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EXPERTMENTAT: STRATN ANATYSIS TECHNIQUE FCOR LARGE DEFORMATIONS
BASED ON THE OPTICAL PROPERTIES OF A THIN METALLIC FPIIM
DEPOSITED ON A STRUCTURAL SUBSTRATE

By Jerry Gene Williams
ABSTRACT

The optical response 10 loading of a thin metaliic film deposited
on a low modulus structurzl substrate is studied hoth analytically and
experimentally. Two fundamental types of transmittance and reflectance
properties are shown to be relzted to the mechanacal state of the
substrate. The first property called total transmittance (or total
reflectance) a1s defined as the total energy of incident light which
1s transmtted (or reflected) by the material. A change in the total

transmittance (or reflectance) as a result of a change in the mechanical

state of the substrate 1s caused by two factors: First, due to a change

in the film effective thickness; and second, due to the development of

mecrofractures. The second property called central image transmittance
(or central image reflectance) 1s associated with the!fc;rmatlon in the
thin metallic f1lm of a periodic set of closely spdgced wrinkles with
which light interacts to create a diffraction grating. The diff"rac’;ion
grating spacially redistributes the incident light energ:} by deflecting
energy out of the central image comjg;c:nent and into side bends. Such a

set of wrinkles and consequently the diffractidn effect occurs only if

the thin film is subjected to a compreséive strain field. Otherwise,



the central image property reverts to the ‘l:otal‘ transmttapce {or total
reflectance) case.

An analytical approach is developed to relate the op‘ticg.l properties
of the metallaic £ilm to the mechanical prcperiries of the subétrate. A
set of empirical optical-mechanics relationships are proposed between
the total and central image Transmitbance and reflectancé properires
and the strain field of a general biaxial problem.

Experimental results are presented for the total and central image
transwittance response for thin £1Ims of alumnum, copper and indium
deposited on a silicone rubber substrate subjected to unraxiel loading
Microscopac surface examnations of gold, aluminum and indium on &

s1licone rubber substrate clearly demonstrate the characteristic micro-
fracture and wrainkle geometric patterns. The total and central image
transmittance responses of a silicone rubber rectangular plate with a
centrally locsted hole subjected To uniaxial loading are used Gto calcu-
late the principal strain field for the cross section of minimum area.
The plate was coated waith a thin film of aluminum prior to loading. TIE

is shown that principal strain directions may be determined from the

microfracture pattern and when the strain in a princapal darection is
compressive, also from the spectral diffraction pattern.

The experimental results presented are in general in good agreement
with the analytical models proposed. The technigque requires more
development, but does show promise as a new approach for the experamental
determingtion of the strain field, especizlly, for large deformation

problems.
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I. TNTRODUCTICN

Modern structural materials for cavil and aerospace applications
includes many materials whose response to loading resulis in large

.

deformations. The solution of problems from classical elastacaity s
made extremely difficult under these circumstences due to the necessity
;f‘ér the retention of hagher i)rder terms in the strain displacement
equat10n§}}compl%cated constitutive egquations, and because the result-

I

ing state ?f s%raln mey depend on the rate and order of application of
the loéd% andion precedéng load history. The strain distribution in
bodaies subgected to iarge deformﬁplops has beer analytically determined
n a very smﬁll number ‘of cases but always for relatively simple
?réblems (ref. 1).

r

On the other hand, certain existing experimental methods and that

[ N ¢

developed herein by this writer seem to be well suited to obtaining

the solution of some of these large deformation problems. A review of
existing experimental methods including grad, m01ré, and photoelasticity
techniques may be found in reference 2. The theory and applications of
brittle coatings are covered in reference 3. The new experamental
stress analysis technigue proposed in this paper 1s based on the change
in optical properties between anitial and final condations of a than
metallic film deposited on a structural substrate. The discovery of
thaig new techrnigue was made during the course of the writer's develop-
mwent of a flexible window concept for application i1n mammed expandable

space structures (refs. 4 and 5). The window wtilizes steel or fiber



glass rewnforcement placed in an open grid patbtern in a flexable
polymeric matrix. A thin tIh'a.nSparent metallic coating was vapor
deposited on sthe window matrix materaal to investigate 1ts spectral
transmission response and to provide ultraviolet light protection to
the window and viewer. Wiule stretching the silicone rubber substrate,
1t was oObserved that the thin metallic f1lm acted as a light shutter;
that 1s, tensile deformations increased the intensity of light trans-
mytted by the window. It was also observed that the phenomenon was
reversible.

The possibility of utilizing such a phenomenon in an experimental
stress analysis technigue was subsequently considered by the writer and
the results of the ensuing investigation are described herein. A revaiew
15 presented of the pertinent literature; a theoretical explanation is
proposed. for the changes in total and central image transmittance and
reflectance of a thin metallic film resulting from a change in the
mechanical state of the substrate on which it i1s depesited; and the
results of an experimental study for the case of uniaxial loading are
presented  Experimental results include transmittance data for a
varrvety of metaliic thin film coating materisls, thicknesses and condi-
tions; and photomicrographs of the film mcerofracture and wrinkle
patterns. Finally, the theory i1s extended to a biaxial case and the
problem of a umaxially loaded rectangular plate with a cenbrally
located hole 13 experimentally investirgated using the new technique.

The technigue does show promise as an experimental stress analysis

technigque, especially for problems involving large deformations.



IT. LITERATURE REVIEW

2.0 ILarge Deformation Theory

The difficulbty in analyzing problems with large deformations is
pramarily a result of nonlinearities in the governing equabions. These
nonlinearities are a result of material properties (nonlinear constitu-
tive relations) and/or geometrac considerations (finite deformetions).
A review of this subject may be found in references 6, 7, 8, and 9.

The results of Hocke's law are applicable for materials for which
there exasts a linear relationshaip between the applaed sitress and the
resulting strain. To this end, some large deformataion experimental
stress analysts (refs. 10, 11, and 12) have found 1% convenient to
assume new definitions for strain and stress other than the conventional
Lagranglian or engineering definitions.

Natural strain is defined as the integral of the instantaneous
(or incrementai) éhange in length divided by the length the fiber has

at each Tevel of incremental deformation.
3 o

= In L (2.1.)

1]

o -
3
. .
[
iy
i

| -



where el 18 Tthe conventional lagrangian definztion of strain

e =~ 2
L . il 1
£ = 1im  ——
1, =0 i (2.2)

i

Stress is conventionally defined as the applied load daivided by
the initial cross-sectional area. True stress defined as the applied
load divided by the final cross-sectaional area 1s ccmmonly used to

define stress for problems involving large deformations.

- applied load
" final cross-sectional ares

(2.3)

Another definition, nabtural stress,is defined to parallel the concept
of natural strain and 1s the sum bebtween initial and fainal conditions
of ;1]l the instantaneous (o;c ancremental) loads divided by the
corresponding area at that instant. Mathematically it is expressed

T by

(2.4)

Refe;’ence 12 cautions, however, that natural stress values in the
deformed state do notr satisfy equilibrium conditions. TUsing true
stress and natural strain definitions, reference 10 shows for a
polyurethane material (Solithane 113), that the stress-strain

relationship is lanear for Lagrangisn strains up to 15 percent.



Using natural stress and natural strain definmitions, reference 12 shows
that for another polyurethane material (MP600, manufactured by
Easthampton Rubber, Easthampton, Massachusetts) that the stress-strain
plot a5 linear up to a Lagrangran strawn of on the order of 100 percent.

The technique used in these exbtensions of Hocke's law to problems
with large deformetions a1s to observe the linearity between stress and
strain in a uniaxial load test and to assume that the results hold true
for a general state of stress.

Theories which relate the strains and deformations of a hody
usually begin by considering the motions of the body under load. One
may approach the problem from either a Lagrangien (deformations
expressed i1n terms of i1nitial positions) or Buleraan (deformations
expressed in terms of instantaneous positions) viewpoint. The
Tagrangian viewpoint is the more common in elasticity and is the
approach chosen for discussion in this paper.

An assumption commonly made an the development of elasticity for
small deformations is{tha$ the partial derivative of the displacements
are small such that the products and powers of the derivatives can be

‘neglected with r;spect torthedderlvatives and that the derivataives
can be‘ﬁéglected with respect to wnity. Based on this assumption
the so-called infimitesimal strain displacement relationship 1s

¥

developed (ref. 13)

ElJ = %(ui:a * uj.’i) (2.5)

v



Several expressions appear 1n the literature for the general or
fainite strain-displacement relations (refs. 9, 11, 13). The differences
are a resuwlt of the different geometric and mathematical assumpbtions

‘made 1n the derivation.

An expression derived for the strain-displacement relations in

which dlffereqt*lal displacement and position vec'tors are expanded in a

Taylor series and 'i:.rexms of order higher than two are dropped is of the

*following Torm:
i

1 \
- E:LJ ? E(ui’a - uJ,l + ur)l uI-’J) (2'6)

Parks and Durella (ref. 11) use geometric considerations in thear

\

derivation to obtain the relationships:
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and other assumptions may be found in reference 11.

order terms to obtain the relstionshrps:

/

The normal strains (€xx, €yy, €zz) from eguation (2.7) reduce to
those of eguation (2.6) af 1t 1s assumed that the strains are small
enough so that second order powers of sirain can be neglected waith
respect to the strain itself. PFurther, the shear strains (“:xy: €xzs
eyz) from equations (2.7) reduce to those of eqguation {2.6) if 1t 1s
assumed that the sine of the shear strain is equal to the shear straun,
and. as before, the normal strains are assumed small and can be neglected

with respect o unity. A discussion of the errors aintroduced by these

9} separates the displacement of a body into one of

pure deformation followed by rigad body rotation and neglects third-



1 1
€ = ‘ . . L,
2] §(u1,3 * u;],a.) + 8'(5 Yoo,y T Yy,rtM,e T Y, iy,

' (2.8)
= ur,Jul,r)

+

2.1 Thin Falm Opbrcal Theory

A thin f1lm may be defined as a meterial extending in two
! ",

directions with the third directaon, the thickness, being on the order
of the magnitude of the wavelength of the ineident light. A very thin
£ilm way be defined as one whose thickness 4 < %6 . A "hick" thin
f11lm 315 defined as one which transmits less than 10 percent of the
incident laght. A thin film is characterized by a refractive index
"n" and af gbsorption 1s present, by a coefficient of absorption "k.”

The total energy of the light incident upon a thin film is either trans.

mtted, reflected, or absorbed by it.
T+R+a=1 (2.9)

ffraction also may occur an which case the total energy may assume
a dafferent spacial distribution than would otherwise occur.

Studies of the optical properties of thin filn;s date back to the
early 18th century when Newbon (ref. 1) wrote concerning his
observations on the reflections, refractions, and colors of thin
transparent bubbles of glass and water. Faraday (ref. 15) wrote
in the md-18%h century of the optical and physical properties of

gold heaten into thin transparent fiim as well as of other metals.



The theory for the optical properties of a thin fi1lm based on
the laws of electromagnetism is well established in the literature
(refs. 16, 17, 18, 19, and 20) The lavs of electromagnetism for an

1sotropic medium may be expressed mathematically:

4w D =t A7 E = Yup (2.10)

dvD=pdavE =0 (2.11)

curl E = - %g%j (2.12)

curl E:EH—‘BE+ §-§-E-j (2.13)
e c ot

vhere
C - velocaty of light
?5 - electric displacement vecthor
E- electric force vector
_If - magnetic foree vector
t o« Lime
¥ - magnetic permegbility

& - dielectrac constant
p - electric charge densaty
0 - specific conductivity
For o medivm in WthhE there is no space-charge, these relaticns

lead directly to Mexwell's equations representing the propagation of

an electromagnebic-disturbance in the medium.
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- D=s -

92E=.§_%?L§+_.u_11% OF (2 14)
e® 32 c© 3t
Py OH . lwn OB
c? 2 c2

If the medium 1s nonconducting (n = 0), these equations reduce to

2=ty 3E
ve =222 (2.16)

@ 3t2

o

2 EtudH
VH=2L22 (2.17)

c® 3t

each of which is the well-known wave equation.

The problem of determining the reflected and transmitted light
amplitude 'and intensaties at a boundary separating two media 1s
solved by applying appropriate boundary conditions to the solubion
of Maxwell's equations.

E}Ci:GfﬂSlon of the élec‘cromagnetic theory for the trenswmittance and
reflectance of multalayer thin films reduce basically to the
determingtion of the steady-—stg’te amplitudes of the electric and
magnetic field vectors at the successive interfaces of the multilayers
arising from an 1nc:ic1e;1:t lléht wave of specified characteristics. Tn
general the equat10ns~:t?"or the propagation of light i1n a nonabsorbing
med.lu;n may be extended 'to an sbsorbing medium by veplacing the

refractive index n by a complex refractive index @ = (n -~ 1k) where

k" represents the energy absorption of the medium,



The optical problem of paxticular interest an this paper 1z that
of the transmttance and reflectance of a metallic falm deposited on
a transparent polymeric substrate. Metallic films are by nature highly
absorbing in the visible spectrum as can be seen by observing typacal
values for "n" and "k" in tgble 1 (from refs. 21 and 22) for than Ffilms
of silver, gold, copper, and sluminum.

Two types of soclutions are found in the literature Tor this
problem. Hadley and Dennison (ref. 23), Berning (ref. 24%), and Heavens
(ref. 25), give a solution to the problem based on the application of
Maxwell's equataions subject to appropriate boundary condrtions. Harris,
Beasley, and Loeb (ref. 26) present a solution based on the additions
of intensities of the mulbtiple reflections from the two surfaces of
the transparent plate (one surface exposed to air and the other
covered by the thin metallic f£ilm). Jenkins and White (ref. 27) show
that intensity superpps:n_tion 1s gustified 1f the light socurce is
inecherent.

The solution by Harris, Bessley, and Loeb (refs. 26 and 28) for
the transmitbtance and reflectance of light normally incident upon a
metel film (n,k) deposited on a thick nonabsorbing substrate (np) 1s

presented helow.

2
R .0
ob~oa
R = Roa 3 — (f2- lB(a))
1- Ro‘bR'ba
1l -R
ob
T o= Ty e (2.18(b))

1 - RobRbe



TABLE 1.- VALUES OF INDEX OF REFRACTION "n" AND ABSORPTION

COEFFICIENT "k" FOR SILVER, GOILD, COPPER, AND ATLUMINUM

it SILVER COLD COPPER ALOMTNUM |
n k n k n R o 3

4000 0075 | 1.95 | 1L.45 0.85 040§ 3.92
4500 0.055 | 2.4 | 1L.ho}| 1.88 | 0.87| 2.20 | 0.49 | k.32
5000 0.050 | 2.87 | 0.8 .84 | 0.88| 2.42 | 0.62| 4.8
5500 0.055 | 3.72 | 0.3k | 2.37 | o0.72) 2.42 | 0.76 ] 5.3
6000 0.060 | 3.75 0.23 | 2.97 0.17 | 3.07 0.97 | 6.00
6500 _|.0.070 | .20 | 0.19] 3.50 | 0.13} 3.65 | 1.2%} 6.60
7000 0.075 | L.62 0.17 | 3.97 0.12 | &.17 1.55 | 7.00
7500 0.080 { 5.05 0.16 | bao | 012 | %62 | 1.80 ) T.12
8000 0.090, 5.#5 0.16 | 4.8 | 0.12| 5.07 | 1.99| 7.05
8500 5.100 5.85 0.17| 5.%0 0.12 | 5.h7 2.08 | 7.15
9000 0105 | 6.22 | 0.18) 5.72 | 0.13}| 5.86 | 1.9 | 7.70
9500 6.1%0' 6.5 | 0.19| 6.10 | 0.15| 6.22 | 1.75 | 8.50




R' =Ry, + (2 18(c)}
v L= Rofoa
where «
2
2x oo 2n
-1 =(n + 1k)d) + - n = 1kj1 sin(==*(n + 1k)d
(ns . )cos{)\(n .k )} (n i 1) :Ln{?\(n )}
ROa = 7 2
’ : Do, no Ot
(ny # L)eos{=={n + 1k)d) - +n - akjr san{=E(n + 2k)d
A - \n + 1k A
. ‘ hng
oa ~ 1 2
(n2 + 1)cos gﬁ(n + ak)a\ - 2 _ s 1k)1 sin gﬁ(n + 1k)d
A n + 1k A
2
) 25 oo i) 2r
n, - L)ecos{==(n + 1k)d; - - n ~ ikja siny\—(n + 2k)d
ba = ' n 2
(n, + 1)cos -E—ﬂ-(n + 1k)a\ - (———2——— +n + 11<:)1 sin 21[—(n + 1k)d
2 A n + 1k A

(n, - 1)2
Rop = "'ELud__E
(np + 1)

The index of refraction of the medium of incidence (no) 1s assumed to

be unity. Reflectance "R" 1s Por light initially incident upon the
metal side and reflectance "R'" 1s for light initially incident upon
the nonsbsorbing substrate gide. It 1s wnteresting to cobserve that the
transmittance 18 rdentical regardless of whether the light 1s initially
incident upon the metsl or the nonabsorbing substrate side. This resuld

1s not true, however, for reflectance.
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The solution by Heavens (;'ef. 25) for the reflectance and trans-
mibtance of normally incident lrght upon an absorbaing film {n,k)

deposited on a nonabsof'blng substrate (ne) is given below. The

refractive index of the medium of incidence (no)) is assumed to be unity.

_A' cosh o+ B' sinh o - €' cos € + D' sin
E'" cosh o + F' sinh o - G' cos { + H' sin {

R (2.19(a))

8n2(n2 + k)
T = (2.19(b))

"E' cosh o + F! sinh @ - G cos £ + H' sun §

where
o = tkd
A
¢ _ bma
A
angd,
At = (n2 + K° + ].)(J:L2 + K2+ ng) - 1+n2n2
B' = EnE‘lg(ne + k% 4+ 1) - (n® + X° + ng)]
' = (02 + k2 - 1)(n® + %2 - ng) + lHi;.2n2
2 2 2 2 2
Dt = 2kfny(0® + ¥ - 1) - (2% + K - n3)]
E' = (0 + k2 + 1)(n? + k© + ng) + ll-nene
F' = 2a{ny(n® + k2 + 1) + (0 + k2 + n%)]
@' = (n® + k® ~ 1)(n® + K® - ng) - ltukgn2
H' = 2k[n2(n2 + K - 1) + (n2 + ¥ - ng)]
F
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Heavens presents the solution for the transmittance and reflectance
of an ebsorbing film versus the ratio of the film thickness to the
wavelengbh of the inecident light in graphical form in reference 19.

This graph is reproduced herein as flg&?e 1. The effect of increasing
absorption (increasang k) 1s to reduce the amplitude of successive
maxama 1n the reflectance and transmittance curve;.1 When the‘absorptlon
1s sufficiently high, as 1s ‘the case for metals (see table 1}, the
curves of transmittance versus thickness fall rapidly and smoothly.
Bxperamentally measured values of transmittance and reflectance do
indeed follow this form as shown b& the transmittance and reflectance

versus film thickness graphs for aluminum as given in figure 2 (also

taken from reference 19).

An‘approx1mate solution for the transmittance of an absorbing film
deposited on a transparent substrate 1s proposed by Heavens in
reference 19. This eqguation is presented below and a graph of the
equation versus film thickness for incident light with a wavelength

o}
of 5000 A 1s presented in figure 3 for geveral values of k character-

1stic of the materials presented in table 1.

_ baka
n A
T=2e (2 20)
Lo

This solution 1s limited to highly absorbing films such that multiple
reflections can be neglected. Comparison of the data for k = .80
with that of figure 2 shows that the results of the approximate solution

are high relative Lo experimental data.
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0.4
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Reflectance
Transmittance

0 .2 A 6
Optical thickness, d/A

Figure 1l.- Theoretical solution for variation of reflectance and
transmittance versus ratio of absorbing film thickness to
light wavelength for various values of "k" (from Heavens

(ref. 19))

1.0 ¢ R '
0.8 F
8 T
&5 0.6
]
28
(SN =] Ooh-"
e
-
g& o2}
0 L] i 1 1 L
0 100 200 300

L
Film thickness, d (4)

Figure 2.~ Experimental data for the variation of reflectance
and transmittance with thickness for an aluminum film and
for a laight wavelength of 5,000 R {from Heavens (ref. 19)).
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Figure 3.- Approximate soluticn for vaprration of transmi tiance
with falm thickness for A = 5,000 &, n_ = 1.0, and n, =
1.43 (eq. 2.20).
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2.2 Diffraction Grating

Huygens proposed in 1690 (ref. 29) the principle that each point
of & wave front can be regarded as a new source of waves. When a light
wave 1s transmitted or reflected by a periocdic set of apertures,
reinforcement (constructive diffraction) or reduction {destructive
diffraction) in intensity occurs yielding alternate light and dark
regions. Diffraction is wavelength dependent and if the apertures are
closely spaced, the spectral distribution is distanctly separated.
Fraunhofer i1s credited with the first investigations of diffraction
gratings and his name 1s usuail& assocrated wath this ftype of diffraction.

The diffraction ératlng of pramary interest in this paper 1s a
simusoidal type grating. Goodman (ref. 30) presents solutions for the
wntensities of light diffracted b& a sinﬁ501éal amplitude grating and
a sinusordal phase grating.

The transmttance of a sinusoirdal amplitude grating is defained by

the transmittance function

t »
s(x,y) = [:%4- g COS(Eﬂfoxﬂ rect (%) rect ( %—:—) (2.21)
where
Lo |x|<2
rect x = 2
O otherwise

where the grating structure is bounded by a square aperture of width I,

The parameter m represents the peak-to-peak change of amplitude
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transmtted scrose the grating, and f, s the grating frequency

Figure L shows a cross section of this bransmittance function

10+ 8

061

—-r— F —S—

Figure Y. Transmittence function of a sinusordal amplitude
grating (from Goodman (ref. 30}).

Assuming that the grating frequency is small, then the transmittance
light intensity 1n a plane (xo ,;yo) parallel to the plane of the grating

(x,¥) and =z disbance from it 1s found to be:

2
1 A
e 2f Yo of %o e
I(Xo}yo) = [2?\_2] sinc (—XE') sinc (——-_;\-E + "I].— s51ng _7\-;(}{0 + fo7\2)

2
+ EE s:.nce[}\-—z’g(xo - fo?\zﬂ (2.22)
where
sine(x) = 2 71X
. TX

A

A plot of this intensity fumction taken from reference 30 1s shown

t

in figure 5. The cenbral diffraction pattern 1s the zero-order

component of the Fraunhofer pattern end the patterns on either side are
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the first-order components. The effect of the sinusoidal amplitude
grating on energy distribubtion is to shift energy out of the central
pattern and into the two sude pattefns.: The separap;dh of the zero
and fairst-order components 8 fokz where 2 1§ the perpendicular

¥

distance from the grating to the plane éf observation. The width of
each component is proportionzl to 5; and the resolving ability of
the grating can be shown to be equal to the mumber of sinusoirdal fringes

on the grating (£,1).

A sinusoidal phase grating 1s defined by the transmittance funetion

X ¥
E_ ? s:.n(E:thxl)] rect (—%) rect (-—-]i‘-) (2.23)
S(Xl}yl) = e 2
where P s the peak-to-pesk excursion of the phase delay IT 1t 1s
again assumed that fo >> %, then the diffraction intensity pattern in

the plane (x,,y,) 1s found to be

T
I(xy,¥,) = (A ) J2 2 51nc [: (%, - of Azi]slnce( y‘) {2.24)

q— -0

where Jq 153 a Bessel function of the first kind and order q.
The sinusoidal phase grating deflects energy out of the zero

order component into a multitude of higher order components. The peak

2
Zng!-g!
intensity of the gth-order component is % and the dirsplacement

of that component from the center of the daffractron pattern is qfokz.
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Figure 6 (taken from ref. 30) presents a cross section of the lntensity

pattern when the pesk-to-peak phase delay (p) is 8.radians. When s

1s a root of JO it can be shown that the zero-order fringe vanishes

entirely.
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Figure 5.~ Cross section of Fraumhofer diffraction pattern of
sinusoidal amplitude grating (from Goodman (ref. 30)).
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—
—

Figure 6.- Cross section of the Fraunhofer diffraction patiern of a
sinusoidal phase grating for » = & (from Goodmen (ref. 30))



ITT. THE INVESTIGATION

3.0 Theoretical

It was hypothesized early in the investigation based on information
in the literature on the optical properties of than films and on pre-
liminary experimental evidence that the change between initial and final
condrtions in the total light intensity transmitted or reflected by a
thin metallic £film on a structural substrate was primarily caused by
two factors.

(1) The change in the effective thickness of the film due to a
redaistribution of the coabting materisl over a new surface area.

(2) The development of microfractures in the metallic film.

The first factor assumes that a reﬁ}strlbutlon of the coating
material occurs due either to plastic deformation and cold working of
the coating or as a result of molecular m}graxlon. It was belleved
that the relative 1mpor§ance of these two factors'depended on the mech-
anical properties of the metal and the film, the thickness of the film,
and the magnitude of ﬁhe*deforpat;pns. i

For loadings whiéh*ln a prancipal direction result in negative orxr
compressive straln Bf the;@hln metallic f;l@ relative to initial condi-
tions, 1t was hypothesized that the critical buckling load of the film
would be exceeded at relatively low magnitudes of strain. If the
resulting wrinkle pattern was per10d£c and of very short period, 1t was
concerved that the ensuing perzodic transmission function might set up

o diffraction phencmenon which would reveal additional independenf

information.

23
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These hypotheses are used in the following paragraphs to formulate
strain-optic laws to relate the total and central imsge intensities of
light transmitted and reflected to the mechanical state of the struc-
tural substrate. Large deformations are of primary anterest in this
investigation; consequently, large deformation strain-displacement
relations are used in this development. It 1s assumed that the surface
area of the thin film is identical with that of the substrate on which
1t 1s deposated and that surface strains occurring on the substrate are
transmitted to the coating wathout megnification or attenuvation and
that the coating strains are uniform throughout the thickness of the
than film. The case of a uniaxially applied load 1s developed in depth
and the theory is extended to a general bilaxial case.

3.0.1 Total Transmittance

It 25 assumed that the change between initial and final mechani-
cal conditions in the tobal light energy transmitted (oxr reflected) by
a multilayer falm (defined as total transmittance (or total reflectance))
1s mnfluenced by two factors as proposed in the preceding sechion.

(1) By the change ain the thin film effective thickness.

(2) By the development of than £ilm microfractures.

An expression for the change 1in transmlttfmce (or reflectance)
for normally incident 1light resul{zlng from thin falm thickness changes

alone may be developed from the eqdatlons presented i1n Section 2.1,

(ar )th:l.ckness change Tfinalf (3.1)

Tm:t.‘sialf

R

(AR)’ch:Lckness change ~ Reinal = Rinmataal’ . (5.2)
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where T and R are calculated based on known optical properties and
¥

the thin film thickness "d:"“Unfortunately, this 1§ complicated an
that optical properglés‘m?y also %éry'wiph film thicknesé.‘
Microfractures in thin meta;llé films prcohably develop along
directrons perpendlcular,éo the darectigns of prlncipal tensaile strain
as in brittle coating techniques., A cribical stra;ﬁ|level exists below
whach the f1lm 1s erther elastically or plastically deformed without
the development of microfractures. Above this critical strain value,
mrerofractures are developed. Tt is reasonable to assume that the
mrerofracture densaity will conbinue to increase as the imposed strain
1s continuously increased. It mey be assumed then that the change in

transmttance (or reflectance) due to the development of microfracture

light apertures is related to the principal strains.

(OT)p3 erorractures = %1%x T Goyy (3.3)
= 1 =1 -1
(AR ) erofractures = G5(€xx) * Gu(e§y) (3.14)
where
%ﬁx’€§y = prancipal strains

Gl’GQ’GB’Gll- = proportionality functions assocciated wath
the development of microfractures
G-l,G5 =0 af €_ is negatuve {compressive)

GpsCy, = 0 if EQY is negative (compressive)

This assumption introduces error for small strains, but 1s a

reasonable expression for the average influence over a wide range of
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straing. For greater precision for small strains, one could subtract
out the expression for the range up to where thin film fractures were
believed to anitiate.

It now remains to obtain a relationship for the change an thin
film thickness based on mechanical considerations. BSuch an expression
18 developed in the following paragraphs based on the assumption that
the metallic film occupies a constant volume. The validaity of this
assumption may be questioned based on the experimental measurements by
Hartman of the variation of density with thickness of than films of
aluminum (ref. 31). Tt 1s, however, a quantitative rather than guali-
tative density factor whaich is important from the standpoint of light
transmission, and 1%t 1s the total number of molecules per unit area
which 1s significant rather than the densaty aitself. Based on this
argument, an effective thiclmess 1s used which is defined as the thick-
ness to which the light responds, assumng a constant number of mole-
cules per uwmit area.

Consider an initial coating volume V; uniformly deposited over
an area A, and with thickness d,. TIf one assumes that as a result
of a substrate deformation that the‘coé.ta_ng follows this deformation
and redastributes uniformly over the new area w:n.“thout the development
of microfractures, then a new cosling ares Af ar:d thickness df

-«

results. Assumung constant volume of coating material , then
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and
A;d; = Agdp
Then,
ae = % X} (3.5)
or the change in thickness is
M = dl( - %) (3.6)

Expressions for the area ratio required i1h equation (3.5) are

f 4
developed from continuum mechanics considerations in the following sec-

"y

tion for the case of a uniaxially applied load.

3.0.1.1 Change in Surface Area for Cage:of Unlaxially Applied Load

F

The strain displacement relations from equ@%;gns (2.7) and

%
(2.8) for the case of a uniakxially applied load reduce to the following.

'y au
EXX = S;
(3.7)
_ov
Sy = S;
Similarly, ecuation (2.6) gives an additional second-order term.
€ = gE + l éE 2
o dx o\dx
(3.8)

_dv |, 1{dv\2
ew_é.fa(.a;)

Since for this problem there are no rotations, the shear strains are

ZEYX0.
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Conventional Lagrangilan strains are then by equation (3.7)

simply,
G}Ié{_ = .—1.1—.
Iy
(3.9)
Set
¥
Or from equations (3.8),
&Lo_m, £<1.1_)2
KX,
Iy 2\
(3.10)
2
ly. 2 3y
F¥From the definition of Poisson's ratio,
V= - EXX T (3.11)

one may obtain an expression for the displacement v 1in terms of the

displacement wu. Equations (3.10) and (3.11) then yield, respectively,

V= —Vu-ly- (3.12)

and

v = -zy(]_ + \/1 - —V-Bé-(u + 21x)> (3.13)

Ix



29

The ratio of initial to final surface area may be mathematic-

ally defined by the following:

. A
Areg, ratioc = =

= =Yy (3.1h)
(1 + w1, +v)

e

LI .

-‘-—“—Zy'“f—"'""

Substituting for v from equation (3.12), the area ratio

becomes

., "
Ares vatlo = X » (3.15)
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Similarly, substatuting for v f£rom equation (3.13),

Ux
Area ratio = (3.16)

(1 + u)(\/l - Yiz‘i(u + ezx)>

An expression for the area rabtio may also be developed using

the natural strain definition (eq. (2.1)). Using the conventional

strain displacement relations from equation (3.9), one obtains

n

€k Zn(l + l)

Iy
(3.17)
€ = -
eyy = Hl@_+-z )
J
Simalarly, using equation (3.10), one obtains
—_ 2
€ =1nl+£+£.l1_
XK e 2\l
(3.18)

I

- v 1/ 2

€ = Inll + —— + G.—

¥y 1 2\1
¥ ¥

Poisson's ratio mey then be defined in terms of natural strains,

, &
v =- (3.19)
Gx ,

Substatuting eqpations:(3.17) into equation (3.19) to solve

for v in terms of wu, one obbains:*


http:equationsi(3.17

2L

}

. ndd i
v = -l - (1 + zl) (3.20)

X

Samilaxrly, using equations (3.18) and (3-.19), one obtains

=V
2
v=-1, (1% 2(l+zi+%<zi)) -1 (3.21)

The ratic of initial to final surface area based on a natural

strain formulation is then, using equation (3.20),

7 v
Aree ratio = X 1+ 2> (3.22)
ZX + 1 le

And similarly, using equation (3.21),

A
Area ratio = X (3.23)

2\
(1, +u) ~\/2<1+-1-1-+1'-<.B_>> -1
1y 2\l

A graphical solution to equations (3.15), (3.16), (3.22), and

(3 25) 18 presented in figure 7. Im thas solutron the area ratio is
plotted versus Lagrangian straan (eq. (3.9) in the direction of the
applied load. Unit length 1s assumed for the original dimension “2x"
and Poisson's ratio is taken from the data presented an figure 15 for
the silicone rubber substrate material uwsed in experimental investiga-

tions. Equation (3.22) yields very nearly a linear relationship between

the area ratio and conventional strain.
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1.0
Ba. 3.16
9 X
Eq. 3.15
Eq. 3.22
8
-T 1: 1 . 1 1 J
0 1 .2 .3 A4 <5 .6
Conventional strain, inch/inch
L 1 L 1 . i
o] 1 .2 3 b R

Natural strain, In{l + conventional strain), inch/inch

Figure T.~ Area rabio versus conventional and natural Lagrangisn

gtrain of case of uniaxisl load.
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3 0.1.2 Total Transmitiance Optical-Mechanies Law for Unlaxial Ioading

An optical-mechanics law may now be expressed for the change
in total transmittance (or total reflectance) of a thin metallic coating
deposited on g uniaxially loaded structural substrate by using expres-
sions of the preceding paragraphs. This is accomplished by substituting
one of the expressions for area ratio from Section 3.0.1.1 (egs. (3.15),
(3.16), (3.22), or (%.23)) into equation (3.5) for the final thin film
thickness and using this value together with The inatial thickness in
equation (3.1) (or (3.2)) for the change in transmittance (or reflec~
tance) due to the effective thickness chenge. The total change 1s
then obtained by adding to this expression the expression for the change
due to the development of élcrofractures (egs. (3.3) or (3.4)) and a
term to be explained in the next section due to an effective thackness
change resulting from wrinkKiing. The latbter term exists only in the

event of a negafive (compressive) strain field.

(am)total B Cam)thlckness * (Am)thickness + (AE)microfracture
change due change due
+to area to wrinkla
change ne (3.24)

[}
4

— F
(B8)totar = OR)indomess * OR)ipckness * R )mserosracture
change due change due
to area to wrankiing
change (3.25)
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3.0.2 Central Tmage Transmittance

3.0.2.1 Compressive Wrinkling of Thin Metallic Film on Thack
Flastic Substrate

Sance the stiffness of a typical thin metallic coating 1s so
small (i.e., on the order of 10712 b inch-pound for a 250 ﬁ thack
aluminuwn £ilm where b is the wadth), the film may be expected to
wrinkle with a high periodic frequency vhen subjected to compressive
loading. A model of such a pattern is shown schematically in figure 8.
Microfractures tend to make such a patbern discontinuous. Deformations
of the fi1lm are, of course, restrained by the sbructural substrate.
This problem closely resembles that of the buckling of a beam on an
elastic foundation. Hebenyi presents a solubtion 1n reference 32 for
the critiecal buckling load of a straight bar on an elastic foundation
for cases of & bar with free ends, pinned ends, and fixed ends.
Budiansky, Seide, and Wernberger present a solutron in reference 35 for
the buckling of a column with two, three, four, or an infinite number
of equally spaced intermediate deflection and rotational springs.

Than £1lm wranklaing 18 of interest in thrs discussion, as it
affects the transmission of light as will be shown in the next section.

3.0.2.2 Diffraction by a Patbern of Closely Spaced Periodic Thin
Film Wrinkles

The central image of a diffraction grating 1s the center por-
taon of the transmitted (or reflected) light. The light 1s diffracted
to both sides of this center to form reinforcing 11gh£ ;nd dark fringe
patterns. If diffrection is not present, the~cen£ral image contalng

the total transmitted (or reflected) light energy. When diffraction
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(a) Imitial cross section.
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RTh:'m metallic film
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Figure 8.- Model for compressive wrinkling of thin metallic f1lm on
thick low modulus substrate
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igs present, the central image energy i1s reduced by the amount diffracted
o the raght and to the left of the central image.

A closely spaced periodic pattern of metallic thin film wrinkies
as proposed in Section 3.0.2.1 would act 1in essence as a diffraction
grating. Light striking the thin film peaks and valleys at normal 1nci-
dence 1s transmitted (or reflected) as 1f the film were not wrinkled.
Light, however, which strikes the wrainkled thin film at non-normal
incidence is refracted, and the thickness of the absorbing thin film
traversed by the light is different than the wnwrinkled nominal thick-
ness of the film. The magnitude of the effective thickness qnd, conse-
quently, the intensity of light transmitted, 1s dependent on the' angle
between the ancidence light path and the normal to ‘bhe- thin film surface.
It 1s reasonable to assume that the wrinkle pattern 1s approximately

[}

sinusoidal in shape and, correspondingly, that the transmission function

1s also approximately sinusoidal in nature. The diffraction of light
by a sinusoidal. amplitude grating and by a sinuscidal phase g‘ra.ta.ng were ‘
presented in Section 2.2 as developed by Goodman (ref. 30).

3.0.2.% Central Tmege Transmitbtance Optical-Mechanics Law

The change i1n the central image transmittance between ainitial
and final mechanical conditions for a thin metallic f£ilm deposited on a
struetural substrate is influenced by three factors.

(1) By the change in thin film effective thickness.

(2) By the development of thin film microfractures.

(3) By diffraction set up by compressive wrinkling of the

metallic thain f£ilm.
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The effective thickness of the thin film i1s, in tuqn, influenced
by two factors.

(1) By the redistribution of coating material over the new
surface area.

(2) By the change in light path length through the thin film
due to the wrinkle geometry.

The change in central image transmittance (or central image

reflectance) then 18 of the following form-

(o) = (AT)

central image thickiness change * (Am)thlckness change

due to area change due to wrinkliing

+ (Am)microfractures - (Am)dlffraction
(3.26)

(AR)central image B CﬁR)thlckness change + (Aa)thickness change
due to area change due %o wrinkiing

+ -
(AR)mlcrofractures (AR)diffractlon

The first three terms on the right are precisely the gquantities
proposed in Section 3.0.1.2 responsible for the change in total trans-
mittance (or total reflectance). The change in cenbral image trans-
mittance (or central image reflechance)} is therefore the difference

between the change in total transmittance (or total reflectance) and

the change in transmittance (or reflectance) due to diffraction.
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(Am)central image - (ﬁm)total - (ﬂm)dlffractlon
(3.27)

(&R) = (&R)

central image total (AR)dlffractlon

An expression for the change in transmittance (or reflectance)
due to daffraction could conceivably be developed around the equations
for the duffraction by a sinmusoidal-type transmission grating from
Bection 2.2. Two variables appear in each of these two intensity dis-
tribution solutions. (1) the peak~to-pesk amplitude "m" and (2) the
grating frequency "fo" in equation (2.22); end (1) the peak-to-peak -
excursion of the phase delay "p" and (2) the grating frequehcy "fo"
in equation (2.24). Tt is reasonable to expeé% the wrinkle geometry”
to be influvenced by the mechanical state of' the structure. "IhlS s 1n
turn, would directly influence the grating freguency and possibly the
other parameters as well.

The work necessary to establish the exact form of tﬂe equation
relating the mechanical state of the structurs to the change in trans-
mtbance due to diffraction i1s of sufficient megnitude to merit indepen-
dent study. It is believed that the sclution would involve considerable
experimental study as well as new theoretical considerations including
thin £ilm wrinkle theory and even the solution for diffraction for an

alternate transmittance function to that proposed above.

%.0.3 General Biaxial Opbtical-Mechanics Law

One could conceivably obtain the solution for the deformations

of a general biaxial problem based on the solution for the change in
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total and central image transmittances from a set of equations similar
to that proposed in the preceding paragraphs. The approach would be tc;
use transmittance data to determine the change in effective film ‘f:hlck-
ness vhich, in turn, would be used to calculate displacements using an
expression formulated on surface area change ’c'onsidera,tions. In this

approach one would have to independently assess the conbtribution of ‘

microfractures, wrinkling, and diffraction. From deformations » the

4
T

strain displacement relations would be used to obtain strains and 1-:he
constitutive relations to obtain stresses.

The work involved in obtaining a solution in this manner would
indeed be a laboriocus task. It 15 further complicabed by the fact that
optical properties are, in general, alsc functions of the fiim thickness.

A far simpler approach, if 1t can be developed, would be to
formulate an empairical relationship between the changes in transmittance
(or reflectance) and the mechanical state of the structure based on
physical considerations. In this approach, calibration tests wovld be
used to provide the proportionality functions required. Such an gpproach
1s proposed below for the general biaxial problem.

The two factors proposed in Section 3.0 as influencing the change
in the total transmittance intensity were effective thickness changes
and the development of microfractures. Both the effective thickness
change resulting from area changes and the development of mrcrofractures
work constructively; that is, they both aincrease transmittance corres-
ponding to positive strains. One might, therefore, propose a relation-
ship between the change in total transmittance (or total reflectance)

and strain of the following foxm:
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(BT )gota1 = Wxe + WalSyy
(3.28)
- t 1
BB iotar = 5% T My
where
Wi,Wé = proportionality functions associated with total

transmittance
WB,W& = proportionality functions associated with total
reflectance
Eéx,egy = praincipal strains
The transmittance of aluminuwm was shown in figure 2 to be
linearly related to film thickness for thicknesses less than approxi-
mately 100 R. It is also reasonable to assume that the relationship
between transmittance and the density of microfractures Wlll also be
approxamastely linear. In a problem for which the materials behave in

this manner and for which the properties are isotropic, equabion (3.28)

will reduce Lo the following:

(A0) a1 = WG ¥ Sy

(3.29)
(R)gotar = (o * Sy
where

W5 = proporticnality congbant associated with total

transmittance
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Wg = proportionality constant associzted with total
reflectance
The Tactors proposed in Secbion 3.0.{2.3 as 1qfluencmg the
change in central image transmittance incl{J.de ::ha.nges in the £ilm
effectave thickness, the development of nﬁ.cr‘olt‘%iacj;;.res » and the effect
of diffraction. Film effective thickness cha'.nges resulting from area
changes increase transmittance corresponding 'f};) a posi‘l}lve'stra:l.n.
Determination of the effect of changeg 1n effective f1lm thickress due
to changes in the light path caused by wrankle geometry requires addi-
tional study. The effect of diffraction i1s to deflect energy into
lateral side bands and therefore to decrease central image transmittance.
It 15 compressave wrainkling, cf course, which causes daffraction, and
in the event that none of the prancipal strains are negabive, then the
effect of daffraction may be ignored. Daffraction, when present,
probably contributes the strongest influence of these facbors. Based
on These considevations, the following relationships are proposed

between the change in central image transmittance (or central image

reflectance) and strain.

— t 1
(m)centraﬂ. mage W S WEEW

- Jle;x-Je’

2yy
(3.30)
(AR)cen‘cra.l image WBE};X + Whes;y
- JBExx - Jll-ezs;y
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where

l,Wé proportionality functions associated with
total transmittance

proportionality functions associated with

WB,WL

total reflectance
Jl’JE’J ’Jh = proportionality functions assocciated

with drffraction

Jl’J3 =0 if Gix is positive

Jé,JL =0 if €§y 1s positive

géx,q§y = principal strains

The sum of the first two terms in each of the expressions of

equation (3.30) are expressions for the change in total transmititance

or total reflectance, respectively. Meking this substibublion, one

obtains

J - J.e!

= - 1
(am) = (M)oper ~ I1% ~ TSy

central image

(3.31)

= - T 1
(Aa)central image CﬁR)total J3§xx Jh%my

In other words, the change in central image sransmittance (or central
image reflectance) 18 equal ‘to the change in the total transmittance
(or total reflectance) reduced by the influence of diffraction.
Assuming that the above proposed empirical relationships are
correct, it is seen possable to completely determine the strain field
for a general biaxial problem by making two sebs of experimental meas-

urements (either total and central imege transmittance or total and
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central image reflectance) and by substitution of the changes in these
quantities anbo the appropriate expressions from equations (3.28) and
(3.31).

The proportronality functions used in these expressions (wl,wz,
Jl’ and J2 for transmittance experaments, and W3:WL1.:J3) and J) for
reflectance experiments) are determaned from calibration tests on
unzaxially loaded specimens. From a prachtical standpoint, it as
desirable to select coatings for which these functions are linear and
which have a large sensitivaty for the strain range expected in the
problem. The btransmittance response of some typieal metallic coabings
1s presented in the next section.

3.1 Bxperimental

The purpose of the experimental portion of thisz investigation
was to experimentally establish the relationship between the mechanical
state of the structure and the change i1n tobal and central image trans-
mittance of the thin metallic film deposited on i%, to debtermine the
physical mechanisms responsible for the change in optical propertigs;

P

and to check experimental data against analytical mod.els: for a 'b:l.‘axieil '
case of loading. Most of the study was done on unisxially loaded
specimens in order to isclate the variables.

Several metals were used as thin films in this study in or.der to
survey the response of g range of both optical and mechanical prope'rt‘ies.
A1l were deposited on the same substrate material, a silicone ru'bb&.er‘.

v '
The braxial problem selected for invegtigation was the problem of

a uniaxially loaded rectangular plate wath a centrally located hole.
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This particular problem was selected for comparative study beca}lse
the problem has been studied both analytically and experimentally,
and therefore, solubions are available;and because the problem 1s
simple to get up experimentally.

3.1.1 Apparabtus and Instrumentation

3.1.1.1 Thin Film Depositicn System

The most commonly used thin film coating technigue is; the
thermal evaporabtion process in which & mebtal is vaporized and con-
densed on a substrate material. This process, also called vapor
deposition, 1s easily controlled and resulis in films of high puri
For further mformation on this coabting technigue as well as of of
cormonly used today, see references 16, 19, and k.

A new technique was used to coat the specimens used in this
study. The technigue shown schematically in figure 9 involves the
vaporization of the coating wmaterial by a hot tungsten filament an an
electrostatic field. A 6~volt dc pobentisl existed between the coating
material and the btungsten filament. The coating material was driven
into the filament by a motor-driven screw. Thus, in addition to
thermal vaporization, the resulbting electric arc also excited the
material into an 1onic state. The specimens toc be coated were located
on two aluminum plates separated by approximately 6 inches. An electric
potential of 310.5 volts was applied between the two plates. This set
up an electrostatic field between the plates, which tended to accelerate
the vaporized 1ons of the coating material into the substrate. Deposi-

tion was conducted in a vacuum ab a pressure of approximately 10"6 torr



Voltmeter

Vacuum bell jar

—T T T T T~
—
- T~
o N
Y Negative N
/ plate N
/ N
Y, / N Fliloment power
/ Specimen \\ supply
/ kY
, [/ Are strike \\
] position \
i Plating material rod\ “ B |
{ : Tungsten filament |
l |
‘ _ l I
\\ Electric motor /
\\ - !
\ ) /
\ . 7
N\ f‘
\\ Specimen , / Motor drive
\ N Posirtaive / // Pover supply
' Power supply for N plate e
electric field ™o 1
e TS — - e
Amqeter

Fagure 9.~ Schematic of thin film deposition system.

G



b6

and the substrate material was cleaned in each case before deposition
by arcing in the corona by back streaming vwaith argon. Using this thain
falm deposition Lechnique, the writer was able to obtain betifer adhesion
and an apparent reduction in the size of microfractures developed in the
coating due to substrate deformation than using conventicnal coating
techniques.
3.1.1.2 Test Setup

The basic experimental test setup is shown in figure 10. It
1ncludes a load-displacement instrument and recorder; a fiber optics
light system; an optrcal system consisting of filters, lenses, and
apertures, g photomultiplisr tube, amplifier, and recorder; a kinematic
optical bench; an X-¥ axis opbics transporter; and a test specimen.
Tegts were conducted with the room darkened and with shields strategic-
ally located to mask out stray light from the light source. The load
instrument applied a load by advancing the crosshezd (%o which 1s
attached the lower specimen clamp) at a constant displacement rate.
The upper specaimen clemps attach via a coupling to a strain-gage type
load cell and can be considered to meintain & fixed position. The load
response 1s recorded graphically on a strip chart recorder which
advances the paper at a constant rate (1 inch per minute in these tesbts).
Consequently, the distance from the starting position is uniquely
related to the crosshead displacement.

The light source is a 150-watt tungsten filament bulb, the

visible light spectral respénse of which 1s shown an faigure 11. ILaine
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voltage is conditioned by an ac volbage regulator (110 i1 volt) in order
tc provide a constant intensity cutput. The light is channeled teo the
light source tube by a 0.125-1nch-dismeter bundle of 50-micron-diameter
glass fibers. The laght source tube contains a collimatoxr lens and 2
circular aperture to control the size of the beam. Various narrowy band
filters were available to place in front of 'Eh'e laght ‘Source tube aper-
ture in order to select a specified Wavele*ng:t'h of light for study. The
spectral response of the fiber opbtics lamp when:used in combin?tlon

I3

with these filters is also shown in figure 11.

B

The photomultiplier tube is housed within a circ;ula.r 3-:i_nch-:
diameter, 2h-inch-long tube. The face of the photomultiplier tl.;fbe ist ‘ E
located 6-1/h inches from one end of the circular tube. The electrical .
leads from the photomultiplier tube connect “50 an*amp;iflgr and the
response is recorded graphically on a strip chart Tecorliér. A constant -
chart advance rate of 1 inch per minute was used in these bests.

The optical system mounts on a kinemgtic optical bench. The
function of the kinematics of the bench is to allow continuous monitor-
ing of the same area of a specimen during a load test. The lower mount
of the bench 1s attached to the fixed base of the load instrument and
the upper mount 1s stbached to the moving crosshead. The kinematic
optical bench translates at a ratio of 1 to 2 relative to the crogshead.

The X-Y axzis optice transporter is motor driven in the

Y-direction at a constant displacement rate and hand driven in the

X-direction. The transporter motor control allows a continuous range
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of speeds of from zero to 2 iuches per minute. Both axes have a
millimeter scale and a vernier.

Three variabtions of this basic setup were used in this inves-
tigation corresponding to tests in which the total intensity, cenbtral
mage intensity, and scan data were recorded.

Total intensity transmittance test measurements reguired an
optical system which would collect not only the central amage, but
also diffracted side bands. This was accomplished by mounting & 2-inch-
diameter collector lens on the end of the circular tube housing the
photomdtiplier tube. The lens, located approximabtely 1.5 inches from
the specimen, collected all of the light striking 1t and focused 1t in
the plane of the face of the photomultiplier tube. The total aintensity
of light incadent upon the specimen was limited by a 0.00k~inch-
diameter circular aperture located approximately 0.15 inch from the
specimen. This distance was reduced to 0.0 inch for the test measure-
ments on the rectangular plate with a circular hole. The first-order
diffraction ring from this aperture fell well outside the collection
area of the lens.

In the setup for central image %ransmlttance measurements, the
collector lens used in total inbensity me;surement téstsAwaS‘ramoved
and a palir of circular apertures 1/52 inch in amameter were pl?ced
approximately 16 inches apart in the carcular tube housing the photo-
mltipiier tube. These collimated apertures resbricted the v1eﬁ of
the phobtomultiplier tube to permit measurement of the central zmage

response. They were large enough, however, to insure that the
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dimensions of the area for which transmittance was measured was large
relgtive to the period of the wrinkle so as to obbtain an sveraging
effect rather than some local anomaly.

Tn tests where scan capability was desived (transmitiance in
the region of the hole 1n a uniaxially loaded rectangular plate con-
taining & centrally located hole}, the two test setups described above
were used to meke total and central image measurements, respectively;
with the exception that the light source tube was mounted on the X-Y
axis transporter.

3.1.1.3 Microdensitometer

Before and after each transmttance and microscopic surface

examination test, the transmittance of the specimen #as measured on

R
il

a microdensitometer. A scan was made in the region of the specimén .
center in both the X and ¥ directions., Specimens showing large varia-
tions 1n this region were discarded. The result of thls_mea.suremen't
was assumed as the initial transmittancef- of The: specimen and was used
to calibrate the btransmittance response of the'photomultlpl%er meas:
urement system. The instrument reads c;p‘clcé.:l. ,,dlenSJ.ty directly and has
a zero to two full-scale range.

3.1.1 4 Optical Microscope Examination of loaded Specimen

Specimens were wiaxially loaded to selected magnitudes of
strain i1n the test frame shown in figure 12 and examned using &
research microscope to study the microscopic effect of loading on the
metallie thin £ilm. Manual rotation of the micrometer disl applied the

load to the specimen and the scale gave an accurate measurement of the
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Figure 12.- Stretch test frame used in optical microscope surface
examinations.
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daisplacement (read to 0.001 inch). Imitral distance bebween clemps wes
1.5 inches, as was the case ih transmittance tests.

The microscope used was equipped with transmitted braghtfield,
reflected braightfield, reflected darkfield, and polarizing accessories.
Microscope optics permrtted 110, 220, and 450 times magnification. A
xenoh lamp was used to i1llumnate the specaimen. FPhotomicrographs were
taken af each magnitude of strain examned for a permanent record.

3.1.1.5 Electron Microscope Examingtion of Loaded Specimen

Electron microscope studies of the surface of uniaxially
loaded specimens were performed using a Materials Analysis Compamy
Combination Scarming and Electron Microprobe Mieroscope Model 40O S.
This i1nstrument measures backscattering of praimary electrons with an
energy of 20,000 electron volts. The angle of incldence was Spproxi-
mately 27-1/20 from the normal to the specimen.

3.1.1.6 Monochrometer

The spectral response of the FTiber optiecs lamp system by 1tself
and in combination with selected filters was measured using a McFherson
monochrometer. This instrument slowly rotates a 1,200 line per inch
reflection-type diffraction grating to obtain the wavelength separation.

3.1.1.7 Discussion of Accuracy

The accuracy of key measurement systems ubilized in this
wnvestigation are summarized below.
The accuracy of the load measurement system 1s betber than

0.5 percent. The crosshead displacement scale is graduated i1n units
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of 0,005 inch and can be interpolated to 0.00L inch. Errors in speci-
f1ed chart advance speeds 1n both the loading and photomultiplier
recorders were negligible.
The total transmittance measurement system was found to be

capable of resolving better than 500 lines per inch when scanning a
moire grad transmission grating located in the position of the specimen.
Similarly, the central image transmitbance measurement system was found
capable of resolving approximately 75 lines per inch.

The system for measuring both total and central image transmrttance
was found (using calibrated stendard neubral density filter accurate
to within +1 percent) to indicate true transmitbance magnitudes to
within 15 percent. The system 1s capable, however, of sensing anc'L
recording a change in magnitude of approximately £0.2 percent of full
scale. An effort was made to select the recorder’scale and ;oltage

80 as8 to record data at the upper regronsg of the.scale in ovder 130 ‘take

b4 f

advantage of thas sensaitavity. The mlcrodgn31“tomete'::' was also found
to indicate the true transmittance magnitude to within i5 percent of
the indicated value.

Since accurate measurements also required the lémp sy'stem to

L
t

provide a steady antensity outpub, its intensity was measu:'ced for
periods of 2 hours and longer. Tt showed negligible change in this
time period, which 1s much longer than required for any of the tests
of this investigabtion. The lamp output can, of courge, be expected to
decrease with use, but this change occurs so slowly as not to be a

Tactor in any one set of meagsurements.
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3 1.1.8 Setup For Photogrephing Daffraction Grating Spectrum

Color photographs of the diffraction grating spectrum produced ,
by normally incadent light straking the wrinkle patitern set up in the
transverse direction of uniaxially sitressed specimen were taken with
the basic test sebtup shown schematically in figure 135. The entire
assenbly including camera was mounted on the kinemaztic optical bench.

%.1.1.9 Sitrain-Crosshead Displacement Calibration

The dumbell shaped specimen used in uniaxial load tests were
clamped using a spring loazded roller which pressed the specimen against

a smooth jJaw surface. The separation distance bebtween rollers was

*
5

1.5 inches. This was not a true gage length, however; since this
s
included part of the dumbell transition section’in addition to the

+ N N

constant width test section. A calibration technigue was, therefore,
employed to experimentally relate the princ;p@l conventional Tagrangian
strains to the crosshead dasplacement. The ’gec}anique 1s descrﬁ::ed
below.

Gage marks were placed on the specimen along principal X
and Y divections and the uw and v dJdisplacements were measured
at selected levels of crosshead displacement. Principal conventional
Lagrangian strains are then the ratio of the u or v displacements
to the gage length in the X and ¥ directions, respectively.

Poisson's ratio was calculated as the ratio of the ¥ direction

strain (%'y) to X dairection strain (eIx'x)
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The results of this determmnation were used to relate the
strains t0 crosshead dasplacement for all of the uniaxial load tests of
this investigation. Thas extension 1s justifzed on the basis of the
close repeatibirlity of load-crosshead displacement curves for the
silicone rubber material used in these tests both with and without
thin film metallic coatings.

3.1.2 Test Materials

%.1.2.)l BSubstrate

The substrate materaal usged in this investigation was Sylgard
184, a room temperature vulcanizing silicone rubber manufactured by
the Dow Corning Corporation. This materzal hereafter referred to as
silicone rubber was gravity cast into sheet stock (approximately
0.1 inch thick) against highly polashed chrome plated steel plates having
a 1/2 rms finish. This produced sheets with two smooth clear parallel
surfaces. All of the material used as specimens was cast at the same
tame and from the same batch. A standard ASTM dae D-1T708 was used to
eut tensile test specimens. The circular hole was drilled in the
rectangular plate using an end mll type bit and waith the temperature
of the silicone rubber reduced to below 1ts glass transition temperature
for clean mlling purposes by immersion of the materasl in Jliguid
nitrogen.

S1licone rubber 1s highly transpa:cén; tﬂi'oughout the entare
wavelength range of the visible spectrum as shown in figure 1k (f:rom

ref. 8). Silicone rubber is a dielectrac (k = 0) and has an index of

refraction of 1.4%0 (ref. 48).
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The stress-strain curve for this material using conventional
and natural straln/true stress definitions 1s presented in Tigure 15.
The response 1s approximately linear using conventional definations
for strains of up to approximately 30 percent. The material exhibits
very little creep at room temperature and is highly resilient as can
be seen by the near coincidence of the load and unload portions of
the curve. Poisson's ratic 13 also plotted on this graph based on
both conventional and natural strain defintions.

5 1.2.2 Metallic Thin Filus

Bulk metals deposited in this investigation as thin films
included aluminum, copper, gold, andium and silver. The supplier
and puraty of each of these metals used is lasted in table 2.

Selected mechanical properties of each of these metals in
bulk form are presented in table 3 (refs. 36, 37). A stress-strain
curve for 99.995 percent pure bulk aluminum (from ref. 38) is presented
in figure 16. Reference i"f' presents a samilar plot for polycrystalluine
copper.

' The physical properties of metals in thin film form frequently
daffer from those of the parent bulk form (refs. 18, 3L, 40).
Quarrell (ref. 41) has shown that even the basic crystal form of the
bulk material may be violated in very thin films. For exsmple, silver
and gold which in bulk form have a fs:ce centered cubic crystal exhibit
a close-packed hexagonal crystal in very thin film férn}.
A gtress-strain curve for a 5000 R ’chi_ck. gold Ti1lm subjected

to uniaxial loading 1s presented in figure 17 (from ref. 42). The
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TABLE 2.- RAW MATERTALS USED IN THIN FILM DEPOSITION

Materazl

Aduminum
Copper
Gold

Indium

Supplier
Fisher Scientifac
Fisher 801entific

Goldsmith Brothers

Electronic Space Products, Inc.

Purity, percent

99.7
99.9.
99.59
99.999



TABLE 3.~ TYPTCAL MECHANLCAL PROPERTLES OF SELECTED BULK METALS

Modulus Ultimate Ultimate Yield
Material of tensile strength, | elongation, | strength, Porsson's
o elasticity, ks percent ksa ratio
psL
Aluminun#
99.996 percent pure aheet 6
Annealed 9 x 1¢ 6.8 60 1.7 _—
Cold-rolled 9 % 108 16.% 5 15.h —
(75 percent of
original thickness)
Copper* g . -
Annealed 17 x 10 3237 - he 4.6-12.0 0.33
Drawn - 55-61 - 50.0-55.0 0.33
Gold#* i 6
Ammealed 300° C 1.2 x 102 18-20 39-k5 _— 0.L2
Cold-worked (60 percent) 1l.2 x 10° 30-32 4 ——— 0.42
Tndiuw* 1.57 x 10° . 0.38 o5 — —
Silvert - -
Annealed 11 x 10° 22 48 8

*Encyclopedia of the Chemical Elements (ref. 36).

Haterial Engineering Materials Selector Issue (ref.lBT).

c9
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Trus stress, psi
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Figure 16.- Stress-strain graph for 99. 995 percent pure aluminum (from
Tietz, Meyers, and Lybtton (ref. 38)) .
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fracture stress for a 200 K thick gold film was experimentally )found by
Beams (ref. 43) to be 75,400 psi. This data for gold indicates that
the ultimate elongetion 18 smaller and the ultimate stress greater for
the thin £ilm form than for the bulk form. Young's modulus was found
to be approximately the same for both forms (ref. 43). Gold in thin

film form exhibits creep end plastic deformation even at relabively

low magnitudes of strain. *
A discussion of proposed physical explanations for the differ-

£
ence in mechaniesl properties between bulk and thin film Porms may he

-

found in references 42, 4h, 45, and 1P6.F The condrtxons of the deposi-

tion process itself such as temperature, pressure, and rate gf depéksp-
tion are 1mportant psrameters which influence the resulting ﬁhysmb,l and

optical properties. Slow rabtes of deposition encour%ge aggregation

1

of the metal which Semnett and Scott’ (ref. 40) suggest explains the

difference an properties from that of the bulk form. TFor a discussion ’

of the influence of these and other factors see references 5’4-, 11»2, and

L

k7.,
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%.1.3 Test Resulis

3.1.3.1 Total and Central Image Transmittance Measurements for
Uniaxially Loaded Specimen

Results of measurements of the total and central image trans-
mitbance versus the conventional and natural Tagrangian strainsin the
direction of the gpplied uniaxial load are given in figures 18, 19, 20,
and 21, for specimens of silicone ru:'b'bei: with aluminum, copper, and

+

indium thin £11m coatings. Total and central dmage 'tranémlt’cance data
Tfor each coabing material Was measured Tfor the same specimen but on
separate load cycles. Arrows denote the correlation of data with the
load and unload portion of reaéh”c‘ycle. It was found that the load
portion of the initial load cyecle for coabings with thicknesgses greater
than that corresponding to an initial trans:mittance of approximately
10 percent gave data which was either noncontinuous {1.e., finite
changes 1n transmttance over a very short strain interval) or nonrepeat-
ible on successive cycles. The unload portion of The first cycle and
load cycles thereafter gave very good repeatibility of results (within
the normal load hystersis of the specimen). For coatings initially
thinner than that correspondivg to an initiel transmittance of approxi-
metely 20 percenmt, the enbire first cycle wes closely duplicated on
successive cyeles. Thas arregular phenomens exhibited on the farst
cycle of thick films 1s probably related to the development of
microfractures. The anomaly noted at the start of loading in figure
18{a) is characteristic of starting errors introduced in these tests
due to initially poorly alined specimen. This problem is self-correct-

ing with the application of loading.
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(a) Total transmittance.

Figure 18.~ Transmittance response vergus strain for unvaxially loaded
specimen of silicone rubber with aluminum thin film coating.
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Fagure 18.- Concluded. .
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(a) Total transmittence.

Figure 19.- Pransmittance response vérsus strain for uniaxially loaded
specimen of silicone rubber with copper thin film costing.
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(b) Central image transmatiance.

Figure 19.~ Concluded.
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(a) Totel transmittance.

Figure 20.~ Trensmittance response versus strain for uniaxially loaded
specimen of silicone rubber with indium thin film coating (1n1t1al
transmittance = 7.5 percent).
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Figure 20.- Concluded,
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(a) Potal transmittance.

Figure 2L.- Transmittance response versus gtrain for uniaxially loaded
specimen of silicone rubber with indium thin film coating (initial

transmittance 1 percent).
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All specimens were approximately O 1 inech thick. The gtrain
rate for the data presented was approximately 0.038 1nch/1nch/m1nute.
Tests were also conducted st strain rates of approxamately 0.38 and
3.8 1nch/1nch/m1nute, but without any apparent change in the results.
All daba presented 18 for specimens illuminated wath white light.
Tests conducted at selected narvow bands of light wavelength indicated
shiits in the megnitude of transmtbance but gave in general the same
basic form for the data.

To insure that the changes recorded were not dwme to the sub-
strate; total and central image transmitbtance tests were conducted on
unccated silicone rubber specimens. The results showed strain o
exercise negligible influence on either of these t&o.properties. It
was also determned by comparing leoad-displacement curves for specimens
with a variety of coabtings and coating thicknesses that the thin film
coating had no signifaicant influence on stresg-strain history. A
siumlar transmittance response to t{’l&t presented here was recorded for

. ' .

other materisls tested in this inves%lgatlon including gold and silver.

b

In general, the total transmtfance continuously increases with

i -

1nereasing strain and i1s in some cases inearly linéar. The central.
image transmitbance versus strain usually exhibits an initiel decrease
in transmittance which may reverse 1tself and become an increasihg
function as was the case for the relatively "th':Lck" thin film of

alumnum {fig, 18(b)) or i1t may continuously decrease as was the case

for the thin film of copper (fig. 19(b))
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The central imege transmittance for a specimen with a than
film coating of indiuvm having am initial transnii"ctance of 7.5 percent
{figure 20(b)) decreases rapirdly, with increasing ‘megnitudes of strain
up to a convenbional strain of ‘a.pp‘roximately 15 percent at which poant
the specimen is nearly opaque (less than 0.'5'pe,rcent central image
transmittance). This is exactly opposite to the response of a slightly
thicker coating of indium (with an initial transmittance of approxi-
mately 1 percent) as presented in figure 21(b). The central image
tranemittance of this specimen continuously increases with increasing
magnitudes of strain. In fact, the total and central image transmittance
responses of this specimen are glmost idenbical indicating a negligible
influence of diffraction. Indeed, spectral wavelength separation (dis-
cussed in Section 3.1.3.3) was almost indistinguishsble for this
gpecimen. More will be said sbout the differences in these two speci-
mens with thin £ilm coabings of indium when the results of meroscopic
surface examnations of these same two specimens are presented in the

next section.

3.1.3.2 Microscopic Surface Examination of Uniaxaally Loaded Specimen

A series of photomicrographs is presented in figure 22 of the
surface of a uniaxially loaded specimen of silicone rubber with a gold
thin film coating whose undisturbed transmittance was approximately
25 percent. The specimen was exammned in transmitted brightfield and
reflected brightfield lighting at magnitudes of conventional Iagrangian
strain ranging from mero to 60 percent. The specimen was initially

clear and without surface irregularities as shown in figure 22(a).



Transmitted brightfield

Reflected brightfield

(a) As deposited, 'eL = 0.
- % = - 1
Figure 22.- Photomicrographs of thin gold film deposited on silicone

rubber substrate for selected magnitudes of strain corresponding
to uniaxial loading. Transmittance (as deposited) = 25 percent.



78

Reflected brightfield

(b) Wrinkle pattern clearly established, eI;X = 0.0k,

Figure 22.- Continued.
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Transmittance, percent

Reflected Brightfield

(f) Imposed deformation released, S e e

Figure 22.- Concluded.
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As strain was applied an orthogonal set of lines dewveloped which in
general were alined along and perpendicular to the direction of the
applied load (i.e., along principal directions). These lines began to
assume definition at a strain of approximately 4 percent. Slip lines
are also evident in certain regions.

The lines perpendicular to the direction of the applied load
are irregular. The lines appear light in transmitted brightfield and
dark in reflected brightfield lighting, thus indicating that there is
physical separation of the thin film; i.e., the development of micro-
fractures. The number of microfractures per unit length progressively
increases with increasing magnitudes of strain.

The lines parallel to the direetion of the applied load are
straight and have a common frequency even across slip lines and micro-
fractures. When transmitted and reflectéd brightfield photomicrographs
are compared, one still observes light and dark lines, respectively.
These lines are not, however, due to microfractures; but are due to the
interaction of light with a nonplanar surface, i.e., a series of
wrinkles in the thin film. The frequency of these wrinkles increases
as a function of increasing strain. A plot of a microdensitometer
scan across a typical wrinkle pattern of the film used to print
figure 22(c) is presented in figure 23. The shape is observed to be
periodic and roughly sinusoidal. Minor variations in the shape of
such a curve can be induced by the focus of the microscope during the

exposure of the negative.



Figure 23.- Microdensitometer scan across typical wrinkle pattern
of film used to print figure 22(c).

A listing of the accumulative width of microfractures per
unit length and of the frequency of wrinkles versus strain for this
specimen is presented in table L.

Microscopic examination of specimens of silicone rubber with
thin film coatings of copper and aluminum showed these specimens to
respond to loading in a manner similar to that of the gold specimen
described above (with minor variations such as wrinkle frequency).
Figure 24 presents a set of photomicrographs for three specimens with
aluminum coatings,each with different initial thickness (i.e., different
initial transmittance). The strain imposed was identical for each of
these tests and of magnitude eix = 0.42. From these photomicrographs,
it is difficult to establish a general rule concerning the coating
thickness and the magnitude of the corresponding wrinkle frequency.

The frequency for the aluminum thin £film with an initial transmittance
of 59 percent is much greater than that for thin films with an initial

transmittance of either 10 or 80 percent. A possible explanation for



TABLE 4.- ACCUMULATIVE WIDTH OF MICROFRACTURES AND WRINKLE

FREQUENCY VERSUS STRAIN FOR SPECIMEN OF SILICONE

RUBBER WITH GOLD THIN FILM COATING

Strain, e&x, inch/inch
0.04 0.2 0.k2 0.60
Accumulative width 0.08 0.1k4 0.24 0.34
of microfractures
per unit length,
inch/inch
Wrinkle frequency, 8400 |1Q200 11100 11800

wrinkles/inch
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(a) Transmittance (as deposited) = 10 percent.

Figure 24.- Photomicrographs of thin film of aluminum deposited on
a silicone rubber substrate unia.xialiy loaded to impose a
conventional strain of 42 percent (e, = 0.42).
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Transmitted brightfield

Reflected brightfield

(b) Transmittance (as deposited) = 59 percent.

Figure 24.- Continued.
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(¢) Transmittance (as deposited) = 80 percent.

Figure 2L.- Concluded.
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this anomaly is the different crystal structure (close packed hexagonal)
observed by Quarrell (ref. 41) for very thin films. Such a crystal
structure would be expected to have different mechanical properties
than the normal face centered cubic form of aluminum.

The metal indium is a very ductile, highly plastic, and
easily deformed material. It has a very low ultimate tensile strength
(380 psi) and other unique mechanical properties as shown in table 3.
The results of microscopic examinations of the surfaces of two specimens
with thin film coatings of indium uniaxially loaded to impose a
conventional strain in the direction of loading of 42 percent is
presented in figure 25. The specimens for which the photomicrographs
were taken were the same specimens used in total and central image
transmittance measurements, the results of which were presented in
figures 20 and 21. Figures 25(a) and 25(b) correspond to figures 20
and 21, respectively. The microfracture and wrinkle patterns of figure
25(a) are regular and clearly defined. Both microfracture and wrinkle
patterns are distinguishable in figure 25(b) at this same level of
magnification, but with less regularity and definition. Recalling the
results of central imaege transmittance measurements for these two
specimens, it is perhaps the breaking up of the regularity of the
wrinkle pattern by such a high frequency of microfractures in combination
with the unusual mechanical properties of indium which caused the

limited influence of diffraction in the test results reported in figure
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Transmitted brightfield Reflected brightfield

NOT REPRODUC)BLE

(a) Initial transmittance = 7.5 percent.

Reflected brightfield

Transmitted brightfield
(b) Initial transmittance
Figure 25.- Photomicrographs of thin films of indium deposited on a
silicone rubber substrate uniaxiallyLloaded to impose a
=rGh2).

= 1 percent.

conventional strain of 42 percent (exx
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21(b). Tn comparison, the frequency of wrinkles and microfractures
for aluminum (figure 24(b)) are roughly of the same order of magnitude,
but in this case excellent spectral separation was exhibited as will be
shown in Section 3%.1.3.3.

The microscopic examination of metallic thin films deposited
on structural substrates subjected to uniaxial 1oading’all exhibited
characteristic wrinkling along the direction transverse to the direction
of loading. The strain in the direction transverse to the direction
of loading for a case of uniaxial loading is, of course, negative.
Uniaxial loading therefore, subjects the thin film in this direction
to a state of compressive loading. Wrinkling in the direction of
loading therefore confirms the physical model proposed in Section
5.0.2.1 for the compressive wrinkling of a thin metallic film deposited
on a thick low modulus substrate.

To further confirm this model, a specimen of silicone rubber
was subjected to a uniaxial preload (ef{'x 2'0.62)and then depesited
with a thin film of aluminum (initisl transmittance = 36 percent).

Upon release of the preload the specimen was observed microsopically.
Photomicrographs of the response for this case are presented in

figure 26. 1In this case, line elements characteristic of microfractures
developed parallel to the direction of prestretch;and line elements
characteristic of wrinkling developed transverse to the direction of
prestretch. Strains imposed on the coating by the release of preload
are negative (compressive) along the direction parallel to the

direction of prestretch and positive (tensile) in the direction
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(a) Transmitted brightfield.

(b) Reflected brightfield.

Figure 26.- Photomicrographs of thin films gf
prestressed silicone rubber substrate (exx
imposed prestress released. Transmittance

percent, central image transmittence after
= 25 percent.

aluminum deposited on
= 0.62) taken after
as deposited = 36
release of prestress
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perpendicular to it. As predicted by the wrinkling and microfracture
models, one observes wrinkling due to compressive loading along the
direction of preloaa and microfractures due to failure of the film in
tension along the direction transverse to the direction of the applied
prestress.

The nature of the surface irregularities for a specimen
subjected to a uniaxial load was also examined using a scanning electron
microscope which measures backscattering of primary electrons. The
photomicrographs presented in figure 27 show the results obtained in
this study for specimens of silicone rubber with aluminum thin film
coatings. Figures 27(a) and 27(b) are for two separate specimens with
initial transmittances of 34 and 3.4 percent, respectively. The pictures
clearly show the regular pattern of ridges and valleys characteristic
of thin film compressive wrinkling. Characteristic microfractures
are also exhibited although less clearly in figure 27(a) because of
the orientation of the specimen for this particular photomicrograph.

A slight rotation of the specimen during this test did show this
feature to clearly be that characteristic of microfractures. The exact
orientation of the specimen was not defined in these tests relative to
the photograph, but it was observed that these are the same irregulari-
ties exhibited in optical microscope observations. Therefore, the
direction of loading for these tesﬁs is indicated on the photomicro-

graphs by association.



(a) Initial transmittance = 34 percent
Imposed conventional Lagrangian strain = 37 percent.
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(b) Initial transmittance = 3.4 percent
Imposed conventional Lagrangian strain = 16 percent.

Figure 27.- Electron microscope photomicrographs of uniaxially loaded
specimens of thin films of aluminum deposited on a silicone rubber
substrate.
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3.1.35.3 Diffraction Grating Spectrum

The theory proposed in Section 3.0.2 predicts that a closely
spaced system of wrinkles which result in a sinusoidal type transmission
pattern will create a diffraction grating which provides spectral
separation. The results of Section 3.1.3%.2 clearly establish the
existence of a periodic and roughly sinusoidal type transmission pattern
as a result of metallic thin film compressive wrinkling.

As predicted by theory, spectral separation was exhibited in
uniaxial load tests (beginning at a strain of on the order of 2 percent)
in which collimated light struck the wrinkled thin film surface. The
light was diffracted radially from the area of illumination (both in
front of and behind the specimen) into a region bounded by two planes
drawn perpendicular to the direction of the applied load. The separa-
tion distance between planes was approximately equal to the length the
specimen was illuminated along the axis of loading (with minor spread
beyond those planes).

The test setup described in figure 13 was used to take photo-
graphs of the spectral distribution. Photographic results of two of
these tests are presented as figures 28 and 29. The photographs of
figures 28 and 29 were taken using the same aluminum coated specimens
as were used in microscopic surface studies; the results of which were
presented in figures 24(a) and 24(c), respectively. ‘The circular image
is due to the circular light aperture. 'The central image of figure 28
is very bright (so bright a mask had to be used to shut off its image

to avoidburning out the image for the first and second order components).



Figure 28.- Diffraction grating spectrum set u E by collimated light

beam striking uniaxially loaded specimen ( = 0.42) of
aluminum thin film deposited on silicone rubber substrate.
Initial transmittance = 10 percent.
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Figure 29.- Diffraction grating spectrum set uE by collimated light
beam striking uniaxially loaded specimen (ev. = 0.60) of
aluminum thin film deposited on silicone ruﬁger substrate.
Initial transmittance = 80 percent.
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This was typical of all of the tests conducted except for the 0;16

, . .
shown an faigure 29. TIn thais photograph the central image 1s of the
ssme order of magnmitude as the first order component: It also contains
a distanct (although less intense) second order component. Some
specimens in whach the wrainkle freguency was very large (for example,
that of the specimen for which the photomicrographs of figure 24(b)
were made) d1d not exhibit detectable second order components. In such
cases the angle over which the spectrum was spread approached 900.
This fact made total transmittance measurements unattainsble for
certain specimens because of the limitation of the collecting abilaty
of the lens used.

It would appear that the change in speetral distribution and
corresponding displacement of collimsted light energy into side con-
ponents set up by the wrinkled than film daffraction grating, in general,
fits fairly well the theory for Fraunhofer daffraction due to a
sinusordal type transmitiance function. Both the sinusoidal ampl:itude
grating and the sinusoidal phase grating (for g = 1) predict that the
first order component will be displaced a distence of £, Az from the
central image. Computing this value for the tests of figures 28 and
29 by measuring T, from the photomicrographs of figure 24, assumng

0
a wavelength of 5000 A, and taking z = 2.4-inch from figure 13; one

obtains computed values of 0.376 inch and 0.388 inch; respectively.
*
The measuredvalues from figuwres 28 and 29 are0.% inch and O.41 inch;

respectively.
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3.1.3.4 Umaxially Ioaded Rectangular Plabte With Centrally Located
Circular Hole

Eirch published in 1898 (ref. 48) an examct elasticity
solution subgect to infinitesimal deformation assumpbions for the stress
|
1n the vicanity of the hole of an infinitely wide plate with a centrally
located hole subject to pure tension. This solution showed the princi-
pal stresses along the cross section located radial From the hole and

verpendicular to the darection of the applied load to he of the Follow-

1ng form:
Oa 5 r 51‘1!'
O‘XXF—E— +y—§-+y~[l_-—
Yy " s Val 5 T
VQ ¥
vhere

Og ~ uwniformily applied stress in x-direction
A1

¥ ~ heole radius

In recent years, because of an interest in nonlinear theories
and 1n materials capable of large deformations; this problem has been
reexamined assuming both physical and geometric nonlinearities. Adkans,
Green, and Shield (ref. 49) were the first to publish an approximate
solution (accurate to a second approximation) of Kirch's problem.
Koafmen (ref. 50) presents an approximaste solution (accurate to the
second approxamation) for the stress concentration at the corntour of

the hole which 1s caircular before deformastion and becomes oval as a
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result of deformation. Kairch's solution“ predicts a stress concentra-
tion of 3 0 at this point whereas the large d.efomatlonl soliition of
Koifman results in stress concentrations less than this value. For.a
review of the literature on nonlinear problems of stress concentraticms
near holes in plates see reference 51.

It was proposed in Section 3.0.3 that the change in total
transm ttonce under certain conditione (for an isotropic coating with
a lineagr response) was related to the sum of the principal strains
(ea- (3.28)). In addation, 1t was proposed that the change in central
image transmittance was the dafference between the total transmittance
and the transmittance change induced by diffraction where dafiraction
effects were related to a compressive principal strain field (eq. (3.31)).
The problem of a uniaxlally loaded rectangular plate with a centrally
located hole was experamentally studied in this investigation using
transm tiance measurement techniques to determine 1f the mathematical
models were of the correct general form.

Three types of measurements were obtained in this study.
These included total and central image transmittance data which were
used to calculate the strain values presented in figure 30 and
microscopic surface examinabions of the specimen in the vacimty of
the hole, the resulits of which are presented in figure 31l. Separate
specimens were used for the data of each of these two figures.
Gecmetry for both of these specimens is shown in figure 31l(a). Both
specimens were composed of silicone rubber with an alumnum thin falm

cogtang. The load was applied along the longitudinal axis (x-direction)
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and transmttance data was cbbtained for a scan along an imaginary
line drawn radially from the center of the hole and perpendacular to
the free edge. Measurements were made before the application of
loading and wath the specamen lcaded sufficiently tc impose an average
conventional strain of approximately 8 percent.

The experamental solution for the sum of principal strains
presented in figure 30(a) is based on substitution of the measured '
change 1n toftal transmittance between znitial and fainal cé:ndltlons
into equation (3.29) where the proportionality constant W5 1s ‘taken
from the graph of figure 18(a) to be 0.53 percent change in total
transmittance per percent strain. Kirch's solution to this prc;blem ¢
for small deformations and Keifman's solubion atb ‘i:he 1301e edge for
large deformations are presented for comparison. Th?:v?lue from
Koifman's solution 1s calculated using interpolatloh of data bfesenteri
in reference 51 for a ratio of the uniformly applied Istress in, the
x-direction to the Su{)strate material sheay modulus for the subject .
gpecimen of 0.279. The Koifman stress concentration factor thus deter-
mined is equal to 2.79 as opposed to 3.0 for the Kxrch solution. The
results obtained by the experimental solution at the hole edge are in
sgreement with the Koifman solution and the general shape of the curve
across the section agrees with the Kirch solution.

The experimental solution for the principal compressive strain
nel o presented i1n figure 30(b) 1s based on substitution of the differ-

ence in the change in total and central image transmittance measurements

into equation (3.31) where J, 1is determined again using the
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-@ Calculated from solution by Koifman (ref. S0} for the stress
coneentration at the edge of a hole which is cirewlar before
deformation and oval after deformation

+€L » inch/inch
v~

2
12
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w - Kirch solution {ref. h8) with infinitesimsl
"y /— deformation limitations
5 10 L
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» =
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[77]

Experimental solution using
equation 3 29 for the change in
total transmittance and W5 Trom the
data of figure 18(a)

or Ay Ly

Distance from center of hole

(a) Sum of principal strains, Eix + e

yy

Figure 30.—~ 3um of prancipal strains and principal compressive strain
plots for the section of minimum cross section of a rectangular
plate with a centrally located hole subjected to loading along the
longitudinal axis sufficient %o 1mpose an average conventional
Tagrangian strain of approximately eight percent. Specimen composed
of silicone rubber with a thin film coating of aluminum having an
initial transmittance of approximately eight percent.
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Dastance from center of hole
@ 2r 3r Ly

1 1 i

Kireh solution (ref. 38) with infinitesimal
deformation limitations

»
5

\—Experimental solution using equation 3.31 for
the change in ceptral imege transmittance and

J, from the data of figure 18

8- Calculated from solution by Koifmsn (ref 50) for the stress
concentration at the elze of a hole which is clreular before
deformation and oval after deformation

(p) Principal (compressive} strain, €§y

Figure 3%0.— Concluded.
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calibration date of figure 18. The proportionality function "J," 1s

taken as 0.824 and 1s the difference between the tobal and central

1mage transmittances per wnit strain. For an imposed compressive

strain el

of less than approximately 8 percent (which according to
the XKirch solution is the case in this problem for sall except very
close to the hole), Jo 1s by the data of figure 18 very nearly a
constant (1.e., constant slope for both total transmittance and centrél
image transmittance versus strain). The Kirch solubion at the hole

for large deformations is conservative as shown in figure 30(b) by

the value plotted for e%_'y from Koifmen's solution.

The experimental solution for egy at the edgs of the hole

18 too large by approximately 4 percent strain. It is believed that
the difference 1s a result of applying the results of a simlar, yetb
different, test specimen (aluminum coating deposited at a dafferent
time and waith slaghtly dafferent thickness) for the calibration of
the proportionality functions. The total transmittance response for

this material as well as for others tested (see figs. 18, 19, 20, and

21), in general, assumes an increasing and somebimes linear relatlon-:'

i

ship with the imposed strain. The central image transmlﬁtance response,

however, as shown in these same figures; exhibits both decreasing end

3
11

increasing relationships to the 1mposed strain and is linear only

*

within certain narrow regions. It is also influenced by a number of
factors including wrinkle frequency. The results presanted'earl%er

have shown that considerable more study is required to establish the
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exact relationship between the mechanical and physical properties of
the coating and substrate and the corresponding wrinkle frequency.

In summary, the experimental results for the sum of prancipal
strains {using the data of figure 18(s) total transmittence measure-
ments for the calabratzon of the proportionality funcition W5) agree
well wath theory. The experimental results for the principsal com-
pressive strain (using the results presented in figure 18 for the
variation of the central image as well as total transmittance for the
calibratron of the proportionality funchion J2) were greater than

that predicted by theory, but the data for the section of minimum

+*

cross—-sectional area had approximately the correct relative variation.
The results therefore indicate that the empirical mathematical models

proposed in Section 3.0.3 for the relatironship between the change in

A

total and central image Gransmitbance and the strain field for &

general biaxial problem are basically of the correct form.” The appli--

4 . v .
cation of these relationships with confidence, however;, will Trequire
P

more experamental verification using models for which the propotrtlon-

i
A +

ality factors are measured for specimens identical to the model. The

application of the equations and especially the, role, céf diffraction

should be examined for obher types of strain faields such;a.'s the case in

- -
.

which hoth pranecipsl strains are nega,tu;é. 1

The set of photomicrographs presented ':Ln figure 31 show thé (
surface 1rregularities created for this problem for several different
locations in the vicinity of the hole. Position 1 at the top edge of

the hole clearly exhibits thin £film wrinkling but no microfractures.
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(a) Specimen geometry and photomicrograph position designation,
specimen thickness = 0.106 inch.

Figure 3l.-— Surface study of wrinkle and microfracture pattern for
rectangular plate with centrally located circular hole subjected to
uniaxial loading., ©Silicone rubber substrate with thin aluminum
coating with an initzal transmittance of approximately 12 percent.
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—{ .l;—0.0l mn

(b) Position L4, unstressed.

=—0.1 lm-—-—l

0.08. (e) Position 3, (-3 =.0.08.

i L 2!
(d) Position 2, (Exx)avg = i

Figure 31.- Continued.
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(f) Position L, (Eix)avg = 0.025.. (g) Position k4, (eL ) = 0.08.

A0 ¥ ;.
(h) Position 5, (exx)wg = 0.025.

Figure 31.- Concluded.
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The Kirch solution for the stresg at this point for an infinitely wide
plate predicts that the Syy gtress at this point is compressive and
that the oy, stress is zero. Consequently, the strains at this
peant 1n the y and x directions are negative and positive, respec-
tively, with the latter being of low magnitude. The development of
the wrinkle patiern and absence of microfractures is thus in agreement
with this result.

Position } at the right edge of the hole is shown for two
different magnitudes of strain. These photomicrographs i1llustrate
that at a low level of strain, lines characteristic of both wrinkling
and microfracture are evident, but that at higher levels of strain,
the wrinkle pattern seems to be less clearly deflhed; Spectral separa-
t1on resulting from drffraction is clearly visible at §h1§ point,
however, thus indicating a regular pa%tern of wrinkles.: A} onen
traverses from position & to 5, one Begins to clearly p%ck.up the
regular pattern of both wrinkles and microfrdctuxes.

k]
The photomicrograph of position 2 is presented to illustrate

the transition area in which wrinkles seem o disappear. Immediately
below this region (position 3), wrinkles and microfractures are

clearly visible. This result 1s in aéreement w1th the solution' for

a
the circumferential stress at position 2, which i1s zerc.



IV. DISCUSSION OF RESULTS

Experimental studies of the total and central image transmittance
properties of thin metallic filme deposited on a low modulus substrate
establish that a measurable variation in these properties occurs as a
result o} uniaxial loading of the subsbtrate Tn general, the total
transmittance increases with increasing magnitudes of 1mposed strain
and 1n some cases the relationship is linear. It is proposed that the
change in total transmttance response is caused by two factors:

(1) by a change in the than film effective thickness and (2) by the
development of microfractures. Microscopic surface examinabtion studies
show that the accumulative widbh of microfractures per unit length
inereaseg with inecreasing magnitudes of positive strain. Dabta would
also i1ndicabte the influence of effective thickness changes as well.

The centrsl image transmittance exhibits both increasing and decreasing
relationships to an imposed strain field which is compressive in one

of the prinecipal darections. It ;s influenced by diffraction effecis
which are a result of the resgponse of light to a set of closely spaced
wrinkles which develop in the thin film coating along the direction of
the principal compressive strain. Microscopic surface examination
studles confirm the existence of these closely spaced wrinkles and also
that the wrinkle freguency,in general, 1ncreases with increasing magmitudes
of compressive strain Visual observations and photographic results

also demonstrate the spectral wavelength separation resuliing from

this closely spaced wrinkle diffraction grating.

110
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Change in transmttance properties are detectable for a range
of strains of from on the order of 1 percent or less to very large
magnitudes of on the order of 100 to 200 percent. The upper limit
1s dependent amcng other things on the materials used and on the
initial £1lm thickness A wide range of sensitivities are available
through judicious selection of the materials and test conditions used.
The results of studires of the strain field in the v1c1n1ty‘of The
hole of a uniaxially loaded plate containing a centrélly located‘hole

appear, in general, to obey the general biaxial opbtical-mechanics’

laws proposed for the relationship between total and ceptral ,i1mage
]

I

transmittances and the imposed. strain field. lA more thorough study is
t v

needed, however, to establash 1f these relationships are genega} and
if calibration inaccuracies are the cause of the high magnitudes of
compressive strain reported for fthis biaxial strain problem

The discussion to this point has dealt primarily wath the form of
the relationship between light intensity properties and the mechanical
state of the structure. The complete i1dentification of the mechanical
state at any point requires that the direction of these principal strains
be identified as well as there magnitude. Two techniques evolved outb
of this investigation applicable to the solution of this problem.
The fairst technique 1s the microscopirc examination of the wrinkles and
mrcrofractures which apparently aline themselves along principal
drrections. The second technique is related to the first, but does
not require microscopic detection It 1s visual observation of the

daffraction spectrum which i1s oriented along the direction of a



112

principal compressive strain  In uniaxial tests the axis of this
spectrum was perpendicular to the direction of the applied load. In
the biaxial problem of the rectangular plate with a centrally located
hole, lines associated with the diffraction spectrum were also observed.
At posations 1, 4, and 5 (fig. 31), the axis of the spectrum was
transverse to the direction of the applied stress. At position 3 the
axls of the spectrum was perpendicular to the hole edge. Each of

these results agrees with the theoretical predictions of the principal

directions at these positions.



V. CONCLUDING REMARKS

The results of this investigation establish that one'can relate
changes in the mechanical state of a structure as a result of loading
to the optiecal properties of a thin metallic film deposaited on 1%. Two
fundsmental types of optical responses occur. These includes:

(1) changes in the total intensity and (2) changes in the central 1mage
intensity of light energy transmitted or reflected by'the material.

4
The theoretical relationships developed an this paper have been

N

developed for both transmittance and refléctance types of measurements F

k] + ¥
* ¥ [ ‘e

Experimental studies, however, were concentra?ed on the transmittance
type. It is believed that parallel results also ex1§t for reflectancé
types of measurements. The labbter is important if one wishes to
determine the mechaniecal response of opaque structures using this
technique.

The results of experimental studies of the strain field in the
vicinity of the hole in a uniaxially loaded rectangular plate containing
a centrally located initially cirecular hole demonstrate that the
technigue is potentially useful for the determination of the strain
fi1eld of a general biaxial problem. More study of the problem i1s
needed, however, to establish the validity of proposed empirical optical-
mechanics laws for a more general strain field. Also, thorough
characterization of the optical response of thin metallic films used

in this technique is required to accurately calibrate the proportionality

Tunctions used.
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Although a set of total and central iwage measurements appear to
be sufficient to completely define the strein field, 1t may bhe desirable
in cerfeain applications to combine the total transmittance technique
with existing experimental techniques such as photoelastrcity or
holography for the solution of a problem. Also, the regularity of
wrinkles and manner in which their frequency varies with strain
suggests that a moire approach could be developed in which fringes are
created by the superposition of a get of photomicrographs of the same
specimen area taken at successive levels of strain.

It should be pointed out that this new experlmehtal strain analysis
approach 1s most applicable to the study of problems with large

| ' N
deformations. The limited sensitivity of the technrque for very small
strainsg makes 1t noncompetaitive with exisbting technigues for this

1

problem. For the sclubtion of large deformation problems; howevér, with

development, i1t 1s seen as a valueble new approach. T,
kS +

¥t 1s anteresting to note that this strain analysis approach,

although new, ties together i1n a loélcal menner loné-established
optical and physical pranciples and technigques The;varlatlon of
transmittance and reflectance properties with the thlqkness of a thin
metallic f1lm, for example, has been known and applied in the fleid
of optiecs for years. Also, the apprcach is an optical one and
therefore experimentally shares much with photoelasticity; and the
development of microfractures in the than film coating i1s closely

related to the development of fractures in brattle coating techniques

It 1s perhaps three Ffactors which mske the appearance of this new



115

approach nov timely: (1) the relatively recent development of thin film
deposition technigques; (2) the current interest in large deformation
procblems and associated nonlinearities; and (3) the availabality and
utrlization in structural applications of modern plastics which because

of their low modulus relative to metals may experience relatively large

deformations.
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