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Crack Initiation and Propagation Behavior around the Defect in Steel under Rolling Contact Fatigue
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Synopsis: The clarification of uncertain factors of rolling contact fatigue (RCF) life variation is expected to lead us to better

understanding of the RCF mechanism and further improvement of the service life of bearings. The objective of
this study is to clarify the effect of defect location on RCF life. Artificial cavities, pores, and drilled holes were
introduced to the specimens as a flaking origin under RCF for simplification on the presumption that their
physical properties and interfacial rubbing between cavity and matrix were ignorable. The RCF test resulted in
flakings initiated from the pore located right below the center of the track, when a specimen included numerous
pores. Their RCF lives were simply determined by fracture mechanical parameters, size of pore, and orthogonal
shear stress range parallel to rolling direction. On the other hand, RCF life was prolonged when the drilled hole
in a specimen was located near the contact edge, although the resultant flakings appear the same irrespective
of defect location. Therefore, defect location is one of the important factors for RCF life variation. The following
were found through a further verification experiment and finite-element analysis:
(1) A crack initiates from a drilled hole surface because of principal tensile stress at early stages of RCF
irrespective of location of the hole.
(2) Both of the orthogonal shear stresses, parallel and perpendicular to rolling direction, lead to the three-
dimensional propagation of crack.
(8) The weakening/damaging effect from a hole near the contact edge is less than that from a hole near the center
of the contact track.

Translated and reprinted, from ASTM STP 1580 Bearing Steel Technologies: 10" Volume, Advances in Steel
Technologies for Rolling Bearings, copyright ASTM International, 100 Barr Harbor Drive, West
Conshohocken, PA 19428.”
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Table 1 Chemical composition (mass%) of the HIPed JIS SUJ2 steel.

C Si

Mn P S

Ni Cr Mo Cu O

1.03 | 0.20 | 0.40 | 0.016

0.007

0.11 | 1.40 | 0.03 | 0.11 | 0.0104
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Fig.1 Optical microstructure of the HIPed JIS SUJ2
without etching.
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Fig.2 Schematic illustration of rolling contact fatigue
test rig.
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Fig. 3 Stereoscopic micrographs of the rolling track and flaking.
Pmax were (a) 3.43GPa, (b), (c) 3.92GPa, (d) 4.41GPa, respectively. Rolling direction was from left to right.

Fig. 4 Scanning electron micrographs of the flakings (a), (b), (c) and (d) in Fig. 3. (e), (f), (g) and (h) are
enlarged view of the pores at their flaking origins.

5 T
Pmax: 3.43,3.92,441GPa
Average: -27.2um i
4F Max.: +109um !
Min.: -155pm !
Center of track
& 3r -
= 1
15} !
= I
g Inside i Outside
- .
£ 2r —
| H H
n 1 n 1 1 n 1

0
-250 -200 -150 -100 -50

Fig.5 Location of flaking origins.
inside and outside from the center of the track width.

0 450 +100 +150 4200 +250
Radial distance of flaking origin from center of track (pm)

“_" and “+”

1200

—_

(=3

(=3

(=]
T

400} ¢

200 .-"-

=
A
2
§ 800
B
17}
g 600t
=
v
=
=
S
=)
19)
£
Center of track 3
\ 0
\ 0
4—“‘ —

Inside ; Outside
JOREANC)

—>
Track width 6.0
g
2
2 s0f
g_
=)
[}
8340
E
2 3
q EE
indicate 5 A
g 30f
k|
N
5
= 20
0

Range of flaking depth
A Pmax=4.41GPa

N—2D £

0.05 0.10 0.15 0.20
Depth from the contact surface (mm)

(a) Range of flaking depth and shear stress distribution

A A ANy Pmax=4.41GPa
ooo o 3.92GPa
© o 3.43GPa
0.05 0.10 0.15 0.20

Maximum flaking depth from the contact surface (mm)

(b) Flaking depth and contact pressure

Fig.6 Relationship between the maximum flaking depth,
contact pressure and orthogonal shear stress.

50

Sanyo Technical Report Vol.23 (2016) No.1



HEDOERBRZEZERB LU NEBRTHRBRERS—HIDILE
RUT=. BIDWREE® TH. WBBHZICEDNTEHL
TREGANBESINTN\D, AAFTIIRBHERXRS &
HBERDY A XDORAEZBEBITANELTHY ., Inn2
DOWIENZICEELEEE D EICEBENUBENEDZE
WELZ, TZT. ZANODEHERIIENVENDT
<HHBICEETDZENDY, BAUENEDITISHDE
IEBRICEREINDERELc. BRICHUTTDOERE
IEDMEHIMARGEHEAKEBET D LIFRSADNTLY
5, COBFRMIIIRIENZTIFParisBIE L THOND,
RKETIEBBD (1) HXUHX (2) TREINDUER
ParisBlZF V=,

Ne=C/(AKn')™ (1)

AKn'=210y/ (ma) (2)

ZZT. NddEImn'iEnEes (RBEETORYUIBRLED.
CIFEH. AKSBRORZT— N I Z2ORDILKEEE.
MISFBHIRTF LN EREE 21 olIKFEHBRBRATA
WICHIRIE. aldRBMERZRDFEZZENENT I, K
BAZICENT, R (2) [EBTDadERKE=D¥EDE
EESNTLD, LALEADS, REERERBECSNT
NERDEHMRZEHGHICER - WET DI EISHBHTH
HTHD, LENDT, az2fBEREBOLEZRERD
FNELTERL, ZEZITIOAMKREEEAK, T, #
RIS HIARFREIRAK ' ELTBER L, &7zl 2190
IS M RARE T CORRABERS (ICHITDEA W HEIC
FTREREARIH KEBBEREBEARK) 10D
RIETHD, Fig. 7ICHNTAK ' EEMNUENFGICISEE
BNREFLSMERENRON, DI EFEANOESHME

ENUENRETICS S DEHPORMBEARDERELE - RITEES)

Y BDIEE. BN UENESHINEBRMEDT 1 XEKFES
BIEABCHOREBICE DO TEIND I LZ2TRIET D,
Fig.8ICXAZ X MABRRUMIEICES T DRNEBDRBERD
SEMBREREREZRI, HHRZ2TDEBENZRER
DEHEFICHTMCBRES N, INSEN U RENAR
HIBARIOESHERLUICGERTHD, —HTERL TS
SREDICITHEBEISBESI NG, O, JORBHITE
TS TICHDERERICBNTRIBNZN LS RERD
BIDZILEZTKELTIND, Fig. 78K UFig.8DHERN 5.
FBIERRE T CERMFEELLIBSIIKESEEARS
HANEEA ) AEEFTRIEICKOTERISEN Y HEIS
MO CEERIDEADOND,

108

Pmax (GPa): 3.43(0), 3.92(@), 4.41(x)

Range of pore size as flaking origin (um): 54 to 91
Range of the maximum flaking depth (mm):

0.068 t0 0.110

107 |

Nr= 8x10"/(AKir)*’

R?=0.87
106 |

Cycles to flaking, Nf

105 1 1 1 1
0 2x10°¢ 4x10°  6x10°  8x10°

1/(AKu")*?

1x107

Fig.7 Relationship between RCF life and AK " .

Propagated crack

Propagated crack

&) g

crostructural change

Fig.8 Cross sectional observation around the pore as the flaking origin. Pmax was 3.92GPa. Cycles to flaking
were 1.87 X108, Flaking appearance was shown in Fig. 3 (c). Rolling direction was from left to right.
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Table 2 Chemical composition (mass%) of the rolled JIS SUJ2 steel.
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Fig.13 Stereoscopic micrographs of the rolling track and flaking. Radial distance of the drilled hole from center of the
track were (a) +40pum, (b) +137um and (c) + 294um, respectively. Rolling direction was from left to right.
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Fig.14 Scanning electron micrographs of the flakings (a), (b) and (c) in Fig.13. (d), (e) and (f) are enlarged view

of the drilled hole at their flaking origins.
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Table 3 Observation details. “=" and “+” indicate inside
and outside from the center of the track width.

Radial distance of ;
¢ Interrupted | Observed section to .
the gggtgfl(l)lfeg ;1 c(ﬁewfir((i)tIkrll, RD cycles rolling direction Figure
-126pm 2x10* Perpendicular | Fig. 21(a)
+230um 2x10* Perpendicular Fig. 21(b)
+335um 2x10° Perpendicular Fig. 22
+220um 2x10° Perpendicular Fig. 25
-55um 1.5x10° Parallel Fig. 26
6.2. FEM&MR
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WELKRAEEELI. ATAMABARDETIVTAE>ERA
WEmECAmm, BERSEICT.875mm. E L TRHERME
IZ3mmeE Lz, ETIVDEREIBBESE LIz, B8 TV
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EDTHD, Fi=. BRICBOTERIZAMAEREL. ¥ b
Do ISHEBEEAERE Lz, EFIVICITEKZEZNLT
PmaxT4.9GPat BaEDIHEANS L, KRIITEZ
5L DOOxEADTETILEZ—-0.5mmA S +0.5mm
DEETEM LIz ZDEEIL. BMESHEICK O TRED
SNDEMADOERO.64AmMmICLENTHRITKEL, ZL
TEHA RV Y TLRNKDICBERE. PLUAREZEE
BERGERL DD, —N\RDEMZEEMRL . Fig. 171w
TEDIC. BL2DRUILAREIEETILICENTIRIIX=0D
B TH DOEERAREH S0, 100, 200, HKXU300um
BN-UBICEB L, NDOTEIFERAL0um, FEH
200uméE Llzo MRMBELDETIVICD T EFEMEET
EEELZ. ETIVDOERFII350,000CH oz BE
D—ADRESIIERE DEMEH TIIHIZ20umTH Y.
SNEBREIC DN TIFTI0umEE & Lz,

Specimen

Symmetry plane

Fig.15 Three-dimensional finite element model of RCF.

Oy f-—-=----

———— H(=85.8MPa)
1

Stress

A E(=206GPa) E: Young’s modulus

| H’: Tangent modulus

Strain

Fig.16 Simplified stress-strain curve of matrix [1].
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Table 4 Finite element analysis conditions.

Model Item Condition
Diameter 9.525mm
Ball Moving velocity 3626.7mm/s
Angular velocity 761.51rad/s
4mm (Rolling direction)
Size 1.875mm (Radial direction)
3mm (Loading direction)
Temperature 293K
Specimen . Young’s modulus 206GPa
Elastic range - -
Poisson ratio 0.3
. Yield strength 1960MPa
Plastic range X . .
Deformation resistance See Fig.16
Shear friction coefficient 0.1
Ball
Hole
model
Radial distance of hole 100pm \ 50um
model from the center of < 200um :0
track width
300um
200pum

L

Specimen

Fig.17 3D finite element model on the cross section at x=0. Rolling
direction is parallel to x-axis and perpendicular to this page.
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Fig.18 Full width at half maximum (FWHM) of a-
Fe(211), a211, and retained austenite in
cross-section of RCF tested specimen without
drilled hole under 4.9GPa of Pnax after 7 X
107cycles.
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6.3. BREIVEE
6.3.1. BAWEMIRIRTORESES(

Fig. 181325 X bRBAREICSHITD a —Fe[211]E
TE—DVDHEREZEBST—ZXTFT 1 PEDAERRTH
Do CO2BEDEFA VT Y IIADRIES NI OHAN
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ETIIEFBEN BN/ NE N Dz, /oo RD=340um
ICHITDmES A Ty U RIFREMERE (TIZEFICE D
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52 E7RT, BAURENIEFY A I ROEBNED
THDEBICEDTIRI D, ZDIBE. MU0 T HIEN
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BITICHITDINNREDOXx=0FEADHEHEV T AN H %R
T MEVITAHIRANDS120umMDRS (FE THRAMEIC
FEL. PLERRNSEREICAN D CRENDIF LRI L
foo e BEDOARTIIMHBO I HIINS< B DT
Fig.20IC7R 9 @Y. SHEICKUKRDIEHO T HIBHA S
Ny A >0 (22T a—Fe[211]0EIFTE—
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6.3.2. RFERALET

Fig.21IZ R L&k DIC. RDAY—126umb D Lvid+
230umicHd RUJILRIE2X 104 14 7 )L DERA ) EN
ZRNELUERICIIERZH DTV, INSOBRIT. &
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BALLEBRADEAURENARICI O TRENICOHED
HOHNTVDY, Fig.22(22X 1055 A U )UBF = T DAL
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Fig.19 The calculated equivalent strain distribution in
cross section under contact surface. X-ray
diffraction data were taken at " @” symbols
position of fatigue-tested specimen as shown

in Fig.18.
150 2.0
S o™ o
e O o —
E 12.0 O 116 e
2 O Z
c:vss U ) =
= 90 B ® 1 1 g
2] Gl
g o
5 o ¢
S 60F {08 Z
& i
S =
o | —— L . | S5
E 3.0 " o 0.4
S

0 1 1 1 O

0 0.02 0.04 006  0.08

Calculated equivalent strain

Fig.20 Relationship between the calculated equivalent
strain and the measured fatigue indices.
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EimftiE (RD=+335um) O RUJILNREEOEHER
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RUle REFMZENT olF100umES TRAISE
L. ZHIERUILRETFIVOEERABEDREEB B H
Molce ZDEED T imaxlFIEDETH Y. SIERIESITH
DIEERT, H T BRIBETIVDBE. HRDOIEIN
RICRT EBY. RUIIVREBUEZIZSITDRASIRIG
HSERTEDIFENSNZENDH DIz, NHFBEIRE
ICEBESNIEETIVOBE. 0l d3 RUILREYD-YD
NEBETERAICENEL. ZZIIHMERPRIZEDEEHIFELMY
BThOlz. FEMBRICBWT RUILNAYIChIThES
WomaIBN/cZ ElF. RIBEBICAZASNT ICERAY
BENOMBICERNELETDEXRZRLHFPETE D,
Fig.24IZR T EDIC. RUILREFIVAHRRICXT L CTEIE
BAEIC300 uMBEN TEB SN TIVDIBED 0 imaxDE
[SAEE. FEABTHDZEICTL T2 @R LTS,
CDBEIFFig22TRLULEEBROEHAELRS —HL
Thce INHDORBRESVICHRITERN O ERIISIRE
[SADEBTERT DEEEENS. ICKYU. RUJIL

OB (HEICUIE Y DIBEIC R IILVRDOREICH LT
THICERLUERIEETDRICDONTEEBAAEET
HDo

: . Toward the center of track r i Toward the center of

L ——— 5

. / Drilled hole

“20um © 20um

Fig.21 Scanning electron micrographs of primary crack
initiated from the drilled hole. RCF test was
interrupted at 2X 10%cycles.Radial distances of
drilled hole from the center of track width were
(a)-126um and (b) +230um, respectively.
Rolling direction was perpendicular to this page.
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Fig.22 Scanning electron micrographs of primary crack
initiated from the drilled hole. RCF test was
interrupted at 2 X 10°cycles. Radial distance of
drilled hole from center of track was +335um.
Rolling direction was perpendicular to this

page.
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Fig.23 Calculated maximum principal stress, ¢ imax,
around the hole model. Numbers shown in
parentheses are the values of o1 max (tensile)
at the same position in defect free model.
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Fig.24 Tilt of principal plane of stress to loading direction.
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©

Center of track

Fig.25 Optical micrographs of propagated cracks in the cross-sections (a) at 15um inwards from drilled hole
surface and (b) on the plane including the center of the hole. (c) shows schematic view of the observation
positions. RCF test was interrupted at 2 X 10°cycles. Radial distance of drilled hole from the center of track
was +220um. Observed cross-sections were perpendicular to rolling direction.

(d)
Rolling ditection ™
x . ___ Soecimen

~
’ N
\

\
©} @

il
/‘,(b)
<. Drilled hole

Center of track
AT 01 tra

Fig.26 Optical micrographs of propagated cracks. Radial distances from the center of track were (a) +73um, (b)
+13um and (c) -37um, respectively. (d) shows the schematic view of observation positions. Arrows indicate
primary crack. Radial distance of drilled hole from the center of track was -55um. RCF test was interrupted
at 1.5X 10¢cycles. Rolling direction of observed cross-sections were from left to right.
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Fig.27 Variation of the primary crack length.
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Drilled hole

Contact width Contact width

(a) (b)

Fig.28 Schematic primary crack propagation model.
Radial distances of both drilled hole from the
center of track are (a) +220um and (b)
-55um, respectively.
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Fig.29 Cross-sectional distribution of both orthogonal

Orthogonal shear
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shear stress ranges, (a) 2 12« parallel to rolling
direction and (b) A 14y parallel to radial
direction in defect free model.
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Fig.30 Orthogonal shear stress concentration at the

crack tip in two-dimensional elastic-plastic
plain strain model.
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Fig.31 Crack initiation and propagation model for
drilled hole located near the contact edge.
Rolling direction was perpendicular to this page.
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