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Assoc. Mem. ASME Ceramic coatings deposited on metal substrates generally develop significant compressive
stresses when cooled from the temperature at which they are processed as a result of
J. W. Hutchinson thermal expansion mismatch. One of the main failure modes for these coatings is edge
Fellow ASME delamination. For an ideally brittle interface, the edge delamination of a compressed thin
film involves mode Il interface cracking. The crack faces are in contact with normal stress
Division of Engineering and Applied Sciences, acting across the faces behind the advancing tip. Frictional shielding of the crack tip has
Harvard University, been shown to increase the apparent fracture toughness. Roughness effects associated
Cambridge, MA 02138 with the separating faces can also contribute to the apparent toughness. A model of mode
Il steady-state edge delamination that incorporates combined friction and roughness ef-
fects between the delaminated film and substrate is proposed and analyzed. This model is
used to assess whether frictional shielding and surface roughness effects are sufficient to
explain the large apparent mode Il fracture toughness values observed in experiments.
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1 Introduction roughness has on the delaminated film as it slides over the sub-

Many thin film manufacturing techniques create residu

ﬁirate. The roughness forces open the film-substrate interface as
stresses in the film that can lead to failure. Ceramic coatings

e delamination crack faces displace, resulting in normal stresses

posited on metal substrates generally develop significant compr%%-the interface that are larger than those produced in the absence

. ; . roughness. This leads to greater frictional dissipation and
sive stresses as a result of thermal expansion mismatch Wg ri]eldigg of the crack tip. At thegsame time, however Fi)t can also
cooled from the temperature at which they are processed. Sy;t%v %ge open the crack tip producing a mbde | stréss intensity
'(I)'\f/vtohlchfti/IE: arri?ng: 'nft;ﬁfet ?r']sotc?gr?;l Eﬁ}: rsleirnaggmwfgsrs?gst;%%mponent. Most failed interfaces have a characteristic roughness.
edge delamielationyand buckle delaminatiori. Fig. 1 pThe clas- The present study suggests that frictional slicamglwedging due
09 . - . - 1g. 5.0 to roughness should generally be considered in combination in
tic energy per unit area stored in the film which is available lJpO[5?roblems such as this. Specifically, it will be shown that nano-
edge delamination is scale roughness has a significant influence on the effective mode
(1—1%)o2h W Il toughness of films whose thickness is in the micron range.

2E 2 Formulation of the Model
whereE andv are the Young's modulus and Poisson's ratio of the 5 1 \odeling the Delaminated Interface. We  study

film, h'is the film thickness, and is the uniform compressive gieaqy-state edge delamination of a thin film of thickriessith
biaxial prestress in the film. To a first approximatigh, is also  gnear modulus. = E/(2(1+ v)) and Poisson's ratio’ that is in

the energy available to drive the interface delamination crack fQhitorm residual compression and is bonded to a very thick sub-
buckle delaminations. The typical flaw siga the form of a deb-

onded regioh needed to initiate a buckle delamination is about
20h. Delaminations that emanate from a film edge and terminate
in the interior of the substrate surface only require debond flaws
as small as 1 or 2 for initiation ([1]). This would suggest that
edge delaminations would be more commonly observed than
buckle delaminations. In fact, the opposite is true. Many systems
seem to fail primarily by buckle delaminations initiated away h
from the edges of the film. T
There are many reasons why edge delaminations are less com-
mon than might be expected. Edge delamination is a mode Il
cracking phenomenon when the film is in compression, and it is
now well known that mode Il tends to be associated with the
highest interface toughness. By contrast, buckle delamination is
mixed mode but approaches mode Il as the delamination spreads
and arrestg[2]). In addition, there are extrinsic effects accompa-
nying mode Il edge delamination which contribute to the apparent
toughness. Frictional sliding is one such effé€3]). Another,
which is the primary focus of this paper, is the effect that surface
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strate having the same elastic properties. Stringfellow and Freund ‘
[3] showed that the effect of elastic mismatch between film and Y
substrate is secondary to the role of friction. The same is expected A
for the roughness effect studied here, and thus an investigation of T
the role of dissimilar materials is postponed. The delamination is
assumed to have propagated away from the edge a distance that is
much larger than the film thickness, such thais the only rel-

evant length scale. Friction and roughness effects are significant
mainly within a few film thicknesses of the interfacial crack tip, so

the film-substrate system can be modeled as an elastic half-space

with a thin film perfectly bonded along half of its length and fully
delaminated along the other half. Under plane strain conditions

the problem reduces to a two-dimensional one where the film is in

a state of uniform compression far ahead of the interfacial crack Ri . ’ .

AN

tip and is stress free far behind the crack tip.

Using the superposition scheme shown in Fig. 2, the problem of
interest(c.f. Fig. 2Aa)) can be decomposed into the problem de-
picted in Fig. Zb) and the reduced problem shown in Figc)2
Note that there is no displacement of the film relative to the sub-
strate for the problem shown in Fig(l. This can be understood _. 3 Th i ¢ | and t tial disol ;
by imagining a film that is under uniform compression and then %sed b © couping ol normat and tangential displacements

. . . y surface roughness
debonded along half of its length with a compressive stress ap-
plied remotely to hold it in place. Since the displacement is zero,
the stress intensity is also zero. Thus the displacement and stress
intensity for the problem of interest are identical to those for the To model the roughness, the relative normal displacement of
reduced problem. It is the reduced problem that is solved in tHfe two surfacesg,, is assumed to be related to the relative
paper. tangential displacement of the two surfacés, by

Roughness on a scale that is small relative to the film thickness 5.(s)=R(1—e %) 2)
is assumed to be present at the interface between the delaminated n ’
film and the substrate. Specifically, the results which emerge froahich is plotted in Fig. 4. We retain the assumption of Coulomb
the present study suggest that roughness on the order of one Htintion at the interface such that on a scale that is large relative to
dredth the film thickness or even somewhat smaller has the largedtut small compared th
effect on the apparent energy release rate. The roughness is as- _
sumed to be random on the delaminated interface such that once Txy(X) =~ pi0yy(X) x>0, ®)
sliding across the interface has occurred on the order of owhen sliding occurs. Thus, the rough interface is replaced by a
roughness half-wavelength the two surfaces become uncorreplanar crack where the two components of crack-face displace-
lated and are thereafter propped open a dist&t)d¢he amplitude ment are constrained bi2) and the two components of traction
of the roughness. This is depicted in Fig. 3, although the influenaee constrained by3).
of the two-dimensionality of the roughness is not portrayed. Conditions must be imposed to ensure that the solution is con-

sistent with the sign of the friction conditiofi) the normal stress

behind the delamination crack tip must be compressiveianthe

tangential displacement must be a monotonically increasing func-
y tion of distance behind the tip. The latter of these conditions en-

sures that the sliding is in one direction under the steady-state
| propagation.

O—0O=0 _ J (| | 2.2 Integral Equation Formulation. As already noted, the
""" bonded delaminated * solution to the problem in Fig.(B) makes no contribution to the
com ressfon stress free ’ stress intensity factors. The reduced problem shown in F@.i2
p () formulated and solved thereby providing the stress intensity fac-
- 1
[ _ o0+ | w0 |+0
bonded, delaminated, o8
compression compression
(b)
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4= 6,/R
_____ g .1 rebtl»o —o 04
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stress free tension 02
©
1 2 3 4
| reduced probleml /1
Fig. 2 A schematic of the superposition scheme Fig. 4 A plot of the displacement coupling relationship
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tors for the problem in Fig.(@). The interfacial crack between the

1
film and the substrate is equivalent to a continuous distribution of By(s)*x — as s—0, (15)
elastic edge dislocation$4]). A single elastic edge dislocation a \/g
distanceh below the free surface of the half-spa@ee., on the 1—
x-axis of the coordinate system depicted in Figu(a)Pcreates a By(s)— —— o(1-1%) as s, (16)
stress field in the surrounding material that is given by the Airy X E
stress function: The stress intensity factors are given by
oM 2byx(h—y)+b,[x*+(2h—y)y] o . 27s E
T 27(1-v) X2+ (2h—y)? Ki=lim——3—75By(s), (17)
s—0
byx—byy x2+y? ”
3% X
+ o] , 4 Vv2ms E
2 9 (2h—y)? @ K”:IimTTrmﬂx(s). (18)
where @X, y) is the Burger's vector for the dislocatida factor S0
of two missing from the expression fdr given by Stringfellow Note that by Eq(14) that ass—0,
and Freund has been incorporated h€i&5]). The stress field for
a single edge dislocation located at a positsoon thex-axis can By(S)— —Bx(S), (19)
be derived from Eq(4). With I
therefore the mode mix is fixed according to
d5t(5)
Bx(s)= (5) R
K| :I_ K|| . (20)
ddn(s)
By(s)= (6) The mode Il stress intensity factor for a steady-state edge delami-

on thex-axis a distance behind the crack tip, the stresses are

given in terms of the dislocation distributioB{(s), 8,(s))ds by

2 *d11(§) ”
ny(x): 2m(1—v) fo & Bx(s)ds+ fo ng(f)ﬁy(s)dS )
(1)
_ M ” * oA &)
ayy(X) = 20(1=1) fo 921(§) By(s)ds+ fo z By(s)ds|,
(8)
whereé=x—s and
64h%+ 16n*£2+ 16h%¢*
gll(g): (4h2+ 52)3 ’ (9)
—32h%+24n3¢?
918 = —anE a7 (10)
32h5—24n3¢?
921(§) = anE a3 (11)
64h°—48n*¢?
goA &)= anE a3 (12)

The single governing integral equation expressed gitfs) as
the unknown is obtained by imposing E®):

fo 9 5 (s)dst fo 914 )B,(s)ds

£
S f 0n(£)By(9)ds+ f ng) B,(9)ds),
(13)
where from Eqs(2) and (6),
By(s)= |:3><( F{ f Bx(m)dn|. (14)

It is known from linear elastic fracture mechanics ti(s)
has as~ 12

nation with zero friction and no roughness is

h
Ki=o \[5 (21)

and the energy release rate is given by Eg. Normalizing by
these values and applying
—v 2. 2
g= E (K7 +Kij), (22)

yields the following relationships for the energy release rate:

£-(3/T-(3]

The dimensionless equation shown in the Appendix reveals that
the solution is determined by three dimensionless parameters, i.e.,

K” Y oh(1-1?) A R
KT TTEr T T

Further details of the formulation, along with aspects of the nu-
merical solution scheme, are presented in the Appendix.

(23)

(24)

3 Results

The combined effect of friction and roughness on the mode Il
stress intensity factor is shown in Fig. 5. There, pIotquf/Kﬂ
as a function ofr are presented for various roughness levels and
two values of the coefficient of friction. When friction is present
without any roughness, the normalized stress intensity factor is
independent of the film stress. Its reduction below the frictionless
limit (K, /K% =1) is relatively small and is precisely in accord
with the results of Stringfellow and Freup8]. Combined friction
and roughness lead to a dependence of the stress intensity factor
on o such that the full effect of the roughness is attained when
o~2. Foroc=2, the effect of roughness df,, is pronounced.
Values ofR/| as large as unity cannot be ruled out and, indeed, are
to be expected when one or both of the materials are
polycrystalline.

The effect of friction and roughness on the normalized energy
release rate from E23) is plotted in Fig. 6 for the same two
values ofus . The competition between the reductiorkip due to
combined friction and wedging and the increaseKin due to

singularity at the crack tip. Far behind the tip the filmwedging(c.f. Eq.(14)) is evident. At sufficiently smallr, G/G, is

is in a state of plane strain extension. These conditions are decreased above the zero roughness limit due to the dominant

scribed as

Journal of Applied Mechanics

influence of wedging oK, . For u;=.5, G/G, exceeds the zero
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Fig. 5 Normalized mode Il stress intensity factor Fig. 6 Normalized energy release rate

roughness limit for allo if R/I=1. However, it is apparent that 0.3
there is a significant range &/l and o such that the combined
effect of friction and roughness reducgsj, by approximately 025
twice the effect of friction alone. Fqi;=.5, the maximum crack-

tip shielding corresponds tG/Gy~.7 for a roughness leveR/I 02
~.5 ando>2. For u;=1, the corresponding value #G,~ .4.
Examples of the normal stress distribution acting on the inter-
face behind the crack tip are given in Fig. 7. Roughness increases
the normal stress within a distance of about one film thickness
from the tip. It is this increase which provides greater frictional
dissipation and thereby diminishes the mode Il stress intensity

o-yy/o' 0.15_

0.1

factor. The normal stress becomes very slightly negative along 0.05

part of the interface at/h>5, but its magnitude is so small that L

there is no need to extend the formulation to account for a seg- 0

ment of the interface that is open. This condition has been

checked for the full range of parameters governing the solution. In x/h

addition, the monotonicity condition for the tangential crack dis-. . _ —

placement, which is necessary for consistency of the imposed fﬁ:c'g' 7 Normal stress at the interface for — p,;=1.0 and ¢=5.0

tion condition, was satisfied.

The reduction in the energy release réatd. Fig. 6 gives fur-

ther insight into the combined effect of friction and interface .

roughness. The simplest possible condition for crack advarite Concluding Remarks

based on crack-tip stress intensity would be the mode-independerResults of this study indicate that the mechanism of combined

criterion frictional sliding and roughness-wedging has an effect on the ap-
G=T (25) parent mo_dg Il fracture toughness that can be as much as .twice the

0 effect of friction alone. Toughness values as large as 2.5 times the

wherel' is considered as the separation energy for the interfacparation energy of the interface were predicted. The stress in-

Then, the apparent mode Il toughness for steady-state propagatemsity at the crack tip was found to decrease significantly with an

would bel'=G, sincegy is the overall energy release rate. Usingncrease in the amplitude of the roughness. It was also found that

the results of Fig. 6, one can plot the normalized apparent modehke presence of roughness at the interface induces a mode | stress

toughnessI'/T'y, as is done in Fig. 8 foR/| =.5. intensity that is at most equal to the mode Il stress intensity for the
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When the displacement coupling relationship given by @9 is
used, Eq.(13) can be expressed in terms of dimensionless vari-

1.5

r ables as
1.25:— 1 kll(Z,t)(l—Z) k21(Z,t) d
: LB —0(1-1  HTa-02
. ot
O-h(l_vz)/El :_RJ B(t)eX[Z[—U'5(t)]{2(;L_2(_ ’)2
-1
290:58 Normalized apparent mode Il fracture toughness for R Koo 2,1)(1—2) ; 5)
M=o |7
for the unknown

range of roughness parameter values considered. Thus, what is
generally considered a pure mode Il phenomenon is in fact mixed _ 1+t
mode at the tip when the interface is rough. B(H)= a(1-1?) Bx| h 1—t)’ 27)

In addition to the roughness parameter, the analysis reveale
that the normalized energy release rate depends on one import4i€e
dimensionless stress parametet= ch(1— v?)/El. Consider a _ R
film whose thickness is about one micron and supports a stress to R= T (28)
modulus level of about .01. A roughness half-wavelengtbn the
order of ten nanometers would produce a value d¢drge enough _ och(1-?
to significantly affect the apparent interface toughness. Such a =T (29)
wavelength is fully consistent with the underlying assumptions of
the model and the analysis. E t 1+ 7 2

Previous models that considered only frictional sliding showed S(t)= ?f ,BX( hr)?dr, (30)
that material mismatch can further increase the apparent mode I o(1=v ) 7/ (1=7)
fracture toughness when the film is more compliant than the sub- 2(z—1)
strate([3]). It is expected that the same trend would be observed kn(th):gn( h—), (31)
when roughness effects are considered in combination with fric- (1-2(1-1)
tional sliding for the bimaterial problem, yielding apparent mode 2(z-1)
Il fracture toughness values even larger than those predicted by klz(Z,t)=921(h—) , (32)
this study. For an interface with an array of contacting asperities, (1-2)(1-1)
a more realistic representation of the coefficient of friction can be 2(z-1)
expressed as the sum of a constant term and a term that is propor- Kyy(Z,1) :912( h —) , (33)
tional to the dilatancy of the interfacg6]). For the roughness (1-2)(1-1)
model assumed in this paper, the dilatancy term is positive. Thus 2(z-1)
incorporating a more realistic friction model would result in addi- kzz(z.t):gzz( h —) (34)
tional frictional dissipation and a corresponding increase in the (1-2)(1-1)
apparent mode Il tc_n_Jghness. The_results of this model in conjuRgre dimensionless end conditions are expressed as
tion with these additional mechanisms that enhance the toughness
shows that it is indeed possible to predict mode Il toughness val- 1
ues that begin to become comparable to those found in experi- B(t)x ——= as t——1, (35)
ments by modeling the combined effect of frictional sliding and 1+t
roughness-wedging at the interface. Furthermore, the strong cou- B(H—1 ast—1. (36)

pling between frictional sliding and roughness-wedging shows

that both effects should be considered in combination when mod-Any real continuous function defined on the interyall, 1]

eling the delamination of compressed thin films. can be approximated by a finite linear combination of Chebyschev
polynomials of the first kind. Thus the dislocation density can be
expressed as
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unknown coefficients which can then be used to construct teet ofN values ofz for which good convergence was found. Con-

dislocation density, stress intensity factors, and energy releagsgence to six decimal places was achievedNer12 andM

rate. =48,000 for the case whepe;=0 andR=0 which has a known
The components of thll X N matrix A and theNx1 vectorb  analytical solution. These values bf and M were used for all

are singular integrals, the integrands of which are expressible igghsequent calculations involving nonzerpandR.

form that permits numerical evaluation using Gauss-Chebyschev

sums for singular integrals derived by Erdogan and Gupia

Convergence must be achieved for the individual Gausl%[&ferences

Chebyschev sums used to evaluate the integrals by choosing

number of terms in each sunyj, sufﬁcienﬂy |arge and for the [1] Yu, H., He, M. Y., and Hutchinson, J. W., 2001, “Edge Effects in Thin Films,”

. . . . i Acta Mater., in print.
ChebySCheV expansion by ch003|Ngsuff|C|entIy Iarge' Numeri [2] Hutchinson, J. W., and Suo, Z., 1992, “Mixed Mode Cracking in Layered

cal error in the linear system increases wihand for someN Materials,” Adv. Appl. Mech.,29, pp. 63—191.
surpasses the accuracy gained. Thus an optimal valbeexists [3] Stringfellow, R. G., and Freund, L. B., 1993, “The Effect of Interfacial Fric-
and was determined. tion on the Buckle-Driven Spontaneous Delamination of a Compressed Thin

B Film,” Int. J. Solids Struct. 30, pp. 1379-1395.
The Gauss-Chebyschev sums can only be evaluated at the ZerPﬁ Rice, J. R., 1968, “Mathematical Analysis in the Mechanics of Fracture,”

of the (M —1)th Chebyschev polynomial of the second kind. If * " gracture 2, pp. 191-311.
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_ 1)th Chebyschev polynomial of the second kind. This fact WaS[G] f/l(ftt’ R. F., 1963Principles of Soil Mechani¢csAddison-Wesley, Reading,
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