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ABSTRACT

The method of birefringent coatings is considered as an experimental
means of studying wave propagation phenomens in metals. Experiments using
the Ellis ultra-high-speed camera and a rectangular aluminum bar having
a birefringent coating of PhotoStress indicate that transient fringe
patterns resulting from impact can be successfully photographed using
existing film and light sources at exposure times of 0.05 microseconds.
Pronounced fringe curvatures, indicating the warping of plane sections,
were observed in the pictures during the passage of the strain pulse.

The propagation of a longitudinal elastic strain pulse in g wide
rectangular bar is considered on the basis of the approximate plane-stress
equations of motion. Asymptotic expressions are obbained which, for
large distances of travel, describe the propagation in a semi-infinite
strip with stress free lateral edges, subject to the conditions that a
uniform normal stress with a step=function time dependence is applied to
the end and that the end undergoes no lateral extension. These expressions
are shown to gqualitatively prediet the warping of plane sections observed
in the high-speed pictures and in the dynamic photoelastic pictures
obtained by other investigators.

Measurements using conventional measuring techniques are described in
which wide rectangular aluminum bars of several thiclmesses were subjected
to a step~function pressure loading produced by a shock tube. Comparisons
show that the gross features of the experimental records for the head of
the pulse are qualitatively predicted by the plane-stress theory. Both
theory and experiment show that short-wavelength second mode disturbances
arrive very early. Experimentally it is observed that these disturbances
are accompanied by thickness mode activity which cannot be accounted for by

the two=dimensional plane-stress theory.
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I. INTRODUCTION

Although problems of vibration and elastic wave propagation in
bars have been under lnvestigabtion since the beginning of modern physical
and mathematical analysis, much remains undone that is of active interest
to present day engineers. There are at least two reasons for this state
of affairs. (i) Even though the basic differential equations of motion
have been known for over one hundred yvears, the mathematical difficulties
are so great that exact solutions for normally encountered boundary con-
ditions are usually not obtainsble except in special cases. (ii) Recent
advances in experimental technigues have pointed oubt problems which
either were not previously conceived or which have made previous approxi-
mate solutions inadequate. In particular, present interest in the
response of bars to extremely rapid rates of loading has made many of the
early solutions inadequate since most of them were based on the assumption
that the wavelength was of a different order of magnitude than the cross—
sectional dimensions of the bar. The problem of wave propagation along
a bar of rectangular cross—section falls under both of these categories.

The primary purpose of the studies reported in this thesis is to
describe the propagation of a longitudinal elastic strain pulse in a
wide rectangular bar, i.e., a bar having a small thickness~to-width ratio.
Particular attention will be given to describing the warping of plane
sections during the passage of the strain pulse. In later discussions,
it will be pointed out that all of the present sclutions for the propaga-
tion of longitudinal strain pulses in bars are based on the implicit or
explicit assumption that plane sections remain plane.

The second objective of the thesis is to study the feasibility of



using a birefringent coating as an experimental means of studying wave
propagation phenomena in metals. The results of this experimental
investigation provided the stimulus for the rectangular bar studies.

Part II is concerned with the investigation of birefringent coatings
as a possible means for experimentally studying transient strain distri-
butions. A critical discussion of dynamic photcoelasticity and the methed
of birefringent coatings is presented. Experiments are described in
which ultra=-high-speed motion pictures were obtained for the transient
fringe patterns associated with strain pulse propagation in a rectangular
aluminum bar. Fringe curvatures observed in the pictures, indicating
that plane sections were warping noticeably, provided the motivation
for detailed studies of longitudinel strain pulse propagation in
rectangular bars.

In Part III, asymptotic expressions based on the plane-stress
equations of mbtion are obtained which, for large distances of travel,
describe the longitudinal elastie strain wave propasgation in a semi-
infinite strip with sitress free lateral edges, subject to the conditions
that a wniform normal stress with a step—function time dependence is
applied to the end and that the end undergoes no lateral extension.

These expressions are derived from the lowest order approximate equations
of motion thaﬁ might be capable of describing the observed warping of
plane sections.

In Part IV, thecoretical predictioné of the plane-stress thecry for
the warping of plane sections are compared with the pictures obtained in
Part II and the dynamic photoelastic plctures obtained by other investi-

gators. An extensive experimental program using conventional measuring



techniques is described in which wide rectangular aluminum bars were
subjected to a step~function pressure loasding by a shock tube. This
program was undertaken for the purpose of providing more critical tests
of the plane-stress theory and gaining further insight into the physical
problem. Extensive comparisons are made between the results of these
experiments and the theoretical predictions.

Since the objectives of Part II and of Parts III and IV are of a
different nature, it is convenient to present the conclusions and
recommendations of this thesis in two sections. The first section is

at the end of Part II and the second is at the end of Part IV.



ITI. INVESTIGATION OF BIREFRINGENT COATINGS AS AN EXPERIMENTAL MEANS

OF STUDYING WAVE PROPAGATION PHENOMENA IN METALS

Introduction

The problem of determining the trausient distribution of stress and
gtrain in a metal specimen subjected to an impact type of loading is
difficult to solve mathematically. Very few theoretical solutions have
been obtained and generally those which are available deal only with
very simple geometries and loadings. Also, these solutions are generally
not applicable to all points in the specimen for all times, and they are
often not in a readily usable mathematical form. The mathematical
difficulties make an experimental approach to the problem highly desirable.

Much of the experimental work in this area has been conducted using
resistance and piezoelectriec strain gages. The disadvantage of this
method is that observations are limited to a relatively few isclated
points. Recently, considerable work has been done by numerous investi-
gators in an attempt to apply photoelasticity to the study of wave
propagation phenomena. The purpose of the present section, Part I, is
to investigate birefringent coatings as an experimental means of
studying wave propagation phenomena in mebal specimens.

A critical survey of photoelasticity, both static and dynamic, and
of the static method of birefringent coatings will serve to introduce

needed concepts and emphasize the mobtiwvations for the present study.

Backoround

1. Birefringence and Static Photoelasticity

The photoelastic phenomenon is best introduced in connection with



its successful application to elastostatic problems. It provides a
powerful experimental tool for quantitatively determining the elasto-
static stresses in bodies having geomeﬁries and loading configurations
which are not amenable to mathematical analysis. The technique is based
on the fact that when most transparent solids are stressed they lose
their optical isotropy and become birefringent, i.e. the value of the
refraétive index depends on the plane of polarization of the incident
light. If a specimen in the form of a plate is stressed it is found that
at every point of the specimen there are two mutually perpendicular
directions of polarization parallel to the plate for which the refractive
index has a maximum and minimum value respectively. For many birefringent
materials these directions correspond to the directions of principal
stress. Of these msterials, those which are commonly used in static
photoelasticity have a characteristically brittle behavior, exhibiting a
more or less linear stress—=strain relationship up to the point of failure,
which usually takes place withoul appreciable permanent deformation.
For most such materials it is found that up to the elastic limit the
difference between the extreme values of the refractive index is pro-
portional to the algebraic difference in the values of the prineipal
stresses. The constant of proportionality is known as the stress-optical
coefficient and 1s a physical constant of the material. A birefringent
material exhibiting more or less all of these properties can be conveni-
ently termed a "photoelastic material®.

When a beam of plane polarized light passes through a stressed speci-
men made of photoelastic material it may be considered to be resolved into

two components which are plane polarized in directions perpendicular to



each other and parallel to the directions of principal stress. The
components travel through the specimen with different velocities so that
a phase difference is developed between them which, in general, causes
the emergent light to be elliptically polarized. If this light is
viewed with an analyzer, e.g. a sheet of polaroid, the observed intensity
depends on the phase difference introduced by the specimen and hence

on the applied stress. If monochromatic light is used the specimen will
appear to be traversed by light and dark fringes. Since the observed
fringe pattern depends on the stress distribution in the specimen, it is
possible to determine the difference in principal stresses throughout
the specimen.

For a plate having a single boundary, the stress distribution does
not depend on the elastic constants of the material. For a multiply-
connected plate the stress distribution generally depends on the elastic
constants; however, their effect on the maximum stress is usually very
small, and in practice it can usually be neglected. These conclusions
imply that an experimental stress distribution obtained with a photo-
elastic material in most cases can be applied immediately to any other
material, such as steel. This fact is the basis for the success of static
photoelasticity. A very desirable feature of the photoelastic method is
that it gives an overall visual picture of the shearing stress distribution
throughout the specimen which facilitates the location of the regions of
peak stresses. The difficulty in accurately separating the prinecipal
stresses at interior points of the specimen is a major disadvantage.

The photoelastic method has been widely used to experimentally

determine the static stress distribution in engineering structures and



accounts of the theory and the application of the method to engineering
' problems can be found in books on the subject by Coker and Filon (1),

Froeht (2,3), and Jessop and Harris (4).

2. Dynamic Photoelasticity

The success of photoelastic methods in dealing with elastostatic
problems has naturally created considersble interest in their possible
application to transient problems. It will be worthwhile to briefly
describe the experimental work which has been done in this area and
the difficulties which have been encountered.

Technigues: In order to photoelastically study wave propagation
phenomena it is necessary to take high-speed photographs of the moving
fringe field. Since stress waves propagate in the usual photoelastic
plastics at velocities of roughly 60,000 inches per second, the exposure
time for each photograph must not exceed 0.6 microsecond for a photo=
graphic resolution of at least 0.04 inch in the specimen. Consequently,
early photoelastic pictures obtained by Froeht (5), Tuzi and Nisida (6),
Findley (7), Murray (&), and Foeppl (9) which had relatively long exposure
times, while showing time-dependent stress distributions, did not exhibit
stress wave propagation.

In recent years advancements in the techniques of high speed photo-
graphy have made it possible to obtain photoslastic records of stress wave
propagation. Frocht, Flynn, Landsberg, and Betser (10-12) have greatly
improved the technigue of streak photography for photoelastic purposes.
The method éonsists of plaeing a narrow slit close to the model, and the
birefringence occurring in this section during the period of siress wave

propagation is photographed on a strip in a revolving drum. This provides



a continuous method of recording which, with a very narrow slit, high
drum velocity, and fast film emulsion speed, is capable of arresting
birefringence variations of roughly one microsecond duration. The dis=
advantage of streak photography is that it records the birefringence
along a single line of the specimen, but gives no information about the
fringe pattern throughout the rest of the model. Frocht and his
assoclates, using Castolite as the specimen material, examined transient
stresses in the central sections of impacted solid disks and simply
supported beams, and longitudinal waves in bars.

In the investigations of Schardin and Struth (13), Schardin (14),
Christie (15,16), and Wells and Post (17) high-speed photographs have
been taken of the whole specimen, or of an extended portion of it, by
using a system proposed by Cranz and Schardin (18) some 30 years ago.

The Cranz-Schardin system employs a set of separately fired spark sources
and a corresponding number of image forming beams in juxtaposition to
give a small number of pictures spaced arbitrarily in time. Christie
(15) obtained excellent photoelastic photographs representing the pro~
pagation of stress waves in glass and perspex. In a thorough study,
Wells and Post (17) photoelastieally analyzed the stress distribution
surrounding a moving crack in Columbia Resin CR=39.

If a given set of experimental conditions can be reproduced accurately
a sequence of separate pictures, each produced by a single flash of light
of very high intensity and very short duration ( < 1 microsecond), can
be obtained by using different delay times in successive tests. This
technique is equivalent to high-speed cinematography and has been used

by Senior and Wells (19), and more recently by Goldsmith and Norris (20).



Other investigators have utilized recently developed ultra-high-
speed framing cameras for taking large-field pictures of wave propa-
gation phenomena. Sutton (21) used the camera developed by Ellis (22) for
examining stress waves caused by cavitation. Pictures were also obtained
of stress waves propagating in an impacted bar made of CR=39. In the Ellis
camera, light from a stationary source is reflected by a beveled rotating
mirror, driven by a high-speed air turbine, onto a stationary circular
film track, with a Kerr cell acting as a shutter. Framing rates of 10
plctures per second and effective exposure times of less than 0.1 micro=-
second have been attained using this system. Feder, Gibbong, Gilbert and
Offenbacher (23) employed the Beckman-Whitley framing camera to record
stress wave propagation in plates and bars of CR=39 at effective exposure
times of approximately 0.6 microsecond. The chief disadvantage of this
camera is that the exposure time is a function of the framing rate.

An alternative approach has been to use low-modulus photoelastic
materials (E < 800 psi) in place of the more rigid materials. In low-
modulus materials the veloeity of propagation of the stress wave is
decreased (by an order of magnitude) over the velocity of propagation
in conventional photoelastic materials, and it is possible to record
clearly the dynamic fringe patterns using a Fastax camera operating at
about 13,000 frames per second. This approach was first introduced by
Perkins (24) who obtained photographs of wave propagation in birefringent
rubber and gelatin. Durelli, Riley, and Dally (25-27) have conducted
extensive continuing dynamic photoelastic studies of low=-modulus specimens.
In particular Hysol 8705, a castable urethane rubber compound, gave

striking dynamic photoelastic fringe patterns (e.g.(26)). Since this
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low-modulus material exhibits relatively large displacements under small
loads, Durelli and his associates found it feasible to embed a rubber-
thread grid network in the specimen and then measure the displacements.
Displacement measurements were used in conjunction with fringe photographs
to separate the prineipal stresses and obtain quantitative results for
transient stresses in a thin rectangular bar subjected to impact (27).

Fundamental Difficulties: In general the investigations described

above have yielded little in the way of quantitative results. This is
due to technical limitations and fundamental difficulties which will be
briefly described.

The photoelastic technique of stress analysis is subject to several
limitations when applied to static‘problems, and in stress wave studies
these limitations are much more serious. Thus, only transparent
materials can be used, and in general only two-dimensional analysis is
possible. The fringe patterns give only the difference in magnitude
between the principal stresses and not their absolute magnitudes. Also,
unless the experiments can be accurately repeated a number of times,
the principal stress directions cannot be determined.

There are, however, more fundamental difficulties which must be
considered before dynamic phoitoelasticity can be used to model sitress wave
propagation in metal parts. Many of the viscoelastic polymers used for
their high photoelastic sensitivity have elastic properties which exhibit
marked dependence on the rate of loading. In particular the elastic modulus
of these materials is found to increase with an increase in frequency of an
applied sinusoidal stress. From the wave propagation view point this means

that the medium itself is dispersive, i.e., sinusoidal waves of high-
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frequency are propagated with a greater phase veloeity than low-frequency
waves, and, consequently, an arbitrary disturbance propagating through the
medium continually changes its shape even in the absence of boundaries.
The attenuation of high=frequency waves is also found to be greater than
that of lower frequency waves, so that there is a differential absorption
as well as a dispersion of the Fourier components of a pulse. A possible
representation of these effects is in terms of a complex elastic modulus
which is frequency dependent.

In static photoelasticity, the viscoelastic behavior of these high
polymers gives rise to creep effects causing the stress-optical coefficient
to be time=dependent. For the useful photoelastic polymers creep effects
are negligible within the 1imits of the applied stresses. Also, in
static applications the material must follow Hooke's law so that the model
conforms to elastic theory. Under these conditions, the use of stress-
optical coefficients rather than strain—optical coefficients is purely a
matter of convenience. Now, under dynamic conditions, for which the
elastic properties depend markedly on the loading rate, it is not known
a priori whether the birefringence of these materisls is proportiocnal to
the stress, is proportional to the strain, or is a funciion of both.

Recently, investigators have been giving increased attention to
these problems. For a low-modulus cold=setting Araldite epoxy resin,
Durelli and Riley (25) found that as the dynamic modulus of elasticity
increased the stress—optical coefficient increase& in aboubt the same pro-
portion. This gave a strain-optical coefficient essentially independent
of the loading rate. Similar conclusions were reached by Sutton (21)
and Clark (28) in tests conducted on Columbia Resin CR=39. Sutton (21)

also obtained data indicating that the high frequency components of a
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pulse would be very severely attenuated by CR=39. In tests on Hysol
8705, Durelli, Riley, and Dally (26,27) found that the stress-optical
coefficient was independent of the loading rate except for very low
strain rates, and both the modulus of elasticity and the strain-optical
coefficient were dependent on the rate of loading. Frocht and his
associates (29) found for Castolite that the stress—optical coefficient
and the modulus of elasticity were independent of the loading rate.
Frocht's conclusions are rather surprising in relstion to the observa=-
tions made with other photoelastic materials.

The diversity of the methods employed by the respective investigators
in arriving at these results should be noted. In general, further tests
of a more definitive nature are required before drawing any concrete
concelusions,

It should be clear that dynamic photoelasticity, while providing
valuable guslitative information on eléstic wave propagation, may not be a
particularly useful experimental toocl for quantitatively studying transient
phenomena in elastic materials. In static photoelasticity, the experi-
mental stress distribution obtained with a photoelastic material in most
cases can be immedliately applied to useful structursl materials, such as
steel and aluminum, by virtue of the independence of the stress distribu-~
tion on the elastic constants of the material. In the case of dynamic
photoelasticitys the transient stress distribubion is very markedly
influenced by the elastic constants of the msterial. For high rates of
loading it is not at all clear just how the experimental stress distribu-
tions obtained for common photoelastic materials having strongly frequency—
dependent complex elastic moduli and Poisson's ratios of nearly one-half

can be quantitatively applied to structural metals having resl constant
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moduli and Poisson's ratios of approximately one~third. Although this
difficult problem has received very little attention, its solution is
essential to the development of dynamic photoelasticity as a practical
experimental tool for studying wave propagation phenomena in the usual
structural materials. The desirability of obtaining full-field motion
pictures of wave propagation phenomena is undenisbly strongs; bubt, it

is apparent from this brief survey that the usefulness of dynamic photo=-
elasticity for quantitatively studying transient stress distributions in

metals is subject to considerable doubt.

3. Method of Birefringent Coatings for Static Strain Measurement

The technique of using a birefringent coating for determining
surface strain distribution was originally conceived in 1930 by Mesnager
(30), who suggested cementing a birefringent layer to a polished metal
part and using a refleection polariscope to determine the surface strains
of the loaded part. The underlying concepts are much the same as those
of conventional photoelasticity although the need for a model is
circumvented by having the actual structure or part load the birefringent
material. The cemented face of the birefringent coating is forced to
follow the strain of the metal surface giving rise to photoelastic fringe
patterns. From these patterns the difference in magnitude of the
principal strains and the principal strain directions can be determined.
Since elastic and plastic strains are usually very small in metals, the
birefringent coating must have a high strain-optical sensitivity.

The method beéame practicable only with the introduction of epoxy
resins which strongly adhere to metals and which have high strain-optical

sensitivities. D'Agostinoy Drucker, Liu, and Mylonas (31,32) conducted
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extensive investigations of the photoelastic properties of epoxy resins
and of the behavior of birefringent coatings. It was found that the strain-
optical sensitivity of some epoxy resins is sufficiently high (approxi-
mately 1.5°107% strain difference per fringe per inch thickness) that even
with a relatively thin coating an appreciable fringe order is obtained

for elastic or plastic strains in metals. Similar investigations were
being made almost simultaneously in France by Zandman (33) and shortly
thereafter his birefringent materials along with specially developed
pisces of optical equipment for making measurements were offered commer=—
cially in this country by Tatnall Measuring Systems Company under the

name of PhotoStress (34).

An important advantage of the birefringent coating technique over
other methods of measuring strain on actusl structures and parts is that
the strain distribution is obtained over the entire coated area in a
single picture. However, in static applications, the observed bire-
fringence is directly proportional to the surface strain at a point only
as long as the strain is uniform over the surface or changes little over
distances comparable to the coating thickoness. In such cases it is
relatively easy to determine the strain. However, in the presence of
strain gradients at the metal surface the deformation of the coating
will vary through its thickness and the observed birefringence will depend
on the magnitude of the strain and also on the intensity of its gradient.
In addition, the photoelastic pattern will be affected by any curvature of
the metal occuring under load. Unfortunately, the manufacturers of Phobo-
Stress have given these facts very little publicity.

Since the elastic modulus of a birefringent coating at room tempera=~

ture is generally about one-twentieth the modulus of aluminum, it can be
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asgsumed that the birefringent coating has a negligible effect on the
surface strain distribution in the actual part provided the thickness of
the part is several times the coating thickness. Also, when the metal
is under strain the birefringent ccating, in general, will undergo
elastic deformation even for plastic strains in the metal of the order
of several percent. Under these conditions, the problem of analyzing
the static strain distribution in the coating is a boundary value problenm
in elasticity. Duffy (35) has considered the effects of coating thick-
ness and surface curvature for an infinite coating of uniform thickness
in which the variations in an arbitrary displacement at the metzl surface
are limited to one dimension and the stresses vanish on the other surface.
His results for the case of no surface curvature indicate that very seriocus
errors may result if it is assumed that at each point the strain through-
out the thickness of the layer is the same as the interface strain. With
a sinusoidally varying strain and a coating as thin as one-tenth of the
wavelength of the strain variation the error may be as large as thirty-
five percent. With sharper strain gradients and at discontinuities the
errors will be much greater. The major difficulty is that the error
is not in general constant over the coated area: its value depends on
the variations in the wavelength of the strain gradient. In a later
study Lee, Mylonas, and Duffy (36) analyzed the thickness effects in
birefringent coatings with radial symmetry and arrived at the same general
conclusions.

If the coating is sufficiently thin the error approaches zero and
the surface strains can be simply related to the fringe pattern. However,
this approach has the serious disadvantage that an extremely thin coating

of any currently available birefringent material gives a very small
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birefringence which implies large experimental errors. For example, a
one-eighth inch thick coating of the most sensitive epoxy resin on alu-
minum shows only about two fringes in green light at one-~half the yield
point strain. Materials haviﬁg much greater strain-optical sensitivities
are needed; fortunately, physical chemists working on this problem feel
that materials can be developed which have an order of magnitude more

sensitivity then existing resins (37).

Preliminasry Considerations

Although dynamic photoelasticity raises more questions than it
answers when a quantitative correlation of transient stresses is atlempled
between an elastic part and its photoelastic model, the continuing interest
in it reflects the attraction of an experimental technique which affords
full-field visualization of wave propagation phenomena. Under certain
conditions birefringent coatings, which also give full-field visualiza~-
tion, should be useful for experimentally studying elastic wave propa=
gation without being subject to the fundamental difficulties of dynamic
photoelastiecity.

The propagation of waves in a metal part having a birefringent
coating is actually a layered media problem in which one layer is elastic
and the other is viscoelastic. For an arbitrary coating thickness, the
birefringent response of the coating, being influenced by both layers, can
be expected to be exceedingly complex. If, however, the coating thickness
is “sufficiently thin® it is reasonsble to expect that the birefringent
response will be almost solely dependent on the surface stirain of the

metal. This statement requires elaboration.



17

It has already been noted that the modulus of a birefringent coating
is approximately one=twentieth the modulus of aluminum. Consequently,
in the case of a "sufficiently thin' coating applied tc a relatively
thick metal part, the constraint of the metasl surface due to the coating
should be negligible and the metal surface should behave very much as a
free boundary. The poor impedance match between the coating and the
metal surface should minimize the rate at which an elastic wave propa—
gating in the metal loses energy to the coating. A “sufficiently thin®
coating might be expected to satisfy the following conditions: (i) The
wavelengths of the interface strain variations should be much greater than
the coating thickness. (ii) The periods of the interface strain variations
should be much greater than the time requiréd for a shear wave to traverse
the coating thickness. Under these conditions only very small high frequency
disturbances should be generated in the coating; however, the viscoelastic
coating will presumably attenuate such disturbances very éeverelya By
using a sufficiently thin coating, then, the difficulties arising from a
viscoelastic overlay on a métal part can possibly be circumvented with
the coating serving as a continuum of homogeneous strain gages.

By this admittedly speculative and perhaps overly optimistic
reasoning it seems possible that birefringent coatings might successfully
be used for experimentally studying elastic wave propagation in metals.

If so, then the technique could immediately be used to study plastic
wave propagation in metals——an extremely attractive possibility.

The problem of obtaining an adequate fringe order with a sufficiently
thin coating is immediately anticipated from the preceding discussion of

static strain measurement. However, other technical difficulties arise in
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connection with photographing the transient fringe patterns. Since
strain waves propagate in most metals at velocities of approximately

- 200,000 inches per second, the exposure time for each photograph must
not exceed 0.1 microsecond for a photographic resolution of approximately
0.02 inch in the specimen. The requirements for a high-speed camers are
almost an order of magnitude more stringent than they were for dynamic
photoelasticity. In particular, obtaining enough light to expose a
picture becomes a major problem. Because of the shorter exposure times
and the necessity of reflecting the light from a relatively unpolished
metal surface, the intensity of the light must be roughly an order of
mggnitude greater than for dynamic photecelasticity. Alsc as the exposure
times decrease the question of reciprocity failure becomes increasingly
important. To evaluate the usefulness of birefringent coatings for
transient strain measurements, then, experimental investigations are
required to answer two general questions: (i) Is it technically
possible to photograph the moving fringe patterns. (ii) Do the fringe
patterns represent the surface strains of the metal. The second

question is, of course, academic if the fringe patierns cannot be
recorded.

An experimental program was undertaken during 1957-58 to answer the
first question and, hopefully, to gain some insight intc the second
question., Although it was realized that the coatings should be thin,
it was necessary to use relatively thick ccatings in order to obtain
photographically significant fringe orders. Preliminary experiments
requiring a minimum of instrumentation were conducted to determine whether
there was sufficient assurance of success to warrant attempting to take

high-speed pictures,
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Initial Experiments

1. Experimental Eouipment and Procedure

Birefringent coatings: Professor C. Mylonas of Brown University

very kindly provided two coated aluminum specimens which were used in
the first few experiments. Shortly after the program's inception several
ineffectual attempts were made to develop a technique for casting strain-
free coatings of epoxy resins, in particular Epocast 205 (formerly
Araldite CN501) which has a high strain sensitivity (32), onto metal
surfaces. No further attempls were made when it was discovered thst
PhotoStress was commercially available.

There are two general types of PhotoStress material: one type which
is suitable for strains up to 2.5 percent and the other for strains up
to 30-50 percent. Both types are obtainable in either flat sheet or
liquid form, the liquid form generally being used on curved surfaces.
The sheet, after being cut to proper size, is bonded to the surface in
guestion using a transparent epoxy cement. The sensitivity of a Photo-
Stress resin is given in terms of g strain-optical constant K. The
relationship between K and the conventional strain-optical ccefficient
C, for a given wavelength of light X\ is C_ = A /K. For X\ = 5461 :&,
Ge for K =0.,1 resin is 2.15 ¢ 30“4 strain difference per fringe per
inch thickness as compared to 3.48 ° 10“4 for less sensitive CR=39 and
1.7 « 10™% for Epocast 205.

Figure 1 shows a 202/ T4 aluminum bar 0.250 inches thick, 0.978 inches
wide, and 10.75 inches long to which a 0.120 inch thick sheet of Type S
(K = 0.1 and € ok = 2.5 percent) PhotoStress has been bonded. This

particular bar was used exclusively in all but the first few experiments.
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Loading devices: In the first tests the bar was impacted in the
loading frame built by Sutton (21). An aluminum tup falling through a
distance of approximately 7 feet provided an impact capable of giving
slightly more than one fringe if ceating thickness effects were ignored.

For higher fringe orders, higher impact velocities were required to
give larger strain differences. The essential arrangement used for
obtaining higher velocities is shown in figure 2, A 0.062 pound aluminum
hammer guided by two vertical wires is fired from a .22 caliber Crosman
air pistol at impact welocities of approximately 35-40 feet per second
for input chamber nitrogen pressures of approximately 500 psi. Two
circumferential grooves filled with magnetic dispersion and spaced 0.25
inches apart on the cylindrical part of the hammer generate two pulses as
they pass by a Brush tape recorder pickup head. The average velocity of
the hammer at impact can be determined by measuring the time between these
pulses with a Berkeley 7360 counter. Using the air pistol should give
about two fringes if coating thickness effects are again neglected.

Photographic setup: Figure 3 is a schematic representation of
the picture-taking equipment. A crystal pickup placed in contact with
the bar near the point of impact generates a signal as the wave passes
it. This signal, after amplification by a Tektronix 121 wide=band pre-
amplifier, triggers the delay circuit of a Tektronix 513D oscilloscope
which, after a prescribed time delay, puts out a sharp 90 volt pulse.
This pulse "closes" a thyratron switeh allowing a 0.04 microfarad
condenser charged to 6800 volts to discharge into an Edgerton FY~2 xenon
flash tube giving a flash of light approximately one microsecond in dura-
tion. The light passes through a No. 77A Wratten filter and then through

a reflection polariscope made of a sheet of HN32 Polaroid, a sheet of
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quarter-wave plate, and the coated aluminum bar. This polariscope,
arranged as shown in figure 3, behaves as a parallel circular polariscope
and gives a dark field. The isochromatic fringe pattern is recorded on
4 x 5-inch Kodak-Royal-X Pan film using a 5 x 7-inch view camera fitted
with a 7 inch f2.5 Kodak Aero-Ektar lens.

To take a photograph the oscilloscope time delay was set so that
the wave front would be in the field of view when the flash tube fired.
After darkening the room and uncovering the film, the loading device was
actuated, setting into action the train of events described above. By
assuming that the impact was fairly reproducible, a fringe time history
was obtained by successively increasing the time delay and repeating the

procedure.

2. Results

The gravity drop method of loading was tried with one of the specimens,
a bar with a quarter inch thick coating, provided by Mylonas. After several
unsuccessful tests it became apparent that the coating was nol continuously
bonded to the bar.

The next tests were made using the air pistol loading device and the
cozted aluminum bar described above. Figure 4 shows two fringe photographs
taken at £4 which are assumed to be spaced 5 microseconds apart in time.

The hammer impact velocity was approximately 34 feel per second in each
case., Although the fringes are smeared out due to the relatively long
exposure time of a microsecond, at least one fringe order is observable.
These photographs also suggest that the wave is travelling roughly one inch
in 10 microseconds; however, it is known from other sources (e.g. (38))

that a wave in aluminum should propagate about two inches in 10 microseconds.
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This discrepancy was not taken seriously since it had been very difficult
to obtain reliable triggering with the crystal pickup.

Based on these photographs, it was the opinion of Professor Ellis
that high-speed motion pictures could be successfully taken using his
camera. The shorter exposure time would be offset by a larger aperture
and a flash tube having a higher intensity output. No further single-
shot photographs were taken and the experimental effort was directed

toward obtaining high-speed motion pictures of the fringe patierns.

Ultra-High-Speed Mobtion Pictures of Transient Fringe Patterns

1. Experimental Equivment and Procedure

In order to take motion pictures of the transient fringe patterns
resulting from strain waves propagating in a coated metal specimen, the

5

camera must be capable of framing rates of at least 10° pictures per
second and effective exposure times of approximately 0.05 microsecond.

The E11lis Kerr cell camera developed by Professor Ellis is capable of
satisfying and even exeeeding these very stringent requirements. In fact,
the availability of this camera made this study technically feasible.

The particular camera which was used in the present investigation
is shown in figure 5 and in a schematic sketch in figure 6. A brief
discussion of the workings of the Ellis camera will be given here; more
complete details are given in a publication by Ellis (22).

An electiro-optical Kerr cell shutter is the basis of the Ellis
camera. The Kerr cell consists of a glass barrel filled with nitro-
bengzene in which there are two flat electrodes parallel to the length
of the barrel spaced 0.375 inches apart. Crossed polaroids cover the

optically flat ends of the cell so that normally almost no light is
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transmitted. When a voltage difference of 16,000 volts exists across the
electrodes, the electro-optical Kerr effect operates to rotate the

plane of polarization of the light polarized by the front polaroid so

that it will pass through the rear polaroid. In the Ellis camera 16 kilo-
volt pulses of variable frequency and width are applied to the Kerr cell to
operate it as a high speed shutter. Since the Kerr cell pulse voltage
increases with the interelectrode distance, two lenses are used 8o that an
image is formed between the electrodes which allows a small spacing to be used.

After passing through the Kerr cell shutter, a rotating mirror driven
by an air turbine distributes the series of images onto a stationary 7 1/2
foot length of 35mm film lying on the inner periphery of a stationary drum.
So there will be no double exposures, the Kerr cell is pulsed only during
one revolution of the mirror. To avoid frame overlapping, the framing
rate must be considered in relation to negative size and mirror speed.

The light source is a General Electric FT524 flashtube (zenen~filled
quartz helix) into which the energy stored at 7000 volts in a 42 section
lumped parameter transmission line is discharged. ZXach section consists
of a 0.5 microfarad condenser and an 8 microhenry inductance: the
impedance of the flashtube being taken as 4 ohms. With this arrange-
ment the light intensity stays approximately constant over a period of
130 microseconds, About 50 microseconds are required to reach full
intensity after triggering.

The afrangemenﬁ of the polariscope, coated bar and camera is shown
in figure 5 and in the schematic diagram of figure 6. The polariscope
behaves as a mixed circular polariscope with parallel polarizer and analyszer

and gives a light field. The bar is impacted with the air pistol loading
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Figure 5. Ultra=~high-speed motion picture apparatus.

(left, power supply; left center, tachometer, delay timer and pulser;
right center, camera and flashtube; right, bar and loading apparatus.)
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device used in the initial experiments. A pulse from the hammer velocity-
pickup triggers the delay timer which in turn triggers the flashtube and
the Kerr cell shutter after appropriate time delays. The time delays

are chosen so that the shutter will be operating and the light will be

of constant intensity when the wave front passes through the field of
view of the camera.

In the first high=-speed picture-taking attempts, Kodak Spectrum
Analysis film, Type I-D(2), was used on the basis of tests (39) which
indicated a very high sensitivity for very Short exposure times. This
film, available only on special order, could not be exposed because
of an apparently defective emulsion. As an alternative, du Pont Superior

4 928 B £ilm developed 15 minutes in D76 developer gave excellent results.

2 Results

Ultra=high-speed motion pictures of transient fringe patterns for
two separate loadings of the bar are shown in figures 7 and 8. The
time between consecutive frames is 10 and 5 microseconds, respectively.
For both sequences the exposure time is approximately 0.05 microseconds.
The impact velocity is approximately 35 feet per second in each case.
A black pointer which was uséd for azlignment purposes is visible along
one side of each frame. The stationary dark line across each frame
is the shadow cast by a spring clip holding the lamp in the reflector.
The bar was masked off to give a field of view starting three-quarters
of an inch from the impacted end and extending three inches along the
bar. The black pointer lies between the dark line and the impact end of
the frame. In figure 8 the indistinct strips along the sides of each

frame are due to the beveled edges of the birefringent coating.
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patterns resulting from impacting an aluminum bar having
a birefringent coating. Time between frames, 10 micro-
seconds; exposure time, 0.05 microseconds.



Ultra~high=-speed motion pictures of transient fringe pabtierns
resulbing from impacting an aluminum bar having a birefringent
coating. Time between frames, 5 microseconds; exposure time,
0.05 microseconds.
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These pictures demcnstrate that transient fringe patterns can be
successfully photographed with existing film, light sources, and
high-speed Kerr cell shutters. This was the major objective of the
investigation. Examination of the pictures reveals several interesting
features.

Considering figure 7, the uniformly bright field of frames 1, 2,
and 3 indicates that the wave has not yet arrived. Frames 4 and 5 show
the wavefront advancing across the field of view; the leading fringe
travels slightly more than two inches, measured along the frame center-
lines, during the ten microseconds between frames which corresponds to a
veloecity of approximately 200,000 inches per second. This is in
excellent agreement with the long-wave velocity for aluminum of 202,800
inches per second given by Mason (38). Also, the distance between
consecutive fringes increases between these two frames indicating some
dispersion of the wave front. A fringe order of at least one and one-half
is visible in frame 4 which is reasonable. The fringe pattern at the
top of frame /4 indicates that the hammer hit on one corner. In frame 5
the shape of the fringe pattern suggests that bending modes are no longer
present at the head of the pulse. The pictures obtained by Sutton (21)
appear to confirm this supposition. A very interesting feature of frame
5 is the proncunced curvature of the fringes which implies that plane
sections of the bar are warping. The remaining frames, beginning with
frame 6, show very complex and confused fringe patterns of unknown origin.
They are probably due tc.short-wavelength, high=frequency waves travelling
in the metal and to associated coating thickness effects. Since dispersion
is not so important near the point of impact, high-frequency waves are

expected to be strongly present very early in the wavetrain.
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In figure 8 the quiescent state is not present making it impossible
to determine the starting time after impact of this frame sequence.
Triggering difficulties which were not considered beforehand are
respensible for this. Since the hammer is approximately 9/16 inch from
the bar when the trigger pulse is generated by the velocity pickup,
approximately 1340 microseconds elapse before the hammer strikes the bar
as compared to & microseconds for the resulting strain wave to come into
the field of view. Since the wave front travels out of view in 15 micro-
seconds, the delay time must be accurate to within one percent if the
wave front is to be observed. Complicating the situation is the fact
that the hammer velocity is not a priori reproducible to more than one
or two feet per second which gives rise to uncertainties of perhaps £0
microseconds, making it nearly impossible to correctly set the delay time
beforehand. In view of this it is surprisingly good luck that the wave-
front is observed in figure 7. Since the wave front is not observable
as a reference, little can be said about figure 8; it is interesting,
however, to note the pronounced curvature of the fringes in certain frames.
Further experiments are required to determine whether the fringe
patterns truly represent the surface strains of the metal; however, several
interesting observations can be made from the motion pictures which were
obtained. The fringe pattern appears to travel with the metal wave velocity,
whieh is reassuring. The pronounced concave curvature of the leading
fringes with respect to the direction of wave propagati@n indicates that
plane sections of the bar are warping for relatively long=wavelength waves.
If there was no warpage, the fringes would have no curvature. Since dynanmic
photoelasticity can give same qualitative insight into elastic wave propa-

gation, it is interesting to note that this fringe curvature is present
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to some degree in all the full-field dynamic photoelastic fringe patterns
which have been obtained for the longitudinal impact of rectangular bars.
Concave curvatures of the leading fringes with respect to the direction
of wave propagation are observed in the pictures of Sutton (21) and Feder,
et al. (23). In the pictures of Durelli, et al. (26,27), the curvature
continuously changes from concave to convex as the fringe order increases
to its maximum value. No explanations as to why the curvature of the
leading fringe, for example, should be concave rather than convex are
offered in the literature. In the next part, Part III, mathematical
expressions will be obtained which qualitatively deseribe the observed

fringe patterns.

Conclusions and Recommendations

In view of serious doubts about the uvsefulness of dynamic photo-
glasticity for quantitatively modeling transient stress distributions
in metals, an alternative approach using birefringent coatings applied
to actualnmetal specimens has been considered. An experimental program
was undertaken to determine whether it would be technically possible to
photograph the transient fringe patterns. The results of experiments
using a rectangular aluminum bar coated with PhotoStress and the Ellis
ultra-high-speed camera indicate that transient fringe patterns resulting
from impact can be successfully photographed using existing film and light
sources at exposuré times of 0,05 microseconds. Pronounced fringe curvatures
observed in the pictures indicate that plane sections of the bar were warp-
ing during the passage of the strain pulse. Similar fringe curvatures are
observed in dynamic photoelastic pictures obtained by other investigators

for the longitudinal impact of rectangular bars.



34

Before taking further pictures, it is recommended that the relation-
ship between coating birefringence and surface strain as a function of
frequeney‘be experimentally investigated for varying thicknesses of
promising coatings. To this end a longitudinal elastic wave would be
introduced into a long circular aluminum bar by a strong serodynamic
éhock waﬁe generated by a shock tube. At a station more than twenty
diasmeters from the loaded end of the bar, two effects of the wave would
be observed simultaneocusly on a dual-beam oscilloscope: one, the
time variation of the strains at the surface of the bar using either
piezoelectric or solid state strain gages; the other, the fime variaztion
of the corresponding fringe order in a birefringent coating of given
thickness, observed by a photocell as alternate extinction and trans-
mission of a beam of polarized monochromatic light reflected from the
bar through the coating. A round bar is used because its symmetry allows
the strain gage and coating to be arranged around the circumference of
the bar at the same station. Also, when the coabing is applied to the bar,
several acecurate thicknesses can be easily produced using a lathe. As will
be pointed out in Part III, analytical sclutions for the surface strain
response of a eircular bar subjected to an axial pressure step are available
which are in excellent agreement with experimental results for stations
more than twenty dismeters down the bar. Due to dispersion, the operative
frequencies and wavelengths respectively increase and decrease during
the passage of the wave; by comparing the oscilloscope traces, the
birefringent response for a particular coating thickness can be observed
85 a Tunction of time and frequency in relation to the surface strain.
Also, by using calibrated strain gages, the strain-optical ccefficient can

be evaluated from the strain-time trace and a plot of the fringe order as
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a function of time,

Simultaneously, a search for birefringent materials having higher
. 8train-optical sensitivities should be undertaken in order that photo=-
graphically significant fringe orders can be obtained with very thin
coatings. It has already been pointed out that physical chemists working
in this area feel confident thal materials can be developed which are an
order of magnitude more sensitive than existing epoxy resins (37).

Assuming that high sensitivity materials can be found and that for
sufficiently thin coatings of such materials the birefringence represents
the surface strains of the metal for a substantial frequency range, it
is suggested that several improvements for photographing the transient
fringe patterns be considered. From the high-speed pictures obtained
in the present investigation it is clear that better resclution is
required if fringe pattern details arcund discontinuities are to be
investigated. Since the total observation time will generally be
quite short, Professor Ellis has suggested that it might be practicable
to use a modified Cranz-Schardin system in which a set of separately
pulsed Kerr cell shutters and a corresponding number of image forming
beams in Juxtaposition would give a small number of large-negative
pictures spaced in time. The light source would be at constant intensity
during the duration of the picture taking. In conjunction with such a
system it might be worthwhile to consider incorporating the reflectance
method of fringe multiplication originated and used by Post (40,17).
Multiplied fringe patterns would greatly improve the nmumerical evaluation
of the strains; however, they may be difficult to obtain since the

fringe multiplication is accompanied by a considersble less in light
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intensity.

If excellent fringe photographs which accurately represent the surface
strains o