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Biaxial testing of nanoscale films on compliant substrates:
Fatigue and fracture
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Two problems of technological importance for microelectromechanical syst&taEd1S) and
microelectronics industry are addressed: fatigue of thin films and nanoscale film cracking. A device
is described that cafil) conduct biaxial fatigue tests on thin films a2 be utilized to study
fracture patterns in nanoscale coatings under biaxial stress state. Thin-film specimens, in the form
of circular membranes, are exposed to cyclic pressures between two fixed pressure limits.
Corresponding pressure and specimen deflection are measured. Experimental results, including
hysteresis loops spanning deflections of 1580 are presented for 4 6m-thick polyimide films.
Furthermore, the evolution of crack patterns in a 150-nm-thick Al film deposited on a polyimide
substrate is studied. Critical mode | stress intensity factor for Al is extracted from experimental
results. ©2002 American Institute of Physic§DOI: 10.1063/1.1488685

I. INTRODUCTION mens consisting of materials such as @Ref. 14 or Ni—P®
This particular selection of specimen geometry usually elimi-

Evaluation of mechanical properties of thin films has . ; . .
attracted much attention due to the important role thin filmsnate.S c_er'Faln mate_nals, including polymers. Furthermpre, the
play in microsensors, microactuators, and other microelecr];gg:g'agtli/h;j Lat;ﬁ:es’trzggtzgtér?r?c;t?h?:] ?(tstgﬁztr,erlfc ne-
tromechanical systems. Even though thin films are not ald » although . o rency.
ways employed as structural elements, they are usually suth?rmal' orintrinsic stress)?s l_JsuaIIy blax@. In e}ddlt|on1 ?to
ject to various forms of loading. Hence, the reliability of s, there are alsq appl_|cat_|ons, including MICTopurmps,
) : where a free-standing thin film undergoes biaxial loading.
these devices depends heavily on the performance of thin o . S
films. For example, stresses will develop in the thin film dueAlthough uniaxial fatigue tests on thin films are conducted

. . . in mmercial | frames with high-precision | Il
to lattice mismatchcoherency stressesr mismatch of ther- using commercial load frames with high-precision load cells,

mal expansiongthermal stresse¢detween the thin film and r_esults cannot directly be_ transferred to engineering apphca-
tions. To address these issues, the testing device of this ar-

its substraté. Stresses, called intrinsic stresses, can also b{e : : . . L
. . . icle is designed to study the fatigue behavior of thin films
generated during film growth due to various other mecha-

nisms such as grain growth in the case of metallic s, under biaxial loading. Thin-film specimens are subjected to

The task of the measurement of mechanical properties O(%ychciloadmg with a_frequency range up to 50 Hz, and the
L ) . . . . resulting load-deflection data are recorded. Phenomena such
thin films is carried out using various experimental tech-

. o . ; . as ratchetting can be monitored, and fatigue life studies can
nigues. Uniaxial tensile testing, for example, is useful for thebe conducted
determination of elastic modulus and tensile strength, if ac- Another iésue of paramount technological importance is
companied by an accurate strain measurerh@ulge test- the cracking of thin films and coatings. Depending on film,

ing is used to evaluate biaxial modulus of thin films and their . . L . .
. : substrate, and interface properties, biaxial stresses in thin

residual stressesAlthough it recently became a popular test- . . . . . ; .

: : fiilms will lead to various forms of failure, including film

ing method, its use dates back to early days of sheet meta

and polymer testin§-8 Residual stress evaluation can alsocrackmg, substrate spalling, and interface debndarious

. theoretical treatments of this problem are availdbté®
be achieved by substrate curvature measurerielfteld Careful experiments can be conducted with the apparatus of
strength, on the other hand, can be measured by indentati P pp

techniqued® However, none of the mentioned techniques(%nls article to observe the evolution of crack patterns and

addresses fatigue behavior of thin films, although mechanicaﬂelate them fo the fracture toughness of the chosen material.

. : . . The remainder of the article explains the principles of
or thermal cyclic effects can easily lead to fatigue failtfre. . . . . .
operation of the apparatus. Specimen preparation will be dis-

Reduction of residual stress as a function of thermal cy- : : :

. . . L cussed, and experimental results from monotonic, cyclic, and
cling was studied previously on thin films not released fromfracture studies will be presented
the substraté® where the evaluation of the fatigue behavior P '
of the thin film itself is usually prevented by the existence of

. . I. EXPERIMENTAL SETUP

the substrate. On the other hand, the majority of fatigue stud-
ies on free-standing thin films employ cantilever-type speci-A. Main components

The testing apparatus of this article, shown in Fig. 1,
dElectronic mail: alaca@uiuc.edu resembles a bulge tester with additional capabilities of cyclic
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» Pressure transducer: Pressure measurements are car-
ried out using a PX 951-100 S5V pressure transducer
by OMEGA Engineering, Inc. with a range of 100 psi
(0.6895 MPa and an accuracy of 0.15%.

As shown schematically in Fig. 2, a piston is attached to
the tip of the piezoelectric actuator, and the actuator is placed
inside a stainless-steel cylinder. This assembly imparts the
piston a travel of 10Qum. A separate chamber is attached to
the end of the cylinder and filled with hydraulic oil, specifi-
cally, DTE 25 (registered trademark of Mobil Oil Corpora-
tion). With the piston resting on two O rings, the cylinder
and the piezoelectric actuator are completely sealed off from
the oil-filled chamber.

Prior to filling the chamber, the specimen is mounted on
to the chamber via a specifically designed specimen holder, a
FIG. 1. Main components of the testing device. Thin-film specirti@nis Ste?' plate with & CIrCUlar.hme m_ th? middle. The spemmgn IS
mounted on a fluid chambéD), in which pressure is cycled with a chosen @ Silicon wafer coated with a thin film of any desired thick-
frequency by the motion of a piston driven by a piezoelectric actuator lo-ness and composition. A window of any shape, usually cir-

cated in cylinder C. Corresponding displacements of the specimen are Me&yjlar. is micromachined in the silicon wafer exposing the
sured with a laser sens@h), and a pressure transducé€y is employed for !

pressure measurements. Two stainless-steel fitiGysserve as inlet and  thin film to the underlying oil. It is important that the chosen

bleeding valves for the fluid chamber. The setup is placed on a multiaxifluid is inert and does not alter the properties of the speci-

translation stageE). men. More on specimen preparation will be discussed later.
The specimen is attached to the specimen holder using ep-

loading, feedback control, and enhanced data acquisitior?Xy- The specimen holder is then screwed on to the testing
The main components, also designated in Fig. 1, include: device, where an O ring between the specimen holder and
the testing device prevents any leakages. To prevent over-
* Piezoelectric actuator: The particular piezoelectric acioading of the specimen while mounting, the specimen
tuator in this setup is a P-239.60 HVPZT translator bynholder is not screwed tightly at this stage. Details of the

Physik InstrumentéPl) GmbH and Co. Ithasa100m  gpecimen and specimen—specimen holder assembly are
open-loop travel at the maximum operating voltage Ofshown in Fig. 3

1000 V. _ After the specimen is mounted, the setup is positioned
* Laser sensor: A 812330-SLS 7001/15 specular reflecge ica)iy As shown in Fig. 4, oil is pumped through a side

tion laser sensor by LMI Selcom, Inc. with a measure-... : I
ment range of 1 mm and a resolution of 0,28 is used fitting into the chamber while another fitting at the top of the

for displacement measurements at a fixed point, usua"§hamber serves as a bleeding valve. This way of filling the
the midpoint, of the specimen. It produces a class I1.chamber eliminates the possibility of having air bubbles
675 nm laser with a 1@um spot size at a stand off of 15 trapped inside. The next step is the final tightening of the
mm. A camera is also incorporated within the sensor. specimen holder. The fact that both valves are open at this

displacement data

monitor

laser sensor and

camera

¥ ]

ZINNF by
é‘|§ input output =
N =~ FIG. 2. Schematic of the setup show-
N ing details of (1) the actuator-piston-
fluid chamber design, and2) data
flow in the control loop.
pressure
! flmd transducer

. chamber
amplifier

pressure data

Feedback control drives piezo.
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5. removal of photoresist

. L in acetone bath
1. spin-coat and thermally imidize 4 separate die,

polyamic acid film

! . ) isopropanol rinse
2. spin-coat protective photoresist 7. vacuumn dehydration
thin film bake

3. spin-coat and pattern thick . .\
photoresist film 8. optional deposition

of A7 film
e ] e

FIG. 3. Specimen consists of a thin film on a rectangular silicon die with a
micromachined window at its center. Another hole is drilled at the center of . .
the specimen holder, a rectangular metal plate. The specimen is epoxied o4 [CP-DRIE, anisotropic
to the specimen holder, and the thin film is subjected to fluid pressure via theremoval of bulk silicon .
micromachined window. Here, the photograph shé@she silicon side of Z, % Specimen,

top view of finished

a specimen with a 2-mm-diam windoy2) a specimen holder with its cen- no Allayer
tral hole and four screw holes along the edges, @@ specimen epoxied
to the specimen holder.

stage prevents any pressure buildup inside the chamber anc; hotorcsi o
X X photoresist silicon
hence, the specimen is not overloaded. After the valves are Z

closed, the setup i_s tu_rned ba_\ck to its horizontal positio_n, polyimide [ atuminm
which was shown in Fig. 1. Finally, the complete setup is

mounted on a multiaxis translation stage with two microme- FIG. 5. Flow chart of the fabrication process.

ters controlling horizontal positioning and a piezoelectric ac-

tuator driving the setup vertically. This will facilitate speci- accommodated by the deflection of the thin-film specimen,
men alignment with respect to the laser beam. The multiaxishereby raising pressure in the chamber.

stage is attached on top of a vibration isolation table. At the ~As mentioned previously, measurements are taken by
final stage, a few laser scans are conducted and the setuptigo main components:

tilted accordingly to ensure that the specimen is perfectly

horizontal. Thereafter, the device is ready for operation. * the laser sensor measuring midpoint deflection of the
specimen bulging under pressure, and

e the pressure transducer measuring the pressure inside
B. Principles of operation the oil chamber.

The operation of the setup is shown schematically in Fig. | €S€ two measurements serve as input to a closed-loop
2. The motion of the piezoelectric actuator displaces a certaif®"trol Program created by LabVIEW softwafeegistered
volume of hydraulic oil via the attached piston. Since thetf@demark of National InstrumentsBy driving the piston

fluid chamber was freed of air using the bleeding valve and!nder feedback control, this program allows pressure to be

since the walls of the cavity and the piston, made of steel, ar&Ycled between two fixed limits with a chosen frequency and
relatively rigid entities, the displaced volume will be directly @ Wave shape. Having characterized the main components
and the operation of the testing machine, the next sections

will be devoted to specimen preparation and experimental
results.

bleeding

valve C. Specimen preparation

Specimens used for both biaxial fatigue and fracture
studies consist of an aromatic polyimide diaphragm sus-
g pended on a bulk-micromachined silicon die. All polyimide
specimen piston diaphragms are derived from spin-coated and thermally imi-
dized pyromellitic dianhydride 4,4 oxydianiline PMDA—
ODA polyamic acid precursor films. For fracture experi-
ments, an Al layer is deposited on the polyimide diaphragm.
In the following section, specimen fabrication will be sum-
marized. An accompanying chart can be found in Fig. 5.
FIG. 4. Eliminating air from the hydraulics is crucial for the success of the A double-sided polishe)-doped, 13 cm resistivity,

device. It is achieved by feeding oil from a side fitting into the chamber, N-tYP€, (100 silicon yvafer is the §tandard _S_UbStrate for all
while a bleeding valve at the top allows trapped air to escape. samples. After cleaning the wafer in a modified SC-1 step of

inlet valve

piezoelectric
actuator

%] cylinder
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the RCA clean proce<S the wafer is baked at 180°C for 15 0008

min, and then spin coated with a commercially available

aminosilane adhesion promoter. A bake of the adhesion pro ST S 2

moter at 110 °C for 5 min is required, after which the wafer ?0'006_ ////////,g

is spin coated with Pyralin PI-2808egistered trademark of % ™

HD Micro System$ Following a 15 min bake of the =gg044

polyamic acid film at 60 °C in ambient air, thermal imidiza- 5

tion is carried out in two steps at 240°Crf@ h and at g s ?Xl’lffﬂne,ﬂt
350°C for 4 h under a 200-500 mTorr pressure of dry ni-  0.002- et — Pheory
trogen. Temperature ramps of approximately 1.5 °C/min are 2 E=3.0GPa

used between all temperature steps, including the initial heat > residual stress=5.8 MPa
ing from and final cooling to room temperature. Films spin 0.000% T J J 1
coated and imidized from this process were fu@ thick. 0 lomid-point def?fgction,z [j,lm]30

After imidization is complete, a 2—am-thick film of AZ
5214 (registered trademaylphotoresist is spin coated on the FIG. 6. Pressure vs midpoint deflection readings obtained on a 2-mm-diam

. ° L _specimen. Fitting the equation governing the elastic response of a circular
polylmlde and baked at 110°C for 10 min in order to pl’(? plate to the experimental data, one obtains elastic modtlasd residual

vide a pro_teCtive coating to minimize surface damage iNsresso, of the thin film. Inset shows the bulging specimen with the laser
curred during subsequent processing steps. pointing to its midpoint.

Once polyimide processing is completed, the backside of
the silicon wafer is coated with a 6—um-thick AZ 4620 . .
(registered trademaykphotoresist film to serve as an etch response of the_spemme_n. Figure 6 shows pressure Versus
mask for an inductively coupled plasma deep reactive ior{mdp_omt deﬂec_tlon readings _obtalned on a Z'mm‘d'a”.”
etching(ICP-DRIE) process of the bulk silicon substrdfe?? ~ SPECIMen. Loading and unloading followed the same path in
The photoresist film is patterned such that a modified Boscl"?)(pe.“ments indicating an elastic pehawor. F|n|te-ele_ment
proces& can be used to anisotropically etch through thestud|es have shown that_ the elastic response of.a circular
bulk silicon (400—-500um), sectioning the wafer into inde- membrane “.”der an apgl'Ed pressprean be approximated
pendent 15 mm by 15 mm square silicon die, each with a f)y the following formula.
or 6-mm-diam circular hole revealing the underlying polyim- 8 E
ide film. The ICP-DRIE process of the silicon terminates  p=(1—0.24v) (g)(r
once the polyimide film is exposed, resulting in a free-
standing, suspended polyimide diaphragm. A Plasma-ThermvhereE and v are the elastic modulus and Poisson’s ratio,
Inc., SLR Series Plasma Processing System is used for akspectivelyh is the thickness and is the radius of the thin
ICP-DRIE processes. film. zy is the midpoint deflection resulting from applied

After bulk micromachining of the silicon substrate, both pressurep, and o is the residual stress. The membrane is
photoresist masks are removed in an acetone bath, the inditamped at its boundary. Fitting E¢L) to the experimental
vidual die are then rinsed with isopropanol and subjected t@ata, one can extract quantities such as elastic modiilfs
a vacuum dehydration bake at 240 °C for 4—-8 h to removehe thin film and residual stress, for a given Poisson’s
absorbed solvents. Once again, 1.5°C/minute temperatur@tio. In our case, the elastic modulus is found to be 3.0 GPa,
ramps are used to both heat and cool the specimens. Fand residual stress is 5.8 MPa fig+ 0.4. These results are in
fracture studies, a 150-nm-thick Al layer is sputtered on theclose agreement with previously reported PMDA-ODA
surface of the polyimide immediately following the dehydra- properties?*
tion bake to prevent undue absorption of water from the  For the determination of actual stresses, on the other
ambient air in the polyimide film, providing a more experi- hand, further consideration is required. A major drawback of
mentally reliable metal/polymer adhesive interface. Optionabulge testing is the usually indirect way of relating pressure
sputtering of Al thin films on the surface of the polyimide and displacement data to the actual stresses and strains in the
diaphragm for fracture studies is performed using a dc magmaterial. Employing a series solution to the equations of
netron power supply at 300 W with an argon flow rate of 20equilibrium, stresses in a circular membrane with clamped
sccm and a chamber pressure of 2.3218 2 Torr. edges under a uniform, lateral loading were first calculated

Test specimens described here can also be used f@y Hencky® for large deflections. His analysis was later
studying interfacial failure between polymer thin films and modified for the case of true pressure by FicRfek mecha-
silicon substrate$® However, it is noted that the pressures nistic discussion of the problem can be found in Ref. 16.
utilized in this study were not of a magnitude large enough tcHencky’s analysis was also modified for the existence of

h

a4

O'0h
?_) z5, (1

z3+4

initiate interfacial delamination. residual stresses by Campb®llCampbell’s study shows
how coefficients of the series solution can be determined
IIl. EXPERIMENTAL RESULTS from equilibrium equations and clamped boundary condition

for a chosen Poisson’s ratio. This method is adopted here and

results for various Poisson’s ratios are shown in Fig. 7,
Before demonstrating the capability of the apparatus tavhere equibiaxial stress at the midpoint is given as a func-

conduct fatigue testing, let us briefly discuss the monotonidion of residual stress. Hence, once the residual stress is

A. Monotonic response
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FIG. 7. Equibiaxial stress at the midpoint plotted against residual stress

o, for different Poisson'’s ratios. The dependence on Poisson’s ratio is rather!G. 9. Pressure history from a test where a 2-mm-diam specimen is sub-
weak. o+ oy is the total stress. Onag, andE are determined experimen- jected to _pressure-controlled cyclic loading with a frequency of Q.OS I_-Iz.
tally, o can be extracted from this figure for a given pressurghe solution ~ Pressure is cycled between 0.029 and 0.182 MPa. The corresponding history
procedure by Campbe(Ref. 27 is summarized in the Appendix. of midpoint deflection is plotted above.

determined from Fig. 6¢ can be extracted from Fig. 7, and also necessary for any modeling effort that a_ddresses fa_tigue-
o+ oo will be the total stress at the midpoint. Utilizing this "¢latéd damage mechanisms. The next section deals with the
method, strains at the midpoint are calculated for two differ-/€SUlts Of fatigue experiments that were conducted with the
ent sets of specimens with 2- and 6-mm-diam diaphragm€Sting device of this article.

and the results are presented in Fig. 8. Generally overlooked _ )

this method proves to be concise and straightforward. Thg' Fatigue testing

main steps of the solution procedure for stresses are summa- Figure 9 shows the pressure and deflection history from
rized in the Appendix. The interested reader is also referred test where a 2-mm-diam specimen was subjected to a
to Campbell's work’ for an in-depth study on the effect of pressure-controlled cyclic loading between 0.029 and 0.182
residual tension on midpoint deflection. This was also uti-MPa with a frequency of 0.05 Hz. Cycles 100-110 are
lized here to verify the fitting function given by E@l) and  shown in Fig. 9 with the time axis chosen arbitrarily to start
a close correspondence is obtained. at zero.

Our discussion has hitherto been limited to linear elastic  Depending on the specimen dimensions, a wide range of
behavior. A similar correlation between applied pressure andeflections and pressures can be measured. Using a 6-mm-
actual stresses in the material needs to be established fdiam specimen, the hysteresis loops shown in Fig. 10 are
plasticity, which requires additional theoretical work. This is obtained. They span a range of ath at relatively low pres-

sures with a frequency of 0.05 Hz. When the diameter of the

0.010 specimen is decreased to 2 mm, deflections become smaller
accordingly, and hysteresis loops spanning deflections as
0,008 . small as 15.7um, shown in Fig. 11, can be captured with the
current setup. Demonstrating the capability of the testing ap-
T paratus to resolve small deflections and pressures, Figs. 10
3 0.006 L and 11 do not necessarily convey information about the ac-
5 tual material behavior of polyimide because a single speci-
§ 0.004 men was used for multiple tests. However, one phenomenon
= is evident in each figure: cyclic creep or ratchetting. In each
0,002 cycle, a certain amount of plastic strain accumulates in the
direction of the mean stress, which is also observed in
 residual uniaxial fatigue tests of polyimide.
0.000 ; , , ;

T 1
0.000 0.005 0010 0.015 0020 0.025 0.030

C. Thin-film fracture under biaxial stress state
pressure [MPa]

tion of strai e midooint of _ _ The reliability of multilayers is usually determined by
FIG. 8. Variation of strains at the midpoint of 2- and 6-mm-diam specimensy o o atry  materials mismatch, and interface quality. In the
as a function of applied pressure. Calculation of strains is carried out b . . .

utilizing o andE of Fig. 6 in Campbell's methodRef. 27 summarized in ~ CaS€ of stiff c_oatmgs,_fr:jicture and delamination are common
Fig. 7. The initial offset is an indication of the existence of residual stress.reasons of failure. This issue can also be addressed under the
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FIG. 10. Hysteresis loops obtained by using a 6-mm-diam specimen. Mid-
point deflection spans a range of approximately /5@ at relatively low
pressure level€0.024—0.068 MPrawith a frequency of 0.05 Hz. Ratchetting

is evident.

biaxial stress state using the present apparatus. Polymeric
membranes with a thin metallic layer deposited on top will
be used. Replacing the laser sensor with a microscope, one
can observe the behavior of the metallic coating while the
pressure is increased. Since a curved surface is to be ob-
served, the diameter of the specimen should be small, and

~ _{' V{ \)\._ ,( ¢ L_,{__:.A_‘ p:
{ Pt e S0 S W 0.310 MPa
AL i e X
=~ Py o3 kel A e st
\m"(”"\”‘ ‘.'\. , ,{",\\./ i
E W A o SN T
\i\ X w4 h}"‘* - _{
10 pm

lens magnification should be chosen as high as possible. DugG. 12. Micrographs from ain situ test showing the evolution of the

mid-point deflection [pm]

0.20 :
Diameter =2 mm
maximum pressur
0.15 /
i)
=
= /7
0.10
E cycle 301 /
4 £
= cycle 701
0.05
A2 miimmprese
o 15.7 um o
0.00 :
125 130 135 140 145

fracture pattern in a 150-nm-thick Al layer on a 4uéa-thick polyimide
substrate as a function of the applied pressure. The observed area is very
close to the midpoint of the 2-mm-diam specimen.

to the fact that the apparatus is placed on a vibration isolation
table and the possibility of remote focusing via the piezo-
electric actuator driving the stage vertically, high-
magnification lenses can be used without difficulty, and
in situ microscopy can be conducted with sharp focus.

The micrographs in Fig. 12 show the evolution of the
fracture pattern in a 150-nm-thick Al layer on a 4u6a-thick
polyimide substrate as a function of the applied pressure. The
observed area is very close to the midpoint of the specimen.
The network of cracks continues to develop until the speci-
men delaminates from silicon die at a pressure of 0.324 MPa.
A detailed view of the fracture pattern is given in Fig. 13.
The same type of cracking was previously reported in much
larger length scales in a variety of environments where the
biaxial stress state is present, for example, ceramic coatings
on steel substraté§, drying coffee—water mixtur& or
starch—water mixturé® on a glass plate or volcanic rocks,
and desiccating muds and clas3*

The first stage of crack formation involves independent,

FIG. 11. Wide range of hysteresis loops can be captured with the testingtraight cracks channeling in the film with no interactions in

apparatus. Choosing a smaller specimen &zmm diam leads to smaller
deflections even at higher pressures compared to the results given in Fig.

1Between. It has been shown by Béfitthat if the film is

Here, hysteresis loops from the test of Fig. 9 are given spanning a displac&tifer than the substrate, the crack will propagate all the way
ment range of 15.um. Ratchetting is evident again.

to the interface in the thickness direction, given that the criti-
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3 a
o=0.431 Efpzp (4)

which is then plugged into Eq2) to calculateG, where
d(a,pB) for the Al-polyimide case is taken from Ref. 18,
which at the same time is the critical mode | fracture tough-
ness, is found to be 5.9610 ° MPam. Finally, using the
plane stress relation

_K

E ’
the critical mode | stress intensity factisf for the 150-nm-
thick Al coating is obtained:

KS=2.04 MPa/m. (6)

G ©)

5.0kV 11.2mm x6.00k SE(M) 10

FIG. 13. Scanning electron micrograph of the Al surface of a 2-mm-diamACKNOWLEDGMENTS

specimen(150 nm Al/4.6 um polyimide showing details of the fracture .
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steady-state propagation of an isolated crack has been calcu-

lated by BeutH® EquatingG to the mode | fracture tough-

ness of the film will provide the condition for the propaga- APPENDIX: DETERMINATION OF STRESSES
tion of the crack, because energy release rates of short cracks
are lower than this steady-state vald®©nce activated, these
cracks will propagate, start interacting with each other, and dz pr
ultimately form crack networks similar to those given in Fig. (ootor) gr =" 35

12. Assuming that the crack arrests at the interface Withou{ ith o residual st - radial st - radial di
penetrating into the substrai, is given by® with o residual stressg, : radial stressy: radial coordi-

nate with the origin at the center, aizd deflection of the

Using the equation of normal equilibrium

(A1)

1 (1-%)ho? membrang along with Hooke’s Law and strain-
=3 E—fﬂg(a,ﬁ), (2)  displacement relations, we get
1/oo+o\%2d [o,+0,

where g(a,8) is a nondimensionalized integral of crack - —
opening displacement defined and tabulated in Ref. 18 with P k dp k
« and g being the two Dundur's parameters characterizingwhere o, is the tangential stress, ang=r/a and k
the elastic mismatche; and v; are the elastic modulus and = (E/4) (pa/Eh)??.

Poisson’s ratio of the film, respectively.is the biaxial stress Due to the symmetry of the problem, the following se-
state with one axis perpendicular to the crack line. ries solution is assumed far, :

In our experiments, steady-state channeling was ob- " 4
served to take place @t=0.235 MPa when the cracks were 7o+ 0 =K(BotBap™+Bep™+--). (A3)
straight and isolated. Assuming that the Al coating is too thinSubstituting this into the radial equation of equilibrium:
to interfere with the deformation of the polymeric substrate,
the midpoint deflection of the membrane was calculated Ua=d—(|’0r): (A4)
from Eq.(1) to be 157.9um. Since the Al coating conforms r
to the shape of the polymeric substrate, the equivalent pregye find
sure at which the metallic coating would take this imposed

+8=0, (A2)

shape is calculated in the absence of residual stresses using 70" 70~ K(Bo+3Bzp®+5B4p"+--). (AS)
Hencky's work® Substituting both series of EqéA3) and (A5) in Eq. (A2)
gives
3 pa
2,=0.653 En 3 (Bo+Bop?+Byp*+-+)4(B,+3B,p%+6Bgp?
+10Bgp®+--)+1=0. (AB)

This equivalent pressure is plugged into HencKy'stress
formula to find the corresponding biaxial stresat the mid-  After expanding the product of EgA6) and equating coef-
point, ficients to zeroB; can be expressed as a functionBy:
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B._ 1
27 Bé,
2
B,=— —=, A7
=~ 353 (A7)
B 13
6 188Y"

etc.
The next step is the determination®{. It is realized by
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