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Detailed Analysis of the Crack Behavior around the Surface Dent under Rolling Contact Fatigue
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FUJIOKA Yuma, ISHIBASHI Izumi, MAEDA Naoki and FUJIMATSU Takeshi

Synopsis: With recent trends toward carbon neutrality, represented by the progress in the electrification of automobiles,
there is an increasing demand for higher-efficiency power transmission parts. Given this background, lubricants
have tended to decrease in viscosity. Therefore, it is expected that the low-viscosity state will be promoted

by the rise in lubricant temperature during operation, thereby resulting in an increasingly harsher operating
environment for bearings. For example, in electric vehicles, the rotation speed of the motor is increased by
weight reduction and the greater efficiency of the drive units. Under such harsh environments, the working parts
come into contact with one another and generate wear particles that can bring surface dents on the raceway.
Furthermore, iron powder and scale may be accidentally brought to the surface of bearings for steel rolling mills,
forming dents on the raceway. Surface dents are well known as a root cause of surface-originating premature
flaking under rolling contact fatigue (RCF) in bearings. Previously reported results indicate that cracks
are generated around the edge of the dent and then cause flaking because of crack propagation. Several
previous studies proposed hypotheses on crack initiation mechanisms. However, there are few investigations
of crack initiation mechanisms under a contaminated lubricating condition. In this study, the details of the
crack generation process around dents were investigated so as to devise new countermeasures for further
improvements in bearing steel materials. A rolling fatigue test was conducted in which hard steel particles were
artificially introduced into the lubricant as foreign matter. Observation of the surface and cross sections of the
specimen showed a causal relationship between the microscopic plastic deformation and crack initiation near
the surface region around the dent. These findings are useful for developing countermeasures to strengthen
steel against flaking that originates from a dent.
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Chemical composition of specimens (mass%)

Steel C Si Mn

P

S Ni Cr Mo

SuJ2  |0.99-1.01|0.17-0.26|0.36-0.40

0.011-0.017
SCM420|0.20-0.22|0.24-0.29|0.75-0.82|0.009-0.018|0.005-0.012

0.006-0.007|0.06-0.08|1.37-1.41
0.07-0.11|1.00-1.08

0.02-0.03
0.15

835°C 9200

Carburizing
170°C

< »

30min 300min

With C,H, gas

(4) (B)

850°C

40min

850°C

180°C

o.Q. / %A. C.

90min

180°C

o.Q./ *A'c_

90min

30min

(©)

FIG. 1 Heat-treated conditions of specimens: (A) quenching and tempering; (B) carburizing, quenching, and tempering; and (C)

secondary quenching and tempering.
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4. 2. 2. HER R ORI ETAE

HBADRFMEICEL., S CIREHOLERETD
SCM420. SCM420 secondary QTICDTIE. EEF
B EBFEICEEERITT RN HDES. KBy E

Rotating shaft

S

S ——

Lubricant
Wquher |

|
Ball

|
| Specimen

)

T Loading

FIG. 2 Schematic diagram of thrust-type RCF test.”

TABLE 2 Conditions of thrust-type RCF test

Contact stress
Loading speed
Ball

Lubricant

Maximum Hertzian contact pressure, Pmax: 5.2 GPa

1,800 cycles/min

SUJ2 3/8 in. (3balls)

VG10 up to 10* cycles

Contaminated VG10 by steel particle after 10* cycles

Steel particle: 870HV in hardness, 100-150 ym in diameter made
of high-speed steel

+ Investigation of the generation process of surface cracks: 7 mg/L
- Other investigations: 300 mg/L
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FIG. 3 Schematic diagram of ridge of dent.
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FIG. 4 Digital microscopic image of a dent formed by steel
particle. RCF test on SUJ2 was interrupted at 1.03 X
10* cycles.

TABLE 3 Average lifetime, Lg, evaluated by thrust-type RCF

SuUJ2 SCM420 | SCM420 secondary QT

Lso (cycles) | 0.9 x 10° | 3.5 x 106 5.1 x 105
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FIG. 5 Scanning electron micrograph of a deformed steel
particle picked from the lubricant just after the mixing of
the steel particles into the lubricant after 1.00 x 10*
cycles of RCF testing for the SUJ2 specimen.
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FIG. 6 Schematic diagram of deformation of steel particle and
dent formation.

Track

—> Ball moving direction

FIG. 7 Digital microscopic image of flaking on SUJ2. Flaking
occurred at 0.4 X 10° cycles from the dent formed by
the steel particle.

TABLE 4 Average height of ridge of dents

Number Average Height | Standard Deviation
of Dents (um) (um)
SuJ2 h1 (um) 3 0.70 0.08
h2 (um) 5 0.72 0.15
SCM420 h1 (um) 4 0.73 0.04
h2 (um) 6 0.75 0.16
SCM420 secondary QT | h1 (um) 4 0.63 0.11
h2 (um) 5 0.60 0.21

Note: Table excludes dents with zero ridge height.
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FIG. 8 Digital microscopic image of dents on the track

observed in SUJ2 just after contamination of lubricant.
RCF test was interrupted at 1.03 X 10* cycles.
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FIG. 9 Digital microscopic image of surface crack at trailing
edge of dent observed in SUJ2. RCF test was
interrupted at 0.5 X 10° cycles.
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FIG. 10 Location and number of surface crack origins for SUJ2; *“-”
track width, respectively. Diameter of contact circle by Hertzian contact is 0.68 mm. RCF test was interrupted at 0.5 X 10°

cycles.
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FIG. 11 (A) Appearance of a dent on the outside of the track observed in SUJ2; (B) scanning electron micrograph of dent; (C)
scanning electron microscopic 3D cross-sectional profile of dent. In (B) and (C), A and D indicate the start and end points
of the profile, while B and C indicate the end points of the smoothed area of the dent edge. RCF test was interrupted at 0.5

X 10° cycles.
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FIG. 12 Schematic diagram of estimated differential slip
direction on the track.
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FIG. 13 (A) Scanning electron micrograph of a crack-generated dent observed in SUJ2; (B) its 3D cross-sectional profile. RCF test
was interrupted at 0.5 10° cycles.
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FIG. 14 (A) Appearance of a surface crack observed in SCM420 secondary QT. RCF test was interrupted at 2.0 X 10* cycles. (B)
Schematic view of an example of wrinkled patterns. (C) Scanning electron micrograph of wrinkled pattern away from a crack
and (D) its 3D profile. RCF test was interrupted at 1.0 X 10° cycles.
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FIG. 15 (A) Cross-sectional FIB-SIM image of wrinkle observed in SCM420 and (B) its schematic diagram. RCF test was interrupted

at 1.12x 10* cycles.
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FIG. 16 (A) Cross-sectional FIB-SIM image of microcrack observed in SCM420 and (B) its transmission electron microscopic

image. RCF test was interrupted at 1.0x 10° cycles.
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FIG. 17 (A) Cross-sectional FIB-SIM image of wrinkle observed in SCM420 and (B) its transmission electron microscopic image.
RCF test was interrupted at 1.12x 10* cycles. (C) Cross-sectional FIB-SIM image of microcrack of SCM420 and (D) its
transmission electron microscopic image. RCF test was interrupted at 1.0 X 10° cycles.
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FIG. 18 (A) Cross-sectional TEM image of uncracked surface away from dent on the track observed in SUJ2 and (B) its inverse pole
figure (IPF) map. (C) Cross-sectional TEM image near the surface crack observed in SUJ2 and its IPF map of (D) left side
and (E) right side of the surface crack. RCF test was interrupted at 1.03 X 10 cycles. Ball moving direction is left to right.

(F) IPF map was observed from the Y direction in this figure.

—> Ball moving direction

Dent edge

Bﬂ\\})

Tangential force
due to a slip

Wrinkle with
tiny roughness

plastic flow

Low deformation zone

Localized .
Stress concentration

/&ﬁ»/\'/»/? "/éfﬁf

Crack initiation

FIG. 19 Schematic diagram of the estimated mechanism of surface crack initiation from the dent.
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FIG. 20 (A) Digital microscopic image of the surface crack just before flaking observed in SCM420 secondary QT; (B) top view
and (C) side view of 3D reconstructed images; (D) cross section scanning electron micrograph; (E) calculated orthogonal
shear stress distribution of cross section. RCF test was interrupted at 5.8 x 10° cycles.

42

Sanyo Technical Report Vol.31 (2024) No.1



W5 A TDEGENFHTRHEL BT DAEREN 5D,
2l E=U I8 E 7R 2 ERREE S DIEDLR
RREORELE (Flxid. U UBY 2 REPBRL
B#'9) 1220\ T, EENTERSNABICKRERS A B
LW, REABELLYTDEEMLH DD, RN
TIEBWMEENEEEIND, LN DT, EREESEII<
BICEWEDH D BHNEERE T I LIIEBETH D,

5. 4. ZRONBADOIGIFEE

UTFTld. ERBETELZEHDONEIBADEIFTEEND
BEDH. KFRHFELT. SCM4A20 secondary QTIC
DNTHERLERERY,

Fig. 20l3. 5.8X 101 o)L T UENHKEZHD
Wi 7B R ICHITDII<BEBERIOREE AONDRE
THROD=ZRTEBEREE RTHESEM& TH D, Fig.
20BIZRT LD, ZRBEAGE EANOERDE.
MEBERALETCIETRIIARRKEZLTEY .. ZORRED
SHBADEIEEEODTHEELTND I EN AN D, &
fe. Fig. 20CIZR&EDIC. ZARTBBREZAEN SR
& WEDEHORKITEEREICY L CTIFIFFEITTHD

Surface crack initiation (Micro-scale)

Dent Surface crack

—> Ball moving direction

BHVWIRNIC K DREEREDD S REF D HAART

ZENDN D, ZDFHIE. Fig. 20D (IR ZRTTHIE
BECTLHER NI, NEDERIIRANSAZICEN D
TEMLENSEIEL. RENSDRSHS0umiZEIC
FET D EKFICERITTDIHFNRONC. BEMICIFIL
BICEDBIZT. BAVENICEITONMEREIISBEE
BUL Tz, BRELLERHMERL TRITTDDIE. A
BOERETARMICHDEEEEZ S5ND, —FH. SRAK
FRIFICBITT DO RNIE TIIKFEEARISH

BhEEDIHEADND, Fig. 20EIC. NV EME
ERLUCEHELIEABDKEEARMICN I HZERT, &
BOFRHEIT. RBREFUERS.525mmDEE K Z T L
TEMICERKRD.2CGPadDN IV Y EMEEZMITIBEE L
foo BHEFABICHENT, SROFERBEL TG, &
NnmEfttdaE. REANSE50uMBEDZRS TG
NBBREBDRSICITELTLENEDD, BRAD
SO%EfE‘LEWEﬁH LTWhD, 22T, EREIEHZIEMBET
DIEDIT. ISHILKRFEEE AKI ’DL\”C%J‘“"&{TDTCO 7
?fkaf?iﬂlﬂlmAKti BIENZICENTEREREE DA
HAFELTEZONTIVD, AKIZ—&ICAK=0+/Na T
SN, olIZRICFAI DA, aldERKSDFENTH

Subsurface crack propagation and flaking
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FIG. 21 Schematic diagram of the estimated flaking mechanism from the dent.
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FIG. 22 (A) 3D reconstructed image of the relatively short surface crack of SCM420 secondary QT. RCF test was interrupted at
5.3%10° cycles. (B) 3D reconstructed image of the relatively long surface crack of SCM420 secondary QT. RCF test was
interrupted at 2.9 X 10° cycles. The color of the surface cracks is changed from the interior.
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FIG. 23 Scanning electron micrographs of cross section near surface of (A) SCM420 and (B) SCM420 secondary QT before RCF test.
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FIG. 24 Variation of (A) hardness and (B) amount of retained austenite of SCM420 and SCM420 secondary QT with the number

of test cycles.
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FIG. 25 Frequency of cracks for (A) SCM420 and (B) SCM420 secondary QT in each range of crack length. RCF test was

interrupted at 1.0 X 10° cycles.
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FIG. 26 Variation of surface crack length for SCM420 and
SCM420 secondary QT during RCF test.
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