J. Iron Steel Res. Int. (2023) 30:2254-2266
https://doi.org/10.1007/s42243-022-00887-0

ORIGINAL PAPER

q

Check for

Effect of cerium addition on non-metallic inclusions in a high-carbon
chromium bearing steel

Hao Li' - Qiang Ren? - Li-feng Zhang®

Received: 2 September 2022/ Revised: 25 September 2022 / Accepted: 29 September 2022/ Published online: 21 January 2023
© China Iron and Steel Research Institute Group 2023

Abstract

Effects of varied levels of cerium (28 x 1075, 65 x 107° and 150 x 10*6) on inclusions in a high-carbon chromium
bearing steel at different stages (before adding cerium, after adding cerium for 1, 5, 10 min and ingot) were studied using
laboratory experiments. An automatic scanning electron microscope system with energy-dispersive spectroscopy was used
to analyze the amount, composition, size and morphology of inclusions in the steel at different stages. When the cerium
content in the molten steel increased from 0 to 150 x 107°, the evolution sequence of inclusions was as follows: Al,.
0; — CeAl;;0;3 » CeAlO; — Ce,0,S. After 28 x 107° cerium was added, Al,O; inclusions were modified into
CeAl ;0,5 inclusions in the molten steel and then were further transformed into Al,O; and CeAlO; inclusions in the solid
steel during cooling. With the addition of 65 x 107 cerium, inclusions in the molten steel were modified into CeAlO5 and
a small number of Ce,O,S inclusions. When the addition amount of cerium increased to 150 x 1075, inclusions were
transformed to Ce,0O,S. The size of inclusions in the molten steel decreased obviously with cerium addition. On the other
hand, the size of inclusions increased during the cooling process in solid steels of No. 1 steel (with 28 x 107° cerium) and
No. 2 steel (with 65 x 107 cerium). During the cooling process, unmodified MnS inclusions were precipitated in the solid
steel of No. 1 steel and wrapped outside the Al,O3; and CeAlO; inclusions to form large complex inclusions. During the
cooling process of No. 2 steel, the inclusion size of CeAlO; increased due to the collision and polymerization. In the No. 3
steel (with 150 x 107° cerium), the average size of inclusions decreased rapidly and remained at a lower size during the
cooling process, which was beneficial to improving the fatigue life of the steel.
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1 Introduction equipment, military weapons and other industrial machin-

ery fields. Bearings usually work under good lubrication
The high-carbon chromium bearing steel is commonly used  conditions with a stress load less than their yield strength;
as the manufacturing material of mechanical bearings,  thus, the main failure of bearings was subsurface fatigue
which is widely used in high-speed railways, aerospace  failure [1, 2], and one of the sources of subsurface fatigue
failure of bearing steel was non-metallic inclusions. The
amount, composition, size, morphology and spatial distri-
bution of inclusions were of great importance for the fati-
gue life of high-strength steels [3—-10]. Improving the
control of non-metallic inclusions favors the fatigue per-
formance of the bearing steel.
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metals can improve the fatigue performance of the steel if
inclusions in the steel were modified into less detrimental
ones. Rare earth metals have been widely used to modify
inclusions in steels [18-23]. Ren and Zhang [13] proposed
a A1203 - CeAlO3 - Cezozs - Cezozs + CeS modi-
fication sequence of inclusions in a ultra-low-carbon Al-
killed steel by cerium addition. Wang et al. [24] reported a
A1203 - CeAIHO]s d CCAIO3 - Cezozs evolution
sequence of inclusions in an H13 hot working abrasive
steel by varied levels of cerium in the steel. There were
studies on the effect of rare earth metals on properties of
the bearing steel [25, 26]; however, the evolution of
inclusions in the molten high-carbon chromium bearing
steel and in the solid steel during cooling by varied addi-
tions of rare earth metals was hardly reported.

In the current work, the cerium metal was used as
modifier of inclusions in a high-carbon chromium bearing
steel. The effect of the addition amount of cerium on
inclusions in the molten steel and in the solid steel during
the cooling process was studied. A thermodynamic calcu-
lation was performed to achieve the phase transformation
of inclusions to support the experimental observation. The
current paper is to provide a useful reference for the proper
use of cerium metal in the bearing steel to achieve a better
fatigue performance.

2 Laboratory experiments and analysis

To obtain high-carbon chromium bearing steels with varied
cerium contents, approximately 600 g of surface-polished
and cleaned billet samples was melted in an alumina cru-
cible in a MoSi, resistance furnace purged with pure argon
gas. As shown in Fig. 1, after the steel was heated to
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Fig. 1 Steel melting and sampling during each experiment

1610 °C and held for 5 min, CeFe (20 wt.% Ce) alloy was
added into the molten steel. Three steel samples at 1, 5 and
10 min after the addition of cerium ferroalloy were taken
with a quartz sampler and were quenched in water. The
remaining molten steel was cooled in the furnace to room
temperature in order to study the stronger transformation of
inclusions during steel cooling since the smaller cooling
rate led to more transformation of inclusions in the steel
than the lager cooling rate [27].

The machining of molten steel samples is shown in
Fig. 2. Inclusions on the cross section of the sample
at 10 mm above the bottom were detected, above which a
20-mm-high rod with a 5 mm diameter was machined to
detect the total oxygen (TO) and the total nitrogen (TN) of
the steel. Machined steel chips were used to analyze the
total cerium (TCe) content and the total sulfur (TS) content
in the steel. The machining of steel ingot samples cooled in
the furnace is shown in Fig. 3. A 7-mm-diameter rod at
5 mm away from ingot edge was machined to detect TO
and TN of the steel, and a 10 mm x 10 mm x 5 mm cube
at 16 mm away from ingot edge and 10 mm beneath ingot
top was sampled to detect inclusions in the steel. Machined
steel chips were used to detect TCe and TS in the steel.

Table 1 shows the chemical composition of the high-
carbon chromium bearing steel billet, which was analyzed
using a direct reading spectrometer. Table 2 shows the
chemical composition of quenched samples and ingot
samples. The cerium content in the steel was measured
using an inductively coupled plasma mass spectrometer.
Contents of oxygen, nitrogen and sulfur in the steel were
measured using a LECO oxygen and nitrogen analyzer and
a LECO carbon and sulfur analyzer. For the inclusion
analysis, the backscattered electron probe of scanning
electron microscope (SEM) was used to distinguish the
contrast between the steel matrix and inclusions after pol-
ishing. The composition, size, amount and morphology of
inclusions larger than 1 um were detected with a 20 kV
accelerating voltage and a 350 magnification during the
automated scanning process. During statistical analysis of
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Fig. 2 Machining and detection plan of molten steel samples
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Fig. 3 Machining and detection plan of ingot steel samples

inclusions, dust and impurities in the original SEM data
were removed.

3 Evolution of inclusions in steel
during cerium modification

3.1 Evolution of inclusions composition
in molten steel

Before the addition of the cerium ferroalloy, the compo-
sition and size statistic of inclusions in the molten steel
were projected in the CaO-MgO-Al,0O;3 ternary diagram,

CaO
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25
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0
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Fig. 4 Composition and size distributions of inclusions before cerium
addition in molten steel. Dgg,—Equivalent circular diameter of
inclusion area

as shown in Fig. 4. The size of the circle represented the
diameter of the inclusion, and the red five-pointed star
indicated the average composition of inclusions in the
molten steel. Inclusions in the steel were primarily com-
posed of AlL,O; and a few Al,O3;—CaO. The elemental
mapping of typical inclusions in the steel is shown in
Fig. 5, and the Al,O3 and Al,03;—CaO inclusions were both
in angular shape, indicating that initial inclusions in the
molten bearing steel were in solid state.

Table 1 Chemical composition of commercial high-carbon chromium bearing steel billets (wt.%)

C Si Mn Cr Al Mg Ca Ti ¢}

0.99 0.23 0.3 1.47 0.012 0.0005 0.0002 0.0013 0.0005

Table 2 Main chemical composition of molten samples and ingot samples

No. Holding time/min TCe TO TS

1 1 28 x 107 22.5 x 107 458x% 107
5 28 x 107 22.6 x 107 38.7 x 107
10 28 x 107 429 x 107
Ingot 28 x 107° 182 x 107 40.8 x 107¢

2 1 65 x 107° 26.9 x 107° 49.1 x 107
5 63 x 107° 459 x 107°
10 66 x 107° 441 x 107
Ingot 65 x 107° 202 x 107¢ 42.1 x 107°

3 1 150 x 107 225 x 1076 477 x 1078
5 150 x 107° 229 x 107 435 x 107
10 150 x 107 22.1 x 107 43.6 x 107
Ingot 150 x 107 21.3 x 1076 443 x 107°
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Fig. 5 Typical inclusions in molten steel before cerium addition. a Al,03—MnS complex inclusion; b Al;03—CaO inclusion

According to energy-dispersive spectroscopy (EDS)
analysis results, statistics of inclusions composition and
size in No. 1 steel were performed and projected in Ce—Al—
O-S diagram, where the positions of CeAlO3, Ce,0,S and
CeS were determined by atomic ratios and were marked by
red arrows, as shown in Fig. 6. One minute after the cerium
ferroalloy was added, a large number of Al,O5;(—CaO)
inclusions were immediately modified to CeAl;;O;g
(=CaO) inclusions (as shown in Fig. 7b). However, a small
part of initial inclusions was unmodified (as shown in
Fig. 7a). Five minutes after the addition of the cerium
ferroalloy, a small number of CeAlO3(—CaO) inclusions

were generated in the molten steel (as shown in Fig. 7c¢),
and the amount of CeAlO;(—CaO) was slightly increased
10 min after the addition of cerium, which was due to the
uneven distribution of cerium in the molten steel. To be
concluded, after the addition of 28 x 107 cerium in the
molten steel, the modification of Al-O inclusions into
Al-Ce-0O inclusions was the main reaction, in which cal-
cium did not participate in the reaction.

Figure 8 shows the statistics of inclusions composition
and size in No. 2 steel. After CeFe alloy was added for
1 min, main inclusions in the molten steel were CeAlO3
(-=Ca0) inclusions, and a small number of Ce,0,S
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Fig. 6 Composition and size of inclusions at different time after cerium addition in No. 1 steel. a 1 min; b 5 min; ¢ 10 min

inclusions were generated. Then, the number of Ce,O,S
inclusions increased with time. Statistic of the calcium
content of inclusions in the steel is shown in Fig. 9,
and with the addition of 28 x 107° cerium (No. 1 steel),
the calcium content of inclusions decreased slightly. When
the addition amount of cerium increased to 65 x 107° (No.
2 steel), the calcium content of inclusions gradually
decreased with time. As for the addition of 150 x 107°
cerium (No. 3 steel), there was almost no calcium element
in inclusions. Elemental mappings of typical inclusions in
the No. 2 molten steel after the cerium addition are shown
in Fig. 10, and there was a certain amount of calcium in the
inclusion after the cerium addition for 1 and 5 min; how-
ever, calcium disappeared at 10 min after the cerium
addition, indicating that calcium in CeAlO5;(—CaO) inclu-
sions was reduced to the molten steel as dissolved calcium.

As shown in Fig. 11, five minutes after the addition of
150 x 107° cerium in the molten steel, a small number of
Ce,0,S and Ce,S, complex inclusions were observed, as
shown in Fig. 12a. The content of Ce,S, inclusions grad-
ually decreased at 10 min after the addition of cerium,
which meant that Ce,S, inclusions were transiently gen-
erated due to the formation of a cerium-enriched region in
the molten steel at the initial stage. The composition of the

@ Springer

molten steel was gradually homogenized with time, and the
composition of inclusions in the molten steel finally sta-
bilized near the Ce,0,S, as shown in Fig. 12b.

3.2 Evolution of inclusion composition
during solidification

The composition and size of inclusions in solid steels with
varied cerium contents are shown in Fig. 13. By comparing
Figs. 6¢ and 13a, inclusions in No. 1 steel changed from
CeAl ;0,5 to CeAlO3 and Al,O3 during the cooling process,
as shown in Fig. 14a. However, in No. 2 and No. 3 steels, the
composition of inclusions did not change during the cooling
process, as shown in Fig. 13b and c. Typical inclusions in the
solidified ingot are shown in Fig. 14b and c.

4 Evolution of inclusions size and number
density

Figure 15 shows the variation of the average size and
number density of inclusions with the addition of cerium.
As shown in Fig. 15a, because the large Ca—Al-O inclu-
sions were modified into small cerium-containing
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Fig. 7 Typical inclusions in No. 1 steel. a Al,O3;—CaO at 1 min; b CeAl;;0;3—CaO at 5 min; ¢ CeAlO;—CaO at 10 min

inclusions, the average diameter of inclusions decreased
rapidly after adding cerium for 1 min and had little change
with time, and this phenomenon indicated that the transient
evolution of cerium-containing inclusions in the molten
steel had little effect on the size of inclusions. During the
cooling process, the average diameter of inclusions in No.
1 and No. 2 steels increased significantly. It was because
the addition of less cerium in No. 1 steel mainly modified
oxide inclusions, but did not affect MnS inclusions in the
steel. As a result, MnS inclusions precipitated and wrapped
several small oxide inclusions during the cooling process,
resulting in the formation of larger-size inclusions in the

ingot, as shown in Fig. 16a. According to Fig. 16b, com-
pared with other cerium-containing inclusions, CeAlOj
inclusions were more likely to polymerize during the
cooling process, forming larger inclusions and resulting in
a significant increase in the average size of inclusions in
No. 2 steel ingot.

Figure 15b shows the variation in the number density
of inclusions in the solid steel with varied additions of
cerium. With the addition of 28 x 107 cerium (No. 1
steel), a small number of cerium only modified oxide
inclusions in the steel, so that the number density of
inclusions in the steel did not change significantly. When
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Fig. 9 Variation in calcium content of inclusions after cerium
addition

the amount of cerium reached 65 x 107%, cerium began to

combine with sulfur in the steel to produce a small
number of Ce,0,S and the number density of inclusions

@ Springer

increased with time. However, the number density of
inclusions decreased due to the collision and polymer-
ization of inclusions during the cooling process. In the
steel with the TCe content of 150 x 107, a large number
of small-size Ce,O,S inclusions in the steel increased
significantly after adding cerium for 1 min, but decreased
slightly after adding cerium for 5 min, because a small
number of CeS—Ce,0,S complex inclusions were generated.
With the gradual homogenization of cerium in the molten
steel, a large number of Ce,0,S inclusions were produced
again, resulting in an increase in the number density of
inclusions. According to the change of the average size of
inclusions in Fig. 15a, the collision polymerization of Ce,.
O,S inclusions during the cooling process was obviously
weaker than that of CeAlO; inclusions. The main reason for
the failure of bearing steel under high cycle fatigue was
subsurface cracks caused by subsurface inclusions [28-31],
and the inclusion size was one of the most important factors
affecting the fatigue performance of bearing steels [32, 33].
As shown in Fig. 15a, when the content of cerium was
controlled at about 150 x 10*6, the inclusion size in steel
was the minimum.
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Fig. 10 Typical inclusions in No. 2 steel. a CeAlO3;—CaO at 1 min; b CeAlO3;—CaO and Ce,O,S complex inclusion at 5 min; ¢ Ce,O,S at 10 min

5 Thermodynamic analysis of inclusions
formation in steel

Thermodynamic software FactSage 7.1 was used to cal-
culate the phase diagram of solid inclusions in the steel at
1600 °C using databases of FactPS, FToxide and FTmisc.
The thermodynamic data of Ce,O0,S came from Vahed and
Key in 1976 [34], and the influence of calcium was not
considered in the calculation process due to the low cal-
cium content in the steel. As shown in Fig. 17, the

evolution sequence of inclusions in the steel with the
variation of the TCe content at 1600 °C was: Al,Os;.
- CCAlllolg -

CeAlO; — Ce,0,S. Dotted lines in Fig. 17 were contents
of TCe in No. 1, No. 2 and No. 3 steels, respectively. By
comparing the evolution sequence of inclusions in the
molten steel in Figs. 6, 8 and 11, the calculated result was
consistent with the experimental result.

Figure 18 shows the phase stability diagram of inclu-
sions as a function of the dissolved cerium ([Ce]) and the
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Fig. 13 Composition and size of inclusions in ingots. a No. 1 steel; b No. 2 steel; ¢ No. 3 steel

dissolved aluminum ([Al]) at different contents of dis-
solved oxygen ([O]). The same database was used for
calculation as Fig. 17. According to the experimental
result, the content of [Ce] and [Al] in the steel was much
smaller than that of TCe and TAl. Therefore, the amount of
cerium was lower, and cerium and aluminum in the steel
mainly existed in the form of inclusions, which was similar
to the occurrence state of calcium in the steel [35, 36].

Calculation of inclusions transformation during the
cooling process was performed using FactPS, FToxid and
FSstel databases, and the result is shown in Fig. 19. With
the decrease in temperature, the metastable CeAl;;O;g
inclusions changed to stable Al,O; and CeAlO; at
1376.9 °C. The reaction speculation is shown in Eqgs. (1)
and (2), which were consistent with the experimental
result, as shown in Figs. 7b and 14a.

15[0] + IO[AH + CCAIO'; = CCAIHO]g
C6A111018 = 5A1203 + C6A103

(1)
(2)

6 Conclusions

1. With the increase in the cerium content from 0 to
150 x 10_6, the modification sequence of inclusions in
the molten high-carbon chromium bearing steel was as
follows: A1203 d CeAIHOlg - CCA103 d Cezozs,
and the trace CaO in inclusions changed to [Ca] when
CeAlO; changed to Ce,0,S.

2. When the amount of cerium was 28 x 107°, CeAl,,.
0,3 inclusions in the molten steel were transformed
into Al,O3; and CeAlOj; inclusions during the cooling
process.

3. After the addition of cerium, initial Al,O5 inclusions in
the steel were modified into smaller cerium-containing
inclusions. The precipitation of MnS and collision
polymerization of CeAlOj; resulted in the increase in
the average size of inclusions during the solidification
of No. 1 and No. 2 steels. Therefore, the target
inclusion modified by cerium to achieve a better
fatigue performance of bearing steel should be
C6202S.
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Fig. 16 Polymerization of inclusions during cooling process. a No. 1 steel; b No. 2 steel
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Fig. 17 Phase equilibrium diagram of solid inclusion at 1600 °C

Fig. 18 Phase stability diagram of inclusions as a function of [Ce] and

[Al]
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Fig. 19 Transformation of inclusions in No. 1 steel during solidifi-
cation and cooling process
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