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Thermomechanical Effects due to
Hot Rolling Contact on the Energy
Release Rates of Multiple Interface Cracks
in Layered Media*

Takahito GOSHIMA**, Sotomi ISHIHARA **,
Nobuyasu YAMAUCHI** and Takashi KOIZUMI***

This paper deals with the mutual interference of multiple two-dimensional inter-
face cracks in a surface coating layered material under thermal stresses due to rolling/
sliding contact with heat input. Contact loading is simulated as a contact pressure load
with both the normal and shear components having parabolic distribution. Attention
here is focused on the energy release rate at the crack tips which provide a measure
for quantifying the magnitude of interface crack growth. In the present crack analysis,
the interface cracks are replaced by the distributed edge dislocations, and the crack
face friction is negrected. The problem is reduced to simultaneous singular integral
equations for dislocation densities. The integral equations can be solved numerically
by considering the nature of the singularities at the crack tips. The numerical results
of the energy release rate showing the effects of the mutual interference of a pair of
interface cracks are given for some tribological material coatings on a steel substrate.
The effects of the frictional coefficient, the heat input strength and the coating thick-
ness upon the magnitude of the energy release rate and it’s mutual interference are

considered numerically.
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1. Introduction

The surface coating materials are more and more
used to improve the mechanical and tribological
behavior of surfaces in the industries. In most cases,
rolling contacts are accompanied by heat generation
such as an excessive frictional heating caused by its
relative slip between the two sliding surfaces. In a hot
rolling process, in addition to the frictional heat gener-
ation, the work roll is subjected to a great deal of heat
input in the contact region by heat transfer from a hot
strip. Then, thermomechanical cracking can be occur
on the interface of these coating materials when they
are subjected to the rolling/sliding contact. In recent
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years, a considerable effort has been devoted to ther-
momechanical contact problem in the layered mate-
rials. Ju and coworkers¥~® analyzed the thermoelas-
tic contact problem in the various layered half-space
due to a moving heat source and a moving mechanical
load of combined pressure and tangential friction.
Leory et al. analyzed the thermal stresses in the
multilayered media due to a moving heat source.
Chen et al.® analyzed the transient thermal stresses
due to periodic moving frictional load in the layered
half-space. Although these studies for thermome-
chanical contact problem are useful to gain a basic
understanding for the stress field in tribology, they do
not involved in the crack analysis. In order to gain a
better understanding for the conditions of fracture in
tribology, it is nessary to solve the thermomechanical
crack problems by means of the fracture mechanics.
Recently, one of the authors®® has dealt with the
thermomechanical crack problems for the surface
layered materials due to the rolling contact with heat
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input such as a frictional heating. These studies deal
with a single finite crack problem, and do not involve
in the multiple interface crack analysis. However, in
the many actual thermomechanical rolling contact
problem, the multiple interface cracks will happen to
be initiated and propagate with high growth rate due
to the mutual interference between the multiple
cracks. Therefore, in order to gain a better under-
standing for the conditions of fracture with debonding
in layered materials due to rolling contact, thermome-
chanical effects and the mutual interference effects of
these multiple interface cracks due to rolling contact
must be considered.

In this study, we deal with the two-dimensional
multiple interface crack problem for a surface coating
layered material under thermal stresses due to roll-
ing/sliding contact with heat input. Contact loading is
simulated as a contact pressure load with both the
normal and shear components having parabolic distri-
bution. In the present crack analysis, the interface
cracks are replaced by the distributed edge disloca-
tions, and the crack face friction is neglected. In the
temperature analysis, the speed of the moving contact
region is assumed to be much greater than the ratio of
the thermal diffusivity and the contact length (large
Peclet number), and that the temperature distribution
is not disturbed by these cracks. The problem is
reduced to simultaneous singular integral equations
for dislocation densities. The integral equations can
be solved numerically by considering the nature of the
singularities at the crack tips. The solution of disloca-
tion densities directly deduce the complex stress inten-
sity factors. Accordingly, the energy release rates are
also obtained. It was found that the total strain
energy release rate remained relatively constant as
the crack propagated along the interface®. More-
over, the total energy release rate approach eliminat-
ed the problems associated with the oscillating singu-
larities. In fact, the total energy release rate has been
used frequently as a fracture parameter for interfacial
crack propagation. Therefore, attention here is
focused on the energy release rate at the crack tips
which provide a measure for quantifying the magni-
tude of interface crack growth. The numerical results
of the energy release rate showing the effects of the
mutual interference of a pair of interface cracks are
given for some tribological material coatings on a
steel substrate. The effects of the frictional
coefficient, the amount of the heat input and the
coating thickness upon the magnitude of the energy
release rate and it's mutual interference with the
distance between a pair of interface cracks are consid-
ered numerically.
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2. Problem Formulation

An elastic surface layered half-space containing
multiple interface cracks is subjected to rolling-slid-
ing contact accompanied by heat input with constant
moving velocity V as shown in Fig. 1. The surface of
the layered half-space is loaded by an arbitrarily
distributed contact pressure Pi(%) and tangential
frictional load fPi(Z) in the contact region (where f is
frictional coefficient). Then, the heat generation
(%) in the contact region is given as the sum of a
frictional heat generation fVsPi(Z) and a heat input
Qo(Z) as follows:

Ql(f):f%P1(.f)+ Qo(f):fSrVPOP(I) + CIOQ(.Z’)

(1)
where, Vs is the sliding velocity during rolling contact.
In the present analysis, the following dimensionless
parameter are used.

(z, 9)=(Z/e, §le), (xx, y)=(Znlc, Trlc),

L= lxJc, d=dJc, h=hc, es=&./c,

d*=du-rJc—(h+ 1), Re=cVlks, Sr=Vi/V,

ﬂqu/Po V, K=Kz/f{1, GlZ= GZ/G1,

alz=a'z/a/1, V21:(1 - Vl)/(l - Uz),

vie=(1+w)/(1+w), P(x)=P(Z)/P,

Q(x) = QO(f)/C]o, H1:E1a’1k1/{K1(1 - Vl)},

a= GZ<%1+ 1) - G}(kz“" 1)
GZ(K1+ ].) + Gl(Kz+1) ’

5= Gs—1)— Gi(Ge—1)
GGa+ 1)+ Gi(see+1)’

C= 201(1+a’> — 262(1“&)
(a+1DA-p)  Get+1)1-5°)
T*ZCVPO/KI (2 )

where, k¢ is thermal diffusivity, Ky is thermal conduc-
tivity, P is the maximum contact pressure and go is
the maximum heat input, Gy is shear modulus, vg is
the Poisson’s ratio, @y is coefficient of thermal expan-
sion, E, is Young’s modulus, Ry is Peclet number, S-
is slide/roll ratio, A is the dimensionless parameter
which represents the heat input strength. @, 5 are the
Dundurs’ parameters being xs=3—4v, for plane
strain, xe=(3—vg)/(1+ vg) for plane stress. The sub-
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Fig. 1 Problem configuration and coordinate systems
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script g=1 and g=2 denote coated layer and substrate
. regions respectively. The parameters for the crack-%
are represented by the subscript 4 (where £=1, 2, -+,
n).

The region outside the area of contact is assumed
to be thermally insulated. Furthermore, it is assumed
that the temperature distribution is not affected by the
presence of cracks. The thermal boundary conditions
can now be given as follows.

@Cﬁw{—T*{fSrP(x)HQ(x)}, lx[<1, y=0
oy 0 , lx|>1, =0
(3)

<1> 1
Tt (o
TO=T® y=h (5)
T@=0, (g=1,2), 2>+ y’*—> oo (6)

The mechanical boundary conditions on the sur-
face, interface and at infinity of the half-space are
given as follows.

o [—PP(x), |2|<1, y=0

cféy)—{ 0 lzl>L g=0 (7)
(l)z{fPoP(x), lx|<1, y=0 (8)
i 0 J|z|>1, y=0

ow=0%, y=h (9)
ow=0%, y=h (10)
UR=USZ, y=h (11
UR=US, y=h (12)

n), xi+y*— oo
(13)
Assuming that the crack face friction is neglected, the
boundary conditions along the cracks may be expres-
sed as follows.
03ih=0, (¢=1,2,

089 =0, (p,a=z, y), (¢g=1,2, -,

o n), L€kt

=0, (k=1,2," ) (14)
059,,=0, (g=1, 2 n), —L<r<l,
=0, (k=1,2, -, ) (15)
Uin= Ustyy o€ 28, y2=0, (k=1,2,, n)
(16)
where xf? and xf* are the crack face opening and

closing region, respectively.
3. Stress Analysis

3.1 Temperature analysis

The quasi-stationary temperature solution in a
layered half-space due to fast-moving heat source,
which satisfies the boundary conditions Eqs.(3)-(6),
is given in the Fourier transformed space as follows,

T@=T*{fS;P(s)+AQ(s)} F¥(s)/Ds,

(9=1,2) mn

where,

FO(s)=cosh {{(h—y) B} + Kp sinh {(2—y) 51},

F®(s)=exp {(h—y) B},

Ds=pi sinh (48,) + K cosh (1f51),

Biz=Be/B1, Bo=(isRy)"*, i=+—1
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and T is the Fourier transform of the temperature
T defined as follows.

T‘g)=(2ﬂ)"l’ZI:T‘g’exp (isx)dx, (g=1,2) (18)

Then, the inverse transform is given by the fol-
lowing complex integration as:

T‘Q’Z(Zﬂ)‘”/:m’f(g)exp (—isx)ds, (g=1,2)
(19)

here, “s” denotes the complex parameter.
3.2 Superposition method for stress analysis

The stress field 657 in the cracked layered half-
space subjected to rolling-sliding contact and heat
input is represented by superposition as:

o) ="089 +'047, (0, q=x,v), (¢9=1,2)  (20)
here, °0$7 denote the thermal stresses in an uncracked
layered half-space subjected to rolling-sliding contact
and heat input. The stresses '0§7 denotes the distur-
bance by the multiple cracks, which satisfy the conti-
nuity conditions at the interface along with the stress
free conditions on the surface.

3.3 Thermal stresses in an uncracked layered
media

The thermal stresses °757 due to the temperature
field Eq.(17) can be expressed in the Fourier transfor-
med space as follows.

—(q) _ _ () 2 75(9)
oL R e T
0 =(9) 2 h(9) 2 H(9) _ .
et 7 SRR - S GEIAR Ca e
05‘&%} { a@(g) a@(g)
56, Slay TV oy

—(1— 2»g>@ég>+a§ } (9=1,2) (21)

Where, the thermoelastic potential 29 and the stress
functions @ (#=0, 3) in the Fourier transformed
space are given as:

1+y, T

Q(g)zl_ Qg 72 P (g 1, 2) (22)

Vg © Ba—

OP=C¥ exp (—sy)+ D exp {—s(h—y)},
(9=1,2: »=0,3) (23)

here, C¥, D& (¢g=1,2: »=0,3) are the unknown
constants. By applying the boundary conditions Egs.
(7)-(13), the coefficients C¥’, D can be solved
from algebraic equations. Consequently, the thermal
stresses °7§7 are obtained in the Fourier transformed
space as fol]ows
0 “”/Po " exp (= sy)
—s?D§Y exp{ s(h—y)}
—(s%y —2s1) C§" exp (—sy)
—(s%y+2s1) DY exp {—s(h—~y)}
'HlRl{fSrP(S)+/1@(S)}312E‘s‘>’/(5%’*32) (24)
'G5 [Po=5C§" exp (—sy)
+32D“) exp {—s(h—y)}
+{s*y—2s(1— 1)} C§¥ exp (—sy)
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+(s’y—2s(1— )} DSV exp {—s(h—y)}
+ HiR{fS:P(s)+AQ(s)}s*F& /(B —s?)  (25)
5% [Po=1is[sC§" exp (—sy)
—sD§ exp {—s(h—y)}
+(sy+1—2m) C{P exp (—sy)
—(sy—1+2n)D§Y exp {—s(h—y)}
+H1R1{fSrP($)+ﬂQ(S)}BI F@/(Bi—s] (26)
0GR /Po=G[—s’C{® exp {—s(y—h)}
—s*yC§ exp {—S(y )}
+251,C$? exp {—s(y— )}
—'H1R1{fSrP(S)+AQ(S>}V21V12&’,82F‘((2)
/(85— s%)] 27)
50 [Po=G[s*C§® exp {—s(y—h)}
+s%yC8 exp {—s(y — )}
+25(1— 1) C? exp {—s(y — 1)}
+HlRl{fSrP(s)+/1Q(s)}uzw12a/€ FR
/(B5—s%)] (28)
053 Py=1isG[sC& exp {—s(y—h)}
+syCs? exp {—s(y— 1)}
+(1—2m)CP exp {(—s(y—h)}
+H1R1{fSrP(S)+ﬂQ(S)} Vo1 VIZQBZE(SZ))
[(B—sH)] (29)
The inverse Fourier transform of Egs.(24)-(29) are
given by carrying out the complex integration as:
001(;%):(270‘”2_[:051%)
(b, g=2y), (9=1,2) (30)
Since the general solutions of the above complex
integration Eqs.(19) and (30) are too complicated to
invert analytically, in the present study, we use the
numerical integration technique which is analogous to
that used by Ju, et al.® in order to avoid the singular-
ity at s=0 and s=iR,. Thus, we can obtain the
thermal stress solution 07 in an uncracked layered
media, which satisfy the boundary conditions Egs.
(7)-(13).
3.4 Stress field due to the multiple interface
cracks
To account for the disturbance ‘0% by the multi-
ple cracks, which satisfy the continuity conditions at
the interface along with the stress free conditions on
the surface, we consider the problem of a discrete
edge dislocation (bz, bu) located at (7s,0) in the
coordinate system (xx, y») being at the interface of
two bonded dissimilar half-space as shown in Fig. 2.
The edge dislocation (bz., by.) are shown as:
bl’k:[Ulkl'k]/cy b!/lz:[ Uykyk]/C, (k:l, 2, ”)

(31)
where, [Uxzze), [Uyw] represent the displacement
jumps. This stress solution, “0$2(xx, ¥») and Y653 (xs,
yr); (b, g=2u, y») due to bz, and by, respectively, have
been analyzed by Dundurs®®. For example, the stres-
ses at the interface are shown as:

*Ouun(Zx, 0)=— BCbz,6 (s~ 71) (32)

exp (—isx)ds,
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Xk Xx

bx.

Ve Ve by,

Fig. 2 Geometry for the glid and climb dislocations
(bz, and by) located at the interface

xd.rkyk(x@, 0) Z%& (xk—ivk)“ (33)
Y Oy Tr, 0)= Cf[yk ’@ki—w (34)
Y Ozun( Tr, 0)= BChy (21— 71) (35)

where, 8(x:) is the Dirac’s delta function.

Although the stress fields “659(xe, yx), Y059 (s,
) satisfy the continuity conditions at the interface,
the stress free conditions on the layered surface is not
satisfied. Therefore, in order to remove the surface
tractions and satisfy the stress free conditions on the
layered surface, the additional stresses “o$2, 2659
must be considered as follows.

Yoty ="0tP +4082, (0, q=ar, yx, 9=1,2) (36)

Yobg =20t +2057, (b, q=xn, yr, 9=1,2) (37)

The complimentary stresses “0s%, 2057 can be
obtained in the same manner as Egs.(21)-(30) with
Q9=0, The unknown constants being equivalent to
C¥”, D in Eq.(23) can be determined by solving
algebraic equations to meet the stress free conditions
on the layered surface along with the continuity condi-
tions at the interface.

Replacing 6., and by, by distributed dislocation
density bz.dn. and by.d7n. defined along the line of the
crack-%, the stresses '0¥) . induced by the crack-%
can be obtained by integration of 7. as follows.

(g) _f (bxd(g)+bu0‘£g))dﬂk,

(b, =2, ya), (9=1,2) (38)
Therefore, the stress disturbance 'o}? by the
multiple cracks (£=1, 2, ---, n), which satisfy the con-
tinuity conditions at the interface along with the
stress free conditions on the surface, can be obtained

by superposing the stresses 6¥%. (£=1,2, -, n) as
follows.
n
‘087 = 2 1ot (b, =, yn, 9=1,2) (39)

4. Stress Intensity Factors and Energy
Release Rate

4.1 Derivation of the integral equations by the
crack face boundary conditions
Substitution of Eq.(30), (39) into Eq.(20) and the
remaining boundary condition along the multiple
cracks Egs.(14), (15) leads directly to the following
simultaneous singular integral equations for Baz.(xe),
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Bulxs) (k=1,2,-, n).

C ,(m _
/lj Gl(;} dﬁ]

+k§l {/:lkZBxk (9a)Tix( e, 70)

BBl

173 (1)
‘1”_[ ZByk(Wk)Fij(xk, ﬁk)dﬁk}z M
xJExJ , ¥;=0, (] 1,2,- ) (40)
1%
—fl%ﬁ@:—dﬂrFﬂlew(Ij)

+ 3 { [ 2Bun0 Doan, 72)dn

le
—l—f_lkZBy,,(nk)ﬂk(xk, Uk)dﬁk}: %;y]

_ngxjélj) yj:O) (.721, 2?”‘1”) (41)
where,
Bxk(xk)—% Gyk( k):%:
0
(k=1,2,--, m) (42)

Pt - [ (a-2320)

+<a§”+ satl 55“) ‘hé“} cos {&x(xr— 7x)} dEx
(k=1,2,, n) (43)

Do s, nk):A;w{(Yf”_mTﬂegl))
+ < 75D +ﬁ§i5§”>e‘hé“} sin {&x(xx— 70)} dEx

C
+(178kj) 27TG1(J?k_77k)
(k=1,2,-, ), (j=1,2,", n) (44)

Toni(zs, %):/mK aft g Bm)
+< PO ’“ B(“) "é'”} sin {&x(xr— 70)} dEr

+(1_8kj> 27‘[G1(l’k_?7k)
(k=1,2,,m), G=1,2,-,n) (45)
Hk(xk, 7/k) f {( mA_;lESD)
< (1)_|_ }{1 gl)) —hek} cos {ék(.rk—ﬂk)}dfh
(k:1,2,---, n) (46)
1 k=j
8’”*{0 k+j
Here, of®, &V, B, BV, v, vV, eV, &8P are the con-

stants Wthh have been obtamed by solving algebraic
equations to meet the boundary conditions on the
layered surface along with the continuity conditions at
the interface.

We must require in addition that the total Bur-
gers vectors of the dislocations along each cracks
vanish, or that

123 123
IlkB‘l‘k( Uk)dﬂkzo, /:lkByh(”k)dﬂkZO)

(k=1,2,",n) (47)
as the conditions ensure that the displacements are

Series A, Vol. 42, No. 4, 1999

single-valued.
4.2 Numerical calculations of integral equations
and energy release rate
The simultaneous singular integral equation
given by Eqgs.(40)-(47) was solved numerically.
Replacing the parameter 7&, Zal — e, ] by 7, Ze[—1,
1] as:

’;—k, fk:T, (F=1,2,, n) (48)

the dimensionless dislocation density Bazi(7x), By 7x)
can be written as follows.

Bm(g) 1 gsnr((1+ é/ja, (Wl:xk, Z/k),
(6= 71, To) (k=1,2,", n) (49)
y=ttio, 6=4—io, w—%—l (%f‘g) (50)
Substituting Eq.(49) into Eqgs.(40), (41) and (47), and
using the technique developed by Miller and Keer®?,
the integral equation Egs.(40)-(47) reduce to the
simultaneous algebraic equations for g»(£). In solving
these equations, the crack face opening region x£” or
closing region x£' for each cracks (£=1,2, -, n) are
determined by the iteration method under the condi-
tion of absence of overlap of the materials at the each
interface crack faces. The boundary condition Eq.
(16) can be satisfied by setting ¢u({)=0 for the
portion of x€xi".
Then, the complex stress intensity factors can be
determined as follows
KA;; Kf4k+l «/?FZZ(ZM””C
Pyc Pyc G
X1~ B gu(1) + ig= (1)},
at the crack tips Ax (k=1,2, -+, n) (51)
Ks,  KP+iKP _ Jrl(20.)C
Pyc  Pyc G:
Xy1=BHgu(—1) +igul— 1)},
at the crack tips Bx (k=1,2,+, n) (52)
whereas, the energy release rates for each crack tips
are given as follows*?43),

6= o= BB [T+ 14 G4 )G
at the crack tips Ax (k=1,2, -, n) (53)
Gt=G o= TR [T 300414 (o4 1D G

at the crack tips Bx (k=1,2,-, n) (54)
where,
ka:KAk/PON/E, Kl;kk:

Q)

Ks./Po/c (55)
5. Numerical Results of Energy Release Rate

Numerical calculations were carried out for the
case of a couple of interface cracks (£=2) with equal
length (24=2/L=0.1). As the actual coating examples,
three kinds of tribological coating materials bonded
to the carbon steel substrate are considered. They are
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Table 1 Material properties

Layer(g=1) | Layer(g=1) | Layer(g=1) | Substrate(g=2)
(Al203) (SiC) (Stellite) | (Carbon Steel)
E¢ (GPa) 390.0 320.0 240.0 207.0
Vg 0.23 0.127 0.285 0.3
Gg (GPa) 158.5 142.0 93.4 79.6
K, WmK) | 20.73 104.4 9.7 36.053
kg (m?%s) |4.99X106 |49.0X106 |2.77X10% 9.72 X106
ag (K1) [7.19X10€ |5.01X106 |11.3X108 10.0X 106
B -0.05927 0.007648 | -0.01281

Aluminum Oxide (Al,Os), Silicon Carbon (SiC) and
Stellite III (St). These material properties are shown
in Table 1. The contact pressure P(xr) in Egs.(3),
(7), (8) and the heat input distribution @{x) in Eq.
(3) were both assumed to have parabolic distribu-
tions.  The Peclet number was taken as Ri=
200.4(Al:0s), R1=20.4(SiC), R1=361.0(St), R,=
102.9(Carbon steel), being ¢V =1.0x10"*m?/s. The
slide/roll ratio was assumed to be taken as S-=0.1.
All of the following results are shown as the dimen-
sionless energy release rate G, G& (k=1,2) being
defined in Eqgs.(53), (54).

The numerical results of the energy release rates
G#*, G of each crack tips (A4, A;) are plotted as
functions of the crack location over a complete load-
ing cycle in Figs. 3 and 4 for A=0 (no heat input) and
A=1.5, respectively. All these results are shown for
the case of 2=0.1 and d*=0.01. Although, in the
present numerical examples, these results are shown
only at the crack tips Ai, Az, the results of the energy
release rates at the crack tips B, Bz are almost equal
to the results at A, A{GHL=GE, GL=GE). From
these figures, we can see that the magnitude of all the
results of G4, at the inside tip of crack-2 are always
greater than that of G4, at the outside tip of crack-1,
regardless of the kinds of coating materials, the fric-
tional coefficient f and the strength of heat input A.
From Fig. 3 (no heat-input: A=0), for the case of the
small frictional coefficient (f=0.1), G4,, G4, show the
maximum values at about = —0.8 which corresponds
to the cracks being under the vicinity of the right edge
of the contact region. While, for the case of large
frictional coefficient (#=0.7), the crack location which
maximize Gi,, GI, approach to x=0 which corre-
sponds to the cracks being under the center of the
contact region. The value of G4, G, increase with an
increase of frictional coefficient. Especially, this ten-
dency are remarkable for the case of SiC-coating.
For the case of large heat-input A=1.5 (in Fig. 4), the
magnitude of G, G1, tremendously increase compar-
ed to those in Fig. 3. Especially, this tendency are
remarkable for the case of Stellite-coating. The
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Fig. 3 Energy release rates at the both tips of crack-1
and crack-2 as functions of crack location for f=
0.1 and 0.7 being 1=0.0
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Fig. 4 Energy release rates at the both tips of crack-1
and crack-2 as functions of crack location for A=
1.5 being f=0.1
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Fig. 5 Interference effects on the maximum energy
release rate with a decrease of the distance
between the two cracks for the various values of
frictional coefficients /=0.1,0.3 and 0.7

crack location which maximize G%,, G4, are x=0.8 for
SiC, x=0.5 for Stellite and £=0.2 for AlOs.

Then, in order to investigate the mutual interfer-
ence effects of the cracks, the maximum energy
release rate (G¥, max, G4, max) are shown in Figs. 5 and 6
as functions of the distance d* between the two
cracks for the various frictional coefficients (f=0.1,
0.3, 0.7) and the various heat input parameters (A=0.0,
0.5, 1.0, 1.5), respectively. From these figures, we can
recognize the effect of mutual interference of the
cracks ; that is, the values of G4, max, G4, max increase
with a decrease of the distance d* between the cracks.
Especially, G4, max (at the inside tip) show a marked
interference effect compared with GX,max (at the
outside tip). In these figures, the results of single
crack are also shown by the symbols (OaV) being
the crack length /=2/=2L=0.1, and the symbols
(@A VYE) being the crack length /=24+2,=02. As
the distance d* increase, the results of G4, max, G4z max
coincide with the results of the single crack which are
shown by the symbols (OavO). In fact, when two
cracks go away from each other at a distance d*>0.5,
instead of those results of G%,, max, G4 max the results
of the single crack can be used. While, as the distance
d* decrease, the results of G¥, max at the crack tip A:
seem to approach to the results of single crack which
are shown by the symbols (@AYHE), however the
results of G4, mex at the crack tip A: are always
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Fig. 6 Interference effects on the maximum energy
release rate with a decrease of the distance
between the two cracks for the various values of
heat input parameter A=0.0, 0.5, 1.0 and 1.5

greater than those results of single crack shown by the
symbols (@AVE). From Fig. 5, the values of G, max,
Gi.max increase with an increase- of frictional
coefficient f (up to /=0.7) regardless of the distance
d*. Especially, this tendency is extremely sensitive
for the case of SiC-coating. Similarly, from Fig. 6 the
values of G%,, max, G4, max increase with an increase of
heat input strength A (up to A=1.5) regardless of d*.
Especially, this tendency is extremely sensitive for the
case of the coating by Stellite which has the smallest
value of thermal conductivity within the three kinds
of coating materials as shown in Table 1.

Next, the effects of the layer thickness % on the
energy release rate and on their mutual interference
are considered. Figure 7 shows the maximum energy
release rates at the crack tip A2(G%, max) as a function
of the distance d* between the two cracks for the
various layer thickness (2=0.1,0.3,0.5), for the case
of /=0.1 and A=1.2. In this figure, the results of single
crack are also shown by the same symbols as Figs. 5
and 6. From this figure, we can recognize the same
mutual interference effect as Figs.5 and 6 for any
layer thickness (2=0.1~0.5). In order to estimate the
mutual interference effect quantitatively, Fig. 8 shows
the ratio (G4, max)ar=001/( Gz mex)ar= as a function of
layer thickness % for the case of f=0.1~0.7, 1=0.0
~1.2 and three kinds of coating materials which we
have been considered here. Where, (G3s max)a=o0.01
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Fig. 7 Interference effects on the maximum energy
release rate with a ‘decrease of the distance
between the two cracks for the various values of
layer thickness 2=0.1, 0.3 and 0.5
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Fig. 8 The ratio of the maximum energy release rate for
*=(0.01 and for d*=05 as functions of layer
thickness /%

represent the energy release rate for d*=0.01 and
(G %2, max )ar—w represent for the single crack. These
ratios for various case are almost equal within the
range 2.15~2.25 as shown in Fig.8. Therefore,
approximately we can assume (G X2 max)ar=o0.01/
(Ghs, max)ar=w=2.2, regardless frictional coefficient, heat
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Fig. 9 Maximum energy release rates as functions of the
layer thickness % showing the effect of heat input
strength for the case of Al:Os-coating
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Fig. 10 Maximum energy release rates as functions of
the layer thickness % showing the effect of heat
input strength for the case of Stellite-coating

input strength, layer thickness, and the properties of
coating materials which we mentioned above. Hence,
the energy release rate ( Gz max)as—o.a1 for two cracks
(d*=0.01) can be estimated approximately by using
the results of single crack as 2.2(G}s, max)ar=. Again,
from Fig.7, the value of G¥zmax increase with a
decrease of the layer thickness % (from 0.5 to 0.1) for
the case of AlLOs and Stllite coating materials.
However, for the case of SiC coating G, max show the
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Fig. 11 Maximum energy release rates as functions of
the layer thickness % showing the effect of heat
input strength for the case of SiC-coating

I | ! [ ' ! f f

21,=21,=0.1 d°=0.5 Layer
Sr=0.1 ALO,
0.06 /\ ———.—Stellite —
3 L SiC
.8 [\ Substrate=Carbon steel
9 \
o) A/ N | Homogeneous | -
\ (Carbon Steel)

0.04H

0.02

Fig. 12 Maximum energy release rates as functions of
the layer thickness % showing the comparison of
thermal effect with frictional effects

maximum value at 2=0.3.

Therefore, in the following figure, the thermal
effects on the layer thickness which maximize the
value of G4z, max are investigated. Figures 9, 10 and 11
show the variation of G%2 max by the layer thickness %
accompanied by the change with heat input parameter
A=0.0~1.2 (being f=0.1, d*=0.5), for each cases of
AlyQOs, Stllite and SiC coatings respectively. From
these figures, we can see that G%, max increase with an
decrease of layer thickness (starting from %=0.9),
and attain a maximum at a certain value of 7(0.45
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~0.1) for each value of A(0.0~1.2) and coating mate-
rials. Then, if we designate the layer thickness which
maximize the value of G, max by %max, for the case of
A=0.0 (no heat input) and F=0.1, the layer thickness
Jmax=0.5 is obtained independent of the properties of
coating materials. However, the values of /Zmax
decreases with an increase of A. For example, for the
case of A=1.2, hnax=0.12 for AlO; coating (Fig.9),
hmex=0.115 for Stellite coating (Fig.10) and Amax=
0.28 for SiC coating (Fig. 11). The results in Figs. 9-
11 were only for the case of f=0.1. Therefore, Fig. 12
shows the comparison of thermal effects with fric-
tional effects on those variations. Three representa-
tive examples (f=0.7, A=0.0), (f=0.1, 1=0.0) and (¥
=0.1, A=1.2) are shown for three kinds of coating
materials. In the same figure, the results of energy
release rate for the coordinately located subsurface
cracks in the homogeneous carbon steel half-space
which has no coating layer, are also shown by the
dotted curve. From this figure, for the case of large
frictional coefficient (F=0.7), the value of G, max
rapidly increase with decreasing the layer thickness
(<0.2). In all cases, the results of G4, max are always
greater than the homogeneous ones which are shown
by the dotted curve.

6. Conclusions

This work has analyzed the energy release rate
for multiple interface cracks in a surface layered
material due to rolling-sliding contact with heat input.
From numerical examples of the energy release rate
for a pair of interface cracks and for three kinds of
coating materials (Al:Os, Stellite and SiC) being
carbon steel substrate, the following conclusions can
be made.

(1) The maximum values of energy release rate
increase with increasing of frictional coefficient / and
heat input strength A. Especially, these tendencies are
remarkable for the case of SiC-coating (by increasing
of /) and Stellite-coating (by increasing of A), respec-
tively.

(2) The magnitudes of energy release rate
increase with decreasing distance between the two
cracks due to the mutual interference by the cracks.
The energy release rates at the inside tip show a
marked interference effect compared with at the
outside tip. Their increasing rate to the results of
single crack are approximately constant which are
not affected very much by the change of f, A and the
properties of coating materials.

(3) The ratio of the layer thickness and the half
contact length which maximize the energy release
rate is about /Zmax=0.45 for the case of small frictional
coefficient (¥=0.1) and no heat input (A=0) and that
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is independent of the properties of coating materials.
However, these ratios Zmax decrease with increasing of
frictional coefficient and heat input strength and they
are dependent on the properties of coating materials.

(4)

In the present numerical examples, the

results of energy release rate for interface crack in
layered media are always greater than those for the
equally located subsurface cracks in the homogeneous
carbon steel half-space.

(1)

(2)

(4)

(5)
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