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Abstract: The morphologies and sizes of TiN inclusions in gear steel 20CrMnTi have a significant
impact on its service performance. This paper selects rare earth Ce to modify TiN inclusions in
20CrMnTi. The inclusions are analyzed by SEM (scanning electron microscope), EBSD (electron
back-scattered diffraction), EDS (energy disperse spectroscopy), and OTS statistical software, and
Thermo-Calc software is used to calculate the inclusion formations. The inclusions of MgAlO4-Ce and
CeAlQOj3 can be formed when rare earth Ce is added into 20CrMnTi, which becomes TiN nucleation
core after precipitation. Without the addition of rare earth Ce, square TiN inclusions ranging from
2 to 5 pm account for 60% of the total inclusions in 20CrMnTi. After adding rare earth Ce, the TiN
inclusions in 20CrMnTiCe account for 36.7% of the total inclusions. Due to the new phase formations
of MgAlO,-TiN and CeAlO3-TiN with sizes less than 2 um, the titanium-containing inclusions are
refined. Fatigue tests are conducted on the steels before and after the addition of Ce. The average
fatigue lives of 20CrMnTi do not reach 107 times, and the deviations between the maximum and
minimum fatigue lives are great. Large-sized TiN are the main inclusions that affect the fatigue
performance of 20CrMnTi. The average fatigue lives of 20CrMnTiCe exceed 107 times, and the
deviations of the fatigue lives are smaller than those of 20CrMnTi.

Keywords: gear steel; TiN inclusions; rare earth Ce; precipitation

1. Introduction

20CrMnTi has good hardenability and high impact toughness at low temperatures and
is widely used in the gear manufacturing industry [1-4]. Zhang et al. [5] have conducted
an experimental study on the fatigue performance of 20CrMnTi and found that the fatigue
life of 20CrMnTi is 3 x 10° under the condition of experimental load of 100KN. Table 1
shows the inclusion size statistics in 20CrMnTi in the literature [6-8]. In order to improve
the mechanical properties of 20CrMnTi, microalloying elements such as Ti are often added
during smelting [9-11]. However, during the solidification of the molten steel, Ti inevitably
combines with N to form TiN [7,12-14]. As TiN particles grow, they gradually develop into
TiN inclusions with edges and corners. Moreover, such inclusions are difficult to eliminate
during subsequent rolling and heat treatment processes, which can sharply deteriorate the
toughness and fatigue resistance of the steel [15,16]. Therefore, studying the formations and
modification mechanisms of TiN inclusions in steel is of great significance for improving
the mechanical and service performance of 20CrMnTi.
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Table 1. Inclusion size statistics in 20CrMnTi in the literature [6-8].

Literature <5 um >5 um

Lietal. [6] main many
Wang et al. [7] 74.11% 25.89%
Fang et al. [8] average size < 5 pm

Yan et al. [17] studied the precipitation behaviors of TiN in microalloyed steel and
found that when the sizes of TiN particles precipitated were greater than 1 pm, they could
be used as the starting positions of cracks and reduced the brittle transition temperature,
which caused harm to the mechanical properties of the steel. Kim et al. [18] studied the
thermodynamic equilibrium relationships between Ti and N contents and TiN formations in
molten steel, indicating that the solubility of N in the pure iron solution increased with the
increase in Ti content. When Ti and N contents exceeded their equilibrium concentration,
pure solid TiN inclusions could precipitate from the molten steel. Yin et al. [19] studied the
formation mechanisms of TiN inclusions in 17Cr austenitic stainless steel and found that
there were high concentrations of Ti and N after feeding titanium wire, and TiN inclusions
could precipitate in the molten steel, and the precipitated TiN could self-nucleate to form
homogeneous TiN inclusions. Heterogeneous TiN inclusions could also be formed using
existing Al,O3-MgO-TiOx oxides as the cores. Ma et al. [20] studied the precipitations
of TiN inclusions in the production of 20CrMnTi and found that significant increases in
N contents were key factors leading to the precipitations of TiN inclusions. The smaller
the contents of Ti and N in steel, the higher the cooling rates, and the smaller the sizes
of TiN precipitated. Rare earth elements (RE) could effectively modify the shape and
size of inclusions in steel, which was conducive to the improvement of the mechanical
properties of steel. Yang et al. [21] studied the effects of RE on inclusions in high-carbon
chromium-bearing steel and found that RE addition could modify irregular Al;O3; and
MnS into relatively regular RE inclusions because of its active chemical property. Ahn
et al. [22] studied the effects of Gd on the microstructures and mechanical properties of
duplex stainless steels (DSS) and found that the oxygen content in the cast DSS alloy with
Gd decreased because of the high reactivity of Gd with oxygen. The area fraction and size
of non-intermetallic inclusions in the alloy decreased from 0.80 &= 0.12% to 0.58 + 0.04%
and from 6.9 =+ 0.7 to 5.8 £ 0.4 um upon Gd addition, respectively. Although many scholars
have studied the formation mechanisms and growth behaviors of TiN inclusions [23-26],
there are still few reports on the use of adding rare earth Ce to increase the nucleation
cores in the molten steel of 20CrMnTi. Therefore, under rare earth Ce addition conditions,
studying the formation mechanisms and controlling the sizes of TiN inclusions are of great
significance for improving the mechanical performance of 20CrMnTi.

The addition of rare earth Ce is conducive to the formation of smaller nucleation cores
in the steel molten pools, reducing the possibility of TiN aggregation and growth. The
formed TiN inclusion size is smaller, which is more conducive to the improvement of steel
fatigue properties. This paper uses theoretical calculations and experimental methods to
study the formation mechanisms of TiN inclusions in 20CrMnTi under the condition of
rare earth Ce addition. The appearances, quantities, sizes, and phase compositions of the
composite inclusions containing TiN in the steels are analyzed statistically. The scientific
natures of the reaction processes and interactions of Ti, N, Mg, Al, Ce, and O forming
composite inclusions containing TiN are explored. This lays a theoretical foundation for
the stable, high-quality, and efficient production of high-performance 20CrMnTi.

2. Materials and Methods

In order to explore the modification behaviors of TiN inclusions in gear steel before
and after adding rare earth Ce, 20CrMnTi and 20CrMnTiCe were smelted separately. The
chemical compositions of the two steels are shown in Table 2. Ce was determined by an
inductively coupled plasma mass spectrometer (NexION 1000, Bao gang Group, Baotou,
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China), and C and S were determined by a carbon sulfur analyzer (EMIA-Pro, Bao gang
Group, Baotou, China). Other elements were measured by an inductively coupled plasma
spectrometer (5800 ICP-OES, Bao gang Group, Baotou, China). Both steels were smelted
in a vacuum induction furnace in the laboratory. In order to ensure good deoxidation
effects, Mg deoxidation was used during the smelting process. The molten steels were cast
into 250 mm x 150 mm x 80 mm ingots. The ingots were heated to 1200 °C in the muffle
furnace and kept for 240 min, and they were then rolled into 40 mm x 40 mm x 1500 mm
rectangular billets. The billets were held at 850 °C for 20 min and then quenched in room
temperature water. The quenched billets were then reheated to 180 °C and held for 80 min
for low-temperature tempering.

Table 2. Chemical compositions of the steels.

Si Mn Al Cr Ti Mg (0] N Ce Fe
Samples
(wt/%) (ppm)
20CrMnTi 0.18 0.95 0.011 1.02 0.052 138 44 50 / Bal.
20CrMnTi-Ce 0.20 0.93 0.010 1.00 0.054 130 33 47 62 Bal.

Thermo-Calc thermodynamic software (Thermo-Calc 2022a) was used to calculate the
precipitations in the solidifications of 20CrMnTi. To evaluate the modification effects of rare
earth Ce on TiN inclusions in the steels, metallographic samples were taken perpendicular
to the rolling direction, and the corresponding inclusion parameters related to performance,
such as inclusion types, sizes, and distributions, were studied by SEM (ZEISS, Baotou,
China), EDS (Oxford X-MaxN20, Baotou, China), and EBSD (Oxford C Nano, Baotou,
China). The size of the fatigue specimen is shown in Figure 1. According to GB/T3075-2021,
the tests were conducted on a POWER SWING MOT 100 kN (Bao Gang Group, Baotou,
China), with a stress ratio of R = —1, a load of 750 MPa, and a resonance frequency of
75 Hz. During the fatigue experiments, 8 samples were used to test both 20CrMnTi and
20CrMnTiCe. After the fatigue tests, SEM was used to analyze the fracture surfaces of the
failed specimens, and EDS was used to analyze and evaluate the impacts of TiN inclusions
with different shapes and compositions on the fatigue lives.

dy=010
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0l7

55

65 Unit: mm
Figure 1. The geometry and dimensions of the fatigue specimen.

3. Results and Discussion
3.1. Morphologies and Compositions of the Inclusions Containing TiN in 20CrMnTi

Figure 2 shows the theoretical calculation results of material precipitation behaviors
during equilibrium solidifications of 20CrMnTi. For 20CrMnTi, spinel and Al,O3; phases
had already precipitated during the steelmaking process. The contents of spinel and Al;O3
phases tended to balance with the decrease in temperature. During the solidification
process, TiN was generated, and its precipitation temperature was 1473 °C. Subsequently,
its phase content did not change with the decrease in temperature. So, the spinel phase and
Aly,O3 formed earlier than TiN, providing the possibility for TiN to adhere to spinel and
Al,O5 to grow.
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Figure 2. Thermodynamic calculations of precipitates during steel solidifications of 20CrMnTi.

Figure 3 shows the morphologies and elements distributions of the typical inclusions
in 20CrMnTi. In Figure 3a,b, both were single inclusions, namely Al,O3 and TiN inclusions,
with their sizes concentrated between 4 and 10 pm. In Figure 3¢,d, both were composite
inclusions, and the sizes were concentrated between 2 and 5 pum. The inclusion in Figure 3¢
was an AlOs-coated TiN inclusion. The inclusion in Figure 3d was an Mg-Al-O-coated
TiN composite phase. The inclusions containing TiN in 20CrMnTi were mostly square or
diamond-shaped. In order to determine the core composition of the composite inclusion
in Figure 3d, the numbers of the atoms of the main elements in the core were normal-
ized, as shown in Figure 4. The horizontal and vertical coordinates of Figure 4 are the
atomic fractions of Mg, Al, and O, respectively. The atomic number ratio of Mg-Al-O was
1:2.7:5.2, so the composite inclusion was aluminum-magnesium spinel (MgAlO,), which

was consistent with thermodynamic calculations.

Atomic fraction / %
Pointl  Point2
 ALI823  Ti20.11
0:32.50  N:18.42
Moo i B S8 Y *
' - ,ylv

Figure 3. Morphologies and elements analysis of the typical inclusions in 20CrMnTi. (a,b) are single

inclusions. (c,d) are complex inclusions.



Materials 2023, 16, 5598

50f13

06400
0.65 -1

06012

0.60 7 05624

05236

=
L
o
[}

04848
050 04460

45 04072

wonoeLy DOV

03684
04071

03296

% | O3

=
e
T
3y

0.2908

02520

Figure 4. Atomic compositions of Mg-Al-O composite phase encapsulated with TiN.

In order to investigate the compositions of the nucleation cores of the typical inclusions
containing TiN in 20CrMnTi, SEM, EBSD, and EDS were used. The Mg-Al-O composite
phase in the typical nucleating core was searched, and the specific phase of Mg, Al, and
O was accurately obtained. The Kikuchi pattern and energy spectrum were obtained, as
shown in Figure 5. Figure 5a shows the inclusion morphology, and Figure 5b shows the
Kikuchi pattern of the inclusion nucleation core, which can be used to analyze the crystal
orientation of the nucleation core. Figure 5c shows the Kikuchi pattern with nucleation
core crystal orientation marked in Figure 5b. Figure 5d shows the distribution of element
types in the nucleation core and surrounding materials of the inclusion. The main elements
of the nucleating core in the composite phase were Ti, N, Mg, Al, and O. Through Kikuchi
pattern calibration of EBSD, the composite phase was MgAlO,. This was consistent with
the analysis of the element compositions in the energy spectrum, indicating that MgAlO4
could be used as the nucleation core of TiN in 20CrMnTi.

cps/eV =
=
-
(=]
Lot byl

(=}

TrrTrrryrrrrrrrrryrrrrrrrrrrrrrrora
5 10 15 keV

Figure 5. Identification of MgAlO, phase. (a) morphology of the inclusion, (b) Kikuchi pattern of
the inclusion nucleation core, (¢) Kikuchi pattern with nucleation core crystal orientation, (d) the
distribution of element types.
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3.2. Morphologies and Compositions of the Inclusions Containing TiN in 20CrMnTiCe

Figure 6 shows the morphologies and compositions of the inclusions in 20CrMnTiCe.
The sizes of the inclusions were all below 2 pm. Compared with the inclusion sizes in
20CrMnTj, the addition of Ce could effectively reduce the inclusion sizes. After the addition
of Ce, the material formed in the center of the inclusion contained Ce element, and TiN
was wrapped around it to form a composite inclusion. In the process of steel smelting,
because the raw material contained Al, it was difficult to completely remove Al from
the experimental steels. Therefore, regardless of any deoxidation method, the steels still
retained 0.01% Al. Al was bound to participate in forming the nucleation core. As shown in
Figure 6a,b, Mg-Al-O-Ce composite phase was used as the nucleation core. Therefore, Mg-
Al-O-Ce and Al-O-Ce nucleation cores appeared in steel, and these two types of composite
phases could become high-quality nucleation cores for TiN inclusions.

Atomic fraction / % (b) Atomic fraction / %

Point 1 P.oint 2 : Point 1 Point2  Point 3
A5 204377 Al:11.56 Ti:18.22 Al:24.21
0:29.83 N:26.84 0:38.33 N:21.58 0:35.78
Mg:24.74 Mg:35.75 Mg:9.87

e:10.03 : : Ce:31.53
- Point oint
oint 2 Point3

Figure 6. Morphologies and elements analysis of the typical inclusions in 20CrMnTiCe. (a—c) are
typical complex inclusions in 20CrMnTiCe.

Figure 7 shows the distributions of the typical inclusion elements in 20CrMnTiCe.
The elements of Ti and N were mainly distributed in the periphery, and the cores of the
inclusions were the composite phases formed by the elements of Al, Mg, O, and Ce. The
addition of Ce element was conducive to the formation of the inclusion core, and TiN
inclusions precipitated in steel would gradually grow up with this core.

By means of SEM, EBSD, and EDS, all the composite phases containing Ce and TiN in
20CrMnTiCe were searched and identified, as shown in Figures 8 and 9. Figures 8a and 9a
show the inclusion morphologies, and Figures 8b and 9b show the Kikuchi patterns of the
inclusion nucleation cores, which can be used to analyze the crystal orientations of the
nucleation cores. Figures 8c and 9c show the Kikuchi patterns with nucleation core crystal
orientations marked in Figures 8b and 9b. Figures 8d and 9d show the distributions of
element types in the nucleation cores and surrounding materials of the inclusions. Through
the calibration of the Kikuchi pattern of the TiN nucleated core, combined with the element
qualitative analysis of the energy spectrum, the core phases of TiN nucleation were MgAlOjy-
Ce and CeAlO; phases. With the addition of Ce, MgAlO4-Ce and CeAlO;3 phases could
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be used as nucleation cores for TiN inclusions. The content of Ti element in the steel was
certain; therefore, compared with 20CrMnTi without Ce, the addition of Ce would increase
the nucleation cores of TiN, avoiding the possibility of TiN aggregation and growth, so the
formed TiN inclusion size was smaller.

Figure 7. The element distributions of the typical inclusions in 20CrMnTiCe. (a—c) are the element
distributions of the different typical complex inclusions.
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Figure 8. Identification of MgAlOy4-Ce phase. (a) morphology of the inclusion, (b) Kikuchi pattern
of the inclusion nucleation core, (c¢) Kikuchi pattern with nucleation core crystal orientation, (d) the
distribution of element types.
:”-:;"., :‘_‘T-\ ~';,' ‘/t.-,"— .b- s»‘ -
o i e e - ™ .‘Q- a

.

rrrrrjrrrrrrrrryrrrrrrrrrorg
10 15 keV

Figure 9. Identification of CeAlO3 phase. (a) morphology of the inclusion, (b) Kikuchi pattern of
the inclusion nucleation core, (c) Kikuchi pattern with nucleation core crystal orientation, (d) the
distribution of element types.

3.3. Effects of Ce on the Quantities and Sizes of the Inclusions Containing TiN in Steels

The above research results showed that MgAlO4-Ce and CeAlOj3 could be used as
the nucleation cores of TiN to form smaller and spherical composite inclusions, which
could serve the purpose of TiN modification. Therefore, in order to quantify the TiN
modification effects, the types and proportions of the titanium inclusions before and after
adding Ce were statistically analyzed, as shown in Figure 10. The proportion of the pure
TiN inclusions in 20CrMnTiCe was about 60%, and that in 20CrMnTi was about 36.7%.
After adding Ce, the proportions of the composite inclusions with MgAlO4-Ce and CeAlO3
as the cores increased. The decrease in the proportion of pure TiN inclusions prevented
their excessive growth to some extent.
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Figure 10. Statistics of titanium inclusions in steel.

Table 3 shows the proportional distributions of TiN inclusion sizes before and after Ce
addition. For the inclusions sized smaller than 2 um, the proportion in 20CrMnTiCe was
76.6%, which was significantly increased compared with 45.9% in 20CrMnTi. The statistical
analysis of 5-10 pm inclusions showed that the proportions of TiN inclusions decreased
from 14.3% to 4.2% after adding Ce. Therefore, the addition of Ce could refine the sizes of
TiN inclusions, which is beneficial for the improvement of the mechanical properties of the
gear steel.

Table 3. The proportional distributions of the inclusion sizes.

<2 um 2-5 pm 5-10 pm
Steel
Proportion/%
20CrMnTi 459 39.8 14.3
20CrMnTiCe 76.6 19.2 4.2

3.4. Effects of Ce on Fatigue Properties of the Steels

In order to verify whether the rare earth Ce addition was good or bad for the fatigue
performance of the steels, fatigue tests were carried out. The test results are shown in
Figure 11. The average fatigue lives of 20CrMnTi did not reach 10 times, the deviations be-
tween the maximum and minimum fatigue lives were great, and the performance stabilities
needed to be improved. After the addition of Ce, the fatigue strength of 20CrMnTiCe was
significantly higher than that of 20CrMnTi, the average fatigue lives were more than 107
times, and the fatigue life fluctuation was small, which met the performance requirements.
The compositions of the inclusions at the fracture surfaces were analyzed. The statistical
results are shown in Figure 12. In the fatigue fracture samples of 20CrMnTi, the main
inclusions at the fractures of low-life regions were large-size TiN and Al,O3-TiN. In the
samples of 20CrMnTiCe, the main inclusions at the fractures of the low-life regions were
still large-size TiN, and (MgAlO4-Ce)-TiN and (CeAlO3)-TiN were distributed in both high-
and low-life regions.
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Figure 12. Statistics of inclusion sizes at different sample fractures. 8 samples were used to test
both 20CrMnTi and 20CrMnTiCe, and they are numbered 1# to 8# in the two steels. (a) 20CrMnTi,
(b) 20CrMnTiCe.

Figure 13 shows the morphologies of the typical inclusions at the fracture surfaces in
20CrMnTi and 20CrMnTiCe. There were still square TiN inclusions in 20CrMnTi without
Ce addition, as shown in Figure 13a. The addition of rare earth Ce was conducive to the
formation of smaller, spherical nucleation cores, reducing the possibility of TiN aggregation
and growth. Typical spherical inclusions were found in 20CrMnTiCe after Ce addition,
as shown in Figure 13b,c. By analyzing the compositions of the inclusions at the fatigue
fractures, it could be seen that the large-size TiN was the main inclusion affecting fatigue
strength. The addition of Ce was beneficial to the formation of MgAlO4-Ce and CeAlO; in
TiN nucleation cores, and the formation of smaller (MgAlO4-Ce)-TiN and (CeAlO3)-TiN
composite inclusions, thus improving the fatigue properties of the steels.
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Figure 13. Morphologies of inclusions at the fracture surface of 20CrMnTi and 20CrMnTiCe. (a) TiN
inclusion in 20CrMnTij, (b) CeAlO3-TiN inclusion in 20CrMnTiCe, (¢) (MgAlO4-Ce)-TiN inclusion
in 20CrMnTiCe.

4. Conclusions

@

@)

®G)

The main inclusions in 20CrMnTi are TiN, Al,O3, Al,O3-TiN, and MgAlO,-TiN,
among which the inclusions containing TiN are mostly square or diamond-shaped,
and the pure TiN inclusions account for 60% of the total inclusions. After the addition
of rare earth Ce, the main titanium inclusions of 20CrMnTiCe are TiN, MgAlO4-TiN,
and CeAlO;3-TiN, among which pure TiN inclusions account for 36.7% of the total
inclusions. The generated MgAlOy-TiN and CeAlO;3-TiN are spherical, indicating that
rare earth Ce can modify some TiN inclusions.

The sizes of Al,O3 and TiN in 20CrMnTi are concentrated in 2-5 pm. The composite
inclusions of Al,O3-TiN and MgAlO4-TiN are concentrated in sizes ranging from
4 to 10 pm, and their proportion is 14.3%. After adding rare earth Ce, the sizes of
MgAlO4-TiN and CeAlO;3-TiN less than 2 um accounted for 63.3%. Rare earth Ce can
refine the inclusions containing TiN in 20CrMnTi.

The average fatigue lives of 20CrMnTi do not reach 107 times, and the deviations
between the maximum and minimum fatigue lives are great, while large-sized TiN
is the main inclusion affecting the fatigue performance. The addition of Ce can
modify TiN inclusions, forming spherical and small-sized composite inclusions of
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(MgAlO4Ce)-TiN and (CeAlOs3)-TiN. The average fatigue lives exceed 107 times, and
the deviations of the fatigue lives are smaller than those of 20CrMnTi.
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