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Crack Behavior around a Nonmetallic Inclusion under Hydrogen Precharged Rolling Contact Fatigue
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Synopsis: Wind power generation is a technology that contributes to the reduction of greenhouse gas emissions and
that is expanding on a global scale. Recent reports have indicated that premature failure accompanied by
white etching microstructural changes occurs in bearings used in the gearboxes of wind power turbines, thus
necessitating a deep understanding of fatigue behavior and the implementation of countermeasures based on
this understanding. This type of flaking is considered to be related to hydrogen behavior in steel that results in a
unique rolling contact fatigue (RCF) process. As fatigue progresses, a needle-like microscopic fatigue structure,
confirmed by nital etching, is likely to appear in the highly stressed region of the matrix of quenched and
tempered high-carbon chromium bearing steels. Flaking is thought to occur via the formation of micro-cracks,
the connection of those cracks, and white microstructural changes around the cracks. However, the fatigue
behavior around nonmetallic inclusions in the presence of hydrogen has not yet been elucidated. We conducted
a unique experiment to clarify the role of nonmetallic inclusions. An RCF test was conducted after hydrogen
precharging using specimens with artificial inclusions. In this experiment, spherical oxide particles of known
chemical compositions and sizes were used to simulate nonmetallic inclusions, making it possible to easily
observe crack behavior around inclusions under RCF. Here, we report new findings on fatigue crack behavior
around inclusions under hydrogen precharged conditions and the relationship between steel cleanliness and
bearing lifetime under these conditions.
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| 1) Preparing flat washer-shaped specimens from a SUJ2 steel bar

| 2) Introducing a spherical AL,O; particle into the specimen

3) Normalizing and spheroidizing annealing of the specimens

| 4) Introducing the gaps around the Al,O; particle

| 5) Quenching and tempering

| 6) Identification of the position of Al,O; particle by SOMHz UT
||
| 7) Adjusting the position of the AL,O; particle by grinding

8) Hydrogen charging to the specimens by a cathodic charging
method
||
| 9) Thrust-type RCF tests on directly above the Al,0O; particle embedded position
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Fig. 2 Schematic diagram of introducing gaps around the

Fig. 1 Procedures of specimen preparation and thrust-type
RCF test. AlL,O5 particle.
Table 1 Chemical compositions of SUJ2 steel (mass%)
Grade C Si Mn p S Ni Cr Mo Al 0
SuJ2 1.00 0.26 0.36 0.015 0.006 0.06 1.41 0.02 0.019 0.0005
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Table 2 Detailed information on specimens

Diameter of Al,O5 Condition of RCF

Specimen particle [ m] test P [GPa] Number of fatigue cycles Figure No.

A 92 Uncharged 4.5 1.0 X 10® (Interrupted) Figs. 3,4, 12, 13
Hydrogen 6 . .

B 100 pre-charged 4.5 6.1 X 10° (Flaking) Figs. 3,4, 10, 11

C 169 Uncharged 4.5 1.7 X 10" (Flaking) Figs. 3, 4
Hydrogen 6 . )

D 168 pre-charged 4.5 2.1 X 10° (Flaking) Figs. 3,4, 9

E 263 Uncharged 4.5 3.3 X 10° (Flaking) Figs. 3, 4, 17
Hydrogen 5 . .

F 263 pre-charged 4.5 2.9 X 10° (Flaking) Figs. 3, 4, 17
Hydrogen 3 .

G 149 pre-charged 4.5 1.5 X 10° (Interrupted) Fig. 6

H 146 Uncharged 4.5 1.5 X 10* (Interrupted) Fig. 6
Hydrogen 5 )

| 122 pre-charged 4.5 3.0 X 10° (Interrupted) Fig. 7

J 151 Uncharged 4.5 3.0 X 10° (Interrupted) Fig. 8
Hydrogen 6 )

K 150, 150 pre-charged 4.5 1.0 X 10° (Interrupted) Fig. 16

L 170, 170 Uncharged 4.5 8.7 X 10° (Interrupted) Fig. 16
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Fig. 3 Influence of the diameter of Al,O; particle with gaps
on RCF lifetime under hydrogen precharged or
uncharged condition. Figure axes show the number of
fatigue cycles and the Al,O; particle diameter.
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Fig. 4 Appearance of raceways after the RCF test for
Specimens A-F. Specimen A had no flaking, while
Specimens B-F showed flaking that originated from
the artificially embedded Al,O; particle just below the
surface. The overrolling direction is from left to right.

Table 3 Depth from the specimen surface to center of the artificially embedded Al,O; particle in Specimens B-F

Specimen B

C D E F

Depth from the specimen surface to the

center of the Al,O5 particle 135 um

117 pm 111 um 154 um 153 um

19
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surface and the internal orthogonal shear stress 1 ;
obtained by calculations for P, of 4.5 GPa.
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Fig. 6 Scanning electron micrographs around the artificially
embedded Al,O; particle in a cross section
perpendicular to the raceway of Specimens G and
H. Diameters of both Al,O; particles are around 150
um. RCF tests were interrupted at 1500 cycles under
P.., of 4.5 GPa. (A) Specimen G was hydrogen
precharged and (B) Specimen H was uncharged.
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Fig. 7 Digital microscopic images around the artificially embedded Al,O5 particle
in a cross-section perpendicular to the raceway of hydrogen precharged
Specimen |. Diameter of the Al,O5 particle is 122 um. The RCF test
was interrupted at 3.0%X 10° cycles under P,., of 4.5 GPa. (A) Low-
magnification image and (B) high-magnification image of crack branching.
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High magnification image

Fig. 8 Digital microscopic images around the artificially embedded Al,O5 particle
in a cross section perpendicular to the raceway of uncharged Specimen J.
Diameter of the Al,O3 particle is 151 um. RCF test was interrupted at 3.0

%X 10° cycles under P, of 4.5 GPa.
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Fig. 9 Digital microscopic images around the artificially
embedded Al,O5 particle in a cross section of an Al,O4
particle perpendicular to the raceway of hydrogen
pre-charged Specimen D. (A) 80 um away from the
center and (B) the center of AlLO; particle. (C) An
enlarged scanning electron micrograph of the boxed
area in (A). Diameter of the Al,O particle is 168 pym.
RCF test was interrupted at 2.1X 10° cycles under
P Of 4.5 GPa.
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Digital microscopic image of artificially embedded
AlLO5 particle in a cross-section perpendicular to
the raceway of hydrogen precharged Specimen B.
Diameter of the Al,O particle is 100 pm. The flaking
that originated from the Al,O5 particle occurred at
6.1x10° cycles under P, of 4.5 GPa.
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Fig. 11 Scanning electron micrographs of crack tip

originating from Al,O; particle in Specimen B.
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Fig. 12 Digital microscopic image of the artificially embedded
Al,O3 particle in a cross-section perpendicular to the
raceway of uncharged Specimen A. Diameter of the
Al,O5 particle is 92 um. RCF test was interrupted at
1.0x 10® cycles under P,,, of 4.5 GPa.
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Fig. 13 Scanning electron micrographs of the front- and
rear-side cracks of the Al,O; particle as seen
from the overrolling direction in Specimen A. The
previously given gaps around the Al,O; were almost
closed at the observation.
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Fig. 14 Relationship between the number of cycles and
the length of cracks initiated and propagated from
an Al,O; particle in hydrogen precharged and
uncharged specimens. The data were obtained from
each observation results after RCF tests on Al,O4
particles with diameters of 100-150 um. The crack
angle of the data was within 0° -40° with respect
to the overrolling direction.
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branching. The dotted curve is based on the
estimation.
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Fig. 16 (A) Schematic illustration indicating observation
direction of specimen. The cross-sectional digital
microscopic images are perpendicular to the
raceway for (B) the hydrogen precharged Specimen
K after 1.0x10° cycles of RCF test and (C) the
uncharged Specimen L after 8.7 % 10° cycles of
RCF test. Specimens K and L included a pair of
Al,O5 particles with around 150 pym and 170 um,
respectively.
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Fig. 17 Microscopic images around the artificially embedded
Al,O3 particle in a cross-section perpendicular to the
raceway of Specimens E and F. Diameters of both
Al,O5 particles are 263 pym. The flaking originated
from AlLO; particle occurred at 3.3x 10° and 2.9 %
10° cycles under P, of 4.5 GPa, respectively. (A)
Specimen E was uncharged and (B) Specimen F
was hydrogen pre-charged.
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Fig. 18 Crack model under RCF condition where hydrogen acts in this study.
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