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- ABSTRACT
A
Y, ;
s
B 'i": L/
5 N The present investigation expounds on the effect of a near-surface
O cavity, when the solid surface is subjected to the Coulomb frictional
A ; , . . .
.:§ loading of an asperity moving at moderately high-speed. The medium under
o
. +
Y consideration is represented by a solid half space which is coated with a
ér; thin laver of solid wear coating. The cavity in the present report is
9% . . . . . L .
oy rectangular. The temperature field and its gradient in the vicinity of the
9
" cavity result from the traverse of the asperity over the wear surface near
i the cavity. The cavity defect results in a material nonuniformity mathe-
.
2
ﬂ} matically modelled in terms of the material coordinates. The resulting
ll;\l
oA . . . . , , . .
'5 governing differential equation is time-explicit and transient. A general
. '.'
! finite difference formulation is developed, from which numerical solutions
&
Yy were obtained for problems with a cavity at various positions relative to
.a"'
v the surface-laver/substrate interface. Because of the poor heat transfer
K<\ ™
o characteristics of the cavitv, the temperatures in the surface laver above
o -
ARy it are higher than those in the surrounding regién. This phenomenon causes
':‘5.
“) a higher temperature gradient, especially at the trailing corner of the
%) .:*
,?i rectangular cavity.. There, the direction of the maximum temperature
,',:" K
o' , . . e .
b gradient is at a significant oblique angle to the wear surface. The
a combined effect of a higher temperature gradient and an oblique direction
{g would result in a much larger shear stress in the surface-layer/substrate "]
oy -
" ) . . . N
% interface. This phenomenon could lead toward delamination of the coating Ty
RN
\, e
7, near the cavity. BN
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NOMENCLATURE

a asperity width

b substrate thickness

C specific heat

cl(t) distance from x1

D dimensionless coating thickness (H/a)

origion to the center of the asperity

d half width of the cavity

2 depth of the cavity

H coating thickness

I thermal conductivity of surface laver and substrate

L ligament thickness

P(i,j) center of the finite difference cell

M,N,R,S surrounding points of P

P'(x pressure aver the contact area

17

q(xl,t) heat flux through the contact area

q average heat flux through the contact area

Q

Q heat flux from point S to point P
had’d

Q*(-q/qo) dimensionless heat flux through the contact area

RI’R Peclet numbers of surface laver and substrate (Ri - va/ri)

T temperature

U internal energzy }q
v traverse speed of asperity ii
{

w width of the total rectangular finite difference region 3&
l.,.'

>

w' distance from Xy origin to the center of the cavity '
£ dimensionless coordinate (-xlla) i
x

n dimensionless coordinate (=x2/a) >
N
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CHAPTER I

INTRODUCTION

The present investigation constitutes a portion of the general problem

of the thermo-mechanical effect of a moving asperity over a solid medium

with a solid coating layer. The asperity, generally on the order of a milli-

meter, traverses over the solid surface at a uniform moderatelv-high speed,

A
. - =1 N . . .
approximately 13 ms ~, and excites the solid surface mechanicallv and

thermally through Coulomb friction. When there is no flaw in the uniformlv
coated region, the problem can be formulated with a asperity-fixed coordi-
nate svstem for steady-state solutions. Ju and Chen |1 first solved for
the case of a moderately thick coating. Later Ju and Liu [2]} extended the
general formulation of {1] tec study the thickness effect of the coating
laver for various mechanical and thermal impedance mismatching between the
surface coating layer and the substrate. In both cases, the results of
Huang and Ju [3] were verified that, at such a moderately high speed, the
stresses from the thermal effect of the asperity-friction are an order of
maznitude larger than those from its mechanical traction effect. The
prasent investigation, therefore, will concentrate on the temperature field
and the temperature gradient surrounding a flaw in the form of a rectangular
cavity. This cavity is located in the surface laver or at the coating-
layer/substrate interface.

The physical model of asperity friction was based on the experimental
studies in works by Archard [4) and Bannerjee and Burton [5]. Because of
the three-dimensional aspect of those observed "hot spots', Huang and Ju [3]

formulated the problem in three-dimensional theory of the thermo-mechanical

effect owing to the Coulomb friction of moving asperities over a single
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solid wear medium. In its application to the problem of a sin._2 high speed
asperity, it was observed that: (i) at an asperity traversinz speed of

10-15 ms-l, the thermal stress as a result of high temperature gradients is
eight times the stress due to mechanical loading, (ii) at such asperity
speed, the maximum tensile stress is the largzest at a depth of about one
tenth the asperity size, i.e., at a depth of the order of 100 um, and (iii)
while the surface temperature is the same for the three-dimensional model as

comparad with that of two-dimensional model {6!. the resulting maximum

77}
cr
La}
®
W
v

is six times higher for the three-dimensional model due to much

j= g
o
un
T
w
"

cemperature gradient. Therefore, for the thermo-mechanical analysis

(o]
13 )
(s
jo
7

effect of an imbedded flaw. it is primarily important to obtain first
3 temperature field solution.

In the previous works of the moving asperity problem, the analyses
dealt with hasically uniform solid medium, that is, the material and
asperity properties are invariant in the direction of the asperity motion.
In such a casa, the time effect can be rendered implicit ia the Fourier and
Yavier equations by using a coordinate svstem fi%ed to the asperity (called
the convective coordinate system) traversing therewith [1,2,3]. The
resulting steady-state solutions are not explicitly time-dependent in such
coordinates. Wwhen a flaw, such as a cavity, exists in the medium, unifor-

mity in the direction of asperitv motion no longer exists. A coordinate

svstem fixed to the cavity, or to the material, (referred to as the material

coordinates) must be emploved by necessity. As the asperity traverses over
the surface under which the cavity lies, the induced temperature field has

to be an explicit function of time. The solutions are transient. The

steadv-state solution of the temperature field resulting from the moving
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asperity over an uniform medium has been dealt with by several ..:hors

»"
{1.2,3,6,7,8,9,10], whereas the transient solution for a flaw=i medium is -
. 2

lacking.
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o CHAPTER II -
B I,
¥ ANALYTICAL MODEL 4
4
?ak ’
. J
Y ‘e
.'.'.. o
ol While the three~dimensional mcdel gives a more accurate description, it 3
b .\
‘-_u.-‘ , . . . . . :._
e is considered that, for the purpose of studying the effect of a cavity, a ]
.'C'\' . _:.
:-7 two-dimensional model is adequate, with considerably simpler mathematical :_
I 3
N operation. The general geometry is shown in Figure 1. N
0:. :J.
:'0 :
oy 3
¢ o . -
e 2.1 Governing Mathematical Equations -
_hlg The mathematical model is a semi-infinite body with a thin coating
i
;fQ: laver and a rectangular cavity in the neighborhood of the ccating- i
."'\‘ ,'!
Cut
3 2 laver/substrate interface. The half space surface is subjected to the i
.;zf frictional heating of a moving asperity over the surface. %
‘-,'A‘ :,‘
l,-‘ . N "‘
N The governingz equations are as follows: In the surface laver, 3
. - 0 ¢ n < D, denoted by the superscript (1), -
o i
o J2, (1 2,01 Jo(1) N
o ) ) J0 ' 3
73 T + = = R : - (1) 3
‘J% at an at ;.
' {
~24 In the substrate region, D < n < @, denoted by the superscript (2), ‘
S
AR 2. (2) 2 (2) (2)
-
o 3oq +8@ = R, 3¢ i (2)
s aE” an’ < ot
016
ks [
E P . . .
. where o(=Tk1/qoa) is the dimensionless temperature, (E,n)(-xi/a) are the
LA
o, .w
o dimensionless coordinates in the direction opposed to the asperity motion,
‘N
i .p_:.
ﬂﬂ' and the depth, direction respectively, t(avt/a) is the dimensionless time,
%\; D = H/a the dimensionless coating thickness, Ri = va/ri the Peclet numbers
.p{:.‘
*3 in the coating layer (i=1) and in the substrate (i=2), and Q*(=q/qo) is the
o
kit dimensionless heat flux from the asperity friction normalized by the average
e
Yo
el
‘s3]
7 4 (3|
1 g, J
p{

M 0 R X4 A T A g o o o T gl e T e I S
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heat flux q, in the contact area, v is the asperity traversing :sceed, a is
the asperity width in the traversing direction, vy is the thermal diffusiv-
ity in the region (i),

The temperature field 6 must satisfy the following conditions:
1 the initial condition,

o' Vign,0 =0,  i=1,2 (3)
2* the boundarv conditions:

7 )
{i) at infinity, &7 + n~ = o, the regularity conditions are

(1i) in the asperity contact surface, c(t)/a £ £ £ (c(Tt)/a)+l, n = O, the

heat input through the boundary is the rate of the frictional energy

(1)
30
= " =
n Q a/q .

where q = ufvP'. u.P' is the asperitv friction force in the contact region,
R
(iii) outside the rontact surface, § ¢ c(t)/a or § > (c(t)/a)+l, n = 0,
without loss of gzenerality, the surface is adiabatic
T Qg , (3)

3° at the layer/substrate interface, n = D, the continuity conditions for

the heat flux must be satisfied.

2
(1) - d’(.)
(1) (2)
30 0
and an 8 T s (6)
where 8 (=k,/k1) is the thermal conductivity ratio,
4° adiabatic conditions at cavity boundaries,
3o
3 - 0, at § = *d/a, L S n S (L+e)/a, (7)
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2 (2

i .
6% (1,5,n) = azrllo( Y(i-1,1.n=1) + 0' ¥ (i+1.i.n-1)) +

2 (2) .
+ |1 - 2¢ (rl+r,)j¢ (i,j.n=1) +

2 (2),. . (2),. .
+ a rzla (i,j=l,n-1) + o (i,j+l.,n=-1)]). (11)

2 2 2 ,
wvhere rl = AT/(RI-AE ), t, = AT/(Rl-An ), a” = rzlrl, and (i,j,n) denotes
the two spatial indices and the time step respectively. The stability

criteria for the explicit scheme can be shown to be

1 - 20545, 20, (12)

2
1 - 2a'(r1+r2) 2 0. (13)

If a2 is less than 1, Equation (12) is the stability criterion, otherwise
Equation (13) is the stability criterion for the explicit scheme.

Based on the previous works [1,2,3,6,10), we know that the high
temperature and the high thermal stresses occur in the region near the

asperity. Therefore, in that region one must use very fine mesh to obtain

T

good results. But for those locations far away from the asperity, one can

. v:‘r,'-“. )

use coarse mesh in order to save computing time. This non-uniform mesh can

be taken care of by applving the general coordinates transformation (13} .i\
v
0N

(Fig. 3). The derivatives of a function f(£,n) in the transformed plane ;ﬁﬂ

(E.m) are: oA
—

fE.s(n=fx=-ny7 f=)/J , _ (14)
£ nn ; nE fn)/ 4
£ = (E= f= - E= £2)/J , (15) -
n ’EE fn En fE)/J 5 i
£
ooy
£ = (n=? fzz - 2nz n= fa= + = £22)/3° N
3 n "EE TE 'n &n € “nn o
o

—2 - - T A=~ N _2 - - fomr mw Fem fe=
* l(r‘n £EE ‘“E " “En * g “nn) (En fE EE fn)

Rt A

3

e Pue 2 e  fm o ne fe=
- ZnE nn EEn + nE Enn) (ne fn nn fC)J/J . (16)

»

& v e 3
RN
[ IRV I

w©

-~ . - . - . . » CRREE T T S ','J'-'n‘-'.'-'n'- P T SRS Y »
e et Wt - AR L L R i P LA R A SR R I
‘ﬁ.'.'- SR R RN R

AN AR AR A A e ARG LR . SO A EUISEIACIR S TN
-A'.' PSS INP I NI N‘n‘.‘ RNV S IR SRR NI IE I AT AL IVNEIE FEPEVE Y PIEFR VL VI O L PR VLV LV AEV-PE V. SEVR AF. A SR Pt




hahath b et A d Ad bt A h e AR i A AR el Al ¢ of

wwwwEwe WA TRV 2

GENERAL COORDINATES TRANSFORMATION

(E,m)>(E,m)

|
mj

Figure 3. General coordinates transformation.
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2 2
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P E= Eon - 267 &= &g ¢+ E—2 €==) (ny £= - n= f—>1/13 (17)
n TEg € "n "&n £ “nn € n n g )

where J = EE n; - E; ng is the Jacobian of the transformation, the
subscripts (E.n‘E,;) denotes partial derivatives in those coordinates
tespectivelv.

The heat conduction Equaticns (1,2) in the transformed plane can be

written as

(i) (i) (i) (i) (i) 2 (i)
A, o - 2 + : + A = R, ¢ .
{ 1 ’EE *2 QEn \3 °nn 4 °n AD QE )Y/ J Rl o}
i=1,2 (13)
where
2 2 . 19
A, = =7 + n=" (19
1 En nn
A, = - &= + n= n— , (20)
2 EE En "g "
2 2 - n
A3 = 56 + =, (21)
= -— - - Y
A,4 (WE A6 “E A7)/J . (22)
= - - n- 2
AS (En A7 nn Aé)/J ' (23)
= -— - 2 -— [ 24
Ag = A EEE 24, Esn + Ay Eos (2%)
= - - 7 - - 25
\7 Al nEE -42 nc:n + A3 “nn . (235)

At the outer boundaries of the rectangular region (excluding the
surface), ¢ = 0 is the nominal value. The remaining conditions, on the
surface, the cavity boundaries and at the interface, shall be incorporated

with an energy balance scheme [14].
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i$ 2.3 Energy Balance
"
A
u} The cavityv boundaries, the moving asperity and the interface of the
>,
AR medium are taken care of with the use of the energv balance method.
,$ (1) Energy balance at the interface (see Fig. 4).
”
~$ For the material 1 (surface layer), the heat fluxes toward the point P
at the interface from material points M, R and S in the surface laver are
2
- Sy KAV T — e (25)
‘-_
e TCirl. i) = T(i,1) -
' QD\_.?:A,(A\/.‘) irl . ..\XT ’l_. (27)
N
' Ti.j=1) = Tti. i)
N QgLp = Ky (3x) st (28)
o
I}
7 For the material 2 (substrate), the heat fluxes toward the interface
v . ‘ . . .
:2 point P from material points M., R and N in the substrate region are
¢b
v (i=1.4) = Tti, i)
= % (\y/? roi.10 - 1.1 2
. . Oyiap xz(A)/_) < . (29
& 1 T
Tei+l. i) = Tei, i)
L, = ¥t .
- Qgap = Kl d¥/2) = (30)
) o TUiLi#ly = TriL )
b, Quap * ¥p(2%) T , (31)
Q.'
.?1 where Q is the heat flux., indexed by the flow direction.
2
;3 The total heat flux goes in the interface point P(1i,j) is
h Tli-1.9) = T(i.{) T(i+l,j) = T{i.i)
= + Av/2 . + +
, Q= ety (92 [T =
L
.; (32)
-- . .-l - ] . -‘o+ - . .
,5 k. (A%) T(i,i-1) T(i,.i) + k. (Ax) T(i.j+l) T(i,ji) )
1 Ay 2 Ay
. The rate of change of internal energy U in the time interval At and
=
b
;:. in the neighborhood of P(1i,j) is
b
i i, i, _
Loz (33) R
- T(i.4.n) = T(i,i.n-1)
:k - [olcl(O.S Ax-ay) + 02c2(0.5 Ax-dy) ] d T 1 . ::
s R
0
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For conservation of energy, U= qum’ one obtains the equ:izion for

the continuity condition at the interface point P(i,j) at the cime step n

is

2(k1+k,) At 2(k1+k0) At
I(i,j,n) =1 - = . 7 - = ={ T(i,j,n-1) +
(pye tpye,) Ak (pyeytpoc,)  AyT
(k1+k7) At
+ = - = [T(i-1,j,n-1) + TC(i+l,3i,n-1)] +
(9,c,+0,c,) Ax”
2K, At
+ - + = T(i,j-l,n-1) +
<olc1+02c2) Ay~
2k, At
+ = .« == T(i,j+l,n-1) (3%)
(olc1+02c2) Av”©
Equation (3%4) in dimensionless form is
2 201+ -
oi,j,n) = [1 (1+8) £, - (1 B; rz] o(i,j.n-1)
(1+8/a7) (1+8/c¢™)
+ ——Ll:g%- rl[o(i-l,j,n-l) + &(i+l,j,n=-1)]
(1+8/a™) ~ (35)
2 2
+ ————— r,o(i,j-1,n=1) + =8 5= r,o(i,j+l,n-1) ,
(1+8/a«™) ~ (I1+8/2%) ~

where 8 = k,/k,.

(ii) Energy balance on the cavity boundaries (Fig. 5).

The heat fluxes

toward the boundary point P(i,j) from the material points M, S and N are

T(i-1.1) - T¢i,ji)

Q = k(iv) A .

M-D

T(i,j-1) = T(i.j)
2 Ll \v/?
Qup = K(3x/2) iy

T(i,j+1) = T(i, i)
a ! w D ]
QN."P x(4dx/2) Ay

»

(36)

(37)

(38)

' ‘_;;;::::

» s';-{-; }y .

L3

I S
L

LI 3 ool
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Figure 5. Energy balance on the cavity boundaries.
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The total heat input at P(i,j) is then:

T(i-1.4) = T(i, i)
Ax

Q = Quap F Qagp * Quyp = k(AY)

=P 3P N-F (39)
I(i.j+1) = TCE.3) | K(A%/2) T(i, 3+41) = Tti,3%
Ay Y%

+ k(Ax/2)

The rate of internal energy increase in the neighborhood of P(i,j) is

T(i,j.n) - T{(i.j.n-1)
At

U = oc (0.5 ax Av) . (40)

From conservation of energyv, one can obtain the temperature at the boundary

point P(i,j) at the time step n:

. .. 2k (i=1,3.n=1) = T(i.i.,n=-1"
Ti,j,n) = T(i.j,n-1) + == T [I 1,j.n-1 7T i.1.n .
< L 3.{-
e Ili,j=l,n=1) = 27T(i,i,n=-1) + T(i,j+l.n=1 ;
+ 0.5 T(i,i=-1,n=2) 1 17n ) (i,i+ ) (:1)
Ay 4
Equation (41) in dimensionless form is
o(i,j,n) = o(i,j,n=1) + 2¢,{o(i-1,j,n=1) = o(i,j,n-1)] +
+ o [oti,j=1,n=-1) = 2a(i,j.,n=1) + o04i,j+l,n-1] . (42)

Similarly., other points on the cavitv bcundaries can be obtained.
D
{iii) Energzv balance at the corner of the cavity. =4
:
The points at the four corners of the cavity are singularities because S,
"
at each of those four points there are two boundary conditions, .
R
3,T = 9,7 = 0, with only one unknown T. However by applving an energy -
L - ..
. ‘ R
palance scheme, one can resolve such problems at the corner (see Fig. 6). T

The heat fluxes toward the corner point P(i,]j) are:

Tei-1.4) = T¢i,ji)
Quap = Klay) = ‘

Tti.i+l) = T(i.3) ,
= ! 7
Qy»p k(Ax/2) v ’




Figure 6.
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Erergy balance on the corner point of the cavity.
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TCi+l,§) = Tei,i) v

= k(iy/2) = : {45) N
QR"? S .lx * 5 .':ﬂ
o

T(i.4-1) = T(i.j) 7

i,i1=-1) - T(i.} N

( Tef < 2 : (1 .Y
OS"P = (Ax) ..\_\’ . (4¢) g
.-l

The total heat input at P(i,j) is therefore o
Ti=1.3) = T(i.j) (i.§+1) = TCi.i ~

Q = k(yy) = — b oxlax/2y Haeger) S TG 5y
sum ’ ax Ay -~
(57) )

T(i+l 3y = TUi,3) Tii,i=1) = TUL, % -

- kav/) - L ROAn -

S - =

The rate of incre=ase in internal ener3v i3 -
~ . T3 3 Vo= T/ 3 i -1 :’/

U= pctD.3 Ax Av + 0.23 Ax 1v) i.g.n) SR SR L -2} -
At -

from censervation of energy, the equation for boundarv conditions at o

the corner goint P(i,j) is therefore

_'."'.’_1 A

5
T(i,i,n) Tiivi,n=1) + (4/3) (%/oc) (dt/Ax™) (T(i-1,n-1) -

(3/2) Tti,j.a=1) + (1/2) T(i+l,j,n~12] =+

LSRN | | R

l’ -
(4/3) (%/pc) (At/Av™) [Tli.j-1,n-1) -

+
ey

P

- (3/2) Tti,j,n=1) + (1/2) T(i,j+l,n=1)] . (49)
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Iguatzion (<% ia dimensionless form is
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e .
LA
.

.

+ 0.5 oCi+l,j,n=-10] + (4/Dc,[6¢i,i-1,n-1) -
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1
K Similarly, the boundary conditions at the other corner points >Z the cavity
)
D
::: are obtained.
1%t
4& .
5N (iv) Energy balance on the surface boundary (under the moving asperitv at
A the time step n).
s ;
L :
- For the explicit scheme, the time step is limited by the stability
b criterion. As a result, the moving asperity at some time mav not be right
2, above th2 grid points. To alleviate this situation, one can also use the
}: energy balance method to describe the boundarv condition (see Fig. 7). The
N
> heat fluxes toward P from material points M, N and R are
e ,
‘. T(i=-1,1) - T(i.1)
- = %(Av/2) : : , (51
o Q}F*P : Ax
"’
254 oy IC2) = TG (52)
= X b
Qu-p (dx Ay ’
S T(i+l,1) = T(i,l) =
Ko = 1 -1 2 - .
= QR*P k(dy/2) < (33)
The exterior heat flux in the neighborhood surface of the boundary point
~3 P(i,j), which is under the asperity at the time n. is _{a
2, o
N - o
) j
D) Q = q(0.5 Ax + h)/unit thickness

ext—P

-

"l{l
.n’.fl .

. |
-~ N
&Y %
i where h is less than Ax/2. The formulation thus takes care of all cases :Ja
¥ . when the asperity end points do not fall on 3 material grid point on the %1
¥ .'.‘- -:':-\
k-~ boundary. The total heat input at P is therefore :%1
B :-J. -.:_j
K- _,c:]
':‘. . . 3 s
T(i-1,1) = T(i,l) T(i,2) - T(i.l) J
= ; =4 (ax) -
ad qum k [(Ay/Z) i (ax Ay o
N %
N . ) U
- + (Av/2) T(l+1'1’A‘ T(l'l)] +q(0.5ax + h) . (53) =
- : o
[
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Figure 7.
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The rate of increase of the internal energy in the neighborhoc: =f P(i,j) is

O - pc (0.5 Ax Ay) T{i.i.n) ;tT(l.i.n—l) ] (56)

The condition on the surface boundaryv with the use of the conservation

of energy becomes

5
T(i.l,n) T(i,1,n=1) + (k/pc) (At/Ax™) [T(i-1,1,n-1)

2T(i,1,n-1) +

+ Tiiel,l,a=1)] + (2%/pe) (At/iyz) {T¢(i,2,n=-1) = T(i,1,n=-1)) +

20¢0.5 Az + h)Ac
- . (37)
pCc Ax Jdy

Egquaticn (37) in dimensionless form is
ofi,l,a) = o(i,1,n-1) + r,{o(i=1,1,n~1) - 20(i,1,n-1) + o(i+l,1,n-1)] +

R -
0 19 pael) - ; - vy ST
+ _rz[o(-,-.n 1) 6(i,1,n-1)] + (1+h") Ran (38)

where h' = h/(Ax/2).
Equations (10,11,35,42,30,58) constitute the general formulaticn of the
problem with a complete set of difference equations for the solutions of the

discrete temperaturse field {4(i,j,n)} at some specific time.
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;:a NUMERICAL RESULTS o
Cd Y
B, -
’ s
-
. . . . . %
WY Numerical results are obtained by using the non-uniform rectangular ~%
A }: ‘:’,,4
>n . ) ) . d
\ j mesh corresponding to different cases of material properties and geometry. Rg
» N
J LS
- 5 N
: For the surface layer of Silicon Carbide, kl = 1.047 J/cm."C.s, g?
o " _ . ET
;e' , = 0,59 ¢cm™/s, and ¢, = 712 J/k3.°C. For the substrate of Aluminun, Iy
'.)i‘ - i .._‘
W ‘ , i
) k, = 2.0 J/em."C.s, ¥, = 0.961 cm™/s, and c, = 917 J/kz.’C. The other e
'Q!' X - - - = ‘..q:
numerical parameters on the asperity and the cavity are: v = 13 ms ~, 2
3 e
[ »
B w = %3, H=1.2a, E=1.9a, d =0.3a, e = (0.53, a = lmm, the smallest Af and r
-. l':
o ; ; i
“j An are 0.02 and 0.01 respectively, and At = 0.01. At the limiting case of ;\
Dy S
no cavity, the maximum dimensionless temperature at surface of the coated .
" :‘..
e media was found to be 0.124 by using the transform method {1]. The result at v
o5 0
‘o the same point by the current finite difference formulation is 0.123. The -
- error is less than 1%. The numerical scheme is therafore confirmed by the .
< -
o benchmark problem. j
-~ - s
o The solutions for a single material with and without a cavity would .:
Ly
*% then be compared with two limiting cases. For the first case, the cavity is N
L _'_.'
-3 located entirely in the surface laver, Figure 8a. In the second case, the o
o
T top edge of the cavity is at the laver/substrate interface, Figure 8b. The N
3 3 3
- solurions for the single material without and with a cavity are designated N
-;:: as the third and the fourth cases respectively, included for the purpose of i
o "
B comparison. In Case 1, three different values of the ligament thickness: ?
Ay ?-
MO 0.04 (Case lA), 0.06 (Case 1B) and 0.1 (Case lE), are used to illustrate the o
- "_' -‘
.-h.' '—l
NN effect of the ligament volume. The temperature fields at two depths, for <.
X3 o , -
‘ all three Cases lA, 1B and lE are shown in Figure 9. 1In the figure, the G
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cavity width is from § = 1.6 to 2.2. The asperit' positiocn, a- :.=2 dimen-
sionless time 1t = 1.0%, representing the worst case, is froz = 1.2 to 2.2.
The relative positions of the asperictyv and the cavity is shown in Figure 10,
The Case lA then is compared with Case 2 of the same ligament thickness
for which the top edge of the cavity is at the laver/substrate interface.

The effect of the relative position of the cavity to the interface is shown
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. It is noticed that when the top edze of the cavitv is at the
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in the region izmediately on the zrailing
edze of the asparity will be affect by the substrate matarial.

The effect of heat capacity and thermal conductivity of the surface
laver for Case 1A is shown in Figure 12. The figure shows the original
value as Case lA. Case iC represents a reduction of thermal capacity of the
surface laver by half. Case 1D shows the result of increase in thermal

o

conductivity of the surface laver by 73%. The thermal conductivity of the

surface laver 1is shown to have little effect cn the nondimensional surface

-~

temperature. But the real temperature field, T = qoao/k,. is lowered with
i

]

increasing thermal conductivity O

Fizures 13 and 1% illustrate the effect of a cavity on the direction of
heat flux. The fizures show the nondimensional heat flux components in £
and n directions of single material without cavity (Case 3) and a lavered
medium with a cavity (Case lA). From the figures, it is observed that with
no cavity the heat flux at € = 2.2, and n = 0.03% has a magnitude of 0.7 at
an angle of 82° to the wear surface, with cavity, at the same location, "he
magnitude is increased to 1.5 at an angle 23° to the wear surface. Hence,
the existence of the cavity will increase the heat flux tremendously,
especially in the £ direction near the upper trailing cormer of the cavity.

Figures 13 and 14 demonstrate not only an increase in magnitude of the heat
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Figure 10. The relative positions of the cavity and the

asperity at T1=1.04 the worst case of temperature
field.
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h.

£lux, hence the temperature gradient, but also the flux at a mcr-: ctlique

angle t> the wear surface.

had studied the effect of thermal properties cf i single

et

r
Ju(_-‘

matarial subjected to the high-speed asperity excitation. It was pointed
out that thermal conductivity (k) and thermal capacity (pc) are the para-
meters controlling the temperature field. For layered medii similar effect
was conciuded bv Ju and Liu {2]. For the case of 3 lavered medium with
zavitv, the th=2rmal property variation in the ccating laver can be accord-

ingly extrapolacted. It is the effect of the substrate in the neizhborhood

0% zhe cavity that wculd be influential to the temperature fi2ld in the

-"_\I
FOA
critical razicn. The =2ffect of thermal property variation for the substrate fu?
..»:. -
. - . , . X ‘e
is theraeiora studied numerically for the Case 2, for which the coating/ e
substrate interface is at the top edge of the cavity. For this case, the
tharmal preperties of the substrate will be immediately influential of the
zezperature field in the vicinity of the top trailing corner of the cavity.
For the purpose demonstration of the individual effect, a benchmark case is
chosen for comparison that both the coating and the substrate are of silicon
. 5 q : 2
carbida, (%, = k, = 1.047 J/em."C.s, v, =, = 0.45 cm"/s,
A , .3 . , . . = N -
pc, = 9c, = 2.137 J/em™.C), designated as Case 4. Figure 13 illustrates the .
t2mperature field near surface and at the coating/substrate interface for -
Mo
cases with marked changes in thermal properties from those given in Case 4. ]

~

Zase 2B shows no change in the substrate diffusivizy, but both the thermal
conductivitv and the thermal capacity are doubled. The ensuing improved
conductivity and capacitv in the substrate allow a significant heat flow
inzo the substrate thus a high temperature gradient. The Case 2, at the
same diffusivity but with both the thermal conductivity and the thermal

capacity halved, shows a reduced heat flow into the substrate thus a low

31
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temperature gradient. Cases 2D and 2E, with doubled diffusivizv., but from
half capacity and double conductivity respectively, showed reduced and
increased heat flow into the substrate respectively. The heat flux being
proportional to the temperature gradient, is illustrated in Figures 16 and
17 for the surface region and at the interface. It is to be noticed,
however, that the temperature gradient and the heat flux are not of identity
especially across dissimilar materials. The nermal component, to the
interface, of the heat flux must be continuous but not the temperature
gradient. The tangent component of the temperature gradient must be con-
tinucus across the coating/substrate interface. The tangent component of
the heat flux, however, is generally not continuous across the interface.

In the numerical computation, using the method of energy balance, Equation

(32), the xl—component of heat flux at the coating/substrate interface,

Figure 17, is the average of the heat flux components in the coating and the

substrate, that is -0.5(k +k7)3T/3x1.

1

Figure 13 shows the transient temperature for Case lA (cavity in the

coating and ligament thickness of 0.04%) in comparison to the case of a

single material without cavity (Case 3). The dimensionless temperatures,

D = Tkllqoa, plotted against the time, tv = vt/a, at surface and at the
ligament depth, n = 0.0%, for the position § = 2.2 where the temperature is
maximum in the vicinity of the cavity. It is shown that before the asperitv
reaches the point, the temperature is laow. Then the surface temperature
increases and reaches a maximum when the asperity just passes over the
trailing edge of the cavity. The temperature at the trailing corner of the

cavity lags in time for its peak value.
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CHAPTER IV

CONCLUSION

The transient solution to a multiple-boundarv problem is zlwavs
complex. In the current prcoblem, the totality of the boundary is a union of
the wear surface, the cavity boundaries, the material interface and
infinity. When the transient temperature solution is to be extended in the
rear fucture to the transiant thermo-mechanical stra2ss solutions, the com-
plaxity can only be anticipated. The numerical solution becomes a necessity

for analvses in special cases. In the present report, it has been demon-

stratad that

. the transient governing differential equations, Eguations (1,2), can
be formulated into difference equations, Equations (10,11);

2. variable grids (&,n), made necessary due to strong local effect, can
be transformed into a uniform grid space (E,0)3

3. boundary conditions in temperature and/or heat flux'can be expressed
through energy balance, thus aveiding the problen of singular points
such as those of the cavity corners;

4. the numerical solution can be tested by benchmark with a known

analytical solution, showing an accuracy of within 1%.

Like most numerical solutions of field problems, functional relationship is

S
.\ *
RRARLOA
not obtainatle without volumnous computations. However, significaat con- R
- “q ‘J‘_.-..
. , ‘:'~':' -
clusions can be reached through a few data points. R

The numerical variation in the thermal properties of the coating laver
confirms the effects of the thermal capacity (pc) and the thermal conduc-

tivity (k), Figure 12, as observed in Huang and Ju [10]}. Specifically for
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the case when there is a cavity near the wear surface, we can :raw the

following conclusions:

1. Because of the discontinuity in heat transfer acress the void, the
temperature will rise higher in the ligament region than the case
without the cavity, Figures 9 and l1l.

l. The temperature rise is inverse to the ligament volume, Figure 9.

3. When the interface is at the ligament depth, the thermal property of
the substrate will influence the temperature gradient, Figure 13,

4. Because of the necessary heat transfer in the lateral direction, the
heat £lux will be at a large obligque angle to the wear surface. In
the case of a lavered medium without a cavity the heat flux is in
the direction apprecximately 9° from the perpendicular to the wear

. surface at a depth of 0.la. If the ceocating/substrate interface is

in the neighborhood, the resulting delaminating shearing stress is
up to 30% of the maximum principal stress, Ju and Liu {2]. With the
presence of a cavity, not only the magnitude of the temperature
gradient increases, but also the directién of the maximum tempera-
ture gracdient is rotated to a more obligue angle to the wear sur-
face, Figures 10 and 11. Shear stress in the laver/substrate
interface is expected to be huch higher. The temperature field
solution thus points to the possibility of a shear delamination

between the coating layer and the substrate, because of the presence

of a cavity flaw.
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