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Development of NSK LCube 1™ Tapered Roller Bearings for

Electric/Hybrid Vehicles

M. Chishima

In line with increasing concern for the environment, consumers and businesses around the world are demanding better

fuel economy from motor vehicles, leading to the rapid development of Electric/Hybrid Vehicles.

In the field of gearboxes for Electric/Hybrid Vehicles, development of low viscosity lubricant oil is required to save energy

consumption.

As a result, requirements for tapered roller bearings used in gearboxes have become increasingly severe and

countermeasures for surface damage and seizure in severe lubrication environments has become an important area of focus.

In the following article, we introduce the NSK LCubell tapered roller bearing (TRB), which has reduced surface damage

in severe lubrication environments and maintains seizure resistance.

NSK LCube I TRBs have 8 times higher durability and comparable seizure resistance to a conventional TRB in severe

lubrication environments, Additionally, NSK LCube I TRBs have 10 % reduced friction losses when compared to a

conventional TRB under low speeds.
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Technology of NV Measurement and Analysis for Steering
System

M. Kanatsu

In recent years, the demand for quietness for automobiles has been increasing, which results in higer demand for
quietness for steering systems.

The difficulties of NV (=noise and vibration) technologies for steering system are caused by various kinds of NV
phenomena which change depending on vehicle and environment.

This report shows examples of NV measurement and analysis, and mechanism of rattle noise and operating noise which
are particularly problematic among NV phenomena on steering systems.

Currently, the simulation model which qualitatively reproduces rattle phenomena has been built based on previous

investigation, and utilized to predict and improve NV performance of column type EPS systems.
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Development of Long Life Ball Screw Using Material
with High Retained Austenite Amount Y, for High-
Load Drive
M. Ueda, N. Abe, N. Kawata, H. Hidaka IBE

REHEEN BETEE KL DEEFTEZSC. 17t International Conference on Precision Engineering (ICPE2018)
THRE UL DFEER S ZMRD D X —HIEE L TEE.

Ball screws for high-load drive lead to service life due to rolling fatigue failure on screw shaft and / or nut raceways. For
well lubricated, properly installed ball screws, this failure usually commence as a damage on the raceways deriving from
sliding friction in ball-raceway contacts because of the structure of ball screws (e.g., helical raceway and ball recirculation
system), eventually forming “peeling” or "flaking” on raceway surfaces. The authors investigated failures in the life test
data of the conventional ball screws. As a result, the authors showed guidelines for improving durability considering the
failure type of the ball screw. For extending the life of the ball screw, it is effective to increase the retained austenite amount
Yr of the material. It can be estimated how much increase in yx for each part of ball screw with consideration of ball load
distribution and number of stress cycles. Based on the above, newly ball screws were fabricated and the durability test
was conducted under high load conditions. The rated life Ly, with failure probability 10 % of the ball screw using the high-yz
materials was more than three times that of the conventional products.
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Improved Reliability of Roller Guides for Machine Tools

K. Nakano

Roller guides are used for machine tools due to their higher rigidity and durability over ball guides.

The operating environment for roller guides in machine tools is becoming more severe every year due to the improved

productivity of machines. This necessitates highly, reliable roller guides.

Here, we'll explain some technologies that improve reliability in RA/RB Series roller guides. By considering deformation

of the slider and load distribution for roller contact, we confirmed actual durability above the calculated fatigue life.

Additionally, we applied abrasion-resistant material to the seal lip along with high resistance to intrusion of foreign

particles, allowing for long-term performance free of dust.
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Effect of small defect on the flaking strength of rolling bearings

(Part 1: FEM analyses of stress intensity factor K under rolling contact)

S. Hashimoto, H. Komata, H. Matsunaga L
MK A&

—RALEEAN BAEBF ORI AGZIST T, BINFRFH]E Vol.83, No.852 (2017)Hh'SEnd.

It has been shown that rolling contact fatigue (RCF) test using specimen having a small drilled hole is a useful method for
evaluating the effect of small defect on flaking strength of steels. In this study, RCF tests of rolling bearings having a small
drilled hole were carried out. The flaking failure was considered as a problem of shearmode fatigue crack emanating from
the small defect. As a first step to quantify the crack-growth threshold on the basis of fracture mechanics, mode Il stress
intensity factor range, AK, of a ring-shaped crack emanated around the edge of a drilled hole under the passing of a rolling
element was analyzed by using finite element method. And then, the obtained values were correlated with the AK; values of
penny-shaped cracks in an infinite body under uniform shear through the intermediary of a correlation factor, fyu. The stress
intensity factor of the ring-shaped crack was uniformly correlated with that of the penny-shaped crack by the single factor fyu
irrespective of hole diameter, d, depth of hole edge, h’, and maximum contact pressure, gmax, Within the ranges: d = 0.05 ~ 0.2
mm, h"= 0.05 ~ 0.345 mm and gmax = 2.0 ~ 3.0 GPa. The obtained results will be applied for the quantification of RCF test
results shown in the subsequent paper.
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1. &8

O EZOMF<BEIE, BRUDERILIICKD
—TBOEASIEIRRTHD. (F<BEHIIFHRLIEX T
ALBHDENHBENTWVDL, ZDO—DIF, &
NOEWZICNBINDIEEBNEYD O ZHDRE -
EEITDCETIETRIINDERETHD (=ZHHN,
2008). CDEEROHIZEZINGIL, &HD#MZDH
MELERIEDFREULT, MHOEEZELDED
ETNTVD. —AT, NTEYHORETDEFHTH
DEREEY, NMEYTEDF<EREICNTTHE
(&, EENITHSDICEINTLEL. IRROEENE
BEESHETVDRRELT, () BREFDINEY
W CThd L, (i) BRERIFMRIANESICTFET
BDICHICIHRBIEDBEZRNTEHRNRETH D &,
(i) [F<BEFRDRE N ZX T 1B AKENES T3
DERFFECARBERNEWVC &, BEREITFSND.

SEEHPOEAKENE S THERICDWVTIHE
ENLHBRTESEERS, HIAEE FESICKD
DC (Double Cantilever) U&7z ERE
(/& kA, 1994, 2002, Murakami et al., 2003,
2008) ¥, AE&EHICkD CT HBHZRVCAERE
(KZEfh, 1994), Matsunaga SICKDFERERH
[CEEEmREEZam UENSBRLALD ZaR T
27375 (fKfth, 2009, Matsunaga et al., 2011,
Okazaki et al., 2014, 2017, Endo et al., 2015)
HE, HMBICHEESNICERBRFEICKDFRDED
S5NTWVD. —7, EHDEFEBRE OBESRICH
RBZEAL, THOREEMZREL CHEZES
[CTDTET, TAMBESSHDER - FEBEE
ZEAY HEHBIEIN TS (Kida et al., 2004,
2006, EEfAfs, 2015). EES D, INETICHE
(SN RU LI ZERS S Uz JIS-SUJ2 DF#x & B
FZEBVWTCERDESRBRZERL, BAMEESE
HOEREFHZHOSH CTHEEDIS, [F<ERER
THEBE UCFHIT 2 5AIC DV TREIZEIT O TE
e UMRft, 2012, 2013).

AR TIE, LROAFRZES SICEBSIE TEHD
EHREDRIRNFNFHhF AZEL I EZEN
EL, RERHZORIMOBBEERIC NU)LIVENSL
TEHERDEFREBETD. CNICKD, |EELAVIC
BT, F<BBREICMIFTHUNRRODEREFREID
FEZHONCTD. BmHDEM T CIHEENED P
ALRBEDOFE - BRI DHEIHICDOVTIE, HEK
REPERZEE CRRALERNS IKINTWVS. 2T,
AIRCIE, RUILTWIDERD D H B fER 7 T
BEEUCEETDHIEZBENE LT, ImADEAT
TRELZDER - ED RUJLINDI v I SFHEL

JERRERICOVT, IR FEHZBRERAICK
D#Efigd. TUT, RUILIND SFHEUCERHDIN
THERGFREDIEF, RIWTRIET DEH DERFHERD
HEEFRHBRIUERICAVSD RUJLNER - RS
DEFENT, FRARTEAMZRZIS DRBIRERD
IOT KGRI & —DDRERIZN U CFEF—H—D
BfRICHDEZERT.

2. EHDEMISHBICHTIABKERD
E— RO FRE
RETIE, wmEptk @) CHuai (W) DEH D
EMEE NCEFET SHBRNEHDRNILA R Z
FEM BT IC K DKDD.

2.1 BTRR

112, @A DEHFBRTRHWLWSEND#HZ (JIS-
SUR2 RRBE#MR) ZRd. COBmDDEMRCTIL,
Wim &N RO ICEBE CRRES NIcikEr (BE
9.525 mm. JIS-SUJ2 &83K) DY, FEZRIFED
SAEHHEED S UNEHIEE L ZEHET D.

2.2 EXRMBFOBESICARMINERICEL D EARILH
kit

NEABRERERY 7~ MSC. Marc 2013r1 7
BV, WNmEEmmiike Hertz B UCIBRICE
UBInHhis%z, EMmTICLoTRDE. K2 (TR
WETILZERT. BAETIVE, xxBEZRTEE U
212 ETILCHD. MIKIC zEHFEDHN xBTS
LT, SuEEEEMSEe. xe@EICEETDEAIC
(&, WIMHEZEZRLUC y AROZEMERESZ . N
DY JK(FE 208 GPa, M7V HIF0.3 &UTe.
BTN ROWER(CIE, 4 81m 4 BAESR (TETRA 4)
ZAV, EMEOR/NERTAF 0.010 mm & UK.
HEKIFETE IR MEEERB U CHAE Ui, B8, B
ZEFEETdIce, NmShEmEZFEEE L, PEHEe
HIERDHERZFEFER N SETE SN S MRS R Z KA
[CEALU TR ZEIETHIET, ERICHEE
IRAEmNDEMZCTEUHBEMAEMZBIRUIC. COR,
HIER D SEIMHADIS S & EMERNE - BMEENFL
<HEBDKDIC, #MIKTEZRAELE. |12, #HIK
(R1ITFF e TKY) BLUWEwINEHE (TR 1 PITH
FwTEXY) OWEZERT. Ffe, 21, ZNo
ZEMSBICBA0EMBEATE E¥E s, B¥R
Ss) BRORAEMETE gnex 2, FEM #EH7E Hertz
DEMBRICADFEUICRRZRT. R2(IRT
KDIC, R1ICRULIETABZRAWS CEICKDT,
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Outer ring

Inner ring

Rolling element
(Ball)

(a) Radial type rolling bearing.

Contact ellipse

Minor axis
2s,

Rolling element (Ball)

Inner ring

(b) Ellipse type contact area on rolling bearing.

Fig. 1 Target of FEM analysis. Contact ellipse is generated between ball and ring.

Table 1 Sizes and material properties of contact bodies for evaluation.

Actual size Equivalent size | Used value in FEM analysis
Curvature radius 1 of rolling element, Rer [mm] 9.525/2 3.787 7574
Curvature radius 2 of rolling element, Rez [mm] 9.525/2 399.2 800
Curvature radius 1 of raceway, R [mm] 18.49 oo : Flat oo : Flat
Curvature radius 2 of raceway, Ru2 [mm] —4.82 o : Flat oo : Flat
Young's modulus of rolling element, E [GPa] 208 208 o : Rigid
Young's modulus of raceway, E. [GPa] 208 208 208
Poisson's ratio of rolling element, ve 0.3 0.3 — : Rigid
Poisson's ratio of raceway, Vw 0.3 0.3 0.3
Table 2 Size of calculated contact area and maximum contact pressure.
Rolling bearing Flat plate

(Hertz theory)
Elastic ball / Elastic raceway

(FEM analysis)

Rigid element / Elastic plate
Applied load on rolling element, F[N] 4645.8 4645.8
Semi-major axis of contact area, s, [mm] 3.722 3.6256
Semi-minor axis of contact area, so [mm] 0.198 0.195
Maximum contact pressure, gmax [GPal 3.00 3.03
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KOBEEL FEM EF)ILZAWVT, #EER DA
REEEMIERNMEONDEHDND. BTH, &
FRITClE, #IRENMIBEDEMICKRDERIIER
LWL,

B 3 [, gnax= 3.0 GPa DEAEDAEwHAELD B A
Wt I T DIFTIERZRT. CDEE, T, 'R
KEFDRS 701, Lundberg DEE#R (Lundberg
and Palmgren, 1947)Cl& zo = 0.099 mm &7
DICKH U, KB TIE 20 = 0.100 mm D, @
FFF—H U, B4 (a) [C, BT z2=0.100 mm
& z=0.200 mm [CBITF D x FEDE AN Ty
DHfmERS. B4 (b) [, BAKIGS . BRAE
T2 x=0.172 mm [CBIFD z FEDEARILA] Ty,

Rigid rolling element
4

80 mm

Fig. 2 FEM model of contact between rigid
rolling element and elastic flat body.
The ball is rigid barrel-shaped body and
the raceway is elastic flat body.

1000

500

Shear stress 7,, [MPa]

-500 l; Oz=100pum
[0z=200pum
Lines: exact solution|
-1000 L
-0.8 0.4 0.0 0.4 0.8

Distance from the center of contact area, x [mm]

(@) T,atz=0.1 mmand z=0.2 mm

DHHZERT. HERDEEZZ(FEHONEHRENEEZ
BETSE, HLEEASE CTIEFMmIRO DB ARISIINF
495 B4 (a) BKU (b)IClF, Lundberg DRI
KO THESNICBAMIR DM DBRERDRIR TR U
fo. REEMICK > THESNEBAMRADIEIS, B
REFEF—E UL, IEb5, REMAAICKD,
KENMINBETD Hertz M Z FHEICBIRTES
EDVRENTE.

23 —HREBAMBHEICEET SABREROE—
R O LA FRE

FEM [CKDE— NI INAILAGRE Ky DEETTTA

ZIRFI I DIcD, B2 DENETILOANTRAIBIC,

Fig. 3 Example of contour map of shear stress
T+, in smooth specimen (gmax = 3.0 GPa).

Shear stress 7,,[MPal

0 200
0.00 —_—
0.05 |
0.10
0.15
020 F
025 |
0.30
035

040
O :FEM solution
045 Line: exact solution

0.50

800

Distance from the surface, z[mm]

(b) 7,,at x=0.172 mm

Fig. 4 Distribution of shear stress T, in x direction (a) and z direction (b) in smooth specimen. The shear
stress distribution obtained by FEM corresponded to the exact solution by Lundberg and Palmgren.
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B5(CRT LD FERaDHEBIRENRNZEZEA LT
®6(C, —BIELT, F=2a=0.010 mm DRI
THZERE 2= 0.100 mm DAIEICEE LT E
TIVERT. N ancEEEms SreifAmC x
ARDONNZEIMNA D EICKD, BITHRPROE
HE RIS B A To ZIERT BT, EHED
BEEAMIF 0 & U, TDMDIEFRENE, 20
EFIVERAEKTHS. RS ICRUCELDEBARZ
RITHOBREHCHWVTIE, THEMRITAO>TEE
E—Rl&E E=—RI~EEE—RK (E—RI+E—R
I ~E—FOEE(EL, BB5DARICBVTHER
FE—FIEED. REFRTIE CDOARITHBIFSD
Ky 7Z2, T34 a = 0.005 mm, 0.010 mm, 0.020
mm, 0.050 mm, 0.100 mm, 0.200 mm, 0.400
mMm DFFICDWVTKDE. HDFEREED
TREMDIEECEERZMOLL, BREERHZ
0.0004 mm & UTe.

R®7I(C, FTEROMAELT, B6DERERa=
0.010 mm DETIVIC 10 = 750 MPa ZER S
EHEaDENEILD 1, DIVY—K7ZRd. E8IC
MILDIC, TRERNS x MEFTHEAF@IC 10, D
omZEEL, L) ZANT, BERNHKEDR
DI IR FRE K* 2B U,

Ki'= 1<z -\ 2nr 1)

Fig.5 Penny-shaped crack in an infinite elastic
body.
The crack is deformed by pure mode Il at
point A.
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CCT, rlFBEREESHERDERH CHD. B9
(T, K ZIn9HEE (BE, 1976) Sk o> Tkebf=fl
ZRY. WONEEE BERNSELSHND K* Z
TRSHD S DEH r (L TTOY bU, SELERR
DIHEICK DT r=07TDK* (= K) Z1857HECT
Hd. 5B, BIDSEDOLNDLDIC, ETHEHRD
COEBEDERNDESND Ki* DIEIE, RFRIGS
B U TERDMND ST TIR>EVNC EISRE U
TEBEHSTREET DI, TLUERDOR/FET—IH
SR U, RIS, TRFER aZ 0.006 mmhHoS
0.400 mm D#EFE TE(E I BTBED K DETEER
ZRG.

—7, BARMIE T Z2(FDMBATICIFIET D%
£ a DREIRENDISIKFE (LIEE, Ko £TD)
(&, Kassir ©DfEMEE (Kassir and Sih, 1966) 5
KED. BBICRTLOFABIKERD x # LD A
RICBITFD K lFXHLTEAHBND

Kno= (2)

4
2-v)=m Fma
CCTC, VIFIRPYVHTHS. RIS, FEME
MBLRUR (2) hoBSNE K DEZRY. mElE
FEF—HBLTWDTEND, & FEM #BFTAEF K
DTSR U CTTRIBEEZBL TS EVZD.

Fig. 6 FEM model of elastic body under shear
including a penny-shaped crack.
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Fig. 7 Example of contour map of shear stress

T., around penny-shaped crack.
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Fig. 9 Stress extrapolation method for
calculating stress intensity factor Kj. The
data at points close to the crack tip were
used for the extrapolation as shown by

red line.

Fig. 8 Path of stress data acquisition near crack
tip for which Kj was calculated.

Table 3 Comparison in stress intensity factors between FEM solution and exact solution.

Radius of crack Mode Il stress inteqzity factor FEM solution /
a[mm] K MPa -} _ , Exact solution [%]
FEM solution Exact solution by Kassir & Sih
0.005 2.19 2.23 98.3
0.010 3.09 3.15 98.2
0.020 4.44 4.45 99.8
0.050 6.86 7.04 974
0.100 9.82 9.96 98.7
0.200 13.91 14.08 98.8
0.400 19.83 19.91 99.6
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24 GHDEMBHGICEFET SABRERDOE—

R IR HEAGRER Load movement direction
K2 ([SRUCEHDEMETIVIC, B 6 TRUfck
510k 2 DRBREHERE . FHERS e / Y /

TIRZBHSED T EICKD, EmHDERILIBICHE
I DHBIRERD K ZKsbfc. B10(C, —BHlELT,
F% a=0.010 mm ORBIRERZ, BLEEH SR
& z=0.100 mm DfIEICEE Ut BEaD®BTtST
V72T, SEROBEICHDIE 11 D B [TD KD
ZbZRANDIcS, MIREABREHD S TORENTC
& (THOPLZEXx=0&E0LT, x=—06mMmD Penny-shaped crack
iIE) CHEMEMST, BEMRKEZEHRULENS x=
+ 0.6 MM X THBEISTc. XA TIE, B6DE
TIVICKRDEETEERRIC, THFE anH 0.0056 mm,
0.010 mm, 0.020 mm, 0.050 mm, 0.100 mm,

0.200 mm. 0.400 mm DRI ESE B 2= Fig. 11 Penny-shaped crack under rolling contact.
' e _ - - o The change in the value of K at point B
0.100 mm DUEICEE Uiz, #EKICIIX HEE(, was evaluated.

BRAHEARETE Gmax DY 3.0 GPa E1ED KD (TR UTE.
88, AEATOEDDEZETIVICERAREMETE grex
h' 3.0 GPa LTFBD KD ICHEZET UCBE, Tk (&
HRE 2= 0.100 mm DB CHEXEZES. FHEIR
TROREE, 1, DRRENEET DR E—HE
., z2=0.100 mm & UJz. & FEM SR C(&, i
KDY 0.020 mm BENT HEIC K ZKTC.

|

Penv=shapedierack

Load

Rigid rolling element
Load movement direction

Elastic flat body

80 mm

(a) FEM contact model. (b) Half model of penny-shaped crack.

Fig. 10 FEM model of contact between rigid rolling element and elastic flat body having a penny-shaped crack.
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B 12 (2, ¥ ah 0.010 mm, 0.050 mm,
0.100 mm DEEIRER(ICDNT, ML HEE~Z
BEIUCHZAD K DELZRT. LWIFNDHEICH
WCH, HEROBEICHL, K FEDE—-IHSIE
DE—=INEZ(EUTe. CDEEDEEDE—TDE
P7ZEE— LI KRFRHERAK EUT, BTERY
RalCDVWCEtELR. 13, TR¥R a L AK,
DEERICDVT, FEM BfEREARILTE A B5ND
Kassir 5Dz L UIciERZ R .
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2-v)n

C T, AT [FFRRE(CET CTIERY 2 B BTN
§HETHD. HHDEAMIGIBCTIE, @RODEA
WL IDMER T DT, ABREHODRSICHITS
T ZRMBARIILE UTARWS &, AT [FRINTE
END.

At = 27xz (4)

Lundberg DEEEREICKD &, KREMFGTIERE

BEL, mADEMTOIHDAK, [FAK ZTE >z
D5, MHIRENmIBENEN D ET DIFAI(C
BVTH, #¥Ra=0.1 MM EEFTTOMBIREH
[CWUTIF, THEPNFETDESICERTD 0, 20
MEBABISIE LT, AK 2T (3) ICKDBER K
HBDENTED.

45
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2 36 |
©
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3 E
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£<
= 20
£3
@ 15 F O FEM solution under rolling
% 10 Lk contact stress
Solid line: Kassir's solution under
5 ? uniformly distributed stress
O 1 1 1 I
0.0 0.1 0.2 0.3 0.4

Radius of crack, a [mm]

& z=0.100 mm CT 7 =750 MPa &"52 DT,
CDEZERNFIEARMINIE UTRWE. 13 &b, Fig. 13 Change in stress intensity factor range as
EREFE D0~ 0.1 mm OBFETIE, wHDER @ function of crack radius.
_ o AKj corresponds to AKjp within the range:
SABIC BT BOBRERD AK, [F AKo E—HT D 5 (L1
ZEMDMD. —7A, a> 0.1 mm Tl mMmEETE
.20 .20 . 20
2 2 8
5 15 g 15 8
z 10 z 10 | >
£ © 0 £ © 0 £
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8§ 15t S -5 | S
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Distance between the center of rolling
element and the center of penny-shaped
crack, x [mm]

(@)a=0.010 mm.

Distance between the center of rolling
element and the center of penny-shaped
crack, x [mm]

(b) @ = 0.050 mm.

Distance between the center of rolling
element and the center of penny-shaped
crack, x [mm]

(c) a=0.100 mm.

Fig. 12 Change in stress intensity factor Kj at point B in Fig. 11 caused by the movement of ball under
compressive contact. In all the cases, K varied from the negative peak to the positive peak.
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3. EBHDEMISNZICSIF DY ILIR
Ty IBOE—RI BIIHARE

AIEICBNT, & DEMINISHICTFIEY DM
RERDE— R ILIHEAFEEEAK (&, FEM #
MICEDBERSKHOND T EZERL. Fe, &
MATHENTHRE LBMBICHVTE, SHEED
a<0.1 mm &NEWVBE, AK) [F—EEAKIT S
[CHET BEHEFEME LTHHETE DL BHSH
Elgofe. HWTHRETIE, WROBEICE 14 (TR
RS RUNHFES DIBAZEHRETD. KU
JURDT w IO SFE U BREHCOWNT, 10
DRBEREROBE EEFROETIVERN TR ZLT
2

=0.064 mm @ RUJLINZEMNS Ui R s Tz 7z A
WC. BRREMEE gnex = 2.5 GPa DFRHT, /]
BRUMN=26 X 10° 4 U)LFE TEHDEHR
BZ{To1c%D, RUILTWEDEEZRT. £S5
SEVERDZEMICDONTIE, KBRS, E15 (C
mUELSIC, RUILIRIT v IBICIFEBIREEHDS
NBDWMNEHRDERINC. TORDOEEBERIT,
RUJLIRDBEREFEINELDMDRERHF CBVTD
HREIN, TNODOREZEHR0.01 mMmEET
bolc. Ffe, BEEHOMNBEICEM U B2 HDERN
DEFHRBRCBVTH, FIFFROFRA (CBVLTEE
BEHANREINTVD (MR, 2013). TDEKD
TR DIF < BERFZ RS SHDGIEEERFRE L
TEE(LT DI, RUJLPRT v IEBIC EaRDERIR
DUNEH (EHEE a’= 0.010 mm) ZEA LT
Z{1ofc. B16(c, —fBlELT, RULINER J=
0.100 mm, Tw IR A =0.100 mm D KU
NZE I NS, WNiRICEiEEid DMK CTHEAS
NSBFTETIVZERY.

KEBEFTIE, FUJJINERI Z0.0560 mm,
0.075 mm, 0.100 mm, 0.200 mm &L, &BBER
[CWUTITwvIFEE A 7Z0.050 mm, 0.100 mm,
0.220 mm, 0.345 mm &ZfbSB/c. #iEROBE)
[CHEDOE17HD CRTD K DELZRHNDIcH,
11 [SRUCABREROBE EBERIC, Rz R
UL St BENICAIE (R U)LNFIDAIEZ x = 0
LT, x=—0.6 mm DUE) CEMREMIE, &
fREEAHEFUIEHYS x =+ 0.6 mm FCEEISET
HIEKICIE, Grex = 3.0 GPa, 2.5 GPa $&U 2.0 GPa
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1 THOEDICHUT, RUILNRIT v IDEHDEBEE
39— 27 Thofe. TODEWVIF, RUJLINERICHE
H7EZ TR ORI FEELENC EICL>TEURE
EEZOND. DK DEEDE—IDED MK 7Z,
BCDRUJUNER dERS h, BEEIEFRYS gnx
DEFEHBICOVTCETELIZ. B19(C. NS
Rz, RUNZESTEIHERE (d/2 +a") EAK
DOBEFREULTRT. e, B 19 (21F, Q) ITBNT,
TEYEBFEa=(d/2+a) &L, TwIFES W ITHE
BRI 2RI AR EE AT ZRWVTROIZAK D
BEBHETCERTRUTWVD. 2E8TRUIEKLDIC,
EDND IS B (CTFET DBIRERD AL [F, &
HEFEa B 0.1 mm KDBNEVEE, — 8
[CTEIET DTHOBEMEN OKED AKjp EIFIF—E
5. INICHL, RUILNIvIEHhSEELUEE
HOAK F, (d/2 +a) <0.1 mm DFETHAEE
REHDAK KDINEhofe. COEWVWD, RUJIL
TEBICID N Z SR TR DM ONFIE LIEWVC EICKD
PDOEHESIND. T, FUILNNBERDPRKEVG
E MEOTBEHIEALUE. INSOEBIFHEARER
HEICKDST, Gnax B 2.0 GPa H'S 3.0 GPa D
HCIEE#RCH oIz, e, BLADI YIRS (h'=

d: Diameter of drilled hole

120°

h" Depth of edge

T

Ring-shaped crack

Fig. 14 Geometry of drilled hole. The drilled hole
has a ring-shaped crack at the edge.



Load movement direction Load movement direction

>

'

a

z

N /

o Crack from edge
— T Ring-shaped crack

Fig. 15 Cross section of drilled hole after fatigue
test. (gmax = 2.6 GPa, N = 2.6x10° cycle)

Small cracks were observed at the hole ) )
Fig. 17 Ring-shaped crack emanated from hole

edge. ) .
edge under rolling contact. The change in
Ki at point C was evaluated.

/

h'=10:100 mm
Point C

Load

Rigid rolling element
Load movement direction

e

Elastic flat body

20 mm

80 mm

(a) FEM contact model.
Fig. 16 FEM model of the contact between ball and flat plate having a small drilled hole. All the model has a

ring-shaped crack at the edge of drilled hole.
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Fig. 18 Change in stress intensity factor Kj at point C in Fig.17 caused by the movement of ball under
compressive contact : d = 0.100 mm, A" = 0.100 mm. In common with the cases of penny-shaped crack,
Ki varied from the negative peak to the positive peak.

Table 4 Results of FEM analysis for different maximum contact pressures and hole depths.

Load case 1 Load case 2 Load case 3
Maximum contact pressure, gmax [GPa] 3.00 2.50 2.00
Applied load force to rolling element, F[N] 4645.8 2684.5 1375.4
Semi-major axis of contact area, sa [mm] 3.722 3.100 2.480
Semi-minor axis of contact area, s» [mm] 0.198 0.165 0.132
Maximum value of shear stress, T.. [IMPal 750 625 500
Depth that maximum shear stress works, z [mm] 0.099 0.083 0.066
Shear stress 7x; at z= 0.050 mm [MPal] 681 591 491
Shear stress 7; at 2= 0.100 mm [MPal] 750 619 477
Shear stress 7y; at z= 0.220 mm [MPal] 624 471 326
Shear stress 7y, at z= 0.345 mm [MPal] 474 343 227
O_.05 mI’Tl, 0.100 rn“m,= 0.220 mm, 0.345 mm) AKinain = fon- AKio = farn - Ar (d+a,)
[CHEWCERDIEON RSN, 2-v)=m 2
(5)

4. EHDEMISEICHIFHHINRUILIR
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RUJLINI W IBBDECDWNT, E— RIS
RYZLR T D. 2 ~ 3 EBEDEEHERND, BHDE
S SBICENT RU VNI v VB AR (CIFET D
IREHDAK, (LUFE, AKj g EMT D) F, TvIR
SN CHET D 1, ZRFEBARINSIE LT Kassir
SOEETEE (X (3)) DHETEIND AKjpp (S LT,
—TEDEEZRIT CENBEShEE . I TIE,
AKy g & AKio DEERZ, #BEAFRE fy ZFEL TR (D)
DLDICEKT.
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Table 5 Mode Il stress intensity factor range calculated by proposed formula.

Mode Il stress intensity factor range
AKi [MPa - m'?]

Diam.eter Depth of Maximum Afan AR s o Errorin

ofdrilled | e edge | nrd | ™ | (eem solution of | (Solution by Kassir | by | -t | Al
hole h" [mml] pressre drilled hole edge | & Sih at AT=27, | €q.(6) byea.) | (ea.7/
[mm] Gmax [GPa] ) i “ FEM) [%]

under rolling under uniformly
contact stress) | distributed stress)

3.0 8.24 10.69 0.74 793 - 3.7

0.050 1.0 2.5 7.24 9.29 0.74 6.89 - 4.8

2.0 5.93 7.71 0.74 5.72 —-35

3.0 9.85 14.00 0.66 9.29 - 5.6

0.100 0.050 0.5 2.5 8.49 12.16 0.66 8.08 —4.9

2.0 715 10.10 0.66 6.71 -6.2

3.0 11.64 18.95 0.51 9.63 - 173

0.200 0.3 2.5 9.44 16.47 0.51 8.37 - 1.4

2.0 7.38 13.68 0.51 6.95 -59

3.0 8.87 11.78 0.74 8.74 - 15

0.050 2.0 2.5 7.37 9.72 0.74 721 - 2.1

2.0 5.72 748 0.74 5.65 —-29

3.0 10.05 13.72 0.70 9.65 - 4.0

0.075 1.3 2.5 8.29 11.32 0.70 7.96 - 4.0

0.100 2.0 6.49 8.72 0.70 6.13 -55

3.0 10.62 15.42 0.66 10.24 - 3.6

0.100 1.0 2.5 8.85 12.73 0.66 8.45 —45

2.0 6.91 9.80 0.66 6.51 - 5.8

3.0 11.13 20.88 0.51 10.61 —-4.7

0.200 0.5 2.5 9.33 17.23 0.51 8.75 —-6.2

2.0 7.09 13.27 0.51 6.74 —-4.9

3.0 6.97 9.80 0.74 7.27 4.3

0.050 4.4 2.5 5.26 7.40 0.74 5.49 4.4

2.0 3.65 5.12 0.74 3.80 4.0

3.0 8.24 12.83 0.66 8.62 3.4

0.100 0.220 2.2 2.5 6.1 9.69 0.66 6.43 5.3

2.0 4.26 6.70 0.66 4.45 4.4

3.0 8.28 17.37 0.51 8.82 6.6

0.200 1.1 2.5 6.18 13.12 0.51 6.66 78

2.0 4.24 9.07 0.51 4.61 8.7

3.0 5.30 745 0.74 5.63 4.3

0.050 6.9 2.5 3.84 5.39 0.74 4.00 4.2

2.0 2.55 3.57 0.74 2.65 3.9

3.0 5.98 9.75 0.66 6.47 8.3

0.100 0.345 3.5 2.5 4.32 7.06 0.66 4.69 8.5

2.0 2.87 4.67 0.66 3.10 8.1

3.0 6.24 13.20 0.51 6.71 75

0.200 1.7 2.5 4.49 9.56 0.51 4.86 8.2

2.0 2.97 6.33 0.51 3.21 8.2
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Effect of small defect on the flaking strength of rolling bearings

(Part 2: Evaluation of the flaking strength of rolling bearing having a
small drilled hole based on stress intensity factor)

S. Hashimoto, H. Komata, H. Matsunaga

ik A&

—IRALEEN BAEEBFRD SREAGZS T, BIRFRMXE Vol.83, No.852 (2017)hS#nE.

Rolling contact fatigue (RCF) tests were conducted using rolling bearings with a micro-drilled hole on the raceway. In all
the tests, fatigue crack initiated at the edge near the bottom of the hole, and then propagated by shear mode. Even in the
unbroken specimens tested up to N = 1x10° cycles, a short fatigue crack was found at the edge. By using stress intensity
factor (SIF) range calculated for initial defect size, fatigue life data were uniformly gathered inside a small band irrespective
of the diameter and depth of the hole. In addition, it was found that the crack size dependency of threshold SIF range, which
is well-known for mode | fatigue crack, also exists in mode |l fatigue crack emanating under the rolling contact. The values of
threshold SIF ranges obtained by the RCF tests were in good agreement with those obtained in the torsional fatigue tests

under a static compression.
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* HARET (1)
* %k JUNKRZRZ B T 25
TUMNARE KRR AT & —

TMNKREAD =RV Za— b3 - TRILF—EERRZR
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etal.. 2015) [CKDTC. HMEDOFHERTEZRWNTH
EOMTONCEe. UL, INSOEBRGAEL, &
DIDEEIGH T CTDINI15ZBRICBRTCEDNDITT
(F75<, &SmO DERFBEFFHMANDEAIC DV TIFERE
HESNTWVS. —75, BN DRFHERA D#ESIC
MNRBEZBAN U CEREELREZREIT D EICK
DERODBERZEH(CL, [F<BEREZRIRIFHIC
EELTDHFNEINTVS (Kida et al.. 2004,
2006, EEMMfth, 2015). FES (JVRfl 2012,
2013) B, #EsbIc ATREE U TN N U )LIVZE RS
5 U7z JIS-SUJ2 FElBRF Z BV CERD D R 5
BzREL, SRERFFPZTOFERTFICOWVTH
BZTOCEE. ZUTC, INZFTIC, IR UILR
MOEN DR E ABTELE 5 ERHOERRFIED
FEICENTHD I EP, MIRBTEPERESE
COFERFZERIHIEICKD, BEATHDER
TRFRE UTDENDIEFREZEEFHMAIBETH D
C&, BEZRUTCEE. U LIRS, FFHIE
ZERRICED D #Z D& <BfsREOFHAISER I 51
O, FUILTDSFEE UTeERDDFREZLD
FHICEASNCTHELBIC, IERNEDD OFRE
UTeERDOHZIREE DIEERZAIE(L T D ED D
D. Ffe, INFTOFREERR 2R EN DRSS
ABRIE(FCIIIFEL, REOMZDFERDRIREL T, 5F
M ADEEPEATEERZRSHNCTHED
EECHD.

TITHRMPRClE, SYT7IABEIRBEEHMRHK
URSA B FHMZOHERC FUILINZMSL
TEHEHMDEFARZITD. NUITKD, EELANIVIC
BV, F<BERE(ICKREFTHINRMBORZEZHSH
([CTD. 5B1]| WA 2017) TlE AEwICHUN S
ULzt 5 UTER BT MR OEMN D R HEERDIER
EBIRNFWICEEL T DeHIC, FUJLIRI v I8
WOFEE URREHDE— N DI REEHEZ
BIRERAICKDETUZ. BONIERE, BAM
ZR(TOMRAFPORBREROFE =D EC, B
UILRT v IBOERRERDIIEA R EE =<
DfEERA - FUJVIRTAICH UCEHEICFTETED
MR 7ZEN . AT, OBz R 5 RIS
RICEAL, F<EREICHTIHINRBOFEZS
KEBEEUTEEET D

2. BEBRICH/IRUILINZETS U B2 D8
hbEHHER
21 EEBRAE

102, GBHRDEFABICHIDIEGADEHZEE
FREDRENNZRT. AR CHAVLCEZE, S
ITIVBIBBRE T JIS-6206 &, AT A A&
NEE#Z JIS-51305 T, LWIFNH JIS-SUI2 RTH
5. JIS-6206 ONEwH KU JIS-51305 D4 i = =F
iR E U, |R1IC, TNZENOLERDZRT
BRI, BfR9.525 mm DI THD. #Ekms
HERICIE, AN - HRUDEIIEDEINTWND.
#aEE(CIFEBNIBR(CIEBMN T ZL, NTEROBS
([£0.03~0.04 ym RafZEECHofc. EvH—X
Bz, J|EAICHEULE S BOEERICDOWNT
#HIAFHETE 9.8 N T 2 RID, &t 10 sUAIE LTCHER
JIS-6206 DWERTIFFFT HV = 751, JIS-51305
DNECTIFFIET HV = 754 Thofe.

B2 (@)cRUleLDIC, T TlE, sEEkegeE
WO EMREMT D ECL>TEUDEMEIE, FhE
WOBRZHRLE T DBEMABIREED. CDEE, &
MEMRORL (T RO EHERDEBR) CRAEMEL
WRETSH. TOHEDFRIC, B2 (b)ITRIKD
HHRUNRULINZE, SRORERERELT T DEA
Ufc. B2 (O)ITmblekdIc, RUJILINDER d(F
0.06 mm, 0.08 mm, 0.1 MM D 3 KFEELEL, Tw
JRE M 72 0.06 mm ~ 0.175 mm DEFH TZ 1t
SR T, BRREREE g Z 2.5 GPa~ 3.4
GPa D#EIFICZE b Eic. ERUCERRIE 27T
DHERT ISO-VG68 DI AL ERINIHTH
D, JIS-6206 OE&F@EHERGH, JIS-51305 D
BEEHEAEEE U, BEmREF JIS-6206 Tl&
3900 min~ ", JIS-51305 Tl& 1 000 min ™' & Lfe.

EmH D EFEERE. W8 - RIFEICEADS T, £7T
DEEED ~U)LINEDMEERRZ{Tofc. B3 12
TIKDIC, EEEMESEEPREZEDEEEICE
BAEE U, RUJLIROFIDDIRNS MiE Z R EA
[CHE U, THZHRUIC. B4, &BHDE
FRBRAEOMNBEIOERRLZRT. SHE UL
TvIBZERERE U CREL, FEMICHIEEZREIC
FEUCEFLLEDRTD. CDEE, TvITHRIDZRE

Table 1 Chemical composition of the tested bearing. (mass %)

Element C Si Mn Cr P S Ni Cu Mo
6206 0.98 0.23 0.36 1.43 0.014 0.004 0.02 0.004 0.01
51305 1.03 0.26 0.33 1.33 0.010 0.004 0.02 0.002 0.01
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Outer ring

(Ball)

(a-1) Deep groove ball bearing.

Radial load

Inner ring

Rolling element

Housing

Lubrication oil

Radiator

(b-1) Rigs for the fatigue test of deep groove ball bearing.

Inner ring

Rolling element
(Ball)

7

Outer ring

(a-2) Thrust ball bearing.

Inner ring

Cage

Axial load

L+

Lubrication oil

Balls

Housing

Outer ring

(b-2) Rigs for the fatigue test of thrust ball bearing.

Fig. 1 Schematic of the rolling bearings and rigs for the fatigue test.

Contact ellipse

Major axis

Minor axis
2s,

Inner ring

(a) Ellipse type contact area.

Fig. 2 Contact between ball and raceway and drilled hole.

Rolling element (Ball)

Drilled hole

(b) Position of drilled hole on raceway.

d:0.050 mm, 0.080 mm, 0.100 mm
h': 0.050 mm ~ 0.175 mm

d :Diameter of drilled hole

]

h'" Depth of edge

(c) Geometry of drilled hole.

A drilled hole was introduced onto the center of contact ellipse as a crack starter.
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Load Drilled hole
movement

Load movement directiory"/

Drilled hole

served cross section

—,

S

(a) Inner ring of deep groove ball bearing.

Fig. 3 Observed cross section.

WERD S ELERRCHEET ©. SN DEHFHRICK DT
F<BEDE UTeBR UL N (EREMAD KU )LIRD E7&
BT HEH) EEFSFD N L, N=1Xx10°(C
FRELUCBBENEC OIEWER, EFERZELEL
fz

2.2 SERER

5 (c, F<ESMEOSESRGEROMZRT. L
FTNOFEBH(CBNTH, ERIERUJLNT Y IE%Z
EREUVTREL, RECEFHIISERUICE, L
FHICEHU TRERICKRERICEIEL CLZ. COBIR
R, FE SRR 2RV TR LTTBED
AERAER (MR, 2012, 2013) EEEKCTHD. I7F
N5, REOEZDD#MRZRAWNCASKERTCH, ERIE
RUILANT w IBHSBAMBETER UIcEZE R 5N
5. E6Ic, RKEZEMEL gra CEFHF Nt DS
frzmd. B6I(CF BEHEONBERICTERERA Z
WS UTcEn D EAEBROBR B HE TRUT
VIR, 2012, 2013). MRS DOFARGEER DR
EREBER Nt (& grex DIEFEECBIEIIUIZ. U
D UIEDS, Erht D852 & FARELERF DFEBRIERIE —
BT, miEOFmOREDFHICENTEW. T
EHFDEMS U RUILTNDEREPRSICEO2TH
HIED.

F£1HRCRUELDIC, RERERADHEAICSN
C. &GN DEMELDE MCHBERERDFET LT,
TREED 0.2 mm UTDHEE, ZOERIFEHD
BRLIS(CENTTRIONENEHET CENTE
IGHHRAR BRI F ERRE [CHIT D INT e L E ARG
NEUVTHEMBICEADODEBRERHMETED. —
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Observed cross section

1
\ Load < ——
movement

direction Observed cross section

(b) Outer ring of thrust ball bearing.

7, AR THWE RUJLDBERZF 0.05 ~ 0.1 mm
THDHDT, RUILTIDSREEUCERHRICDOVTDH
ERDYFERMEICBWNTIE, IR FREIE T v IR
T W TORMEBAMIGHERBVWEENSDD EER S
Nd. £I T, TCTIF, FERUILIDI Y IFE v
TIEAT R ARILHIRE 1. ZAWLT, EHR
BIERZERIELCHD. B7IC, 1, & Ny DBEFRZR
g HH, WEAEBICIFEIROBEEICHVTRmIRD
DEAKRAIDMERTD. B7 KD, EFEFGIEREN
DftEC T, ZAAWVND ZEICKD, B 6 DFEICHEN
THBERDOESDENNESLKFDELDLDD. &
fo, {5 U RULIROBERNNEVF E RS FalE
LB EENESND

IMRSI(E, EEOMRERICSWVT, U\ RU LI
DEADIEFHERCIE, SHFEFFmD L %L
TOBEUMTRETDCEZRULTWVD (MR
2013). DB, HUNRUILIDIEREEDBZED
O DEAFDDOARBDFETHDERICEDLIND.
K7 DEFHBERICENT, RUJLINDERH/N
TWVEFEFGHEVDIF, RUILNRITvINSREL
RIS EHDEREDEVICKDDDEEZZ 5N
3. D5, FUITODBERINEWVEE, EHHE
HERFR COIIEAFREIF/ NS <ZED, ZNUTHUT
THERFHHNEL LD DDEHEREIND. £IT
RECIE, FERCIREREU, SADEMILSI T T RY
JUIRT W IO O FHE UTeUNERRDE— R TSIk
KEMEBFRNAK OHEEXZHEWNT, &@mHDEHHE
ERZEZEELT D EZHFD.
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Load movement direction

Diameter of bgle:_

gt e W

Drilled hole before testing Drilled hole after testing

Fig. 4 Examples of the observation of cross section after RCF test (Inner ring of JIS-62086,
d=0.100 mm, h’ = 0.063 mm, gmax = 3.0 GPa, N; = 2.8x10” ). The fatigue crack was initiated from
the edge of drilled hole.

Load movement direction Load movement direction Load movement direction Load movement direction

Shape of drilled hole Crack initiation point Shape of drilled ho\é Crack initiation point Shape of drilled hole  Crack initiation point  Shape of drilled hole g et oRolE

(a) Inner ring of JIS-6206. (b) Inner ring of JIS-6206. (c) Outer ring of JIS-51305. (d) Outer ring of JIS-51305.
d=0.05mm, d=0.1T mm, d=0.1T mm, d=0.08 mm,
h'=0.111 mm, h'=0.122 mm, h'=0.072 mm, h'=0.070 mm,
Jrax = 3.0 GPa, Qrex = 2.8 GPa, Qo = 3.0 GPa, Jrax = 3.0 GPa,
N, =2.2X107 cycles N; = 1.1X107 cycles N, =1.0X107 cycles N; =2.9X107 cycles

Fig.5 Optical micrographs of flakings and cross sections containing the drilled hole. The crack was
initiated at the edge of drilled hole, and then propagated parallel to the raceway.
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* Depth of hole edge is ranged
1.5 r  from 0.05 mm to 0.175 mm.
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Number of cycles to failure, N;

Fig. 6 Relationship between maximum contact
pressure gmax and fatigue life Ny. The fatigue
life was greatly varied depending on the
diameter and depth of drilled hole.

3. RUISRHSRET DMINERDHEIRRE
ZEE Ui D RS EEDEEFHE

EBHERNBANZSRITDEE, THOBTRE—NR
FEHFRITA>TE—RI~VEAT—R (E—RI
+E—RI) ~E—RID&EE(ETD. HIZE E8 (a)
[CRT KO FAMZESITDEATHICBVTIE, &
HWEEE x DR EL DR X BRU R Xo Tl
BREE—RIERZED, KIFERK (= Kim), Kild0
EI5D. Ffo, THEGE y MOTRELTDRY B
KOY, CIFEREE— RMEKLD, Ky [F&A (= Ky
max), Kild0 &S, Ffe, B8 (b) DKDIC, R
UJLIRD I w IO SFEKAE UV NERDBED, B
BRDAIET Ky & Ky [FZNZNRARELED.

#_E5 (Murakami et al., 2003, 2008)I&, £—
RIBKROE—RIMDOERHICHBWVT, K =KyDEE
DEHEMmAED B AMILNIDIE, BARISIDT
MM 90 BHDCEZRIFTEEUTH D EZEH
[C, B—MBHIH U TIE Kin = Kinn £E1EDEWVDR
BMEICCWVD. &b, KRMICODWTCE—RIE
HEMERABRE T NIES THERABRZER
U, FREDREZX I ORBERZRF LD, F/e,
MUKS (Rakft, 2009) B, #SZEH-hORU/INEE AR
BEHERCDOVNT, E—RIEE—RIDEHTH
ERIEMFEFEFEFEUVWCEERIRBREREEB TV
5. AERICBWVCIE, FUILTWDSREUEINE
HOEE a' & b’ RULNBERICERNTH2(C/hE
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Fig. 7 Relationship between shear stress amplitude
T. and fatigue life Ny. Smaller hole diameter
led to longer fatigue life.

WEE, RUINZZSODERHD T ANT MMElgka/ b~
1 ERIBETCENTEDD, TDEE, Kimax > Kil max
EIED. 2T, E—RIEE—RIDTZLEREN
MEULWESIE, RUJLIUH DT R DR
TIEEIC xAANDE— RIDERNMEBZ(CHED EF
BEIND. TDTEND, BEEIEF, RUJLIRI v I
W ORE U SHOPEBDERPEEBOEELIC, &
WAl E xMOXRICHBITD K ZiERE L THWS.

EE&SIE F1|C, @mHODEFMILSI T THNS
UILRNDIw I OFRHEUCHM/NEROE— RN
ISR K 72 FEM [CKD T LTc. K8 (b)
DEOBEHNERZF T DN\ NV LN ZST#HZ
MBERZETIVEL, TORELZE, BEEIRZE
fEEmc gL o@EETE, ZNITHED K DEEH
5AK), g ZKDfC. CDEE, FHRTEUDER
L3R RE%Z Lundberg (Lundberg and Palmgren,
1947) DEE#BEBZEIC FEM TBIRTETCWLWS I &
BHERLTCVS. &HIC, BLDER - RED KU
W HOFE UTcERD AK, g l&, HHEEFRE fon ZT LT,
BAMZES S D HEBRADETZD AKj) &—TEDIERS
BRHdEZHESMCUTE. AK) g & AKip DEEFR
FXHXTEABND.

AKu,arin = farin - AKo= farin (2—4v)1t At | (;’+a ’)
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CCZT, VIFR7ZY U, ATIFBAKIRAE(A T
=27,), alFRUJINRITvINSREEUCTRHOE
STHD. T [FRUIVNI wIFES b ITERT DR
MBAMINIIIRIBETH D, fya (&, RUJLINDER d
DEEMTH D, XA TRIND.

Sain=—1.56-d+0.86 (2)

BH, () DOEAEFEIGE 1 TR U BT
B, 97505, 0<d<0.2mm, 0<h <0.345 mm,
2.0 GPa<gnx< 3.0 GPa T&H 5. CDHEEICHWVT,
I (1) TKOTZAK), gin (&, FEM BB CKREDIMBEIC
U, [FEF L5 WRIEEDRECINED.

2B TCHIMNIEKRDIC, RUJLTUEHIRER ETEDER
B OEFBFIEBIECHONT, THEFEHFHD DL %
LITF D80 UV TREL, BAFHOKREBDIEZTD
TRDERICEDLIND. TIC, TOLILFEEHD
NERREZ KT D AK), o ZRWVT, EHFRT —
SEEBUTCHD. BT, AKy gu & Nt DEEFRZE
Y. BB, RUILIHEDN (1) OBEREES D
57—HIE EINSEALTWVS. Ffe, MU
IO FEE UCEXMDRMUNLEERRE T, SRTEa
FRUILNBR JCHERNTTa/NEWLWTEn S, T (1)
[CHWCa'—0&Ulc. fit#hc r, ZRWLCE 7 TE,
HABRERIF RUILTNDBERICK>TESDWLWTWE
B, M AK), g ZFAWVCE 9 Tl3, FIEEERFD
EERERIE RUINERICKSFFEFE—ADERF LIS
BN/

Points Y,, Y,
(Mode 1II)

Point X,
(Mode 1I)

2b

PointX, 29
(Mode 1I)

(a) Elliptical crack.

10(2, N=1 X 10° TEFHHBZELLUCED
DERSZD U LINERDOMEERERER 2R d. KUJLIT
DIy IBPICIFRMINEERDRESN . DRI
THE FBELTVDD, HULKIEEEBEHFED
FEBMRCTERUCVCEHEHESINDS. ITED5, N
=1 X 10 THRBEBOHMZ(CDWVTESND AK. g
(&, KU SFE UfcEHOER TRFR(CIFEFE
LWEEZSND. B11(C, ®EEHARAICDWVNT

14
F * Depth of hole edge is ranged
12 from 0.05 mm to 0.175 mm.
= U1 M
5 ’ EK)
: g | A
£ , S o %
g 9 le) < ‘P
= 6 r o>
N2 | d[mm]
< 4
005 008 0.1
[ Komataetal| O o
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Fig. 9 Relationship between stress intensity factor
range AKj, 4 and fatigue life Ny. By using
AKi 41, fatigue life data were uniformly
gathered inside a small band irrespective of
the diameter and depth of the hole.

Load movement direction

E\——/E

Small crack Mode TII A

Mode II

(b) Ring-shaped crack emanated from hole edge.

Fig. 8 Crack geometries under shear. The crack is deformed by pure mode Il at the points X; and X,, and

is by pure mode Il at the pointsY; and Y.
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BOoONZ AK, g 72 TFRRFRIDTITAARELERR A Ky &
L, RUJNBERICHLTCTOY bUCRERZRT.
AKin [F RUJLTNBERPARELFD EEDITEBMLT
.

Matsunaga © (Matsunaga et al., 2011,
Okazaki et al., 2014) (&, AR THULHEM &
BIEEOEZH SUJ2 TRIEUAEABRAF ORES
[C, ESHRAEFEREUVTATIWINRBZNSL, 81
FEfEDEEDO R CRUDEFHERZERREL T,
ZTUT, REEHDSFHRET DHFBEAIROTAREIESE
HOERZEHZHEBL, 21 mm U TOERTE
HICHWT, BAREYRESEHO NRFILIILAFRE
EEAK p [ClEF, B— R | SELUDOESREKEFED
B dExBASHICLTVS. &HIC, Matsunaga
S5lF, AKin NERDREKRT EAJarea D 1/3 TICH
BlgdEsZzmL, KB ZEF/TVLD.

AKun=126( f+1.33)(area)"” (3)

CC T, Aareald, NIXRMBESOEHEBEDF
FHR (M) THD. fl3, EHEHDHEEZ aredcrack
ANLRMEERD DETEZ areddefect & UTcETD, T
RDHEE (areadefect + aredcrack) [CX9 % areacrack
DEIGTHD, XL TERIND.

ared crac
f= : )

ared defect T Ared crack

Load movement direction

E———

N

0.050 mm Crack from edge

e

(a) Inner ring of JIS-6206.
d=0.100 mm, h' = 0.064 mm,
Qpex = 2.5 GPa, N =2.6 X108 cycles

Q) ERA)ZABNT, FFR TRLZE KU
DIAICHTDAK ZETELCHD. 55, K10
[CIRIKDIC, RBHFEDOEZD NUJLINT v BT
RINCERORE(E FUJLNNDEEICH LTI
NeEWTEN D, EHDNKRTIE Jarea 1 FUILIT
ZNEEIEE CIRF UTCERDY HIRETSD. UL
I (B) TREND.

Narea =\nd?/4 (5)

CC T, T3EEareac . << KU JJLyWEE
areagsiect CHDMDT, << 1 THD. €>T, K (Q3)
Trf—>0&TDE, AKe [FRODKDICIED.

AKun=1.61-d"? (6)

112, I (6) ZAVNTAK 4 7Z dDEFE LT
SFBEUCREREERTRY. N=1 X 10° THIEIE
EFOTEARBRORAD S (1) [CKDKHSNTZA
Ken (@ED) &, I (6) [CRDKFDAK v (5EHR) (&
FF—HUe. 905, GHDEMIEIIFICHENT
RUILIND SFEE UTEMUINEF EHD MK B, T—
N IEFERP, B#HEMRLI TN TORU DK FER
CTERSEIEBAMBEFTREBERIC, YIRIXREST
ED B ERICEHTDENRAESH EIEDIE. FE,
RUILIND SFEE UTEHUINEF TRD AKin 1S, 53289
[EHEID T TDRU D EHFHEBRDERN SF SN
Mzl BWCFAIFEECH D EHRENTE.

Load movement direction

>

—

Crack from edge
0.050 mm

(b) Inner ring of JIS-6206.
d=0.080 mm, h'= 0.060 mm,
Grex = 2.5 GPa, N= 2.4 X102 cycles

Fig. 10 Optical micrographs of drilled holes with small cracks in unbroken bearings. Small cracks were

observed at the edge.
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Fig. 11 Relationship between mode Il threshold
stress intensity factor range, AKiw, and the
diameter of the drilled hole, d.

The crack size dependency of threshold

SIF range, which is well-known for mode |
fatigue crack, also exists in mode Il fatigue
crack emanating under the rolling contact.

<:> Direction of hot-rolling

50 um

(a) Aspect ratio: 1

P EDRERNS, #EREROM/INIIEEENEYH
EREFDSEICHBNTE, BAMESTHOER
TNRFUERINEMTAD 1/3 RICHAHTHEFRE
Nd. 122U, B12 [CPERI LIS, BmHDEHR
Tl <BHEBEDER EIEDIFERNTEV DR 344
THd. o T, EEDFBEFmPIELBEREDS
BEGFAZRIETDCOHICIE, HRLFEIR - HED
MUNRBED OFE - ERT DTRDINSHLAHREICD
WCHREIZITD CEDRETHS. NICKD, FE
BN EYDERELEDSEDE <BEEZEEN Y
MIBHEZEILT D ED, AMFTDSEDRECT
HB.

® Direction of load movement

(b) Aspect ratio: 2.5

(c) Aspect ratio: 7

Fig. 12 Non-metallic inclusions observed in a bearing steel.
(‘ai: major axis of inclusions, bi: minor axis of inclusions, aspect ratio: a;/ b )
The non-metallic inclusions have various shapes with different aspect ratios.
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EN DB ONERERID (G < BiREZESNIET

Mg dicsh, BRVPRESHELDELDHI\RU)LIN

7, JIS-6206 8K U JIS-51305 D#EHHICTS L

TEHMDEHREZTolc. BONICEBRERICON

T, FUILTD S FEHE UTCUNEROE— N DI

ﬁf‘?*ﬁk AKi, g 72 AWV CIRIR D Z 15 Hl 7z Sl A 2.

FoNciEmEL TDO®@ED Thd.

(1) DS (CHRHUN NIV ZEMS UICBEE TH,

EREEREDEEERER BATHIENUILIT
TyvIBEHhOREL, BAKLTERU.

(2) MEEHICAK) o ZRAVWD T EICKDT, EHFMD
T—HILHERE DB N U LINTAIC K S TR
WY ROA(CINE o Tz

(3) N=1 X 10° TERKIBE L > ICEZ DRIE Z R
RUER, RUILRI v IBTRUNEEHOE
REINc. CDTENS, MZHRIIEETFDHIR
FRE FUILTDSDEHOFELERF CIFEL,
REUEHDOEIEEBRREFR CTHD T EHEHESH
EEole.

(4) ERADREEE L O ICHBDRAGNS, E2UE
B TIRFEAK Z5T8 L, FULNBER (TR
BR) [cWLTT7Ov bUER, AKmnlFRU
IWRBRJD1/SEICHATSZENHS N E
Hofe. e, ZDEIF, EHEMEILI T TCOR
UDEFHEBR CESNICAKy DIEE XS —EHU
Iz
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X-Ray CT Imaging of Grease Behavior in Ball Bearing
and Numerical Validation of Multi-Phase Flows
Simulation

T. Noda, K. Shibasaki, S. Miyata, M. Taniguchi

—MRAAEEAN BRSNS A ROV —220GREHEEZF T, bSAMROJRAME 615 5 4 5(2016 F) D Stnd.

In an effort to further extend bearing life, the authors have attempted to acquire greater knowledge regarding lubricating
grease behavior in a bearing. While conducting experiments, some kinds of difficulties commonly arise when attempting
to observe grease behavior directly from the bearing exterior without removing seals and shields. Making a breakthrough
such a troubling aspect, X-ray computed tomography (CT), which is one of the non-destructive inspection techniques,
was employed and resulted in visualizing remarkable details of grease distribution in a resin ball bearing. Hydrodynamic
grease transition from churning to channeling state was well revealed by the mixture distribution of urea and barium-based
greases which have different properties of X-ray absorption capability. Furthermore, the three dimensional unsteady liquid-
gas multi-phase flows analysis was performed. Hydrodynamic feature of grease was regarded as a non-Newtonian fluid,
which shows a highly non-linear flow curve, and the constitutive equation of modified Bingham plastic model proposed by
Papanastasiou was applied to rheological property. Through these novel experimental and calculation approaches, several
new insights about grease behavior inside a ball bearing were brought out.
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Fig. 1

Left: Definition of R-Zaxis, right: X-ray CT
image of the plastic bearing at the cross-
section, Z=0.36
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Z2=0.29 0.36

0.44 0.63

Fig.2 X-ray CT images of the plastic ball bearing with urea grease at several slices (top: Initial grease distribution,
bottom : grease distribution after approximately one-minute rotation)
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(a) Initial grease distribution
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(b) Grease distribution after one-minute rotation

e
(¢) Grease distribution after five-minute rotation

Fig. 3 Transition of grease lubrication from churning
to channeling state observed from clipped
CT images at three different times
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Table 1 Physical properties and composition of urea and barium greases

. . . Base Oil Kinetic Viscosity Density Worked
L Thick B I
ubricant oxener ase Oi [mm?/s] (40 degrees Celsius) | [g/cm®] | Penetration
Urea grease Urea POE 30.5 0.93 264
Barium grease | Barium Complex Soap | MO + Ester 23.0 0.99 280
4ir
Urea grease
Inner ring ] '
Quter ring
0 50 100 150 200 250
CT value

Fig.4 Left: Grayscale comparison among urea, barium grease and air, right: 2D grayscale spectrum of the plastic
bearing X-ray CT image including two different greases at one cross-section
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(c) Grease distribution after five-minute rotation

Fig.5 Grease internal flow observed from clipped
CT images at three different times
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Fig. 6 Grayscale comparison of CT images of initial, after one and five-minute rotation of the plastic bearing at Z = 0.25
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Fig. 7 Change rate of frequency of the plastic bearing X-ray CT images, top: grayscale change from initial to one
minute (O), bottom: grayscale change from one to five minutes (J1s)
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Fig. 8 X-ray CT images along the cylindrical cross-section, R = 0.62 (top: inner side), 0.84 (bottom: outer side)
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Fig.9 X-ray CT images in a cylindrical cross-section,
R = 0.62 (top: initial, middle: one-minute,
bottom : five-minute rotation)
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Table 2 Rheological parameters of urea and barium

greases

Grease 7, [Pal nyp [Pa-s] m [s]
Urea 829 1.020 10

Barium 1314 0.276 10
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Fig. 10 Comparison the calculated apparent viscosity
curve of two greases and experimental results
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Fig. 12 Comparison calculated unsteady grease behavior and experimentally captured X-ray CT images of urea and
barium greases in the plastic bearing at several axial slices
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a) Grease distribution in one partial radial cross-section (from left: CT images of
initial, one-minute, five-minute rotation and calculated result)
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b) Mixed grease covering over the initial one under channeling state (from left: CT
images of initial, one-minute, five-minute rotation and calculated result)

Fig. 13 Experimentally captured grease reservoir formation and calculated grease distribution

Experiment
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Fig. 14 X-ray CT image and calculated transient grease flows for indicating one of the grease relubrication processes
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Rolling Bearing Diagnosis Based on Deep Learning
Enhanced by Various Dataset Training

O. Yoshimatsu, Y. Satou, K. Shibasaki

In recent years, there has been an increasing interest in deep learning technique for bearing flaking diagnosis, because
it is possible to select vibration features and set diagnostic thresholds without domain knowledge of bearing diagnosis. The
authors has proposed previously the CNN-LSTM model trained by using various dataset which would be better generalization
performance than that in studies ever reported, i.e., the model might be available for actual rotating machinery, in which
vibration feature is affected by type of bearings, various operating conditions and unknown disturbance. In this study, the
model was analyzed by Grad-CAM, which was known as a visualization tool for deep learning model for image data, to
know how the model detects the flaking. The analysis of Grad-CAM has shown that the periodic impulsive waveforms were
detected when the test signal derived were of fault bearings as well expertized engineer will do. Furthermore, it is proved
that the extracted feature is still available even though the waveforms were contaminated with white noise. In addition, the
analysis also revealed the overfitting situation of trained model. Therefore, it was concluded that Grad-CAM analysis was able
to evaluate the trained deep learning models of bearing vibration diagnosis.
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Fig.2 Examples of normalized acceleration waveforms of Data A, B and C ?
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Fig. 3 Test results of the model for dataset B and
trained without fault data of dataset B ¥
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Fig. 4 Test results of the model for dataset C with
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Fig. 5 Example of Grad-CAM result applied to
high generalization performance model with
normal waveform input
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Fig. 7 Example of Grad-CAM result applied to high
noise robustness model with fault waveform
input added no noise
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Fig. 6 Example of Grad-CAM result applied to high
generalization performance model with fault
waveform input
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Fig.9 Example of Grad-CAM result applied to high
noise robustness model with fault waveform
input added o = 0.5 noise
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Fig. 11 Example of Grad-CAM result applied to high
noise robustness model with fault waveform
input added ¢ = 2.0 noise
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Fig. 10 Example of Grad-CAM result applied to low
noise robustness model with fault waveform
input added o = 0.5 noise
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Fig. 12 Example of Grad-CAM result applied to low
noise robustness model with fault waveform
input added o = 2.0 noise
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Long Life Material for Local Procurement (SHJ7)
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High Performance Tapered Roller Hub Unit Bearings for Automobile
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Low-Noise Thrust Needle Roller Bearing
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High-Performance Low-Friction Seal for Single-Row Deep Groove Ball Bearings
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Lightweight High-Performance Intermediate Shaft
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Touchdown Bearings for Superconducting Flywheel Energy Storage Systems
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