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EXPER'4ENTAL STRAIN ANALYSIS TECHNIQUE FOR LARGE DEFORMATIONS 

BASED ON THE OPTICAL PROPERTIES OF A THIN METALLIC FILM 

DEPOSITED ON A STRUCTURAL SUBSTRATE 

By Jerry Gene Williams 

ABSTRACT 

The optical response to loading of a thin metallic film deposited
 

on a low modulus structural substrate is studied both analytically and 

experimentally. Two fundamental types of transmittance and reflectance 

properties are shown to be related to the mechanical state of the 

substrate. The first property called total transmittance (or total 

reflectance) is defined as the total energy of incident light which 

is transmitted (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 is caused by two factors: First, due to a change
 

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

microfractures. The second property called central image transmittance 

(or central image reflectance) is associated with the formation in the 

thin metallic film of a periodic set of closely spaced wrinkles with 

which light interacts to create a diffraction grating. The diffraction
 

grating spacially redistributes the incident light energy by deflecting
 

energy out of the central image component and into side bands. Such a 

set of wrinkles and consequently the diffraction effect occurs only if 

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



the central image property reverts to the total transmittance (or total 

reflectance) case.
 

An analytical approach is developed to relate the optical properties 

of the metallic film to the mechanical properties of the substrate. A 

set of empirical optical-mechanics relationships are proposed between 

the total and central image transmittance and reflectance properties 

and the strain field of a general biaxial problem. 

Experimental results are presented for the total and central image
 

transmittance response for thin films of aluminum, copper and indium 

deposited on a silicone rubber substrate subjected to uniexial loading 

Microscopic surface examinations of gold, aluminum and indium on a 

silicone rubber substrate clearly demonstrate the characteristic micro

fracture and wrinkle geometric patterns. The total and central image 

transmittance responses of a silicone rubber rectangular plate with a 

centrally located hole subjected to uniaxial loading are used to calcu

late the principal strain field for the cross section of minimum area. 

The plate was coated with a thin film of aluminum prior to loading. It 

is shown that principal strain directions may be determined from the 

microfracture pattern and when the strain in a principal direction is 

compressive, also from the spectral diffraction pattern.
 

The experimental results presented are in general in good agreement
 

with the analytical models proposed. The technique requires more 

development, but does show promise as a new approach for the experimental 

determination of the strain field, especially, for large deformation
 

problems.
 



TABLE OF CONTENTS
 

CHAPTER PAGE 

TABLE OF CONTENTS. 1i 

LIST OF FIGURES ................ ...... v
 

LIST OF TABLES . ..... xii
 

LIST OF SYBMOLS . .... . x1i
 

I. INTRODUCTION ... ... 	 1
 

II. LITERATURE REVIEW ...... 	 3
 

2.0 Large Deformation Theory. . . .	 3
 

2.1 Thin 	Film Optical Theory. 8
 

2.2 Diffraction Grating . . .	 18
 

III. THE INVESTIGATION...... 	 23
 

3.0 Theoretical ............ 	 ........... 23
 

3.0.1 Total Transmittance ... ...... .... 24
 

3.0.1.1 	 Change in Surface Area for Case
 

of Uniaxially Applied 'Load . 27
 

5.0.1.2 Total Transmittance Optical-

Mechanics Law for Uniaxial
 

Loading.. . .. ........ 33
 

3.0.2 Central Image Transmittance ..... ...... 34
 

3.0.2.1 Compressive Buckling of Thin
 

Metallic Film on Thick Elastic
 

Substrate ...... ........ 34
 

ii 



CHAPTER 	 PAGE
 

3.0.2.2 	Diffraction by a Pattern of 

Closely Space Periodic Thin 

Film Wrinkles . .... ... 

3.0.2.3 	 Central Image Transmittance
 

Optical-Mechanics Law. . . 36
 

3.0.3 General Biaxial Optical-Mechanics Law . 38
 

3.1 Experimental ........ 	 ....... ........ 43
 

3.1.1 Apparatus 
and Instrumentation 44 

3.1.1.1 
 Thin Film Deposition System. . 44 

3.1.1.2 
Test Setup . . .... ..... 46
 

3.1.1.5 
 Microdensitometer ..... .... 51
 

3.1.1. Optical Microscope Examination of
 

3.1.1.6 
Monochrometer.... ....... ... 53
 

3.1.1.7 
Discussion of Accuracy ..... 53
 

3.1.1.8 
Setup for Photographing Diffraction
 

3.1.1.9 
Strain-Crosshead Displacement
 

Calibration..... ........ 55
 

Loaded Specimen..... . . 51
 

3.1.1.5 Electron Microscope Examination of
 

Loaded Specimen ......... ... 53
 

Grating Spectrum ..... ..... 55
 

3.1.2 Test Materials..... ........... 57
.... 


3.1.2.1 Substrate..... ......... ... 57
 

3.1.2.2 Metallic Thin Films ... 59
 

l11
 



CHAPTER 	 PAGE 

5 1.3 Test Results ...... ............ . . 66
 

3.1.3.1 	Total and Central Image Trans

mittance Measurements For
 

Uniaxially 	Loaded Specimen 66
 

3.1.3.2 	Microscopic Surface Tcamnataon of 

Uniaxially Loaded Specimen . . . '76 

3.1.3.3 Diffraction Grating Spectrum . 95
 

3.1.3.4 	 Unaxially Loaded Rectangular Plate -

With Centrally Locate& Circular 

Hole .. . .. . . . . . 99
 

IV. DISCUSSION OF RESULTS ............ 	 .......... 110
 

V. CONCLUDING EMARKS ............. 	 ........... 113
 

VI. REFERENCES..... ..... ....... . ...•..... 116
 

VII. ACKNOWLEDGEMENTS .. ....... ..... . 120
 

VIII. VITA ............ 	 . . ......... 121
 

IV
 



LIST OF FIGURES
 

FIGURE 	 PAGE 

1. 	Theoretical solution for variation of reflectance and
 

transmittance versus ratio of absorbing film thick

ness to light wavelength for various values of "k"
 

(from Heavens (ref. 19))........ ...... ...... 16
 

2. Experimental data for the variation of reflectance
 

and transmittance with thickness for an aluminum 
o
 

film and for a light wavelength of 5,000 A (from
 

Heavens (ref. 19)) .......... 	 ........... ... 16
 

3. Approximate solution for variation of transmittance
 

0 
with film thickness for ? = 5,000 A, no = 1.0,,ana 

n2 = 	1.43 (eq. 2.20) ............. ..... . 17
 

4. Transmittance function of a sinusoidal amplitude
 

grating (from Goodman (ref. 30)) ....... .... ... 19
 

5. 	Cross section of Fraunhofer diffraction pattern of
 

sinusoidal amplitude grating (from Goodman
 

(ref. 	50)) . . ....... .............. 22
 

6. 	Cross section of the Fraunhofer diffraction pattern of
 

a sinusoidal phase grating for p 8 (from Goodman
 

. .	 .. .....
(ref. 	30)).. .. . •.. .22
 

7. 	Area ratio versus conventional and natural Lagrbngian 

strain for case of uniaxial loa> .... ...... 32' 

v 



FIGUE 	 PAGE
 

8 Model 	for compressive wrinkling of thin metallic film 

on thick low modulus substrate. .. . . 35
 

(a) Initial cross section. . . . . . . . . 3
 

(b) Deformed cross section . . . . . . . 35
 

9. Schematic of thin film deposition system.... . . . 45
 

10 Experimental test setup................ 47
 

11 	 Spectral response of fiber optics lamp system with and
 

without selected filters ....... ..... ...... 48
 

12. 	Stretch test frame used in optical microscope surface
 

examinations......... ............... 52
 

13. 	 Setup for taking photographs of diffraction grating
 

spectrum............ .......... .... ... 56
 

14. 	Transmittance versus iavelength for Sylgard 184 silicone
 

rubber (from Williams and Judd (ref. 5)) ........ 58
 

15. 	Stress-strain graph and Poisson's ratio variation for 

Sylgard 184 silicone rubber ............... 6o 

16. 	 Stress-strain graph for 99.995 percent pure aluminum,
 

(from Tietz, Meyers, and Lytton (ref. 38)) ....... 65
 

17. 	Stress-strain graph for an evaporated gold film 5,000
 

thick (after Neugebauer (ref.'42)). ... 64
 

18. 	 Transmittance response versus strain for uniaxially
 

loaded specimen of silicone rubber with aluminum
 

thin film coating . ..... . . .. . 67
 

vi
 



FIGURE 	 PAGE 

(a) Total transmittance... 	 . • 67
 

(b) Central image transmittance ....... 	 68
 

19. Transmittance response versus strain for uniaxially 

loaded 	specimen of silicone rubber with copper
 

thin film coating ..... ........... ..... 69
 

(a) Total transmittance .... ....... . . . .... 69
 

(b) Central image transmittance. ..... .. . 70
 

20. 	 Transmittance response versus strain for uniaxially
 

loaded specimen of silicone rubber * th indium thin
 

coating (initial transmittance = 7.5 percent) . . . . 71
 

(a) Total transmittance.... .... ......... 71
 

(b) Central image transmittance .......... .... 72
 

21. 	 Transmittance response versus strain for uniaxially
 

loaded specimen of silicone rubber with indium thin
 

film coating (initial transmittance = 1 percent).. 73
 

(a) Total transmittance ..... ........... ..... 73
 

(b) Central image transmittance ...... ........ 74
 

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 ..... ......... ... 77
 

L(a) As 	deposited, ex = 0 ..... ........... ... 77
 

(b) 	 Wrinkle pattern clearly established, 

L 
EXX = 0 	04 ......... ............ ... 78
 

VlI
 



FIGURE 	 PAGE 

(c)CL = 0.21... ........ ....... 9
 
= 021 79
 

L *
 

xx = o.42 ... ..... ...... 8o 
(e) EL
(e) Exx = .60 .. .... . . . . . . .. .. 81LL 

(f) Imposed,deformation released, eL = . .... 82
 

23. 	Microdensitomet~r scan across typical wrinkle pattern
 

of film used to print figure 22(c)... ........... 84
 

24. 	 Photomicrographs of thin film of aluminum deposited on 

a silicone rubber substrate uniaxially loaded to 

impose a conventional strain of 42 percent
 

86(e 0.42) . . .................
.	

(a) Transmittance (as deposited) = 10 percent . . . 86
 

(b) Transmittance (as deposited) = 59 percent . 87
 

(c) Transmittance (as deposited ) = 80 percent. . . 88
 

25. Photomicrographs of thin films of indium deposited on
 

a silicone rubber substrate uniaxially loaded to 

impose a conventional strain of 42 percent
 

(eL = 0.42) ............. .............. 90
 

(a) Initial transmittance = 7.5 percent ... ..... 90
 

(b) Initial transmittance = 1 percent ........ ... 90
 

26. Photomicrographs of thin films of aluminum deposited on 

prestressed silicone rubber substrate (GL = 0.62)
 

taken after imposed prestress released. Transmittance
 

as deposited = 36 percent, central image transmittance
 

after release of prestress = 25 percent .... ...... 92
 

Vill
 



FIGUPE 	 PAGE 

(a) Transmitted brightfield. . ..... . . 92
 

(b) Reflected brightfield. . .......... 	 92
 

27. Electron microscope photomicrographs of uniaxially 

loaded specimens of than falms of aluminum deposited
 

on a silicone rubber substrate ....... ......... 94
 

(a) Initial transmittance = 3h percent 

Imposed conventional Lagrangian strain = 57
 

percent............ ................ 94
 

(b) Initial transmittance = 3.4 percent 

Imposed conventional Lagrangian strain = 16
 

percent............. .......... ...... 94
 

28. Diffraction grating spectrum set up by collimated. light 

beam striking uniaxially loaded specimen (4L = 0.42)
 

of aluminum thin film deposited on silicone rubber
 

substrate. Initial transmittance = 10 percent. . . . 96
 

29. 	 Diffraction grating spectrum set up by collimated
 

light beam striking uniaxially loaded specimen
 

(sL = 0.60) of aluminum thin fil deposited on
 

silicone rubber substrate. Initial transmittance 

80 percent ............. ........... ...... 97
 

1x
 



FIGURE 	 PAGE 

30. 	 Sum of principal 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 to impose an average
 

conventional Lagrangian straim of approximately 

8 percent. Specimen composed of silicone rubber with 

a thin film coating of aluminum having an initial
 

transmittance of approximately 8 percent. . ..... 102
 

+
(a) Sum of principal strains, GL .EL ...... 102
 

(b) Principal compressive strain, eSL...103
 

31. Surface study of wrinkle and nmcrofracture pattern
 

for rectangular plate with centrally located
 

circular hole subjected to uniaxial loading. 

Silicone, rubber substrate with thin aluminum film 

coating with approximately 12 percent initial
 

transmittance .............. 	 .......... 106
 

(a) specimen geometry and photomicrograph position
 

designation, specimen thickness = 0.106 inch 106
 

t(b) Position 4, unstressed . . ......... 	 107
 
1 L 

(c) Position L, (cxx)avg = 0.08 ...... ..... 107
 

L.....
(d) Position 2, (Cxavg 

• 	 L 

(e) Position 3, ( 4xx)avg = 0.08. ........ 	 107
 

x 



FIGURE PAGE 

(f) Position 4, (cL )aVg = 0.025......... . o8 

(g) Position 4, (eL)avg = 0.08 ......... .... 108 

(h) Position 5, (EL )avg = 0.025...... ........ 1o8 

(i) Position 5, xx)avg . .. .... 

xi
 



LIST OF TABLES
 

TABLE PAGE 

1. Values of Index of Refraction "n" and Absorption 

Coefficient "k" for Silver, Gold, Copper, and 

Aluminum............... 2 

2. Raw Materials Used in Thin Film Deposition.... ........ 61 

3. Typical Mechanical Properties of Selected Bulk Metals . 62 

4. Accumulative Width of Microfractures and Mrinkle 

Frequency Versus Strain for Specimen of Silicone 

Rubber with Gold Thin Film Coating............. ... 85 

Xi)1 



LIST OF SfMOLS
 

A area 

0 
A 1angstrom, lO meters 

a absorption 

b width 

c velocmty of light 

D electric displacement vector 

d than film thickness 

E electric force vector 

F force 

fo grating'frequency 

GI'G2" proportionality functions associated with the development 

;3,G 4 of microfractures 

H magnetic, force vector 

Jl'J2' proportionality functions associated with diffraction 

Jq Bessel function of first kind and of order q 

k absorption coefficient 

I length 

m peak-to-peak change in amplitude transmitted across the 
grating 

IM millimeter 

n refractive index 

rcomplex refractive index 

p peak-to-peak excursion of the phase delay 

R reflectance 

Xil. 



r radius 

s transmittance function 

T transmittance 

t 	 time 

u general dLsplacement or displacement in x-direction 

V volume 

v displacement in y-direction 

Wl1 W2 	 proportionality function associated with total transmittance
 

W3,W4 	 proportionality fuaction associated with total reflectance 

W5 	 proportionality constant associated with total transmittance
 

proportionality constant associated with total reflectance
 W6 

W displacement in z-direction 

x-y z rectangular Cartesian coordinates 

AR change in reflectance between initial and final conditions 

AT change in transmittance between initial and final conditions 

Q strain 

conventihal Lagrangian strain 

natural strain 

Ex prLncipal strains 

specifid conductivity 

wavelength of light 

tmagnetic permeability 

V, PoissOn's ratio 

xiv 



v Poisson's ratio associated vith natural strain 

9dielectric constant 

p electric charge density 

a stress 

a true stress 

aa u-fuform stress applied to a rectangular plate with a
 
centrally located hole
 

Sub script
 

f final
 

3 initial 

xly, z corresponding to x, y, or z rectangular Cartesian coordinate 

xv 



I. INTRODUCTION
 

Modern structural materials for civil and aerospace applications
 

includes many materials whose response to loading results in large
 

deformations. The solution of problems from classical elasticity is
 

made extremely difficult under these circumstances due to the necessity
 

fpr the retention of higher order terms in the strain displacement
 

equations' complicated constitutive equations, and because the result

ing state of strain may depend on the rate and order of application of 

the loids and on preceding load history. The strain distribution In 

bodies subjected to large deformations has been analytically determined 

in a very small number 'of cases but always for relatively simple
 

problems (i'ef. 1).
 

On the othei hand, certain existing experimental methods and that 

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 grid, moire, and photoelasticity 

techniques may be found in reference 2. The theory and applications of 

brittle coatings are covered in reference 3. The new experimental
 

stress analysis technique proposed in this paper is based on the change 

in optical properties between initial and final conditions of a thin 

metallic film deposited on a structural substrate. The discovery of 

this new technique was made during the course of the writer's develop

ment of a flexible window concept for application in manned expandable 

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

1
 



2 

glass reinforcement placed in an open grad pattern in a flexible
 

polymeric matrix. A thin transparent metallic coating was vapor 

deposited on ithe window matrix material to investigate its spectral 

transmission response and to"provde ultraviolet light protection to 

the window and viewer. While stretching the silicone rubber substrate, 

it was observed that the thin metallic film acted as a light shutter; 

that is, tensile deformations increased the intensity of light trans

mitted by the window. It was also observed that the phenomenon was
 

reversible.
 

The possibility of utilizing such a phenomenon in an experimental
 

stress analysis technique was subsequently considered by the writer and
 

the results of the ensuing investigation are described herein. A review
 

is 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 is deposited; and the 

results of an experimental study for the case of uniaxial loading are 

presented Experimental results include transmittance data for a 

variety of metallic thin film coating materials, thicknesses and condi

tions; and photomicrographs of the film mncrofracture and wrinkle 

patterns. Finally, the theory is extended to a biaxial case and the 

problem of a uniaxially loaded rectangular plate with a centrally 

located hole is experimentally investigated using the new technique.
 

The technique does show promise as an experimental stress analysis
 

technique, especially for problems involving large deformations.
 



II. LITERATURE REVIEW 

2.0 Large Deformation Theory 

The difficulty in analyzing problems with large deformations is 

primarily a result of nonlinearities in the governing equations. These 

nonlinearties are a result of material properties (nonlinear constitu

tive relations) and/or geometric considerations (finite deformations). 

A review of this subject may be found in references 6, 7, 8, and 9.
 

The results of Hooke's law are applicable for materials for which 

there exists a linear relationship between the applied stress and the 

resulting strain. To this end, some large deformation experimental 

stress analysts (refs. 10, 11, and 12) have found it convenient to 

assume new definitions for strain and stress other than the conventional 

Lagrangian or engineering definitions. 

Natural strain is defined as the integral of the instantaneous 

(or incremental) change in length divaded by the length the fiber has
 

at each level of incremental deformation.
 

S If
 

Zn (2.1) 

= 'n(l, J') 
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EL
where is the conventional Lagrangian definition of strain
 

L = him f- m 

1-40 zi (2.2) 

e = lira f- Z 

Stress is conventionally defined as the applied load divided by
 

the initial cross-sectional area. True stress defined as the applied 

load divided by the final cross-sectional area is commonly used to 

define stress for problems involving large deformations.
 

= applied load (2.3) 

final cross-sectional area
 

Another definition, natural stress, is defined to parallel the concept 

of natural strain, and is the sum between initial and final conditions 

of all the instantaneous (or incremental) loads divided by the 

corresponding area at that instant. Mathematically mt is expressed 

by: 

M=f 
S(2m=.) 

Reference 12 cautions, however, that natural stress values in the
 

deformed state do not- satisfy equilibrium conditions. Using true
 

stress and natural strain definitions, reference 10 shows for a
 

polyurethane material (Solithane 113), that the stress-strain 

relationship is linear for Lagrangian strains up to 15 percent. 
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Using natural stress and natural strain definitions, reference 12 shows
 

that for another polyurethane material (M2600, manufactured by 

Easthampton Rubber, Easthampton, Massachusetts) that the stress-strain 

plot is linear up to a Lagrangian strain of on the order of 100 percent.
 

The technique used in these extensions of Hooke's law to problems
 

with large deformations is 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 body 

usually begin by considering the motions of the body under load. One
 

may approach the problem from either a Lagrangian (deformations
 

expressed in terms of initial positions) or Eulerian (deformations
 

expressed in terms of instantaneous positions) viewpoint. The 

Lagrangian viewpoint is the more common in elasticity and is the 

approach chosen for discussion in this paper.
 

An assumption commonly made in the development of elasticity for 

small deformations is that the partial derivative of the displacements
 

are small such that the products and powers of the derivatives can be 

,neglected with respect to the derivatives and that the derivatives
 

can be neglected with respect to unity. Based on this assumption 

the so-called infinitesimal strain displacement relationship is 

developed (ref. 13) 

'u, + u.,±) (2.5) 



6 

Several expressions appear in the literature for the general or
 

finite strain-displacement relations (refs. 9, ll, 13). The differences
 

are a result of the different geometric and mathematical assumptions 

made in,the derivation. 

An expression derived for the strain-displacement relations in
 

which differential displacement and position vectors are expanded in a
 

Taylor series and terms of order higher than two are dropped is of the 

,following form: 

I ui 30 + uJ,i + Ur,m Urj) (2.6) 

Parks and Durell, (ref. 11) use geometric considerations in their
 

derivation to obtain the relationships:
 

2\ 

+ (w= 3xu (6u230 + %+W +~(31 , 

_ - - i"7+ ++z ! 2 

jl 1 +2 ~+ (k)2 2 +(w2(2.7)zz 7z 
 -
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6u 6v 6u 2)U 6v2v 6w2w-+ -+ - + -+ 

6y 6x 6x 6y 6x 6y 6x 6y 
C~ =ar8Csin (1 + cx )(l + yy) 

v + 6w +u6u + v6v 6w w 
6z 6y 6y 6z y jz y 3z
 

yz s-n+ +ae +
 

+ + ---6( +- z) 2 

x 6z x 6z 6x 6z 6x 6z 
Szx=ar sin (I + ex)(' + e ) 

The normal strains (rxx, Eyy, ezz) from equation (2.7) reduce to 

those of equation (2.6) if it is assumed that the strains are small 

enough so that second order powers of strain can be neglected with 

respect to the strain itself. Further, the shear strains (Exy, exz, 

Gy.) from equations (2.7) reduce to those of equation (2.6) if it is 

assumed that the sine of the shear strain is equal to the shear strain, 

and as before the normal strains are assumed small and can be neglected 

with respect to unity. A discussion of the errors introduced by these 

and other assumptions may be found in reference 11. 

Biot (ref 9) separates the displacement of a body into one of 

pure deformation followed by rigid body rotation and neglects third

order terms to obtain the relationships:
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EE ±u +ju +, ( n u -u. u. - u 
e j=+u ) + W ur,ur,J -j,r i,r r, J,r 

(2.8)
 
- Ur uir) 

2.1 Thin Film Optical Theory
 

A thin film may be defined as a material extending in two 

directions with the third direction, the thickness, being on the order 

of the magnitude of the wavelength of the incident light. A very thin 

film may be defined as one iThose thickness d < - . A "thick" thinl0a
 

film as defined as one which transmits less than 10 percent of the
 

incident light. A thin film is characterized by a refractive index
 

Itn"t and if absorption is 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)
 

Diffraction also may occur in which case the total energy may assume
 

a different spacial distribution than would otherwise occur.
 

Studies of the optical properties of thin films date back to the
 

early 18th century when Newton (ref. 14) wrote concerning his
 

observations on the reflections, refractions, and colors of thin
 

transparent bubbles of glass and water. Faraday (ref. 15) wrote
 

in the mnd-18th century of the optical and physical properties of
 

gold beaten into thin transparent film as well as of other metals.
 



9 

The theory for the optical properties of a thin film based on
 

the laws of electromagnetism is well established in the literature 

(refs. 16, 17, 18, 19, and 20) The lays of electromagnetism for an 

isotropic medium may be expressed mathematically: 

divflD edmv E='nP (2.10)
 

curE--- (2.12)
 

cur H t'i4- (2.13)c c at 

where
 

C - velocity of light
 

D - electric displacement vector
 

E - electric force vector
 

H - magnetic force vector
 

t - time
 

- magnetic permeability
 

- dielectric constant
 

p - electric charge density
 

- specific conductivity
 

For a medium in which there is no space-charge, these relations 

lead directly to Maxwell's equations representing the propagation of 

an electromagnete, disturbance in the medium. 
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,2j lbj )'E 14)LTI6B_(2 
C2 6t2 C2 6t
 

4m H (21-5) 
C2 6t2 C2 6t
 

If the medium is nonconducting () = ),these equations reduce to 

V7 E = n(2.16)2 6t2 

2- 21L,
V H = E - H2 (2.17)

2 6t
c

each of which is the well-known wave equation.
 

The problem of determining the reflected and transmitted light 

amplitude and intensities at a boundary separating two media is 

solved by applying appropriate boundary conditions to the solution 

of Maxwell's equations. 

Extension of the electromagnetic theory for the transmittance and 

reflectance of 'multilayer thin films reduce basically to the 

determination of the steady-state amplitudes of the electric and 

magnetic field vectors at the successive interfaces of the multilayers 

arising from an incident light wave of specified characteristics. In 

general the equations-for the propagation of light in a nonabsorbing 

medium may be extended to an absorbing medium by replacing the 

refractive index n by a complex refractive index (n - ik) where 

"k" represents the energy absorption of the medium. 



ll
 

The optical problem of particular interest in this paper is that
 

of the transmittance and reflectance of a metallic film deposited on
 

a transparent polymeric substrate. Metallic films are by nature highly
 

absorbing in the visible spectrum as can be seen by observing typical 

values for "n" and "k" in table 1 (from refs. 21 and 22) for thin films 

of silver, gold, copper, and aluminum. 

Two types of solutions are found in the literature for 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 equations subject to appropriate boundary conditions. Harris, 

Beasley, and Loeb (ref. 26) present a solution based on the additions 

of intensities of the multiple reflections from the two surfaces of 

the transparent plate (one surface exposed to air and the other 

covered by the thin metallic film). Jenkins and White (ref. 27) show 

that intensity superposition is justified if the light source is 

incoherent. 

The solution by Harris, Beasley, and Loeb (refs. 26 and 28) for
 

the transmittance and reflectance of light normally incident upon a
 

metal film (nk)deposited on a thick nonabsorbing substrate (n2 ) is
 

presented below.
 

2
RobToa 

R Roa + (2.18(a))
1 - Rob~ba 

1 - Rob
 

T- Toa - (2.18(b)) 
1 - RobRba 
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TABLE 1. - VALUES OF INDEX OF REFRACTION "n" AND ABSORPTION 

COEFFICIENT "k" FOR SILVER, GOTA) COPPER, AND ALUMINUM 

0 SILVER COLD COPPER ALUMnIN 

n k in k n k n k 

4ooo 0 075 1.93 i.45 .... 0.85 .... 0 40 5.92 

4500 0.055 2.42 1.40 1.88 o.87 2.20 0.49 4.32 

5000 0.050 2.87 o.84 1.84 0.88 2.42 0.62 4.80 

5500 0.055 5.32 0.54 2.37 0.72 2.42 0.76 5.32 

6ooo o.o6o 3.75 0.23 2.97 0.17 3.07 0.97 6.oo 

6500 . 0.07o 4.20 0.19 3.50 0.13 3.65 1.24 6.6o 

7000 o.075 4.62 0.17 5.97 0.12 4.17 1.55 7.00 

7500 o.o8o 5.05 o.i6 4.4-2 0.12 4.62 1.80 7.12 

8oo 0.090, 5.45 0.16 4.84 0.12 5.07 1.99 7.05 

8500 0.100 5.85 0.17 5.30 0.12 5.47 2.08 7.15 

9000 o lO5 6.22 o.618 5.72 0.13 5.86 1.96 7.70 

9500 0.110 6.56 o.19 6.1o o.13 6.22 1.75 8.50 
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- Bob)2
Rba(l 


R' = Rob + (2 18(c))
 
I - RobRba
 

where,
 

2
 
2
(n2 .- (k)+ - no- si 2sl 

+2 ,i(nkd n-iA (n + 1u1 
oa - )ccs (n + ik) + J+ n - i sin (n + ik)djj 

Toa - (n2 + !)cs(2 (n 
+ ik)d3 - + + n + ik2 sin( (n + ik)d} 

(n2 - l)cos!(n + it)dj - (n 2 k n iki sin (n + ik)dj2 

2 k7A n+ 3k 

(n + l)cosrL(n + ik) -n 2 + n + i 1 sinQ(n + ik 

Rob = (n2 - ()2 

(n2 + 1)2
 

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

be unity. Reflectance "E" is for light initially incident upon the
 

metal side and reflectance "Rt' is for light initially incident upon
 

the nonabsorbing substrate side. It is interesting to observe that the
 

transmittance is identical regardless of whether the light is initially
 

incident upon the metal or the nonabsorbing substrate side. This result
 

is not true, however, for reflectance.
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The solution by Heavens (ref. 25) for the reflectance and trans

mittance of normally incident light upon an absorbing film (nk)
 

deposited on a nonabsorbing substrate (n2 ) is given below. The
 

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

A' cosh , + 0' sinh , - CI cos + D' sin (2.19(a)) 

E' cosh a + F' sinh m - GI cos + H' sin 

8n2 (n2 + y2)
 
E' cosh m + F' sinh m - G' cos + H' sin (2.19(b))
 

where
 

4,Ekd
 

Shma 

and,
 

A' = (n2 + k2 + 1)(n 2 + k2 + n2) -4n2n2 

C' (n2 
2(n+2 k 1 2- + 2B' == + k2 1)- -n ) +k2]+ n2)](n2 + k2 

2V, = (n2 + k2 - 1)(n 2 + k2 - n2
2 
) + 4kn

2 

D)' = 2k[n2 n#l n2 +1k2 - n2)
F' : (n2 +1k2 _1)_(n2 +I 2,j,] 
El = (n2 + k2 + 1)(n 2 + k2 + n2 ) + 4n2n2 

' = 2[n2 (n2 + k2 + 1) + (n2 + k2 + n2)] 

G' = (n2 + k2 - 1)(n 2 + k2 - n2) 2 
H' =a2[n2 (i$n2 -+n2 2 ~1 2 )] 



15
 

Heavens presents the solution for the transmittance and reflectance
 

of an absorbing film versus the ratio of the fil thickness to the
 

wavelength of the incident light in graphical form in reference 19.
 

Thlis graph is reproduced herein as figure 1. The effect of increasing
 

absorption (increasing k) is to reduce the amplitude of successive
 

maxima in the reflectance and transmittance curves. When the absorption 

is sufficiently high, as is the &ase for metals (see table 1), the
 

curves of transmittance versus thickness fall rapidly and smoothly.
 

Experimentally measured values of transmittance and reflectance do 

indeed follow this form as shown by the transmittance and reflectance 

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

taken from reference 19).
 

An approximate solution for the transmittance of an absorbing film 

deposited on a transparent substrate is proposed by Heavens in
 

reference 19. This equation is presented below and a graph of the
 

equation versus film thickness for incident light with a wavelength
 

0
 
of 5000 A is presented in figure 3 for several values of k character

istic of the materials presented in table 1.
 

4nkd
 

T = 22 e (2 20)
 

no
 

This solution is limited to highly absorbing films such that multiple
 

reflections can be neglected. Comparison of the data for k = 4.80 

with that of figure 2 shows that the results of the approximate solution 

are high relative to experimental data. 



1.0 0
 

0.8
 

oi.6 

o -P 025 
0I 0.5

CEO.24 
 2 \o 

0 .2 .4 6 

Optical thickness, d/ 

Figure 1.- 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))
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0.8
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g c 0.6
 
W4
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 I 
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Film thickness, d (A)
 

Figure 2.- Experimental data for the variation of reflectance
 
and transmittance with thickness for an aluminum film and
 
for a light wavelength of 5,000 R (from Heavens (ref. 19)).
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100 

8o 

4, 

40 

20 

0 50 i00 150 200 250 300
 

Film thickness, angstroms
 

Figure 3.- Approximte solution for vagiation of transmittance 
ith fim thckness for A=5,000 A. no = ., and n2 = 

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 a wave front can be regarded as a new source of waves. When a light
 

wave is transmitted or reflected by a periodic 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 distinctly separated.
 

Fraunhofer is credited with the first investigations of diffraction
 

gratings and his name is usually associated with this type of diffraction.
 

The diffraction grating of primary interest in tis paper is a 

sinusoidal type grating. Goodman (ref. 30) presents solutions for the
 

intensities of light diffracted by a sinusoidal amplitude grating and
 

a sinusoidal phase grating.
 

The transmittance of a sinusoidal amplitude grating is defined by
 

the transmittance function
 

s(xy) = [ a cos(2f x rect rect (2.21) 

where
 

-X2reot x = 

otherwise 

where the grating structure is bounded by a square aperture of width Z. 

The parameter m represents the peak-to-peak change of amplitude 
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transmitted across the grating, and f. is the grating frequency
 

Figure 4 shows a cross section of this transmittance function
 

10 s 

Figure 4.- Transmittance function of a sinusoidal amplitude 

grating (from Goodman (ref. 30)). 

Assuming that the grating frequency is small, then the transmittance 

light intensity in a plane (xoyo) parallel to the plane of the grating 

(xy) and z distance from it is found to be: 

m2 2 ["e(' 

I(x ,y 0 ) I sinc sinc yr+ sinc +2z 20~0 ] 2! 2''o' m 2L (x fo 

+ sin (x - foxZ (2.22) 

where
 

snc(x) = sin x 

A plot of this intensity function taken from reference 30 is shown 

in figure 5. The central diffraction pattern is the zero-order 

component of the Fraunhofer pattern and the patterns on either side are 
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the first-order components. The effect of the sinusoidal amplitude
 

grating on energy distribution is to shift energy out of the central
 

pattern and into the two side patterns. The separaton of the zero
 

and first-order components is foz where z is the perpendicular

0 

distance from the grating to the plane of observation. The width of 

each component is proportional to and the resolving ability of
Tz 


the grating can be shown to be equal to the number of sinusoidal fringes 

on the grating (f.2). 

A sinusoidal phase grating is defined by the transmittance function 

S(XI YY) [a 2 sin(2nfoxo7 rect (Xl) rect (?l) (2.25)e =e 

where p is the peak-to-peak excursion of the phase delay If it is
 
2 

again assumed that fo >> then the diffraction intensity pattern in 

the plane (xo,yo) is found to be
 

2 w
 

I(x°,y°)= (1) Z J2(Dsinc2[(xo - qfjz] sinc2( z) (2.24) 

where Jq is 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
 

and the dsplaement
 
intensity of the qth-order component 

is 


of that component from the center of the diffraction pattern is qfoz.
 



P1
 

Figure 6 (taken from ref. 30) presents a cross section of the intensity
 

pattern when the peak-to-peak phase delay (p) is 8,radians. When
 
2 

is a root of J 
0 

it can be shown that the zero-order fringe vanishes 

entirety. 
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H~ t *- L-l O 2- ] 

Figure 5.- Cross section of Fraunhofer diffraction pattern of 
sinusoidal amplitude grating (from Goodman (ref. 30)). 

Normahzed 

02 

0I 

tt 

Figure 6.- Cross section of the Fraunhofer diffraction pattern of a 
sinusoidal phase grating for p = 8 (front Goodman (ref. 30)) 



III. THE INVESTIGATION
 

350 Theoretical
 

It was hypothesized early in the investigation based on information
 

in the literature on the optical properties of thin films and on pre

liminary experimental evidence that the change between initial and final 

conditions 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 

redistribution of the coating material over a new surface area.
 

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

The first factor assumes that a redistribution of the coating 

material occurs due either to plastic deformaion and cold working of
 

the coating or as a result of molecular migration. It was believed 

that the relative importance 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 the 'deformations. 

For loadings whchin a principal direction result in negative or
 

compressive strain of the thin metallic film relative to initial condi

tions, it 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 periodic and of very short period, it was 

conceived that the ensuing periodic transmission function might set up 

a diffraction phenomenon which would reveal additional independent 

information.
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These hypotheses are used in the following paragraphs to formulate 

strain-optic laws to relate the total and central image intensities of 

light transmitted and reflected to the mechanical state of the struc

tural substrate. Large deformations are of primary interest in this 

investigation; consequently, large deformation strain-displacement
 

relations are used in this development. It is assumed that the surface 

area of the thin film is identical with that of the substrate on which 

it is deposited and that surface strains occurring on the substrate are 

transmitted to the coating without magnification or attenuation and 

that the coating strains are uniform throughout the thickness of the 

thin film. The case of a uniaxially applied load is developed in depth 

and the theory is extended to a general biaxial case. 

3.0 . 1 Total Transmittance 

It is assumed that the change between initial and final mechani

cal conditions in the total light energy transmitted (or reflected) by 

a multilayer film (defined as total transmittance (or total reflectance)) 

is influenced by two factors as proposed in the preceding section. 

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

(2) By the development of thin film mcrofractures.
 

An expression for the change in transmittance (or reflectance) 

for normally incident light resulting from thin film thickness changes 

alone may be developed from the equations presented in Section 2.1. 

( T)thickness change = Tfinal - Tiitial (3.1) 

(anR)thickness change m Rfinal - Rintial (3.2) 
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where T and R are calculated based on known optical properties and 

the thin film thickness "d." ,'Unfortunately, this is complicated in 

that optical properta&s may also vary-wtth film thickness. 
I 

Macrofractures in thin metajll& films probably develop along 

directions perpendiculat to the directions of principal tensile strain
 

as in brittle coating techniques' A critical strain level exists below 

which the fim is either elastically or plastically deformed without 

the development of microfractures. Above this critical strain value, 

mncrofractures are developed. It is reasonable to assume that the
 

macrofracture density will continue to increase as the imposed strain 

is continuously increased. It may be assumed then that the change in 

transmittance (or reflectance) due to the development of macrofracture 

light apertures is related to the principal strains. 

('T)microfractures = Gx+ G2 e 

-
(AR)mcrofractures = G (E' ) l + G4( y)-l (34) 

3 rc yy 

where 

s' y' = principal strains 

GVG2 G3G4 = proportionality functions associated with 

the development of microfractures
 

G 0 if G' is negative (compressive)
15x 

G2 G4 = 0 if E' is negative (compressive)YY 

This assumption introduces error for small strains, but is a
 

reasonable expression for the average influence over a wide range of
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strains. Fcr greater precision for small strains, one could subtract
 

out the expression for the range up to where thin film fractures were
 

believed to initiate.
 

It now remains to obtain a relationship for the change in thin
 

film thickness based on mechanical considerations. Such an expression
 

is developed in the following paragraphs based on the assumption that
 

the metallic film 6ccupies a constant volume. The validity of this
 

assumption may be questioned based on the experimental measurements by
 

Hartman of the variation of density with thickness of thin films of
 

aluminum (ref. 31). It is, however, a quantitative rather than quali

tative density factor which is important from the standpoint of light 

transmission, and it is the total number of molecules per unit area 

which is significant rather than the density itself. Based on this 

argument, an effective thickness is used which is defined as the thick

ness to whch the light responds, assuming a constant number of mole

cules per unit area. 

Consider an initial coating volume Vi uniformly deposited over 

an area A and with thickness d1 . If one assumes that as a result 

of a substrate deformation that the coating follows this deformation
 

and redistributes uniformly over the new area without the development 

of mncrofractures, then a new coating area Af and thickness df
 

results. Assuming constant volume of coating material then
 

I 
= Vf. 
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and 

Ai di Af 

Then, 

df = da (35) 

or the change in thickness is
 

Ad = a(11 - i) 	 (3.6) 

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

developed from continuum mechanics considerations in the following sec

tion for 	the case of a uniaxiall applied load. 

3.0.1.1 	 Change in Surface Area for Caseof Uiaxiafly Applied Load 

The strain displacement relations f_om equations (2.7) and 

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

(3.7) 
Iv 

yy-ay 

Sinmlarly, equation (2.6) gives an additional second-order term. 

xx x 
 2K x)
 
(3.8) 

cyy 6
 

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

zero.
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Conventional Lagrangian strains are then by equation (3.7) 

simply, 

L" u 

xx 2x 

(3.9) 
CL _v
 

yy 

Or from equations (3.8),
 

CL = u + l1u~ 
=x 2zx Z/ 

CxxY 2(3.10) 
2+ 1 zvCL = 

YY ly 2 \TY) 

From the definition of Poisson's ratio,
 

V= e (3.11) 

one may obtain an expression for the displacement v in terms of the 
2 y 2 y )37displacement u. 
Equations (310)and (311)then yield, respectively,
 

v -zy
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The ratio of initial to final surface area may be mathematlc

ally defined by the following: 

A1
 
-
Area ratio 


(Ix + u)(7y + v) 

X 

lx y-x 

Substituting for v from equation (312), the area ratio
 

becomes 

Area ratio = x (3.15) 

2. 
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Simlarly, substituting for v from equation (3-13), 

Area ratio =(3.16) 

+zu)( 1 -
ZxYzz 29 

An expression for the area ratio may also be developed using
 

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

strain displacement relations from equation (39), one obtains
 

(3.17)
 

ey,7 =InI+ 

Similarly, using equation (3.10), one obtains
 

(3.
18)
 

Poisson's ratio may then be defined in tems of natural strains, 

V y
=- (3.19) 

Substituting equationsi(3.17) into equation (3-19) to solve
 

for v in terms of u, one obtains,
 

http:equationsi(3.17
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v = - - + (3.20) 

Similarly, using equations (3.18) 'and (3.19), one obtains 

V=-zy 2(1 + -2L+ - lj (3.21) 

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

strain formulation is then, using equation (3.20), 

Area ratio = % (3-22)
 

And similarly, using equation (3.21), 

Area ratio = Ix (3.23) 

Ox+ u)Q(/2(± + -u + 1)2) 1) 

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

(323) is presented in figure 7. In this solution the area ratio is 

plotted versus Lagrangian straan (eq. (3.9) in the direction of the 

applied load. Unit length is assumed for the original dmension "Zx 

and Poisson's ratio is taken from the data presented an figure 15 for 

the silicone rubber substrate material used in experimental investiga

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

the area ratio and conventional strain. 
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4,0 

l~o Eq. 3.16 

]~ 

S.9 
, 'Eq. 3.23 

.7

0 .. .2 .3 .4 .5 .6 

0 

Conventional 
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.3 .4 . 47 

Natural strain, ln(l + conventional strain), inch/inch 

Figure 7.- Area ratio versus conventional and natural Lagrangian 
strain of case of uniaxial load. 
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3 	 0.1.2 Total Transmittance Optical-Mechanics Law for Uniaxial loading 

An optical-mechanics law may now be expressed for the change 

in total transmittance (or total reflectance) of a thin metallic coating 

deposited on a 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 (eqs. (3.15), 

(3.16), (3.22), or (3.23)) into equation (3-5) for the final thin film 

thickness and using this value together wioth the initial thickness in 

equation (3.1) (or (3.2)) for the change in transmittance (or reflec

tance) due to the effective thickness change. The total change is 

then obtained by adding to this expression the expression for the change 

due to the development of mncrofractures (eqs. (3.3) or (3.4)) and a
 

term to be explained in the next section due to an effective thickness
 

change resulting from wrinkling. The latter term exists only in the
 

event of 	a negative (compressive) strain field.
 

(AT)total = (IT)thickness + (AT)thickness + (LT)microfracture 
change due change due 
to area to wrinkling 
change 	 (3.24) 

('R)total = (R)thi'ckness + (aR)thickness + (LR)mncrofracture 
change due change due 
to area to wrinkling 
change (3.25) 
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3.0.2 Central Image Transmttance 

3.0.2.1 Compressive Wrinkling of Thin Metallic Film on Thick 
Elastic Substrate
 

Since the stiffness of a typical thin metallic coating is so 

0 
smeall (i.e., on the order of 1O-12 b inch-pound for a 250 A thick 

aluminum film where b is the width), the film may be expected to 

wrinkle wlth a high periodic frequency when subjected to compressive 

loading. A model of such a pattern is shown schematically in figure 8. 

Mcrofractures tend to make such a pattern discontinuous. Deformations 

of the film are, of course, restrained by the structural substrate. 

This problem closely resembles that of the buckling of a beam on an 

elastic foundation. Hetenyi presents a solution in reference 32 for
 

the critical buckling load of a straight bar on an elastic foundation 

for cases of a bar with free ends, pinned ends, and fixed ends. 

Budiansky, Seide, and Weinberger present a solution in reference 33 for 

the buckling of a column with two, three, four, or an infinite number 

of equally spaced intermediate deflection and rotational springs. 

Thin film wrinkling is of interest in this discussion, as it 

affects the transmission of light as will be shown in the next section. 

3.0.2.2 	Diffraction by a Pattern of Closely Spaced Periodic Thin
 

Film Wrinkles
 

The central image of a diffraction grating is the center por

tion of the transmitted (or reflected) light. The light is diffracted
 

to both sides of this center to form reinforcing light and dark fringe
 

patterns. If diffraction is not present, the central image contains
 

the total transmitted (or reflected) light energy. When diffraction 
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I ~<in metallic film 

Elastic, low modulus - X 
substrate 

(a) Initial cross section.
 

z 

1 7Thin metallic film 

(b) Deformed cross section.
 

Figure 8.- Model for compressive wrinkling of thin metallic film on 
thick low modulus substrate 
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is present, the central image energy is reduced by the amount diffracted 

to the right and to the left of the central image. 

A closely spaced periodic pattern of metallic thin film wrinkles 

as proposed in Section 3.0.2.1 would act in essence as a diffraction 

grating. Light striking the thin film peaks and valleys at normal inci

dence is transmitted (or reflected) as if the film were not wrinkled. 

Light, however, which strikes the wrinkled thin film at non-normal 

incidence is refracted and the thickness of the absorbing thin film 

traversed by the light is different than the unwrinkled nominal thick

ness of the film. The magnitude of the effective thickness and conse

quently, the intensity of light transmitted, is dependent on the angle 

between the incidence light path and the normal to the thin film surface. 

It is reasonable to assume that the wrinkle pattern is approximately 

sinusoidal in shape and, correspondingly that the transmission function 

is also approximately sinusoidal in nature. The diffraction of light 

by a sinusoidal amplitude grating and by a sinusoidal phase grating were
 

presented in Section 2.2 as developed by Goodman (ref. 30).
 

3.0.2.3 Central Image Transmittance Optical-Mechanics Law 

The change in the central image transmittance between initial 

and final mechanical conditions for a thin metallic film deposited on a 

structural 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 thin film. 
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The effective thickness of the thin film is, in turn, 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 than film
 

due to the wrinkle geometry. 

The change in central image transmittance (or central image 

reflectance) then is of the following form

=(AT)central image (A"T)thickness change + (AT)thckness change 

due to area change due to wrinkling 

+ (AnT)microfractures- ('T)dLff raction 

(3.6) 

=(,AR)central image ("R)thickness change + ( R)thickness change 
due to area change due to wrinkling 

(LR) mirofraetures - (AR)diffraction 

The first three terms on the right are precisely the quantities 

proposed in Section 3.0.1.2 responsible for the change in,total trans

mittance (or total reflectance). The change in central image trans

mittance (or central image reflectance) 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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(VT) central image = (T)total - ( aT)diffraction 

(3.27) 

(Li)central image = ( n)total - (,M)dffraction 

An expression for the change in transmittance (or reflectance) 

due to diffraction could conceivably be developed axound the equations 

for the diffraction by a sinusoidal-type transmission grating from 

Section 2.2. Two variables appear in each of these two intensity dis

tribution solutions. (1) the peak-to-peak amplitude '!m" and (2) the
 

grating frequency "f T in equation (2.22); and (1) th6 peak-to-peak,
 

excursion of the phase delay "p" and (2) the grating frequency "f00 

in equation (2.24). It is reasonable to expect the wrinkle geometry,
 

to be influenced by the mechanical state of' the structure. This, in
 

turn, would directly influence the grating frequency and possibly the
 

other parameters as well.
 

The work necessary to establish the exact form of the equation 

relating the mechanical state of the structure to the change in trans

nittance due to diffraction is of sufficient magnitude to merit indepen

dent study. It is believed that the solution would involve considerable 

experimental study as well as new theoretical considerations including 

thin film wrinkle theory and even the solution for diffraction for an 

alternate transmittance function to that proposed above. 

3.0.3 General Biaxial Optical-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 to 

use transmittance data to determine the change in effective film thick

ness which, in turn, would be used to calculate displacements using an 

expression formulated on surface area change donsiderations. In this 

approach one would have to independently assess the contribution of 

microfractures, wrinkling, and diffraction. From defonations, the 

strain displacement relations would be used to obtain strains and the 

constitutive relations to obtain stresses.
 

The work involved in obtaining a solution in this manner would
 

indeed be a laborious task. It is further complicated by the fact that
 

optical properties are, in general, also functions of the film thickness.
 

A far simpler approach, if it can be developed, would be to 

formulate an empirical relationship between the changes in transmittance 

(or reflectance) and the mechanical state of the structure based on 

physical considerations. In this approach, calibration tests would be 

used to provide the proportionality functions required. Such an approach 

is 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 microfractures 

work constructively; that is, they both increase 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 form: 



('T)total = Wl'x + W2' 

(3.28)
 

(A)total W"3 Ct + w 

where 

W!VW 2 = proportionality functions associated with total 

transmttance 

W3 W4 = proportionality functions associated with total 

reflectance 

= principal strains 

The transmittance of aluminum 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 will also be 

approximately linear. In a problem for which the materials behave in 

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

will reduce to the following: 

W5(E' + G' 
(T)total = 5 x +
 yy
 

(3.29)
 

(R)totaa = w6(G + 0) 

where
 

W5 = proportionality constant associated with total
 

transmittance 
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W6 = proportionality constant associated with total 

reflectance 

The factors proposed in Section 3.0.2.3 as' influencing the
 

change in central image transmittance include changes in the film 

effective thickness the development of microfractuxes, and the effect 

of diffraction. Film effective thickness changes resulting from area 

changes increase transmittance corresponding to a positlve strain. 

Determination of the effect of changes in effective film thickness due 

to changes in the light path caused by wrinkle geometry requires addi

tional study. The effect of diffraction is to deflect energy into 

lateral side bands and therefore to decrease central image transmittance. 

It is compressive wrinkling, of course, which causes diffraction and 

in the event that none of the principal strains are negative, then the 

effect of diffraction may be ignored. Diffraction, when present, 

probably contributes the strongest influence of these factors. Based 

on these considerations, the following relationships are proposed 

between the change in central image transmittance (or central image 

reflectance) and strain. 

('centra image 2 

1ln 2 yy 

(3.30) 

(6R)central image W-3b + 4y 

- xx 4yy 
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where
 

WIW 2 = proportionality functions associated with 

total transmittance 

W3 W4 = proportionality functions associated with 

total reflectance 

Jl'J2, J3')J= proportionality functions associated 

with diffraction 

'T J = 0 if e'xx is positive1 3 


Jj4 i= 0 if E' is positive 

X2EQI = 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 transmittance 

or total reflectance, respectively. Making this substitution, one
 

obtains
 

= ()total - E' - GI
OS)central image 

(3.31) 
=(LR)t'a - 3E' - j &'(t R)central image " 3totalc 4 yy 

In other words, the change in central image transmittance (or central 

image reflectance) is 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 possible to completely determine the strain field 

for a general biaxial problem by making two sets of experimental meas

urements (either total and central image transmittance or total and 
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central image reflectance) and by substitution of the changes in these 

quantities into the appropriate expressions from equations (5.28) and 

(5.51). 

The proportionality functions used in these expressions (W1 ,W2, 

J1 and J2 for transmittance experiments, and W3 ,W4J3 and J4 for 

reflectance experiments) are determined from calibration tests on 

uniaxially loaded specimens. From a practical standpoint, it is 

desirable to select coatings for which these functions are linear and 

which have a large sensitivity for the strain range expected in the
 

problem. The transmittance response of some typical metallic coatings 

is presented in the next section. 

3.1 Experimental 

The purpose of the experimental portion of this investigation
 

was to experimentaly establish the relationship between the mechanical
 

state of the structure and the change an total and central image trans

mittance of the thin metallic film deposited on it, to determine the 

physical mechanisms responsible for the change in optical properties;
 

and to check experimental data against analytical models for a biaxial 

case of loading. Most of the study was done on uniaxially loaded 

specimens in order to isolate the variables.
 

Several metals were used as thin films in this study in order to 

survey the response of a range of both opticl and mechanical properties. 

All were deposited on the same substrate material a silicone rubber.
 

The biaxial problem selected for investigation was the problem of 

a uniaxially loaded rectangular plate with a centrally located hole. 
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This particular problem was selected for comparative study because 

the problem has been studied both analytically and experimehtally, 

and therefore, solutions are available; and because the problem Ths 

sample to set up experimentally. 

3.1.1 Apparatus and Instrumentation 

3.1.1.1 Thin Film Deposition System 

The most commonly used than film coating technique is: the 

thermal evaporation process in which a metal is vaporized and con

densed on a substrate material. This process, also chlled vapor
 

deposition, is easily controlled and results in films of high puri 

For further information on this coating technique as well as of ot
 

commonly used today, see references 16, 19, and 34. 

A new technique was used to coat the specimens used in this 

study. The technique shown schematically in figure 9 involves the 

vaporization of the coating material by a hot tungsten filament an an 

electrostatic field. A 6-volt dc potential existed between the coating 

material and the tungsten filament. The coating material was driven 

into the filament by a motor-driven screw. Thus, in addition to 

thermal vaporization, the resulting electric arc also excited the 

material into an ionic state. The specimens to 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 ions of the coating material into the substrate. Deposi

tion was conducted in a vacuum at a pressure of approximately 10-6 torr 
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Figure 9.- Schematic of thin film deposition system.
 



and the substrate material was cleaned in each case before deposition
 

by arcing in the corona by back streaming iith argon. Using this thin
 

film deposition technique, the writer was able to obtain better adhesion
 

and an apparent reduction in the size of microfractures developed in the
 

coating due to substrate deformation than using conventional coating
 

techniques.
 

3.1.1.2 Test Setup
 

The basic experimental test setup is shown in figure 10. It 

includes a load-displacement instrument and recorder; a fiber optics 

light system; an optical system consisting of filters, lenses, and 

apertures, a photomultiplier tube, amplifier and recorder; a kinematic
 

optical bench; an X-Y axis optics transporter; and a test specimen. 

Tests 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 crosshead (to which is 

attached the lower specimen clamp) at a constant displacement rate. 

The upper specimen clamps attach via a coupling to a strain-gage type 

load cell and can be considered to maintain a fixed position. The load 

response is recorded graphically on a strip chart recorder which
 

advances the paper at a constant rate (1 inch per minute in these tests). 

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 response of which is shown in figure 11. Line 
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Figure ll.- Spectral response of fiber optics lamp system with andl
 
without selected filters.
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voltage is conditioned by an ac voltage regulator (la +1 volt) in order 

to provide a constant intensity output. The light is channeled to the 

light source tube by a 0.125-inch-diameter bundle of 50-micron-diameter 

glass fibers. The light source tube contains a collimator lens and a 

circular aperture to control the size of the beam. Various narrow band 

filters were available to place in front of the light 'source tube aper

ture in order to select a specified wavelength of light for study. The 

spectral response of the fiber optics larp idien used in combination 

with these filters is also shown in figure 11. 

The photomautiplier tube is housed within a circular 3-inch

diameter, 24-inch-long tube. The face of the photomultiplier tube is 

located 6-1/i inches from one end of the circular tube.' The electrical'. 

leads from the photomultiplier tube connect to an amplifier and the 

response is recorded graphically on a strip chart recorder. A constant 

chart advance rate of 1 inch per minute was used in these tests. 

The optical system mounts on a kinematic 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 is attached to the fixed base of the load instrument and 

the upper mount is attached to the moving crosshead. The kinematic 

optical bench translates at a ratio of 1 to 2 relative to the crosshead.
 

The X-Y axis optics transporter is motor driven an the 

Y-drection 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 inches per minute. Both axes have a 

mallimeter scale and a vernier. 

Three variations of this basic setup were used in this inves

tigation corresponding to tests in which the total intensity, central
 

image intensity, and scan data were recorded.
 

Total intensity transmittance test measurements required an 

optical system which would collect not only the central image but 

also diffracted side bands. This was accomplished by mounting a 2-inch

diameter collector lens on the end of the circular tube housing the 

photomultplier tube. The lens, located approximately 1.5 inches from 

the specimen, collected all of the light striking it and focused it in 

the plane of the face of the photomultplier tube. The total intensity 

of light incident upon the specimen was limited by a 0. 00-inch

diameter circular aperture located approximately 0.15 inch from the 

specimen. This distance was reduced to O.04 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 transmittance measurements, the 

collector lens used in total intensity measurement tests -was removed 

and a pair of circular apertures 1/32 inch in diameter were placed 

approximately 16 inches apart in the circular tube housing the photo

multiplier tube. These collimated apertures restricted the view of 

the photomultiplier tube to permit measurement of the central image 

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 

relative to the period of the wrinkle so as to obtain an averaging 

effect rather than some local anomaly.
 

In tests where scan capabLlity was desired (transmittance in 

the region of the hole in a uniaxially loaded rectangular plate con

taining a centrally located hole), the two test setups described above 

were used to make 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 transmittance and microscopic surface 

examination test, the transmittance of the specimen iwas measured on 

a mncrodensitometer. A scan was made in the region of the specamdn 

center in both the X and Y directions., Specimens showing large varia

tions in this region were discarded. The result of this measurement 

was assumed as the initial transmittance of the specimen and was used 

to calibrate the transmittance response of the'photomultiplier meas

urement system. The instrument reads optical density directly and has 

a zero to two full-scale range. 

3.1.1 4 Optical Microscope Examination of Loaded Specimen 

Specimens were uniaxially loaded to selected magnitudes of 

strain in the test frame shown in figure 12 and examined using a 

research microscope to study the microscopic effect of loading on the
 

metallic thin film. Manual rotation of the micrometer dial applied the
 

load to the specimen and the scale gave an accurate measurement of the
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displacement (read to 0.001 inch). Initial distance between clamps was 

1.5 inches, as was the case in transmittance tests. 

The microscope used was equipped with transmitted brightfield 

reflected brightfield, reflected darkfield, and polarizing accessories. 

Microscope optics permitted 110, 220, and 450 times magnification. A 

xenon lamp was used to illuminate the specimen. Photomicrographs were 

taken at 	each magnitude of strain examined for a permanent record.
 

3.1.1.5 	 Electron Microscope Examination of Loaded Specimen 

Electron microscope studies of the surface of uniaxially 

loaded specimens were performed using a Materials Analysis Company 

Combination Scanning and Electron Macroprobe Microscope Model 400 S. 

This instrument measures backscattering of primary electrons with an 

energy of 20,000 electron volts. The angle of incidence was approxi

mately 27-1/20 from the normal to the specimen. 

3.1.1.6 	Monochrometer
 

The spectral response of the fiber optics lamp system by itself 

and in combination with selected filters -as measured using a Mcherson 

monoehrometer. 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 utilized in this 

investigation are summarized below. 

The accuracy of the load measurement system is better than
 

±0.5 percent. The crosshead displacement scale is graduated in units
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of 0.005 inch and can be interpolated to 0.001 inch. Errors in speci

tied chart advance speeds in 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 grid transmission grating located in the position of the specimen. 

Similarly, the central image transmittance measurement system was found 

capable of resolving approximately 75 lines per inch. 

The system for measuring both total and central image transmittance 

was found (using calibrated standard neutral density filter accurate 

to within +l percent) to indicate true transmittance magnitudes to 

within ±5 percent. The system is capable, hoTever, of sensing and, 

recording a change in magnitude of approximately ±0.2 percent of full 

scale. An effort was made to select the recorder'scale and voltage 

so as to record data at the upper regions of the-scale in order to',take 

advantage of this sensitivity. The mlcrodensitometer was also found 

to indicate the true transmittance magnitude to within ±5 percent of 

the indicated value. 

Since accurate measurements also required the lamp system to 

provide a steady intensity output, its intensity was measured for 

periods of 2 hours and longer. It showed negligible change in this 

tnme period, which is much longer than required for any of the tests 

of this investigation. The lamp output can of course, be expected to 

decrease with use, but this change occurs so slowly as not to be a 

factor in any one set of measurements. 
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3 1.1.8 Setup For Photographing Dliffraction Grating Spectrum
 

Color photographs of the diffraction grating spectrum produced,
 

by normally incident light striking the wrinkle pattern set up in the 

transverse direction of uniaxially stressed specimen were taken with 

the basic test setup shown schematically in figure 13. The entire 

assembly including camera was mounted on the kinematic optical bench. 

3.1.1.9 Strain-Crosshead Displacement Calibration 

The dumbell shaped specimen used in uniaxial load tests were 

clamped using a spring loaded roller which pressed the specimen against 

a smooth jaw surface. The separation distance between rollers was 

1.5 inches. This was not a true gage length, however;, since this 

included part of the dumbell transition section'in addition to the
 

constant width test section. A calibration technique was, therefore,
 

employed to experimentally relate the principal coAventional Lagrangian 

strains to the crosshead displacement. The technique is described 

below. 

Gage marks were placed on the specimen along principal X 

and Y directions and the u and v displacements 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 Y directions, respectively. 

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

strain (GL) to X direction strain (J6x). 
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The results of this determination were used to relate the 

strains to crosshead displacement for all of the unnaxaal load tests of
 

this investigation. This extension is justified on the basis of the
 

close repeatability of load-crosshead displacement curves for the
 

silicone rubber material used in these tests both with and without
 

thin flam metallic coatings.
 

3.1.2 Test Materials
 

3.1.2.1 Substrate
 

The substrate material used in this investigation was Sylgard 

184, a room temperature vulcanizing silicone rubber manufactured by 

the Dow Corning Corporation. This material hereafter referred to as 

silicone rubber was gravity cast into sheet stock (approximately 

0.1 inch thick) against highly polished 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 

time and from the same batch. A standard ASTM die D-1708 was used to 

cut tensile test specimens. The circular hole was drilled in the 

rectangular plate using an end nnll type bit and with the temperature 

of the silicone rubber reduced to below its glass transitioA temperature
 

for clean milling purposes by immersion of the material in liquad 

nitrogen.
 

Silicone rubber is highly transparent throughout the entire 

wavelength range of the visible spectrum as shown in figure 14 (from
 

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

refraction of 1.430 (ref. 48). 
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Figure -14.- Transmittance versus wavelength for Sylgard 184 sili6one 
rubber (from Williams and Judd (ref. 5)). 
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The stress-strain curve for this material using conventional
 

and natural strain/true stress definitions is presented in figure 15.
 

The response is approximately linear using conventional definitions
 

for strains of up to approximately 40 percent. The material exhibits 

very little creep at room temperature end is highly resilient as can 

be seen by the near coincidence of the load and unload portions of 

the curve. Poisson's ratio is also plotted on this graph based on 

both conventional and natural strain defintions.
 

3 	1.2.2 Metallic Thin Films 

Bulk metals deposited in this investigation as thin films 

included aluminum, copper, gold, indium and silver. The supplier
 

and purity of each of these metals used is listed 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 i7 presents a similar plot for polycrystalline 

copper. 

The physical properties of metals in thin film form frequently
 

differ from those of the parent bulk form (refs. 18, 31, 40). 

Quarrell (ref. 41) has shon that even the basic crystal form of the 

bulk material may be violated in very tin films. For example, silver 

and gold which in bulk form have a face centered cubic crystal exhibit 

a close-packed hexagonal crystal in very thin film form. 

0 
A stress-strain curve for a 5000 A thick gold film subjected
 

to uniaxial loading is presented in figure 17 (from ref. 42). The 
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Figure 15.- Stress-strain graph and Poisson's ratio variation for 
Sylgard 184 silicone rubber. 



TABLE 2.- RAW MATERIALS USED IN THIN FILM DEPOSITION 

Material Supplier Purity, percent 

Aluminum Fisher Scientific 99.7 

Copper Fisher Scientific 99.9 

Gold Goldsmith Brothers 99.§9 

Indium Electronic Space Products, 'nc. 99.999 



TABLE 3.- TYPICAL MECHANICAL PROPERTIES OF SELECTED BULK METALS 

Modulus 
of

elasticity, 
psi 

Ultimate 
tensile strength, 

ksi 

Ultimate 
elongation,
percent 

Yield 
strength,

ksi 
Poisson's
ratio 

Aluminum* 
99.996 percent pure aheet 

Annealed 
Cold-rolled 

(75 percent of 
original thickness) 

Copper* 
Annealed 
Drawn 

9 x :o6 

9 x 166 

17 x 106 
---

6.8 
16.3 

32-37 
55-61 

6o 
5 

46 
--

1.7 
15.4 

4.6-12.0 
50.0-55.0 

--
--

0.33 
0.33 

O 

Gold* 
Annealed 3000 C 
Cold-worked (60 percent) 

11.2 x 106 
1.2 x i66 

18-20 
30-32 

39-45 
4 

---
---

0.42 
0.42 

Indium* 1.57 x 106 0.38 22 

Silver + 

Annealed ll x 106 22 48 8 

*Encyclopedia of the Chemical Elements (ref. 36). 
4Material Engineering Materials Selector Issue (ref. 37). 



63
 

7000
 

6000 

5000
 

4ooo 

'14 

0 3000
&I 
_P 

20001(01


31000 

0
0 0.05 0.10 0.15 0.20
 

True strain
 

Figure 16.- Stress-strain graph for 99.995 percent pure aluminum (from 
Tietz, Meyers, and Lytton (ref. 5?)). 
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Figure 17.- Stress-strain graph for an evaporated gold film 5000 

angstroms thick (after Neugebauer (ref. 42)). 



fracture stress for a 200 A thick gold film was experimentally found by 

Beams (ref. 43) to be 75,400 psi. This data for gold indicates that
 

the ultimate elongation is smaller and the ultimate stress greater for 

the thin film 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 and plastic deformation even at relatively 

low magnitudes of strain.
 

A discussion of proposed physical explanations for the differ

ence in mechanical properties between bulk and thin film fo'ms may be 

found in references 42, 44, 45, an& 46. The conditions of the deposi

tion process itself such as temperature, pressure, and rate of dep6si

tion are important parameters which influence the resulting physichl and 

optical properties. Slow rates of deposition encourage aggregation 

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

difference in properties from that of the bulk form. For a discussion
 

of the influence of these and other factors see references 31i, 42, and
 

47.
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3.1.3 Test Results 

3.1.3.1 	 Total and Central image Transmittance Measurements for 

Uniaxially Loaded Specimen 

Results of measurements of the total and central image trans

mittance versus the conventional and natural Lagrangian strains in the 

direction 	of the applied uniaxial load are given in figures 18, 19, 20,
 

and 21, for specimens of silicone rubbe with aluminum, copper, and 

indium thin film coatings. Total and central image transmittance data 

for each coating material was measured for the same specinen but on 

separate load cycles. Arrows denote the correlation of data with the 

load and unload portion of each cycle. It was found tha- the load 

portion of the initial load cycle for coatings with thicknesses greater 

than that corresponding to an initial transmittance of approximately 

10 percent gave data which was either noncontinuous (i.e., finite 

changes in transmittance 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 corresponding to an initial transmittance of approxi

mately 20 percent, the entire first cycle was closely duplicated on
 

successive 	cycles. This irregular phenomena exhibited on the first
 

cycle of thick films is 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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Figure 20.- Transmittance response versus strain for uniaxially loaded 
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transmittance = 7.5 percent).
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All specimens were approximately 0 1 inch thick. The strain
 

rate for the data presented was approximately 0.038 inch/inch/minute.
 

Tests were also conducted at strain rates of approximately 0.38 and
 

3.8 inch/inch/minute, but without any apparent change in the results. 

All data presented is for specimens illuminated with white light. 

Tests conducted at selected narrow bands of light wavelength indicated 

shifts in the magnitude of transmittance but gave in general the same 

basic form for the data. 

To insure that the changes recorded were not due to the sub

strate; total and central image transmittance tests were conducted on 

uncoated silicone rubber specimens. The results showed strain to 

exercise negligible influence on either of these to.properties. It 

was also determined by comparing load-displacement curves Qor specimens 

with a variety of coatings and coating thicknesses that the thin film 

coating had no significant influence on stress-strain history. A 

similar transmittance response to that presented here was recorded for 

other materials tested in this investigation including gold and silver. 

In general, the total transmittanhe continuously increases with 

increasing strain and is in some cases nearly linear. The central, 

image transmittance -versus strain usually exhibits an initial decrease 

in transmittance which may reverse itself and become an increasing 

function as was the case for the relatively "thick" thin film of 

aluminum (fig. 18(b)) or it may continuously decrease as was the case 

for the thin film of copper (fig. 19(b)) 



The central image transmittance for a specimen with a thin 

film coating of indium having an initial transmittance of 7.5 percent 

(figure 20(b)) decreases rapidly,with increasing magnitudes of strain 

up to a conventional strain of approximately 15 percent at which point 

the specimen is nearly opaque (less than 0.5 percent 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 

transmittance of this specimen continuously increases with increasing 

magnitudes of strain. In fact, the total and central image transmittance 

responses of this specimen are almost identical indicating a negligible 

influence of diffraction. Indeed, spectral wavelength separation (dis

cussed in Section 3.1.3.3) was almost indistinguishable for this 

specimen. More will be said about the differences in these two speci

mens with thin film coatings of indium when the results of microscopic 

surface examinations of these same two specimens are presented in the 

next section.
 

3.1.3.2 Microscopic Surface Examination of Uniaxially 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 examined in transmitted brightfield and 

reflected brightfield lighting at magnitudes of conventional Lagrangian 

strain ranging from zero to 60 percent. The specimen was initially 

clear and without surface irregularities as shown in figure 22(a). 
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This was typical of all of the tests conducted except for the one 

shown in figure 29. In this photograph the central image is of the 

same order of magnitude as the first order component4 It also contains 

a distinct (although less intense) second order component. Some 

specimens in which the wrinkle frequency was very large (for example, 

that of the specimen for which the photomicrographs of figure 24(b) 

were made) did 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 unattainable for 

certain specimens because of the limitation of the collecting ability
 

of the lens used.
 

It would appear that the change in spectral distribution and 

corresponding displacement of collimated light energy into side com

ponents set up by the wirinkled thin film diffraction grating, in general, 

fits fairly well the theory for Fraunhofer diffraction due to a 

sinusoidal type transmittance function. Both the sinusoidal amplitude 

grating and the sinusoidal phase grating (for q = 1) predict that the 

first order component will be displaced a distance of f. ?z from the 

central image. Computing this value for the tests of figures 28 and
 

29 by measuring f0 from the photomicrographs of figure 24J assuming
 

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 figures 28 and 29 areO. 36 inch and 0.41 inch; 

respectively.
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3.1.3.4 	 Uniaxially Loaded Rectangular Plate With Centrally Located 
Circular Hole 

Karch published in 1898 (ref. 4B) an exact elasticity 

solution subject to infinitesimal deformation assumptions for the stress 

in the vicinity 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
 

perpendicular to the direction of the applied load to be of the follow

ing form:
 

3r4
 a2 Saa(4 

\y
 

where
 

ra - uniformlly applied stress in x-direction 

r - hole radius
 

In recent years, because of an interest in nonlinear theories 

and in materials capable of large deformations; this problem has been 

reexamined 	assuming both physical and geometric nonlinearities. Adkins, 

Green, and 	Shield (ref. 49) were the first to publish an approximate 

solution (accurate to a second approximation) of Kirch's problem.
 

Koifman (ref. 50) presents an approximate solution (accurate to the
 

second approximation) for the stress concentration at the contour of
 

the hole which is circular before deformation and becomes oval as a
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result of deformation. Kirch's solution% predicts a stress honcentra

tion of 3 0 at this point whereas the large deformation soltition of
 

Koifman results an stress concentrations less than this value. For a
 

review of the literature on nonlinear problems of stress concentrations
 

near holes in plates see reference 51.
 

It was proposed in Section 3.0.3 that the change in total 

transmittance under certain conditions (for an isotropic coating with 

a linear response) was related to the sum of the principal strains 

(eq. (5.28)). In addition, it was proposed that the change in central 

image transmittance was the difference between the total transmittance 

and the transmittance change induced by diffraction where diffraction 

effects were related to a compressive principal strain field (eq. (5.31)). 

The problem of a uniaxially loaded rectangular plate with a centrally 

located hole was experimentally studied in this investigation using 

transmittance measurement techniques to determine if 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 examinations of the specimen in the vicinity of 

the hole; the results of which are presented in figure 31. Separate 

specimens were used for the data of each of these two figures.
 

Geometry for both of these specimens is shown in figure 31(a). Both
 

specimens were composed of silicone rubber with an aluminum thin film 

coating. The load was applied along the longitudinal axis (x-direction) 
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and transmittance data was obtained for a scan along an imaginary
 

lane drawn radially from the center of the hole and perpendicular to
 

the free edge. Measurements were made before the application of
 

loading and with the specimen loaded sufficiently to impose an average
 

conventional strain of approximately 8 percent.
 

The experimental solution for the sum of principal strains
 

presented in figure 30(a) is based on substitution of the measured
 

change in total transmittance between initial and final conditions
 

into equation (3.29) where the proportionality constant W5 is 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, problem 

for small deformations and Koifman's solution at the hole edge for 

large deformations are presented for comparisoh. The.value from
 

Koifman's solution is calculated using interpolation of data presented
 

in reference 51 for a ratio of the uniformly applied stress in the
 

x-direction to the substrate material shear modulus for the subject
 

specimen of 0.279. The Koifman stress concentration factor thus deter

mined is equal to 2.79 as opposed to 3.0 for the Karch solution. The
 

results obtained by the experimental solution at the hole edge are in
 

agreement 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
 

I L 
itpresented in figure 30(b) is based on substitution of the differ
yy 

ence in the change in total and central image transmittance measurements 

into equation (3.31) where J2 is determined again using the
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' 

16 

14 

- Calculate& from solution by Koifman (ref. 50) for the stress 
concentration at the edge of a hole vhich is circular before 
deformation and oval after deformation 

+ 12 

(Vlirch solution (ref. 48) vith infinitesimal 
deformation limitations 

r 

0 

S .6-- 

4total 

0. 

--Eperimental solution using
transmittance and W5 from the 

at of figure 18(a) 

z 

- _ 

r 2r 3r 4-r
 

Distance from center of hole 

(a) Sum of prineipal stralins, eu i 

Figure 30.-- Sum of princtpal strains and prancpal compressive Strain
 

plots for the section of minimum cross Section of a rectangular
 
plate with a centrally located hole subected to loading along the
 

longitudinal axis sufficient to impose an average conventional
 
Lagrangian strain of approximately eight percent. Specimen composed

of silicone rubber with a thin frim coating of aluminum having an 

ingiti nlittance of pproxmtely eight percent.
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Distance from center of hole 

r 	 2r 3r 4r 

Yixeh solution (ref. 48) with infin-itesinal 

deorsion limitations 

r 

~the change in central image transmittance and 

L.from the 'data of figue 18 

--	 Calculated from solution by Koifnan (ref 50) for the stress 
concentration at the edge of a hole vbicb is circular before 
deformation and oval after deformation
 

16
 

L

(b) Principal (compressive) strain, 


Figure 30.- Concluded.
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calibration data of figure 18. The proportionality function "J2" is 

taken as 0.824 and is the difference between the total and central 

image transmittances per unit strain. For an imposed compressive 

strain EL of less than approximately 8 percent (which according to
 
yy 

the Kirch solution is the case in this problem for all except very
 

close to the hole), J2 is by the data of figure 18 very nearly a 

constant (i.e., constant slope for both total transmittance and central 

image transmittance versus strain). The Kirch solution at the hole 

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

the value plotted for eL from Koifran's solution. 
yy 

The experimental solution for eL at the edge of the hole
37 

is too large by approximately 4 percent strain. It is believed that 

the difference is a result of applying the results of a similar, yet 

different, test specimen (aluminum coating deposited at a different 

time and wth slightly different 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 sometimes linear relation-' 

ship with the imposed strain. The central image transml4tance response, 

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

inereasing relationships to the imposed strain and is linear only
 

within certain narrow regions. It is also influenced by a number of
 

factors including wrinkle frequency. The results presented earlier
 

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 sum ary, the experimental results for the sum of principal 

strains (using the data of figure 18(a) total transmittance measure

ments for the calibration of the proportionality function W5 ) agree 

well with theory. The experimental results for the principal com

pressive strain (using the results presented in figure 18 for the 

variation of the central image as well as total transmittance for the 

calibration of the proportionality function J2) were greater than 

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

cross-sectional area had approximately the correct relative variation. 

The results therefore indicate that the empirical mathematlcal models 

proposed in Section 3.0.3 for the relationship between the change in 

total and central image transmittance and the strain field for a 

general biaxial problem are basically of the correct forn.' The appli

cation of these relationships with confidence,' however',will Tequire 
more experimental verification using models for which the proportion

ality factors are measured for specimens ident.cal to the model. The
 

application of the equations and especially therole of diffraction
 

should be examined for other types of strain fields such as the case in 

which both principal strains are negative.
 

The set of photomicrographs presented in figure 31 show the
 

surface irregularities created for this problem for several different 

locations in the vicinity of the hole. Position I at the top edge of
 

the hole clearly exhibits thin film wrinkling but no macrofractures. 
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xt
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6t"
 
6" $Y~ 2 0.125", Y 

k'----- 1.5 "-. 

(a) Specimen geometry and photomicrograph position designat;on,
 
specimen thickness = 0.106 inch.
 

Figure 31.-- Surface study of wrinkle and microfracture pattern for
 
rectangular plate with centrally located circular hole subjected to
 
unraxial loading. Silicone rubber substrate with thin aluminum
 
coating with an initial transmittance of approximately 12 percent.
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The Kirch solution for the stress at this point for an infinitely wide 

plate predicts that the cyy stress at this point is compressive and 

that the axx stress is zero. Consequently, the strains at this
 

point in the y and x directions are negative and positve, respec

tively; with the latter being of low magnitude. The development of 

the wrinkle pattern and absence of mncrofractures is thus in agreement 

with this result. 

Position 4 at the right edge of the hole is shown for two
 

different magnitudes of strain. These photomicrographs illustrate
 

that at a low level of strain, lines characteristic of both wrinkling
 

and nicrofracture are evident, but that at higher levels of strain, 

the wrinkle pattern seems to be less clearly defihed. Spectral separa

tion resulting from diffraction is clearly visible at this point, 

however,, thus indicating a regular pattern of wrinkles. As one 

traverses from position 4 to 5, one b'egans to clearly pick up the 

regular pattern of both wrinkles and mncrofrgctures. 

The photomicrograph of position 2 is presented to illustrate 

the transition area in which wrinkles seem to disappear. Itmediately 

below this region (position 3), wrinkles and mncrofractures are 

clearly visible. This result is in agreement with the solution' for
 

the circumferential stress at position 2 'which is zero.
 



IV. DISCUSSION OF RESULTS 

Experimental studies of the total and central image transmittance
 

properties of thin metallic films deposited on a low modulus substrate 

establish that a measurable variation in these properties occurs as a 

result of uniaxial loading of the substrate In general, the total 

transmittance increases with increasing magnitudes of imposed strain
 

and in some cases the relationship is linear. It is proposed that the 

change in total transmittance response is caused by two factors: 

(1) by a change in the thin film effective thickness and (2)by the 

development of microfractures. Microscopic surface examination studies 

show that the accumulative width of microfractures per unit length 

increases with increasing magnitudes of positive strain. Data would
 

also indicate the influence of effective thickness changes as well. 

The central image transmittance exhibits both increasing and decreasing
 

relationships to an imposed strain field which is compressive in one
 

of the principal directions. It is influenced by diffraction effects
 

which are a result of the response 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
 

studies confirm the existence of these closely spaced wrinkles and also
 

that the wrinkle frequencyjin general increases with increasing magnitudes 

of compressive strain Visual observations and photographic results 

also demonstrate the spectral wavelength separation resulting from 

this closely spaced wrinkle diffraction grating. 

llO
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Change in transmittance 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 

is dependent among other things on the materials used and on the 

initial film thickness A wide range of sensitivities are available 

through judicious selection of the materials and test conditions used. 

The results of studies of the strain field in the vicinity of the
 

hole of a uniaxially loaded plate containing a centrally located hole
 

appear, in general, to obey the general biaxial optical-mechanics"
 

laws proposed for the relationship between total and ceptral,image
 

transmittances and the imposed strain field. A more thorough study is
 

needed, however, to establish if these relationships are general and
 

if calibration inaccuracies are the cause of the high magnitudes of
 

compressive strain reported for this biaxial strain problem
 

The discussion to this point has dealt primarily with the form of 

the relationship between light intensity properties and the mechanical 

state of the structure. The complete identification 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 out 

of this investigation applicable to the solution of this problem. 

The first technique is the microscopic examination of the wrinkles and 

microfractures which apparently aline themselves along principal 

directions. The second technique is related to the first, but does 

not require microscopic detection It is visual observation of the 

diffraction spectrum which is oriented along the direction of a 
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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 positions 1, 4, and 5 (fig. 31), the axis of the spectrum was 

transverse to the direction of the applied stress. At position 3 the 

axis 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 optical properties of a thin metallic film deposited on it. Two
 

fundamental types of optical responses occur. These include:
 

(1) changes in the total intensity and (2) changes in the central image
 

intensity of light energy transmitted or reflected by the material.
 

The theoretical relationships developed ,in this paper have been
 

developed for both transmittance and refl&ectance types of measurements'
 

Experimental studies, however, were concentrated on the transmittance
 

type. It is believed that parallel results also exist for reflectance
 

types of measurements. The latter is important if one wishes to
 

determine the mechanical 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 circular hole demonstrate that the
 

technique is potentially useful for the determination of the strain 

field of a general biaxial problem. More study of the problem is 

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 

functions used. 
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Although a set of total and central image measurements appear to
 

be sufficient to completely define the strain field, it may be desirable
 

in certain applications to combine the total transmittance technique
 

with existing experimental techniques such as photoelasticity 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 set of photomicrographs of the same
 

specimen area taken at successive levels of strain.
 

It should be pointed out that this new experimental strain analysis
 

approach is most applicable to the study of problems with large 

deformations. The limited sensitivity of the technique for very small 

strains makes it noncompetitive with existing techniques for this 

problem. For the solution of large deformation problems; however, with 

development, it is seen as a valuable new approach. 

It is interesting to note that this strain analysis approach,
 

although new, ties together in a logical manner long-established
 

optical and physical principles and techniques The'variation of 

transmittance and reflectance properties with the thickness of a thin 

metallic film, for example, has been known and applied in the field 

of optics for years. Also, the approach is an optical one and
 

therefore experimentally shares much with photoelasticity; and the
 

development of microfractures in the thin film coating is closely 

related to the development of fractures in brittle coating techniques 

It is perhaps three factors which make the appearance of this new 
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approach now timely- (1) the relatively recent development of thln film
 

deposition techniques; (2) the current interest in large deformation
 

problems and associated nonlinearities; and (3)the availability and
 

utilization in structural applications of modern plastics which because
 

of their low modulus relative to metals may experience relatively large
 

deformations.
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