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W N e

Abstract: It has been reported that the multiphase structure with martensite and a mixed struc-
ture obtained by the quenching and tempering of bearing steel shows high strength and ductility.
However, there appears to be no study on the effects of very-high-cycle fatigue (VHCF) and ultra-
sonic nanocrystal surface modification (UNSM) of a new bearing steel required for the durability
design of next-generation bearing steel. This study analyzed the characteristics of microstructure
transformation associated with heat treatment cycles and studied and evaluated the fatigue strength
characteristics by the UNSM. Fisheye cracks occur from small inclusions inside the specimen only in
martensitic microstructure materials in the long-life range. And the characteristic of a double S-N
curve in which the fatigue limit decreased in two stages appeared. However, fisheye cracks and
double S-N curves did not appear in pearlite and mixed-structure materials.

Keywords: microstructure transformation; fisheye crack; VHCEF (very-high-cycle fatigue); EBSD
(electron back scatter diffraction); martensite

1. Introduction

Bearing steel (STB2) (JIS: SUJ2) is called high-carbon chrome alloy steel and is widely
used in roller bearings, ball bearings, and slim bearings. The use of bearings is increasing as
a major part of high-speed rotating bodies such as aircraft, ships, industrial robots, the main
bearings of wind turbines, and automobiles, and research is being conducted to obtain
effective results on the long-life fatigue strength of bearing steels.

Bearing steel is a major component of all mechanical devices. However, inclusions
such as TiN and Al,Oj3 are frequently observed as the origin of cracks in the VHCF (very-
high-cycle fatigue) area, and the S-N curve falls again, making duplex S-N curves.

Therefore, manufacturers of bearing materials have increasingly attempted to reduce
the size and amount of inclusions, such as TiN and Al,Os. The test material for this study
adopted and used a new material obtained through the development of this series of
bearing steels [1-7].

In this study, the new bearing steel is used as a specimen to study the physical proper-
ties of the new bearing steel with a martensitic structure tempered by Q/T (quenching and
tempering) heat treatment and a mixed microstructure heat-treated by austempering [7-9].

In other words, the fatigue and microstructure characteristics of VHCE, according
to the transformation of the microstructure of the new bearing steel, are quantitatively
analyzed through EBSD (electron back scatter diffraction) analysis, and the fatigue and
strength characteristics according to the effect of the UNSM (ultrasonic nanocrystal surface
modification) treatment are analyzed. They were studied and analyzed using fracture
mechanics techniques and fracture analysis.
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2. Materials, Test Methods, and Results
2.1. Test Material and Heat Treatment Method

The chemical composition of the new bearing steel is mainly composed of C 1.0%, Si
0.25%, Mn 0.35%, and Cr 1.45%. The mechanical properties are summarized in Table 1, and
this test material before heat treatment was called BAR (bearing, as received).

Table 1. Mechanical properties.

Specimen Tensile Yield Stress Elongation Reduction Hardness
Strength (MPa) (0.2%, MPa) (%) in Area(%) (Hv)
BAR 926 577 17.2 40.5 345.0
BQT 1993 1100 12 2.5 700.6
BAT 1302 929 17.0 48.1 340.1

The test piece that was subjected to quenching and tempering (Q/T) heat treatment
was called BQT (bearing, quenching, and tempering) material, and the austempered ma-
terial was called BAT (bearing, austempering) material. The etching solution for the
microstructure observation was 5 mL HCl + 1 g picric acid + 100 mL ethanol (95%).

Heat treatment of BQT material is by austenitizing the material cut into 12 mm in
diameter and 110 mm in length at 840 °C for 50 min in air, cooling with water at 70 °C for
15 min, quenching, and salt bathing at 180 °C for 90 min in air cooling. Additionally, the
BAT material was austenitized in air at 840 °C for 50 min, treated with a salt bath at 220 °C
for 45 min, and then cooled in air.

2.2. UNSM Processing Technology

UNSM processing technology applies ultrasonic vibration energy to apply more than
20,000 hits per second (about 1000 to 10,000 times/ mm?) to the metal surface with a ball with
very large static and dynamic loads, transforming the surface into a micronized structure.
As a result, the microstructure of the surface layer is reformed into a nanocrystalline
structure and at the same time, it is a technology that forms very large and deep compressive
residual stresses.

Figure 1a shows the processing system of UNSM, which consists of a generator that
generates ultrasonic frequencies, an air compressor that applies a static load, a transducer
that generates mechanical ultrasonic waves, a booster that amplifies the generated ultra-
sonic waves, a horn that transmits the amplified ultrasonic waves, and ultrasonic vibration
energy. It consists of a ball tip that is ultimately delivered to the workpiece.
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Figure 1. (a) UNSM system, (b) micro forging traces by SEM photo, and (c) 3D image of atomic force
microscope (AFM) after UNSM treatment.

Figure 1b is an example of micro forging traces that appeared on the surface after
UNSM treatment observed at 3 Kx magnification using an SEM (scanning electron micro-
scope, FE-SEM, 5-4300, Hitachi, Japan).

Also, Figure 1c shows the traces of 3D forging using an atomic force microscope (AFM,
Scanning Probe Microscope, NX20, Canton, MA, USA). When UNSM technology is applied
to the surface in this way, it has characteristics such as the formation of micro-dimples on
the surface, improvement in surface roughness, increase in surface hardness, nanoization
of crystals, and formation of deep and large compressive residual stress. Therefore, in fields
such as VHCF (very-high-cycle fatigue) and SCC (stress corrosion cracking), the increase in
durability and fatigue strength is very large, and the tribology characteristics are improved
and wear resistance is greatly improved by reducing the coefficient of friction [10-12].

2.3. Tensile Test and Results

The new bearing steel was machined into a tensile test specimen (ASTM A370). Ten-
sile tests were performed using an Instron universal testing machine at a strain rate of
0.02 mm/s according to the specifications of ASTM A370.

The tensile test results in Figure 2 were received as an Excel file and organized into
stress and strain diagrams. Here, the BAR is shown as a dashed line in the stress—strain
diagram in Figure 2, and the results were obtained with a tensile strength of 926 MPa, a
yield strength of 577 MPa, an elongation rate of 17.2%, and a reduction in area rate of 40.5%.
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Figure 2. Stress—strain diagrams of a clean bearing steel.

The BQT material is indicated by a dotted line and has a tensile strength of 1993 MPa,
a yield strength of 1100 MPa, an elongation of 1.2%, and a reduction in area rate of 2.5%.
Additionally, the BAT is indicated by a solid line and has a tensile strength of 1302 MPa, a
yield strength of 929 MPa, an elongation rate of 17%, and a reduction in area rate of 48.1%.

Here, the tensile strength of the BQT increased by 115.2% compared to the BAR, and
the tensile strength of the BAT increased by 40.6% compared to the BAR. Additionally,
the tensile strength of BQT increased by 53.1% compared to BAT. In this way, the tensile
strength of BQT increases significantly compared to BAR and BAT materials, but the
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decrease in an elongation rate and cross-sectional shrinkage is due to the microstructure
transformation of martensite by Q/T treatment.

Figure 3a is a case where the side view of the tensile test piece of BAR was observed
with an optical camera. In this picture, about 60% of the cup and cone shapes with a height
of 0.25 mm were formed, and some local necking was formed.

(0) (d)

Figure 3. Visual observation of the side views of the tensile test specimens of the bearings: (a) BAR,

(b) BQT, and (c) BAT. (c,d) is the fracture views of the BAT specimen, and the cup and cone are formed
in a saw-tooth shape.

Figure 3b shows the results of the BQT material. There were no cups and cones
observed in Figure 3a, and there was little change in the diameter of the smooth part
and little local shrinkage. Therefore, in the diagram in Figure 2, it fractured with little
deformation. However, as shown in Figure 3c,d, the BAT material has cups and cones with
a height of about 1.1 mm and a large width in a saw-tooth shape, so it can be determined
that the diameter change and local shrinkage of the smooth part are large.

2.4. Hardness Test and Test Results

Hardness was measured using a Vickers hardness meter (JP/HM-112, Mitutoyo,
Japan). The first and second measurements were made 10 times, based on the center
(origin) of the test piece, with a load of 5 N. In addition, because the structure formed of
pearlite has a large deviation, the hardness was measured three times with a load of 10 N.

In other words, since the hardness value tends to vary greatly depending on the test
piece and location, the surface hardness of the test piece was measured using a Rockwell
hardness tester (Instron Wolpert Tester 2000, Santa Clara, CA, USA) and is summarized in
Table 2. Here, the standard deviation (S.D.) of Rockwell hardness is 1.18 for BQT, 0.36 for
BAR, and 5.35 for BAT material. The numbers in () are the values converted from Rockwell
hardness to Vickers hardness.
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Table 2. Hardness test results.
Cond. BAR BQT BAT
5N Ist 3429 349.3 700.1 689.7 335.9 344.2
2nd 345.7 343.3 708.7 687.5 336.5 346.8
10N 3rd 342.0 346.8 712.9 704.9 339.3 337.6
Ist 346.1 694.9 340.1
Average 2nd 344.5 698.1 341.7
8 3rd 344.4 708.9 338.5
Mean 345.0 700.6 340.1
Rockwell 44.0 60.5 39.5
C-scale (Hv 434) (Hv 708) (Hv 387)
S.D 0.36 1.18 5.35

Here, when comparing the difference between the converted value of Rockwell hard-
ness and the average value of Vickers hardness, the difference is small for BQT, but the
difference is large for BAR and BAT. This is believed to be related to pearlite, the microstruc-
ture of the test piece.

In Table 2, the average Vickers hardness of BQT increased significantly by 103.1%
compared to BAR and 105.9% compared to BAT. In other words, the BQT is analyzed to
have a martensite structure depending on the heat treatment conditions, and the BAT is
analyzed to be a mixture of pearlite structure and retained austenite structure (see Figure 4c),
and it is believed and expected to be an effect of the transformation of the microstructure
according to the set temperature and main ingredients.

WD 10.00 mm
Det: SE

Figure 4. Example of SEM observation at 20,000 x BAR (a), (b) BQT, and (c) BAT specimens.

2.5. Fatigue Test and UNSM Processing Method

The diameter and radius of curvature of the fatigue test specimen are 3.0 mm and
7.0 mm, respectively, and the stress concentration coefficient Kt = 1.02. For the test pieces,
abrasive paper from No. 100 to No. 2000 was used. The fatigue life of the new bearing steel
at room temperature was tested in air under the conditions of a frequency of 53 Hz and a
stress ratio R = —1 using a cantilever rotary bending fatigue tester (YRB200, Yamamoto,
Japan) [2-5].

The UNSM processing technology used in this study causes the microstructure to
become nano-structured, surface hardness is improved, and deep compressive residual
stress is formed on the surface, as described in the literature [10-12].

3. Research Results and Discussions
3.1. Electron Microscope Observation of Microstructural Transformation Due to Heat Treatment
Figure 4 shows examples of observation using a scanning electron microscope (SEM,

54200, Hitachi, Japan). The microstructure of the BAR in Figure 4a showed layered pearlite
at 20 Kx. Figure 4b is a BQT material, and martensite and retained austenite structures
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were mainly observed at 20 Kx. Figure 4c is of BAT material, and the pearlite structure
and retained austenite structure are mixed.

3.2. Analysis by EBSD

The samples used for the EBSD of the new bearing steel were electro-polished in a
mixed solution of 10% perchloric acid and 90% acetic acid and were set under the condition
that the crystal size was 0.1 um or more. The EBSD measurement device used in this
study was DigiView EBSD Camera, EDAX (USA), and the measurement conditions were
an acceleration voltage of 18 kV.

Figure 5a shows data for BAR, and the average particle size of the microstructure
is about 3.53 um (max. 19.53 um, min. 1.31 pm). Figure 5a is an IQ (image quality)
map showing the clarity of the electron beam diffraction pattern. The black area is the
area where the IQ appears low and is due to increased crystal lattice distortion due to
elastoplastic deformation.

Phase  Total fraction
Face Centered Cubic 0.029
.Body Centered Cubic 0.227

(b)

Phase Total fraction
B iron(Alpha) 0.773
. Fe;C(Hexagonal) 0.227

(c) (d)

Figure 5. (a) EBSD data of BAR specimen IQ. (b) EBSD data of BQT specimen, phase map. (¢) Com-
parison of FCC IPF by EBSD data of the BQT specimen at 5 Kx; (d) EBSD data for BAT specimens.
phase map.

Figure 5b is the phase map of BQT, which is a martensitic structure. What appears in
light green in this map is «-Fe (ferrite) with a body-centered cubic (BCC) crystal, with a
ratio of 22.7%. Also, the small red dot is y-Fe (austenite), which has a face-centered cubic
(FCC) crystal structure and a ratio of 2.9%. Also, the part shown in black is the part that is
not expressed during filtering because it does not meet the conditions.

In Figure 5b, lath-type martensite (BCT, body-centered tetragonal) has an average
microstructure length of 1.67 pm (max. 2.87 um, min. 0.31 um) and an average width of
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BT7°C 1150+

827°C 1100

0.71 pm (max. 1.52 um, min. 0.30 pm). For reference, the EBSD equipment used in this
study recognizes all BCT images as BCC.

Figure 5c is the reverse pole map of the FCC phase and BCC phase of BQT material.
There is almost no FCC phase (2.9%) of y-Fe in the martensite structure, which means that
the phase transformation of austenite to martensite has sufficiently progressed.

Figure 5d is a map of the inverse pole of BAT. The grains are isotropic, and the average
grain size of the structure is 3.89 pm (max. 10.89 um, min. 0.98 um). In EBSD analysis, «-Fe
was 77.3% and Fe3C was 22.7%, showing insufficient microstructure transformation. In
other words, BAT material has a lot of retained austenite and has high strength as FCC.

Figure 6a is the phase transformation diagram of the Fe-Fe3C system, which analyzes
the structure formed by temperature and carbon content according to the Cr content [13].
Here, the new bearing steel has 1.0 C and 1.45 Cr as its main components, and its austen-
itization temperature is 840 °C (1113 K), so it corresponds to the red dot in the picture.
This point is not austenite but an area where cementite and austenite are mixed. Therefore,
layered cementite and retained austenite can be observed in Figure 4c.
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Figure 6. (a) The cementite spheroidization process in high-carbon steels with different chromium
contents. (b) Data on retained austenite by tempering temperature and austenitizing temperature.

Figure 6b shows data on the retained austenite ratio according to tempering tempera-
ture and austenitization temperature [13]. In these data, when analyzing the BQT material
at a tempering temperature of 840 °C and 180 °C, the austenite ratio is in the range of
about 0.057. When analyzing the BAT material at tempering temperatures of 840 °C and
220 °C, the austenite ratio is in the range of about 0.025. Therefore, it matches well with the
observation of a large number of layered pearlite and small grains of retained austenite in
the 20k times magnified photograph of the BAT material in Figure 4c.

Table 3 quantitatively compares the differences in the components of BCC, FCC, and
HCP in Figure 5 among the EBSD analysis data. The BAT material of new bearing steel
is characterized by a high ratio of BCC and HCP. It was proven that the heat treatment
conditions were unsuitable due to the high HCP ratio, which is not present in BQT material.

Table 3. Comparison of BCC, FCC, and HCP of phase map using EBSD data.

Fraction BCC % FCC % HCP % Source
Total BQT 22.7 2.9 Figure 5b
Total BAT 77.3 22.7 Figure 5d
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3.3. S-N Curve and Fatigue Characteristics
3.3.1. S-N Curve of BQT Material and UNSM Treatment Effect

Figure 7a shows the S-N curve of BQT, a martensitic structure of new bearing steel,
in the shape of ‘O’, along with the results of ordinary bearing research (indicated by ‘¢’
and a long dotted line) and Nakasone’s data (indicated by “X” and a dotted line) compared
with [4].

=,
2000 foars) p 2000 _
Ny A BAR(As Received)
1800 . B /" 1800 O BAT(Austempering)
« 1600 ' s s 1600[]] 2 BaNam
= a
=140 | AN -ecee—- .ar E 1400
< 1200 = T 1200
= 1000 § <Ry [ 2 E_ 1000 A@
§ 800 ‘Qﬁi‘ﬁy R S gop
—= n
g so00 - L/ g 600
= BQT uBaQr — P
»n 400 .g Ref1 s Nakasone “ 400
200 = = = = ‘ 200 = —
103 105 107 10° 103 105 107 10°
Number of cycles to failure, Nf Number of cycles to failure, Nf

(@)

(b)

Figure 7. (a) Comparison of S-N curves of BQT-bearing specimen before and after UNSM treatment
and other reference data [1-4]. (b) Comparison of S-N curves before heat treatment (BAR) and after
heat treatment (BQT and BAT) of a new bearing specimen.

In this figure, the fatigue limit of the BQT was shown at 1200 MPa, and the fatigue
limit in the VHVF region showed a double S-N curve, which is a common feature in bearing
steel [2-5]. In addition, in BQT material, all fisheye cracks occurred in the VHCF region
after 10°.

In Figure 7a, the macroscopic fracture characteristics were sketched and compared
to the S-N data of the BQT at three stress levels. The BQTS8 at 1390 MPa developed and
grew one surface crack and fractured at 1.42 x 10%. In the BQT5 at 1300 MPa, one fisheye
crack occurred, grew, and fractured at 2.1 x 108. In addition, one fisheye crack occurred
and grew in the BQT7 at 1200 MPa and fractured at 1.62 x 107.

In addition, in Figure 7a, the macroscopic fracture characteristics were sketched on the
5-N data of the UBQT material. UBQT5 material at 1900 MPa developed and grew three
surface cracks and fractured at 2.7 x 10°. UBQT9 material at 1550 MPa developed and
grew one fisheye crack and fractured at 2.2 x 107.

The characteristic of the above three stress levels of BQT is that fisheye cracks occurred
in all VHCF areas after 10°. The characteristics of UBQT are similar to those of BQT.
However, due to the UNSM effect, both the fatigue life and fatigue limit increased compared
to BQT material.

3.3.2. S-N Curve and Fatigue Characteristics of New Bearing Steel

Figure 7b shows a comparison of the S-N curves of the new bearing steel BAR used in
this study, the BQT with a martensitic structure through Q/T treatment, and the austem-
pered BAT material.

In Figure 7b, the macroscopic fracture characteristics of the S-N data of the BAR
material were sketched at three stress levels. In the BARS at 500 MPa, one surface crack
occurred, grew, and fractured at a life of 8.2 x 10°. The BAR12 at 600 MPa fractured at
6.2 x 10* due to the occurrence, growth, and coalescence of five surface cracks. In addition,
the BAR14 at 650 MPa developed and grew one surface crack and fractured at 2.9 x 10°.

In Figure 7b, the macroscopic fracture characteristics were sketched and compared to
the S-N data of the BAT material at three stress levels. The BAT7 at 1100 MPa developed,
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grew, and coalesced four surface cracks and fractured at a lifespan of 5.8 x 103. The BAT6
at 1000 MPa fractured at 1.1 x 10% due to the occurrence, growth, and coalescence of three
small surface cracks. Additionally, in the BAT11 at 800 MPa, one surface crack occurred,
grew, and fractured at 1.47 x 10°.

The characteristics of the BAR stress levels above are that when the fatigue life is long,
the number of surface cracks generated decreases, and when the fatigue life is short, the
number of surface cracks increases, and cracks occur, grow, coalesce, and fracture. The
characteristic at each stress level above is that in the VHCF area after 10° in BAT and UBAT
materials, the double S-N curve, which is a characteristic of the occurrence of fisheye cracks
and a two-stage change in fatigue strength in bearing steel, did not appear.

In this figure, the fatigue limit of the BAR appeared at about 500 MPa, and the fatigue
limit of the BAT appeared at 800 MPa, an increase of about 60% compared to the BAR. In
addition, the fatigue limit of BQT was found at 1200 MPa, which was a significant increase
of about 140% compared to BAR. In particular, the fatigue strength of BQT, which has a
martensitic structure, increased significantly compared to BAR, and fisheye cracks occurred
in the VHCEF area. In addition, the characteristic of a double S-N curve, in which the fatigue
limit that occurs in general bearing steels decreases in two stages, appeared.

In this way, it is analyzed that the fatigue strength of BQT with a martensite phase
structure is higher than that of the test material with pearlite structure. This phenomenon
is consistent with the organizational observations, quantitative analysis, and previous
research results reviewed previously [2,3].

In other words, the S-N curve in Figure 7b and Table 4 confirmed that the fatigue limit
tended to increase in the order of BAR material < BAT material < BQT material. This is in
good agreement with the observation of microstructure characteristics in Figures 4 and 5,
high-magnification SEM analysis, and the results of microstructure formation in the
phase diagram.

Table 4. Comparison of fatigue limit.

Specimen BAR BQT BAT UBAR UBQT UBAT
Fatigue limit, MPa 500 1200 800 720 1600 1000
Y% - 140 60 44 220 100
Y% - 122 39

The fatigue limits of three types of new bearing steel (BAR, BQT, and BAT) and
three UNSM-treated materials (UBAR, UBQT, and UBAT) according to the heat treatment
conducted in this study were compared, as shown in Table 4. The fatigue limit of UBAR
increased by 44% compared to BAR, and the fatigue limit of UBQT increased by 122%
compared to UBAR, confirming that the UNSM treatment effect is useful, as shown in other
research results [10-12].

In this way, the UNSM treatment increases the fatigue limit due to the treatment effect
on the surface of the test specimen. This UNSM effect can reduce the production process,
and the tendency to improve fatigue life and durability is due to nanoization of the surface
structure, increase in surface hardness, decrease in surface roughness, and compressive
residual stress, which are similar characteristics in other bearing steel materials.

3.3.3. Observation of Fatigue Fracture Surfaces of Surface Cracks and Fisheye Cracks

Figure 8 shows the SEM observation of the fracture surface of BQTS8 (1390 MPa,
Nf=1.42 x 104), a martensitic structure of new bearing steel, at a magnification of 100x. In
other words, the area indicated by the arrow is the origin of the major crack that induced
fatigue fracture and occurs on the surface. The dotted lines of the circle and oval in the
picture show the form in which the surface crack occurred and progressed, initially forming
a semicircle and gradually growing into an oval [1-7,14-21]. This SEM fracture image is
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similar to the fatigue fracture surface of a strong metal, and the fracture surface has few
curves and is flat.

Figure 8. Fracture photo of a small surface crack that occurred and grew on the BQT8 specimen
under 1390 MPa, Nf = 1.42 x 10%.

Figure 9a is observed at 100 x, and Figure 9b is observed at 300x on BQT7 material
(1150 MPa, Nf = 1.76 x 107). In this case, the internal originating fracture type that occurred
inside the test specimen, indicated by a circle, is a fisheye crack with a fine granular area
(FGA). Additionally, arrows indicate the location of cracks, such as inclusions that caused
fisheye cracks. The occurrence and growth process of these fisheye cracks are similar to
other research results [1-10,14-21].

Fig. Fig. Sb Fig. 9d
Element wt. % wt. %

C 3.67 14.31

0 1.09 1.31

Mg 0.26

Al 0.85

S 0.18

Ca 0.20

Cr 1.27 1.64

Fe 92.47 82.41

Si 0.22

Cl 1.64
Total 100.00 100.00

(c) (d)

Figure 9. (a) is the observed case at 100x and (b) is 300x for BQT7 (1150 MPa, Nf = 1.76 x 107).
The EDS analysis results of the fish eye crack (b) are summarized in (c). TiN and Al203, which are
commonly contained in bearing steel, were not detected. (d) shows a position 9.55 pm away from the
point indicated by the arrow in Figure (b), and the component analysis here is summarized in (c).
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The results of the EDS analysis of the center of this fisheye crack (Figure 9b) are shown
in Figure 9c. Here, TiN and Al203, which are common inclusions in bearing steel, were
not detected.

Figure 9d shows a position 9.55 pm away from the point indicated by the arrow in
Figure 9b, and the component analysis here is summarized in Figure 9c. Here too, Cr was
detected at a slightly higher level, and C was detected at 14.31%. In addition, most of the
samples were analyzed as Fe, and beyond the inclusions, 1.0% of C, 0.25% of Si, 0.35% of
Mn, and 1.45% of Cr, which are the main components of the sample, appeared.

Figure 10a shows the fatigue fracture surface of the UBQT9 observed at 500x
(1550 MPa, Nf = 2.2 x 107). The fracture type that occurred inside the test specimen
is a fisheye crack (FGA), indicated by a circle, and the arrow indicates the origin. Figure 10b
shows the fatigue fracture surface of UBQT6 observed at 300 x (1400 MPa, Nf = 3.75 x 107).
The two data were also similar to those of BQT material.

(a) (b)

Figure 10. (a) shows the fracture surface of UBQT9 at 500 (1550 MPa, Nf = 2.2 x 107) and is an FGA
type. (b) is an observed example of 300x (1400 MPa, Nf = 3.75 x 107) for UBQT6 material.

The occurrence and growth process of fisheye cracks in BQT and UBQT materials
are similar to other research results. In conclusion, the fisheye crack of the new bearing
steel used in this study is a fracture form of a fisheye crack in which fatigue cracks occur
and grow in very small inclusions, some of which are mainly composed of Al203. TiN
inclusions, which are commonly observed in bearing steel, were not observed in this study,
confirming that it is a relatively clean new bearing steel.

In most cases, very small inclusions were observed as the origin of fisheye cracks, as
shown in Figures 9 and 10. This is considered to be a good result of the bearing production
company’s research and efforts to manufacture new bearing steel by reducing inclusions.

3.3.4. Relationship Between the Depth of Fisheye Crack Occurrence and the Diameter
of FGA

Figure 11 simultaneously shows other research results on the relationship between
the depth at which the fisheye crack occurred on the surface of the test specimen and
the diameter of the FGA. That is, the data for bearing steels, SNCM420, SKD61 material,
Ti-6Al-4V material, and bainite spring steel, are summarized in the figure and show good
correlation with each other [3-6,8-12,22-24].

In the bearing steel that was the subject of this study, small fisheye cracks occurred
close to the surface, as shown in the data indicated by the oval-shaped dotted line. That is,
data on 10 fisheye cracks were compiled within a range of 19 to 150 um of the specimen
surface and a diameter of the FGA within a range of 32 to 200 um. Similar to SKD61
material, the carburizing material, nitriding material, and Ti-6Al-4V material of SNCM420
summarized in this figure have data collected within the range of 350-600 pm deep from
the surface and 750-1100 wm in terms of FGA diameter.
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Figure 11. The relationship between fisheye crack depth and FGA diameter is compared with
reference data.

In other words, the location of fisheye cracks is where the influence of surface-
hardening layers such as carburizing, nitriding, and surface treatments such as UNSM
disappears. In addition, bainitic spring steel had a predominant tendency for fisheye cracks
to occur close to the surface (approximately 100 to 400 um).

3.3.5. Fracture Mechanical Analysis of Inclusions

Figure 12a compares the relationship between bending stress and +/area which is
widely used in parameter analysis of inclusions and matrices, using the results of other
bearing materials [2,3]. In this figure, it can be seen that the bearing material is widely
distributed from a minimum of 7.6 to a maximum of 75.

- 100 O STB2-A (inclusion) © STB2-A (fish-eye crack)
§ OSTB2-A % ©5T82-8 (inchusion) CIAT. UAT (fish-eye crack)
‘:’ Q &ST7B2-8B & 30 4 $TB2-R (inchusion) 4 STB2-R (fish-eye crack)
g < STB2-R E ear, u?(/:;ﬂ aack)
2 10 3 A O <2

£ O o 5 A
s [CIAT. UAT %10 o *

] : ; A A
< <] ear, usar g Dﬁ > é . .
; 1 A A A A -§ ° 4 » A
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Stress (MPa) 8 Number of cycles to failure (Nf)
(a) (b)

Figure 12. Comparison of bearing data of y/area (a) and AK (b) of the matrix where the fisheye crack
occurred with BQT and UBQT specimens.

However, BQT and UBQT materials are distributed from a minimum of 7.6 to a
maximum of 14.3 and are marked with ‘<’. In other words, the diameter of the inclusions is
on the smaller side, and as shown in the data, it tends to converge to a certain value. Other
bearing result values also tended to converge around 10 and were in good agreement with
the results of this study [2,3,14,17].

Figure 12b shows the AK (stress intensity factor range) of the fisheye crack inclusions
and matrix, respectively, and compares them with the data of four types of bearing steel
and spring steel.

At this time, AK (MPa+y/m) used Equation (1).

AK = 0.501/ t\/area 1)

Here, o is the bending stress (MPa), and \/area (um) is the area of the fisheye crack,
inclusion, and matrix.
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In Figure 12b, AK of BQT and UBQT was obtained as 3.1 to 3.9 MPay/m. However,
STB2-A and STB2-R materials approached 10 MPa+/m and were similar to the value of
AKth (lower limit stress intensity factor range) of steel materials.

In particular, thanks to the efforts of the developers of this new bearing, there were
no TiN inclusions in the BQT and UBQT materials. In particular, fisheye cracks occurred
where small materials such as AI203 were present, so the AKth value tended to be much
lower than that of ordinary bearing steel.

4. Conclusions

In this study, SEM and EBSD analyzed the characteristics of microstructure transfor-
mation and inclusions caused by the heat treatment cycle of new bearing steel and studied
VHCEF characteristics and UNSM treatment effects to obtain the following results.

The fatigue limit of BQT, which has a martensitic structure, was 1200 MPa, which was
approximately 140% higher than that of BAR. Only in the long life range of a martensitic
structure (BQT, UBQT) did fisheye cracks occur from small inclusions inside the specimen,
and the characteristic of a double S-N curve in which the fatigue limit decreased in two
stages appeared. However, fisheye cracks and double S-N curves did not appear in pearlite
and mixed-structure materials (BAR, UBAR, BAT, and UBAT).

In bearing steel, unlike other metal materials, fisheye cracks occurred close to the
surface. That is, a fisheye crack with FGA diameters of 32 to 203 pm occurred within 19 to
150 um of the specimen surface. As fisheye cracks in bearing steel occurred near the surface
of the test specimen, the diameter of the FGA tended to decrease.

In the new bearing steel of martensitic structure (BQT and UBQT) materials, TiN and
Cr matrices were not observed, and fisheye cracks occurred in the VHCF area due to small
inclusions. However, in general bearing steel, fisheye cracks occurred at a rate of 80% TiN
and 20% AlI203, but in this bearing steel, TiN was eliminated through the developer’s
efforts, and fisheye cracks occurred in small inclusions, which determined the fatigue life.

AK for BQT and UBQT was calculated to be 3.1 to 3.9. There are no TiN inclusions in
BQT and UBQT materials, and fisheye cracks occur where small A1203 was present, so
they are lower than the AKth (lower limit the stress intensity factor range) than ordinary
bearing steels (STB2-A material and STB2-R material). It showed a tendency to become
much lower than the stress intensity factor range value. However, ordinary bearing steels
approached 10 and were similar to the AKth value of steel materials.
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