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Crack Face Friction Effects on Mode II Stress Intensities for a Surface-
Cracked Coating In Two-Dimensional Rolling Contact®

Byeong Soo Kim* and Byung-Young Moon”

ABSTRACT

This work focuses on the effects of crack free friction on Mode II stress intensity factors, Ky, for a vertical surface
crack in a two-dimensional finite element model of TiN/steel subject to rolling contact. Results indicate that maximum
Kj; values, which occur when the load is adjacent to the crack, may be significantly reduced in the presence of crack face
friction. The reduction is more significant for thick coatings than for thin. Crack extension and increased layer thickness
result in increased Ky values. The effect of crack face friction on compressive K; values appears negligible. Comparative
results are presented for MoS,/steel and diamond-like carbon(DLC)/Ti systems.
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K;, K; = Mode I and Mode I stress intensity factors
o, = stress of the crack tip, normal to the crack
direction

o = shear stress in the plane normal to the crack
p(x) = Hertzian pressure

p; = pressure applied over surface element

po = maximum Hertzian pressure

q(x) = firctional traction

Li = length of the ith element face

R = effective curvature
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¢ = vertical surface breaking crack of length
h = coating thickness

I" = ratio of coating/substrate stiffness

g = the distance from crack to load center
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Fig.1 Crack tip coordinate and stress orientation
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Fig. 2 Geometrical parameters of the cracked coating
subject to rolling contact.

238 e FEME dYos mAd d4
g ggg It gEAde =3I lﬂTOII A
3 2 FAN dE gy 2L 1 FEd H
AE 9d mAsA & "8} ,,114. 7 mde
= 4000 7 olAtY 845 T E3I 8000 <A
ool AFEEZE 71 o] B2l 0.01 m2
T4 47 49 gol dBHA AR HATH
@ AL =03} =059 7E€H v X
gate At ] 24 (node-to-line gap element)
7} AHgEden o] #%2 Bhushan ¥ Gupta®
(fraic =0.65, fieie=045) o o3 =44
TiN/steel b w1280 gt zkel el gt
AAZNL B YHe BE wgoz THHY]
T gue Zhoz mAHYeH FHE mAL
2EY AFEFH.

Fig. 3 o 2EA4dAA 9 34 dd 2=
& BoFrh

24 tg9 4 7HA F$E B3] A3 AL
&5t



A 2oy . @2ARTHYA A nA A6
<@+ >h=Spmc=2um Eberhardt® 52 %.—.i-l, % 35l ¢dd IAH
@h=1,eh=04) A FEHUS A4S Ad Ky RS BRoH 345
<d@F 2>:h=5umec=1pum
(ah=1,c/h=02) o] dd2HFH HoA o, F 8/=+5 A Ky £
002 ZATe A ¥ AT HFe X
o] AfE #HAE TEAolY AL FAI

s A=A,

<A+ 3>:h=05 1 mc=02pum

(ah=10,c/h=04)
o AYE #a® =% FAY F¥e 24
CEREERE

<AF 4> h=051mc=01pm
(@/h =10, c/h=02)

o AS%E ge =M a8 FILolY 9
F2 2AH7) S8 AEgAr
[t {31 28 i
- - ot vy —— rr
[ T i 1 y_gl_
7 T

HH

BTN

Fig. 3 The finite element mesh used to model the surface
breaking crack in the layered medium subject to
Hertzian loading.
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Table 1 Comparison of normalized stress intensity factors
for a surface crack between finite element model
and the results obtained from Keer et al® (surface
friction coefficient, p1 = 0.25 was used)

gla Finite Element Keer et al. (1982)
1 K;=0 Ki=0
1 K;=0.09 Ky=0.1
5 K;=0.24 K;=0.25
5 Kj = 0.0012 K; =0.001
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Fig. 4 Normalized stress intensity factors for a vertical
crack in TiN/steel, Case 1: a/h=1, c/h=0.4 with
and without crack face friction, /=0, 0.5.
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crack with reduced length in TiN/steel, Case 2 :
a/h=1, ¢/h=0.2, with and without crack face
friction, =0, 0.5.

<@F 1> oA o] Ky & HA L K, &
digelt, gl K, #& <dF 1>3 v w3y



AN 299

FTALFEA] A28 A6s

50% BE7 AAHUASE HAFEY g9 o
/=054 K, 9 ZaE AY 30% YL g
Bk olEd Adee Aot FHgl e
Ky 7} $7He& ﬂwiac} OF 7§ HEAA =
= #d AFe egAw JJrX*Ol 2 F oy
g9 o3 E#L o] AFge we oS

Foe A3, whA ol 45:-3}04 =719 #9 2
o]9) F7F & HAAFE JA & &= Ut} Fig. 5
T K 9 gho] #o] A& 3%, F g2 F94
AefM o A3 Fgw vhRe fFo 4P
A gSE BRoE)

7 ZE(ch=0H7 B#L FL(ch=02)2 zZt= o
& F9 <AF 3FH <dF oA, K, /pa &
Ky / pa k5l e ga 9 27} Fig 6 o
A At

DO15
© Case3 (=
s e
0 Cased. i=05
B a4 £=0
2 00059
g
By
% 000
@
=
E 0.005 4
z
0010 7
0015 v . . . :
3 -2 -1 0 1 2 3

Distance from load center to crack (g/a)

Fig. 6 Normalized stress intensity factors for a vertical
crack in TiN/steel, for a thin coating (a/h=10) with
a long crack (Case 3: ¢/h=0.4) and a short crack
(Case 4: c¢/h=0.2), with and without crack face
friction, f=0,0.5.

AE g2 %J‘—f% Aol FAL =Y
& ¥t Cheng' 53 Erdemir® 9
ok, &, F7hE ggdols B9 79

Rt
ok i rjo du K

e dAlskeE Ky #e g
o] gl adgH™ U}’SS Ky o HA%e 9F&
17'43’- neEt FEAAFE A sked A =%
Zdoe AL Fig.6 oA & + Urh

g 74

3.3 MoS,/steel 2} DLC/Ti 22| 34 2

TiN/steel A 281 74 3 A9 (FAL =
g ah=1; 71 ¥¢E,ch=04; 4L L3 F,
g/a=1) ¢} BlWE  MoSy/steel T DLC/TI A]&Fl9]
A7} Fig. 7 ol &%= o] U} Fig. 7 oA Hx
Ky 32 DLO/TI A28, & =727 o 28
o] A|xH”leA #EH vpEE Ky #E AT
ZaAZT o] A3 TIN Zgl| tis] =)
g wkF AL 3 =05 ¢ Hilse pLc 7€
o] A vi& A % f=015Yo] F23}
o} Fig. 7 914 2 4 g1%0] MoS,/steel A| 28], =
r=017 4 9 Ky & Fxola, #gd o9
v 748 A A0 FAEUT 9IS 2
o A5, o8 AAREL Ky #e FUME ==/
2 A E ds] FUbetm, 28 AlA"d o)
8 €9 vpAe A3 Ky & BA2AAY

03 =0

021

0.1

Normalized Mde 1T stress intensity factor

6.0

TilN/steel

Fig. 7 Normalized Mode 11 stress intensity factors for a
vertical crack in TiN/Steel, MoS,/steel and
DLC/Ti, for Case 1: a/h=1, c/h=0.4, g/a=-1, with
and without crack face friction, f= 0, 0.5.



YT A2n2H A6k

4. g

T& HEE 3lE TiNsteel 05 F+2E29 #3
84 2o 39W #H3 48 A, 4¥ | v,
g ZAol, =¥ 74, 28 FEFRAF, K, F
Ky oA &5 fAxe dg o) fiAsAd. &
d 2o A o] R f3aio v L
T, 79 47 €%, 9 g FAFE dH

Agsigon, Ay SFEAS A K, #
Ko o W@ =dae ggye AFsdo.

TiN/steel A 2 EA ?—'_‘Lc" 2 Zdd vl
i3 Azl= gy Z2ES 3wy

3. 7gH u#E2 K| °ﬂ A9 4%E "R A
sR02 YE
4. TiN/steel 3 Hlg RAAH,

DLC/Ti A" tigle Z7151%

Ho Ky #e
I, MoS,/steel Al

28e] Wstele A
7
B =8e 2002 95 JAHEE SEATRA
B Bzol 9@ Aoly, o] FAI=HUch,
Anes

1. Hochman, R. F., Erdemir, A., Dolan, F. J. and Thom,
R. L., "Rolling-Contact Fatigue of Cu and TiN
Coatings on Bearing Steel Substrates," Journal of
Vacuum Science, Vol. 3, pp. 2348-2353, 1985.

2. Erdemir, A., "A Study of Surface Metallurgical
Characteristics of TiN Coated Bearing Steels,” Ph.D.
Dissertation, Georgia Institue of Technology, Atlanta,
GA, 1986.

3. Erdimir, A., "Rolling-Contact Fatigue and Wear

Resistance of Hard Coatings on Bearing-Steel

Substrates," Surf. and Coat. Tech., Vol. 54, pp. 482-

489, 1992,

Cheng, H. S., Chang, T. P. and Sproul, W. D, "A

166

10.

11.

12.

13.

14.

15.

Morphological Study of Contact Fatigue of TiN
Coated Rollers," in Mechanics of Coatings, Dowson,
D., Taylor, C. M. and Goldet, M., eds., pp. 81-88,
1990.

Kramer, B. M.,
Hard Coatings,"
Advanced Friction and Wear Applications, Schmidt,
F. A. and Blau, P. J., eds., pp. 101-108, 1988.

Keer, L. M., Bryant, M. D. and Haritos, G. K.,
"Subsurface and Surface Cracking Due to Hertzian
Contact,” Jour. of Lubr. Tech., Vol. 104, pp 347-351,
1982.

Keer, L. M. and Bryant, M. D., "A Pitting Model for
Rolling Contact Fatigue," Jour. of Lubr. Tech., Vol.
105, pp. 198-205, 1983.

Hanson, M. T. and Keer, L. M., "An Analytical Life
Prediction Model for the Crack Propagation
Occurring in Contact Fatigue Failure, "Trib. Trans.,
Vol. 35, pp. 451-461, 1992.

Keer, L. M. and Kuo, C. H., "Cracking in a Loaded,
Brittle Elastic Half-Space," Int'l. Jour. of Solids and
Structures, Vol. 29, pp 1819-1826, 1992.

Kaneta, M., Yatsuzuka, H. and Murakami, Y.,
"Mechanism of Crack Growth on Lubricated
Rolling/Sliding Contact," ASLE Trans., Vol. 28, pp.
407-414, 198S.

Bower, A. F., "The Influence of Crack Face Friction
and Tapered Fluid on Surface Initiated Rolling
ASME Jour. of Trib., Vol.

"Predicting the Wear Resistance of

in Engineered Materials for

Contact Fatigue Cracks,"
110, pp. 704-711, 1980.
Kim, S. H., Keer, L. M. and Cheng, H. S., "Loss of
Adhesion of a Layer Bonded to an Elastic Half space
Caused by a Concentrated Contact," Trib. Trans., Vol.
33, pp. 53-59, 1990.

Kuo, C. H. and Keer, L. M., "Three-Dimensional
Analysis of Cracking in a Multilayered Composite,”
ASME Jour. of Appl. Mech., Vol. 62, pp. 273-281,
1995 .

Kim, B. S. and Kim, W. D., “Mode I and Mode II
Stress Intensity Factors for a Surface Cracked in
TiN/Steel Under Hertzian Rolling Contact,” Trans.

"KSME, Vol. 25(8), pp. 1163-1172, 2001.

"On the
Fracture

Chan, S. K,, Tuba, I. S. and Wilson, W. K.,

Finite Element Method in Linear



A EHY #3493 YA A n2F A6

16.

17.

18.

20.

21.

22.

Mechanics," Eng. Fracture Mechanics, Vol. 2, pp. 1-
17, 1970.

Salehizadeh, H. and Saka, N., "Crack Propagation in
Rolling Line Contacts," ASME Jour. of Trib., Vol. 114,
pp. 690-697, 1992.

Kim, B. S. and Eberhardt, A W., “Linear and
Nonlinear Extrapolation of Stress Intensities for Edge
Cracks in Mixed-Mode Loading,” Eng. Fracture
Mechanics, Vol. 57, No.4, pp 715-720, 1997.
“COSMOS/M Finite Element Analysis System,”
Version 1.75, User Guide, 1, Structural Research and
Analysis Corporation, Pittsburgh, PA, 1995.

. Bhushan, B. and Gupta, B. K., Handbook of

Tribology, McGraw-Hill, New York, 1991.

Eberhardt, A. W. and Peri, S., "Surface Cracks in
Layered Hertzian Contact with Friction," Tribo.
Trans., Vol. 38, pp. 299-304, 1995.

Hutchings, 1. M., “Tribology: Friction and Wear of
Engineering Materials,” CRC Press, Boca Raton, FL,
1992.

Bowden, F. P. and Tabor, D., “The Friction and
Lubrication of Solids,” Oxford Press, Oxford, UK,
1986.

167



