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Delamination of thin film strips
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Abstract

Delamination of residually stressed thin film strips is analyzed to expose the dependence on strip width gubgiirate
elastic mismatch. Isotropic films and substrates are assumed. The residual stress in the film is tensile and assumed to origina
from mismatch due to thermal expansion or epitaxial deposition. Full and partial delamination modes are explored. In full
delamination, the interface crack extends across the entire width of the strip and releases all the elastic energy stored in the stri
as the crack propagates along the interface. The energy release rate available to propagate the interface crack is a strong functi
of the strip width and the elastic modulus of the film relative to that of the substrate. The energy release rate associated with full
delamination is determined as a function of the interface crack length from initiation to steady-state, revealing a progression of
behavior depending in an essential way on the three dimensionality of the strip. The dependence of the energy release rate on tt
remaining ligament as the interface crack converges with the strip end has also been calculated, and the results provide a
effective means for inferring interface toughness from crack arrest position. A partial delamination propagates along the strip
leaving a narrow width of strip attached to the substrate. In this case, the entire elastic energy stored in the strip is not releaset
because the strain component parallel to the strip is not relaxed. A special application is also considered, in which a residually
stressed metal superlayer is deposited onto a polymer strip. The energy release rate for an interface crack propagating along tt
interface between the polymer and the substrate is determined in closed form.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ination will be studied with emphasis on the role of
strip width and filnysubstrate elastic mismatch.

Thin film strips bonded to a substrate are commonly Attention is focussed on isotropic films strips of width

encountered in a variety of applications, such as metal"” and thickness: with Young's modulusE;, Possion's

conduction lines in microelectronic devices and optical ratio vy andd coefflcu:?t Off th(iamal etxpansmntf) tThte
waveguides in photonic devices. The film strips are corresponding quanuties for the isotropic substrate are

often under residual stress, originating from epitaxy, Es vsanda, The substrate is assumed infinitely deep

deposition processes, or thermal expansion mismatch! compared to the film thickness. For some of the results
Stress concentration at the film edges makes edgesq'ven in the paper, elastic mismatch is measured by the

preferred sites to initiate delaminations along the film two Dundurs’ parameters:

substrate interfacfl]. Examples of full delamination of Ei/(1—v?) — Eo/(1—v3)

film strips are shown in Fig. 1d2]. Partial delamina- op= and

tions are seen in Fig. 1b wherein the interface separation E/(1-7) +ES/ —v3)

propagates along one side of the strip leaving a portion C1E(H4v)(1-2vg —E{I+vy(1 -2y o
of the strip on the other side still bonded to the substrate.” 2 Eq(1+vg)(1—2v)+E{1+v)(1—2v)

The mechanics underlying these two modes of delam- i i
In most bi-material problems crack problems, the

*Corresponding author. Tel+1-617-495-2848; fax+ 1-617-495.  Second Dundurs parametefi,, has relatively little
9837, influence on the energy release rd8. To reduce the
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Fig. 1. Delamination of thin strips of an epoxy film with a superlayer of Ni under high residual tension[2joffihe interface which debonds
lies between the epoxy and a self-assemble monolayer ory/8iAubstrate(a) Full delamination;(b) partial delamination.

of Bp will be ignored by taking it to be zero in all the strips, the energy density in the interior region of the

numerical calculations. strip is

In this paper, the residual stress is assumed to origi- (1) E
nate from thermal expansion mismatch due to a temper-, _ V"""V , f 2
ature changeAT7, from the zero-stress state. Witfu = Ae= E; ooh= (1—vy) (AalT)"h @
as—ayfand AaAT>0, the residual stress in the bonded _
film is tensile, and this is the case that will be empha- The steady-state energy release ratg, for full
sized. Residual stress due to epitaxial mismatch can bedelamination of a wide film strip will equal\g, minus
recast in terms of thermal expansion mismatch. a deficit due to the edge zones. If the same wide film

If the width of the film strip is very large compared Strip is released in such a way that it undergoes no
to the film thickness(w/h>> 1), the stress state in the ~strain change parallel to the crack fr_ont_, then away from
interior of the film (well away from the edges and the the sides the released energy density is
ends is equi-biaxial tension with A=) (1+w)

Ex
E:AaAT @ Ao= 2F, ogh= m(AaAT) 2h (5)

Ta= 0y =00="

! ' ' This is usually referred to as the plane strain energy
At the other extreme fqr narrow strips when the width release rate, and under conditions when this constraint
is comparable to the thicknes€ss/h=1), the bonded s applicable, the energy release i. The elastic
film is constrained by the substrate in thedirection energy density stored in the narrow st(ip/z = 1) away

but only minimally in they-direction such that the stress  from its ends under the uniaxial stat&q. (3)) is
state away from the ends is approximately uniaxial with %2 /(2E,) such that

0,.=08=E{AaAT 3 1 1
_ _ Ay=——=0Fh==E{AaAT)?h (6)

ando,, =0, except near the filfsubstrate interface. 2E 2

There are three fundamental elastic energy densities
(strain energy per unit argawhich are central to
understanding the delamination of film strips. We denote
them asAg, Ao, Ay and term them, respectively, as the
energy density for biaxial stress, energy density under

The steady-state energy release rate for full delami-
nation of a narrow strip will be approximately,,.

For positive values ofv;, the fundamental energy
densities are ordered according fo;> Ag> Ay. For
v;=1/3, Aog/Ag=2/3 and Ay/Ag=1/3. The impor-

plane strain release, and energy density for uniaxial S . L
: : : - ..~ tance of strip width and filrisubstrate elastic mismatch
stress. For a wide film strip, the elastic energy density on delamingtion can be réﬁnticipated from the plot of

in the bonded film away from the edges and ends, — ) o
arising from the equi-biaxial stress statgq. (2)), is A/Ag as a function ofw/h in Fig. 2 for four values of

(1-vp)odh/E;. This energy is relaxed in a zone along elastic mismatch. Herel is the energy density of an
the edges and ends. For sufficiently wide and long infinitely long strip averaged across the strip. The
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the edges. In Fig. 3c, the film is bonded to the substrate
and the sole loading is a normal compressive stregs,
applied uniformly around the edges of the filtthere

are no residual stresses in this prob)efhhis is called

the reduced problem. The stresses associated with the
reduced problem occur in both film and substrate and
they are localized around the edges and ends of the film

0 bios A P P when the strip is wide and long. The full stress distri-
0 10 20 30 40 bution (Fig. 39 is the sum of the two distributions in
wih Fig. 3b and c.

If a crack exists at the interface between the film and
) - _ o the substrate, it has no influence on the problem in Fig.
Fig. 2. Average energy density,/Ag  , as a function of strip width to 31y anq in particular, this problem makes no contribution

thickness ratiow/h, for infinitely long strips for several values of the - .
film /substrate elastic mismatch parametegy, The steady-state ener- to the stress intensity factors or energy release rate at

gy release rate for full delamination of the strip equals the average @ny point along the Cra_Ck edge. Thus, for any interface
N crack, the stress intensity factors and the energy release

rate are obtained from the reduced problem in Fig. 3c

e . . in the presence of the crack. This decomposition is
method for computing\  will be described in the next widely employed in plane problems. It is valid in 3D

section, where it will also be noted that; 1  when proplems and greatly facilitates computations of some
full delamination occurs. The average energy density, of the results presented below.

A, is well approximated by the uniaxial energy density,
Ay, for w/h<2. The approach ofA to\g as w/h 2.2. Steady-state energy release rates for full or partial
increases depends strongly on the elastic mismatch. Everfelaminations

when there is no mismatdla, =0), howeverA is only

energy density655= A

) Fig. 4 illustrates the scheme for computing the aver-
85% I(')f Ag when ”é/ h=2ho. fh; the subitrate_ IS very age steady-state energy release rate of the interface
compliant compared to the filnfe.g. «p=0.9 in Fig.  yeamination crack. Although the problem is 3D, the

2), A still remains only slightly abové\, whenw/h=  steady-state release rate can be computed from two 2D
20. These trends are consistent with the effective width plane strain problems. Lef.. be the steady-state energy

of an edge zone as de;terminegl B, Fig. 4.8;[5]: it release rate averaged across the propagating crack front
scales witha(1+[(1-v2)/(1-vDIE(/Ey). The impli-  (the forward front for the partial delamination in Fig.
cation of the trends in Fig. 2 is that the energy release

rate available to drive a full delamination is highly

dependent on strip width and elastic mismatch. The <y
effect of thermal stress in uniformly spaced parallel TL. . ,
. . . X /End S‘l\;de Resld/ually stressed
strips on substrate curvature has been determined in ), »
related work[6]. h W

y.d
(@) side Aross

section

2. Solution methods

2.1. Residual stress distribution and energy release rate
for interface cracks

Go

ross

Fig. 3 provides a schematic for understanding how  (b) .

the residual stress in the film and substrate is distributed
and a method by which it can be computed. Fig. 3a

depicts the film bonded to the substrate and residually G X K S0y '

stressed due to the thermal mismatdhyAT. This +—>T

distribution can be computed as the superposition of the () * * * " Zross

two problems in Fig. 3b and c. In Fig. 3b, the substrate O . tion

is unstressed with the film detached from the substrate

and subject to a normal tension,, on all its edges.

The film experiences the uniform, equi-biaxial stress Fig. 3. (a) A residually stressed semi-infinite film strip on a substrate;

State(_EQ-_(z)) .that precisely accounts Tor_the.EXpanSion (b) Detached strip subject to uniform pre-stre¢s) The reduced
or epitaxial mismatch, apart from redistribution around problem without initial residual stress.
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Downstream Siab Upaireeiy Sib method (SE,psteam IS identical to that just determined

// // or by the following alternative route. Consider the plane
1]

strain problem for the downstream geometry where an

@) > — infinite interface crack parallel to the strip emerging
/ Crack surfaces Crack front Cross section from one side of the strigc=0) and spreading across

g || H the strip to lengthc with a bonded ligament of length
da da b=w—c. Denote the energy release rate of this interface

crack byGgse It has the general functional form

Gsige=A d(apP DC/h:W/h) (9)

Downstream Slab Upstream Slab

5 7 The functionf is _also computed using a 2D finite_
(b) o P 5 element code applied to the reduced problem. This
g/l'//“ _ b & energy release rate is of interest for two reasons. It
ot surtaces Forward ront A ... controls the length of the remaining ligament of a partial
g H || ‘ delamination, as will be discussed later. It also prowdes_
the average steady-state energy release rate for the partial

delamination front propagating down the strip according
Fig. 4. Upstream and downstream sections (far steady-state full to
delamination andb) steady-state partial delamination.

éssc = JCG sidegc)dc (10

4b). Elementary energy accounting giveéssw= 0

(SEJpstream_ SE downstrea)m where SE upstrea_mSE downstream
is the difference between the strain energy per unit
length of slab in thec-direction of slabs far ahead and
far behind the crack front. The problem for each of _ h(e cw) (¢
these two slabs is 2D, and the result applies for a cracsts=Ao—f f[ot oBo Dy Z] [ )
front of any shape. ¢
For the full delamination in Fig. 4a, SEpsyrean=0

because both the film and the substrate are unstresse
far downstream. The plane strain problem for the
upstream slab gives

This result applies to a crack front of any shape. It
follows from Eq.(9) that

. (1D

0

8.3. Energy release rates requiring 3D calculations

The steady-state energy release rates of full and patrtial
delaminations can be computed from 2D solutions as
described above. Results for full delaminations for
SEupstrear= A ay +2X ZJ’ o #,(2)dz ™ several non-steady state problems that are intrinsically
0 3D will also be presented. In these cases, the interface
whereu,(z) is the displacement normal to the edge of crack is taken to be straight and perpendicular to the
the film in the reduced problem due ta, The second  sides of the strip. These problems have been solved
contribution in Eq.(7) is negative and it represents the ysing the finite element method with a 3D meEH.
deficit in the stored energy due to relaxation along the The average energy release rate is computed by evalu-
strip edges(The average energy density in the bonded ating theJ-integral as a function of position along the
strip introduced in Fig. 2 iSA =SEsreardw.) The crack front and integrating to obtain the average value.
contribution from the reduced plane strain problem in

h

Eq. (7) has the general form 3. Steady-state energy release rates

[(1 —vfz)oozhw/Ef}g(aD,BD,w/h) 3.1. Full delaminations

and thus it follows that The effect of the width of the strip and the elastic
— mismatch between the film and the substrate, as meas-
Ges= Al —(1+vyg(anPow/h) ® ured by ap, on the steady-state energy release rate of

The function (1+v)g(ap,Bo.w/h), which accounts full delaminations is displayed in Fig. 2 by virtue of the
for the edge deficit in the release rate, is computed in afact thatGSS A . For very narrow strlps? ss approaches
straightforward manner by applying a 2D finite element A, while for sufficiently largew/h, Gss approaches
method to the reduced plane strain problem. Ag from below. For wide strips the relaxed edge zone

The energy release raté,, for the partial delamina- along the sides has a fixed width which scales with the
tion in Fig. 4b can be computed in two ways: either by film thickness 2 and elastic mismatch according to
computing SEownsweam directly using finite element a(1+[(1—v2)/(1—v?]E(/ES [4,7]. Thus, as the strip
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strain release densit),. The extent to whiclG 4. falls
below A in Fig. 5 for delaminations roughly halfway
across the strip is due to the partial relaxation of stress
across the entire strip because of its finite width,
especially for a stiff film on a compliant substrdig, =

0.5.

As c—w, a phenomenon called a ‘converging
debond’[8,9] is observed withG4.— 0. The effect is
readily understood in terms of the relaxed energy stored
in the remaining ligament in the edge zone. It is evident
from the behavior displayed in Fig. 5 that the edge zone
is on the order of b for a low film to substrate modulus
ratio (ap= —0.5), increasing to roughly 20for a high
film /substrate modulus rati@x, =0.5). The edge zones

Fig. 5. Energy release rates for partial delamination as a function of are surprisingly large, consistent with the trends noted

delamination widthe for w/h=50. (a) Steady-state rate for the prop-

agating front,Gson ;(b) Energy release rate along the side of the
delamination crack well behind the frorfgqe

becomes wider the edge zones make smaller relative
contributions to the average stored energy. The stiffer
the substrate relative to the film, the narrower the edge
zone, but it is never less than about one film thickness

even in the limit when the substrate is infinitely stiff.

As remarked in connection with the earlier discussion

of Fig. 2, a system withup, = — 0.5 (substrate modulus
three times that of the filln or ap=0 (no elastic
mismatch has G approximately 15-10% below g
whenw/h=20. By contrastG., is only slightly above
Ay and less than\g/2 whenw/h=20 for a system
with ap=0.9, corresponding a film modulus approxi-

mately 20 times that of the substrate. In this case, the
strip is effectively narrow as far as the energetics of
delamination are concerned. Most metal or ceramic film

unless

strips on polymer substrates will hav[%sszAU
they are extremely wide.

3.2. Partial delaminations

Curves ofGgye and (_}SS as a function of delamination

width, c¢/h, for the partial delamination are presented in

Fig. 5 for a strip widthw/h =50 and several mismatches,
aD.

in connection with Fig. 2.
The steady-state energy release rate for the propagat-

ing partial delamination frontG.s , which is related to
Gsige DY Eq. (11), is nearly independent af/h with a
slight drop asc/h—w/h. It is also always belowA,,

and one can show that for a partial delaminat®g is
always less than that for a full delamination, as expected
on physical grounds due to the constraint provided by
the attached ligament along one edge. It is for this

reason thatc_}SS does not approach the corresponding
result for the full delamination as— w.

3.3. Partial or full delamination?

For steady-state delamination, the energy release rate
for full delamination always exceeds that for partial
delamination, by a factor ofAg/A¢=2/(1+v;) for
sufficiently wide strips. Why then does full delamination
(cf. Fig. 19 not always take precedence over partial
delamination(cf. Fig. 1D? The question is a natural

one based on the following. If the criteridfi,s=1". is
met for partial delamination, witi". as the interface
toughnesgwith units of energyarea, then clearly the

full delamination energy release rate will exceEd*
Underlying the existence of partial delaminations is the
converging debond effect as reflected by the behavior
of Ggiges @S c—w in Fig. 5. Consider a delamination
starting at a corner at one end of the strip and spreading

First, we direct attention to the energy release rate, down and across the striglelaminations emerging from
Gsise ON the straight crack front far behind the propa- corner locations are considered in R¢LQ]). If the

gating front. If the strip were much wider than that

delamination is initiated in such a way that it extends

shown (e.g. so wide that the edge zones have no in the length direction without reaching the far side of

interaction, one would observe thaf,. rapidly rises
to Ay and then levels off at/h=1/4, as shown earlier
for a semi-infinite film under plane strain interface
cracking [8]. This is essentially what is seen in Fig. 5
for the case of the film with the smallest modulus
relative to the substratén,= —0.5). (However,c/h=

4 is the smallest value for whictrs4. has been com-
puted here. Note thatGgq Will not exceed the plane

the strip, it may never be able to reach the strip edge.
The energy release along that portion of the crack front
diminishes sharply as the crack converges with edge.

1 A possible effect of mode mix on interface toughness is not taken
into account in this argument, but the difference between the mode
mix for partial and full delaminations is not expected to be very
large. The mode mix for the various interface crack geometries has
not been computed in this study.
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built-in protection against delamination initiation that
does not exist for strips terminating on the substrate
interior. This feature carries over to the strips of Fig. 6,
with the additional complications associated with finite

strip width.

The results of 3D finite element computations as
described in Section 2.3 for the two strip end geometries
are shown in Figs. 7 and 8. Fig. 7 reveals the influence
of end geometry on an interface crack of length
Crack surfaces extending from the end of a relatively narrow strip

(b) & ¥ / having w/h=2. When the strip end is located on the
& 3 > 4 substrate int_erio(Fig. 73, G is very nearly its steady-

g;g;gn state limit, G5, whena/h=1/4, the smallest crack
lengths for which results have been computed. The

steady-state asymptotes are denoted as dashed lines with

dependence on elastic mismatch as discussed earlier. By

contrast, for a narrow strip whose end is aligned with

the edge of the substra€ig. 7b), a much longer crack

is required to forG to approach the steady-state limit.

On the other hand, if the delamination is initiated in If there is no elastic mismatch_zss is approacheddﬁr

such a way that the crack front extends across the entirej, ~ 5 while if the film modulus is very large compared

strip, it can then propagate down the strip unimpeded to that of the substratéa,=9), G is still well below

as a full delamination. Strip delamination is one of many steady-state limit whe/hD= 20_’

examples where the preferred fracture mode cannot be

ascertained by energetic arguments alone. In the strip

Substrate edge

Fig. 6. Full delamination for two end geometrigs) Strip end ter-
minating in the interior of the substrate surface il Strip end
aligned with substrate edge.

delaminations observed in the experimef@$ in Fig. 0.6
1, full delaminations were observed more often than (a)
partial delaminations, but starter cracks that extended 05 [ op=-0.5
across the entire strip were intentionally introduced at F 0
one end for most of these specimens. In general, partial 2 0.4 y 0.5
delaminations are only to be expected if the strip width 3 03 e 0.9
is sufficiently large such thad is well abovk.

0.2 w=2h
4. Strip/substrate geometry and crack length o1 , , L, vEvs=03
dependence '

0 2 4 6 8 10 12

4.1. Influence of geometry at the end of the film strip
on initiation of a full delamination

Consider the two geometries at the end of the strips
shown in Fig. 6: one terminating on the interior of the
substrate surface and the other with its end aligned with
the edge of the substrate. Under plane strain conditions
for infinitely wide strips, there is a significant difference
between the two cases in the manner which the energy
release rate approaches the steady-state [i@jit For

the strip terminating on the substrate interiaf

approachesG,; once the crack length is only a small
fraction of the film thickness. By contrast, when the
film end is aligned with the substrate edge, remains
well below Gq, for cracks that can be many times the Fig. 7. Comparison of energy release ra@s, |, for full delamination

film thickness, especially so if the film modulus is high . for a crack emerging from the end of a strip for an end terminating
compared t_o the substrate modulus. The extra Com_p“'in the interior of the substratéa) and for an end aligned with the
ance supplied by the edge of the substrate results in asubstrate edgéb); in both cases for narrow strip with=2h.

G/AB
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match. The steady-state energy release rate and its
dependence on strip width and elastic mismatch is the
op=-0.5 key to understanding the behavior. Initiation of delami-

nation depends on the behavior of short cracks on the
order of the film thickness. Strips whose ends are aligned

—_
T T

o
o

\<m 0.5 with the substrate edge have an inherent ‘protection’
S 04 against delamination initiation in the sense that fairly
0.9 large initial flaws are needed to propagate a delamina-

0.2 w=10h tion. Much smaller flaws on the order of a fraction of

vi=vs=0.3 the film thickness will initiate a delamination for a strip
- . whose end terminates in the interior of the substrate.

o

|

A
<
oo

10 12 . L
4.2. Converging delaminations

Film width and elastic mismatch also influence the
energy release rate of a delamination approaching the
end of a strip or another delamination crack propagating
the opposite direction(Fig. 9). This dependence is
important because the distance of the arrest from the
end of the strip or from the approaching delamination
has been employed as a reliable experimental means of
determining the interface toughnekx11]. Plane strain
behavior has been investigated in Ref8,9. It was
found that there is essentially no difference between the
- vi=ve=0.3 two cases considered in Fig. 9. For finite width strips,
o Lo we expect that, as long as the bonded ligament of length

b is greater than approximately/2, there will be little

0 2 4 6 8 10 12 . - S
difference between the two converging delamination
a/h situations depicted in Fig. 9. The computations carried
out here have been limited to the symmetric case where

Fig. 8. Energy release rates, for full delamination for cracks emerg- two delaminations approach each other, as in Fig. 9b.
ing from the end of a strips for an end terminating in the interior of The behavior is intrinsically 3D.
the substrate fow =10k andw = 20h.

1.2

1

0.8

0.6

G/AB

04 [

Average energy release rates(b) , for full delami-
_ nations as a function of the remaining ligameht,are
Further results foiG(a) for wider strips whose ends shown in Fig. 10a fow/h=2 and in Fig. 10b fow/
are located on the substrate surface interior are presented=20. For sufficiently long ligamentsG=G., , where
in Fig. 8. As for the narrow stripé jumps from 0 at the steady-state release rate corresponds to the particular
a/h=0 to a relatively large intermediate valueath = strip width and elastic mismatdlshown as dashed lines
1/4 (the smallest crack length for which calculations

have been carried out hereThen, asa/h increasesé !

3 . .. Crack surfaces

slowly increases approaching the steady-state limit (a) _1, B
(again shown as a dashed inehen a=w/2. When /é - —
the crack is as long as, or longer thars w/2, essen- 0

tially all the elastic energy stored in the separated portion 2 ,

of the strip well behind the tip is released and thus
conditions for steady-state are met. For shorter cracks,

when a is on the order ofi, the separated portion of (b Crack surfaces
the strip is constrained in the direction parallel to the : e
crack front. If the strip were even wider than those in [z -

Fig. 8, one would find that_;on for these intermediate
crack lengths, but the values in Fig. 8 fall beloyy !
due to the relative narrowness of these strips.

The full delamination behavior displayed in Figs. 7 Fig. 9. Full delaminations converging dia) a strip end andb) on

and 8 is intrinSi?a”){ 3D "Efle‘?ting interaCtionS_ among  another delamination approaching from the opposite direction. The
crack length, strip width and filfsubstrate elastic mis-  two configurations are quantitatively similar.
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5. Superlayer on polymer film strip

(a) 0.5
04 ] The superlayer techniqué?2] to study the debonding
» 03 of polymer—polymer interfaces whose chemistry was
g varied systematically2]. In the experiment$2], a self-
0.2 assembled monolayeiSAM) with either a CH or a
0.1 03 COOH end member, was placed on a Si substrate coated
;:/;V;h ' with a nano layer of Au. Then, an epoxy strip of
0 e thickness 1um was superposed. The toughness of the
0 10 20 30 40 interface between the SAM and the epoxy was explored.
b/h While there is some residual tension in the epoxy, it is
not nearly sufficient to supply the energy to drive the
b)) 1 delamination crack. For this purpose, a top stfihe

vi=vs=0.3 W=20h

superlayer of Ni is deposited by vapor deposition,
bonding securely to the epoxy. The intrinsic residual
tension due to deposition of the Ni is on the order of 1
GPa. The thickness of the Ni layer is increased until
there is sufficient elastic energy stored in the Ni layer
to drive the delamination. The elastic energy stored in
the epoxy is negligible by comparison. The arrest
location of the delamination was found to provide a
more reliable means of determining the critical energy
release rate associated with the interface toughness than
the initiation value[2]. Almost inevitably, initiation is
Fig. 10. Energy release rate as function of remaining ligament length _Sl%bJeCt to uncer,ta'nty associated \_N'th the potency of
for symmetric convergent debondinG) w=24; (b) w=20h. initial flaws. Typlcally, the SyStem IS Overstressw

the superlayer overly thioksuch that the steady-state

energy release exceeds the interface toughness. Under

these circumstances, the crack propagates dynamically
in Fig. 10). As the ligament length diminishes and the and arrests in the converging debond region. If the
delamination senses its twin propagating in the oppositerelation between the energy release rate and the remain-
direction, G diminishes and approaches zerobas0.  Ing ligament length of the strip is known, the SAM
The converging delaminations lower the stress in the €POXY interface toughness can be derived from
attached portion of the film, leaving less stored elastic Measuring the ligament length. In the model presented
energy to be released. Delaminations sense each othepelow, for the purpose of calculating, the energy
at ligament lengths that are many times the film thick- contributions from the SAMwhich is only one molec-
ness, but depending in a surprisingly strong way on the ular length in thicknessand from the epoxy are ignored.
strip width and elastic mismatch. Delaminations of films The epoxy contribution could readily be accounted for
with high modulus relative to the substrate.g. ap= if it were of any consequence. For this calculation, the
0.9) sense each other at distances that can be manynterface lies between the epoxy lay@, v,) and the
times the strip width when the strip is narrow. Even thick Si substratéE,, v,) (Fig. 11. The Ni layer(E,
when there is no mismatch, the energy release rate of as) ON top has a residual tensile pre-stresg,
narrow strip begins its gradual descent to zero at when
the ligament is still several times the strip width. It is
for this reason that the arrest location is a robust means / 4

of determining the criticalG  associated with interface A
toughness. The same behavior applies to the scenario in E{j/
Fig. 9a with the delamination approaching the strip end. /

It is evident from the selected results in Fig. 10 that the '

energy release rate is a fairly strong function of the film Substrate, Ez,v2 ,

width, elastic mismatch and remaining ligament. These

dependgnues must ,be known if the arrest IO,Cat,Ion of aFig. 11. Delamination of a bilayer. In the numerical example, the
converging debond is to be used to ascertain interfacejower film is epoxy and the upper film, the superlayer, is Ni deposited
toughness. with a high residual tension.
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27
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. shear lag approximation becomes invalid when the strip

EG, - t/1=0.4 is not wide compared to its thickness, and thus B®)
A-v)o,r, [Vo® EL/E5=0.1 does not give the correct limit for=1,. Fig. 12 presents
a plot of G as a function of strip width. The solid lines
are calculated using Edq12) for t53/t,=0.4 with E,/
E3=0.01 and 0.1. The characteristic lendtim the two
cases is 1143 and 3.7, respectively. Note that the
substrate modulus does not appear in @@®). The dots

0 represent results from finite element calculations in
0 10 20 30 40 which the substrate has the same elastic properties as
wih the superlayer. Additional finite element calculations

reveal that the modulus of the substrate has a little effect

Fig. 12. Steady-state energy release rate for full delamination as agn (_;SS as long as the substrate modulus is many times
function of strip width. The open marks are from FEM calculations that of the polymer
and solid curves are from E¢12). L )

Similarly, the steady-state energy release rate for

partial debonding of a superlayer can also be estimated

3.1. Steady-state energy release rate when the shear lag approximation is invoked giving

The steady-state energy release rate for both full -~ (1—-v5)ods
delamination and partial delamination are calculated. ~'ss™ Es
For full delamination, the strain energy in the down- ; ;
stream slab can be assumed be negligible since the XFJF_tam{MJ__tam{ﬁ” (13)
epoxy layer is much more compliant than the Ni 2 ¢ 21 ¢ 21

superlayer (E,/E;=10"3%). The Ni layer is able to

release almost all its stress since the epoxy layer, whichd-2. Convergent debonding for full delamination

is of comparable thickness, offers essentially no resis- ,

tance. The strain energy in the upstream slab is the When the interface crack approaches the end of the
energy stored in the biaxially pre-stressed superlayer,strip, G decreases to zero for the reasons discussed
which is reduced by the relaxation of the stress at the €arlier. For an infinitely wide strip subject to plane strain
edges. The reduced problem for the upstream slab is aconstraint parallel to the crack front, a closed form
plane strain problem. Because the epoxy layer is soexpression forG can be derive®] by applying the
compliant compared to the superlayer, a one-dimensionalshear lag approach to the converging debond with the
shear lag model can be used to accurately describe theesult:

epoxy/superlayer combinatiofi9]. The compliance of

the epoxy layer engbleg one to derive relatively simple 5(b)=G_sstanh°-(£J (14)
closed form approximations for the energy release rates 21

of interest. In this approach, the shear strginn the
epoxy is approximated hy/r, with u(y) as the displace-
ment of the Ni superlayer ang as the epoxy thickness.
Then, one can estimate the strain energy in the upstrea
slab and obtain the average steady energy release rate

Here, b is the remaining ligament arﬁss=A0 under
the plane strain restriction. For full delamination of the
niinconstrained strip of finite width, Eq14) supplies a

of a full delamination crack agsee the Appendix in EG 06
Ref. [9] for analysis details a-vyo,t, [
_ (1—v3)a%z3[ (1+vyl W } 041
Ge= 1— tanhl — 12 i
E; w I{2lj (12 i

0.2

Here, = (Eatqts/(1—v3)u )2 is proportional to the
edge zone width, witw,=E,/[2(1+v,)] as the shear
modulus of the polymer anét,, r3) as the thickness of 0
the polymer layer and superlayer, respectively. In Eq.
(12), (1—vy)o¥s/E5 is the limiting biaxial energy
denSItytﬂf thet.Nl Iayc?trf.l vafv :1[’ tf][e prE-StreSIs Ié rg)""?xed Fig. 13. Energy release rate for full delamination approaching the end
across the entire wi of the strip. Formula Ej2) is of the super layer. The open marks are from FEM calculations and
accurate when both the substrate and superlayer ar@olig curves are from Eq(14). The upper curve is foE;/Es=0.1
much stiffer than the intermediate polymer layer. The and the lower forE,/E;=0.01, both forw/s,=10.
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reasonable approximation if E€12) is used forGe, in References
formula Eqg.(14). The energy release rate is plotted as
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