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Abstract: The mechanism of oxide inclusions in fatigue crack initiation in the very-high cycle fatigue (VHCF) regime was clarified by sub-
jecting bearing steels deoxidized by Al (Al-deoxidized steel) and Si (Si-deoxidized steel) to ultrasonic tension—compression fatigue tests (stress
ratio, R = —1) and analyzing the characteristics of the detected inclusions. Results show that the main types of inclusions in Si- and Al-deoxid-
ized steels are silicate and calcium aluminate, respectively. The content of calcium aluminate inclusions larger than 15 pm in Si-deoxidized
steel is lower than that in Al-deoxidized steel, and the difference observed may be attributed to different inclusion generation processes during
melting. Despite differences in their cleanliness and total oxygen contents, the Si- and Al-deoxidized steels show similar VHCF lives. The
factors causing fatigue failure in these steels reveal distinct differences. Calcium aluminate inclusions are responsible for the cracks in Al-deox-
idized steel. By comparison, most fatigue cracks in Si-deoxidized steel are triggered by the inhomogeneity of a steel matrix, which indicates
that the damage mechanisms of the steel matrix can be a critical issue for this type of steel. A minor portion of the cracks in Si-deoxidized steel
could be attributed to different types of inclusions. The mechanisms of fatigue fracture caused by calcium aluminate and silicate inclusions
were further analyzed. Calcium aluminate inclusions first separate from the steel matrix and then trigger crack generation. Silicate inclusions
and the steel matrix are closely combined in a fatigue process; thus, these inclusions have mild effects on the fatigue life of bearing steels.

Si/Mn deoxidation is an effective method to produce high-quality bearing steel with a long fatigue life and good liquid steel fluidity.

Keywords: bearing steel; non-aluminum deoxidation; inclusion; fatigue crack initiation; tessellated stresses

1. Introduction

Bearing steel is widely used in machinery, automobiles,
and other industries, and thus requires high reliability [1].
The growth of the manufacturing industry has steadily im-
proved not only the quality and service time of mechanical
equipments but also the quality of the corresponding materi-
als used for mechanical equipments.

Al deoxidation with high-basicity slag is commonly adop-
ted to produce bearing steels in China. The inclusions in Al-
deoxidized bearing steels mainly include TiN, MnS, and ox-
ides, the most common of which are spinel (Mg)-Al-O),
calcium aluminate (Ca—Al-O), and silicate (Si—(Al)-O)
[2-3]. Calcium aluminate and spinel are deemed the most
harmful oxides to the fatigue life (V;) of bearing steel [4-5].
Gu et al. [6] compared the fatigue properties of three types of
bearing steels and found that the critical size of spinel inclu-
sions is smaller than that of calcium aluminate.

A general method used to improve the quality of bearing
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steel is the reduction of the total oxygen (T.O) content to re-
duce the number of inclusions in Al-deoxidized steel [7-8].
However, calcium aluminate still forms in Al-deoxidized
steels, and these inclusions exert great harm to the mechanic-
al characteristics, especially fatigue property, of these steels
[9—11]. Unfortunately, efforts to further reduce T.O contents
by eliminating calcium aluminate could greatly increase the
difficulty of production. The production of high-quality Al-
deoxidized bearing steel is further impeded by nozzle clog-
ging and poor control of titanium nitride formation.
Developments in the metallurgical equipment technology,
especially the application of Ruhrstahl-Hereaeus (RH) refin-
ing to bearing steel smelting [12], have resulted in a new
smelting method called non-Al deoxidation to change the
main inclusions in the resultant steel into silicate. This meth-
od has been widely used in the production of spring steel,
saw-wire steel, and cord steel [13—15]. Some scholars have
reported trials of the production of bearing steels by this
method. Shimamoto et al. [16—17] used silicon as a deoxid-
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izer for smelting bearing steel and found that the rated ser-
vice life (Lyo) of this steel is greater than 2 x 10° revolutions.
Gu et al. [18] found that the effect of oxide inclusions gener-
ated during Al deoxidation on the N; is more extensive than
that of oxide inclusions produced during Si deoxidation.

In this study, the merits of deoxidation with Si/Mn alloy to
produce high-quality bearing steel were assessed. Al-deoxid-
ized steel was produced via the electric arc furnace
(EAF)-ladle furnace (LF)—vacuum degassing (VD)—continu-
ous casting (CC) process with Al deoxidation, and Si-deox-
idized steel was obtained via the basic oxygen furnace
(BOF)-LF—RH—CC process with Si—-Mn deoxidation. Dif-
ferences in the main components, inclusion types, and the ef-
fects of these inclusions were compared, and the correspond-
ing fatigue failure mechanisms under high-N; conditions
were studied by ultrahigh cycle fatigue tests. The results of
this study provide theoretical guidance for the production of
high-quality bearing steel.

2. Experimental
2.1. Fatigue test

The N; of high-quality bearing steel is greater than 10’
cycles. Costs may increase if the conventional test method is
used. When the N of steel reaches 10° cycles, the test may
take over 116 d to complete, as shown in Fig. 1. Therefore,
the ultrasonic fatigue test system was used for the ultrahigh
cycle fatigue tests in this study. Because the test frequency of
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this system is 20 kHz, the test time can be significantly
shortened.
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Fig. 1. Relationship between fatigue test time and fatigue
cycles.

A schematic of the ultrasonic fatigue test system is shown
in Fig. 2. The system can turn electric energy into the mech-
anical vibration energy of a specific frequency and then out-
put the same via ultrasonic generation, energy conversion,
signal acquisition, and cyclic loading control. When a speci-
men made of different materials is designated according to
Xue [19], the natural frequency of this specimen becomes
similar to the loading frequency in the loading direction of
the system. During the experiment, the specimen is de-
formed in the resonance mode for fatigue loading.

(2) N (®)
| ‘——[ Exciting power supply ]
Ultrasonic L | T
transducer ix.;l,q |
|
| Ultrasonic control unit:
: amplitude control,
| . .
Displacement frequency monitoring,
amplifier | and cycle count
\ ! /

Specimen ﬂi

Fig. 2.

The fatigue specimens were cut from the edge of rolled
bars of bearing steel to maintain the same microstructures
and inclusions. The sample position and sketch are shown in
Fig. 3. The specimens were treated by spheroid annealing
(835°C, 20 min), quenching (oil), and tempering (180°C, 120
min) before the final polishing. The final polishing was per-
formed in the axial direction to reduce the influence of sur-
face defects during the fatigue tests. The fatigue tests were
conducted under a resonance frequency of 20 kHz, fully re-

(a) Schematic [20-22] and (b) physical representation of the ultrasonic fatigue test system.

versible tension—compression (stress ratio, R = —1), and air
cooling.

The tests were ended when cracks developed on the speci-
mens, and the fracture surfaces were analyzed by scanning
electron  microscope—energy  dispersive  spectrometer
(SEM-EDS, MLA250, FEL, USA).

2.2. Experimental materials and production processes

Industrial tests of GCr15 bearing steel treated by Al- and
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Fig. 3. (a) Sample position and (b) sketch of specimens used for the ultrasonic fatigue test (Unit: mm).

Si-deoxidation were conducted. The main chemical compon- Al-deoxidized steel was prepared using an EAF — LF —-VD
ents of the steel samples are shown in Table 1. — CC process with Al as the deoxidizer. Si-deoxidized steel
The processes of both industrial tests are shown in Fig. 4. was prepared via the BOF — LF — RH — CC process.

Table 1. Main chemical components of the Al- and Si-deoxidized steels

Sample Type of deoxidation C/wt% Si/wt% Mn/wt% P/wt% S/wt% Cr/wt% Al/wt% T.O/ppm
Al-deoxidized steel Al deoxidation 0.99 0.223 0.338 0.0136  0.0013 1.37 0.009 4
Si-deoxidized steel Si deoxidation 1.00 0.276 0.332 0.0151  0.0044 1.37 <0.004 10

(a) Non-aluminum

deoxidizer; refining
flux materials
Ca0, non-aluminum deoxidizer
] l Quartz sand
| 1 ]

BOF LF

0.%.

(b) Al refining flux materials
1 Alloys, Al

-I‘ 1

EAF LF

dh -

Fig. 4. Industrial processes to obtain (a) Si-deoxidized and (b) Al-deoxidized steels.
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Herein, the Si—-Mn alloy was added as the deoxidizer to the li-
quid steel during tapping and LF refining. After CC, the bil-
lets were rolled into round bars measuring 60 mm in diameter.

2.3. Inclusion analysis

Steel samples (10 mm x 10 mm x 10 mm) were obtained
from the edge of the rolled bars to determine the composition,
size, shape, and position of inclusions in the cross section of
the bars. The samples were ground and polished using a
sandpaper polishing cloth. Inclusions larger than 1 pm in size
were detected in the target area (30 mm®) using an automatic
inclusion analysis system (EVO18, Zeiss, Oberkochen, Ger-
many) and then classified according to the compositions de-
termined by the system.

3. Results and discussion

3.1. Characterization of inclusions in steel obtained by
different deoxidation methods

Fig. 5 shows the properties of the main inclusions detec-
ted in the Al- and Si-deoxidized steels by the automatic in-
clusion analysis. The composition, size, shape, and more in-
formation of inclusions greater than 1 um in size were detec-

14+ (@ [ Oxide
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Fig. 5. Comparison of inclusions in Al- and Si-deoxidized
steels: (a) number density; (b) size characterization of main ox-
ide inclusions.

ted over a 30-mm’ area. The classifications in Figs. 5(a) and
5(b) were obtained according to the different elements of the
inclusions. In Fig. 5(a), the number of oxide inclusions in Si-
deoxidized steel is greater than that in Al-deoxidized steel,
consistent with the trend of T.O contents in Si- (10 ppm) and
Al-deoxidized steel (4 ppm). However, the numbers and
sizes of different oxide inclusions differ between the samples,
as observed in Fig. 5(b). The oxide inclusions in Si-deoxid-
ized steel mainly consist of silicate with a number density of
5.19 mm . Moreover, the number densities of spinel and cal-
cium aluminate in this sample are less than 0.85 mm > By
comparison, the number densities of calcium aluminate,
spinel, and silicate in Al-deoxidized steel are 1.92, 1.68, and
1.14 mm, respectively. Oxide inclusions larger than 15 um
in size, especially calcium aluminate inclusions, are more
abundant in Al-deoxidized steel than in Si-deoxidized steel.

Fig. 6 shows the images of typical inclusions in Al- and
Si-deoxidized steels determined by SEM-EDS. The morpho-
logy of spinel inclusions in Si-deoxidized steel is similar to
that in Al-deoxidized steel. However, long inclusions that are
mainly composite inclusions wrapped by MnS or containing
Si (Table 2) are observed in Si-deoxidized steel but not in Al-
deoxidized steel.

3.2. Comparison of inclusion generation mechanism un-
der different deoxidation methods

Calcium aluminate is considered one of the most harmful
inclusions for the fatigue property of bearing steels. Thus, the
size and number density of this inclusion should be strictly
controlled. In this study, the sizes of calcium aluminates in
the Al- and Si-deoxidized steels show distinct variations,
likely because of the different evolution processes of these
inclusions under the two deoxidation methods.

During the melting process, various transient and final ox-
ide inclusions are generated in the molten steel, including
alumina (ALO;), spinel (MgO-AlLO;), calcium aluminates
(Ca0-6A1,0;, CaO-2AL,0;, CaO-Al,0O;, and 12CaO-
7A1,05), and silicates (SiO,°Al,O5). The primary inclusion in
the Al-deoxidation process is alumina, whereas the primary
inclusion in the non-Al-deoxidation process is silicate.

Aggregation behavior of the initial inclusions greatly af-
fects the size of subsequent inclusions, and this behavior is
affected by the capillary force between inclusions [23-24].
According to Yin ef al. [25-26], the capillary force between
solid inclusions is greater than that between liquid inclusions,
and liquid inclusions grow much faster when they coalesce
with solid inclusions rather than other liquid inclusions.
Herein, Factsage7.2 (CRCT-ThermFact Inc., Montreal, Que-
bec, Canada and GTT-Technologies, Aachen, North Rhine-
Westphalia, Germany) was used to calculate the isotherms in
the ternary phase diagrams of CaO-AlL0O;-SiO, and
CaO-ALO;-MgO at 1650°C, as shown in Fig. 7, to clarify
the form of transient and final oxide inclusions in the smelt-
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Fig. 6. Typical inclusions in (a)—(c) Si-deoxidized steel and (d)—(e) Al-deoxidized steel.

Table 2. EDS analyses of points 1-7 in Fig. 6 wt%

Point (0] Mg Al Si Ca Mn S Ti

1 34.86 4.49 44.46 — — — — —

2 21.33 5.14 19.29 — — 25.12 15.86 2.07

3 — — 0.67 — — 41.79 29.42 —

4 19.55 0.85 17.42 8.95 1.07 1.08 — —

5 34.57 14.68 29.23 — 6.19 — 5.53 —

6 37.58 — 54.15 — — — — —

7 34.01 16.67 36.93 — — — — —

AlLO;, ALO; / wt% MgO
100 80 60 40 20 0
A LY A A A LY A \ a 100

/ .\\ . \'\‘ F, \ -"( !
. /\ Spmel/ \ /N / N\
¥ A N 4
/S 1650°G_@ual-melti}\g-p int line", \

S '\\‘. \\
;” ..‘...‘\ _/ \\
/ & / \
/ % \ \
5 60
N i
\\’ LN\ &
\ K
. \
% Lao &
VAR
(.l" \\‘
#20

® Inclusions in Si-deoxidized steel

¢ Inclusions in Al-deoxidized steel

[ ¥0
40 100
CaO / wt% CaO

* mCnA represents calcium aluminum mCaO-nAlO,

Fig. 7. Ternary phase diagrams of CaO-ALO5-SiO, and CaO-Al,05;-MgO and the forms of inclusions at 1650°C.

Sio,

ing process of bearing steel. In the figure, the blue area in the 12Ca0-7Al,0; are liquid at 1650°C.
red line is the liquid area at 1650°C. Among all types of in- Xuan et al. [27] proposed that the main forces affecting in-
clusions indicated in the figure, only CaO-ALO; and clusion aggregation in liquid steel are Van der Waals forces
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and wettability of the inclusions. Van der Waals forces are
short-range forces with an action distance ranging from ap-
proximately 1-2 pm to the nanometer level. According to
Wang [28], the wettability of inclusions is positively related
to their Van der Waals forces, i.e., as the wettability between
inclusions and liquid steel improves, the Van der Waals
forces between inclusions tend to increase. However, the

wettability of inclusions shows a negative correlation with
the contact angle () between these inclusions and liquid
steel, i.e., the smaller the contact angle, the better the wettab-
ility of inclusions.

The 6 of some inclusions are listed in Table 3 to study the
capillary force between solid inclusions of the same size and

type.

Table 3. Contact angles (6) of different types of solid inclusions ©)
A]203 Mgo MgOA1203 CaO6A12O3 CaO2A1203 SIOZA]203 SlOz
142 [29] 134 [30] 125 [31] 126 [30] 120 [31] 130 [29] 113 [29]

According to Table 3, the values of 6 that represent the
strength of capillary forces between solid inclusions, show
the order ALL,O; > MgO > SiO,-Al,O; > Ca0-6AL0; > MgO-
Al,O; > Ca0-2Al1,0; > Si0,. Al,O; inclusions easily gather
in liquid steel. Thus, when the primary inclusion is Al,Os, the
inclusions subsequently generated grow larger than the
primary inclusions, although they may be refined by some
elements in molten steel such as Mg. However, when the
primary inclusion is not AL,Os (e.g., silicate), the sizes of the
primary inclusions will be relatively small because they are
difficult to aggregate and grow. Thus, the subsequent and fi-
nal inclusions will also tend to be small. In this study, the
complex calcium aluminate inclusions in Al-deoxidized steel
originate from alumina, whereas the complex calcium alu-
minate inclusions in Si-deoxidized steel originate from silic-
ate. Therefore, the sizes of calcium aluminate and silicate in
Si-deoxidized steel with silicate as the primary inclusion are
relatively smaller than those in Al-deoxidized steel with alu-
mina as the primary inclusion.

The different sizes of these two inclusions may be attrib-
uted to differences in their evolution processes under the two
deoxidation methods. Kinetic energy-promoting conditions
such as gas machine stirring and removal of inclusions by ad-
sorption of refining slag during LF or RH refining are critical
to inclusion collision and growth. The effect of RH refining
on inclusions was described in a previous study [5]. Other as-
pects will be described in a future study.

3.3. Characterization of ultrahigh cycle fatigue perform-
ance

The ultrahigh cycle fatigue performance of the specimens
was evaluated by an ultrasonic fatigue test system. After the
cracks occurred in the specimens, the fracture surfaces were
observed by SEM-EDS to analyze the origin of crack initi-
ation. In this study, cracks in the specimens were initiated by
the steel matrix and inclusions and contained nitride, calcium
aluminate, spinel, and silicate. Fig. 8(a) shows the fatigue
data with internal crack initiation. The solid points represent
broken specimens initiated by inclusions, half-solid points
represent broken specimens initiated by the matrix, and “x”
represents unbroken specimens. The fatigue performance of
Si-deoxidized steel is slightly better than that of Al-deoxid-

ized steel, but their fatigue mechanisms are different, i.c.,
these two steels show completely different patterns of crack
initiation. The number of crack initiations was counted, and
the ratio of fatigue crack initiations caused by different inclu-
sions and the steel matrix was calculated as shown in Fig.
8(b). All of the fatigue cracks are initiated by inclusions in
Al-deoxidized steel; by contrast, the proportion of fatigue
cracks initiated by inclusions in Si-deoxidized steel is only
39%. Interestingly, 61% of the fatigue cracks in Si-deoxid-
ized steel may be attributed to steel matrix inhomogeneity.
All the inclusions observed in the fatigue crack initiation sites
in Al-deoxidized steel are calcium aluminate; by comparison,
nitride, silicate, and spinel but not calcium aluminate are in-
cluded in Si-deoxidized steel. Although many MnS inclu-

(a)
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1300 e

) & =
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£
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E 1200 + ®
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Fig. 8. (a) Stress amplitude—/V; data with internal crack initi-
ation and (b) the ratio of fatigue crack initiation caused by in-
clusion and steel matrix.
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sions exist in Si-deoxidized steel, no fatigue crack initiated by
MnS inclusions was found in any of the specimens. Fig. 8(a)
reveals that the distribution of data points of cracks caused by
inclusions and the matrix is uniform and not related to the
stress amplitude in Si-deoxidized steel. This finding indic-
ates a competitive relationship between the inclusions and
matrix during the formation of fatigue cracks.

3.4. Relationship between the fatigue cracks caused by
inclusions and inclusion characteristics

Murakami and Usuki [32] reported the relationship
between the maximum stress intensity factor Ky, i, Square
root of the area of the internal inclusion v/area, and fatigue
stress amplitude o. Gu et al. [33-34] proposed a 3D analyt-
ical equation relating Ny, stress amplitude, and inclusion size
in the VHCF regime (10" < N; < 10%). According to
Murakami and Usuki [32], when R = —1, K. inc can be ex-
pressed using Eq. (1).

 Varea )

The relationship between the growth behavior of fatigue
cracks and the size of inclusions during the fatigue loading
process is described in Eq. (1). Other parameters of inclu-
sions, such as their types, are not considered in this equation.
The influence of different types of inclusions on the fatigue
behavior of the steel shows some variations. According to
Fig. 8(b), calcium aluminate and silicate inclusions are the
most common crack initiators in Al- and Si-deoxidized steels,
respectively. The values of varea and o for each fracture
caused by these two types of inclusions are introduced in Eq.
(1), and the relationship between Ny and K i 1S obtained to
analyze the influence of inclusions on the fatigue behavior of
deoxidized steel. Fig. 9 illustrates the relation between Ky inc
and the N; of steel samples based on the fatigue data accord-
ing to Gu et al. [6] and the present study. The same Al-deox-
idation GCrl5 bearing steels were used to analyze fatigue
properties in both studies. Thus, the K, i of calcium alu-

Kmax, inc = 050—0

3.56 MPam™_4 05
4.00 MPa-m™

@ Silicate in Si-deoxidized steel
@ Calcium aluminate in Al-deoxidized steel 0.5
© Calcium aluminate (without ODA) in Gu’s study 2-92 MPa:m
| ® Calcium aluminate (with ODA) in Gu’s study
A\ Spinel (without ODA) in Gu’s study
A Spinel (with ODA) in Gu’s study

i L

10° 107 108 10°
N;/ cycles

Ko, ine | (MPa-m®?)
~

[\

Fig. 9. K.y, inc for the silicate and calcium aluminate inclu-
sions in this study and the spinel and calcium aluminate inclu-
sions in Gu’s study [6] (ODA—Optical dark area).
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minate in both studies can be counted into the same category.
In the figure, the type of inclusion clearly influences the value
Of Kinax, ine- The Kooy ine Values of silicate and calcium alumin-
ate inclusions lie in the same area, whereas the K inc Of
spinel inclusions lies in low-lying areas. Considering all the
Kinax ine presented in Gu’s [6] and the present study, the min-
imum K i value is 4.00 MPa'm®® for calcium aluminate
inclusions and 3.56 MPa-m®” for silicate inclusions.

Fig. 10 shows the critical sizes of different inclusions ob-
tained under different fatigue stress amplitudes calculated us-
ing Eq. (1) according to the minimum K, .. Fatigue cracks
are initiated when the size of an inclusion is larger than its
critical size. In the figure, the critical sizes of silicate and cal-
cium aluminate inclusions decrease with increasing stress
amplitude. Under the same stress amplitude, the critical size
of silicate inclusions is smaller than that of calcium alumin-
ate inclusions. For example, when the stress amplitude is
1200 MPa, the critical size of silicate inclusions is 12.68 pm,
whereas that of calcium aluminate inclusions is 15.97 um.
Thus, the ratio of inclusion sizes larger than the correspond-
ing critical size was calculated according to the characteriza-
tion of inclusions shown in Fig. 5. The results show that the
ratio of sizes larger than the critical size of silicate inclusions
is 5.1%; by comparison, the ratio of sizes larger than the crit-
ical size of calcium aluminate inclusions is 8.2%. These find-
ings may explain why the fatigue performance of Si-deoxid-
ized steel is better than that of Al-deoxidized steel.

1300 v
v - - - Silicate in
N Si-deoxidized steel
£ 1250} " — Calcium aluminate in
= S Al-deoxidized steel
3 \
B \
£ 1200 fooeeeeeees yomeeeannoeaa \
g N :
< \
2 1150 a
@ r N
12.68 pm! 3
1100 . N . . .
10 12 14 16 18 20 22
Critical size of inclusions / pm
Fig. 10.  Critical sizes of silicate inclusions in Si-deoxidized

steel and calcium aluminate inclusions in Al-deoxidized steel
under different fatigue stress amplitudes.

3.5. Mechanisms of fatigue fracture caused by different
inclusions

Because inclusions observed in fatigue crack initiation
sites in the Al- and Si-deoxidized steels show great differ-
ences, but the steel matrix of both steels are expected to be
identical because standard rolling and heat treatment proced-
ures were established, the effects of different inclusions in
these two steels must be different. Fig. 11 shows the typical
morphologies of fatigue crack fractures and compositions of



W. Xiao et al., Ultrahigh cycle fatigue fracture mechanism of high-quality bearing steel obtained through ... 811

=~ 12.1wt% C—4.73wt% S—5.08wt% Ca—
1.4wt% Cr—76.69wt% Fe

i) pm

22.66wt% Al 1.6wt% Mg

32.14wt% 19.5wt% O

13.83wt% S 3.6Wwt% Si

36.49wt9
11.95wt%

20 um

20.71wt% Al 10.91wt% Si

28.62w
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20 pm

Fig. 11. Typical crack initiation caused by (a) calcium aluminate (o, = 1272 MPa; N; = 4.57 x 107 cycles) and (b) silicate (oy = 1298

MPa; N; = 6.44 x 10 cycles).
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inclusions in the crack initiation sites.

Fig. 11 (a) illustrates that calcium aluminate exists as an
integral inclusion on one side of the fracture surface and trig-
gers fatigue cracks. Under this case, obvious voids can be ob-
served between the calcium aluminate inclusions and steel
matrix. By contrast, Fig. 11(b) shows that silicate inclusions
are torn apart and remain on both sides of the broken speci-
men when fatigue cracks are triggered. Moreover, no void
can be observed between the silicate inclusions and steel
matrix.

The tessellated stresses between different inclusions and
the steel matrix were calculated according to the model of
Brooksbank and Andrews [35], expressed in Egs. (2)—(3), to
further understand the mechanisms of void generation. In this
model, an inclusion is assumed to be spherical, and the radi-
us of the matrix is greater than that of the inclusion.

(am —@)AT
o = : @)
0.5(1 +vm) + (1 =2u\m)d N 1-2v
Ev(1—d?) E
d=Riy/Ry (3)

where o is the radial stress beneath the inclusion; v and E
are Poisson’s ratio and Young’s modulus, respectively; sub-
script M represents the matrix; no subscript represents inclu-
sions; AT is the difference in room temperature and the hold-
ing temperature before vacuum quenching; and R;, is the ra-
dius of the inclusion. In this study, inclusions larger than
1 um in size were detected in the target area (30 mm?) using
an automatic inclusion analysis system. The composition,
size, shape, and some other information of these inclusions
can be obtained using the system that can also classify the in-
clusions according to their composition. The density of each
type of inclusion, &V, can be obtained. Thus, R;, is determined
from the data, as shown in Fig. 5. Ry, is the radius of the steel
matrix around one inclusion, which can be calculated
from the number density of inclusions as follows:

Ry =1000

linear expansion of the steel matrix and inclusion, respect-
ively. The coefficient of linear expansion of the silicate inclu-
sions is calculated using Eq. (4) [36]:

a =Iwa; 4)
where w; is the mass fraction of oxide i in the silicate and is
calculated using the average value of all silicates in Si-deox-
1dized steel, and «; is the fraction of the coefficient of linear
expansion of oxide i in the silicates, as shown in Table 4.

The calculated coefficient of linear expansion of silicate
inclusions and other mechanical parameters and coefficients
of thermal expansion are shown in Table 5.

The oy at the interface between the main inclusions (i.e.,
calcium aluminate in Al-deoxidized steel and silicate in Si-
deoxidized steel) and the steel matrix was calculated based
on Egs. (3)—(4) and parameters in Tables 4 and 5. The yield

1 . .
TV; herein, a and « are the coefficients of
T
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Table 4. Fractions of the coefficients of linear expansion of
oxides
Oxide Average mass fraction .Fraction of t.he coefﬁci?nt of
of oxide i, w; /% linear expansion, ;/ (107°C™")
SiO, 48.2 5-38
CaO 19.5 130
Al O; 29.7 —40
MgO 2.6 60
Table 5. Mechanical parameters and coefficients of thermal

expansion [35,37-38]

Coefficient of linear  Young’s

Material expansion, modulus, P01s.son s
a/(10°%°C™ E/GPa ratio, v
Silicate 2.47 71 0.21
Salelum 5.0 13 0.23
Matrix 23.0 206 0.50

strength of the steel matrix determined via tensile tests is
1602 MPa. The radius of inclusion (R;,) in the calculation
refers to the measured maximum size of inclusions in both
steels, as shown in Fig. 5. The calculated tessellated stresses
of silicate and calcium aluminate are shown in Fig. 12. The
tessellated stresses of the yield strength of the steel matrix
and different types of inclusions follow the order: calcium
aluminate > matrix > silicate.

2000 +
Yield strength of the matrix

1500

oy / MPa

1000

500

Calcium aluminate Silicate

Types of inclusions

Fig. 12. Effect of inclusion types on tessellated stress.

According to Deng and Zhu [39] and Ma et al. [40],
plastic deformation in the matrix will occur around inclu-
sions when the yield strength of the steel matrix is smaller
than the tessellated stresses of the inclusions and generate
voids around these inclusions; no plastic deformation occurs
when the yield strength of the steel matrix is larger than the
tessellated stresses of the inclusions, which retains a tight
bonding between the steel matrix and inclusions. This mech-
anism is consistent with the morphologies shown in Fig. 11.

The mechanisms of fatigue failure triggered by calcium
aluminate and silicate inclusions are summarized in Fig. 13.
Herein, the relative yield strength of the inclusions and steel



W. Xiao et al., Ultrahigh cycle fatigue fracture mechanism of high-quality bearing steel obtained through ... 813

matrix is considered the major factor influencing fatigue fail-
ure. However, the bonding strength between the inclusions
and matrix, fracture strength of the inclusions, and residual
stresses between the inclusions and matrix from the prior
manufacturing or heat treatment processes may also be im-
portant factors [41]. Fig. 13 illustrates that debonding
between calcium aluminate inclusions surrounded by voids
and one side of the steel matrix first occurs in Al-deoxidized
steel. Fatigue cracks are then initiated in the steel matrix
around voids with unbroken inclusions. In Si-deoxidized
steel, silicate inclusions break during the fatigue process and
remain in both parts of the failure specimen. The different fa-
tigue mechanisms of these two types of inclusions could be
attributed to the differences in the mechanical properties of
the inclusions and bonding relationships between these inclu-

sions and the steel matrix. In the case of silicate in Si-deoxid-
ized steel, the inclusions and steel matrix are bonded tightly,
which generates opposing stresses to the steel matrix com-
pared with tension—compression fatigue loading and reduces
the strain of the steel matrix; these phenomena delay the gen-
eration of cracks in the steel matrix during tension [42]. In the
case of calcium aluminate, debonding between the inclu-
sions and steel matrix, with the generation of voids, elimin-
ates opposing stresses. Therefore, cracks are easily generated
in the steel matrix.

Because voids in steels can easily trigger fatigue cracks,
the different void features around inclusions, besides the
properties of these inclusions, should be taken into account
when the effects of inclusions on fatigue behaviors are con-
sidered.

Void

Calcium
aluminate

»

',

»

-

»

Silicate .

'.

»

’

Before test

Crack initiation

Crack growth and fracture

Fig. 13. Mechanism of fatigue fractures caused by different oxide inclusions.

4. Conclusions

In this study, industrial-scale production tests of bearing
steels with Al and non-Al deoxidation were conducted. The
inclusions in the two types of steels obtained were character-
ized, and ultrasonic fatigue tests were adopted to clarify the
VHCEF properties of the steels in terms of different inclusions.
The following conclusions were obtained.

(1) The inclusion types of the two steels similarly include
spinel, silicate, and calcium aluminate but with different pro-
portions and size features. The main type of inclusion in Si-
deoxidized steel is silicate, whereas the main type of inclu-
sion in Al-deoxidized steel is calcium aluminate. The content
of calcium aluminate inclusions larger than 15 pm in size in
Si-deoxidized steel is obviously lower than that in Al-deox-
idized steel. This difference is attributed to differences in the
generation processes of this inclusion during melting.

(2) Despite differences in their cleanliness and T.O con-
tent, the VHCEF lives of Si-deoxidized steel and Al-deoxid-
ized steel are similar; however, the factors causing fatigue
failure in these steels showed distinct differences. Calcium
aluminate inclusions are responsible for the cracks in Al-
deoxidized steel. By comparison, 61% of the fatigue cracks

in Si-deoxidized steel is triggered by the inhomogeneity of
the steel matrix, and only 39% of the cracks could be attrib-
uted to different types of inclusions. When the stress amp-
litude is 1200 MPa, the critical size of silicate inclusions is
12.68 um. Under the same stress amplitude, the critical size
of calcium aluminate inclusions is 15.97 um.

(3) Calcium aluminate and silicate inclusions cause differ-
ent mechanisms of fatigue failure in Al- and Si-deoxidized
steels. Calcium aluminate inclusions first separate from the
steel matrix side and then generate cracks. Silicate inclusions
and the steel matrix are closely combined in the fatigue pro-
cess; thus, these inclusions have mild effects on the fatigue
life of bearing steels. However, as the damage mechanisms of
the steel matrix may be a critical issue for Si-deoxidized steel,
further research on these mechanisms is necessary.

(4) The ultrahigh cycle fatigue life of bearing steel deoxid-
ized by Si/Mn with a T.O content of 10 ppm is similar to that
of bearing steel deoxidized by Al with T.O content of 4 ppm.
Inclusion detection and ultrahigh cycle fatigue failure mech-
anism analysis confirm that Si/Mn-deoxidized bearing steel
can have higher T.O contents than Al-deoxidized bearing
steel but maintain a longer ultrahigh cycle fatigue life. There-
fore, Si/Mn-deoxidation is an effective method to produce
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high-quality bearing steel with a long fatigue life and good li-
quid steel fluidity.
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