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. INTRODUCTION

- Laser pulse absorption generates high amplitude, short
luration stress wave pulses that can be used to load the in-
erface between a film and a substrate. The subsequent fail-
ure of the film is then related to the known dynamic stress
fate thereby allowing the strength of the interface to be in-
ered. The laser spallation technique, introduced by Yang,'
fossen® and further developed by Gupta et al.*"® is shown
chematically in Fig. 1. A high-energy laser pulse (duration
f nanoseconds) from a Q-switched laser (A= 1064 nm) im-
inges onto a thin metallic absorbing layer (AL) sandwiched
etween a thin confining layer (CL) and the back surface of
e substrate (S). The energy-absorbing layer is chosen to be
ch thicker (typically 0.5 um) than the critical penetration
pth (on the order of tens of nm) of laser light at this wave-
ength. Under this consideration, it is assumed that the total
ser energy is deposited at the interface of the confining
yer and the absorbing layer. The sudden expansion of the
onfined layer generates a compressive stress wave of rise
me comparable to the laser pulse that propagates towards
¢ test film/substrate interface. Reflection of the compres-
Ve wave packet from the free surface of the test film creates
ensile pulse, which leads to spallation of the film. The fall
ne of the compressive stress profile generated in the sub-
ate is a critical parameter governing film failure. The ten-
e stress developed at the interface is proportional to the
ie derivative of the substrate stress, hence a faster fall time
hances the ability to fail the film.

Theoretical analysis® reveals that the compressive stress
se generated in the substrate is a copy of, and proportional
the deposited laser pulse at the interface (i.e., a Gaussian
er pulse deposition results in a Gaussian stress pulse in the
bstrate). The amplitude of that stress is determined by the
ial properties of the two adjacent media. In many cases,
pulses that are generated have compressive stress ampli-
es of the order of GPa, corresponding to strains €,,,, of
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Laser-induced decompression shock development in fused silica

Junlan Wang,? Richard L. Weaver, and Nancy R. Sottos
Department of Theoretical and Applied Mechanics, University of Illinois at Urbana-Champaign, 216 Talbot

Laser-induced weak shock formation in fused silica is studied using standard wave mechanics and
applied to thin-film laser spallation experiments. Due to the negative nonlinear elasticity of fused
silica, a laser-induced Gaussian stress pulse evolves into a shock after traveling a certain distance in
a fused silica substrate. Experimental observations confirm theoretical predictions of shock
development. A decompression shock forms and greatly enhances interfacial failure of a thin film
deposited on the substrate. The effects of laser fluence and substrate thickness (attenuation) on shock
development are also investigated. © 2003 American Institute of Physics.

the order of 1%. Such a pulse can be expected to evolve a
weak shock in times proportional to the time scales of the
laser pulse and inversely proportional to €,,,. The genera-
tion of a shock and in particular the precise time and distance
also depend on the nonlinear parameters of the medium and
on the competing effects of absorption and attenuation. Be-
cause the test film interface is loaded by the difference be-
tween the stress at one time and the stress at a time 2h/c
earlier (due to reflection from the free surface) (where 4 is
the film thickness, ¢ is the longitudinal wave speed in
film),"” the development of a shock with an extremely rapid
rise (or fall) time will significantly affect that load. The
several-nanosecond rise time Gaussian pulse generated by
the laser is inefficient for the purpose of spalling a 1 um
film. For such a film, the interface load is related to the
pulse’s stress change over a time difference of 0.33 ns (0.66
ns for shear waves). The stress difference on the interface is
therefore substantially less than the peak stress developed in
the Gaussian stress pulse. If a shock develops with a sub-
nanosecond rise (or fall) time, the peak stress on the interface
can approach the peak value in the pulse. Therefore, materi-
als with nonlinear properties that enhance shock develop-
ment are desirable for testing thin-film interface properties.
Because fused silica has the unusual property of soften-
ing under modest compression, the development of weak
shocks in fused silica has received considerable attention in
the literature. Wackerle'" first reported the basic characteris-
tics of compressive wave shapes in fused silica, including a
ramp-wave front up to ~4 GPa (40 kbar). He concluded that
fused silica behaves as a nonlinear elastic solid up to the
phase change at 9.8 GPa. Later, Barker and Hollenbach'?
demonstrated the existence of rarefaction shocks in fused
silica (as opposed to the more common compression shocks
found in other materials). They refined Wackerle's compres-
sive wave data in the low stress region and confirmed Wack-
erle’s assertion of elasticity by determining that the release
stress—strain path followed in a rarefaction wave coincided
with the compressive stress—strain path, which determines
the compressive wave shape. Barker and Hollenbach'? also
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FIG. 1. Schematic of the tensile laser-spallation technique.

fitted the compressive wave data into a fourth-order stress—
strain relation

o=aet B+ ye + L€, (1

where o is the stress in GPa, a=77.6GPa, B
=—4159GPa, y=3034.0GPa and {=—6926.0 GPa.
Equation (1) is valid for stresses up to the phase transition at
about 9.8 GPa. The stress—strain relation in Eq. (1) is plotted
in Fig. 2(a) for stresses up to 9.8 GPa. By taking the deriva-
tive of Eq. (1) with respect to € one obtains the relation
between the tangent modulus and stress (or strain), which is
plotted in Fig. 2(b). Under compressive stress below 4 GPa
(corresponding to a strain of 6.5%), the tangent modulus
decreases or ‘“softens” with increasing stress. For stresses
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FIG. 2. Nonlinear elastic properties of fused silica: (a) stress—strain relation;
(b) tangent modulus as a function of stress.

Wang, Weaver, and Soft

above 4 GPa, the tangent modulus increases or “hardens
with increasing stress. In the low stress region, fused sili
has the potential for developing a shock.

Il. THEORETICAL ANALYSIS OF THE SHOCK
DEVELOPMENT

Standard wave-propagation theory in nonlinear
solids'? is used to analyze the shock development problemi
fused silica. First, the wave motion is considered in the re
erence frame (X, t). The governing equations are

dv Jdo i ¢
PO G = 3% (balance of momentum),
de dv ’ ¢ ol
o aX (conservation of material),

where p, is the density, v(X,7) and o(X,r) are the materia
velocity and stress, respectively. Assuming a constitutive re
lation of the form

o=ol(e€),

and that v is a single valued function of o, one may

6v_av do o’*v_z?v do
gt do o’ X do X
and Egs. (2) and (3) become
dv do  do ).
Pose ot oX

do ot do X
Solving Egs. (6) and (7) leads to

dv 2_ Je
Po\ 50| o0
For a given function of o(e), de/do is fixed function of &
thus Eq. (8) has two solutions for v =v (o). Once the rooti

chosen, a speed of propagation of characteristics can be iden
tified [from Eq. (6)]

1 1 ,1 do
dv ge Y po o€

c(o-): =
Po PO

The time it takes the stress wave to propagate through 2
distance L is given by

L LNpo

t=——= :
£ c(o) do
N 3¢

For a fused silica substrate with the stress—strain relation
provided by Barker and Hollenbach'? [Egs. (9) (10)], the
speed of the propagation of characteristics is

Boeing Ex. 1018, p. 11 of 17
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: / 1
clo)= p_( a+2Be) (second-order approximation)
0

a 2B0 ok
=1\/—| 1+ —%| (first-order approximation)

Po a

[a o
=\ fi— 1+B—2) ((1+a)'?=~1+al2)

Po «@

o

—Co(l'*'i—z), (11)

where cy=+a/p, coincides with the low-amplitude dilata-
tional sound velocity in fused silica, 5.9391 mm/us. The
time/travel-distance ratio is given by

'—‘=i( —ﬁ). (12)
Licy a”

Equations (11) and (12) reveal that in the low stress re-
gion, the speed of the stress wave as well as the time/travel-
distance ratio are linear functions of the compressive stress.
Higher amplitude stress has a lower travel speed, and thus
higher time/travel-distance value, i.e., the higher amplitude
compressive stress travels slower. In the actual laser spalla-
tion experiments, the stress pulse generated at the absorbing
layer interface is a compressive Gaussian stress pulse. When
it travels through a fused silica substrate, the Gaussian stress
pulse will be deformed according to the relation given in Eq.
(12). The low stress at the front of the pulse travels most
“quickly. The peak stress, initially a few nanoseconds behind
the front of the pulse, will be retarded relative to the front of
the pulse. The rising part of the compression pulse will be
stretched and eventually evolve into a linear ramp. The fall-
ing part of the stress pulse evolves in a very different man-
. The tail of the initial pulse propagates more quickly than
the peak. After certain time, the tail overtakes the peak and a
discontinuity in stress (and therefore in material velocity)
‘develops. The time it takes for the tail of the stress pulse to
overtake the peak, 7, can be estimated using the material
properties apparent in the slope of the ramp in Eq. (12), the
fall time of the laser pulse 7, and the peak stress of the
Gaussian stress pulse o, as

Ta®
Bo,’
e deformed profile of an initial Gaussian stress pulse at

. location x before it forms the shock is given by the
stress—time of arrival relation

(13)

Ih=

¢ X
t='o D
Co

Bo
l—? v f0r x<ept gy (14)

where 1, is related to stress o by Eq. (15), i.e.

i 1
U(fo)=0'maxeXP( T TT)? (15)
where o, is the peak compressive stress.
~ Equation (13) indicates that the time for a stress pulse to
evolve into a shock is directly proportional to the fall time of
he laser pulse and inversely proportional to the amplitude of
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FIG. 3. Evolution of the Gaussian stress pulse in fused silica with time: (a)
1.0 GPa peak stress; (b) 2.0 GPa peak stress; (c) 3.0 GPa peak stress.

the stress. The laser used in our experiments has a fixed fall
time of 4.1 ns.” Thus, the higher the amplitude of the com-
pressive stress, the shorter it takes the stress to evolve into a
shock. From the values of 7, a and B provided earlier, Eq.
(13)’s estimated time for a shock to develop for a 1.0, 2.0,
and 3.0 GPa stress pulse are 58, 28, and 19 ns, respectively.
Figure 3 shows the evolution process of a 1.0, 2.0, and 3.0
GPa initial Gaussian stress pulse over time, calculated using
Egs. (14) and (15). A shock is developed for all three stress
pulses at times similar to those estimated in Eq. (13). Clearly,
stress pulses with higher peak values develop a shock in a
shorter time.

In Fig. 4, the initial Gaussian stress pulses with peak
values of 1.0, 2.0, and 3.0 GPa are plotted together in (a),
and the deformed stress pulses after traveling 20 ns in the
media are plotted in (b). The peak stresses from the three
pulses are fitted into a linear equation. The slope of the linear
fit, —0.724 GPa/ns, is exactly predicted from Eq. (12).

After the shock is formed, the stress profile will continue
to evolve according to the equal-area rule.'* The evolution
process can be explained using the simplified model shown
in Fig. 5. The total area under the stress profile is A, the
duration of the ramp is D, and the peak stress at an arbitrary
moment is o,. Once a discontinuity has developed at the
trailing edge of the profile, it will move with the speed equal
to the average of the wave speeds behind and ahead of the
shock'?

_vsh+ +Ush—

UVesh= ) 1+

(16)

Ba,

20%]
Thus, the shock will move more slowly than the front of

the linear ramp (zero stress). The ramp part will continue to

be stretched and D will increase with time. According to the
equal-area rule, the area A, will remain constant and thus

2A

D=—", (17)
Op

daD Coﬁﬂ'p

wT el il
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FIG. 4. Evolution of the Gaussian stress pulse in fused silica with time: (a)
the initial Gaussian stress pulse of 1.0, 2.0, 3.0 GPa peak value; (b) the
stress pulse in (a) traveled 20 ns in the substrate.

Substituting Eq. (17) into Eq. (18), one obtains

30',,_ Coﬂ 3

Tt aA (1)
The solution of Eq. (19) takes the form
1
(20)

=7 —>
\/C = i t
9 2A0a2

where C, is a constant. Application of the initial condition
21

where o, is the peak stress at the time the shock forms,
yields

0,=0p0 at"t=1t

2 coP
Co=0.2+ Lives
0= 0p0 —F\Qa sh

(22)

o

vsh
: o X
D

FIG. 5. Schematic of the shock motion.

Wang, Weaver, and Soltc
Substituting the value of C into Eq. (20) and simplifyi
one obtains

0',,0
U =

5 :
coB 2
N3 W(t—tsh)o-po

Therefore

A()= IED(TP()% %(ZCOT)O",():C()T(TP().

Substituting Egs. (24) and (13) into Eg. (23), one finally
obtains ‘

for t>tg,.

For fixed substrate thickness L

T 0

o= ;
Bo,oL

\ 32—
2¢coTa

travels through distance L, o,, must satisfy

@)

in ¢ OTaz
Op0=0po = AL

For a 1.5-mm-thick fused silica substrate the minimum peak
stress is, 0';‘,‘(',".=0.234 GPa and for a 3-mm-thick fused silica
substrate, o7y"=0.116 GPa. In Fig. 6, the values of the at-
tenuation factor /o, and o, are plotted as functions of
o, for two substrate thicknesses, 1.5 and 3 mm, respec-
tively. d
As expected from Eq. (26) for the same initial peak
stress @, greater attenuation occurs in the thicker substrate,
For the same substrate thickness, L, greater attenuation 0¢-
curs for larger initial peak stress 0,o. The remaining peak
stress o,, however, is still greater for greater initial peak
stress 0, because o, (0,0) "%, for large 7.

lil. EXPERIMENTAL VERIFICATION
A. Procedure and sample preparation

Laser-induced shock development in fused silica was in-
vestigated using the spallation experiment described previ-
ously (Fig. 1). Samples consisted of a fused silica substrate
with a thin aluminum test film and absorbing layer evapo-
rated onto either side. Two different substrate thicknesses,
1.5 and 3.0 mm were tested. The Al deposition rate was held
between 10 and 15 A/s and the bell jar controlled at 2-5
mTorr. The test film thickness ranged from 0.5 to 1.1 um
depending on the substrate thickness. The optimal absorbing
layer thickness was 0.4 um for all samples.lo Waterglass was
chosen for the confining layer based on previous research.”!’
The thickness of the waterglass layer significantly affected
stress wave generation. As a result, waterglass thickness was
varied between 0.4 and 30 um depending on the substrate
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'.:FIG. 6. Shock attenuation in fused silica: (a) attenuation factor as a function
of initial peak stress and substrate thickness: (b) remaining peak stress as a
unction of initial peak stress and substrate thickness.

thicknesses. For thick waterglass layers (above 8 um), wa-
terglass solution was applied to the sample with a swab. For
thinner layers, a standard photolithography spinner (Head-
way Research Inc., Garland, TX) was required. The final
yer thickness was governed by the spinner rpm and the
viscosity of the waterglass solution. The viscosity of the so-
lution was adjusted by diluting the as received waterglass.

Samples were tested with an infrared, Nd:YAG (yttrium-
aluminum-garnet)laser pulse (A=1064 nm) with a variable
energy content between 1 and 110 mJ and a rise time on the
order of 5 ns. The nominal diameter of the YAG laser beam
was 3.5 mm. This beam was focused to a I-mm-diam spot on
the absorbing layer. (The theoretical analysis of Sec. IT mod-
gled the wave propagation as essentially one dimensional.
This is justified for sufficiently short acoustic wavelength A,
or large diameter source or short propagation distance. One
may invoke the usual acoustician’s rule that the near field
extends from a piston source of diameter D a distance
D°/4\. Taking D to be 1 mm and X to be 60 um (corre-
ponding to the nominal wavelength of the initially gener-
ited compressive pulse) one finds that the center of the beam
emains plane-wave like for a propagation distance of 4 mm,
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FIG. 7. Typical data profile for a 1.0-um-thick Al film deposited on a
3000-um-thick fused silica substrate (laser fluence of 0.140 J/mm?): (a)
interferometric fringe pattern, arrow points to turning point; (b) displace-
ment profile; (c) substrate stress profile; (d) interface stress profile.

greater than the thickest substrate used in the current experi-
ment. If the appropriate \ is that of the shock, this distance is
even greater.) By controlling the laser fluence, stress waves
were generated with sufficient amplitude to fail the film/
substrate interface. The out-of-plane displacement at the test
film surface was measured with a Michelson interferometer.

From displacement measurements at the free surface, the
stress history at the interface is inferred using standard wave
mechanics'® and the maximum stress acting on the interface
calculated. Details of the interferometric displacement mea-
surement are provided in Wang, Weaver, and Sottos.'” Once
the free surface displacement, u, is obtained, the compressive
stress propagating from the absorbing layer towards the sub-
strate is calculated using simple one-dimensional wave me-
chanics

1] du
Oqub— — E(pc)subgt_- (28)

For small film thickness 4, the interface stress is calculated
using

u
Tinter— _(ph)ﬁlmﬁ' (29)

B. Experimental results

A typical interferometric signal measured for a 1.0-um-
thick Al film deposited on a 3000-um-thick fused silica sub-
strate is shown in Fig. 7(a). The fringes develop over 20-30
ns and become more tightly spaced with time, indicating
acceleration. At 29 ns, a turning point occurs (marked by an
arrow) where the material velocity changes direction in the
middle of a fringe. The displacement profile of the film free
surface [Fig. 7(b)] is calculated from the fringe data [Fig.
7(a)]. Each full fringe corresponds to half wavelength (A/2
=257 nm) out-of-plane displacement. The compressive sub-
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strate stress [Fig. 7(c)] and the stress at the test film interface
after reflecting from the free surface [Fig. 7(d)] are calcu-
lated from Eqs. (28) and (29), respectively.

As expected from previous shock analysis, the initial
Gaussian stress pulse evolves into a decompression shock
long before it reaches the test film. The rising part of the
initial compression pulse thus evolves into a linear ramp, a
classic acceleration wave. This ramp is precisely what is seen
in Fig. 7(c). The slope of that ramp (in units of stress per
time/thickness) is a material parameter and is the same as
that reported by Barker and Hollenbach.'? The falling part of
the stress pulse evolves in a very different manner. The tail
of the initial pulse propagates more quickly than does the
peak. It overtakes the peak in a time which can be calculated
using Eq. (13). A discontinuity in stress (and therefore also in
material velocity) develops when the tail overtakes the peak.
That sufficient time has occurred in the present case for a
decompression shock to develop is evident. After traveling
through the substrate, the rising front edge of the pulse has
stretched from about 4.1 to 20 or 30 ns. The falling tail end
of the pulse has compressed by the same amount. An initial
fall time of a few nanoseconds has therefore been reduced to
nearly zero and this occurs long before the pulse arrives at
the test film.

The experimental picture is complicated somewhat by
the presence of a tensile wave, reflected from the back of the
confining layer. The surface properties of that confining layer
are not well controlled. Assuming a plausible longitudinal
wave speed in the confining layer, the original compressive
pulse is followed, about 30 ns later, by a tensile pulse of
comparable magnitude. Being tensile, it propagates faster
than the peak compressive stress, and faster than the low
stress tail of the main pulse. It eventually overtakes the com-
pressive pulse. In Fig. 7, the shock is followed by a regime in
which the velocity has changed sign indicating that the ten-
sile pulse has overtaken the compression pulse.

To verify the effect of the initial peak stress, different
laser fluences were deposited onto different spots to generate
stress pulses with different amplitudes. The sample has a test
film thickness of 1.1 um, fused-silica substrate thickness of
3000 um, absorbing layer thickness of 0.4 um and confining
layer thickness of ~20 um. The YAG laser fluence was
stepped from 0.056 to 0.140 J/mm? as the YAG laser was
moved to different positions on the sample. Figure 8 shows
the development of stress with increasing laser fluence. As
laser fluence increases, the maximum compressive substrate
stress also increases. At 0.056 J/mm? laser fluence, the maxi-
mum substrate stress of 0.28 GPa is achieved in a rise time
.of 18 ns; while for 0.140 J/mm? laser fluence a maximum
substrate stress of 0.6 GPa is obtained in 28.5 ns. The higher
maximum stress always occurs at later times and is approxi-
mately proportional to the laser fluence. The shock profiles in
Fig. 8 are consistent with the nonlinear behavior of fused
silica. The slope of the ramp is fitted by a linear function.
The average slope of the stress ramps, —0.026 GPa/ns, is
close to the theoretical value, —0.028 GPa/ns, obtained us-
ing Barker’s material paramett:rs.l2 From these stress pro-
files, an effective wave speed can be extracted as a function

shock in Fig. 7, less attenuation results in a much highe
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FIG. 8. Effect of laser fluence for a 1.1-um-thick aluminum film deposite
on a 3000-um-thick fused silica substrate with 0.4-um-thick absorbing
layer.

of stress. The higher compressive stresses arrive later be
cause higher compression means slower waves.

Experiments were also carried out on a thinner substrate,
Typical interferometric data obtained on a 0.5-um-thick 2
film deposited on a 1500-um-thick fused silica substrate
with a 0.4-um-thick waterglass confining layer are shown i
Fig. 9. Similar to the data shown in Fig. 7, the fringe spacinf
decreases just before 22 ns where a sharp turning point o
curs in the middle of a fringe. As a result, a linear ramp if
formed in the substrate stress followed by a sharp shock
Since the shock only traveled half of the distance as the

compressive peak stress of about 1.2 GPa in the substrate
and a very high tensile stress of about 420 MPa at the filt
interface. Thus the development of the shock significantl
enhances the interface failure, especially for a very thin filn
or a thick substrate. ‘

Experiments on both 3000 and 1500 um reveal that wa
terglass confining layer thickness influences the measure
shock stress profiles possibly through affecting the amplitud
of the generated Gaussian stress pulse. Typical interferomet
ric data obtained on a 0.5 um Al film on a 1500-um-thic
fused silica substrate with a slightly thinner waterglass cor
fining layer thickness, 0.25 um, are shown in Fig. 10. Few
fringes were developed before the turning point and a mud
lower substrate stress, only about 0.52 GPa, is generate
Thus thinner waterglass results in lower substrate stress, 2
also less film damage.

A series of experiments done with different waterglag
thickness on the two substrate thicknesses, 3000 and 150
um indicated that different substrate thickness requires i
ferent optimum waterglass thickness to generate enoug
stress to fail the interface. The optimum thickness for thi
1500-um-thick fused silica is about 0.4 wm and the optimus
waterglass thickness for 3000-um-thick fused silica is abo
8 um. The exact thickness is hard to determine due to
difficulty in accurately controlling the waterglass thickne
above 8 wm, but is approximately 30 ,um.q A waterglas
layer below the optimum thickness will not generate a stre
high enough to fail the film and a waterglass layer muc}
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" FIG. 9. Interferometric signal obtained for a 0.5-um-thick aluminum film
deposited on a 1500-um-thick fused-silica substrate with 0.4-um-thick wa-
~ ferglass (laser fluence of 0.140 J/mm?): (a) photodiode output; (b) substrate
 stress. Arrow points to the position where fringes suddenly changed direc-
~ tion.

_l. " L
50 5

 thicker than the optimum thickness tends to generate a very
high stress level, resulting in excessive film failure. Thus,
substrate thickness, film thickness, waterglass thickness and
the laser fluence need to be carefully coordinated to optimize
interfacial failure.

" [V. CONCLUSIONS

Weak shock development following the deposition of a
Gaussian laser pulse in fused silica was analyzed using stan-
' dard wave mechanics and verified experimentally in a spal-
lation test. Using the well documented negative nonlinear
elastic properties of fused silica, theoretical predictions re-
vealed that a decompression shock formed in time directly
- proportional to the rise time and inversely proportional to the

peak value of the initial pulse. Evolution of the shock fol-
Jowed the equal-area rule and thus the peak stress attenuated
as it traveled through a longer distance.

Experimental measurements confirmed theoretical con-
siderations. A decompression shock was clearly evident in
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FIG. 10. Interferometric signal obtained for a 0.5-um-thick aluminum film
deposited on a 1500-um-thick fused-silica substrate with 0.25-um-thick wa-
terglass (laser fluence of 0.140 J/mm?): (a) photodiode output; (b) substrate
stress. Arrow points to the position where fringes suddenly changed direc-
tion.

the interferometric data obtained during a tensile spallation
experiment. The slope of the characteristic stress ramp was
identical to the value for fused silica reported by Barker and
Hollenbach'? from early flyer plate experiments. The maxi-
mum stress developed in the substrate increased nonlinearly
with laser power and decreased significantly with substrate
thickness due to attenuation. The waterglass confining layer
was also shown to play an important role in the shock for-
mation. A thicker confining layer helped to generate a higher
compressive stress in the substrate, but if the confining layer
was too thick excessive film damage occurred. In all of the
experiments, the fast fall time of the shock wave resulted in
significant tensile loading of the planar interface between the
substrate and the test film.

The development of the shock greatly enhances the abil-
ity to fail the interface, even at moderate laser fluences. This
technique of laser-induced shock wave loading holds signifi-
cant promise for testing interface properties of ultrathin films
(below 100 nm) that are difficult to fail due to their small

mass [see Eq. (29)). Boeing Ex. 1018, p. 16 of 17
Boeing v. Regents Univ. Cal.



9536 J. Appl. Phys., Vol. 93, No. 12, 15 June 2003

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of the
National Science Foundation (CMS-99-88127) and the Uni-
versity of Illinois Research Board. The authors would also
like to acknowledge the use of the Frederick Seitz Materials
Research Lab facilities and the Beckman Institute facilities at
the University of Illinois.

IL. C. Yang, J. Appl. Phys. 45, 2602 (1974).

23, L. Vossen, Adhesion Measurement of Thin Films, Thick Films and Bulk
Coatings (American Society for Testing and Materials, Philadelphia,
1978), Vol. 640, pp. 122, 123.

3V, Gupta, A. S. Argon, J. A. Cornie, and D. M. Parks, Mater. Sci. Eng., A
125, 105 (1990).

Wang, Weaver, and Sottos

4V, Gupta, A. S. Argon, D. M. Parks, and J. A. Cornie, J. Mech. Phys.
Solids 40, 141 (1992).

V. Gupta and J. Yuan, J. Appl. Phys. 74, 2397 (1993).

63, Yuan and V. Gupta, J. Appl. Phys. 74, 2388 (1993).

V. Gupta, J. Yuan, and A. Pronin, J. Adhes. Sci. Technol. 8, 713 (1994).

8]. Yuan, V. Gupta, and A. Pronin, J. Appl. Phys. 74, 2405 (1993).

9J. Wang, Ph.D. thesis, University of Illinois, 2002.

107, Wang, R. L. Weaver, and N. R. Sottos, Exp. Mech. 42, 74 (2002).

11y, Wackerle, J. Appl. Phys. 33, 922 (1962).

121, M. Barker and R. E. Hollenbach, J. Appl. Phys. 41, 4208 (1970).

13J D, Achenbach, Wave Propagation in Elastic Solids, 4th ed. (North-
Holland, Amsterdam, 1984).

14 A Pierce, Acoustics (McGraw—Hill, New York, 1981).

153 Miklowitz, Elastic Waves and Waveguides (North-Holland, Amsterdam,
1978).

Boeing Ex. 1018, p. 17 of 17
Boeing v. Regents Univ. Cal.




