the effect of La-Ce on inclusions
in GCrl5 bearing steel and its modification mechanism,
relevant industrial tests were carried out. The results show
that the typical inclusions in GCr15 bearing steel were long
strip MnS and irregular Al,O5. At 1600 °C, with increasing
La-Ce content, the transformation sequence of inclusions
was A1203 - REA]O3 - RE203 - REQOQS - REzOz_
S + RE,S, (RE was La-Ce). The formation of RE,S, and
RE,O,S was the fundamental reason for reduction in the
quantity and size of MnS, and the spheroidization of
inclusions was caused by REAIO; and RE,0O; formed by
La-Ce replacing Al in Al,O5. Considering the production
cost and modification effect, the addition amount of La-Ce
in the steel must reach at least 90 ppm to effectively
improve the morphologies of all the inclusions thermody-
namically, and the content of S could be remarkably
reduced when the addition amount reached 120 ppm.
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1 Introduction

GCrl5 bearing steel is one of the strictest requirements in
the special steels, because of its good wear resistance, high
fatigue life, so it is widely used to manufacture all kinds of
industrial bearing equipment [1, 2]. Due to the tough and
complex service environment of GCrl5 bearing steel, it is
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necessary to maintain good performance under high tem-
perature and pressure for a long time. In such extreme
working environment, inclusions will have a particularly
significant impact on performance [3-6], so the overall
control requirements are more stringent. Traditionally, the
main methods used for modification of the inclusions are
additions of Mg [7], Ca [8] to liquid steel. Although these
studies have made some progresses in reducing the number
of inclusions and controlling the morphology of inclusions,
the results mainly focus on the control of oxide inclusions,
and the overall improvement effect of sulfide is not satis-
factory. Recently, rare earth elements have been added to
steel for modifying the inclusions, with good effects on
both oxide inclusions and sulfide inclusions.

La and Ce elements, with the highest reserves in rare
earth, have active chemical properties, strong binding
ability with O and S, and can regulate the morphology of
inclusions [9-12]. So far, some scholars have studied the
modification of inclusions by adding La and Ce elements to
steel. Li et al. [13]. studied the effect of Ce on low-carbon
medium manganese steel, indicating that Ce could
remarkably reduce oxygen content and directly modify
Al,O3 to Ce,0,S, and the amount of rare earth inclusions
increased with increasing rare earth content, but the size of
inclusions first decreased and then increased. Gong et al.
[14] analyzed the effect of La on S, P, As elements in low
alloy steel, showing that La could first form La,0,S, then
form La,S; and La,O,S wrapped by La,S;. In the subse-
quent solidification process, due to the high activity of La,
P and As would converge on the La,0,S-La,S; to form
complex inclusions. Ren et al. [15] discussed the effect of
Ce on inclusions in ultra-low carbon Al-Killed steel, con-
cluding that the mass ratio of Ce and O determined the type
of inclusions in steel; the type of inclusions were Al,O3.

+ CeAlO; as Ce/O was 0-2.92, the inclusions were
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CeAlO; + Ce,05S as Ce/O was 2.92 to 8.75, when Ce/O
was > 8.75, inclusions were Ce,O,S + CeS.

However, there are few studies on the effects of La and
Ce on inclusions in high cleanliness GCrl5 bearing steel,
mainly concentrated on the laboratory research. In addi-
tion, different from the large-scale addition amount in the
laboratory, the addition process and amount of La and Ce
must be formulated from various factors such as cost and
smooth operation of smelting process in actual industrial
production. Based on this, the industrial tests of La-Ce
composite treated GCrl5 bearing steel were carried out in
this work, and the modification effect and mechanism of
La-Ce on inclusions were deeply analyzed under different
addition amounts.

2 Methods

The industrial tests of La and Ce composite treated GCrl15
bearing steel were carried out in a steel plant. The pro-
duction process of GCrl5 bearing steel is LD-LF-RH-CC.
To avoid the direct reaction between rare earth and oxygen
in liquid steel, La-Ce rare earth alloy was added to the ladle
at the end of LF refining when T[O] content was
9 ~ 10 ppm. In the subsequent RH refining process, the
circulating liquid steel can not only promote the full
reaction between rare earth and inclusions to improve the
modification effect, but also can make the formed rare
earth inclusions distributed more evenly. In these industrial
tests, La and Ce rare earth alloys with mass ratio of 1:2
were used, and the designed addition amount was 50, 100
and 150 ppm, respectively.

Four industrial test details were given here. Where,
furnace A was the contrast group without rare earth addi-
tion, and 50, 100, 150 ppm La-Ce rare earth were added to
the furnaces B, C, D. The chemical compositions of four
experimental steels after element tests are shown in
Table 1. La-Ce reduced the S content, but had little effect
on T[O], indicating that La-Ce had no obvious removal
effect on oxidized inclusions. The content of rare earth is
low in steel. The main reasons are that: (1) the yield of rare
earth itself is low; (2) the formed rare earth inclusions
circulate with the liquid steel in the RH refining process,

resulting in part of them floating up and further being
adsorbed by the slag layer under the action of argon
blowing and stirring.

In industrial tests, different La-Ce content treated GCr15
bearing steels were processed into rolled steels with a
diameter of 80 mm. To analyze it more comprehensively,
samples were taken out at the edge, quarter and center of
rolled steels, respectively, as shown in Fig. 1.

3 Results and Discussion

3.1 Effect of La-Ce on Inclusions in GCr15 Bearing
Steel

3.1.1 Effect of La-Ce on the Quantity and Size
of Inclusions

The optical morphology and distribution of inclusions at
various positions in the rolled steels with different La-Ce
additions at 100 x magnification, as shown in Fig. 2.
When La-Ce was not added, there were some long strip
inclusions in steel, and the distribution of inclusions was
more concentrated. With the increase in La-Ce addition,
the aspect ratio of long strip inclusions began to decrease,
and the distribution of inclusions was changed from chain
to disperse. As the addition of La-Ce reached 150 ppm,
nearly all the long strip inclusions disappeared; finally, all
inclusions became more distributed.

To conduct more detailed quantitative analysis, metal-
lographic photographs at 200 x magnification at different
positions of samples were randomly selected, and the
density and average equivalent diameter of inclusions were
calculated and counted by the Image-Pro Plus software, as
shown in Fig. 3.

Figure 3a shows that La-Ce had a certain removal effect
on inclusions in steel; with the increase in addition, the
density of inclusions decreased from 51 to 40/mm’.
Besides, when La-Ce was not added, the number fluctua-
tion of inclusions in steel was great from edge to center, but
with increasing La-Ce addition to steel, the number fluc-
tuation of inclusions became smaller and smaller. At
150 ppm addition, the distribution of inclusions in steel

Table 1 The chemical compositions of four experimental GCrl5 bearing steels after element tests (mass %)

Furnace C Si Mn P S Cr As T[O] Al La Ce

A 1.0 0.24 0.34 0.013 0.0021 1.48 0.003 0.0007 0.021 / /

B 0.99 0.25 0.34 0.013 0.0020 1.49 0.003 0.0007 0.020 < 0.0015 < 0.0015
C 1.0 0.23 0.34 0.014 0.0018 1.48 0.003 0.0007 0.020 < 0.0015 < 0.0015
D 0.99 0.24 0.33 0.012 0.0017 1.50 0.003 0.0007 0.020 < 0.0015 < 0.0015
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Fig. 1 Schematic diagram of

rolled steel treatment 40 mm

Edge Quarter Center

Observation surface

Fig. 2 Optical morphology and distribution of inclusions at various positions in rolled steel of GCrl5 bearing steel with different La-Ce
additions: a 0 ppm, b 50 ppm, ¢ 100 ppm, d 150 ppm

was uniform. Therefore, although La-Ce could not signif-  uniform distribution of inclusions, consistent with the
icantly reduce the number of inclusions, it promoted the  results observed in Fig. 2.
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Figure 3b shows that La-Ce had little effect on the
average size of inclusions. When La-Ce was not added, the
average equivalent diameter of inclusions was 3.4 pum,
while it decreased to 3.1 um with increase in the addition,
inconsistent with the phenomenon that long strip inclusions
decreased remarkably with the addition of La-Ce observed
in Fig. 2. So to deeply analyze the effect of La-Ce on
inclusion size, the aspect ratio of inclusions and the pro-
portion of inclusions with different sizes were counted and
calculated, as shown in Fig. 4.

Figure 4a shows that when La-Ce was not added, the
proportion of inclusions with aspect ratio of more than 3 in
the steel was about 26%; with increasing addition, the
proportion began to decrease; as the addition reached
150 ppm, the proportion decreased to 10%. A similar
conclusion can be drawn in Fig. 4b. With the increase in
La-Ce addition, the proportion of inclusions with sizes
more than 10 pm began to decrease. This indicated that La-
Ce had limited effect on the entirety size of inclusions, but
could remarkably refine large-size inclusions.

3.1.2 Effect of La-Ce on the Type and Morphology
of Inclusions

There were three typical inclusions in GCr15 bearing steel,
namely MnS, Al,O3 and their composite inclusions. The
morphology and composition analyses of them in steel

Addition amount of La-Ce (ppm)

were determined by SEM + EDS as shown in Fig. 5. Due
to the low hardness of MnS inclusions, they are easy to
deform along the rolling direction, most of MnS inclusions
in the rolled steel were spindle, and the rest showed slender
strip shape with large aspect ratio. The slender long-strip
MnS inclusions significantly affected the mechanical
properties of the material [16]. Because the large amount of
Al was added for deoxidation in the smelting process, the
oxide inclusions in the steel were mainly Al,O5. Although
Al,O5 inclusions have high hardness and are not easy to
deform during rolling, their overall morphologies were
poorly controlled. Furthermore, the crystal structure of
Al,Oj3 is angular which has a strong destructive effect on
the matrix, thus resulting in a certain impact on the strength
of the material [17, 18].

When the addition of La-Ce reached 50 ppm, Al,O3 and
MnS-Al,0O5; were transformed into RE-S-Al,O; (RE was
La-Ce), RE-S-Mn-Al,03 and RE-S-O-Al-Al,O; rare earth
inclusions, and their morphologies are shown in Fig. 6.
EDS analyses indicate that the elements in the white area
of inclusions were mainly S, La and Ce, and others also
contained Al, O and Mn, indicating that La-Ce mainly
experienced desulfurization to form RE-S inclusions,
resulting in the reduction in the quantity and size of MnS.

As shown in Fig. 7, when the addition of La-Ce reached
100 ppm, most slender strip MnS inclusions in the rolled
steel disappeared, and the white rare earth inclusions began

Fig. 4 Proportion of inclusions

a) Aspect ratio: [/ >3 5%3

b) Size(um): 7)) >10 E 5~10

in rolled steel of GCrl15 bearing
steel with different La-Ce

Sample location: [Edge| |Quarter| |Center|

addition: a proportion of aspect
ratio, b proportion of different
sizes

Proportion (/%)

0 50
Addition amount of La-Ce (ppm)
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Fig. 5 SEM + EDS of typical (a) (b) (C)
inclusions in rolled GCr15
bearing steel without La-Ce
addition
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Fig. 6 SEM + EDS of rare
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to wrap Al,Oj3. Further EDS analysis shows that the type of
white rare earth inclusions had changed from RE-S to RE-
O-AI-S inclusions, indicating that La-Ce reacted with
Al,Oj3. Figure 7c shows the 3D morphology of rare earth
inclusion by electrolytic corrosion. After La-Ce modifica-
tion, the original angular morphology of inclusions was
changed to spherical shape, indicating that La-Ce had the
function of spheroidizing inclusions.

When the addition of La-Ce was 150 ppm, the white
rare earth inclusions had completely wrapped Al,Os.
According to the EDS analysis, the Al content in the
inclusions was at a very low level, indicating that Al,O3
basically disappeared and was completely modified into
RE-O-S rare earth inclusions. As shown in Fig. 8§, the
overall morphology of inclusions was spherical.

3.2 Modification Mechanism of Inclusions in GCr15
Bearing Steel by La-Ce

3.2.1 Formation Law of Rare Earth Inclusions in GCrl5
Bearing Steel

Through the above comprehensive analysis, it can be found
that La-Ce could not only reduce the quantity and the size
of MnS, but also promote the transformation of Al,Oj to
spherical rare earth inclusions, and the overall modification
effect improved with the increase in La-Ce addition. In
order to deeply explore the modification mechanism of rare
earth on inclusions, it is necessary to analyze the influence
of Ce/La on inclusions, respectively.

In this industrial test, La-Ce rare earth alloy was added
to liquid steel at 1610 ~ 1620 °C, and the liquidus tem-
perature of GCr15 bearing steel was 1440 °C, calculated by
the FactSage software. Therefore, to explore the modifi-
cation mechanism of La-Ce rare earth on the inclusions
under smelting temperature, the effects of different Ce and
La contents on inclusions in GCrl5 bearing steel at
1450 ~ 1650 °C were calculated thermodynamically. In
addition, EDS analysis shows that there were many RE-O-
S inclusions in the GCrl5 bearing steel after adding rare
earth, but the database lacks the thermodynamic data of
Ce,0,S and La,0,S. Therefore, based on the provided

Fig. 8 SEM + EDS of rare (a)

earth inclusions in rolled GCr15

bearing steel with La-Ce At/%

addition of 150 ppm Ce:35.65
0:26.50
La:18.44 *
S:14.53
Fe:3.69
Al:1.19

3pm
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thermodynamic data of Ce,O,S from the relevant literature
[19], the additional data was added to the FactSage soft-
ware database in this paper for calculation. Considering
that the Gibbs free energy of La,0,S is very close to
Ce,0,S [20], it was also added to the database as the
thermodynamic data of La,O,S. The thermodynamic data
are shown in Table 2, and the calculated results are shown
in Fig. 9.

As shown in Fig. 9a, when Ce was added to the liquid
steel, Al,O3; would be modified into CeAlO; as Eq. (1). As
the Ce content exceeded 23 ppm, it would react with
CeAlO; to form Ce,O5 as Eq. (2); when the Ce content
exceeded 46 ppm, CeAlO; was completely modified. The
whole process of Ce modifying Al,0; was determined by
the Ce content, less affected by temperature. However,
when Ce began to react with S, this reaction was affected
by both temperature and Ce content. With the addition of
Ce, it would react with Ce,O3 and S to form Ce,O,S as
Eq. (3). When the content of Ce reached 86 ppm, Ce would
react directly with S to form CeS as Eq. (4). In addition, as
shown in Fig. 6, when the addition of La-Ce was 50 ppm,
RE-S inclusions already existed and were attached to the
surface of Al,O3, which indicated that when the addition
amount of Ce was low, CeS would precipitate on the sur-
face of Al,O; as the core during solidification.

[Ce]+(ALO3)=(CeAlOs) + [Al] 0
AGO= — 141264 — 29.5 T(J/mol)

[Ce]+(CeAlO3)=(Ce,03) + [Al] )
AGO= — 62300 — 4.8 T(J/mol)

3 3

Ce + Q[S] + (C6203):§ (CeZOZS)
AGO= — 598340 + 137.2 T(J/mol)
[Ce] + [S] = (CeS) AGO= — 422100 + 120.38 T(J/mol)
(4)
Figure 9b shows similar results, and with increasing La
content, the transformation law of inclusions was
A1203 - LaAlO3 - LaZOZS d Lazozs + LaZS3. The
modification effect of La on Al,O3 was very close to that
of Ce. The binding ability of La and S is stronger than that

(b) (c)

At/% At/%
Ce:43.44 Ce:35.98 »
0:24.49 0:22.65
S:15.85 + S:19.07 "
La:11.04 La:14.33
Fe:4.67 Fe:6.85
AL:0.50 ALLI12
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Table 2 Thermodynamic data of Ce,O,S [19]

Compound AH,og/(J mol™1) AS,05/(J mol LK™
Ce,0,S — 1,696,600 130.5
1650 1650
1630 |(2) o 1(B)
1610 [\cealo, 1610
5 LaAlO,
g)\ @ 1590
< 1570 ~ 1570
2 Cer05 g LaAlO, L,0;8
2 1550 CeAlO, + Ce,0,8 Z 1550 ¥
& + Ce,0,8 5 [50:S
g, 1530 -~ 2 1530 202
= B0, € 1510 | Ao, L2,0S
1490 + 1490 *+
CeAlO, 23 LaAlO, 2 La,S;
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1450 1450 /
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Content of Ce (ppm)
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Fig. 9 Variation of inclusions in GCr15 bearing steel with Ce/La content with temperature: a Ce, b La

of Ce and S, so LaAlO; would directly react with S and La
to form La,0,S. Moreover, the thermodynamic conditions
required for the formation of La,S; were lower than CeS.
Therefore, although the mass ratio of La and Ce in the rare
earth alloy used in this industrial test was 1:2, the content
of La in RE-S inclusions was still significantly higher than
Ce as shown in Fig. 6.

3.2.2 Modification Efects of Different La-Ce Contents
on Inclusions

Through the above analysis, the transformation laws of rare
earth inclusions were determined. Next, the specific addi-
tion of rare earth and its modification effect needed to be
analyzed. In this test, La-Ce mixed rare earth was added to
liquid steel for desulfurization and spheroidizing inclu-
sions, so it is necessary to study the addition amount of La-
Ce from these two aspects.

From the viewpoint of desulfurization, the reactions of
La-Ce with S occurring in liquid steel are strongly expected
before RH refining to form rare earth sulfides, partially
removed during RH refining to reduce S content in liquid
steel and to improve the morphology and quantity of MnS
inclusions. From the viewpoint of spheroidizing inclusions,
the reactions of La-Ce with Al,O3 occurring in liquid steel
were strongly expected before solidification of liquid steel
to form the rare earth inclusions in spherical shape.
Therefore, the effects of different La-Ce contents on
inclusions in GCrl5 bearing steel at 1600 and 1450 °C
were calculated by FactSage software, as shown in Fig. 10.

The addition amount of La-Ce in furnace B, C and D in
the tests was 50, 100 and 150 ppm, respectively. According

to previous production experience, the overall yield of rare
earth added to liquid steel at the end of LF refining without
RH treatment is 20 ~ 30%. Based on the average yield of
25%, the contents of La and Ce in furnaces B, C and D
before RH refining were 4 and 8 ppm, 8 and 16 ppm, 16
and 24 ppm, respectively. As shown in Fig. 10a, at
1600 °C, RE-O-S existed only in furnace D, so the content
of S in this furnace was lowest. Although there was no RE-
O-S in furnace C, the La-Ce content was near the critical
value for the formation of it. Therefore, with decreasing
temperature, RE-O-S would be formed and absorbed by
covering agent in the tundish refining process. Although
the removal effect was limited, it would also reduce the
content of S in steel, which was consistent with the overall
changed trend of S content shown in Table 1.

Figure 10b shows that the inclusions in furnace B were
REAIO; and Al,Os3, so the overall morphology of inclu-
sions in Fig. 6 was still in irregular shape. In furnace C, the
morphology of inclusions had been significantly improved
because Al,O; had been completely modified, while in
furnace D, REAIO; had been further modified to RE,O5 in
spherical shape, as shown in Fig. 8.

Through the comprehensive analysis of Fig. 10, it could
be seen that under La-Ce mass ratio of 1:2 and their con-
tents at least 7.5 and 15 ppm, Al,O5 could be completely
modified in the GC15 bearing steel; when reaching at least
10 and 20 ppm, the S content in steel was effectively
reduced to significantly improve the morphology and
quantity of MnS inclusions.

By adding additional thermodynamic data to FactSage
software, the phase diagrams of the effect of La-Ce content
on inclusions under different temperatures were obtained,
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Fig. 10 Effect of La-Ce content on inclusions at different temperatures:

which were very consistent with the actual transformation
of inclusions. In subsequent industrial production, this
phase diagram could be used to determine the optimal
addition amount of La-Ce.

Therefore, considering the production cost and modifi-
cation effect, when the addition amount of La-Ce reached
90 ppm or more, the overall morphology of inclusions
effectively improved, and the S content in the steel got
significantly reduced when the addition amount reached
120 ppm in the industrial production of La-Ce modifying
GCrl5 bearing steel in the future.

4 Conclusions

This work aimed to study the modification effect and its
mechanism of La-Ce addition on the inclusions in GCrl5
bearing steel. The following conclusions are obtained.

(1) The typical inclusions in GCrl5 bearing steel were
long strip MnS and irregular Al,O3. The addition of
La-Ce reduced the quantity and size of inclusions and
improved their overall morphologies.

(2) With increasing La-Ce content, the transformation
sequence of inclusions in GCrl5 bearing steel was
Al,0; - REAIO; — RE,O; — RE,O0,S — RE,O,.
S + RE,S,, but with decreasing temperature, RE,S,
would also precipitate during solidification when the
La-Ce content was low.

(3) The RE,O,S and RE,S, formed by La-Ce desulfur-
ization reduced the quantity and size of MnS. The
morphologies of REAIO; and RE,O3 formed by La-
Ce replacing Al were closer to spherical shape than
AlyOs5.

(4) The phase diagram analysis shows that in the
industrial test, the morphology of inclusions in
GCrl5 bearing steel could be significantly improved
when the addition amount of La-Ce reached 90 ppm;

@ Springer
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when the addition amount reached 120 ppm, the S
content could be significantly reduced.
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