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FOREWORD

This report was prepared by R. XK. Erf, J. P. Waters, R. M. Gagosz,
F. Michael and G. Whitney of the United Aircraft Research Laboratories, United
Aircraft Corporation, East Hurtford, Connecticut 06108, The work is being
supported by the FEDI and Mechanics Brarnch, Metals and Ceramics Division of
the Air Force Material Laboratory under Contract F33615-T1-C-1874. The Air
Force Project Monitor is Captain James W. Bohlen.

This technical report has been reviewed and is approved.

X B &

Thomas D. Cooper
Chief, NDT and Mechanics Branch
Metals and Ceramics Division
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SECTION I

SUMMARY

Presented herein is a description of the work performed during the first
ter months (ending 30 April, 1972) of a 36 month effort under Contract
F33615-T1-C-187k. ~The investigation is directed at: determining tie feasibility
of using holographic interferometry in manufacturing or maintenance environments;
establishing streir analysis techniques for aircraft and large aircraft
components; and establishing pulsed holographic interferometric techniques for
the detection of cracks in actual or simulated aerospace hardware, The program
has beer organized into seven major areas, and the main dbody of the present
report is divided into four sections, representing those areas in which work

vas performed during the reporting period.

Section IIT - Physical Environment Effects
Section IV -~ Surface Finish Effects

Section V - Maximum Strain and Strain Patterns
Section VI -~ NDT, Composite Compressor Blades

Section III reviews the problem areas to be considered in conducting
holcgraphic studies in likely application environments, and describes the
experimentel investigations, performed to date, concerned with the effects of
ambient illumination, vibration, and suspended aerosols. In addition, the
specifications for the UARL-developed pulsed ruby laser system being utilized
in the program are presented together with s description of some system develope
mert tests conducted in the Fatigue Test Laboratory at Sikorsky Aircraft to
gain operating experience in an actual manufacturing type of environment. Study
of the deleterious effects of extraneous lighting demonstrated that levels up to
200 foot-candles (reflected to the holographic plate) could easily be tolerated.
Purther, it was shown that while the reference to object beam intensity ratio
shou’4 be greater than unity, there is considerable latitude in this number, with
retios between 2:1 and 30:1 producing comparable results. Similarly, it is not
necessary to precisely match the two pulse intensities when constructing double«
pulse interferometric holograus. The Fatigue Test Laboratory work demonstrated
that high vibrational fields, at frequencies up to 1 KHz, should not adversely
affect the holographic construction process.

It was concluded from the study of surface finish effects, reported in
Section IV, that interferometric holography can be usefully employed on well
polished surfaces (roughness of approximately 4 p in.) and that the degree of
surface roughness up to 1000 u in. does not significantly ai'fect fringe location.
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However, the scattered radiation intensity from very smooth surfaces is highly
peaked in the specular direction which may set an upper limit on the area
coverage, Therefore, the specular point should de centered on the surface area
of interest in order to obtain the maximum recorded area. In some associated
studies it was found that holographic interferometric quality is independent of
the type of cbject beam expander element (aiffuser plate or simple lens) and
that retro-reflecting surface preparations may afford an enormous increase in
allowable area coverage for a gliven laser system.

A detailed mathematical description of the required theory, along with a
review of the extensive experimental investigations performed on both a simulated
airframe skin and a cylindrical surface to study the pertinent parameters associat-
ed with holographically visualizing strain patterns and areas of maximum strain
concentrations on large structures are the subjects of Section V. The theoretical
work estaplished that holographic interferometry is a viable technique for
performing such studies with minimal restrictions placed on the experimental
setup; the illumination source and holographic plate should be located adjacent
to each other at a distance greater than one meter from the object, and the
viewing angle limited to #U45° to the surface normal. The experimental measurements
reported support the theoretical conclusions by showing that good correlation
exists between the principal strain fields on thin structures as sampled by
conventional strain gages, and as determined by means of holographic inter-~
ferometry. In addition, a theoretical and experimental study of the effects of
surface geometry and rigid body motion on the interferometric fringe data
reduction procedures indicated that they will not affect the determination of
high strain areas or relative strain magnitudes.

Finally, laboratory investigations of hologrephic nondestructive testing
procedures as applied to composite compressor blades are descridbed In Section VI.
The results of this work indicate that the use of ultrasonic stressing, combined
with interferometric holographic readout may offer one of the most inclusive
test methods for the detection and characterization of bond defects in composite
material components. In general, it appears that this approach can define the
area of delsmination, determine which surface it 1s nearer to, has the potential
to determine the degree of disbonding, and is applicable to complex surface
geometries. It is applicable to the inspection of large areas in a single testy
and the low frequency range (up to a few hundred kilohertz] employed relative
to the mrgohertz operating frequencies of more conventional ultrasonic NDT methods
facilitates transducer coupling and minimizes the effects of grain scattering,
acoustic attenuation and surface roughness on resolution capability. The
experimental work reported includes a demonstration of pulsed laser time~average
holographic interferometry, illustrating one potential method for implementing
HNDI in a production or maintenance type of environment.
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Before proceeding to a more detalled discussion of the areas summarized

above, an introductory section has been included vhich very driefly reviews the
motivation for the current investigations, discusses the holographic process in

brief general terms slong with a description of interferometric holography (the

E technique of interest to the present work), aud presents the program organization.

&

~ Included as Appendices A and B to the present report are; firsi « arn abstract

: of a paper presented to the Spring 1972 Meeting of the Optical Society of America

b § and entitled "Strain Analysis of Targe Airframe Structures™; and second ~ a paper

i entitled "Object Motion Compensation by Speckle Reference Beam Holography" wnich i
i recently appeared in Applied Optics. The former item reported work performed :
k. under the current contract, whereas the latter item was part of UARL's Corporate E
q sponsored research program; it is most aprcpos to the present contract work, :
‘. hovever, since it offers a viable technique for applying the continuous wave

3 laser holographic process in a practical enviroument, and as such, serves to s
[ complement the use of pulsed laser holographi: techniques in such a situation.
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SECTION I

INTROCUCTION

The ever-increasing complexity and sophistication of aerospace structures
and components, together with the demand fcr iighter, stronger and more reliable
materials, inherently requires a more detailed knowledge of any design deficiencies
or flsws which may be present. New manufacturing processes and fabrication
techniques to realize such structures pose two potentially dangerous problems:
the nature of the flaws wvhich might be encountered in production or develop in
service are not well understood and critical fiaw identification is becoming more
difficult. Conseguently, application of conventional NDI methods to these
problems must be re-examine? to determine their suitability; and new tests must
be developed and demonstrated. Holography is one such tool that has recently
become available and well established. Therefore, the present program was
undertaken to explore the feasibility of using this technique wvhen seeking
solutions to the inspection of advanced aircraft and aerospace hardware.

HOLOGRAPHIC RECORDING AND THE TECHNIQUES OF HOLOGRAPHIC INTERFEROMETRY

With the advent of the laser, the science of holography, as first developed
by Gabor (Ref. 1), has enioyed an active revival. Advances in holography have
been especially rapid since Leith and Upatnieks (Ref. 2) developed the reflected
light holographic technique. Rather than reviewing the mathematical theory in
detail, suffice it to say that holography provides a method of storing three-
dimensional information on a two-dimensional recording plane for subsequent
viewing of the object in its original three-dimensional form. This radically
different concept in photographic optics does not require the use of lenses or
other image forming devices; instead, an intensity pattern is recorded which is
related to both the amplitude and phase of light waves diffracted around, or

- reflected from, an object using a one-beam (Gabor) or two<beam (Leith and

Upatnieks) interferometric process. The recorded pattern, called a hologram,
bears little or no resemblance to the original object, but nevertheless contains
all the information about the object that would be contained in an ordinary
photograph plus the additional information about the phase which is required for
visualization of the third dimension. The creation of an intelligible image from
the hologram is known as the reconstruction process. In this process, the
hologram is illuminated with monochromatic, coherent 1ighty the hologram diffracts
this light into waves, which are essentially indistinguishable from the original
waves which had been diffracted around, or reflected from, the object and which
will produce all the optical phenomena that characterized the original waves.
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Of particular interest to the present contract is the method of inter-
ferometric hclography (Ref. 3), a technique whereby minute surface deformetions
(on ihe order of microinches) induced by various stressing methods, can be
detected by comparing each point on the surface with itself before and after
stressing. These surface deformations can then be exsmined in the Lolographic
reconstruction process as a means of interpreting the components® structural
integrity.

iIn applying interferomei: s~ holography, r. hologram is constructed in a manner
similar to convertional holography except that two exposures and, hence, two
holograzs of the test object, are made on the same photographic plsate, the
surface of the test object being altered between the two exposures. Upon recone
struction, the two reconstructed imeges wili interfere with each other and produce
a set of bright and dark interference fringes (in the reconstructed image) which
represent contours of equal displacement along the viewing axis. PEach successive
frizge represents a displacement of approximately one-half the wavelength of the
i1luminating source used in the construction process, or in the case of a He.le
1aser (6328 %), approximately 12 microinches of surface displacement. The surface
of the test object can be modified between the two exposures In several ways
which include: internal pressurization, mechanical force, thermal heating, and
acoustic vibration. The method employed would depend upon the component itseif,
the type of defect, and the accessibility of the component (i.e., whether the
comporent can te tested by itself or as part of a complex system). FEolograsphic
nondestructive inspection (HNDI) is potentially applicable to any prob.em wherein
application of a force manifests ite2)f as a change in the surface shape of the
cbject in a wvay which is indicative of the anomaly being sought.

Several variations of interferometric holography may be used,

a. Static double-exposure cw (continuous wave laser ouvtput] interforometric
holography - in wvhich two holographic recordings with the test piece in
twn states of stress (e.g., before and after application of & static
stress), are made on the same film prior to photographic processing.

b. Dynamic time-average cwv interferometric holography - in vhich a single
holographic recording is made of a test piece undergoing a cyclic
vibratory motion, with interference occurring between the ensemble of
images corresponding to the time-average positions of the test pilece,
and with the positions near zero velocity contriduting most strongly
to the holographic exposure.

c. Real~time cv interfercmetric holography -~ in which a holograpnic recording
is made of the unstressed piece. The film is processed in place, and
upon reconstruction, the image, as viuwed through the hologram, is formed
superimposed upon the actuel test piece. Any subsequent stress-produced
fringe patterns can be observed as they appear in real-time.

-5-
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d. Dynamic double-exposure pulsed interferometric holography - in which
two holograms are recorded sequentially before photographic proc:.sing.
Tris last tecimique, which makes production floor holography a realiiy,
is appl” :able in both static and dynamic, vhether cyclic or transi=nt,
stress gituations; and in optically kostile enviromments vhere such
effects as vibration, ambient light, and particulate matter may be przsent.

PROGRAM ORGANIZATION

As diagrammed in Fig. °_  the program has been organized into seven major
areas vhich fall under two principal tasks: 1) a general study to develop
suiteble techniques for performing pulsed holographic interferometry tests in a
manufaciuring or maintenance environment; ané 2) investigations in three specific
problem areas. Both cf these tasks are planned in two phases: laboratory studies,
and actual maintenance enviromment studies. The bold faced boxes in the figure
correspond to the seven meajor areas of study.

As showr in Fig. 1, three of these arees are osrganized under Task I: 1)
physical envircnment effects; 2) surface finish effectsy and 3) Gevelopment of
tke final technigues for an actual mairtenance environmert. The remaining four
are to be considered as part of Tssk II: 1) maxi=m strain and strain patterns;
2) fatigue cracks; 3) NDT; and k) correlation studies. Tae first three of these
last mentioned topics are the problems themsslves, for whi ch various holographic
solutions have been proposed aad are to be stulied, vhile the fourth area calls
for correlating the holograrhic results witk previously decerzined, or known, flaw
locrtions and strain distributions. Presented in Fig. 2 is & program plan chart,
vhich corresponds to the organizatiorsl diagram of Fig. 1, and indicates the
scheduled dates for initiation and completion of the variocus items to be studied
under the program. As noted in Fig. 2, work has been initiated in five of the
major study areas: 1) physical environment effects; 2) surface finish effects;

3) marimum strain and strain patterns; 4) NDT-composite compressor blades; and
5) correlation studies. Items 1 through L are the topic headings for the
following sections of the present report, vhile tiie correlation studies are
reviewed within the iriaividual sections to which they are appropriate.
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Successful azplication of any holographic nondestructive insg:ction (HNDY)
precedure to aerospace problems ir a practical enviromment will require overcoming
the adverse effects of these environments as they relate to the recomstructed
isage quality. The particulsr esvironmental characteristics which can affect
the bolozraphic image quality include vibration, ambient illumination, and ambient
media perturbations (density variations and the presence of scattering objects).
These characteristics prohibit the use of long exposure methods. Random
variations of the holographic paase frcents during the exposure time caused by
vibration of the optical compczerts will degrade the image quuiity, the extent
of the degradation being dependent upon the magnitude of the vhase variations.
Fogging of the holographic plate due to ssbient iilumination during tne exposure
time will also degrade reconstructel object intensity or, if the extraneous
exposure is sufficient, wash out the image completely. Conseguently, the more
suitable approach for holograpky in a hostile eaviromment is to utilize pulsed
lasers which have the capability of short exposure times, on the crder of 20
nanoseconds, to ovarcome thesc debilitating envirommentsl characteristics. By
employing a portable system, vhich could be instalied at existing test rigs,
full scale components could be examined without the need for disasseably of the
structure. T7The use of pulsed lasers in such problem aress minimizes the effects
of the environment and allows constraction of good quality kolograms. However,
the laser cavity itself is susceptille to the ambient conditions (in particular
the vibration) which may detune the cavity from cptimmm conditions. In addition,
the simple transport of the laser may be sufficient to detune the cavity. There«
fore, in order to avoid the unneces:ary time required to retune the laser cavity,
2 suitable leser package must be available to the holographic systeam which would
minimize laser adjlustments and allov the user to concern himself primarily with
the hologrephic aspects of ENDI.

Trerefore, an experimental program was initiated to examine system parameters
which control the yuality o interferometric holograms constructed under adverse
conditions (non-optical laboratory). In this regard, the program has been
conducted to: 1 - examine laser operating characteristics to provide reiiable
cyperation; 2 - conduct preliminary invcstigations in a maintenance or test
environment (Fatigue Test Laboratory at Sikorsky Aircraft was utilized) and
thereby ascertain potential problem areas for further optical ladoratory investi-
gations; =i 2 -~ examine the governing parameters with respect to holographic
image quality and develop imits of opersticn for the probdblem areas defined ir (2].




R R R R T T T L A T A BT iy o &P TE R AT, i v o e = e
“ TN R R PR RN R t Bo e \F A RR R  T Foiam oot 9 W00 e 2 Dot A4 e et |
A 5,

PULSED RUBY LASER SYSTEM

The pulsed ruby laser system developed at UARL for holographic studies hus
a coherence leagth of approximately 1.5 meters and a pulse duration ¢f 20 aanosec.
As shown in Pig. 3, the system employs a 6 inch by 1/2 inch diameter, Czochralski
grown, ruby rod with Brewster angled end faces for the active medium. The laser
cavity consists of a dielectric-coated full reflector with a 10 meter radius of
curvature and a Fabry-Perot. etalon as a resorant reflector. Since the fluorescent
line width of the ruby is sufficiently broad to amplify many of the Fabry-Perot
modes of the laser cavity itself, the etalon is used to reduce the number of
oscillating xodes to one, thereby providing the long coherence length required
for holographic purposes. In addition to these components, a Pockels cell for
synchronized active Q-switching. and an aperture to control the transverse mode
structure are mounted internally to the laser cavity. (The Pockels cell can be
replaced with a bleachable dye cell for passive Q-switching.] The Pockeis cell
is driven by a lLasermetrics Lkigh voltage powver supply cepeble of delivering two
: negetive pulses with pulse separstions wvariable frcm 10 microseconds to 200
E microsecoads. The jitter in synchronizing to an external event is aprroximately
: 0.2 psec. Most cf the experiments to date have been conducted with a pulse
separation of approximately 100 microseconds.

¥
=
27
=

s

14y
9

ey

As indicated in the Introduction, laser cavity alignment is susceptitle to
the effects of ithe environment, especially the vibratory aspects of the environ-
ment. These conditions could subject the laser cavity mirrors to xisaligement
svay from optimum. This would not only cause variations in the pulse-toepulse
amplitude, but also cause variations in the “ransverse mode siructure (i.e. a
non-uniform intensity distribution normel to the direction of propagation).
Because of the very nature of the operation of pulsed lasers, the adjustment for
realigning tne laser to optimm conditions is time consuning. Therefore, to de
; effective, tne laser system should be free of susceptibility to environmental
3 characteristics. Furthermore, the possibility exists for misaiignment due to
nandling during transit from one facility to another. For most efficient operation,
this possibility should be minimized. Both conditions necessitate a rigid structure
for the laser systes.

TP,

O

Based upon the above considerations, modifications were made to the UARL
3 pulsed ruby laser system. This phase of the work, conducted under Corporate
sponsorship, was directed at providing a high degree of reliadility and mobility
for the tests conducted at Sikorsky Aircraft. The modificetions included: 1}
more rugged component mounts to insure stability of their position; and 2) a
rigid aluminum horeycomb base to prcvide a stable, distortion~free platform for
mounting of the laser components. In addition, a more powerful HeiNe laser (5 mw)
was mounted on the pulsed laser system package to provide a better alignment
beam for the holographic apparatus at the test site.
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Satisfactory and reliablz operation of the laser system is only achieved
when the optical components which comprise the laser are in good condition.
Component damage due to high laser power densities within the cavity causes
deleterious effects with regard to available output energy and transverse mode
b structure. These would seriously degrade holographic image que'ity as well as
limit the extent of the area to be examined. Particularly troublesome areas are
4 the dielectric full reflector and the Pockels cell windows. Both of these
5 components have suffered damage which has necessitated adjustments and replace
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B ments. Further effort is planred in this area to determine the tolerable operating
b limits for reliable operation.

# Nevertheless, the new UARL laser system package, illustrated in Fig. b,

- provided quite setisfactory operation.  In day~to-~day work, laser retuning has

not been require2 except for minor variations in flashlamp pump voltage, or in
the timing of the Pockels cell delay.

PHYSICAL ENVIRONMENT EFFECTS

Experiments were conducted at the Fatigue Test Laboratory of Sikorsky
Aircraft and at UARL using the UARL pulsed ruby laser, to holographically examine

z those environmental characteristics which control holographic image quality.

The purpose of the Sikorsky tests was twofold: 1) to study the effect of an
k- optically hostile physical environment on the holographic processy and 2) to
2 examine the surface deformation of composiie rotor blades undergoing fatigue
testing. With regard to the first item, the objective was to explore and define
S the specific characteristics of the environment which are critical and determine

their effect on the holographic process for subsequent study in controlled
laboratory conditions. The primary characteristics of the environment which could
affect the holographic process during this series of tests included ambient

i illumination levels and ambient vibration levels. With regard to the ambient
illumination, the photographic density due to the presence of this illumination
could cause non-linear recording effects to predominate and thereby reduce image
quality. In the second case, if significant motion occurred during the holoe-
graphic exposure time, then the phase information would be reduced, if not lost,
thereby resulting in a degradation of image quality.
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Effects of Ambient Illumination

As indicated previously, high ambient light levels may preclude the
construction of a hologram due to undue or excessive fogging of the photographic
plate by the ambient illumination. That is, the d.c. component due to the none
coherent ambient radiaticn may saturate the plate so that the phase information

QU2 oy oy

b
5 of the coherent holographic process (recorded as interference fringes] is not
4 recorded. The use of a pulsed laser to construct the hologram provides the means
k. to alleviate this problem since the photographic plate need only be exposed for a

-~ 12 -
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short period of time to the anmbient illumination. An interference filter tuned

to the output radiation can be used to reduce the spectral content of the ambient
radiation to further reduce the level of anbient radiation. 1In general, this is
not a satisfactory solution since the bandpass of the filter is dependent upon

the angle of incidence to the filter. This characteristic would limit a particular
filter to a particular configuration, i.,e, 1limit the angular separation between
the reference and object beams. In addition, the interference filter can induce
polarization effects in the trensmitted beams thereby altering the transmission

properties.

Since the use of an interference filter is not desired, a certain amount of
ambient light will unnecessarily expose the photographic plate. This will also
introduce noise and reduce image contrast since the depth of modulation of the
holographic fringes in the recording will be diminished. A method for optimizing
the signal~to-noise ratio when reconstructing images from holograms constructed
in the presence of an incoherent source (e.g. ambient illumination) is described
in Ref. 4 and involves varying the relative intensities of the reference sud
object beams dependent upon the ambient level.

The amount of ambient illumination which exposes the photographic plate can
be minimized by using a shutter immediately in front of the photographic plate
and timing the shutter opening to allow the two laser yulses to be recorded
during its opening. This solution 1s an effective one since the shutter need
only be open for the duration of the two laser pulses, including the pulse
separation time which is generally on the order of 100 microseconds. Large
aperture focel plane shutters are not available in this speed range, but with
suitable modifications shutter speeds of less than 1/10 second are possible, and
should provide for & reduction of the ambient exposure level sufficient to

construct holograms.

a, Fatigue Test Laboratory Experiments

As indicated above, the purpose of the Sikorsky tests was twofold: 1) to
study the effects of a working environment on the holographic process; and 2) to
examine the surface deformation of composite rotor blades undergoing fatigue
testing. A typical experimental setup is shown in Fig. 5. During this set of
experiments, a hand operated shutter was used, Nominally, 1 to 2 second expocure
times were used, but this could not be accurately controlled. A microswitch
was instulled on the shutter actuating mechanism to fire the laser when the
shutter wss fully opened. Light meter readings obtalned at the test fnstallation

indicated an ambient light level of 18 foot-candles.

During the initial phase of these tests, an interference filter was used
immediately adjacent to the photographic plate in order to limit the amount of
ambient illumination to a tolerable level because shutter durations shorter than
2 seconds were not available, Because of tne shift in spectral bandpass with

-1k -
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short period of time tc the ambient illumination. An interference filter tuned
to the output ragistion can be used to reduce the spectral content of the ambient o
radietion to further reduce the level of ambient radiation. In general, this is :
rot & sstisfactory solutisn since the bandpass of the filter is dependent upon

the axgle of incidence to the filter. This characteristic would limit a particular
filter to a particular coafigyration, i.e. limit the angular separation betweon
the reference and object deams. In asddition, the interference filter can induce
polarization effects in the transmitted beams thereby altering the transmission

groperties. :
3

Since the use of ap interference filter is not desired, a certain amount of
an. ont light will unnecessarily expose the photographic plate. This will also
introduce moise and reduce image contrast since the depth of modulation of the
heiographic fringes in the recording will be diminished. A method for optimizing
the sigrai-to-noise raztio when reconstructing images from holograms constructed
in the presence of an incoherent source (e.g. ambient illumination) is described
in Ref. k and involves varying the relative intensities of the reference and

object deans dependent upon the ambient level.
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The amount of ambient illumination which exposes the photographic plate can
be mininized by using a shutter immediately in front of the photographic plate
and timing the shutter opening to allow the two laser pulses to be recorded
during its opening. This solution is an effective one since the shutter need
only be open for the duration of the two laser pulses, including the pulse
separation time which is generally on the order of 100 microseconds. Large
aperture focal piane shutters are not available in this speed range, but with
suitable modifications shutter speeds of less than 1/10 second are possible, and
should provide for a reduction of the ambient exposure level sufficient to

conretruct holograms.
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a. Fatigue Test Laboratory Experiments

vy 22

As indicated above, the purpose of the Sikorsky tests was twofold: 1) to
; study the effects of a working environment on the holographic process; and 2) to
E examine the surface deformation of composite rotor blades undergoing fatigue
‘ testing. A typical experimental setup is shown in Fig. 5. During this set of
‘ experiments, a hand operated shutter was used. Nominally, 1 to 2 second exposure
E times were used, but this could not be accurately controlled. A microswitch
was installed on the shutter actuating mechanism to fire the laser when the
shutter was fully opened. Light meter readings obtained at the test installation

indicated an ambient light level of 18 foot~candles.

During the initial phase of these tests, an interference filter was used
3 immediately ad)acent to the photographic plate in order to limit the amount of
4 anmbient illumination to a tolerable level because shutter durations shorter than
2 seconds were not available, Because of the shift in spectral bandpass with
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respect to the angle of incidence as mentioned eariier, the deviation of the beam
must be limited to less than 10 degrees from the normel. iIn general, because
of the constraints imposed upon the holographic process by the object (uniformly
illuninated and extended cbjects), a low spatial offset frequency (small angular
sepsration between the reference and object beams) cannot be used because of the
ensuing spectral orders vhich can overlap producing a noisy or defocused image
(Refs. 5 and 6). These effects are especially pronounced in the presence of
non-linear recording, i.e., when the combined average intensity of the reference
and objJect beams is not located in the center of the linear portion of the curve
representing the film's transmission versus exposure characteristics. In the
presence of embient illumination this (non-linear recording) will be especially
true,

Figures 6 and 7 illustrate some typical results cbtained from tests conducted
in the Fatigue Test Laboratory with & nominal one second exposure and without the
use of an interference filter. Figure 6 is a reconstruction of a hologram
constructed of an experimental composite blade test section undergoing dynamic
fatigue cycle testing. The tlexural amplitude was aprroximately 9 inches at a
frequency of 15 Hz. 1In this case, with the laser pulses 100 microseconds apart,
considerable displacer~nt occurred between the two pulses resulting in the high
spatial frequency of the interference pattern, However, no anomalies were observe
ed in the fringe pattern. Figure 7 illustrates the results obtained from the
examination of an IRB {Improved Rotor Blade) blade section also undergoing
flexural fatigue t sting. Sections of the blade had been examined prior to the
holographic tests : . skin delamination, as identified using a coin tap, had
occurred in some areas. This area was examined holographically and is, as shown
in the figure, easily observed as a change in the background fringe pattern.

For this test (IRB blade section) an oscillator-amplifier laser configuration

was used in order to increase the total energy available for holographic recording.
A Korad pulsed ruby laser was set up, without the cavity mirrors, for use as the
amplifier. Approximately 0.3 joules were obtained in this operating modes gain
with the 4" Korad amplifier was approximately 6.

b. Optical Laboratory Experiments

Experimental tests were conducted a: UARL to examine, parametrically, the
effects of the superposition of tae ruby laser illumination and the incoherent
ambient illumination. The objective was to determine suitable operuting condi-
tions for constructing interferometric holograms in a manufacturing and main-
tenance environment. Figure 8 illustrates the experimental configuration used
for this study. As in a standard holographic configuration, the laser pulse was
split into two beams by a beamsplitter for subsequent direction to the holographic
plate via beam expander and plane mirror (reference beam) and & ground glass and
object (object beam). The beem intensity ratio (relative amount of energy in the
respective bcams) was varied by the use of attenuation filters in each beam.
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FIGURE 6. RECONSTRUCTION OF COMPOSITE HELICOPTER BLADE
UNDERGOING FATIGUE CYCLING
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FIGURE 7. RECONSTRUCTION OF IRB BLADE SECTION UNDERGOING FATIGUE CYCLING
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Istezsity ratics (referezce Sesm to object Beam) exmxined racges fyom 10:3 to
1-25. Th: Isses cuipa’ was doeitored csing & variety of Dwtaods. 2 ssmil
Zraction of the calpxt prwer wmas directed tc a kigh speed (naosecoed resporse
time) diode srd its cutpat chwerved o s Rize syeed corillsszope, Tektrozix 525,
to exaxize the axial mode structcre of the oxtgot tean. The dlode oscipat wes
alse> fed thrmough &t ixtegrating cirmxpit to detcomine the emergy croisxt of the
individual lss<r puises. Thios. the interferemce frimge contrest, ss relsted to
the reistive strescifrs of the twd pulses coxld Be exsyimed. Relatiwe ezergy im
the referszece ard chiect Dewmrs at the cictograshic piste was determimed by a2 nair
of PIN diocdes and sssocizted integretimg circuiisy. These messiremexis sre med=
after 8 pariicalar confignrsaion ks beem estedlisted gnd prior te the bolsgrexdic
ceestretion.

A 12" x 12" siumirum plste was tsed as tie cblect for these studfes. The
izterference zztier: is otteired by stressimg the plate acgustically between fthe
tws pulses. 2L trezsdorer saod exprrentisl borm were used to genersie gulided
wers alorg iz swrfece of the plate st sscroximetely €1 EEz. Pulsed wlitrasonic
excitation was wiilized tp mimimize the effect of reflecticos from the edges of
tke piate. Toe uitrasomic puise is initisted betvees tbe two laser palses o
tzat the imterference frizges recorded om the dowhliy-exposed Bologram represent
the swrfare deformetice of the almmirun plete between the wstressed srxd stressed
cociitices. Ao =S resoiution chart bBas Teern 2ffized to the surfece of tie plaze
so tkat, in egiition to exmmirirg the trimge coztrast, tEe resoluticn cbiained
under varices con@itions couls aiso B exrmimed.

A Weston Flectricel Corporaiion Medel 61% foot-cendie meter was used to
determine the 2ight iervel of the anbient illumimmtion. For these messurensnts,
tke meter wus irserted into tke shutter essenbly inmto approxinztely the same
position as tke pootographic pizie. 3As suck, it reccrded the ircident 1izht
erizerily from tze odject, but imcluded the backgrournd ac well. Several light
sources and lighrt levels were used tecause of the significantly different spectrel
output of the sources 2nd tke spectirel respoase of the photogrephic plate. The
fluorescent lights common {0 most ledoratories emit a lime spectrum which is
predominantily diue and green. In this region tpoe filx plates used are less
responzive and higter levels of exposure czn be tolerated. A Sylvenis %o. 8 Sun
Sun (i.e. a DVY 650 watt tungsten-halogen lamp) was used to simulete vorst case
conditions. By diffusing the Jight scurce and varying its position relative to
the objJect and photographic plate, light levels of up to 200 foot-candles
{incident on the photographic plate as reflected off the object) could be obtained.
This particular ievel, sc described by the Heaith and Safety Code, is hzzardous,
irritating and pnon-conducive to a good overall vorking environwent.

In order to evaluste the effects of arhient light on the holographic

recording process, a curtain~type 4" x 5" focal plane shutter was modified to
provids 2 repeatable 75 nmillisecond exposure duration. The ruby laser was set up

- 20 -




S R RN T I

A

W

7

RErE

TR AR

1o fire the dockle pulise whes the shytter was iy cpex. The 100 microsecocd
sulse separstior. of the two 20 zacoseccnd pulises was easiiy esclosel withim the
75 millisecond sActuer time. Im additfce, a 1.25" dismeter sperture was imstalled
in the shitter sssembly Betweern tive curtaim smd t=e pioiogrepiic mlste (Fig. Je)
iz grder to permit the recording of seweral Mlograms oo the seme plste.
Sinilerly, ihe plstelolder could be izstalle? (Fig. T} bekfinmd the spertzze im
ey of =ize differext positices dy s magretic essezbly. Mhis permitted the
recoriing of mime differest holograms o= the same photogrsrtic plate wiile
meintaizizg the relative geometry of the holograpaic compoments. Aside from the
sxtooricel sdvaxtages of this assembly, the respeciive recordirg of Eslograms with
differirg beem intensity ratios could mow be assured of iderticel processimg,
EacAlirg ani recomstruriicg setups.

Initielly, doudle pulse holograms ware comstructed witk mo sapient Right
axd the ratic of referenre bean emerxzy to dbject berm eme gy was Yaried from
ig:1 te 2:20 im mine imtersals. Beceuse cf tihe sbso-bim, and reflecting mature
of the filters used to aiter the resgactive beam energies, the ftotdl emengy
incident or the photogrsrikic plir.e cozlf mot be Eeld comstant. That is, %o
refgce the emergy in the referezce Desm, a geiatir tyre reutzrad Jemsity fiter
¥as irserted imto its path. The reduction inm emergy wes mot trazlerred to the
Sblect beaw o mainmtair the (otal emergy o the photograshic plate, bt was
irstesd absorted im the filter. The comsideratior 6f coostent total imcidest
energy is germaece becanse of dexmsity vs. eaposure charecteristics of the photo-
Zraohic erulisions. For erawmle, in the situation where {72 referenze beam ves
%) times as strong as the cbjsct Deax, the total emergy was kigh ensuzz tc
sigpificantly davken the photographic plate. However, when the ratio wes eltered
$o tzat the Sject beam was 20 times the reference beam®s ezergy, i2e plate was
barely exposed. In this regzard the greatest degredetion I~ image quslity was a
stronger function of tis fotal enerzy oo tihe plate than of the actuei tean ratics.

Figures 10 througt 12 itlustrate some typical results of the tests conducted
tsing the spparatus descrived abowe. As indicated previously, kolographic tests
vere conducted over & range of smbiert light levels (from zerc foot-candies to
290 foot-candles) with the reference- to-object beas ratio varied “n 9 incremental
steps fres 50-1 to 1:20. The initiz]l tests were conducted tc exsamine the effects
on image quality directly znd aid rot include two pulse interfercretric hologrars
for eveiuation of fringe contrast effects.

Figure 10 iliustrates the results obtained et zero foot-~candles {total
derkness) and the effect of varying the reference-to-object bear intersity ratio.
Three ratios are illustrated 10:1, 2:1 and 1:20. %o discernibie édifference is
injicated between 10:1 and 2:1, but image degradation does onccur at the 1:20 ratio
(Fig. 10c). 1In Fig. 11 a cozmparison of the effect of varying the azbient
illumination level, with the same reference-to-object beam Intensity ratios (5:1),
is presented. The arbient level was varied from total darkness to 30 feot-candles
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FIGURE 11. EFFECT OF NORMAL ROOM LIGHTING ON HOLOGRAPHIC CONSTRUCTION
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vwhich represents the normal light level in the optical laboratory. It should be
reiterated that the light level is measured in the plane of the photographic
plate. Again no discernible difference is noted. Further comparison of Figs.
1la and b with Figs. 10a and b illustrates again that there is little significant
difference in image quality when varying the reference-to-~object intensity ratio
from 10:1 to 2:1,

Typical results of tests conducted at higher levels of ambient illumination
(150 %o 200 foot-candles) are illustrated in Fig. 12. Several observations can be
made by comparing these reconstructions. Comparing Fig. 12a with Fig. 1%a (both
are single pulses with nearly the same reference-to-object beam intensity ratioy
9:1 for Fig. 12a and 10:1 for Fig. 10a), indicates that 1little, if any, resolu~
tion is lost when constructing holograms with large levels of ambient illvuination.
The remsining photographs in Fig. 12 depict some of the typical results related
to the effects of ambient illumination upon the interferometric fringe contrast.
As indicated in the figure, the reference~to-object beam intensity ratios were
30:1, 9:1 and 2:1 for Figs. 12b, c, d respectively. Relative pulse amplitudes
(P; & P5) for these same figures were 1:8, 3:1 and 1:1 respectively. The fringe
contrast is comparable in the reconstructions although it msy appear to be
slightly enhanced in Fig. 12b. As a result of the direct comparison of the
holograms, it is felt that this apparent difference is more a function of the
reconstruction exposure than it is of the construction parameters. (It should
be indicated at this pcint that the interference fringes are not observed on the
resolution chart since it was simply taped to the aluminum plate and, hence,
vas suitably decoupled from the acoustic deformation induced in the plate.}

c. Conclusions

Based upon these results, it appears that good quality interferometric
holograms can be constructed in areas which contain high levels of ambient
illumination, without filtering, provided that the exposure time can be
controlled. For example, the tests conducted with 200 foot~candles measured at
the photographic plate indicate this to be the limit for a 75 millisec exposure.
However, extrapolation suggests that holographic exposures can be constructed
with the object in direct sunlight (average subject produces 600 foot~candles on
reflection) by reducing the exposure time to approximately 25 milliseconds.

This duration of exposure time is possible with the present shutter assembly by
reducing the length of the curtain opening. The results further indicate that
there is considerable latitude in the construction parameters within which the
quality of the reconstructed objects does not degrade. For example, it is
desirable to maintain the reference-to-object beam intensity ratio greater than
unity, but the results appear comparable for ratios which range from 30:1 to 2:1.
In addition, it is evident that in constructing double~pulse interferometric
holograms, it is not necessary that the two pulse amplitudes be precisely matched
to optimize the reconstructed fringe contrast.
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Effects of Vibration

The short pulse duration (approximatelf 20 nanosec) of the pulsed ruby laser
provides an exposure time which is short enough to eliminate the effects of all
mechanical vibration in the construction of a singly exposed hologram. However,
as discussed in Ref. 3 the application of double pulsed holographic interferometry
still requires stability of the position of the reflecting object (test piece)
and the opticel components to prevent the formation of secondary fringes which
may obscure the desired resuits. If the relative moiion is large, the fringe
spacing may be so small as to preclude their resolution and detection. Therefore,
the separation of the two pulses used to construct the interferometric hologram
must be short enough in time, so that between the two exposures the components
have remained essentially motionless, except of course for the deformation
introduced intentionally by the deformation generating mechanism.

Fatigue Test Laboratory test pieces studied (composite rotor blade sections])
were placed under flexural and torsional loads. Consequently, there were two
factors to be considered in the construction of interferometric holograms in this
particular facility. The first was the random motion of the optical components
relative to the test plece caused by ambient vibration, and the second was the

periodic motion of the test plece undergoing fatigue testing.

If considerable motion occurred between the holographic components, a set of
interference fringezs would be produced (related to their relative linecof-sight
Aisplacement) which would not be related to the surface deformation of interest.
In the present case, pulse separations of 100 usec were employed to construct
the interferometric holograms. Therefore, only those frequencies above approximate-
ly 1 KHz should affect the holographic construction apparatus, if they exist with
sufficient emplitude to cause relative displacements greater than C.347 microns.
To test the ability of the laser and holographic apparatus to construct inter-
ferometric holograms in this environment, several holograms of a test object in
a static unloaded case were constructed, Shown in Fig. 13 is a representative
reconstruction of one of these holograms. No interference fringes are visible
indicating that vibrational motion above approximately 1 KHz did not have
sufficient amplitude to cause relative motion between any of the components during

the 100 usec pulse separation,

The results previously depicted in Figs. 6 and 7 further substantiate that
vibrational effects will not interfere with the constrction of interferometric
holograms in high vibration fields. In these cases the total optical path lengths
approached 60 feet which would have exaggerated the beam displacement if the
vibration levels were too high., Vibration measurements using a Kistler Model
303B13 accelerometer were taken at various positions in the Fatigue Test Lab
which corroborated this conclusion. For example, with the accelerometer mounted
on the shakeframe, or on the optical table, the 1 KHz component was determined to
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FIGURE 13. RECGNSTRUCTION OF | NTERFEROMETRIC HOLOGRAM CONSTRUCTED IN
FATIGUE TEST LABORATORY
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have an amplitude of less than 2 x lO“h micron. This would cause a displacement

of approximately 2 x 10~> micrors between the two laser pulses which should be
insufficient to cause degradation in the holographic image. Vibration tests were
also made with two 100,000 pound test machines, which are located in the laboratory,
in operation. The displacements calculated were approximately 1,100 microns
directly on the machine shake frame and approximately 33u on the optical table at
the resonant driving frequency for the machines of 15 Hz, At 1 KHz the displace~
ments were calculated to be 0.25 microns directly on the shakeframe and approx-
imately 7.5 x 10~3 microns on the optical table or floor.

The results obtained in the Fatigue Test Laboratory indicate that holograms
could be constructed in such an environment with pulse separations as long as
100 microseconds. For this case, the displacements which occur at 1 KHz were
not large enough to cause image degradation. The displacements at 1 KHz would
have to approach approximately 0.04 microns before subsidiary fringes related to
optical component shift would be detected.

With regard to motion of the object itself due to the stressing mechanism,
the composite blades are generally driven at 500 rpm. In the case of purel
flexural motion, the maximum amplitude is approximately 3%. Assuming a pulse
separation of 100 usec, the normal line~of~sight displacement would be approximately
120 microns. During the individual 20 nanosecond pulse duration, the test object
would move approximately 0.02 microns and should not cause any particular
difficulty.

Assuming a maximum allowable motion of approximately 1/8 wavelength along the
optic axis in order to maintain a high holographic quality gives a displacement
of 0.087 microns during a 20 nanosecond exposure. This leads to a maximum
displacement velocity along the line of sight of approximately 430 cm/sec for
the obJect itself before image quality would degrade due to objJect motion,

Effects of Suspended Aerosols

Another important consideration in the utilization of holographic technigues
in an industrial environment is the state of the atmosphere through which the
laser beamg must propagate to construct the hologram. Of particular importance
are the presence of scatterers in the air such as dust, smoke, etc. An odvious
solution to this problem is the encasement of the holographic recording system to
provide a uniform, non-scattering environment. Although this would not require
as massive a structure as that required for vibration isolation, such a structure
would reduce the portability of the system and also reduce the versatility.

The size of the acrosol will determine the particular effect it may have
upon the holographic image quality. If the aerosol is less than 1 micron in
diameter, scattering of the transmitted radiation will predominate. The effect
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should be to reduce the total transmission of laser eaneryy to the photographic
plate thereby possibly causing image degradation because of insufficient exposure.
On the other hand, if the aerosols are of sufficient size (larger than 1 micron
diameter) the particle will be resolved in the reconstruction, in addition to
causing a loss of transmitted energy. Upon reconstruction, therefore, the
particles will be seen causing an obstruction of the observed target.

In order to examine the effects of airdorne aerossls upon the hologrephic
image quality, a chamber was fabricated to house the holographic optical
components and to contain the aerosols. Figure 1% illustrates the components and
the chamber. Aerosol distributions can be inserted and circulated to remove the
effects of settling by a small Muffin type fan at one end of the chamber. Siuce
the eventual use of holographic nondestructive inspection methods will require the
exposure of all the holographic components to the ambient atmosphere, it was felt
that these tests should be conducted in the same manner, i.e. to examine the
effects of aerosol concentrations in both the reference and objlect beams,

The American Conference of Governmental Industrial Hygienists has established
a threshold 1imit velue on particulate concentrations in industrial environments.
For example, an upper limit of 5 milligrams/cubic meter is given for the concenw
tration of oil vapors. These would generally be limited to particle sizes less
than 20y in diameter.

Preliminary investigations have been carried out to examine the effects of
small <1lyu particles (smaller than typical oil droplet sizes of 10u] upen
holographic image quality. These tests have incorporated the use of cigar smoke,
with a range of particle sizes approximating 0.01 to 1 microns. No quantitative
analysis has been conducted to date, but the results depicted in Fig. 15 are
i1lustrative of the effects of derse smoke on image quality. Even with smoke
concentrations far in excess of the threshold limit value for oil vapors, holo«
grams could be constructed, although there was a noticeable loss in doth resolution
and contrast.

Figure 15b shows considerable image degradation in the resolution chart
although the fringes themselves are quite sharp. The standing wave character of
this fringe pattern is indicative of improper triggering of the driving transducer
in advance, so that the two laser pulses occurred with the plate vibrating, leading
to this anamolous fringe pattern. This also may have provided some motion to the
resolution chart resulting in the spparent loss in resolution. Additional work
in this area is planned fcr the coming months,
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FIGURE 14. AEROSOL CHAMBER
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FIGURE 15. RECONSTRUCTIONS OF PULSED HOLOGRAMS
MADE IN SMOKE ENVIRONMENTS
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SPCTION IV

GZFZEAL SMDTES
SIRFALE FINISE 2FFECTS

NTROCCTION

A stady was coadurcced to determine the effects of coaponent surface finis:
when recording imterferometric holograms. The surfaces stadied were fgiricsted
by rollimg, mackimirg amd grimdirmg operatiors smd kad sverage surface roaghnesses
varying betweer L o im and 2,300 ¢ fr. The major portiom of the experimemtsl
effort was directed toward the zmoother trpes of surface fimisk: those witk a
nessured value wier 32 p ix. It ir tkis type of surface which wili hawve the
greatest effect on the interferometric frioge quality because of the imcressed
speculsr content of the scattered light. Since specularly scatter>d light cheys
the mirror refiection lax, ithis portiom of the light will kawe a greater inteansity
than the diffusely scattered light and couls therefeore effect toe isterferomet—ic
fringe cootrast. It is aisc possidie that the iocation of a fringe in & specsisr
region could be affected.. Im additiom, the reflectivity of the ocdject surface
will determine the amount of energy directed to the nolograpkic plate. All of
these considerations wili tken affect objlect oriestation and maximam object size.

The laser employed in these studies was a pulsed Xorad ruby laser op=rating
in an open i=se mode. By not Q-svitching ihe laser, an sffective puise length
on the order of milliseconds is obtained. (The actua: oulse is composed of
several microsecond vulses for a duration of a millisecond.) This type of pulse
duration has several advantages. First, the pulse duration wouid be short encugh
to effectively isolate objects moving due to environmental vibratioes, f.e.,
vibratory freguencies less than 100 hHz. Second, cyclic vibratioms higher than
1600 Hz would de time-averaged. This would allows the use of tke puised laser for
tine-average holographic interferowetry and could be done without the use of
vibration isclation systems which are necessary in cw holography. (An example of
pulsed time-average holograpnic interferometry is presented in the section on MDT
of Composite Compressor Blades.) Third, the total energy in the laser pulse is
increased by about a factor of ten over a Q-switched pulse for the same flash
lamp power. This a2llows larger surfaces to te illuminated vhich is advartageous
for the laborato-y studies of rolling and machining effects. Pourth, the power
density is considerably decreased and thus conventional expander, spatial filter
optics can be employed with a much lower susceptibility to air breakdown effects.
The two main disadvantages are: 1) transient events cannot be studied with the
laser operating in this fashion, and 2) the temporal coherence length is relatively
short, 20 cm. (This lstter disadvantage, however, was not found to be a limitation
for surface sreas as large as 16 sq ft.)
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In the f=llowfag sectior, resilts are preserted fram experiaeats performed
on the 2" x 2" simisted sirfraune test pavel wiich was also weed ix the stuiies
for detrrxizizg sress cf saxisom strair end stzuix petterzs. In sddfition, test
resalts sre examize? frox tsc almitaw pasels, cse 2" x 2° axd the other i x 4",
each having a differest sarfece finmish. Finally, test resqits are giwen for tem
stardard scrface rocghress sgecinmers. 210 Incinded fn these studles were
experizexts performed using the i* x L parel to: 1) determive ogtisum deam ratios
for recocting large surfaces extixsiwe cf aabiext light effests; 2) irwstigate
i ffeverces tetveer Fiffuse illmwinsticn sad speculsr (llumization; axd 3)
cwminaie the wse 07 retro-reflecting steetirg for incressing the reflected exergy.

DPIEDENTAL INVESTTIXTTIRS

Simlisted Airframs Peoxel

The expceriments witk the sinxlisted afirframe pamel, which had & meckine
rolled finis» (average surface rougimess of 8 p im), were condurted wsirz doutle-
exposcre kolograntic imterferametry with statie stress sgriied to the parmel
betaeen tie pulsed laser exmostres. The spplied stress was ideaticel to thet o
be descrided in the secticm om Maximam Straim snd Strair Petterrs (& imitiel
Ioed of 200 pc oo the cexter Zolr tyn gutside holts tighrzmed, and them gn
additioral 700 pc syplied o the cecter bolt). The surface of trz parel kad been
sreconditiconed with dxiling spray im order to elimirste ail speculiar reflecticrs
during the strein aralysis work., Tt was thereZore left ir this coodition for
these experiments beceuse of the difficuity iz its removel withouot damgirg the
delicate strain gagzes.

The experimental resulls obtaimed with tais type of fimish showed that the
scattered radietion wes highly peaked in the speculsr directicn aznd that the
holograshic veconstructed image %2d an eppearence of Seing wnevenly iiluminsted,
(This sane effect had been observed previocusly, curing the course of tie cw
kolographic work, dut was not as prooourced and more easily corrected since a
variable exposure time was avaiiable.) The parel wes therefore tilted so that its
center was scatturing the maxiwur amcucst cof radistion iz th: direction of the
bologran (i.e. the center was the apex of the specular angle), thereby providing
maximar holographic coverage with pulsed teckaigues.

Photographs of reconstructed holograms shoving this effect are presented
in Fig. 16. Pigure 16a shows the light distribution when the apex of the specular
angle (incident angle of illuminetion equzls reccrding angle) is located about one-
third of the way up the panel; in 15b the epex is centered on the panel; and in
16¢ the apex is located two-thirds of the way up the panel. In sdditior, it
should ve noted that the results of this investigation, using pulsed holograthic
techriques, confirrmed the strain measurements made on this panel using cw holo-
grapnic interferr=zctry to be reported in a subsequent cection of the present report.
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In ]! of the remits greseslied 3eivw, the varicus savels snd test syecipers
were srranged so tiss she poizt of sgecuiar refiection was cectersd, theredy
rroviding mexinuy scrface corsEge.

2" x 2" Zwrel

The 2" x 2* zazel wes machiized rolled alumfmm 122" thfick. Cme surface
st zv srersye ronghuess of 32 p fir vhile the ctier was mirroer-like, & ¢ fm.
toor refiectior from tieis letter scrfece, Iimeses cf ckfects coulf Be recogrized,
sct the surfers &4 Reve £ wery fine grafin structicre in the roliizg &rectice.
Zkotograsits of botk sides of tie pearel are gresesied im Fig. 17. 25 o= be seex,
txe razel wes merved off im both &frvctions fr 10 om imcrements ard the rolling
dimectiom indicated by srrows. The pecel was &ffixed to e 10" wide By B/2% wmic”
lste extexding slurz the wertical cexter-lime. The piste sof pemel were them
clemmed im 2 comvertiorsl mechime vise. The panel waz ot daspe? im sy faskiom
exzert for the surport plate up the cester of tZe pamel. By suororticg the pewel
im this feskiom, sof simply setting it om & tsdle, emvirormenta? Imfinemces
srodaced morenest of the pamel between pulsed bolograziic exposures ich
resuited im interfercmetric frizges im the recomstruction. {The somoortirg olete
2s recesgary to linit the cumber of frimsss so that resolvedble frirges could be
coteired over the extime surface,) The offect of surfece fimich o these fringes
could then be evsinzted.

Tor the resuits presented and discussed below, It sbould be moted thet the
panel to hologram distance was ircressed over that wtilized in the sizulated
aZrfreae sanel experimerts. Thus, aithough the panel ander discussiom is the
sume size, its image szvears smaller (it is farther beck of tihe hologram) and
kEss & more even tiotograghic exrosure density (ihe extent cof the recomstructed
inage does not exceed the camera's argular field of view) cirre the same
mhotograriic recorsiruction setup vas employed. It is for a similar reason that
the recozstructions of the simulated airfrane percel described previously (Fig.
16) are not =s asthetically pleasing as those presented later (Figs. 32-3%) in
the section on ¥aximum Strain arnd Strain Patterns.

Tvo double-exposure pulsed holographic interferograms were recorded of ~ach
side of the parel. One rezsrding vas made with the rolling direction vertical
to the teble zad the other with it in the borizontal direction. The results
of these tests are shown in Fig. 18. Figures 18e and 18b are the smoother
surface finish, while 18c and 18d illustrate the results obtained with the rougher
surface.

Interferoretric fringes on the smoother surface are clearly visible well
beyond the certer of the panel (point of specular reflection). The intensity
does, however, fall off quite rapidly and as a result the edges of the vanel are
not visible. The fringes near the specular point are still quite we.l resolved,
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but right at the specular point all interferometric information is lost. Also
seen in the photograph of the recoustructions is a stresk of intemse light running
through the center of the panel perpendicular to the rolling direction and is a
result of the surface structure (fine scratches in the rolling direction). These
scratches tend to specularly reflect light perpendicalar to themselves. Inter-
ferometric fringes passing through this region are unaffected except for a slight
narrowing.

Results from the rougher surface (Figs. 18c and d) show that the intense
specular point is no longer evidents the overall intensity distributicn varies
much less across the panel (edges of the panel are visible); and the streak of
light perpendicular to the rollirg direction is still present with the atterdent

fringe narrowving at these points.

k' x k* Panel

In order to assess the surface finish effects of larger surface areas, a
k* x &' machine rolled aluminum panel 1/16" thick was studied. One surface of
the panel was painted with a flat white paint and the other left natural (average
roughness approximately 8: in). Each surface was marked off in 10 cm increments
and arrows placed on the natural surface to indicate the rolling direction.
Photographs of the panel are presented in Fig. 19. The panel was supported in a
manner sinilar to the smaller panel, in that a 4" wide by 1" thick bar extending
along the vertical centerline of the panel was used for support. The bar and
panel vere then clamped in a machine vise and set on a table., A photograph
showing the experimental arrangement with this panel mounted in position is
presented in Fig. 20. Also shown in the figure is the pulse laser, optical
components and a ray trace of the optical paths. The holographic plate and
i1lumination beam vere elevated to the center line of the panel so that the
specular point could also be located along this line,

The problem of uneven exposure density and inability to photograph the
entire image in the reconstruction process is especially evident in the results
presented below (Figs. 21-23). The distance between the 4" x 5% hologram and the
L' x 4' panel was approximately 6'. Thus, while the reconrtructed image of the
entire panel is easily observed visually, a lens with the proper combination of
focal length and angular field-of-view was not available to photograph it.

a. Beam Ratio Studies

The first series of experiments was conducted using the flat white surface
of the panel in order to optimize the geometrical parameters. (These tests can
then be compared with the results obtained from the unpainted surface.) When
double pulsed holograms were made of the white surface, it was found t, at the
light was again scattered primarily in the specular direction. Even though the
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tarel, hologras, sx? jllumination source were aligred so that its center was
scattering the meximm smount of light in the direction of the hologram, only

the cexler portiom of the panel cculd be recorded. It was found, hcwever, that
by iscressiag the intensity of the light energy in the reference beam vhen making
ke holographic expostres, it wes possible to record the entire panely and, just
s sighificantly, improve the fringe contrast. Three photographs of double
puiseZ holographic reconstructions are presented in Fig. 21 demonstrating the
Iatter effect. Figure 2la was taken from a hologram which used a 40X objective

iz the reference leg of the optical zystem. This provided approximstely equal
intessities in the obje:t and reference beam, and resulted in a hologram having a
silver density equivaleat to a nmeutral density (M.D.) filter of approximately 0.3,
As seen inm the figzve only the center portion of the panel is visible, Figures 21b
aod ¢ were taken from holograms reccrded in a manner identical to that in Fig. 2la
except for the power »f the beam expander in the reference leg which waa decreased
to imcrease the reference beam intensity level. Figure 21b was recorded with a
20X mizrcscope chjective, and Fig. 21lc with a 10X microscope objective. The
resulting holograxs bad N.D.'s of approximately 0.6 and 1.2 respectively. Both
bolograms recorded the entire panel, although the reconstruction from the denser
hologram (Fig. 21c) was not as bright as the other,

It appe=rs ihat once the point has been reached where the expcsure from the
reference beax produces an adequate silver demsity (N.D. of 0.6] on the holographic
plate, further increases in the intensity provide no additional benefits. It is
suppositioned that due to the non-linearity of the photographic film, as described
in the Paysical Enviromment Effects section, the intense reference beam causes
the film to reach the more semnsitive portion of the characteristic exposure~
Geasity curve. This then allows the lower light level from the outlying regions
of the panei to be recorded.

Tee interferometric fringes recorded in the hologram having a N.D. of 0.6
#ere of c¢xcellent quality towards the center of the panel, with the centrast
degrading sligntly in regions near the edges. This is a result of the lower
recorded intensity in these regions.

b. Diffuse Ilumination Studies

In addition to using a simple lens system for expansion of the laser beam
tc illuminate the % foot square panel, a ground glass diffuser plate was also
emplcyed as the beam expansion element. These tests were made in order to
ascertain the effectiveness of this iype of device for recording holographic
interferometric fringes. Figure 22 shows the results of these tests. The
photograph in FPig. 22a was taken from a hologram recorded using s lens as the
expansion element while the reconstruction in Fig. 22b was recorded with a ground
gless diffusing plate mounted in the same location as the lens. As seen, there
are no significant differences between the two holographic reconstructions in either

k.
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fringe quality or area coverage. In subsequent tests, hovever, one advantage cof
using a diffuser plate became most evident. Regardlzss oi the intensity
distribution across the rav (unexpanded) laser beam, the otject illumination “eum
could be rendered quite uniforma with a diffuser plate as the expansion elemeat.
This is not true with a lens expander which essentially maintains the intensity
distribution in the beam passing through it.

The parel was next turned around and the effects of a large unpainted machine
rollad surface were holographically excmined with the rolling direction botk
vertical and horizontal to the plane of the support table. Two representetive
holographic reconstructions are presented in FPigs. 23a and b. As shown in these
photographs, the intensiiy of the reconstructed image falls off far more rapidly
than in the case of the flat vhite surface. In addition, a streak cf light
perpendicular to the rolling direction is evident as was found for the case of the
smaller panel. The interferometric fringes are of excellent quality near the
center, but again fall off in contrast nearer the edges.

¢. Retro-reflecting Sheeting Studies

In order to demonstrate that the intensity drop-off near the edges of tlLe
panel is a result of surface finish and its attendant effects on reflected laser
iliumination, rather than being due to a lack of coherence length, an 8" x 6"
piece of retro-reflecting sheeting was placed in the upper righthand corner of
the panel. (The retro-reflecting sheeting was supplied to UARL by W. F. Fagan
of Paisley College of Technoclogy, Scotland. A spray paint having similar optical
properties is currently under development by Fagan in conjunction with the M
Company and could provide an effective means for recording large surface aress
with low energy output lasers.) A photograph of the recomstruction, illustrating
the enormous increase in reconstructed intensity in the area of the retro-
reflecting sheeting is presented in Fig. 23c. In addition, the fringe contrast
is improved but is difficult to compare with those on the panel because of the
two radically different types of surfaces. (The increased fringe density on the
sheeting is a result of only the corners being fastened to the panel. This
allowed the center to move freely as a result of the environmental influences.)

Standard Roughness Specimens

The 2" x 2.5" standard surface roughness specimens (manufactured by General
Electric) used in these studies consisted of ten surfaces of graded roughness.
The surfaces, which are made of steel, were manufactured using typical fabrication
methods (grinding, lapping, milling, etc.) and represent average surface roughnesses
between 4 microinches and 2000 microinches. Figure 24 shows a photograph of the
specimens with the average surface roughness labeled beneath each specimen.,
Seven of the specimens were fabricated by seversl different machining processes,
all yielding the same surface roughness (surface roughness > 16 microinches).

- 45 -

Rt A e ot o i SR e
255 A 013 S eiae . @M SNt d e



“- .. =z¥%._g3v - 53 - -

Sh sz Fr ARt - UNPANIED el el DL @D RS 2C8

WP . AL IREC YO

{0.) R.D. - VERTICAL (b.} R.D. - HORIZONT AL

T N W Y L 7T 7 Ty 2 4 S Ty Y R R T AT PA Y W WA R 7 Vo S AR AP A TATAES, S FRTTORTE TV 397 0358 87 L SR A TR I beei s aci o

(¢.) RETRO-REFLECTING SHEETY
R.D. VERTICAL

2 FIGURE 23. SURFACE FINISH EFFECT STUDIES

- 46 -

st

A

£
£
¥
P

AL R A I G i DR D H e e i hisd EAdics st A Lo s i \
S o g B B R N RS G o AP oL i e R e B s o
i A A . o

i

r
ROt 32




$31GN1S 103443 HSINIA 3JvUNSs °vZ 3¥NIIS

‘N1 0001 ‘NI 0002 R R4 N1 szt

Reproduced from
best available copy.

- 47 -

‘NI gy ‘N e *Ni gy ‘NIt g N1y

SNIWID3dS SSINHONOY QYVANVYLS




AT RO L AR ARG R R I I U TA T pe Ve VO N BRI T 3 A IR I AT L P S0 B e B AT R AR R S AR R vy T Yy

il

YDA At BT o

-

v ——" A —

The specinens werz souzted. ss showr in Fig. 2¢, om & thim aluxi<um pamel
baving gray paper as tihe beckgromnd. This wes then attacked to a thdcker
mounting piate (1/2” thick by 10" wide), clamped im a machime vise exd set om the
bolographic table. Dowble pulse hologrspiic imterferograms were them rzcorded
of the panel, ani movement Detween exposues to produce interferometric frimges
vas provided by eavirommentsl imilnences. Dosble pulte rezordings were made in
this fashion with the surfece finish directiom both verticai acd borizomtal to
the plane of the table.

The results of these experiments are presented ir Fig. 25. Eigh oomtrast
interferometric fringes sre present on all of the specimens. I» addition, fringe
location on ever the roughest specimens, as well as the others, is relatively
maffected ty the large variation in surface finish. (It can be seen that there
is scme slight deviation in the fringes on the 2000 p in specimens.)

On the 3asis cf the experimenial results, discussed in the preceding
paragrqhs,vhichmustmtetheeffectsofnﬁoussurfmﬁnishes(kuinto
2000 u in) and sizes (up to 16 sq ft), the following statements can e made:

1. Interfergmetric hclograms of surfaces with a roughness of less than k g
in (a very high polisk) have been easily recorded.

2. The intensity of the radiation scattered from a surface is highly
peaked in the specular directicn. This will tend to limit {hke area coverage on
smooth surfaces. The present tests have demonstrated the capability of recording
a 4 foot square object, with a surface roughness of 8 u vitk an 8 foot separation
between object and hologram.

3. Specular reflections are enhanced perpendicuiar toc the surface finish
direction. Thus, interferometric fringe information may be lost or degraded (a
slight narrowing of the fringes) in areas of very intense specular reflection
(usually a singie narrow line).

4. Interferometric frirge contrast decreases as the recorded intensity
decreases.

5. Holographic interferometric quality is independent of the laser beam
expansion element (simple lens system or diffuser plate), except in cases where
the raw laser bea.a has an uneven intensity distribution; in this event diffuser
plates are preferred.

6. To obtain the maximum recorded area in a holographic interferogram, the
specular point should be centered about the surface area of intzrest and in the

case of no ambient illumination, the reference beam adjusted to yield a hologrem
with a N.D. of approximately 0.6.

- 148 -

S et TEEN ST s tna s e N IR B B SRR A B s . e e



ST AL AAD ROUCed 4L CFE S ad =7

(e) MACHINE MARKS VERTICAL

)

: (b) MACHINE MARKS HORIZONTAL

FIGURE 25. SURFACE FINISH EFFECT STUGDIES
- Wy -



7. The degree of swiace roughness uwp to 1007 p in does mot sigxificamtly
affect icterferometric friage locstios.

8. Beiro-reflective swrface preparstions msy afford sa esormous inmcresse in
alloseble area coversge for a givea laser system.
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SECTION V

SPECIFIC PROELEM INVESTIGATIONS
MAXTMEM STRAIN AND STRAIN PATTERES

2 study was conducted to anticipate and resolwve the problems expected in
perforaing pulsed-laser bologrephic strain spalysis on large aircraft structures
in realistic ensvironmments. This study involved extremes in both the analytical
anrd experimental coeditioms.

Analytically, an ucambiguous determination of the strair field is required,
taking as date the interferometric fringe field from doublewexposure holograms
of larce structures. Possible sources of error in the holographically-recorded
interference patterns which had to be considered were: absence of a zero-motion
reference point; variations in the illwmination and recording angles; effects
of translation and rotation; and the curvature and aspect engle of the object.
In aciition, the size and lacx of symmetry in the structural surfaces studied
made it necessary to perfourm a full three~dimensional analysis of the displecement
field rather tkan rely on the conventicnal two-dimensional interferometric theory.

Experimentally, the extreme viewing angles (up to k5°), large sudbject
surface aress, sensitivity of large unsupported surfaces to extraneousz environmental
influences even under iseolated conditions, and difficulties in data reduction all
had to Le considered. In addition, the typicaily extreme sensitivity of holoe
graphic interferometry t~ displacement made it difficult to compare the holographic
data with conventional strain gage data for the purpose o? verifying data reduc-
tion procedures.

The followiag two major parts of this section provide a comprehensive review
of the first year's effort directed toward applying interferometric holography to
the determination of maximum-strain concentration points and strain-pattern
visuaslization on large aircraft structures. The first part pertains to the
theoretical anelysis. It contains discucsion of: holographic interferometric
theory as applied to large three-~dimensional structures; holographic layout
geometry; simple translational and rotational rigid body motions which may produce
spurious strain data; the effect of object orientation and curvature; and a
procedure for data reduction and computatior of spatially-resolved strain fields.
The second part reviews the experimental phase of the study. It contains a
description of the test equipment used in the experiments; procedures to obtain
the holographic data; and a comparison of holographic strain measurements with
conventional strain gage data recorded on large structural surfaces.



THEORETICAL ANALYSIS

The measurement of surface strain has beer achieved by means of various
methods employing holographic interferometry. In every case, the methods have
had inherent limitations which preclude their application to the measurement of
surface strain on large three-dimensionzl structures in a realistic environment.
The following is a swvey vhich reviews the principal holographic approaches
izplemented in the past and discusses the limitations of each. Pollowing this,
a theoretical basis for s method wvhich circumvents or minimizes these limita-~
tions is developed.

Haines and Hildebrand (Ref. ;) first analyzed the interferometric fringe field
obtained from the superposition of an objJect surface in two states, recorded in
a single hologram. The object motior is expressed as a furction of a displace-
ment vector for each point on the surface and the Euler rotation angles of the
normal to the surface. The motion field msy be sclved by measuring fringe
frequency about the object point along two orthogonal directions transverse to
the line of sight. In order to obtain the full three-dimensionsl cisplacement
field, however, two different viewing directions of the same scene are required
along with a knowledge of the distance from the object to the posiiion of localiza-
tion of the fringes; the latter generally being a difficult parameter to measure.

A considerably simpler formulation was derived by J. E. Sollid (Ref. 8) and
later extended by K. Shibayama and H. Uchiyama (Ref. 9). Inr this formulation
the general motion can be solved completely, but the absolute fringe order as
measured from a zero-motion point must be known. Additionally, three holographic
viewpoints are required, which for a large object implies three holograms separated
by appreciable viewing angles. Both of these requirements are impractical in
the application of pulsed holography to large, moving objects.

A method proposed by Alexandrov and BoncheBruevich (Ref. 10) describes the
surface motion point by point. The Euler angles, the position of localization of
the fringe pattern, and absolute fringe order are not necessary if the fringes are
viewed in the same plane &s the image. A method for data reduction, involving
Just one hologram, is proposed which works in principle but is severely limited
in practice by the solid angle which the object subtenis at the hologram.

A feature shared by all of the above methods is that they make a direct
measurement of the surface deformation in the direction of strain while recording
the holograms at near normal incidence. However, in many cases, the amount of
surface deformation in the direction of strain is small even by holographic~
interferometric standards. (100 ue on a two-and-a-half centimeter sample would
only result in an observation of a 5 x lO”h part of a fringe.] A. E. Ennos
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(Ref. 11) demonstrated direct measurement of in-plane strain which maximizes the
holographic sensitivity to the in-plane motion. The procedure requires that the
holographic recording be made at grazing incidence to the surface being measured.
There are, however, a number of disadvantages to this procedure, one being that
unless the surface is flat, the field-of-view is severely limited. (Even with a
flat surface, the reconstructed image is distorted due to the skewed viewing
angle.) Another disadvantage lies in the fact that if the surface has an out-of-
plane displacement component introduced by the stressing force, two different
holographic views of the surface must be recorded, and the strain data obtained
by subtracting one set of interferometric fringe contours from the other. This
would add a considerable amount of time to the data reduction procedure. A
further limitation is that the extent of the surface which can be analyzed is
only as long as the coherence length of the laser. (The surface area which can
be recorded holographically when the illumination is normal can always be
increased by moving the hologram further away.) Because of the sbove disadvantages,
the direct measurement of in-plane strain on large complicated surfaces, recorded
at grazing incidence, must be ruled out. Direct measurement at near normal
incidence must also be ruled out because of the extremely low sensitivity of
holographic interferometry to this type of movement.

Another technique for measuring in-plane strain directly (Ref. 12 and 13)
utilizes the speckle effect from a coherent light source., Although this technique
cannot be strictly interpreted as being holographic, it does have the advantage
of measuring surface strain directly with interferometric type accuracy. The
principle of operation is to compare the speckle pattern, produced when a
coherent light source illuminates a diffusively reflecting surface, with itself
after a stress has been applied. This is done by photographically recording an
image of the speckle pattern on the surface of the object caused by illuminating
the surface simultaneously from two different directions with a laser light source.
This photograph is then placed in the image plane and acts as a “shadow filter" to
monitor changes in the speckle pattern due to an applied stress. These changes
result in bright and dark fringes covering the image plane. The process is
similar to a Moiré technique except that, instead of comparing two grid patterns,
two random speckle patterns are compared.

Disadvantages of the technique are that the fringe contrast is generally
poor, and it has a limited dynamic range. Another disadvantage would be that the
in-plane displacement is usually not as great as the normal displacement in
simpls bending modes; thus, the technique would not be as effective in this case
as the holographic technique. If lerge in-plane forces are involved, and in-plane
displacements must be studied as opposed to normal displacements, the technique
would be attractive from the standpoint of visual interpretation of the resulting
patterns for qualitative measurements; quantitative results could be achieved by
data reduction.
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However, in general, the holographic strain measurement must rely on the
indirect approach of first determining the out-ofeplane surface displacement caused
by a stressing force and relating this to the actual in<plane strain. The
relationship between the principal ineplane strains and the out~of-plane displace-
ment can be seen by first considering the relationship between the strains in any
two orthogonal directions with the strains along the principal axis (Ref. 14):

2 Ex + S N(Gx - )2 + Exy?
e ; o

vhere €, and eyjn are the principal strains, €, and € strains in any two
orthogonal directions, and €., the shear strain. Assoclated with each strain
direction is a surface curvature term (Ref. 15).

2
= _o 22(az) o _
ey = ¢ —_§§?l'= ¢ X,

€ «C az(AZ) n «C
¥ 32 Xy
32(a2)
exy -2c X dy = -2¢ Xy

where ¢ is the distance of the surface from the neutral surface of the objecty
32(A2)/3x2 and 82(AZ)/ay2 is the second derivative of the flexure displacement

AZ with respect to the transverse surface coordinates (surface curvature) which

is represented by x, and Xy 5 32(AZ)/8x 9y is the derivative of the flexure
displecement with respect to both orthogonal coordinates (twisting curvature)
which is represented by Xy Substitution of these ebove relationships intoc Eq. 1

yields:

max 2 2 max
min min
where and X are the maximum and minimum surface curvature of the surface,

This is then the desired relationship: the principle strains are directly propor-
tional to the maximum and minimum surface curvature.

Although this relationship between the strain and the flexure assumes that
the object has a constant cross section, it has been shown (Ref. 16] that the
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equation is valid for complex surfaces provided that the cross sectional varia-
tion is not too extreme. In addition it is also assumed that the applied stress
does resvlt in flexural strain of tke structure, rather than pure ineplane strain.
This is generally the case with large complex sitructures such as aircraft or
aircraft components.

The latter assumption can be justified by considering the simple case of a
rectangular cantilevered beam, tip-~loaded with a tangential force FB and a normal
force F,,. The strain €4 induced by Fg is given simply by Hooke's law:

FS
>4 X = e prapr——
s( ) 2 cw E

where x is the coordinate parallel to the long axis of the bdeam, w is the width
of the beam, and E is Young's modulus. The surface strain due to the normal
force €, is given (Ref. 17) as:

en(x) =2 Fan*fI'E‘ (XFX)_

where I is the moment of inertia of the beam cross<section, and X is the length
of the beam. By ratioilng the above two expressions and making the proper substie
tution for the moment of inertia the following expression is obtained:

.e-r}- = ?_!}_ (_.g_ .._x".._x).
eg Fg ¢

For thin structures, X-x >> c; hence, the quantity in parentheses is very large
except near the point of the applied load, where X-x = c¢, Thus, even if the two
forces are comparable, the strain induced by the normsl force dominates the strain
contribution from the tangential force at distances greater than c¢ from the point
of applied force.

In the following discussion a method will be put forth which eliminates
the need for more than one hologram, knowing the zero displacement point, and
reduces the data reduction procedure to a simple equation which can reduce the
fringe information to strain information directly. The method computes the second
derivative of displacement from the fringe data, eliminating the need to first
obtain displacement data and then to compute the second derivative. The effects
of extraneous (ri,.d body) motion, obJect curvature, and fringe curvature are
taken into account; and a simple data-reduction formuls is obtained. It also
provides a system for determining the maximum strain areas by visual inspection of
the reconstruction. The method developed meets the demands for strain measurement




3y pulsed holograghic iaterferosetry of large, three-dimensionai objects in a
dyranic exviroomes.. Prior to this discussion. a brief introductory analysis
oY Basic three-diwexsiosal hologrsphic interferometry will b= presented. Then,
wpor this foundstiom, the theory for a strain-date reduction procedure will be
dewioged.

¥sslemstical Descriptios of BEdlographic Interferonetg

The foliowimg theoretica® description details the necessary mathematics
regxived before o= interpretation of strain fieids can be mede from holcgraphi~
daza. This stalysis is comcerred with double-exposure holographic interferometry
aud w11l B2 egually spelicable to cv systems as well as pulsed systess.

<> »>
Consider first the recording of two otject vavefronts, Ag) and Agy, in the
sane esul~lor along with a reference wavefront, Apy. The intensity distribution
reccrded im the bolcgran plene is then:

- 2 - 2 > - >8 .» > > € 3 >
L= 2fa5 [ + 18 1% + 1A,1° + Ag Uy + Agp) + Ay (A + A2}

w2ere the asterisk indicates the complex conjugate of the function. If the holow-
gram is them processed and iliuminated with a wavefront, Iﬁz, the emerging
Eiffracted wave field will tave & term proportional to

E
1 Tooh, Oy + By )-

S >
ke factor ABZ Agl can be set equal to one {the special case when the reconstruc-
tice wavefyont is equal to the original reference wavefront) without any loss in
geoerslity sizee at test it will only introduce a magnification factor effecting
toth recomstructed wavefronts eqnally. The reconstructed image then is Just the
veclsor sumsation of the two object wevefronte which were reccrded sequentially
in time.

iy

o sty BIRNLS S b v

It is oow assumec that the objJect is & diffuse scatterer and as such, only
1dentical surface points interfere wvith each other. This assumption is based
4 on the fect that the surfsce roughress is grrater than the optical wavelength

‘ ang therefore, each point on the surface will have its own phase signature which
is different from every other point in a random fashion. If interference between
poirts of different phase signature takes place, ther the result would be a
randoaly Gistributed fringe field; this is clearly not the case. (It should be
zoted from the previous section that even for very smooth surfaces, on the order
G of cpticul wvavelengths, there are sufficient phase variations to produce a well
ordered fringe sy  ~em. However, in the bright specuilar regic-s that were
produced as a8 resw . of machining direction, this does not seem to be the case.)
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As a result of the above assumption, each surface point can be considered
separately, greatly simplifying the mathematics. The object wavefield can now
be represented as:

= i
= i¢
A02 = Ao e 72

vhere A is the amplitude of the object point, and ¢, and ¢2 are the phases of
the same point during the first and second holographic exposures. The intensity
distribution, Ii’ in the reconstructed image is then:

b2 - $1

I; = 4[ag|2 cos? [ e B

The intensity distribution in the reconstructed image is a function of the
intensity of the object points, IA |2, modulated by the cosine factor which is a
funciion of the phase change resulging from the point displacement. The task for
the remaining portion of this section, therefore, is to relate this phase change
to the point displacement for the general three-dimensional case.

Referring now to Fig. 26a, an object point 0 is illuminated with a mono-
chromatic coherent point-~source, S, a vector distance f; away. If the light
scattered from 0 is detected by means of a photographic emulsion at the point H,
a vector distance T awsy, then the phase of the ray SOH is:

¢l= k(r + ro) = 2mm

where m is the fringe order and k = 2n/A,

It can be seen then that the locus of all points having constant phase is
an ellipsoid of revolution with foci at S, H and a majo~ axis equal to r + r,
which is equal to mA. This describes the phase field on the object recorded by
the first exposure of a double-exposure hologram.

Now it is assumed+that after the first exposure is made, the polnt O is
displaced a distance Ar to the new point 0' so that Ar is not a chord of the
ellipsoil of constant phase. (If this displacement were allowed then no inter-
feromzoric fringes would be recorded by the hologram since the phase change
soserved at the point H would be zerc.) The phase for the new optical path is:
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FIGURE 26. MAXIMUM STRAIN AND STRAIN PATTERN
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= x[|r + & + |7, + &r|] = 2n(m + Am)
vhich is the equation of a new ellipsoid through 0' with foci S, H and major axis
equal to (m + Am)A.

The second exposure is now made. The phase change describing the object
point displacement is then:

->
¢2_¢l=k[|;+5r| + |;°+A;| - (r +r,)] = 2ntm,

In order to determine the displacement field from the above, a simplified
expression relating the system parameters is required. Considering half of the
expression involving r, it will be noted that:

AT2 .
|7+ AF] -r=x[(+ -5—-+ 2 g'g-ﬁ J-r . (3)

If now the square root term is expanded in a binomial series and terms smaller
than 1/r2 are dropped, we have:

> > ar2 2 + A
|¥ - Ar] ~ r = 577 8in® v + Arer

vhere v is thg angle btetween the vector ¥ and Ar and r is the unit vector in the
direction of r. A gsimilar result is obtained from the other half of Eq. 3
involving r,. The final result then is:

2 2 2
¥ ~ Ar® (sinc v , sin® v
- = . | ——er—— Q

A physical interpretation of this result can be obtained by noting r + r° is
a vector which bisects the angle, u, between ¥ and r (see Fig. 26b), and is
normal to the surface of the constant-phase ellipeoid. The latter statement can
be verified by noting that the ray SOH abeys the reflection laws end as such, the
bisector of the angle between ¥ and ?o must be perpendicular to the surface. It
therefore can be concluded that the first term in the brackets is just the
projection of the displacement vector &; onto the normal of the ellipse,
multiplied by the summation of the unit vectors, 2 cos u/2. The second term in
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the brackets is harder to interpret except in the limiting case when H and S are
identical. For this special case the ellipsoid becomes a sphere and Ar sin v is
the projection of K; onto the tangent of the circle (the first term, for this
limiting case, still has the same interpretation as above}. Therefore, the

second term is just the square of this value divided by the distance r. The
relative magnitude of this term compared to the first can now be estimated.

If the displacement vector makes an angle of 80° or less to the surface normal,
and it is assumed that the distance from the source~hologram combination to the
object is greater than 10 cm and the displacement is on the order of wavelengths,
then the first term is approximately 3 orders of magnitude greater than the second.
For the cage when the source point and hologram point are separated, the inter-
pretation is no longer simple, but the relative importance of the second term to
that of the first remains unchanged. The only case in which the second term

does become significant is for a surface movement nearly tangential to the constant-
phase ellipsoid. Therefore, it can be stated that the phase change is:

b - ¢ = 2nom =k[aF+(r + r )] (5a)

or
Am =[2 Ar cos (u/2) cos al/r (5b}

where o is the angle between the displacement vector and the surface normal of
the constant phase ellipsold. This is consistent with intuitive reasoning in
that a component of displacement normal to the constant phase ellipsoid must
contribute more to the phase change than a component of displacement tangential
to this surface: the tangential component lies almost on the surface of the
ellipsoid and as such the phase change is approximately zero.

Although Eq. 5 is simple in form, there are many difficulties involved with
making actual displacement measurements. The first and primary task is to
establish from the interferometric fringe data the phase change ¢, ~ ¢1. The
determination can be made relatively easy if there is a no-displacement reference
point in the reconstructed holographic scene, as is demonstrated by Sollid et al.

} (Refs. 8, 9, and 11). These techniques require two different holographic view-
points of the same obJect scene for the two-dimensional case and three viewpoints
for the three-dimensional case. This imposes practical difficulties in making
the holograms with & pulsed laser system.

If the no-displacement point does not exist, then the technique of Haines
and Hildebrand (Ref. 7) or Alexandrov and Bonch-Bruevich (Ref. 10} could be used.
A third alternative is to observe the fringe formation using real<time holographic
interferometry and count the firinges passing through the surface point. This,
however, is impossible when employing a pulsed laser system.
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In the following section, a method will be derived using Eq. 5 which will
eliminate the above difficulties and at the same time improve the data reduction
procedure necessary tc obtain strain data from the displacement field.

Conversion of Holographic Data to In-Plane Strain Data

Since one main program goal is to use the holographic interferometric data
to determine in-plane strain on the surface of large aircraft or aircraft
structures, certain assumptions relative to the surface displacement have been
made. The basic assumption is that, when a stressing force is applied to tke
structure, one result will be an out-of-plane displacement (bené) and that
this out-of-plane displacement will be at least twice as large as any of the
tangential components. This is a reasonable assumption in view of the fact that
most of any aircraft is hollow thin-walled structure. Thus, commonly used
simulated loading conditions impose large bending components. TIf this basic
assumption is met, then there will be no more than a ten percent error introduced
if it is further assumed that the entire displacement is perpendicular to the
surface. This assumption is made so that a value for the angle a can be obtained.
It was demonstrated earlier that holography is insensitive to the component
prerpendicular to the line of sight and therefore will see the surface displace=
ment as being just that of the component parallel to the line of sight if only
one hologram view is recorded. Such an assumption, therefore, eliminates the
need for recording two more views of the same scene, If the out-of-plane displace=-
ment is at least twice the in-plane displacement and its displacement direction
is known, the true value for a may be used thereby reducing the error. (These
above assumptions are also consistent with the classical small-deflection theory
of plates developed by Lagrange, Ref. 15).

The determination of displacement data from Eq. 5 will be further simplified
if the illumination source is placed near the holographi: recording plane (s = 0).
This requirement in no way hinders the flexibility or ease of recording the
holograms, and is somewhat desirable in that it eliminates shadows on the surface
which could obscure points of interest,

Using the above assumptions, Eq. 5a can be written:
Am = 2(AF~r)/2
The displacement vector, A;, can be expressed as:
0¥ = n 8%(r)

where n is a unit vector normal tc the object surface., These two equations can
nov be combined to yleld:

2AZ A A
Am = 3 (n°r)
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Since the displscement AZ is in the direction of the surface normal 1;,
the angle between the source-hologram direction r and n is just the previocusly
defined angle a. Therefore, the abovz equation becomes:

Am=2%zcosa . 6)

This equation could now be solved for the displacement magnitude, AZ, provided
the phase change as measured by Am is determinable. However, it is actually
the second derivative of the absolute displacement with respect to the direction
of maximum surface change which is the desired quantity for computing ir-plane
strain. (This is fortunate since the direct calculation of absolute displacement
is most difficult.) Consequently, to obtain the desired information from the
fringe data, the second derivative is taken on both sides of Eq. 6 with respect
to the coordinate axis of maximum surface change, n: (At first it would seem
reascnable to use the Laplacian operator which takes the second derivative of a
function along the direction of maximum change. For the case where there is no
rigid motion thiz would indeed be applicable. In the presence cof rigid motioms,
however, the direction of maeximum change may be different from the direction of
maximum surface change.)

2 2 2
ac(am) _ 2 oo o 35(82) b 3(aZ) 3(cos a) , 2423 > (cos a).
me A an A an an A an (1)

The first term on the right in the above equation is the desired quantity, the
second derivative of displacement along the direction of maximum surface change.
(The actual determination of this direction is discussed later in this section.)
The remaining two terms relate to the first derivative of displacement and to the
actual displacement. In order to show that these last two terms can in general
be neglected if the distance from the source~hologrem point, r, is made large
enough, it is first assumed that the odbject is a flat structure with the
verpendicular distance from the source-hologram point equal to Z. The elimination
of the latter two terms will first be made for this special case which can be
orientated in any fashion with respect to the holographic film planej it will then be
extended to show how these results may be applied to several planes at different
orlentations, and structures having continuously curved surfaces. It is now
vossible to write the above expression in Cartesien coordinates and take the

} indicated derivatives where possible:

22 am _ 2292 A7 _ 4 nz 3(a7) _ 27 22
2 " ra an2  ar3  aq A r3
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If it is now assumed that the maximum viewing directicn through the hologram
will be approximately £h5°, this then sets the maximum values of tke coordinates
on the surface of the plane, n = Z =Jﬁ» Inserting these values into the above
equation: 2

2
3 Am___[‘@-az(AZ) 23AZ _ 2 /2 47 .

an am2  ran re (8)

It nov only remains necessary to approximate the order of magnitude for a typical
displacement and a first and second derivative of displacement. The last term

in the above equation will introduce an error (pseudo-strain) into the observed
strain patterns from displacement of the object. This displacement can be the
result of either a stressing force or a simple out-of-plane translation (a motion
in which no stress is induced into the structure). The displacements which are
normally measured with double-exposure holographic interferometry have a magnitude
of about 10‘“ cm. The second term will introduce a pseudo-sirain by virtue of a
change in the displacement. This again can be a result of a stressing force or
an out-of-plane rotation (rotation about an axis parallel to the surface). If
the total displacement measured is about 10"h cm then a typical change in displace«
ment would be of magnitude 10~ cm/cm. The first term is the strain term and can
only be the result of a streessing force applied to the structure (no other rigid
motion of the object will result in a value for the second derivative of displacee
ment). The values for typical strain measurements made using holograpiic intere
ferometry are on the order of microstrain (Ref. 16) or values for the second
derivative of lO"6 cm/cm?. If r is at least a meter, then it can be seen that

the magnitude of the first term in £q. 8 is 10 times that of the second and one
hundred times that of the third. The distance requirement, r > 1 meter, imposes
no special complications on the actual experimental setup because when analyzing
large structures, the distance from the source-hologram point to the object is
expected to be on the order of several meters.

There is one additional case which may introduce a pseudo-strain in the
observed strain field and that 1s the case of a rigid rotation sbout an axis
perpendicular to the object. 1In this case, however, the displacements are all
tangential to the line of sight and therefore have a negligible effect because of
the relativ. insensitivity of holography for recording this motion compared to
motion along the line of sight.

It now can be stated that for a flat specimen where the holographic recordings
are made at least a meter away, Eq. T can be written:

32 AZ (9}
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This is nov in a form vhere the second derivative of displacement is directly
relatable to the change in the fringe spacing. 7The actual fringe order is no
longer nzcessary and thereby, the complicated date reduction procedure associated
with it is eliminated.

Since Eq. 9 was derived for a single plane of arbitrary orientation, its
extension to several planes is straightforward. It only has to be remembered
that the distance Z is measured from the plane of interest and wvhen more than one
plane is present in the holographic reconstruction, the value of Z will be
different for each plane. Therefore, in order to cslculate 32 AZ/3n2 for the
varicus planes of different orientations the factor r/Z or cos a (angle between
the surface normal and the source hologram point) must be taken into account.

The equation is also applicable to curved surfaces since an arbitrary surface
can be broken up into infinitesimal plane surfaces.

It now remains to be shown how the quantity 32(Am)/3n2 can be extracted
from the holographic data. The change in Am is simply the reciprocal of the
fringe spacing in the direction n or 3Am/3n = 1/A where A is the distance
between any two adjacent fringes in the direction n. Therefore, by measuring the
spaciug hetween two successive fringes the second derivative is obtained:

gf.Am = 1/A1 - 1/A2
&;2_ Al + A2

or using Eqs. 2 and 9:

_ —cA Ay _ Ay
€max = “C Xpax = 2 cos a AzAy (g + Ay) . (10)

It cen be seen from Eq. 2 that if the measurement of the fringe spacing is
made in an artitrary direction other than the maximum surface change, n, then
three quantities have to be measured, Xys X and Xxy In many cases the measure-
ment of these quantities is hempered by SmA, {l curvature changes in one of the
chosen directions. (Small curvature changes result in large fringe spacing and
measurements often have to be made at some distance from the date point of
interest, thus introducing errors into the measurement.) It therefore would be
desirable to meke the measurement along the direction of maximum surface change.
This would not only reduce the number of measured quantities to one, Xmax* but
would also increase the accuracy of the measurement. For the case of straight
or nearly straight fringes the direction of maximum change is unique and is
perpendicular to the fringes. For the case in which fringe curvature does exist
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a few trial claculations, using the bracketed term in Eq. 10, will establish
the proper direction. The direction of maximum surface change is that direction
for wvhich this term is maximm, This wiil also be the directioa of wmaximm
principal strain.

This result provides an extremely easy and convenient method for determining
the second derivative of displacement. Once this value is obtained, multiplica-
tion by the distance from the neutral axis to the surface then yields the value
of in-plane strain. To obtain relatire values of in~plane strain over the surface,
only the tern. in the brackets of Eq. 10 need be calculated, provided the structural
thickness remains fairly constant. Further, location of maximwm strain areas by
direct observation of the reconstructed hologram is now possible., These areas
are characterized as being located at the points vhere the fringe spacing changes
most rapidly in the shortest distance.

The eguation is applicable to curved surfaces and therefore comparison
between points on such a surface would have to include the cos : term. Alternative-
ly, it will be noted that the cos a factor changes very slowly for large r (the
conditions required in order to obtain Eq. 10). Therefore changes in the surface
normal of up to 20° will not substantially effect the in-plane strain value ( <10%).
Surfaces which have variations larger than these can be divided up into regions
vhere the variations are within these limits and the cos o factor computed for
each region so that a comparison of in-plane strain values can be made between
regions.

The one limiting case for which Eq. 10 is not spplicable is when the angle
between the viewing direction and surface normal exceeds #45°. Tt is this
angular limitation which has allowed the elimination of the second and third terms
of Eq. T. For relatively flat objects this would allow a viewing cone with an
£/number of .5 and would not be a restriction for this tyne of surface. However,
care must be exercised for highly curved surfaces. The surface curvature will
limit the viewing cone over which credible data can be obtained from the holo-
graphic interferogram. The angnlar limitation does eliminate, however, effects
caused by the motion tangential to the surface of the object since these only
become substantial at viewing angles greater than 80°.

The direction of principal strain for a given surface point can also be
determined from the holographic data. This direction is the same direction as
the maximum surface change (perpendicular to the interferometric fringes) if a
rotation of the entire object has not occurred between holographic exposures.

If rotation about an in-plane axis has taken place, the result will be a rotation
of the fringes and the principal strain direction will not, in general, be along
the direction perpendicular to the fringes. (Simple translations or small
rotation about an axis normal to the plane will not significantly effect the
orientation of the fringes.) In fact, if rotation has taken place in a direction
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other than the direction of displacement which was caused by the stressing force,
then the fringes will become slightly curved. If not, only additional stiraight
fringes will be added to the fringe field. In the latter case (constaztly
changing straight fringss), the strain direction is still perpendicular to the
fringes and easily determined. For the former case (slightly curving fringes)
vhich might be a result of a rotation or a stressing force, the direction of
maximum strain will be in the direction of maximum curvature. Determination of
this direction is found by obtaining the direction in which the bracketed term
of Eq. 10 is maximum. This technique for #inding the direction of principle
strain is not difficult if large variations in the fringe field -xist (high
strain areas), but in areas where small variations are present (low strain areas)
the direction of maximum strain can vary considersbly.

Future work includes investigation of various Moiré techniques for the
acquisition of the holographic strain data. One promising technique, reported
by Stetson (Ref. 18), superimposes two identical fringe patterns rotated 180° with
respect to each other. At the location where superposition of an identical point
occurs, & Moiré beat pattern exists which is a function of the strain-induced
fringes. Additionally, the effect of rigid motion is not a factor in the technique.
It is claimed that an accuracy of +20% is achieved with this technique.

In conclusion, a viable technique for reducing holographic interferometric
data has been derived which is applicable to both plane and curved surfaces. The
regtrictions which have been placed on the experimental setup are minimal:
viewing angles less than +45° to the surface normal are requiredy the object
1llumination source should be placed next to the holographic platej and the
hologram to object distance should be greater then one meter. These in no way
should affect the holographic recording of large structural surfaces. In addition,
the effects of simple object rotation and translation on the strain field should
amount to less than 10% for the most extreme cases. The determination of principal
strain direction in the piesence of rigid rotations can also be acquired.

EXPERIMENTAL INVESTIGATIONS

Three experimental investigations were conducted to verify the analytically
derived technique for reducing holographic data to in~plane strain dats, and to
anticipate and resolve the problems expected in applying this technique to large
alrcraft structures in realistic environments. The first experiment involved a
tip~-loaded cantilevered beam from which comparisons were made between theoretical
and holographically-derived values of principal strain. In addition, rigid body
motions were superimposed on the flexural motion of the beam, and the holographic
strain value again was compared with the theoretical values. In the second
experiment & relatively flat simulated aircraft panel was stressed in such a manner
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that the applied tangential forces were large compared to the forces applied
normal to the surface. In this case the holographic values of strain were
correlated with values measured from strain gages located on tke panel. In the
third experiment, the role of object curvature was explored by axially loading a
cylindrical shell and computing the resulting strain from the holographic fringe
pattern. These data were subsequently compared with strain gage values.

Cantilevered Beam

Experimental verification of the analytical expression derived in the previous
section {Eq. 10) was performed for the relatively simple case or a cantilevered
beam. By using the cantilevered béam, the strain values could de calculated
theoretically (Ref. 17) and a direct comparison then made with the absolute values
of strain osbtained holographically. (The use of theoretical values avoids the
problem of matching the sensitivity of holographically derived strain with
mechanical strain gages.) Addivionally, tests were performed with the cantilevered
beam to determine whether rigid body motions (motions of the object which intro-
duced no strain) had an effect on the holographically derived strain data.

The experiments were conducted on a rectangular steel plate having the
dimensions: 15.75 cm (length) x 5.08 em (width) x .476 cm thickness, The plate
was clamped at one end and loaded at the other in a direction perpendicular to
its surface using a weight of 103 gf. The displacement caused by the stressing
force was recorded using double exposure holographic interferometry. This type
of displacement was also recorded in combination with a rigid rotation sbout the
long axis of the pla*e and & rigid tilting about an axis parallel to the width of
the plate at the base of the clamp. All motions were first observed by means of
real-time holographic interferometry, and then conventional double-exposure
holograms were recorded. In this way, the magnitude and direction of the rigid body
motion (as well as the flexure) was controlled. Photographs of the holographic
reconstructions obtained of these motions separately and in combination are
presented in Fig. 27.

Figures 27a, b and ¢ present holographic reconstructions obtained when the
beam was placed in flexure (stressing force only applied), tilt (rigid rotational
motion only) and flexure plus tilt (combination of an applied stress and a rigid
body rotation). The results cleurly show that by applying this combination of
motions to the beam, the effect is to increase the fringe density. Orientation
of the fringes is not effected and therefore the direction of principal strain is
perpendicular to the fringes, the expected direction. Figures 27d, e and f are
photographs of reconstructions of the beam placed in flexure, rotation (rigid
rotational motion only), and flexure plus rotation. The reconstruction (Fig. 27f)
of the latter type of motion showed a strong turning of the fringe field in the
direction parallel to the long axis of the beam, and a much greater fringe density
next to the clamped end of the centilevered beam. By meking a few simple
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RECONSTRUCTIONS OF CANTILEVERED BEAM

(o) FLEXURE (b) TILT (c) FLEXURE
& TILTY

DY N W

[ N

(d} FLEXURE (e) ROTATION (f) FLEXURE
& ROTATION

FIGURE 27. EFFECT RIGID BODY MOTION ON HOLOGRAPHIC STRAIN MEASUREMENTS
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calculations it can be shown that the principal strain direction has not changed
due to the induced rigid rotation.

Calculations made from these reconstructions are shown ir Fig. 28. For the
case of a pure applied stress (flexure), the absolute values of meximum strain
obtained from the holographic data and the values obtained theoretically are
presented in Fig. 28. The absolute values of maximm strain obtained from the
holographic fringe data agree to within 10% of the theoretically calculated
strain down to the 3 pe level. Below this level (not shown in the figure)
deviation increases due to inaccuracies in the data readout.

In agreement with the theoretical results obtained in the last section, Fig.
28b demonstrates that a rigid rotation of the plate about the axis parallel to
its width (tilt) had negligible effect on the measured strain values. This held
true in spite of the increase in the number of interferometric fringes on the plate.
This latter result may provide a way of improving the holographic calculation of
strain in areas of low fringe density, since in these areas, it would no longer
be necessary to average the data over large distances. For example, the cantilever~
ed beam has a maximum strain near the clamped end, which is also the region of
minimum fringe density; by introducing rigid motion to the beam, the fringe
density is increased and therefore data averaging will be minimized, which
increases the accuracy.

The data from the double exposure hologram made of the cantilevered beam
which had undergone flexure plus a rigid rotation about an axis parallel to the
long axis of the beam is presented in Fig. 28c. The data demonstrates that
absolute values of strain are again within 10% of the theoretically calculated
strain distribution along the beam down to the 3 pe level.

The close agreement between the holographic and theoretical values of
maximum strain for the case of the cantilevered beam confirms the validity cf
the local data analysis of holographic-interferometric fringe fields. Further,
these experiments verify that at least for this simple case, pseudo-strain errors
introduced by rigid body motions, rotation about in-plane axes, are negligible.

Simulated Airframe Panel

In an effort ‘.o simulate, in the laboratory, the more complex forces and
geometries associated with large aircraft components, & loading frame was
fabricated in order to place combinations of bending, torsional and tensile
forces on a 2' x 2' test panel. The test panel, which simulates an alrframe
skin structure, consisted of an aluminum sheet, 50 mils thick, with two, 2' lengths
of steel reinforcement ribs (one located at the middle of the panel and the other
at the top) affixed to the back of the panel with bolts placed at 2" intervals.

Two photographs are oresented in Fig. 29 showing both a front and back view of the
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STRESSING FRAME AND TEST PANEL
FIGURE 2. NMAXIMUM STRAIN AND STRAIN PATTERNS




test panel positioned in the loading frame. As seen in the figure, the panel

was clamped aiong its bottom edge, and its upper edge was fastened to a loading
frame by three bolts which were attached to the upper reinforcement rib. A load
cell, used to monitor the stresses applied to the panel, was attached between the
panel and the frame on the center bolt. The bolts were used to produce a compli-
cated stress field in the panel which was subsequently analyzed with both
holography and strain gages. Pictured in addition to the panel and frame is the
equipment used to monitor the strain gages shown cemented on the front side of the
panel.

The holographic setup pictured in ¥ig. 30 was used to obtain the holographic
interferometric data on the pcenel. As shown, the panel and stressing frame are
at the far left, one end of the holographic teble; the object illumination source
is next to the holographic plate holder and both are located a distance of 165
cm (r) from the front of the panel; the expanding and beam steering optics for the
reference beam are located on the left side of the panel; and the laser beam
{50 ms He-Ne cw leser) enters from the extreme right. The laser beam is split
into two beams by the beamsplitter located rear the holographic plate holdery
one beam illuminates the cbject, and the other serves as the reference.

iocating the strain gages on the test panel was done by making preliminery,
double-exposure holograms of the test panel urder stress. Using the results
of these tests, fifteen strategic locations (vositions of changing fringe
density) on the surface of the panel were selected, and overlapping, rectangular
rosette strain gages (1/8" in length) were cemented to the panel at each position.
A close-up view of the panel showing the gage location is presented in Fig. 31.
Also pictured in the figure is a photograph of a reconstruction made from a
double exposure hologram of the panel after the gages were mounted. This latter
photograph shows that tke gages are located both in suspected higri strain ereas,
positions of rapidly changing fringe separation, and in suspected low strain areas,
positions of anearly constant fringe seprerations.

In the course of meking the preliminary double-exposure holographic inter-
ferograps, it was fcund that such a structure, consisting of relatively large
unsapported spans, tends to vibrate due to environmentsl influences (air currents,
acoustic pickup, etc.) even though the tests wvere conducted on a vibration
isolation teble. Effects of this type ere observed in the reconsiruction, Pig. 31,
as 2 derkeping near the upper righthand corner of the reconstructec image. The
sigeificance cf this rszsuit lies in the fact tkat when aciual tests are conducted
oo full scele pieces, zni the loading constraints necessitate e relstively long
delay between recording pulses (e.g. under static incrermental lceding). environ-
Zentael vibretions cen irtroduce an error into the hoiographically obzerved strein
pateeras since they zm2r be of the saxe order of megnitude es thez incirrexertel
sirein which is being messured. 7Total covexment of the part (transletion cr
rctztion) witl pot in”luence these readings because this type of motion does rot
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introduce a change between adjacent fringes. However, the vibratory motion does
introduce a significant change; therefore, it must be taken into account if it is
of substantial amplitude compared to the displacemept which results from the
incremental stress load. The amplitude of these vibiations and thus the expected
error can be estimated before the actual tests are made by recording preliminary
double-exposure, pulsed holograms; these holograms being made without applying a
stressing force between exposures. Another method for eliminating this effect
may be to record large stress~induced displacement increments, as is done with
Moiré holographic techniques for obtaining surface deformation.

a. Experimentsal Procedure for Obtaining Holographic Strain data

The procedure used for obtaining the experimental data was first to place a
complicated stress field in the panel. This was accomplished by tightening the
center bolt which attaches the panel to the top of the loading frame so that a
total of 100 ue, as read by the load cell, was obtained. The two outside bolts
were then hand tightened so tnat they applied a slight force in a direction
opposite to that of the center bolt. The center bolt was then tightened firther
until a total of 800 ue was obtained.

At this point the first holographic exposure was made. The stress losd on
the panel was then reduced by a factor of 10 ue, and the second exposure made.
The applied stress was then changed over & large increment (500 ue) and a second
double-exposure hologram made at this lower stress level with a 10 pe increment
between holographic exposures. The differential straia gage readings were taken
at the two extreme _oints of the applied stress.

This procedure of msking the holographic exposures over a relatively small
increment of the total induced strain recorded by the gages was adopted for two
reasons. First, it was done to overcome the relatively low sensitivity of the
strain gages as compared to the extreme sensitivity of interferometric holography.
(It permitted strain levels high enough to be recorded by the gages and still
allowed Gouble-exposure holograms to be made which indicated relative strain
levels between gages.) Secondly, performing the experiment in this manner will
closely simulate the technique viich will be used when conducting tests on &n
actual aircraft structure, thus gaining insight into potential problems which
may arise during such tests.

However, it is necessary in appiving this technique to try to ensure that
the small strain increment, over which the hologram is recorded, is accurately
proportional to the total strain which is recorded by the geges. Thus, two
doubie-~exposure holograms, each depicting the effect ¢f a small incremental stress,
were recorded; one before and one after the large stress recorded oy the gages
was applied. Thea, if both resulting holograms have the same fringe distribution
and slope, the strain can be assumed tc be a linear function of the applied
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forces, and each hologram will be an accurate representation cf tne much larger
incremental strain recorded by the gages.

Presented in Fig. 32 are photographic reconstructions obtained from the
holograms made in the above fashion. The two holographic fringe distributions
are similar in that the distributicn near the top and middle of the panel are
generally the same except for the fringe demsity. Near the base and edges of
the panel, however, the fringe distribution seems to have shifted between the
initial and final recording. This demonstrated to a fair approximation, that
the flexure at each point on the panel was a linear function of the applied
forces (this is particularly true of the points near the certer of the panel).
Thus it is now possible to obtain (ata from one of the holograms for the in-plane
strain measurements, which then can be compared with the strain measurements
recorded by the gages. Because of the fashion in which the data were taken, only

relative, not absolute values can be compared.

The interferometric data from the initial double~exposure hologram {800 ue
level) was sampled and reduced at the gage locations to find the principal strain,
€x (Eq. 10), and principal strain angle, ¢y. This was done using a simple 20X
lens. The data obtained from the gage rosettes were also reduced to find the
principal strain, g, and principal strain angle, ¢;. In the course of these
measurements, the mean and standard deviation of the gage reading at gage
position 16 (the gage positions are presented in Fig. 31) was calculated from
seven separate measurements and found to be 170.8 pe end 5.64 pe respectively.

b. Correlation Studies

In order to make a relative comparison of the twc sets of strain data, the
holographically obtained values were adjusted so that the mean value of tne
ratios between gage acd holographic deta was unity. The results are presented
in Table I and are listed in descending strain magnitude as determined by the gage
readings. In addition. the calculated ratios betwcen the holographic and gage
values appear on the far right of the table. As can be seen in the table, the
two sets of values are in general agreement, particularly at the higher strain

levels.
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TAELE I

Comparison of Strain Gage and
Holographic Interferometry Measurements
(Simulated Aircraft Panel)

Gage Holographic~Interferometry Ratio
Position Strain Gage Measurements Measurements eg/ ey
Principal Principal Principal Principal
Strain Strain Angle Strain Strain Angle
|egt(ue) 4(°) leg| (ue) ¢g(°®)
16 170.8 89.1 101.9 80 .60
2 142.0 91.3 126.2 92 .89
15 104.9 101.0 49.0 120 Q7
I 58.0 10L.6 22.3 90 .38
6 44.3 86.2 ho,7 80 .96
8 28.2 107.5 34.0 110 1.20
11 18.0 92.2 21.8 50 1.21
10 16.3 51.1 17.0 115 1.04
13 4.6 64.1 22,3 12 1.53
1 14.5 67.5 29.1 40 2.01
14 14,2 123.1 7.3 120 W51
9 12.8 106.8 14,6 1ko 1.1y
5 10.8 67.5 10.2 140 9k
T 10.1 50.7 11.2 60 1.11

The correlation between the gage and holeographic data is in fair agreement
and, with few exceptions, the order of descending strain values is preserved. It
should be noted that the holographic data obtained at position 6 is now in good
agreement with the gage values. Previously there was ronsiderable disagreement.
(This was reported on in the First Interim Technical Report.) This error was a
direct result of taking the fringe data perpendicular to the fringes, but because
of the fringe curvature, this direction was not the maximum curvature direction.
The actual determination of the maximum surface curvature showed that the data
should have been taken almost tangent to the Iringes. Included in Fig. 32 is a
plot which showc the surface curvature as a function of angle. From this plot
it can be clearly seen that the maximum surface curvature is 80° from the horizontal.
It should also be noted that the minimum surface curvature is at right angles to
this direction, &s would be expected from sirain considerations. ({This plot of
curvature parallels tnat obtained when a strain analysis is performed.) Actually,
for the case of gage 6 the minimum curvatu-e is opvosite in sign. {(The curve
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passes through zero at 30° and again at 130°.) If they were of the rame sign the
second lobe would not exist at right angles to the maximum. A minimum or zero
would exist at this point. The standard deviation determined from the above data
was calculated to be 0.44. This was an improvement over the value found previously
(0.61) when all of the data was taken perpendicular to the fringes.

Differences between the two sets of strain values are expected because of
the manner in which the experiment was conducted (holographically recording only
a small increment of total strain). The total deflection field is expected to be
8 linear function of the forces, provided the forces act normally to the surface
of the structure. However, if tangential forces exist, the deflection may no
longer be a linear function of the forces (Ref. 17). In the case of the simulated
aircraft panel, there 1s a substantial tangential force because of the manner in
vhich the panel is loaded and therefore the linearity may be affected.

In order to ascertain the degree of linearity between different increments
of the larger total strain, successive holograms were made over the entire incree
ment. Representative results are presented in Fig. 33. These holograms were
made at 20 pye intervals in order to cover the entire increment with & reasonable
nunber of holograms and, for this reason, the fringe density in many cases is
quite large. However, it can be seen that there are larger variations in the
fringe pattern near the edges of the panel as compared with the center of the
panel. The variations in the fringe pattern are s result of slightly different
stress conditions from hologram to hologram; this would cause the strain values
determined from these holograms to vary markedly in these regions (non-linear)
while little change would be observed from the gage reedings because of their
relatively poor sensitivity.

An additional source of error, and probably more serious, is that which
results from measurement inaccuracies in determining fringe positions. Since these
dete are used to compute the second derivative of fringe spacing, the error in
the in-plane strain calculation is a strong function of the rate of change of the
fringe spacing or strain level being measured. For example, if a one percent
error is made in data acguisition at the 100 pe level, then an error of approx-
imately 5% would be made in the strain calculation. Hcwever, if this same
percent error is made at the 10 pe level, then an error of 50% would be made
in the strain calculation. This latter sowrce of error is the probable cause for
the erratic behavior of the data below 50 ue. (This source of error is not a
peculiarity of this technique, but is an inherent error associated with determin-
ing the second derivative and as such will always be present when determining in-
plane strain data from out-of-plane displacement data.)

In an effort to 1imit the error due to measurement inaccuracies as much as

po:sible, a data smoothing procedure was adopted. The procedure entailed plotting
the fringe spacing between seversl fringes located symmetrically about the point
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of interest. A best fit curve was then applied and the date used in the final
calculations taken from the curve.

The principal strain direction was found according to the procedure outlined
in the section on Conversion of Holographic Data to In-Plane Strain Data.
Results presented in Table I show good correlation between the gage and holographic
values even down at the low micro strain levels.

In conclusion, the strain data obtained from a double-exposure hologram made
of the test panel was in fair agreement with the data obtained from strain gages.
Determination of the principal strain axis was also in good agreement. The
experimental test did bring to light that if the holographic data is only taken
over a small increment of the total strain of interest, then assurances have to
be made that the smaller increment is an accurate representation of the larger.
This can be accomplished by making several holograms over the totel increment
to determine the strain linearity. It should be noted that many of the problems
encountered with these experimental tests were related to attempts at making a
comparison between strain gage and holographic data and would not be a considera«
tion otherwise. Indeed, this reinforces the potential advantages of developing
a holographic strain visualization systenm.

Cylinder

In an effort to determine the effect that object curvature has upon the
holographic determination of in-plane strain, a thin~walled steel cylindrical
shell was experimentally evaluated. The cylinder, 40 cm high by 30 cm in diameter,
had a wall thickness of 0.1 cm and was closed off at each end by thin steel
panels. The cylindrical obJ)ect was chosen because it approximates the structure
of some typical aircraft components; the wall thickness of the cylinder could be
chosen so that the ratio of in-plane to out-of-plane displacement is such that
it is possible to better match the sensitivity of strain gages to that of holow
graphic interferometry; and it allows testing of the more general theory for
cbtaining in-plane strain from holographic data with a mirnimum of complication
added to the data reduction procedures.

In order to introduce high local strains in this cylindrical structure,
various shapes were cut out of its surface; squares, circles, and slits cut at
various angles to the axis of the cylinder. The introduction of non~uniformities
in the strain field made it possible to compare the relative values between the
various gages to the values obtained holographically. Preliminary double-
exposure holograms were made of the cylinder tefore and after it was loaded
uniformly with a force of 100 Kg¥ along the symmetry axis. From the resulting
reconstructions, suitable locations for nine rectangular rosette straln gages were
determineaq.
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It was found, however, after the strain gages were cemented in place, that
forces in excess of 400 Kgf applied along the symmeiry axis of the cylinder were

required before any of the strain gage readings were sufficiently large to be
considered reproducible. In order to increase the surface strain (for reproducibdle

gage readings), an eccentric load parallel to the symmetry axis was applied in
place of the axial load first tried.

For the purpose of obtaining strein gage readings, a force of 60 Kgf over
half of the cylinder end wall was appliedj and for the holographic interferograms,
25% full load was applied for the first exposure and zero load for the other.

The strain field was thus sampled in the same manner as the strain field in the
simulated airframe test panel. In the case of the panel, however, a much
smaller increment, 2% of full load, was sampied,

A photograph of the resulting interferogram from a typical test is presented
in Fig. 34. Also shown are the positions of the nine strain guges which are both
near and distant from the surface cutouts. Using measured values for the angle
between the surface normal and the line of sight, a, and the velues for the fringe
spacing obtained from this holographic interferogram, the principal strain, eg
(Eq. 10) was calculated. Also, the principal strain direction, ¢, was found
from this interferogram. The data obtained from the gage rosettes were reduced
to find the principal strain, e, and principal strain angle, ¢g. As in the case
of the simulated airframe panel the two so2ts of data were then adjusted so that
the mean value of tie ratios between gage and holographic data was unity. The
relative strein values along with the angle « (angle descriving surface curveature
effects), are presented in Table II and are listed ir descend!ng strain magnitude
as determined by the gage readings. In addition, the ratios between the holo=
graphic and gage values are presented on the far right of the table.

As can be seen in Table II, the holographic strain values were calculated
at angular positions (a) from 5° up to S0°. The resulting values are in good
agreement with those obtained from the gages even at the lower strain levels and
et angles slightly greater than U45° (the maximum viewing angle established by
theoretical considerations). The mean value of the ratio data is of course 1,
and the standard deviation is .49. (This is approximately the same standard
deviation found for the simulated aircraft panel.) Comparing this with reduced
data that were obtained without accounting for surface curvature change, the
standsrd deviation was .56. Thus, the corrected data shows an improvement over
the data wvhich is obtained without regard to viewing direction and surface

curvature.
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FIGURE 34. HOLOGRAPHIC STRAIN ANALYSIS OF ASYMMETRICALLY LOAD CYLINDER
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TABLE II

Comparison of Strain Gage and
Holographic Interferometry Measurements

(Cylinder)
; Gage Holographic~Interferometry Ratio
Position | Strain Gage M:asurements Measurements €G/€H
Principal Principal Surface | Principal Principal
Strain Strain Angle Angle Strain Strain Angle
|eg | (ue) ¢4g(°) a(®) | leg|(uel ¢u(°)
4 46.0 91.4 48 54.6 0 1.19
1 35.4 83.6 34 38.0 120 1.07
7 27.0 77.0 5 27T.1 40 1.01
5 22.6 115.1 45 9.6 1100 43
8 22.1 93.6 43 21.0 Lo .95
2 21.5 7.1 10 3.9 80 .18
6 19.2 107.1 50 18.7 60 97
, 3 16.0 45.0 38 19.7 170 1.23
5 9 9.2 99.2 25 17.8 ko 1.93
¢ ~———

The correlation between the principal strain angle determined from the
holographic interferogram and the value obtained from the strain gages is not in
very good agreement. The points of lerge disagreement occur in both the high and
low strained areas.,

Thus, it has been demonstrated that in~plane strain can be determined for
curved surfaces, provided that consideration of the angle between the viewing
direction and surface normal are taken into account. Although an absolute one«toe
one corrslation is not obtained in these experiments (nor were they for the
experiments involving the simulated aircraft panel), the general trend of the ine

i plane strain values is established.

It should further be noted that in experiments involving both the cylinder
and simulated aircraft panel, the stress loads were applied so that relatively
large components of the force were tangential to the surface. This was purposely
done to evaluate the effect of such forces on holographically obtained strain data.
The results indicate that the application of such forces do not seem to signifi-
cantly affect the relative values obtained from the holograms.
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SECTION VI

SPECIFIC PROBLEM INVESTIGATIONS
NDT OF COMPOSITE COMPRESSOR BLADES

INTRODUCTICN

One of the major areas of study under the Contract is a laboratory investiga-
tion of various holographic nondestructive testing (HNDT) procedures as applied
to composite compressor blades, cooling passage alignment and weak adhesive
interface bonds. In accordance with the program schedule, as presented
previously (Fig. 2), ihe first year's work in this area was concerned with
composite compressor blades. Laboratory feasibility studies were conducted to
evaluate the applicability of holography for the inspection of boron-polyimide,
graphite~polyimide, and Borsic(R)/aluminum fan blades. The use of such composite
materials hes been under intensive investigation over the past few years with the
ever increasing need for high strength, lightweight materials for both engine and
airframe components in advanced aircraft.

One specific application being considered for composites is in the compressor
stages of gas turbine engines where relatively large airfoils are utilized. One
example is Borsic(R)/eluminum fan blades which solve some vibrational problems
encountered with homogeneous metal airfoils because the higa modulus provides
reinforcement allowing elimination of partspan shrouds. Thus efficiency
increases on the order of one percent (Ref. 19) are possible, a significant step
at this stage in compressor development. Of additional significance is the 40%
weight saving over titanium blades. However, in this type of application the
airfoil undergoes tremendous stress loads; and if manufacturing defects are
vresent, complete failure of a compressor blade is nossible. It is therefore
essential that an effective nondestructive testing procedure be developed for the
inspection of these composite airfoils. E._cause of their complex nature, HNDT
would seem to be particularly applicable to this type of structure.

In general, these structures are usually fabricated entirely of fiber
reinforced resin material (boron or graphite-polyimide)] or metal bonded fibers
(Borsic(R)-aluminum) and only contain a slight amount of noncomposite material
(usually some metal is present at the base of the foil); typical examples are
presented in Fig. 35 showing both a boron-polyimide airfoil and a Borsic(R])-
aluminum fan blade. Except for the composite material used, the construction of
the foils is similar; vertical unilateral fibers forming a core with 45° fiber
cross plies bonded to this to form the outer shell  The root materiel is then
usually added to the foil after fabrication. The varticular types of flaws
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encountered in manufacturing are disbonds between successive cross-plies, between
the core and the 45° plies, between the foreign object damage (FOD) shield and
the composite, and between the fibers and the root material, the latter being
the most difficult to detect because of the thickness and complexity of the fir
tree type of oot.

EXPERIMENTAL PROCEDURE

In the present investigations, time-average interferometric holography was
employed to record the surfece of the test oblect as it was physically deformed
by excitation with ultrasonic standing waves, In this manner, it is possible
to detect any defect or disbond within the object which manifests itself as an
anomaly, or disturbance, in an otherwise regular interferometric fringe pattern
characteristic of the surface deformation to be expected from the applied ultra-
sonic excitation. Application of ultrasonic stressing systems for the inspection
of composite compressor blades can be accomplished by electrically driving a
piezoelectric transducer which has been bonded to the surface of the test pilece.
The electrically induced transducer deformation causes flexural displacements due
to the restraining force of the bond and in this way, a resonant plate mode can
be established in the sample with a proper choice of driving frequency. Additional
transducers can be used as sensors to aid in establishing plate resonances.

This method of excitation has the advantage of having a nearly unlimited range
of frequencies; from a few 100 Hz to several 100 KHz.

Another approach, and one vwhich greatly facilitates the experimental procedure
by elimirating the bonding process, is to mechanically couple a transducer to
the test piece through a solid exponential horn (acoustic transformer). The
horn consists of an aluminum exponential cylinder (radius of the cylinder
decreases exponentially from end to end) with a piezoelectric transducer mounted
on the larger diemeter end. The smaller diameter end is pressed against the test
plece and the transducer driven at resonance to couple a large amount of acoustic
energy into the sample. A complete assembly, designed for operation at 50 KHz,
in an operating configuration is shown in Fig. 36. In addition to being easier
to use, thereby making it a practical method for implementation of HNDT, this
type of drive can provide much larger amplitude vibrations; peak displa-:ements of
approximately 10 microns have been obtained at the horn output.

Several airfoils, fabricated by the Pratt & Whitney Aircraft Division, have
been examined, using ultrasonic excitation with the exponential horn drive and
time-average holography, for flaws in both the as-manufactured condition and
after fatigue cycling., For proper interpretation of the holographic reconstruce
tions, it is necessary to holographically record both sides of the blade
simultaneously. This assures that the ultrasonic driving frequency and amplitude
is identical for both holograms, and in addition, facilitates the experimental
procedure by shortening the test time. This is done by employing two holographic
plates, one for viewing each side of the blade, as shown in the experimental
arrangement of Fig. 36.
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The reasonably compact size (4' x 4') end symmetrical nature are apparent

in the figure. An incoming lazer beam is first split into two beams (ons for each
hologram), each of which is subsequently split again intc a reference and object
beam as shown in the schematic diagram. 1In general, more than one view was
recorded of each side to assure complete coverage of the airfoil surface. When
this procedure was used, the lower reconstruction covered all or &lmost all of
the blade surface. In addition, & close-up of the tip area, which is sometimes
obscured by the transducer in the lower picture, was recorded, While the driving
frequency, ana thus resonant plate mode pattern, may be slightly different for
each pair of reconstructions, the important consideration is that both sides in
each pair are recorded simuitaneously, permitting the comparison which allows
pattern differences, and thus flaws, to be detected.

The major portion of the work to be described in the following section was
performed with cw He-Ne laser sysiems, However, the most recent studies,
concluding this phase of the invesvigation, were conducied with pulsed laser
systems in order to demonstrate their applicability to time-average holography
vhich is necessary for effecting this type of NDT.

EXPERIMENTAL RESULTS

Boron and Graphite Polyimide Airfoils

When using the experimental procedurs described in the previous section,
two vibrational characteristics, as recorded holograsphically, indicate lamination
defects in this type of structure.

First, a clearly smaller well defined mode size, with a larger amplitude,
identifies a definitely more compliant region, and thus indicates an unbonded
area. Further, the nonexistence of this mode on the other side of the blade
shows that the unbonded area is closer to the surface on which the mode is visible,
An example of this type of flaw is visible in the reconstruction shown in Fig. 37.
This blade was studied before instituting the double holographic plate procedure
and thus only one side, exhibiting disbonding hetween the FOD shield and the
alrfoil surface, is reproduced here. The flawed area indicated delow the FOD
shield was probably caused by the removal of an earlier, and longer, protective
strip. This blade, as well as those to be described subsequently, was also
exanined with more conventional ultrasonic NDT procedures, and the results are
presented in Fig. 38. The test consisted of manually probing the blade and noting
the areas of signal loss on a schematic diagram. Further consideration of the
differences and/or similarities between the holographic aand ultrasonic results
are discussed in a later section entitled Correlation Studies.

The second type of vibrational characteristic indicating a structural anomaly
is seen in the reconstructions of Fig. 39. In this instancc, the defect exists
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in the ares denoted by the lighter cross hatched area in the accompanying schematics.
The vibrational characteristic of interest lies in the fact that the overall mode
pattern itself, not the size and amplitude of individual adjacent modes, is
different for the two sides of the blade. This indicates a probable deterioration
of the adhesive within the blade, without a complete disbond. Also seen in Fig.

39 are several flaws detected by the first type of vibrational characteristicj
these are indicated by the blackened areas on the schematic. They are particularly
apparent near the tip of the blade, both under and overlapping the FOD shield,

In this particular instance, the delaminations observed were apparently the

result of ice ball inmpact damage during blade testing conducted after fatigue
cycling. Results of the ultrasonic examination of this blade are presented in

Fig. 40.

A second example of FOD shield disbonding is presented in Fig. 4l again,
the bad aress are indicated on the accompanying schematic. A third, less
obvious type of vibrational characteristic which might suggest a possible bonding
defect within the blade or a weakening of the bond under the FOD shield is also .
exhibited in this figure. This particular anousaly, while much more subtle than
either the well defined higher amplitude mode patterns (indicated in dlack on
the schematic of Fig. 39} or the different mcde patterns for the two sides of the
blade (presented in Fig. 39), manifests itself as a dictinct difference in
vibrational amplitude between the two sides of the blade. The area exhibiting
this phenomenon is indicated by the shaded area in the schematic. Though not
observed during the holographic testing, the reconstructions of Fig. 41 were ,
re-examined following ultrasonic examination which indicated regions of signal :
loss in this area. During the re-examination the differences in amplitude
between the two sides, as can be seen in Fig. 41, were clearly evident, The
results of the ultrasonic examination of this blade are presented schematically
in Fig. 42. OFf further interst in Fig. 41 is the excellent correspondence in
the mode patterns, both position and amplitude, for the two sides of the blade,
indicating good bond quality, over the remaining surface.

In Fig. 43 the holographic reconstructions from a good blade are presented,
The striking feature in this case is the exact one~to-one correspondence of the
mode patterns cver the entire surface for both sides of the blade, verifying
that it is vibrating as a structural entity, and that apparently no flaws are
present. As with the preceding blade, the ultrasonic examination, shown in Fig,
L4, indicated one ares of signel loss not immediately obvious in the holographic
tests; some discussion of this point is presented in the section on Correlation
Studies.,

Borsic(R)-Aluminum Fan Blades

Three examples of flaws, as detected in Borsic(R}-aluminum fan blades, using
ultrasonic stressing are presented in Fig. 45. 1In one of the blades (holographic
reconstruction in Fig. 45a) a very distinct vibrational point (the dark circular
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spot), vhich is indicative of a surface vibratory motion, was observed on the root
vhen it was subjected to a driving frequency of 273 KHz. (These Borsic(R)-
aluminum blades were excited with bonded trunsducers, rather than the exponential
horn drive used in the polyimide airfoil studies.) This particular anomaly was
not in evidence at any other point on either side of the root at any other
frequency or drive amplitude. Thus, it suggests the presence of an internal flaw
or disbond at this location. The reconstructions in Figs. 45b and c indicate
similar anomalies along the tips of two Borsic(R)-aluminum blades identified at
89.6 KHz and 225 KHz respectively. In the latter case, two anomalies are present;
one denoting a disbond under the leading edge proiective strip, and the other
identifying a defect nearer the trailing edge.

One of the more significant resulcs obtained during this portion of the
first year's contract effort concerned with HNDT of composite compressor blades
is presented in Fig. 46. The pictures shown were reconstructed from pulsed laser
holographic recordings of a Borsic(R)-aluminum fan blade being vibrationally
excited at approximately 50 and 100 KHz. The results clearly demonstrate the
applicability of pulsed laser methods to time-average holographic study of
vibrating systems, a technique which has just been shown to offer considerable
promise in the nondestructive inspection of composite structures. As briefly
described earlier in the present report, open lasing (non Q-switched) of & pulsed
laser provides an effective pulse duration on the order of several milliseconds,
sufficiently long to record time-average holograms of an object excited in the
Kilohertz frequency range. However, the pulse is short enough to effectively
isolate objects which are moving due to environmental vibrations whose frequencies
are less than 100 Hz. Consequently it is possible to perform the HNDT work as
described in this section of the report without the degree of sophistication
required in the vibration isolatinn systems associated with cw holography.

As seen in Fig. 46 the vibrational moce pstterns for both sides of the blade
appear identical at excitation frequencies of 51 KHz and 96 KHz. The results
suggest, therefore, that the blade contains no internal defscts or delaminations.
The work was included to illustrate the adaptability of pulsed laser hulography
to the time-average process, which 1s necessary for this type of HNDT.

Correlation Studies

For the cases (polyimide blades} where correlation studies of the above
results have been made with ultrasonic NDT procedures, good agreement has, in
general, been observed. In the 3rd and Lth examples (Figs. 41, L2, and 43, bi),
however, re-examination of the holographic reconstructions was required to obtain
complete agreement with the ultrasonic tests. In another case (lst example, Figs.
37 and 38) the holographic data did not indicate the FOD shield dfsbonding to be
as extensive as the ultrasonic evaluation did, and in the second example (Figs.

39 and L0), as well as the 3rd, the holographic data indicated small additional
areas not observed ultrasonically.
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Of the two cases réquiring re-examination, one (Figs. 1 and k2) was
discussed.previously. It should be added, however, that the ultrasonic evaluation
did not siiggest any difference in the type of defects identified at the.tip and
further down the FOD shield. Indeed, it was not established vhether structural
differences did exist within the blade which might account for the distinct
difference in nolographic response. However, the HEDT results certainly suggest
two different phenomena; a distinct vibrational mode pattern difference betwzen
the two sides (blackened areas) suggesting total delamination, and a slight
difference in vibrational amplitude between the two sides (shaded areas)
suggesting a much lesser degree of internal defects.

In the gecond case (Figs. 43 and 4k) requiring re-examination of the holo~
graphic reconstructions to realize complete correlation with the ultrasonic
evaluation, the difference between the mode patterns for the two sides was quite
subtle. In the same area identified in one type of ulttasonic test (passing the
biade between two wheels) as a region of signal loss, a slight difference is
observable in the holographic results; it is manifested as a separation, on the
pressure side, of the "loop" from the three "looped® antinode seen on the suction
side. In another type of ultrasonic test (introducing the source energy through
a wedge ghaped coupler) this area was not identified as a flawed region. In
substance, therefore, the ultrasonic and holographic tests appear to provide the
same conclusion; if indeed a defect is present, it is probably one of relatively
little significance.
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SECTION VII

COKCLUSIONS AND RECOMMENDATIONS

Based on the theoretical and experimental investigations discussed in the
four major preceding sections of the present report, the following conclusions
can be drawn.

PHYSICAL ENVIRONMENT EFFECTS

1. Study of the deleterious effects of extraneous lighting demonstrated
that good quality interferometric holograms can be constructed in areas which
contain high levels of ambient i1llumination, without filtering, provided that the
exposure time can be controlled. For example, the tests conducted with 200 foot-
candles measured at the photographic plate indicate this to be the limit for a
75 miilisec exposure. However, extrapolation suggestes that holographic exposures
can be constructed with the object ir direct sunlight (average subject produces
600 foot~candles on reflection) by reducing the exposure time to approximately 25
milliseconds. ‘This exposure time is possible with the present shutter assembly by
reducing the size of the curtain opening. The results further indicate that
there is considerable latitude in the construction parameters within which the
quality of the reconstructed objects does not degrade. For example, it is
desirable to maintain the reference~to-object beam intensity ratio greater than
unity, but the results appear comparable for ratios which range from 30:1 to 2:1.
In addition, it is evidcat that in constructing double~pulse interferometric
holograms, it is not necessary that the two pulse amplitudes be precisely matched
to optimize the reconstructed fringe contrast.

2. The results ottained in the Fatigue Test Laboratory demonstrated that
holograms could be constructed in areas of high vibrational fields with pulse
separations as long as 100 microseconds. For this case, the displacements which
occur at 1 KHz were not large enough to cause image degradation, The displace-
ments at 1 KHz would have to approach approximately 0.0} microns before subsidiary
fringes related to optical component shift would be detected.

3. Preliminary investigations carried out to examine the effects of smnll
( <1u) particles upon holographic image quality showed that smoke concentrations
far in excess of the Industrial Hygienist's threshold limit value for oil wvapors,
did not preclude the construction of holograms, although there was a noticeable
loss in both resolution and contrast.
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SURFACE FINISH EFFECTS

From the various surface sizes (up to 16 sq %) and finishes (L p in to
2000 p in) vhich were exaxined in these studies, the following resulis can be
stated:

1. Interferometric holograms of surfaces with a roughness of less than & u
in (a very high polish) have been easily recorded.

2. The intensity of the radiation scattered from a surface is highly peaked
in the specular direction. This will tend to limit the area coverage oc smooth
surfaces. The present tests uave demonstrated the capability of recording a 4 foot
square object, vith a surface roughness of 8 y in with an 8 foot separation
between object and hologram.

3. Specular reflections are enhanced perpendicular to the surface finish
direction. Thus, interferometric fringe information may be lost or degraded (a
slight narroving of the fringes) in areas of very intense specular reflection
(usually a single narrow lime).

k. Interferometric fringe contrast decreases as the recorded intensity
decreases.

5. Bolographic interferometric quality is independent of the laser beam
expansion element (simple lens system or diffuser plate)], except in cases where
the rawv laser beam ha: an uneven intensity distributionj in this event diffuser
plates are preferred.

6. To obtain the maximum recorded area in a holographic interferogram, the
specular point shouid be centered about the surface area of interest and in the
case of no ambient illuminativii, the reference beam adjusted to yield a hologram
with a N.D. of approximately 0.6

T. The degree of surface roughness up to 1000 u in does not significantly
affect interfercmetric fringe locatioa.

8. Retro-reflective surface preparations may afford an enormous increase in
allowable area coverage for & given laser system. On the basis of this rreliminary
firding it is recommended that the effect of suck retro-reflective coatings on the
rolling direction line effect be studied; and that other properties of the material
be explored for applicability to aircraft hardware.

MAXIMUM STRAIN & STRAIN PATTERNS

The thecretical work, supported by experimental measurement, established that
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holographic interfercmetry is a viable technique for visualizing strain patterns
- and areas of maxizum strein concentrations on large structures. The results
: showed that both:

1. Good correlation exists between the principal strain fields on thin
s structures as sampled by conventional strain gages, and as determined by iolography.

2. The effects of surface geometry and rigid body motion on the inter-
ferometric fringe data reduction procedures will not adversely influence the
determination of high strain areas or relative strain magnitude.

Further, the experience gained in performing these studies has led to the
following recommendations applicable to on-site measurement of strain by holo-
g-aphic interferometry:

1. The object-illumination source should bte pleced next to the holographic
plate.

2. The hologram-to-object distance should be greater than 1 meter.

. 3. The angle between the surface normsl and the viewing direction should be
E less than #k45°,

> k. Preliminary double-exposure holograms of the object in the unstressed
state should be taken to determine the ~ffect that environmental influences will
have on the strain field.

5. For comparative purposes, two or three holograms should be taken at small
& equal increments of strain in order to check linearity of the flexure field with
respect to strain.

5 6. Surface curvature efrects should be taken into account for surfaces
vwhere the normal varies over #20° with respect to the viewing direction.
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NDT-COMPOSITE COMPRESSOR BLADES

Considering the relatively recent emergence c¢f holography, as compared with
ultrasonic techniques, for the performance of nondestructive testing, it can be
concluded that the method will offer a viable technique for the inspection of
various comporents. Certainly, when considering a specific part, further work

GRS

' is necessary to builup a backlog of experimental evidence which will aid in the
S interpretation of holographic data and recognition of specific defects. However,
": ; with regard to composite fan blades, it has been shown that:
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-1 “The use ‘of interferometric holographic techniques in combination with
ultrasonic excitation may offer one of the most inclusive test methods for the
detection and characterization of bond defects.

2. ' It appears that this approach can define the area of delaaudnation,
determine vhich surface it is nearer to, has the potential to determine the
degree of disbonding, and is applicable to complex surface geometries as illuse
trated by the blade root studies described.

3. The use of a nonbonded exponential horn transducer drive configuration
for introducing acoustic energy into a test object and the use of pulsed laser
techniques for recording the data illustrate one potential method for implement-
ing HEDT in a production or maintenance type of enviromment.

4. The relatively low frequency range (up to a few hundred kilohertz) that
this combination of ultrasonics and holography affords as opposed to the megahertz
operating frequency range of more conventional ultrasonic inspection precedures
both contributes to its demonstrated effectiveness and offers the following
important advantages: a) the effects of grain scattering, acoustic attenuation
and surface roughness on resolution capability are much less severej b) the
inspection of much larger areas at one time is possible, thereby easing the
material handling problem; and c) the techniques of transducer coupling are
generally less elaborate, which should increase system reliability.
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APPENDIX A

ABSTRACT ~ STRAIN ANALYSIS OF LARGE AIRFRAME STRUCTURES

A paper on the asbove topic was presented to the Spring Meeting of the Optical
Society of America in New York City on 13 April, 1972. The following abstract

appeared in the Journal of the Optical Society of America, Vol. 62, 1972, p. T38.

ThCl3. Strain Analysis of Large Airframe Structures®
F. Michael and J. P. Waters

A study has been made to anticipate and resclve the problems expected in
verforming pulse~laser holographic strain analysis on large aircraft structures
in realistic environments. Toward this end, holographic and strain«gauge measure-
ments were simultaneously recorded on structures simulating airframe surfaces.
The static-strain fields were generated in a stressing frame by applying stress
from a variety of directions. Tne values of strain obtained from the gauges
were then compared with the holographic-interferometry data. In addition, the
paper will consider holographic-interferometric theory as applied tc large three-
dimensional structures and a study of the relevant parameters, including
holographic-layout geometry, plus object orientation and curvature for recording
holograms of such structures. Also considered are a study of simple translatione
al and rotational motion for various object geometries that may produce spurious
strain data; procedures for obtaining data under adverse conditions, and a
procedure for date reduction and computation of spatially resolved maximum-strain

fields.

# “S‘uppt;rteﬁn part by Air Force Materials Laboratory, Wright<Patterson AFB,
Ohio 45433,
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APPENDIX B

OBJECT MOTION COMPENSATION BY SPECKLE
REFERENCE BEAM HOLOGRAPHY

A nev technique vhich considerably lessens the stringent vibraticun isolation
requirements associated with conventional cw uolography has deen developed and
recently reported in Applied Optics. Referrcd to as speckle reference beam
hologrsphy, the method was conceived and demonstrated as part of United Aircraft
Regearch Laboratories Corporate sponsored research program. Nevertheless, it
is most apropos to the present contract work since it offers a viadble technique
for spplying the cv helographic process in a practical enviroument, away from
the massive stable tables of an Optics Laboratory and, as such, serves to
complement the use of pulsed laser holographic techniques in these situations.

The method involves focusing a portion of the laser illuminating beam to a
spot on the object, which then serves as the reference bear for recording a
hologram of the object. Thus, object motion affects both reference and object
beams simil -rly, and therefore does not, per se, preclude a successful recording.
The technique has all the characteristics of conventional cw holography, though
in its present state of development, it is somevhat restricted in area coverage
thereby limiting the allowable size object which can be recorded. However, in
addition vo the reduction of vibration isolation requirements, speckle reference
beam holograpuy offers the following features: (a) several holograms of the same
scene, vith Aifferent viewing directions, can be recorded simultaseouslys (b}
vibration requirements on the holographic plate are similar to conventional
photography; (c) relative phase between two points on a vibrating surface can be
determined; and {d) it can be used to eliminate residual fringes detween
recordings of pulsed holographic interferograms.

A portabie speckle reference beam holographic camera has been fabricated,
and its use demonstrated in the Materials Laboratory of UARL by recording intere
ferometric holograms of an aluminum tensile specimen being stressed in a Tenius
Olsen Universal Testing Machine. A typical result from these studies is presented
in Fig. Bl along with a photograph of the experimental test configuration. (The
latter figure depicts the tripod-mounted holocamera resting on doth a desk and
the testing machine itself.) The laser beam was directed toward the upper portion
of the tensile test specimen and a static double-exposure (one at each of two
different states of stress) interferometric hologram, requiring several seconds
of exposure, vas recorded. The reconstruction indicates a much stronger vertical
fringe system then would normally be expected for such a test, together with
some shifting of the fringe pattern toward the stress concentration points. The
former effect (vertical fringes) was subsequently found to de caused by a slight
twisting of the speciien as a result of the clamping jaw arrangement. The results,
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TEST CONFIGURATION

HOL OGRAPHIC RECONSTRUCTION

FIGURE Bl. PORTABLE CW HOLOGRAPHY IN A MATERIALS TESTING LABORATORY
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however, clearly demonstrate the capabilities of the technique for long exposure
cw holography without the need for vibration isolated mounting systems.

Because of the significant relevance of speckle reference beam holography to
one of the prime objectives - "determine the feasibility of using holographic
interferometry in manufacturing or maintenance environments" - of the current
contract, a description of the method and its applications are presented below.
The work originally appeared in Applied Optics, Vol. 11, 1972, p. 630.

1. INTRODUCTION

Since the advent of ow holographyl’a, vibration isolation requirements have
essentially limited its use to a laboratory type environment; this has promoted
skepticism on the part of potential users as to its eventual role in a practical
environment. Although the introduction of pulsed holography3 has done much to
eliminate these objections, the additional technology required and the expense
associated with it have detracted from its widespread acceptance.

The method described in this paper is primarily intended ror lessening the
stringent vibration lsolation requirements associated with conventional cw
holography. The method does not require an electronic feeddback servo systemh’s.
scanning reference beam“, attachment of mirrors7, or optical processing of the
reference beam before striking the hologram8 and has all the advantages of
conventional cw holography in that double«exposure, time~average, and realw«time
holograms can be obtained of three-~-dimensional diffusely reflecting obJjects.

Following a description of speckle reference beam holography and its
application for lessening the stringent vibration isolation requirements of cw
holography, two additional applications will be descrided. These are the
determination of relative phase on the surface of vibrating obJects and the
elimination of residual fringes associated with double-pulse holographic intere
ferometry.

2. SPECKLE REFEREXCE BEAM HOLOGRAPHY

A speckle reference beam hologram is formed in a conventional mannery that
is, a coherent light source is divided into two beams, one being used to iiluminate
an object and the other being used as & reference beam. The light from the
diffusely reflected object interferes with the light from the reference beam on
a photographic plate to form the hologram. The difference arises in the type of
reference beam used in the construction of the hologram. Conventionally, the
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reference is formed by directly illuminating the hologram with a portion of the
coherent light via mirrors and appropriate expanding optics. In making a speckle
reference beam hologram, a portion of the coherent light source is focused to &
point on any diffuse surface (e.g., wood, paper, unpolished metal, etc.), and
the diffusely reflected radiation from the surface is used as the reference beam.
Presented in Fig. B2a is a schematic diagram showing a typical component arrange-
ment for msking a speckle reference beam hologram.

In general, radiation reflected from a diffuse surface forms & speckle
pattern (randomly oriented spots of light} which is characteristic of the surface
microstructure. As the scattering area is reduced by focusing, the randomly
oriented spots increase in size., Finally, if the focused spot can be made smaller
than the surface discontinuities, the speckle pattern disappears and the surface
behaves in a specular manner. Under these conditions, a conventional hologram
could be recorded using the light reflected from the focused spot as the reference
beam. However, a point source smaller than the discontinuities on a diffuse
surface is generally not obtainable due to the diffraction limits associated with
the optics. This would sezm to rule out the use of a reference deam reflected
from a diffuse surface, because the phase characterlstics of the reference beam
used in the construction process cannot be matched identically by the reconstruct-
ing beam, and image resolution should therefore be degraded.

However, recent experiments at UARL have demonstrated that a focused spot
with a diameter of approximately 0.2 mm (a 2~mm laser beam drought to a focus
with a lens having a focal length of 25 cm) on a diffuse surface is sufficient
to approximate a specular point source when constructing a hologram. The
hologram can then be reconstructed using a readily available specular point source.
The attendant loss in resolution, as a result of using two unidentical point
sources in this manner, has been found to be minimal. Figure B2b is a photograph
of a holograpnic plate obtained using the diffusely reflected radiation from a
focused spot, 0.2 mm in diameter, on an unpolished metal surface. The character«
istic speckle pattern of the surface is clearly visible in the figure. Presented
in Fig. B2c is the photograph of the reconstructed image (Nat, Bur. Stand.
resolution chart) obtained from the hologram pictured in Fig. B2b. An angular
resolution better than 6.5 x lO‘h rad {determined from the smallest divisions on
the resolution chart) was obtained. (Even higher resolutions can be expected
using a smaller focused spot.) In the experiments to date, it has been found
that this resolution (6.5 x 10- rad) is more than adequate for general applica~
tions of holography such as nondestructive inspection, vibration analysis, and
strain analysis. The method is also applicable to all conventional forms of cw
holography (double-exposure, real-time, and time-average].

The speckle illumination which serves as the holographic reference beam has
a feature that a conventional reference beam does not havej the diffusely
reflected radiation subtends a solid angle of approximately 180°. This feature
makes it possible to record many holograms simultaneously from different viewing
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directions without addftional optics to provide the required reference beams.
Compensation for different irradiance ratios between reference and object illumina-
tion beams is not required since both have the same angular scattering properties
and the irradiance of both decreases with distance iz the same way. This feature
is particularly helpful in strain analysis vhere more than one viewing direction

is sometimes required to obtain the three displacement vectors of the surface.

3. ELIMINATION OF STRINGENT VIBRATION ISOLATION
REQUIREMENTS OF CW EOLOGRAPHY

The primary application of speckle reference beam holography is in the
elimination of the stringent vibration isolation requirements associated with
conventional cw holography. This is sccomplished by focusing a portion of the
lager illumination beam to a spot on the object, which then serves as the
reference beam for recording the object. Motion of the object will now be
compensated for by a change in the path-length of the reference beam. This is
similar to the technique of Corcoran et a.17, vhere a mirror is attached to the
object so that the reference beam can be reflected from it. In this case, however,
mirrors are not required. This difference makes it possible to illuminate easily
the hologram with the reference beam without having to locate the expanding
optics near the object or attach mirrors that could influence the motion of the
object in holographic interferometry applications.

In making & hologram of this type (reference point on the odject) the
reconstruction will contain two virtual images (orthoscopic and pgeudoscopic)
centered symmetrically about the reference point. Therefore, care must be taken
to position the reference point to one side of the object illumination field, or
the two reconstructed images will overlap and degrade the image.

In practice, holograms of reasonable quality can be obtained of objects
over a limited illuminated area without special precautions as to illuminstion
beam divergence or angular acceptance of the holographic plate. Shown in Fig. B3
are two photographs of the reconstruction obtained from a hologram constructed
with the illumination optics, reference beam optics, and photographic film holder,
all located on a vibration isolation table, while the object (MNat. Bur. Stand.
resolution chart) was attached to a tripod resting on the ladoratory floor,
(Prior to these experiments, holograms were not cbtainable in this laboratory
without vibration isolation of the object.) As seen in the figure, one photograph
shows both the real image and the twin image, while the other is a closeup of
Just the real image. These photographs show the extent in area over which the
reference beam is automatically compensating for the object movement due to
random environmental vibrations. Direc? measurements using h:terodyning techniques
shoved that the maximum amplitude of the object motion was Ui, while the
frequency varied between 5 Hz and 30 Hz.
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the object that can be recorded, specia. precautions are necessary. Referring

to Fig. Bk, the required precautions can be letermined by noting that the phase
change, “o’ introduced by random object motion at the focused refarence spot, is

2wAZ

88, =" (cos 8, - tan a sin B + sec a,), ()

vhere A is the vavelength of illuminating light, a, is the angle between the z
axis and the central ray of the incident referencs beam, and B, is the angle
between the z axis and the direction to a point, E, on the hologram. This
distance between the object and hologram is considered to be much larger than the
random surface displacement. The phase change, 48,, at a point oz the 111luminated
portion of the object, is

A6n=‘2—;':AZ (cns ap + cos By) - AX (sin a - sin 8,)], (2]

where <y is the angle bctween the z axis and the incident illur’ .ation bean, and
By is the angle between the z axis and the direction to the point, ©, on the
hologram. In this equation, the distance from the illumination point source,
S, is also considered to be much larger than the random displacement of the
su-face. (A similar equation can be generated for the y,z plane.] Since the
phsse change on the illuminated object is dependent or the interference between X
identical displaced points while the phase change of the reference beam is due only {
to a displacement of the focused spot, Eq. (1) and (2) are not of the same form.
A3 can be seen, Eq. (1) is completely independent of AX, and therefore compensation
for a change in the AX direction cannot be =ffected with this technique. When
the two Z components of Eqs. (1) and (2) are equal, maximum object motion
compensation in this direction is achieved. One set of conditions for which the
two components are equal is wheun a o = O = 0 and B, = B,.

The first condition ( &, = a = 0) can be achieved by collimating the object
illumination beam and keeping the central ray ot the focused reference deam
parallel to it. The second requirement ( 6o = B»J) ig achieved by either recording
the object in the far field (1ensless Fourier transform holographyQ). or at the
focal plane of a lens positioned between the object and the hologram. In this
menner, the rays that form the interference pattern at the position of the hologram
+re essentially parallel when leaving the object, thus B, = Bn. Figure BS is a
schematic fllustration of & holographic system that meets the above requirements.
The reconstructed image (orthoscopic) Zrom a hologram made in a manner similar to
this is presented in Fig. B6a. The increase in image quality over that found
in Fig. B3 is apparent. This particular hologram was recorded approximately 50
cm from the object, a distance found to be sufficient for reasonable quality
holograms.
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These conditions, vhich produce equal phase change, are theoretically
spplicable for flat objects only and will not de as effective vhen the norml to
the surface varies considerably, as in the case of objects having a cml:tcated
geometry. However, our experiments have shown that considerable variation of the
gurface normal can be tolerated with little degradacion to the image. An example
of a recorstruction showing a complicated surface is presented in Fig. B6b. The
unisolated object wvas a model cf the lunar landing craft and illustrates the
wide variety of aagular surface orientation that can be automatically corrected
for by the speckle reference besm technijue. The somewhat low quality of this
reconstructed image was found to De partially a regult of slow thermal expansion,
vhich occurs if the focused reference spot dwells on a painted surface. This
effect was eliminated in future reconstructions by aliowing the painted surface
at the focused reference spot to obtain equilibrium before making the hologram.
(A reconstruction of a hologram made in this fashion is presented in Fig. B9, )

As showe in Eq. (1), the random surface movement in a lateral direction
(perpendicular to the surface normal) carnot be compensated for with this
technique or any of the other techniques mentioned previously . However, if
the object illumination is approximately normal to the surface and the recording
angle (Bn) is kept small, in general, the holographic quality is not degraded
as severely by this type of displacement (lateral) as it is by longitudinal
motion. From Eq. (2), the phase change due to a random displacement in the X
direction of magnitude A where B, = 10° is 0.02 rad while the phase change
produced by a comparable movement in the Z direction is 0.11 rad, For this
particular system, there is a facter of 5 difference in the phase change between !
& movement perpendicular to the surface and one parallel to the surface. This
type of motion becomes even less significant as the recording angle is decreased.

An additional type of random motion that is not compensated for by the
focused reference spot, and which will degrade or completely obliterate the
reconstructed holographic image, is a change in the longitvrdinal displacement
across the surface of the object (e.g., rotation about an axis parallel to the
surface). Experimentally, this type of random displacement has been found to
be small over a large portion of the objJect and can usually be minimitzed by a
Judicious choice in the initial orientation of the object,

Vibration restrictions on the photographic plate during the holographic
exposure sre nc greater than those associlated with conventional photography since
the hologram is recorded either in a lensless Fourier transform configuration9
or in a conventional Fourier transform configuration. Limitations vn the
remainder of the system, namely, the optics used for handling the two beams
prior to illumination of the object, can be minimized by rigidly mounting the
optical elements in relation to each other. (This is not particularly difficult
since these elements can be made fairly compact.)
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To demonstrate the spplicability of speckle reference beam holography in
an unisolated vibration environment, the holographic camers shown in Fig. BT
was constructed. The camera consisted of a 5-mW, 6328 { laser, collimation
optics to produce an illumination beam 10 cm in diameter, and 2/40 optics for
focusing the reference beam to a point on the object. The various optical
components were mounted on & 2,5-cm thick piece of aluminum as shown in Fig. BTa.
A thin aluminum cover was then placed over the optics to prevent air currents
from affecting the system, and the entire system was mounted on a conventional
photographic tripod as shown in Fig. B7b. Representative photographs of the
recongtructions from holograms made with the camera are shown in Fig. BS,
Figure B8a is a reconstructed image of an Nat. Bur. Stand. resolution chesrt
which was mounted on the lsboratory wall. (Little difference between tuis
reconstructed image and the one presented in Pig. B6, made with the uptics on
the isolation table, can be noted.) A photograph of* a reconstructed three=
dimensional image, ordinary laboratory clamp resting on a table, is ypvesented in
Fig. B8b, and a time-average reconstruction of a vibrating speaker cone is
presented in Fig. B8c, the latter demonstrating the capability of the system to
record time-average holographic interferograms of urisolated objects.

4, DETERMINING PHASE OF VIBRATING OBJECTS

Using & modulated reference beam and time-average holographic interferometry
(reel~time holographic interferometry is equally applicadle) Neumann et al.
have shown that phase differences between different points on a vidbrating odject
can be determined. This is effectively done by modulating the reference beam
using & vibrating mirror while recording the hologram. The reconstructed image
will then exhibit a zhift in the irradiance of the various reconstructed inter-
ferometric fringes. With a stationary reference beam, the irradiance charactere
istically has its maximum value on those portions ¢f the object that have no
motion, while the succeeding maxima exhibit a lower irradiance value as the
vibratory amplitude increases. By modulating the reference beam, those points
on the object that have the same vibratory amplitude and phase as the reference
beam will now be of meximum intensity, and in this mauner, a phase determination

can be made.

Thic same type of information can be obtained using speckle reference beam
holography. This is accomplished by pnsitioning the focused reference spot on
that portion of the vibrating object where the phase, in relation to the
remainder of the object, is to be determined. Upon making a timeeaverage
interferometric hologram of the vibrating object, the brightest areas (nodal
regions in conventional time-average holographic interferometry) on the reconstructe
ed image surface are those that have the same phase and amplitude as that portion
of the object upon which the reference spot is focused. An example of this type
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(b) TRIPOD-MOUNTED CAMERA

FIGURE B-/. SPECKLE REFERENCE BEAM HOLOCAMERA
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FIGURE B8. RECONSTRUCTIONS OF HOLOGRAMS RECORDED WITH THE SPECKLE
REFERENCE BEAM TRIPOD-MOUNTED HOLOGRAPHIC CAMERA
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of application is presented in Fig. B9, showing three photographs from holographic
reconstructions made of a spesker cone vibrating with a frequency of 2680 Hz.

In the photograph of Fig. B9a, the focused reference spot was positioned on the
frame of the speaker cone. Thus, the maximm intensity areas ars nodal points.
This hologram served to locate the position of the reference spot for the succced-
ing two holograms which were reconstructed and are presented in Figs. B9b and c.
For the reconstruction shown in b, the reference spot was focused on a node located
near the rim of the cone, anéd for the one in ¢, the reference spot was focused

on an adjacent antinode. By recording the holograms in this manner, the

reference spot was located at a different point in the vibratory cycle for each,
but the same approximate area of the cone was recorded for easy comparison. Since
the reference spot was located within the area illuminated by the object beam

in the latter two recordings, a small portion of the object near the yoint source
had to be occluded to prevent the twin image from degrading the reconstruction.

In comparing Figs. BOb and c, it can be seen that the maximum intensity areas
have shifted from points of no motion on the speaker cone to points that had
formally been areas where motion had occurred. This is particularly noticeable
near the rim of the cone. (The driving voltage applied to the speaker cone was
identical for both of these holographic exposures.) The advantage of this method
for determining phase is that it does not require expensive pilezoelectric mirror
drives or the control electronics associated with them. A disadvantage is that
the entire image cannot be viewed at one time when relative phase is being
evaluated. If the entire image were reconstructed, the twin image would overlap
and degrade the reconstruction.

5. ELIMINATION OF RESIDUAL FRINGES IN
PULSED INTERFEROGRAMS

In many applications of pulsed holographic interferometry, a relatively
long period may elapse between the two holographic exposures that make up the
pulsed interferogram., As a result of environmental vibration, movement of the
entire object can occur between the exposures, and residual fringes having no
relationship to the motion of interest appear in the holographic reconstruction.
Elimination of these fringes can be accomplished using speckle reference beam
holography by positioning the focused spot on the odject. Any movement between
exposures will now be automatically compensated for by the reference beam in a
manner similar to thut described previously for the cw case. However, care must
be taken in this type of application to keep the reference beam power low enough
to prevent air breakdown or the evaporation of surface material at the focused
spot, which will result in a loss of coherence between the reference beam and
object illumination beam.
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(b) REFERENCE BEAM ON NODE

(c) REFERENCE BEAM ON ANTINODE
FIGURE B9. VIBRATORY PHASE DETERMINATION
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