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Abstract—Methods are put forward for the determination of the fracture energy and kinetic coefficient
of thin film/substrate interfaces from measurements performed on telephone cord blisters. This work is
based on a previously proposed model for the characterization of debonding features in compressed
thin films. The advantages of the proposed methods stem from the following facts concerning telephone
cord blisters: (i} they are spontaneous debonding features, and therefore more amenable than artificially
contrived features to yield realistic debonding parameters: (ii} they are very commonly observed in com-
pressed thin films; (iii) as revealed by our model. their boundaries are characterized by a constant frac-
ture mode mixity, and (iv) the driving force for debonding equals the fracture energy everywhere on

their boundaries.

1. INTRODUCTION

Thin films deposited on substrates are being
employed in numerous engineering applications.
Among these applications we can instance wear-re-
sistant coatings in machining tools; protective, insu-
lating, and diffusive barriers in integrated circuits;
protective, reflective, and reflexive layers in optical
lenses; and thermal barriers in engine components.
(For a recent review see [1]). In many of these ap-
plications the film/substrate system is prone to fail
by film debonding, a process which is frequently
driven by highly compressive in-plane stresses in the
film. The interface adhesion is therefore a quantity
of utmost importance to assess the structural integ-
rity of these systems. (Here we use the term ‘‘ad-
hesion” without implying strict interfacial failure;
for a discussion of this and other relevant terms see
2.

Many of the tests advanced so far yield qualitat-
ive measures of adhesion which are useful for com-
parison purposes only. Those most widely known
are the Peel test [3]; the Scratch test [4]; the Pull test
[5]; and the Laser Spallation test [6]. All of them
are available in many different versions; more recent
references include [7-10]. (For extensive reviews see
[11,12]). Even when the fracture-mechanics con-
ditions attendant to debonding can be calculated
for these tests, those conditions are usually complex
and involve non-uniform mode mixity; as a result,
the fracture energy is difficult to estimate. These
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tests are easily performed, however, which makes
them very useful for certain applications. A good
example is afforded by the oldest test available,
which was advanced by Strong in 1935 under the
name of “Scotch Tape test” [3]. Strong used his
method in the manufacture of astronomical mirrors,
as a pass/no pass test to ascertain the quality of the
surface cleaning which precedes the deposition of a
reflective aluminium film on glass. The method is
still employed for similar purposes.

Although  well-characterized  procedures to
measure fracture energies of film/substrate inter-
faces remain scant [12], a few tests have been
designed capable of yielding reliable, quantitative
measurements. We can instance the blister test of
Bennett er al. [13] (a configuration first introduced
by Hoffman and Geogoussis [14]); the indentation
test of Evans and Hutchinson [15]; and the double
cantilever beam test of Cannon et al. [16]. More
recent versions of these tests include [17-19]. Other
studies have endeavored to obtain values of fracture
energy from measurements performed on spon-
taneous debonding features. This has been deemed
the most rational approach, because it dwells on
the expected modes of failure [12]. Thus, Argon
et al., Gupta and Hutchinson es al. [20-23] com-
puted debonding fracture energies by performing
coupled buckling/fracture analyses of equiaxed blis-
ters of a type sometimes observed in compressed
thin films. In a simialr vein, Matuda et al. [24]
computed fracture energies from experimental ob-
servations of webs of blisters (Section II.C). Other
researchers have focused their attention on the tele-
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phone cord morphology, a form of debonding
which is ubiquitous in compressed thin films ([1]
Section II.C). For instance, Gille and Rau [25], and
Ogawa et al. [26] computed values of fracture ener-
gies by applying, as an approximation, formulae for
straight blisters to telephone-cord measurements.

In Section 2 of this paper we resort to a pre-
viously proposed theory ([I]; see also [27)) to
advance a method for the determination of fracture
energies from measurements performed on tele-
phone cord blisters. The theory is based on noncon-
vex analysis, matched asymptotic expansions, and
interfacial fracture mechanics. One remarkable pre-
diction of the theory concerns the mode mixity on
the debonding front, which turns out to be uniform
in all cases. An excellent agreement with the
observed geometry of telephone cords was obtained
for a special class of critical solutions, wherein the
driving force equals the fracture energy everywhere
on the debonding front ([1] Section IV.C). Together
with the noted pervasiveness of telephone cords in
compressed thin films, these results point to the tel-
ephone cord as an ideal spontaneous debonding
mode on which to base a method for fracture
energy determination.

The proposed method requires the measurement
of the film thickness, the stress in the film prior to
debonding, and the wavelength—or, alternatively,
the width—of the telephone cord; the film/substrate
interface fracture energy corresponding to the domi-
nant mode mixity follows from substitution of these
values in a simple explicit formula, equation (8).
We illustrate the method by applying it to pertinent
experimental data from the literature, and briefly
discuss the results.

A second aspect of import to the mechanical
assessment of thin film/substrate systems concerns
the kinetics of film debonding. Whenever the driv-
ing force G associated with the debonding front
exceeds the fracture energy G., further debonding is
expected to occur. The net available driving force
G—G. may then be thought as imparting the
debonding front a normal velocity V.
Considerations of work conjugacy suggest that a
kinetic relation of the form V, =f(G - G.) must
rule this process. subject to the restrictions imposed
by the second law [28]. This class of kinetic re-
lations has been extensively treated within the the-
ory of phase transitions [28]. In the context of
dynamically growing cracks, these relations are
often interpreted as crack-tip ‘“‘equations of
motion” [29], and have been investigated exper-
imentally for a variety of bimaterial systems [30-
32]. For the quasistatic type of growth often
observed in thin-film blisters, by contrast, there is a
paucity of experimental data to guide the formu-
lation of kinetic relations (see [26,33] for notable
exceptions).

In Section 3 of this paper, we adopt a kinetic re-
lation which is linear in the product of G — G, and a

factor 1/B. where B is the fracture kinetic coeffi-
cient. We then consider the feasibility of determin-
ing values of B from measurements performed on
telephone cord blisters. These blisters are known to
grow at the tip, a process which has been superbly
documented by Ogawa er al. [26], and pointed out
by other authors [23,34-36]. Based on the theory
developed in [1], we obtain solutions for the mor-
phology of growing telephone cord tips. In these
solutions the ratio L between the length and width
of the tip is a function of a nondimensional par-
ameter Q. The definition of Q involves both B and
the time required for the growth of the cord in one
wavelength, see Fig. 5. Figure 5 readily leads to a
method for the determination of the kinetic coeffi-
cient B in terms of a simple formula, equation (15).
We demonstrate the method by applying it to the
experimental data of [26].

2. FRACTURE ENERGY

In {1]. we advanced a model capable of character-
izing the telephone cord morphology. For the
details of the model we refer the reader to the orig-
inal publication; here, we shall only review the prin-
cipal assumptions in a brief manner.

The theory is based on the observation that the
bending energy of the thin film is a singular pertur-
bation of the membrane energy. This immediately
suggests a matched asymptotic expansion, whereby
the fundamental structure of the solution is dictated
by the minimization of the membrane energy (the
so-called outer solutiorn), the bending energy being
confined to narrow bending boundary layers located
along the lines of slope discontinuity of the outer
solution. An essential difficulty with this approach
follows from the nonconvexity of the membrane
energy fucntional, which makes the outer solution
nonunique. In [1] Section II1.D.3, we have argued,
however, that the preferred outer solution may be
determined as the upper envelope of all cones of
characteristic slope k supported on the domain of
the blister. The characteristic slope is given by
¢ == \/2(1 + v)e*, where ¢* is the compressive (iso-
tropic) eigenstrain in the thin film prior to debond-
ing, and v is the Poisson ratio of the thin film.

An analysis of the bending layer located along
the boundary " of the blister can be performed by
introducing a few approximations. Thus, in [1]
Section IV.B we assumed that the film deflections
w(n, &) vary quadratically along an axis # normal to
I', where & is a curvilinear coordinate measured
along I'. The bending layer so defined extends up to
a matching distance y,, at which the slope w, attains
the characteristic value &k of the outer solution. The
matching distance represents the width of the bend-
ing layer, and is given by #y, (&) = k/x(&), where we
have defined y(&) = w.,,, (0, &). The energy W of the
bending layer can then be computed for a boundary
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of arbitrary morphology: an equation of equili-
brium follows immediately as

OWs, =EG 1 2 7" Ak k' k) =0, (1)

where x(&) is the distribution of local boundary cur-
vatures, and the derivatives are taken with respect
to the curvilinear boundary coordinate £. The ex-
pression of £ is too cumbersome to reproduce here.

Now, the driving force for debonding is given in
this theory by the following formula [1] Section

IV.A),
D ,
==y 2
G=51" 2
Here, D = ER*/12(1 —+?) is the bending stiffness of
the film, where E is the Young’s modulus and # the
thickness of the film. By introducing a parameter y.
the fracture energy G. can be conveniently expressed

in the form
D 2
==y, 3
g, > L (3)

In this theory the phase angle  characterising the
fracture mode mixity is constant on the debonding
front, and corresponds to tan = —cot w ([1], p.
172) where w is a function of the elastic constants
of film and substrate (more precisely, of the
Dundurs parameters of the film/substrate system;
see [37]). It follows that the fracture energy is con-
stant on the debonding front.

Turning back our attention to the equation (1) of
equilibrium of the bending boundary layer, we
narrow the class of solutions sought to that of
critical debonding fronts, i.e. to debonding fronts
wherein G = G; (and ¥ = y.) for all £&. Then, (1) sim-
plifies to a second order ODE in the local curvature
x. Using the following nondimensional variables:

K = kh/k, and &= &k/h, 4)
and the nondimensional parameter
Ke = kch/k = Xch/kz, (5)

the simplified equation of equilibrium becomes
SK'RR2(Re — R)[R(=2K7 + 9kK — 6F)

— 6k(k — k) In (1 — §/R)]

+ 10k 26} [R(=3° + 22@° K — 30KK])

+ 1283 4+ 12ke(Re — ®) In(1 — &/i)]

+ 203(R — Re) (5K — 13KK. + 8K + 5k3)

— 207434k — k) In(1 — k/R) =0, (6)

where the derivatives are taken with respect to &.
The logarithmic terms in (6) introduce the
constraint Kk < kK. on the attainable values of
curvature. Without loss of generality, we consider
solutions for which &'(0) =0, and &(0)=
Ko < k.. Figure 1 shows the results obtained by
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Fig. 1. trf:Family of solutions obtained for .=1, ®'(0) = 0,
and different values of k(0)/x. <1.
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numerical integration with k.= 1; for all values of
Ko a region of positive curvature is followed by a
sharp dive into large negative curvatures, ending at
a limit point &, where the curvature becomes singu-
lar. When these solutions are reflected symmetrically
with respect to &=0, and then extended period-
ically, the outcome is seen to describe the telephone
cord morphology, with the characteristic pattern of
broad intervals of positive curvature alternating
with narrow sections of highly negative curvature or
cusps [1]. Section IV.C). The solution for ko—k.
holds particular interest, because all the experimen-
tally observed telephone cords which we analysed in
[1], Section 1V.D appear to correspond to this case.
Here, arcs of length 2/k. and constant curvature i
are punctuated by Dirac-deltas representative of
sharp cusps (notice in Fig. 1 that the limit point for
Ko— ke is .= 1/Re a conclusion which is valid for
all values of k.. This “universal geometry™ is illus-
trated in Fig. 2, where we employ the notation
7 = Akjh, /. being the wavelength of the telephone
cord. Figure 2 furnishes then the equation

- 2 .k
I = Zsin(ly="2, (7

Ke h
where sin(l) = sin(34.38%) ~ 0.8415. By using (3)
and (5). and taking into account that ¢* = E¢*/
(1 —v). where o¢* is the stress in the film before
debonding, the following expression for the fracture

energy can be readily derived:

*13 .
22 sin’(1). (8)

G =

In Table 1 we have compiled some of the available
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Fig. 2. “Universal geometry™ of a telephone cord bloster
boundary (kg—k,).

experimental data on telephone cord blisters, and
the corresponding values of G, as determined by
equation (8).

Both Ogawa ef al. ([26] Mo/Glass system) and
Gille and Rau ([25] C/Quartz system) computed
values of fracture energy in their papers. Their
values exceed by factors of 100-250, and 1000, re-
spectively, those given in Table 1. (Daniels ef al.
[36], Iyer er al. [38], and Eymergy and Boubeker
[39] do not report fracture energies.) It is important
to stress that these authors computed their values of
fracture energy, to which effect they employed, as
an approximation, formulae for straight cords. This
amounts to imposing a geometric constraint, which
results in larger values of energy release rate, and
therefore in larger values of G.. In this respect, it is
of interest to point out that Matuda ¢f al. [24]. in a
study of a C/Quartz system similar to that of Gille
and Rau, computed fracture energies by applying
the same approximate model to a web of blisters, a
configuration associated with larger energies than

the telephone cord: their estimated values of G, are
one order of magnitude smaller than those of Gille
and Rau.

The values of fracture energy in Table | must be
interpreted with caution. They correspond to a
specific phase angle ¥ which is, according to our
theory, characteristic of film/substrate interfaces in
isotropically compressed thin films. They can
readily be used to study debonding in such thin
films. The extrapolation to different debonding con-
ditions is not immediate. For example, in thin films
with tensile eigenstrains, a different phase angle
should be considered. However, the function G.(¢)
remains unexplored for the vast mayority of film/
substrate systems. In those few systems for which
G.(¥) has been characterized, G. appears to be
highly sensitive to changes in y [37]. Furthermore,
interface contamination may result in largely dis-
similar values of fracture energy. For instance. thin
film adhesion in the Moj/glass system (such as that
tested by Ogawa e¢f al.) is known to be very strongly
dependent on subtle changes in environmental con-
ditions (V. Gupta, private communication, 1997).
The same appears to be true for a Cu/glass system
studied by Cannon et g/. [16], and perhaps for nu-
merous other systems. Also, due to the effects of
plasticity or damage certain debonding conditions
may lead to highly nonlinear fracture, with vast
effects on the apparent fracture energy [22]. For
example, in the peel test of metallic films the plastic
deformation has been shown to account for most of
the energy release rate [40]. Because of these reasons
it is important to compute fracture energies under
conditions akin to those expected for in-service
debonding.

Table 1. Fracture cnergies computed with the proposed method from measurements on telephone cords extracted from the literature

Interface Deposition h (um) /. (gem) a*(GPa) G, (107*N/m)
Mojglass [26] 1BS' 0.30 322 20.4 130
Mo;glass [26] IBS 0.30 28.6° 16.4 130
Mojglass [26] Ms? 0.92 2007 2.00 9.2
Mo/glass [26] MS 0.93 202° 222 10
Fe-Pt/Si/c3 [36] sputter 1.00 55° 1.36 110
DLC/glass® [38] CcvD’ 0.25 50% 3.00 4.4
C/Quartz [25] [BD 2 kv’ 0.20 313 3-4 5.8 7.7
C/Quariz [25] IBD 0.9 kV 0.20 37.0 4-6 5.5 8.3
CiSi [25] IBD 2 kV 0.20 17.0 34 20-26
CiSi [25] [BD 0.9 kV 0.20 33.3 4-6 6.8 10
b.c.c.8S/f.c.c.8S'" [39] IBS 0.80 57-71" 1.3-2.1 31-78

'lon beam sputtered.
“Authors report telephone cord width, 1/x,.
’zMagnelron sputtered.

“This is a multilayered film; a first 20 A Fe layer was followed by 200 A of Pt, and these by successive 35 A polycrystalline layers of Fe
and Pt. until the total thickness was completed. The method is applied to this system as an approximation only.

SMeasured on Fig. 4(a). Local curvature distributions (“intrinsic” functions of the tips) for different values of the nondimensional
parameter Q; and (b) corresponding tip shapes, with the cusp on the right-hand side.

*Diamond-like carbon.
"Chemical vapor deposition.
*Measured on Fig. 4(a) of the original paper.

°Jon beam deposited with the indicated value of jon acceleration voltage.

1% ¢ c. 304L Stainless Steel (ferromagnetic) on f.c.c. Stainless Steel.

"Measured on Fig. 2(b) of the original paper; the wavelength varies within the indicated range, possibly due to interfacial inhomogene-

ities
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Fig. 3. Schematic geometry of a telephone cord tip, and

notation. The tip is assumed to grow self-similarly by

rotating about the cusp, leaving behind a wake with a con-

stant curvature k.. L denotes the maximum value of x»,
which we call the length of the tip.

3. FRACTURE KINETIC COEFFICIENT

Telephone cord blisters are observed to grow at
the tip. The driving force G must therefore exceed
the fracture energy G. on the debonding front in
the tip region. As a result, the front moves forward
with a normal velocity V,, see Fig. 3. In so doing, it
leaves behind a wake which is everywhere critical,
i.e. one on which G=G, in keeping with the model
set forth in Section 2.

We adopt the following linear ““overstress”” model
to describe the kinematics of debonding,

y _{ G-GJ)/B if G>Gc
"o

otherwise,

©

where B is the fracture kinetic coefficient. In this
section we propose a method to determine B exper-
imentally from measurements performed on grow-
ing telephone cords.

With the aid of Fig. 3, the following equation
can be readily obtained,

Vi=owt-y, (10)

where w is the angular velocity of the propagating

tip around the cusp. In addition, we expect Kk > &

at the tip and, therefore, the bending layer width

Nn(&) = k(&) to be bounded above the 1/k, that is
k
-<
X

. (11)

= | —

It seems convenient at this point to assume that, in
the region of the tip, the bending layer spreads as
much as allowed by this geometrical constraint, i.e.
x = kx. This allows for the kinetic relation (9) to
be rewritten in the form
D Dk? )

Va =2—B(Z“ —x§)=ﬁ(»<2~»cc), (12)
where we have made use of (2) and (3). By
eliminating ¥, between (10) and (12), differentiating
the result twice with respect & (Fig. 3), and eliminat-
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Fig. 4. (a) Local curvature distributions (“intrinsic™ func-

tions of the tips) for different values of the nondimen-

sional parameter Q; and (b) corresponding tip shapes,
with the cusp on the right-hand side.

ing the unit vectors n and t from the resulting ex-
pressions, the following differential
equation,

we obtain

’

I L
R =R - ) =0,
2 K

(13)

where the derivatives are taken with respect to &,
and we have denoted

and ﬁz—aiB—

e 19

Eke, K =K/Ke,

el
I

Here, (&) is the “intrinsic” function of the tip; it
can be obtained by solving (13) numerically, start-
ing at the wake end of the tip (£ =0), where k=1,
and integrating up to a value &=¢, (the cusp) such
that & (&)=1 and (&) =1, see Fig. 3. The
results are shown in Fig. 4(a) for different values of
the parameter Q. The corresponding tip shapes are
shown in Fig. 4(b); it is apparent from the plots
that larger values of Q-—corresponding ceteris
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Fig. 5. Variation of the nondimensional tip length  as a
function of Q.

paribus to faster tip growths—Ilead to longer tips.
55 shows the variation of the tip length [ = Ik,
(that is the maximum value of %) with the par-
ameter Q.

A method for the experimental determination of
the fracture kinetic coefficient B is readily suggested
by Fig. 5. Four measurements are required: the
stress o*; the width 1/k. of the telephone cord; the
length L of the tip; and the angular velocity w,
which is conveniently expressed as w = 2/t, where
is the time required for the growth of the telephone
cord by a wavelength 4 (Fig. 2). Then, Q can be
read from Fig. 5 as a function of £=_Lk., and B
computed using the following formula

B= %(IIKCPQO'*T. (15)
An example of application of this method is
afforded by the experimental results of Ogawa er al.
[26]. These authors documented the growth of a tel-
ephone cord blister in a 0.92 um-thick Mo film
which was magnetron-sputtered on a glass sub-
strate. For this blister, Ogawa et al. reported the
following data: E = 327 GPa, v =10.3, and
¢* = 0.005, corresponding to o* = 2.34 GPa. From
the microphotograph presented in Fig. 7 of Ogawa
et al. (time = 512 s) we have measured 1/k.=90 um
and L = 60 um, and verified that the tip length L is
located off-center towards the side of the cusp, as
predicted by our model (see Fig. 4(b)). It follows
from these measurements that £=0.67, and, from
Fig. 5, Q=2.2. Finally, from Fig. 8 of Ogawa et al.
we have obtained T = 360 s. Substituting these data
in (15) we can compute the value B = 1.7 107> Ns/
m~2 for the fracture kinetic coefficient of the Mo/
glass interface.

4. CONCLUSIONS

Telephone cord blisters are quite common in
compressed thin films, where they occur spon-
taneously in many film/substrate systems. It there-
fore seems natural that several authors should have

advanced methods for the determination of fracture
energy from measurements performed on telephone
cord blisters. Unfortunately, lack of a better model
has compelled these authors to base their methods
on formulae for straight blisters, an approach
which, although justifiable given the circumstances,
remains far from satisfactory.

In devising the method proposed in this paper,
we have resorted to a model which is remarkably
successful at characterizing the telephone cord mor-
phology in all its complexity. Somewhat surpris-
ingly given the nature of the model-—which involves
nonconvex analysis, matched asymptotic expan-
sions, and interface fracture mechanics—the for-
mula for the fracture energy turns out to be quite
simple: it is explicit, and involves quantities which
can be readily measured on experimentally observed
telephone cord blisters. For some film/substrate sys-
tems, the resulting values of fracture energy are
substantially lower than those given by methods
which interpret telephone cords as straight blisters.
This appears to indicate that computed values of
fracture energy are strongly affected by simplifica-
tions in blister geometry.

As for our method for kinetic coefficient determi-
nation, we have used the only complete data set
available in the literature (Ogawa et al.) to compute
what is, to the best of our knowledge, the first pub-
lished value of kinetic coefficient for a film/substrate
system.
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