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Synopsis

SYNOPSIS

There is a need in industry and the NDT (Non-destructive Testing) community for quick,
reliable, user-friendly and cost-effective compact NDT systems that can be used on a wide
variety of materials and structures, for quality assurance and maintenance. Designing and
building a compact Shearographic NDT system will enhance the capability of inspection
during quality assurance and maintenance routines as well as reduce inspection time. Older
compact Shearographic systems, which have been tested satisfactorily both under laboratory
and field conditions at the NDT Laboratory at the University of Cape Town, have a rather
restricted field of view. This is due to the proprietary shearing optics being placed in front of
the camera lens, which in other words means that the field of view can only be increased by
using a relatively small focal length camera lens which results in having to increase the size of
the shearing optics. This would make the compact Shearographic device much larger which
is counter-productive since technology enables/directs research and development toward more

compact devices.

The new proposed Shearographic system has its shearing optics between the camera lens and
CCD (charge-coupled device) camera. This feature will increase the field of view in that; it
will only depend on the focal length of the camera lens, rather than being dependant on the
size of the shearing optics as well. The proposed shearing device will also render the
Shearographic system more versatile as zoom lenses of different magnifications can be
attached to the device depending on the distance from the object and magnification required.
A manually adjustable iris will be incorporated into the device between the camera lens and
shearing optics so that the MTF (Modulation Transfer Function) of the imaging lens can be
manipulated. MTF is a measure of a lens’s ability to transfer contrast at varying resolution
levels from the object plane to the image plane. Therefore it is an important parameter to

control when clear and well defined images are essential.

Digital Shearography is a well established and widely used full field non-contacting optical

interference technique that produces contour maps (i.e. fringe patterns) of measured
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displacement gradients (i.e. strain) of an object under inspection, when stressed. The most
attractive feature of Shearography is its quick and near-real-time method of strain
measurement. It also has many advantages over other major optical interferometric methods
such as ESPI (Electronic Speckle Pattern Interferometry) in that it has a common laser path

and is therefore unaffected by environmental disturbances.
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Figure 1: Typical Shearography set-up

A typical Shearography set-up is shown in figure 1, where it can be seen that the dbject under
inspection is illuminated with monochromatic laser light. The light that is reflected off the
object is viewed through a set of shearing optics, which has the ability to generate two
laterally sheared images of the object. The two sheared images overlap in the image plane of
the CCD camera resulting in a unique speckle pattern of the unstressed object (i.e. the
reference image), which is then digitized and stored for later use by the personal computer.
% [ The object is subsequently stressed by thermal, pressure or mechanical methods, which causes
the intensity distribution of the speckle pattern to change)The subsequent speckle pattern is
then captured, digitized and compared to the unstressed speckle pattern (i.e. the reference
image) of the object resulting in an interferogram which consists of alternating black and

white “zebra-like” fringes as shown in figure 2.
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Figure 2: A typical interferogramfringe paticrn

Phaze-stepped Shearography, unlike Conventional Shearography is a quanttative method of
data measurcment and is also incorporated into the design of the Shearopgraphic system. It iy
derived from the intensity integration method and has the following advantages over

Conventional Digital Shearopraphy:

* The technique dramatically incrcascs the sensitivity of inspection by manifesting
fringes that are much more prominent duc o the reduction in noise,
= [t allows for filtering of the finge patterm.

= Data can be quantified.

Phase-stepping can be casily incorporated into the desipn of the Shearographic system as the
only hardware requited is a piczo-electrically driven mirror which can be casily fitted 1o either
“arm” of the shearing device, However, the custom software tnust have the addutional
subtoutings 1o perform the sublraction processcs as the Phase-stepped Shearography equations
differ from the Conventional Shearography equations. Phase-stepped Shearography produccs
much beller quality [kinge patterns since four measuretnents of the stressced objeet at known
phasc-steps are compared to the unstressed 1mage of the object. This results in a reduction in

noise when an interferogram iy generated.
Subsequent to designing and building the compact Shearographic systemn, the device was

calibrated by inspecting a helicopter blade with “manufactured” deicets to cstablish the

suitability of the device in detecting the presence and location of flaws.
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Fipure 3: Fringe patiern of twao delecls located at the leading odge and middic of the helicopier blade
using: [a) Shearopraphy, (b) "hase-stepping (¢) Filtering,

Figurc 3(a) depicts the Shearcgraphic fringe pattern Lhat was produced while inspecting
manufactared delects of cqual size at the lgading edge and the middle of the aerofoil section.
The “double bull's ¢yc™ on the left shews the presence and location of the leading edge delect
whereas the “donble bull’s eye” on the right locales the middle defecl. It can be scen thal the
leading edze defect has manifested two fringes whereas the middle defeot has mamilested
three. This is duc (o the middle defect being closer to the inspection surlace (Le. deeper [from
the far side/surface) than the leading cdge defect. The number of fringes n un ares where a
defect 15 located docs usually indicate the amplitude of Lhe localized displucemenl induced,
which is influenced by the size of defect und its deph. Figures 3 (b) and (¢} depicts the
Phase-stepped Shearography and Phase filtered fringe patterns respectively, where it can once

again be seen that the middle detect has manifested more fringes.

The design parameters such as Lhe intensily of lascr illupanation and the diameter of the
manual iris were explored so as 0 determine the optimwm setting of the Shearographic system
for good quality [ringe patiems o be produced.  The final stage of testing was the

implementation stage where a section of the main rotor helicopter blade was inspected.
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Figure 4 sommarizes the resalts of the inspection by depicting the phase-fillered fringe
patterns as well as their location on the helicopter blade, where fringe anomalies had been

observed.

Tipure 4: Schematic depicting the location and resolting Phase filtered fringe pattern of anomalies

deteeted during inspection,

The areas where fringe anomalies were observed on the helicopter blade where marked off
and cut open to gstablish the reason for the anemalies. Furthermore, this would determine if

the Shearographic system produced clear and unambiguous results.
The following major conclusions were drawn from the results:
1. The Shearographic system is capable of detecting the presence and location of defects

in composite structores, Furthenmere, the device can differentiate between defects of

varying depth by manifesting the appropriate number of fringes.
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2. The number of fringes that can be manifested by a flaw is dependent on the period of
stressing (when using heating or cooling techniques) as well as the amount of time

before the fringe pattern is captured by the user.

3. The correct amount of laser illumination is important when measuring the
displacement gradient of an object. An abundance of laser light saturates the pixels of
the CCD detector resulting in those pixels not contributing to the measurement of the
displacement gradient. On the other hand, insufficient laser light makes it difficult for
the phase to be extracted resulting in fringes that are not well contrasted and not

clearly visible.

4. The field of view of the Shearographic system is a function of the optical
configuration and the available laser illumination. The Shearographic system is
capable of using CCTV (Closed Circuit Television) lenses of different focal lengths
and has an optical field of view of 57 degrees when using the 8.5mm focal length
CCTV lens. Therefore the only variable that limits the field of view of the device is
the available laser illumination. Laser light is normally available in collimated “pencil
like” beams. This beam must be expanded using suitable optics to cover the required
surface area. However, the more one expands the beam, the lesser the illumination

intensity becomes, a fact that can only be remedied by using a higher laser power.

5. The MTF rating of a lens, which can be manipulated by adjusting the aperture of a
lens, affects the contrast and fringe definition of a fringe pattern. Reducing the size of
the aperture of a lens increases the MTF and improves the contrast and resolution of a

fringe pattern.
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The following recommendations can be made:

1.

The compact Shearographic system has been successfully tested under laboratory
conditions; further work should be done to make the device fully portable so that
testing can be done under field conditions to confirm that the results will be still

satisfactory.

The only variable that limits the field of view of an inspection area, using the proposed
Shearographic system is the laser power. Therefore, further studies should be done to
determine if two lasers of the same power can be used simultaneously or if a higher

power laser can be made portable to improve light distribution and intensity.

Another method of increasing the field of view of inspection is to use a CMOS
(Complementary Metal Oxide Semiconductor) camera’ instead of a CCD camera.
The CMOS camera allows the user to program the dynamic range of each pixel
independent of each other whereas the CCD camera has a limited dynamic range,
which means that a CMOS-sensor can gather more light than a conventional CCD-
detector under the same illumination conditions. Therefore a comparative study
should be done to determine the light efficiency and image quality of the fringe

patterns, when using CMOS camera and the CCD camera.
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Chapter 1 Introduction

1. INTRODUCTION

1.1 Background

There is a need in the South African Air Force and aerospace industry for quick and effective
Non-Destructive Evaluation (NDE) techniques for the inspection of aircraft during routine
maintenance schedule. Designing and building a compact Shearographic NDT system will
enhance the capability of inspection during maintenance as well as reduce the inspection time.
Researchers at the Non-Destructive Testing (NDT) laboratory at the University of Cape Town
have developed a compact Shearographic prototype which has been tested satisfactorily both
under laboratory and field conditions">’. The prototype has a proprietary shearing optics
device placed in front of the camera lens with a rather restricted field of view. In other words,
the field of view can only be increased by decreasing the focal length of the camera lens which
results in having to increase the size of the shearing optics. Increasing the size of the shearing
optics would make the prototype larger which was considered counter-productive, since
technological advances enable or direct research and development toward more compact

devices.

The new proposed Shearographic system has its shearing optics between the camera lens and
CCD (charge-coupled device) camera. This feature will increase the field of view in that; it
will only depend on the focal length of the camera lens, rather than being dependant on the
size of the shearing optics as well. The proposed shearing device will also render the
Shearographic system more versatile as zoom lenses of different magnifications can be

attached to the device depending on the distance from the object and magnification required.

Modern Shearography, which is more formally known as Digital Speckle-Shearing-Pattern
Interferometry (DSSPI) is a well established and widely used full field non-contacting optical
interference technique that measures displacement gradients (i.e. strain) as well as curvature
and vibrations of a specimen under inspection. An attractive feature of Shearography is its

quick and near-real-time method of strain measurement. Shearography is used in a wide
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variety of fields such as in academic and industrial research as well as inspection areas, which
include experimental mechanics, vibration analysis and non-destructive evaluation (NDE). In
the field of NDE, Shearography is aimed at detecting defects and has many advantages over
other major optical interferometric methods such as ESPI (Electronic Speckle Pattern
Interferometry). An in-depth comparative study of Digital Shearography and ESPI was done
by Y.Y. Hung® concluding that Shearography has the following advantages over ESPIL:

s [t requires a simpler optical setup, thus eliminating the optical alignment problems.

» The coherent length requirement is greatly reduced.

s Shearography provides a wider and more controllable range of sensitivity, thus
allowing large deformations to be inspected which is not the case in ESPI as it is too
sensitive for many practical NDE applications.

s Rigid body motion does not influence the resulting fringe patterns, since Shearographic |

NDE uses a “common path” optical arrangement.

Furthermore, both Shearography and ESPI measure surface deformation, however the
information they yield differ. [ESPI yields surface displacement information whereas
Shearography yields derivatives of surface displacement (i.e. strain).  This makes
Shearography more practical thgn ESPI as flaws normally create strain concentrations and
therefore it is easier to correlate flaws with strain anomalies rather than with displacement

anomalies,

Shearography is a versatile tool that can be used to inspect a wide variety of materials,
including composites as shown in studies by Y.Y Hung’, T Mayer6 and R Krupka’ as well as

1.3. 8 These studies have also shown that different types of

D Findeis and J Gryzagoridis
defects such as cracks, voids, delaminations and debonds can be detected. Consequently,
Digital Shearography has received world-wide industrial acceptance for non-destructive
testing. It is currently being used by the tire industry for evaluating tires, and in the aerospace
industry for the non-destructive testing of aircraft structures, in particular, composite
structures’. Shearography is also emerging as a novel industrial NDT tool in other industries

such as the automotive industry. Digital Shearography has been researched and developed for
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approximately a quarter of a century with the first full scale implementation of Shearographic
NDT system being applied in the production of the Northrop B-2 Bomber by Northrop
Grumman Corp. in 1988.

Shearography was invented in the early 1970s due to research efforts focusing on the
development of novel methods for performing high sensitivity measurements on diffusely
scattering illumination surfaces. However, at that stage it was limited in acceptance in that,
photographic film was being used as the recording medium, which was tedious and costly.
Interest in Shearography declined during the late 1970’s until the 1980’s when CCD cameras
linked to image-processing modules replaced photographic film. At this point, Shearography
became known as Digital or Electronic Shearography. The introduction of Phase Stepping
and computerized fringe analysis has further helped to spread the use of Digital
Shearography. Phase stepping and filtering of images dramatically increases the amount of
information gained from an inspection as will be discussed later in this chapter. Advances in
technology, particularly with respect to high resolution and high-speed data acquisition
systems, as well as software development, has brought Digital Shearography to a new

threshold, where it stands today.

The motivation to develop speckle based techniques came about due to the invention of the

laser in 1960 and the realization that speckle could carry significant amounts of information

about position and surface structure of a rough object’™!1,
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Irigore 1.1: T'ypical laser speckle pattern

Speckie interferometric techniques {i.e. Shearography, ESPI and Ilotography) rely on the very
basic phenomenen of light interference namely that objects illuminated with laser light have a
sranular swppearsnce.  Specklc ws pictured in figore 1.1 15 observed when an object i
illuminated with coherent laser light. Most objects are opticatly rough even if they are rough
onfy at a microscopic level. | However, a speckle field cun only be created if the height
vartation of a surface is of the order of or greater than the wavelength of the illuminating
light. " Speckle (i.e. the granular appearance) is created by the interference of wavelets of
coherent light of different path length due to surtace mughness',_l" Each point on the object
surface will reflect light. Turthermore, interference will occur between these object points
due to the high coherence of laser light. 10 this is viewed by a detector, a random pattern of
interference Iringes {L.c. spockle) will be observed.  This randomness is due to surface
roughness, which causes a path length variation (1.e. phuse variation), of scattered laser light
in proportion to local height vuration from peint W peint. ‘This means that a speckle pattern

is pmigue for a given object surface, illumination and viewing conditions.

The laser has been used in a wide variety of metrological and industrial inspection systems' -
Light emitted from a laser is unusoally simple in form, with variables that are quite constant
wilh time and can be measurcd with high precision, This means that lasers oifer brighiness,

high degrees of coherence and are monochromatic, which makes them the quintessential light
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source for interferometry. However, a laser beam is only monochromatic over a certain
distance and will only approximate a sine wave of fixed [reguency for 4 certain distance,

known as the coherence length'”.

There arc many types of lasces on the market that can be used for interferometry, with varying
pawer, wavelength and coherence length, The most commonly used laser is the Helium Neon
(HeNe¢) laser, which is eelatively inexpensive and easily available, The wavelength of the
HeNc laser is 632.8nm, with power varying from (1.1 1o 50mw and the coherence length

varying [rom 5 to 30cm,

The Michelson interferometer s the most commonly used shearing device in Shearography
and was invented in 1881 by Albert Michelson. He was awarded the Noble prize i physics
for his optical instruments of precision and the spectroscopic and metrological investigations
he executed with themn. The Michelson interferometer measures out-of-plane displacement
gradicnts with accuracy of the order of onc wavelength of light used and can be modified 1o

increase the accuracy to a tenth or even a hundecdth of a wavelength.
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Figure 1.2: A typical Shearographic setup

A typical Digital Shearogruphic sct-up is shown in figore 1.2, The object to be inspected is
illuminated with monochromatic laser light which is dispersed by a beam expuander so that it
covers the entire objeet. The light that is reflected off the object truverses a set of shearing
optics which laterally shears the image of the object into two. As a result, the two shearcd
images overlap when imaged onto the CCD camera. In other words. this alse means that two
' neighboring ohject points Pz y) und Pix + dxy) now meet in the image plane, where 8x is the
magnitude of shearing parallel 1o the r-axis. Due to the menochromatic nature of laser light,
the overlapped imauges produce a unique speckle pattern,  This speckle pattem known as the
reference image (i.c. unstressed imaged is wansmitted by the CCD camera @ a personal

compuler, which digitizes and stores it for later use.
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Figure 1.3 A Lvpical Iringy palieon

The objeet 13 SHhsnduentiy stressed by either mechanical, pressure or thermal methods.
Stressing of the ohject canses the surface of the object to distort and the intensity distribution
of the speckle pattern changes. This Is due to a change in the relative displacement of Pixy)
and Péx + dry) when the object is stressed.  The second speckle imuge 15 digitized and
sublracted from the reference speckle image. A final Imoge 1y formed which contains “zebru™
like black and white fringe patterns. An example of a typical fringe pattern ol a laterally
sheared image s ilustrated in Hgure 1.3, where the fringe patlern looks like o double bull’s
gve, Shearopraphuc feinge patterns differ from ESPI [ringe putlerns which uppear as a single

concentric fringe pattern s shown in figure 1.4,
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Figure 1.4: Typical ESPI fringe patiern’

The difference between the {wo types of fringe patierns becomes more apparent when a plot of
deflection of an object as in figure 1.53(a) and a plot of the corresponding deflection derivative
(as shown in figure 1.5(b)) is analyzed. It can be seen from the figure that ESPI measures the
surface deflection whereas Shearography measures the strain which is the deflection derivative

with respect to x since the image is being sheared parallel to the x-axis.
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(a)

ESPI
(b)

Shearography

Figure 1.5: Plot of: (2} Single bull's eye fringe pattern in ESPI and (b) Double bull’'s eye in Digital

Shearography for the deformation on an ohject

The Shearographic [Minge paticrn can alse be translated into a 31 plot by means of an
automarcd phase cxtraction technique employing a phase shift technigue, dome by Y, Y
Hung'. 'fThe 3D plot is shown in fgure 1.6 where the change in slope of the deflection

denvative illustrates the points of maximum and minmum rate of deflection,
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Figure 1.6: A 31 plot af the deflection derivative distribution of a Shearographic fringe paltern®

Phase-Stepped  Shearography is a quantitative method of data measurement and 1s also
meorporated inte the design of the Shearcgraphic system. It dramatically increases the
sensitivity of the device and is dertved from the inlensity integration method. A comparative
study of Conventional Digital Shearography and Phase-stepped Shearography was done by AL
Andhee, 1. Gryeagoridis and I Findeis"™.  The study concludes that Phase-stepped

Shearography has the following advantapes over Conventional Digital Shearography:

*  The technigue dramatically increases the scnsitivity of inspeetion by manifesting
fringes that are much more prominent due to the redoction m notse.
=t allows for filtering of the [mnge pattern.

» Data can be quantified.

A typical setup of Phase-Stepped Shearography is shown in figure 1.7, [t can be seen from the
figure that the Phasc-Stepped Shearographic hardware can be easily incorporated into the
Shearoeraphic system as only a piero-electrically driven miror has 1o be fited. However, the
custom software installed on the personal computer must have additional subroutines installed
to perform the sublraction proccsses needed to generate the fringe patterns in Phase-Stepped

Shearography as the cquations differ from Conventional Shearography.

10
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Fignce 1.7: A typical Phase-Siepped Shearographic setop

The phase-stepping technique requires a mimimum of three measorements (ie. speckled
images) to solve for three unknowns; however four measurements are more commonly used.
Phase-steps are produced by mechanical micro-displacements of a piezo-electrically driven
mirror, which is calibrated before testing can commence. The PZT (Piezo-electric
Transducer} is the most commonly used device in phase-stepping in that it is cost effective and
requires minimal power. The micro-displacements are produced by applying a voltage across
the piezo-electric crystals which results in their expansion. A low voliage PZT can provide
translation of a fraction of a micro-meter. The custom software also controls the piezo-electric
transducer by sending a binary nomber to an expansion card fitted on the PC. The binary
number is then converted into a voltage by a digital o analogue converter and sent to the
piezo-electric transducer via a cable that connects it to the computer so that a calibrated micro-

displacement can occur,

Each micro-displacement of the piezo-electrically driven mirror initiates phase-steps of %
increments, which is equivalent to changing the path length of the aser beam by a quarter of a
wavelength. After each phase-step, a speckle image of the stressed object is captured by the

image processing system. As mentioned earlier four measurements or speckled images are

captured and this is known as the 4-bucket system. The four measurcments are taken in less

11
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than a second and the phase cun then be descnbed by these four measurements. “The phase
difference can then be calculated by subtracting the phase of the image of the stressed object
from the phasc of the image of the vnstressed object.  Subsequent to subtraction and altering
of the limits, the phase difference lies within the range of O to 2% radians and thus contains 2

disconlinuities,

Figore 1.8; Typical phase map using Phase-Stepped Shearagraphy

Once the phase difference is calculated using the image processing soltware, a phase map is
produced consisting of fringes runging from black to white and then suddenly changing to
black again, This “saw tooth™ pattern continues througheut the image as shown in [gure 1.8
This drastic change eccurs due to the phuse difference increasing towards 21 and then jumping
back 1o zero when the limit of 27 i5 rcached. This meuns that in the [nal image, black
represents the smallest phase difference and white the largest. The regions where these
discontinuities oceor are called 2 discontinuities and arc the main characteristics of phase-
stepping, which help determine the relative direction in which deformation takes place.

4

A paper written by Y, Bar-Cohen'® titled “Tn-Service NDE of Aerospace Struclures —

Emerging Technologies and Challenges at the end of the 2" Millennium® stutes the following:

12
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“The requirements for NDE are continuing to be driven by the need for lower cost methods
and instruments with greater reliability, sensitivity, user friendliness and high operation speed

as well as applicability to comply with all materials and structures.”
Later in the paper he also writes the following:

“Effective field inspection requires a portable, user friendly system that can rapidly scan large

areas of complex structures”

It is clear that the NDE community and industry require portable/compact NDE methods
which are reliable, sensitive, user-friendly, fast and cost-effective which are useable on a wide
variety of materials and structures. Researchers such as Y. Y. Hung'’, M. Kalms'® and S.
Waldner'® have already realized the need to meet these requirements and have attempted to
design portable/compact Shearographic systems. It has been claimed that these prototypes
produce satisfactory results under laboratory and field conditions. However, little or nothing
is known about the optical configuration used to design these devices. Therefore the aim of
this thesis is to design, build and test a novel compact Shearographic system capable of rapidly

scanning the surface of test pieces and displaying clear unambiguous results.

1.2 Problem Clarification

This section breaks down the project and describes in full the objectives and design
requirements of the project. The design requirements will be used later to decide on the best

design concept which will be implemented into the final solution.

1.2.1 Objectives of this work

The main objectives of this research and development were to:
=  Design a compact DSSPI (Digital Speckle-Shearing-Pattern Interferometer).
=  Calibrate the DSSPI by inspecting an object containing defects/flaws.
»  Vary the design parameters so that optimum performance and deeper understanding of
compact shearing interferometry can be achieved.

»  Test the device on a high value engineering component with suspected defects.

13
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1.2.2

{

Design Requirements

The design requirements of this project were to:

Design a compact Michelson type shearing interferometer.

Place the shearing optics between the CCD camera and zoom lens so that the field of
view can be varied.

The overall dimensions of the shearing interferometer and the CCD camera should be
approximately the size of an A5 page which is half the size of the previous prototype.
Attachment of various focal length c-mount CCTV (Closed Circuit Television) zoom
lenses must be possible.

An iris should be incorporated into the device so that the laser light intensity can be
controlled.

One of the mirrors within the Michelson type interferometer must be capable of
making small angle rotations in at least two axes to introduce shear on the observation
plane.

Phase-stepping must be incorporated into the design of the compact Shearographic
interferometer, to enhance the quantitative results,

The prototype must be able to inspect a minimum area of 300mm by 200mm (i.e.
larger objects can be inspected in sections over a short period of time).

The fringe patterns must be clearly visible and unambiguous.

1.3 Procedure used to gather Information

The information on which this thesis is based was gathered by means of:

Books

Papers

Catalogues

Correspondence with companies
Internet searches

Meetings with supervisors

14
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1.4 Plan of Development

Chapter two establishes the basic principles of Digital Shearography and Phase-Stepped
Shearography. Digital Shearography is discussed with particular reference to displacement
gradient measurement followed by the factors which limit the application of the technique.

Chapter three outlines the important sections of the appendices which contain the background
theory of optics. This information may be required by the reader, as an in-depth knowledge of
optics was required to design the novel Shearographic system.

Chapter four begins by explaining the workings of the individual components that make up the
Shearographic system. The optical configuration of the various design concepts, which were
considered for the designing the Shearographic system, are then discussed. The advantages
and disadvantages of each design concept are discussed so that the best solution could be

implemented, with regard to the design requirements.
Chapter five explains in detail the experimental procedure that was used to obtain the results
of this investigation. The setup of the Shearographic equipment as well as the manufacturing

of the calibration specimens is then discussed.

Chapter six lays out the results of the investigation, which are the resulting Shearographic,

Phase-stepped Shearographic and phase filtered fringe patterns.

Subsequent to analyzing the fringe patterns conclusions are drawn in chapter seven, followed

by recommendations for further work in chapter eight.

15
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2. BACKGROUND THEORY

2.1 Digital Shearography

The compact Shearographic Interferometer designed in this investigation will only be used in
the field of Non-Destructive Testing to inspect high value engineering components. For this
reason the compact Shearographic Interferometer will only be capable of measuring out-of-
plane displacements gradients of stressed objects. The following section describes this

technique in greater detail.

2.1.1 Principles of Digital Speckle-Shearing-Pattern Interferometry

A schematic diagram of a Digital Shearographic system is shown in figure 2.1 illustrating the
path of a light beam from the object to the CCD Camera. Subsequent to reflection off the
object, the light beam is split into two equal parts by the beam-splitter and travels through the
two “arms” of the interferometer. One arm of the interferometer shears the image using a
small tiltable mirror and directs the beam of light back into the beam-splitter. The other
mirror (i.e. arm) satisfies the coherence length of the laser by making the split beam of light
travel a distance equal to the beam of light in the first arm (the need for equal beam path
length is discussed later in the section). A major disadvantage of this optical configuration is
that when the light beams recombine at the beam-splitter only half the intensity of the light
enters the CCD Camera since the other half of the light is guided out by the beam-splitter.

16
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Figure 2.1; Path of a ray of light in a Michelson interlerometer

The imual step in Digital Shearography is to capture a spockle pattern or image of the
unstressed object, which iy digitized and stored as a reference image. The intensity of tight at
any point on the speckle image of the unstressed object can be described mathematically by

Lhe following equation;
I, =24°[1+cos{B(x+ 8x, y)—0(x,y)) | (2.1)

Where A is a complex amplitude of the combined wavefronts and is a function of the object
illurpination  and & is the magnitude of shear Furthermore, @#(x, y] and
&(x+ Sx, y)represents the phase in two object pointy that, due to shear, will correspond to the
same image position. The object is then stressed by cither tiechanical, pressute or thermaal
methods. Stressing of the object causes the relative displacement between two points on the

surface of the object to change, which in tum causes the laser path length to change. This

17
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change of path length then alters the density distribution of the speckle pattern and the

intensity can be expressed by the following equation:
1, =247 [1 +eos ({80 +6x, ¥)— B(x, ) + ﬂa;zi” (2.2)

The variable Ag in equation (2.2) represents the phase difference occurring due 1o the object
being stressed.  The speckle image, of the swessed object, is then digitized and stored, The
phase diiference Ag can be extracted by either adding or subtracting the reference image
from the stressed object image. described by equations (2.1 and (2.2) respectively. The
software wsed in this investigation subtracts these two equations, which results in an
interferogram with an intensity distribution as follows (the steps leading up to equation (2.3)

are provided in appendix B):

I =1 I =44 sin([€(x+ dx, y1=Bix, ¥+ %?]ain (2.3)
L

The interterogram produced by equation (2.3) above maps the phase contours, which consist
of allernating “zebra like” black and white fringe patterns. This s due to areas of pixel
imtensity correlating or decorrelating, when the two image 1mages are subtracted, to form the
interterogram. Correlation will take place when the phase difference is as follows:

Ag=2nr wheren=0,1,2,....... (2.4)

This condition corresponds to the dark tringes on the interferogram. In contrast, decorrelation

will take place when the phase difterence 1s as follows:
Ag=(Zn+lr  wheren=0,1,2,...... (2.5)

This condition corresponds to the bright fringes on the interferogram. The tringes can be

modeled by the following mathematical equation:
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{2.6)

M_ﬂu.rr’ad}s

RERED

. : dd . . .
Where Ag 1s the correlation phise, EIL 14 the rale of surfuce displacement, 5 iy the magnitude
T

of shear (i.e. the distance between commaon points that are sheared) and A is the wavelength
lor laser light. The above equation shows that the correlation fringes represent lines of
constant displacement rates, where A¢ is constunt. The sensitivity of the interferometer can
be varied by increasing or decreasing the angle of shear and therehy, varving the magnitude of
shear (§). Therefore it can be seen from cquation (2.6) that the greater the magnitude of
shear. the larger the phase difference Ag, which therefore increasgs the sensitivity of the
inteeferometer.  If the phase difference in eguation (2.6) is replaced by equation (2.4) then the
spacing betwcen adjacent fringes as a function of the displacement gradient can be obtaincd

and is deseribed by equation (2.7).

?l_i = % Where n = no of fringes (2.7

This equation proves that for a given swface area, an increase m displacement gradient will
produce a corcesponding Increase m the number of fringes. The Shearographic NDE
cquations and their derivations can be found in “Holographic and Speciie Inferferomety’” by
R. Jones and C. Wykes™.

21.2 Coherence Length wnd Unbulanced Inierferometers

Laser Tight although assumed to be monochromatic, is only monochromatic until @ finite
sputial extent, Furthermore the coberence length is defined as the distanee aver which a laser

besm will approximale a sine wave of fixed frequency,

Lascr light, from a real source, truversing a Michelson interferometer of equal arm length (Le.

distance between the two mirrors and beam-splitler are equal) results in the interferometer
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producing fringes of excellent contrast™, as shown in figure 2.2(a). Arcas of the fringe
pattern containing dark [Tinges doe to destructive interference will be perfectly Black., The
visibility of a fringe pattern, which is a measure of the contrast, is described by the cquation
{2.8) below,

{ ;
V = mai min {’2-8)

nas qin

Where [z and [ are the maximom and minimam values of the intensity of the fringes,
Fringes in figore 2.2(a) have an f,; value of zero, which makes the visibility V unity. This is

the maximom value of V; therefore maximum contrist 15 achieved.  If gne of the arms of the

interferometer were 1o be extended by moving mirror M; by a distance of 24 the visibility ¥

=

i
would decrease im magnitode and the fringe pattern’s contrast would become moderate as

£adh
2

shown in figure 2.2(h). Further translation of mirror M, to a distance o would cause the

fringe visibility to decreuse even further until no fringes will be visible due to V tending to
zero.  The degradation of fringe wisibility with increase in path length of a Michelsen
interferometer is a measure of temporal or longitudinal coherence of a light source. The
coberence length of a light source is generally defined as the distance in which the fringe

visibility ¥ falls (o }/2 (where e =2.718). In interferometry long coberency lengths ate
/4

desirable. Helium-Ncoen lasers bave a coberency length of approximately 20cm.  However;
the coherency length can be increased to scven meters.  This can be accomplished by
modifying the [aser to produce a single axial mode. The disadvantage of modifying the laser

is that it canses a loss in laser power.
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Figure 2.2: Temporal coherence elfects displayed by a Michelson Interlerometer™

To summarize, the path length of the two arms of the Michelson interferometer should be kept
equal due to lascr Light having a specific coherence length, which affects the visibility of

[ringe patterns.

2.1.3 Limiting factors in Interfergmetry
This section points out the limiting Tactors concerning the meusurement of displacement

gradicnt using Shearographic NDE.

#1



Chapter 2 Background Theory

2.1.3.1 Sensitivity

The minimum displacemenl that can be measured by an isterforometer depends on the
speckle size. The displacement of the object must be such that the resulting displacement of
the speckle pattern in the image plane is greater than the speckle size in that plane. Equation

(2.9) shows the minimum put-of-plane displacement required to produce fringes.

4,
i, > A (2.9)

Whore ¢, is the speckle size and m 15 the magnification of the viewing system. Since the
magnificaton of a viewing system is usually unity to prevent lens aberration and fringe errors

equation (2.9 can be written as follows:

A 210

Where (fj is the focal length and {g) is the aperture diameter of the lens making up the
viewing syslem. It can be seen [rom equation (2.10) that an increasing aperlure size allows
the interferometer to detect smaller displacements. However. pixel intensity 15 also dependant
on aperture size and i the aperture of the viewing system is oo large it will cavse the pixel
intensity of the CCD detector o become saluraled and thereforc record the wrong
measyrement (Pixel intensity is discussed furlher in section 2.1.3.2). Funthermore, speckls
size and hence minimum displacement is limited by the resolving power of the CCD detector
known as the detector cui-off poini'. Therefore larger speckle (caused by smaller apertures)

are easier o resolve making [nges clearly visible.

The total number of fonges (ie. the maximum displacement) that can be observed using an
interferometer 15 limited by the speckle size, Tt has been proven by Jones and Wykes™ that
the ratio of fringe spacing 1o speckle size must be greater than 5 for fringes to be observed.
This means that maximum displacement that can be measured by an interferomceter of an

object under inspection is limited by this factor.
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2.1.3.2 Pixel Inlensity

A measurement, of a cumera pixel intensity, can vary from uscful to incorrect depending on
whether the pixel signal is very low, modulauny or otally saturated. The intensity of a
camera pixel is defined by the following equation:

1=1,+1, cosg (2.1}

Where /g i5 the hackground intensity, fyr 15 the modulation intensity and ¢ is the phase. If

these variables arc known, then it is possible to tell whether the measurement of a pixel is
valuable or not. For cxample if the signal exceeds the pixel saturation intensity [, then the
measured intensity will be wrong. Furlthetmore if the modulation intensity is too low, then It
will be impossible to extract the phase from the infensity measurement. Therefore a pixel
with high modulation intensity fy and a total imensity [ which is below samration, wil
contribute o a ‘gocd’ displacement grudient measurcment.  This means that there is an
opumum amount of laser light required dwing an inspection and this can be controlled

varying the amount of light that ciuers the CCILY camera,

T ;132
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Fignre 2.3: Efficiency versns maximom available olject intensity™



Chapter 2 Background Theory

Measurements taken under optimal conditions will lead 1o the highest number of good pixels
and the least pumber of bad pixels. The guality of measurement can be defined by the
measurement cllicieneyp, which tukes into account all the camera pixels using weighls
related to the pixel quality. The weights are a function of the pixel modulation Intensity fy.
background intensity fo and phase ¢, Therefore the tight combination of these weights will
produce high guality pixel measurement and thus allow Lhe system to be optimized. Figure
2.3 is a graph ol efficieacy 7 versus maximum available object miensity (i.c. maximum
available light). It can be seen from the graph that for every aperture number, the efliciency
curve increases linearly until saturation sets in and at this point is where the highest possible
efficicacy for a particular aperlure size is reached. Furthermore it can also be seen that once
the optimum efficiency 1 reached for a parlicular apetiure number, increasing the laser power
will be [ruitless since the efficiency will not increase. This means that when there is limited
laser power large apertures arc more efficient. However, il higher laser powers arc available
then smaller aperlures are more cfficient. l{astﬂgim explains these oplimization criteria in

much greater detail whilst this paragraph summaries the results of hig study.

2.1.3.3 Object size

The maximum object area thut can be inspected during a single inspection 15 not dependant on
the ffeld of view of the viewing system. Although the field of view does affect Lhe amount of
the object that can be seen ut one ime il 15 usually the laser power that is the limiting Tactor™,
I« laborutory, laser power can easily be increased by using a high voltage laser that 1y water
cooled. 1lowever in porluble interferometry laser power iy very limited and so is the size of

the ohject area that cun be inspected.
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2.2 Phase-Stepped Shearography

2,21  Principles of Phase-stepping
The following sections describe the analysis of speckle patterns and the resulting phase map
that is manitested when using Phase-Stepped Shearographic NDE. Filtering is discussed as

meany of substantially improving the phase map image guality.

2.2.2  Phase-Stepping
Phase-stepping is derived from the intensity integration method™ and requires a minimum of
three meussurements (1.e. speckle patterns) to solve for three unknowns. However four

measurements are more commonly used.  Each miceo displacement of the calibrated piean-

electrically driven miirror inilizles phase steps of % increments, which i3 equivalenl Lo

changing the path length of the laser beam by 2 quarter of a wavelength as shown I figure
24.
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Figure 2.4: Motion of the piczo-electrically driven mircor relative o a monochromatic laser beam

1t can be seen {rom figure 2.4 that a monochromatic laser beam is sinuseidal in natare and that
as the piczo-clectrically driven mirror is displaced from it initial position it changes the laser
beam path lengeh. First by a quarler of @ wavelength, second by half a wavelength, third by
three guarter of a wavelength and finally at the fourth phase step the beam path length has
been changed by a [ull wavelength. At this point the piezo-clectically driven mirror everts

back to its initial position,
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Alfter each phase-step a speckle patiern is “grabbed™” by the image processing system. The
measueed mitensiiy ffx v} of the speckle paitern, at any grven co-ordinale fx,v), can be

described by the [ollowing CqU&LiUIlM:
Flx p) =Ty, 0, v+ 1 (o phens{@ly, yh+ie) i=12,....N {2.12)

Where. fadx ) is the backgronnd intensity, ffcv) is the modulation intensity, @(xv) is the
phase difference between the object and reference beatn and ¢ 15 the relative phase step (L.

rré’ }. When four images are grabbed (i.e. when ¢ gocs from 1 1o 4), the process 15 known as
'8

the 4-bucket s:-,fstemz':',

_ ) _
Since cusLH+ —J = —sing and cos{@+7)= —cus g

Iix ) =1 (e yl=1, (xny)sin(e (x, v)) (2.13}
(v =1 ) =1, yloos(d (x¥)) (214}
by lx ) =Ty {x y) + 1 (6 y)sin(g (x, y)) (2.15)
(e y) = le )+ f (x, yleosie (x, ) {2.10)

Equation (2.12) produces four Lngonomelric cquations as described by equations (2.13-2.16),
which can be solved Lo elitwinale the unknown background intensily fgypfxv)  The phasc
difference can only be calculated after the background intensity fuufcy) is eliminated as

discussed inthe next section.

2.2.3 Calculation of the Phase Change Distribution
The wechnigue described above provides a wrapped phase distribmtion, #1x¥), which still

contains the spatially random phasc distrbution described by the background intensity

Imfxv). The background intensity fugfzy) is removed by subtracting equation (2.14) from

7
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cquation (2,16} and cguation (2.13) from equation (2.15) which yields cquation (2.17) and

(248 respectivel y,

1= 0 =21, (xnyicos(g (x, ¥)) (217

F.—F =21 (x,y)sin(g (x, p}) {1183

The phase can be deseribed as o [unction of the four intensities by the following equation g

( =T (xy
s A R i2,19)
: '\‘!4(-'1-!.}?]_!2('](%.}?)
The phase difference (x, ¥) can then be calenlated by using the following equation:
wix, ¥l =@, (x, yi—a (x,¥) (2.200

Where, @, (x, ¥ and g, (x5 ¥) represent the phase before and after deformation respectively.

The inverse tangent in eguation {2.19) ranges between _TE' e 7 but does not provide Lhe

Ao

true phase since values aﬁcr% tll 3% are not within the limits. Taking inte consideration

the sign of lhe sine and cosine solves this prableny. If the cosine 15 negative, then ir will be in

the second and thind quadrint and % 13 added 1o the arctangent value to eet the correct phase.

The phase diffcrence wix, ¥) is then calculited using equation (2.200 and 1s limiled o the
range of -2% 1o 21 and thus comains 4% discontinuitdes, This range is then shortened so that
the limit is from O to 27 since a wave repeats itself after every 2. Taking the absolute of the
phase difference is one method of shortening the range but this method produces noise. a
second and beller method is 10 add 21 0 the negutive cesulr of the subtraction of the two

WY,
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Once the true phase difference is caleulated, using the imape processing software, a phasc
map will be produced consisting of fringes ranging from black to white and then suddenly
chanping back to black. This “saw tooth paltern”™ continues throughout the image. This
drastic chanpe occurs due Lo the phase difference increasing towards 271 and then jumping
back to zero when the limil of 27 is reached. This means that in the final imape black
represents the smallest phase difference and while the lurgesl. The regions where these
disconlinuities occur are called 2m discontinuities and they are the main characteristics of

phase stepping in helping to determine the relative direction in which deformation takes place.

224 TFiltering of Phase-Difterence maps

Once the phase difference is calculated for the individual pixels in an image and a phase map
is produced, 4 common way Lo unprove visibilily of Lhe I[mnges 15 1o [ller it Speckle noise
and 27 discontinuities in phase fringe patlerns are characterized by a high spatial frequency so
using 4 {ow-pass [iller will not only reduce noise but also smear Lhe disconlinuilies. which are

vital information™.

Fipure 2.5: Comparison of an unliltercd and lleced phase cinge palleon
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The solution to this problem is to revert back to sine and cosine of the wrapped fringe patterns
in equation (2.19) since these trigonometric functions are continuous unlike the tangent
function. The sine and cosine are then filtered separately using an average filter, which takes
the average value of a group of neighboring n X n pixels for each pixel in the image, where n
is an odd integer number. The filtered sine and cosine are then put back into equation (2.19)
so that the phase difference can be recalculated. This process of filtering can be repeated up
to 30 times. Figure 2.5(a) shows an unfiltered Phase-stepped image and figure 2.5(b) shows a
filtered phase map. It can be seen from figure 2.5, that when a 3 X 3 average filter is applied

the noise is reduced considerably.

2.2.5 Summary
The initial step in Phase-Stepped Shearographic NDE is to extract the phase, ¢(x,y), by
measuring the intensity of the speckle at known phase steps. The phase difference, y(x, y),

can then be calculated by subtracting the unstressed image from the stressed image, which

will produce a phase map or a filtered phase map. The flowchart in figure 2.6 illustrates the

process.
Speckle Phase Phase
Interferogram B Stepping p| Change #{  Phase map
I(x’y) ¢ (x’y) '/’(xa)’)
\
Sine & Cosine . | Hltered Phase
Avg. Filtering o map

Figure 2.6: Sequence of calculations in Phase-stepping
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3. BACKGROUND INFORMATION ABOUT OPTICS

Designing a compact Shearographic prototypé requires an in-depth knowledge of optics. All the
information concerning optics is contained in appendix A. This section is a summary of where

the information can be found in appendix A.

Section 1.1 in appendix A outlines the fundamentals of optics and introduces the reader to the
planes and points that characterizes a lens. Section 2.2 in appendix A discusses the formation of
images when using a converging lens. There are two ways of finding the position and
magnification of an image namely by ray tracing or by applying the thin lens and magnification
equations. Only the applications of the thin lens and magnification equations are discussed in

section 2.3 of appendix A.

Modulation transfer function (MTF) is discussed in section 2.4 which is an extremely important
parameter influencing the resolving power of an imaging lens. MTF plays a key role in
providing well contrasted fringe patterns as it measures the ability of a lens to transfer contrast at

varying resolution levels.

Finally in section 2.5, aberrations are discussed as they also play an important role in image
quality. Aberrations are intrinsic shortcomings of a lens and cannot be totally eliminated even if
the lens is made from the best glass and is free from defects. There are several different

aberrations, each having a different effect on the image quality.
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4. CONCEPTUAL DESIGN

Three design concepts were considered as an approach to designing a compact Shearographic
prototype. The subsequent sections discuss these design concepts as well their advantages
and disadvantages with regard to the design requirements of this thesis (as discussed in

section 1.2.2).

The design concepts below vary only by using different configurations of lenses and different
types of lenses. The type of shearing optics used in interferometry is very specific and
therefore the type of beam-splitter and mirrors will be the same in all three design concepts.
The CCD camera and CCTV lenses are also standard in all three design concepts; section 4.1
gives a brief description of these components. For background information about the
fundamentals of optics, formation of images when using a converging lens, MTF and

aberrations, refer to appendix A.
4.1 Standard Components

4.1.1 CCTV (Closed Circuit Television) Lens

Three interchangeable CCTV lenses where used during this thesis. Their use depended on
object size and position. Also one of the design requirements is that the attachment of
different power CCTV lenses must be possible. These CCTV lenses were used to check that

the device could in fact use interchangeable CCTV lenses.

Figure 4.1 is a picture of the three CCTV lenses used during testing. All three CCTV lenses

are 23 inch format manual iris lenses. Figure 4.1(a) is a picture of 8.5mm focal length

Cosimcar CCTV lens with a maximum aperture ratio of 1:1.5 and minimum object distance of
0.2m. Figure 4.1(b) is a picture of a 6mm focal length Cosimcar CCTV lens with a maximum
aperture of 1:1.2 and a minimum object distance of 0.2m. Figure 4.1(c) is a picture of 17.5 to
105mm focal Fujinon CCTV zoom lens with a maximum aperture ratio of 1:18 and a

minimum object distance of 1.3m.
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Figurc 4,1: {a) Picture of an 8mm CCTY lens, (b) Pieture of a dmm CCTV lens and (¢) Picture of 3 17.5 -
105mm CCTY zoom lens

In order to incorporate Lhe image shearing optics benween the camera’s CCD and the CCTV
lens one needs to examine how an image 15 formed in a nommal amangement (as Hlusoated 10
fiurc 4.2). If an object 15 placed in front of 4 CCTV lens it will be imaged at its [ocal plane,
The distance between the CCTV lens’s mechanical flange and its focal planc 15 exactly
17.526mm. All CCTV lenses are built to this specification so that when any CCTV lens is
attached directly to a CCD Camera ils focal plane will lic in the same plane as the detector of
the CCD Camera. In this way the image is always captured at the right focus. All lenses have
two principal points namely a primary and a secondary principal point. The distance between

the secondary principal point and the focal point determines the focal length of a CCTV lens.
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Figure 4.2; Tmage formation of a CCTV lens

CCTV lenses are usually made up of at least three lenses where the lens closest to the object is
known as the field lens while the lens furthest from it is known as the imaging lens.
Movement of the center lens, in the horizoatal dircetion, allows an object within a certain
range 1o be continuously focused at the focal plane. If the center lens remaips upchanged as
the objcct moves further away or closer to the CCTVY lens then its image will not lie op the
focal plane. TFurthermore the image would move in the horizontal direction according to the

paosition of the object which is governed by the thin lens equation.
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Figmre 4.3; Tmage circle and detector size

It can be scen from figure 4.2 that the image produced is smaller than the object and that it is
correctly oricntated. The image of the object is reduced ({i.e. magnified) in size at the {ocal
plane so Lhat it matches the detector size and is formed within an 1 1mm diameter circle kngwn
as the image circle (as shown in figure 4.3), The detector size in figure 4.5 15 an 8.8mun by

6.6mm rectangle which is known as a % inch detector. CCD camerss and CCTV lenses

come in many different sizes therefore it is important not to mismalch them. Table 4.1 15 an

image size charl showiny the correet mateh up of detector and image circle.

Table 4.1z Image size chart

MR o T s A
Image Sensor | - Circle | Horizontal Vertical
Quarter inch 40mm [ 3Z2mm | Z.4mm

Cne third inch €.0mm 4.8ram _2.8mm

_ Half inch 8.0mm §.4mm ~4.8mm
Twa third Inch 11.0rmim 8.8mm E.Emm_
Oneinch 16.0mm 12.8mm 9. Emim

If a | inch CCTV lens is matched up with a % inch detector there will be no problem with

the final image since the image circle will be 16mm in diameter and larger than the detector.
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However if a 17 inch CCTVY lens iz matched with a 2/ inch detector, then a dark ring will
A g 2

form around the cdges of the image, known as mechanical vignetting, This i3 because the
image circle, which 1s 3mm in diameter, will be smaller than the detector size. The CCD

camoera used 1o this thesis has a % inch detector and therelore as mentioned earlier only %

inch CCTV lenses will be used.

4.1.2 CCD (Charged-Couple Device) Camera
The camera is a Pulnix TM-1320-15CL CCD camera wilth a % inch detector, a resolution of
1300 x 1030 and a {rame rate of 15 frames per second, The camera has a height of 44mm, a

width of 44mm and a length of 63.8mm. Tigure 4.4 is a picture of the CCD camera and a

schematic of the camera can be found in appendix C.

Figure 4.4: Picture of a CCD camera

4.1.2 Beam-splitter

The beams-splitter is a Tech Spec non-polarizing 25mm “cube® beam-splitter and s
manufactured from BK7 glass. Tt has a laser wavelength range of 430-670nm with 455+ 5%
rransmittance, Iess than 104 absorption and less than 6% polarization, Tigure 4.5 is a piclure

of 2 25mm cube beam-splitier.
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Figure 4.5; A 25mm beam-splitter

4.1.4 Mirror
The mimmors are 25mun by 25mm Tech Spec }i wave first surface mirrors with an enhanced

aluminum coating and a reflectance of 95% + for laser wavelengths of 450-650nm.

4.1.5 Miniature Angle Mirror Mount

The mimature angle mirror mount iy designed for a 23mm by 25mmn mimor and has a
resolution of 0.015 inches per revolution. The angle mounl is pictured in figure 4.6 and is

manatzctured rom alurminum-stainless steel.

Figure 4.6: A miniature angle pwunf

37



Chaper 4 Conceptual Design

4.1.6 Piezo-elecirically Driven Mirror
The Piezo-elecirde trunsducer uses AHV 150 piero-electric crystals which are unipolar and
have an applied voltage of 0-150 volts causing a displacement of -6 micrometers

respectively, The Plezo-electrically driven mirror is pictured in figure 4.7,

Figure 4.7: Picture of the piezo-glectrically driven mirror

4.2 Design Concept A

Design concept A makes use of a single double convex lens which is placed between a CCTV
lens and CCD camera in order to engincer enough space to fit the shearing optics. Figure 4.8
1Hustrates how design concept A works. It can be seen that the CCTV fens creates an image

ot the object at its focal plane {also called image plane A in figure 4.8) ax mentioned eatlier.
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Figure 4.8: Desigo concept A excluding the shearing optics

This image then becomes the object of the double convex lens which is positioned a distance

ol 80mum to the right of image plane A, This distance is equivalent to twice the focal length

ol the double convex and therelore an inverled image will be formed at image plane B. The

position of the image (i.e. image produced by the double convex lens) can be calculated using

the thin lens equation.  If the object distance (d,) i equal 80mm and the ellective {ocal lengtlh

{f) is egual to 40mm [or the double convex lens then the image distance (d;), (rom the center

of the double convex lens, can be caleulated as follows:

"]
f

1 1 1 A | 1
:}_ e e, e SERLYPY e LT

4. f d. 40 80 80

.
BT
d, d,

o d; = 80mm

This means that the final image will be real {referring to table 1.1 in appendix A) and

therefore it will be formed 80mm to the right of the double convex lens at image plane B.

This lens configuration therefore leaves enough space between the lens and image plane B 10

fit the shearing optics as shown in figure 4.9, [ can be seen that the CCD camera detector is

L
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placed where image planc B would have been. Furthermore the distance traveied from the
center of the lens through the Michelson interferometer and up (0 the deteclor sums up o

Blmm.
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Figure 4.9; Design concept A including the Michelson inlerlecometer

The magmfication {#) of the image can then be calculaled by using the magnilication

cquation, since both the object ind image distances arc known.

m:_i_gﬂﬂz_] (5.2)

d_ 80mm

Referring to table 1.1 in appendix A, this means Lthat the image is inverted duc to the sign of
being negatjve, which implies that the CCD camera will capture wn image that is upside-
down, However this problem can be easily solved by fitting the CCIr camiera to the device
upside-down, therefore an upright image will be displayed on the monitor. The magnitude of
the magnification (#) ts 1 which means that the magnification ratio is 1:1. Therefore no

change in magnification has occurrad.
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A magnification ratio of 1:1 is important in that if the image were to be enlarged it would be
higget than the detector. Therefore only a small part of the image will be seen, bearing in
mind that the CCTV lens has already reduced the image to the detector size. In contrast, if the
image were to be further reduced in size, a hlack ring will ferm around the edges of the image
caplured by the CCD camera due to the image being smaller than the detector. Having a
perlectly symmetrical optical system alse has another advantage in that aberrations such as

distortion, coma and latera! color are minimal.

Three different rypes of lenses were tested for this design concept namely; a 25mm diameter
by 40mm focal length double convex lens, a 25mm by 30mm achromat and 2 23mm by
40.3mm Hastings triplet. Each of these lenses were simulated in a computer program known
as QOLIVE (Optical Layout Including Video Elements) which was purchased from Edmund
Optics. In the simulation (refer to appendix E for the printout of the simulation), each lens
was placed a1 a distance of twice its focal length away from the chject so that it would have a
comjugate ratio (i.e. ohject distancerimage distance) of 1:1. Therefore the magnification
would atso be 1:1. The program then performs real-time fay tracing to calculate the
magnitude of spherical aberration, coma, astigmatism, field of curvature and distortion of
each of the lenses. Table 4.2 shows the results of the three lenses, where the light blue
indicates the lowest vatue amd the light orange indicates the highest value for each aberration

when the three lenses were compared.

Table 4.2: Three different lenses with the object ai twice the focal length

Spherical Fleld ot
Type of lens aherration ] i Curvature Distartion

25mm by 40mm
Double Convex
Lang

25mm by 30mm

__Achromat
23mm by
40.3mm

Hastings Triplet

It can be seen thai the achromal is the worst lens since it has the highest magnitude for three
of the five aberrations. It shoukd be noted that the ahsolute value of the aberration was taken
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when the aberrations were compared, in that the sign of the aberration shows the dircetion of
the aberration and 15 irelevant since only the magnitude of the aberration is required. The
double convex lens was chosen for this design concept because it had the lowest valoc [or

three of the aberrations, theeefore it should project the final image with the best image quality.

4.3 Design Concepl B

Design concept B also uses a double convex lens, however in this case the lens has an
infinite/finite conjugate ratio. Figure 4.1{) illustrates how this design concept works, It can be
seen Lhat the object 15 placed far away as compared to the focal length of the double convex
lens. In this way, the rays from the object will be collimated when is reaches the lens which
then projects an image of the object onto the CCDY camera detector, positioned at the

secondary focal point of the lens.
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Figure 4,10; Design comeept B
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The advantage of this design concept is that it dees not require a large diameter lens since the
light is collimated and therelore lenses between 12-14mm in diameter could be used. Also
the focal length should be as short as possible so that when an object is very close to the
beam-splitter its rays will still be collimated.

Table 4.3: Three different types of lenses with an infinite/finite conjupgate ratio

Figld of
Curvature

Spherical
Type of lens aberration

: Astigmatism Dirnn

e Aonlai
12mm by
18mm Double . =
Convex Lens ADTC
12.5mm by
14mm 4 _
Achromat | : 8917 38.5118
12.5mm by : ' .
20mm Hastings
Triplet

The following three lenses best met this criteria: a 12mm by 18mm double convex lens, a
12.5mm by l4mm achromat and a 12.5 by 20mm Hastings triplet. The three lenses were
simulated in OLIVE using an infinile/finite conjugale tatio and the setp is shown in appendix
E. Table 4.3 shows the resvits of the simuiation were it can be seen thar the double convex
lens performs much better than the 12.5mm by 14mm achrormat and the 12.5mm by 20mm
Hastings iriplet and hence was chosen for the design.

4.4 Design Concept C

Design concept C makes use of iwo Hastings triplets with the first lens woerking as a field lens
and the second as an imaging lens. Figure 4.11 illustrates the optical setup of the system
where it can be seen that the CCTV lens projects an image of the object pnto its focal plane.
This becomes the object of the field lens which is placed a distance of 33.9mm to the right of
CCTV lens’s focal plane from its primary vertex. The object rays then become collimated
since the chject is positioned at the primary focal point of the field lens. The collimated light
then travels through the Micheison interlerometer untl it reaches the imaging lens. The latier
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produces an image on the CCD camera detcctor sinee the detector is positionced at the

secondary focal point of the imaging lens. A manual iris is placed in front of the field lens so

that the modulation transfer [unction can be manipulated by changing the size of the iris.
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Table 4.4 shows the results of the OLIVE simulation for the three different (ypes of [enses 5o

that a lens with minjmal aberrations can be found. Appendix E shows the optical sctup of the

simulation. | can be seen from the results that the Hastings Triplet performed best for all of

the aberralions and hence was chosen for this design.
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Tahle 4.4: Results from simulation for design coocept C

Spherical | Field of
Type of lens aberration Coma__ Astigmatism Curvature Distortion
25mm by i
40mm '
BDeuble
Convex Lens 2311 -1.417 1.345 0329 -1.611
25mm by |
J0mm i
Achromat
23mm by
40.3mm
Hastings
Triplel

This optical setup has two advantages, firstly the magnification ratio between the two lenses
is still 1:1 since two identical lenses are being vsed and therefore distortion, coma and lateral
color are minimal. Secondly the light will not diverge or converge as il passes through the
interferometer which could cause a loss of light. Furthermorg, the design concept allows
attachment of various focal length lenses so that adjustment of field of view and zooming is
possible, also CCTV lenses have a built-in manual inis so the intensity of laser light can be

controlled.

The distance between the lenses can be varied without affecting the position and focusing of
the final image. since the rays are collimated, However the minimum distance between the
Ienses has to be 60mm %0 as 1o provide enoogh space for the Michelson interferometer, Three
simulations were doae, usiag the Hastings triplets, by varying the distances hetween them by
60mm, Himm and 80mm so that the optimom distance can be found where the sberrations
winild be minimal {the results are showa in table 4.5).

Table 4.5: Results of simulativn when the distances between lenses wore varied

Type of Distance Spherlcal i Field of
lens apart aberration Coma : Astigmatism | Curvature | Distortion
23mm by 50mm 1.083 -0.71° 0.81 1183 |
40.3mm 70mm 1.082 0.826 1.093 0.308 -1.788
Hastings [ ' 7 e
Triplet g0mm 1.092 -0.945 1.435 .308 -2.577
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It can be seen from the table that spherical aberration and field of curvature is not affected by
the separation distance of the lenses. However, coma, astigmatism and distortion increase in
magnitude as the separation distance increases. Therefore for best image quality the lenses

should be positioned at 60mm apart.

4.5 Evaluation of the Design Concepts

In this section the design concepts are evaluated so that the best design concept can be
selected. The advantages and disadvantages of each design concept will be discussed and

finally a checklist will be drawn-up to establish if all the design requirements are met.

4.5.1 Design Concept A

The major problem in design concept A is that insufficient light travels into the CCD Camera
which causes the resulting images to become dark and not well-contrasted. Although the

minimum diameter of lens required for this design concept is 11mm (i.e. due to a 2% inch

CCTV lens, creating an image circle of that size) it is not adequate as a small lens does not
transfer enough light. This results in a dark final image, which cannot be easily seen. Even a
25mm diameter lens is not large enough to collect sufficient light to make the image clearly
visible. Bringing the lens closer to the image plane A will solve the problem in that the closer
the lens is to the image plane, the greater the amount of light that is captured. This is due to
the light converging at the focal point of the CCTV lens. However if the lens were to be
brought closer to the CCTV lens it would require its focal length to be smaller. Therefore
there will be a challenge in incorporating the shearing optics on the right of the double convex

lens.

46



Chapter 4 Conceptual Design
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Figure 4.12: Schematic illustrating the cone of light

This problem is illustrated by figure 4.12 where it can be seen that all the light rays collected
by a CCTV lens converge and pass through the rear focal point and then diverge as the light
rays move right. This is known as the cone of light and it can be calculated by knowing the
angle at which the marginal ray (i.e. the outer most rays) subtends the optical axis. This angle

is known as the solid angle(8) and bounds the cone of light exiting the imaging lens of the

CCTV lens. The solid angle(6) can be calculated as follows:

adius of i ing |
radius of imaging lens arctan Smm 39,50

@ = arctan =
back focal length of imaging lens 10.9mm
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The radius of a lens placed 80mm to the right of the focal point can then be calculated such
that it intercepts the cone of light and hence allows 100% transmission of light to be achieved.
The radius of a lens required to perform this task is denoted as R in figure 4.12. The radius
(R) can be calculated as follows:

(R)= (Distance of lens from focal point)(tan 8 )= (80mm)tan39.5) = 66mm

Therefore it can be seen that for 100% transmission of light to take place, a lens diameter of
132mm is required which results in a 25mm diameter lens transmitting only 19% of the light.
It should be noted that an 8.5mm focal length CCTV lens was used in this example and that
the cone of light will vary slightly with varying focal length. Using a larger diameter lens
would increase the percentage of light transmitted but would require the shearing optics to be
made larger so that light captured by the double convex lens will not be cut out by the mirrors
and beam-splitter due to them being smaller than the lens. This would make the prototype
larger and therefore it is disadvantageous. The only viable option is to use a higher power
laser so that object illumination can be increased. However a higher power laser requires a
larger power supply. This makes the prototype heavy and bulky which is a disadvantage in
terms of portability. Table 4.6 lists the design requirements versus the performance of

concept design A.
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Table 4.6: Check list of the design requirements for design concept A

Design Requirement Check List
Design a compact Michelson type shearing J
interferometer

Place the shearing optics between the CCD
camera and zoom lens so that the field of view
can be increased

The overall dimensions of the interferometer
and the CCD camera should be approximately
the size of an A5 page.

Attachment of various focal length c-mount
CCTV zoom lenses must be possible

An iris should be incorporated into the device
so that the laser light intensity can be
controlled

One of the mirrors within the Michelson
interferometer must be capable of small angle
rotations in at least two axes 1o infroduce
lateral and longitudinal shear

Phase-stepping must be incorporated into the
design of the compact Shearographic
interferometer

The prototype must at least be able to inspect
an area of 300mm by 200mm so that large
objects can be inspected in sections over a
short period of time

The formation of fringe patterns must be clearly
visible

 JE NI E NS PO PR EN N EN

It can be seen that design concept A fulfills all the design requirements except for the last one
which is that the fringes will not be clearly visible since not‘enough light is transmitted within
the optical system. Design concept A was therefore not selected due to this reason as fringe

visibility and contrast is very important in Shearography.
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4.5.2 Design Concept B

Design concept B worked very well producing fringes that are clearly visible and contrasted.
However it does not satisfy all the design requirements. Table 4.7 shows a checklist of the
design requirements that were fulfilled by design concept B.

Table 4.7: Checklist of the design requirements for design concept B

Design Requirement Check List
Design a compact Michelson type shearing J
interferometer

Place the shearing optics between the CCD
camera and zoom lens so that the field of view
can be increased

The overall dimensions of the interferometer
and the CCD camera should be approximately
the size of an AS page.

Attachment of various focal length c-mount
CCTV zoom lenses must be possible

An iris should be incorporated into the device
50 that the laser light intensity can be
controlied

One of the mirrors within the Michelson
interferometer must be capable of small angle
rotations in at least two axes to introduce
lateral and longitudinal shear

Phase-stepping must be incorporated into the
design of the compact Shearographic
interferometer

The prototype must at least be able to inspect
an area of 300mm by 200mm so that large
objects can be inspected in sections over a
short period of time

The formation of fringe patterns must be clearly
visible

% XN |
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The major disadvantage of this design is that a CCTV lens cannot be attached to the device
making it impractical in that zooming on an object as well as the adjustment of the field of
view is not possible. Furthermore, the device is unable to control the intensity of light

entering the detector due to the fact that an iris cannot be incorporated easily into the design.
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4.5.3 Design Concept C

Design Concept C produces images that are of the same quality as design concept B.
However this design concept, unlike design concept B, meets all the design requirements as
shown in table 4.8 and was therefore chosen as the design concept used to build the
Shearographic prototype. Figure 4.13 is a picture of the Shearographic prototype, destined for
portability. A schematic of the compact Shearographic prototype is shown in appendix C.

Table 4.8: Check list of the design requirements for design concept C

Deslgn Requirement Check List
Design a compact Michelson type shearing /
interferometer

Place the shearing optics between the CCD
camera and zoom lens so that the field of view
can be increased

The overall dimensions of the interferometer
and the CCD camera should be approximately
the size of an A5 page.

Attachment of various focal length ¢c-mount
CCTV zoom lenses must be possible

An iris should be incorporated into the device
so that the laser light intensity can be
controlled

One of the mirrors within the Michelson
interferometer must be capable of small angle
rotations in at least two axes fo introduce
lateral and longitudinal shear

Phase-stepping must be incorporated into the
design of the compact Shearographic
interferometer

The prototype must at least be able to inspect
an area of 300mm by 200mm so that large
objects can be inspected in sections over a
short period of time

The formation of fringe patterns must be clearly
visible

SN RN RN PO PO ENENE N
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Figure 4.13: Picture of the compact Shearographic prototype

4.6 Specifications of the Hastings Triplet used in Design Concept C

The Hastings triplet has a 23mm diameter and a focal length of 40.3mm. The triple lens
syslem is made up of two concave meniscus lenses cemented to a double convex lens. Tt is
made from BK7 glass and is MaF; coated. Figure 4.14 is a picture of the triplet. The lens is
held in place by a lens mount. For the schematic of the lens and lens mount reter to appendix
.

o~

Figure 4.14; Picture of the TTastings (ripbet
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5. EXPERIMENTAL DETAILS

The investigation sets out to determine the effectiveness of the Shearographic prototype in
detecting the presence and location of defects in a test specimen. This is accomplished by
calibrating the device using a calibration test specimen with manufactured defects so that
defect size, depth and location are known before testing can commence. Calibration of the
device is beneficial in that when tests are done on other specimens with suspected defects,
interpretation of the fringe patterns will be made easier since the user will know which

anomalies in the fringe pattern would show the presence of a defect.

Subsequent to calibrating the device, tests are carried out by varying the design parameters of
the prototype to determine the effect it would have on the resulting fringe patterns. The design
parameters that bare varied are namely; the distance of the light source and aperture size of the
field lens. This is done to find the optimum settings of the device so that clear and prominent

fringes can be produced when the object distance ranges from 0.2m to 1.5m.

The final stage of testing is the implementation stage where an engineering component namely
an Oryx main rotor helicopter blade is inspected. The blade was rejected by the South African
Air Force after it had incurred damage during operation and deemed unsafe by their NDT
personnel. Although the Air Force inspected the blade, position and number of defects were
unknown when it arrived at the NDT laboratory at the University of Cape Town. The
helicopter main rotor blade is first inspected using the compact Shearographic prototype and
then the results are verified by cutting the blade at the indicated areas. This helped to

determine how effective the prototype is at detecting flaws.
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5.1 Experimental Procedure

This section describes the setup and procedure used to obtain results during testing. The setup

of the Shearographic equipment is pictured in figure 5.1 and comprises of the following items:

1) A continuous wave 30mW Helium-Neon (HeNe) laser with a wavelength of
632.8nm and coherence length of 100mm. A continuous wave laser is used as it is
characterized by the continuous (steady-state) emission of coherent light at
relatively low power.

2) A Microsoft XP personal computer with an Intel Pentium 4 processor. Custom
written software is installed on the computer. The PC is also fitted with a digitizer
card and an expansion card.

3) A SVGA monitor to view fringe patterns.

4) The Shearographic prototype.

5)  Test specimen with magnets to fix it in place.

6) Domestic hairdryer to perturb the specimen.

7)  Beam expander to disperse the laser light so that the entire inspection area is
illuminated.

8)  Adjustable mirror to guide the laser through the beam expander.
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Figure 5.1; Setup of the equipment

5.1.1 Testing Environment

The inspections took place at the University of Cape Town's optical laboratory on a vibration
free optical table, although vibration solation is not a requurement for Shearography. The
table's suriace 15 a 25mm steel plate which lieg on inflated rubber tubes that rests on a solid
rubber base. ‘The test specimens were fixed in place with magnets and all the opucal

equipment also had magnetic bases.

512 Connecting the CCD Camera

The CCD camera has two cables which arc both connected to the PC. One cable supplies
power to the CCL) camera from Lhe compuler. The other cable, known as a Camora Link
Cable connects 1o the fame grabber or digitizer card on the computer and transmils up to 1.2

GB of data per sccond from the CCBH camiera to the computer. Furthermore, the Camera Link
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Cable also transmits data from the computer to the CCD camera so that the gain of the camera
can be controlled using GUI software since the camera has a built-in LUT (look-up table) for
dynamic range control. This allows the user to manipulate the contrast and brightness of the

CCD camera detector directly.

5.1.3 Starting up the PC and Focusing of the CCD Camera

As mentioned above the CCD camera is powered by the computer and therefore when the
computer is started up the camera will simultaneously be switched on. Once the custom
software is opened and loaded a Windows style interface allows the user to view the live
video of the specimen under inspection. This allows the user to focus the CCD camera by
adjusting the focusing controls and zoom on the CCTV lens. The quintessential features of
the software are that it controls the digitizer card, the expansion card, real-time image

acquisition and subtraction processes for fringe generation.

5.1.4 Applying Shear

Once the camera is focused, shear is introduced by adjusting the two screws on the miniature
angle mount. As discussed in chapter 2, the greater the amount of shear, the greater the
sensitivity of the interferometer. However this reduces maximum area that can be inspected.
Focusing of the camera should always be done first as it is difficult to discern whether the

CCD camera is focused or not when the image on screen is sheared.

5.1.5 Adjusting the Aperture of the CCTV lens

The Helium Neon laser is powered and the beam expander is adjusted so that the dispersed
laser light illuminates the desired area of the specimen under inspection. Subsequent viewing
of the specimen’s surface at this point will appear “grainy” due to speckle. The speckle can
be manipulated (i.e. made bigger or smaller) by adjusting the aperture of the CCTV lens. As
discussed in chapter two, reducing the speckle size allows the device to detect smaller
displacements. However speckle size is limited by the resolution of the CCD camera and

therefore when the speckle reaches a certain size it can no longer be resolved. The resolution
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of the Pulnix CCD camera is 1300 x 1030. A small test can be done by lightly pushing down
on the vibration isolation table to determine whether the speckle will “twinkle”. If the black
and white spots (i.e. speckle) on the specimen look like they are moving around when the
table is depressed, then the speckle should be able to detect minimal displacements. The
aperture does not only affect speckle size but it is also adjusted so that the right amount of
light will enter the detector of the CCD camera. However the amount of light and speckle

work together so if the speckle can be clearly seen then that is the correct amount of light.

5.1.6 Switching the Custom Software to Shearography Mode

Viewing of the interferogram can be done by pressing the Shearography button on the right of
the viewing screen on the user interface. Subsequent to pressing the button the software will
capture or grab an image of the live video so that an unstressed image of the object can be
stored in the computer. This will be used in the subtraction process to generate fringe

patterns.

5.1.7 Switching the Custom Software to Phase-stepped Shearography Mode

The user has the choice of going either into Shearography mode or Phase-stepped
Shearography mode depending on which mode the user would like to perform the inspection
in. If the user wants to stay in Shearography mode this step should be skipped, but if the user
wants to go into Phase-stepped Shearography mode step 5.1.6 should be skipped.

To get into Phase-stepped Shearography mode, the user has to press the Phase-stepped
Shearography button on the right side of the viewing screen on the user interface. Phase-
stepped Shearography will only work if the piezo-electric transducer is connected to the
expansion card on the computer. The software controls the piezo-electric transducer by
sending a binary number to the expansion card. The binary number is converted into a
voltage by a digital to analogue converter and sent to the piezo-electric transducer via the
cable that connects it to the computer so that a calibrated micro-displacement can occur.

When the button is pressed, an image of the unstressed object is stored in the computer for use
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in the fringe generation routines. A clicking sound will then be heard as the piezo-electric

transducer goes through its micro-displacements.

5.1.8 Stressing of the Object

The object can be stressed by using one of the following forms of object stressing: (1) thermal
stressing (2) mechanical stressing (3) vacuum or pressure stressing and (4) vibration stressing.
The manner of stressing is dependant on operator’s choice. All inspection procedures during
this investigation were carried out by thermally stressing the object as this method works
particularly well with composite structures. Heat is provided and applied by a conventional
hairdryer for approximately five seconds. Heating the surface of the object generates a
thermal wave that propagates through the material. Defects within the material will disturb the
generated temperature gradient and lead to localized strains and therefore the presence of a
flaw can be identified. In general, thermal stressing causes time-varying changes in surface

displacement and it is therefore best used with a CW (continuous wave) laser.

As soon as the object is stressed, fringe patterns will appear on the viewing screen. The
computer performs the subtraction process near real-time and constantly updates the viewed
video feed. This is due to the fact that the frame grabber is set on continuous grab and
therefore the entire process of formation and later the degradation of the fringe patterns can be
observed. The degradation of the fringe patterns can occur due to two reasons; (1) the heat
supplied to the object has dissipated or (2) too much heat has been provided which will cause

the fringes to run over one another hence canceling the fringes.

5.1.9 Adjusting the Brightness and Contrast

Whilst the user stresses the object under inspection and views the resulting fringe patterns,
he/she has the option of adjusting the brightness and contrast. This is done by moving the
respective sliders on the user interface so that clear and prominent fringe patterns can be
observed. The brightness and contrast slider on the user interface act independently of the
GUI software controlling the CCD camera and changes the brightness and contrast of the
video feed after being retrieved from the CCD camera.
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5.1.10 Storing of the Fringe Patterns

Once the user is satisfied with the brightness and contrast of the fringe patterns, the option
exists to pause the live viewing of the fringe patterns by pressing the pause button on the user
interface. Then the live video which is now a frozen image can be carefully scrutinized or

stored for later use.

5.1.11 Filtering of the Fringe Pattern

In Phase-stepped Shearography, once the fringe pattern is paused the user has the option of
filtering the image by pressing the filter button on the right hand side of the interface. Before
doing this, the user can adjust the number of loops of the filter by moving the number of loops
slider left or right. This prevents the image from becoming over filtered causing vital

information to be lost. Once the image is filtered it can also be stored for later use.

5.2 Calibration of the Compact Shearographic Prototype

Results obtained for this section of the investigation follow the general experimental

procedure documented above.

5.2.1 Calibration of the Device by varying the Defect Depth

The purpose of this test is to firstly determine whether the compact Shearographic prototype
can point out the presence and location of a defect. The second reason for performing this test
is to establish how varying the depth of a defect affects the resulting fringe patterns. This test
is accomplished by inspecting a calibration specimen with three manufactured defects with
known position and varying depth. The calibration specimen and manufacturing of the defects

are discussed in greater detail in the next section.

59



Chapter 5 Experimentul Details

5.2.1.1 The Depth varying Calibration Specimen

The test specimen used to calibrate the compact Shearographic prototype is an Oryx main
rotor helicopter blade. A section of the blade is used as the calibration specimen with holes
cut into it to manufaciure defects. Another section of the blade will be inspected during the
final stage of testing to determine if the Shearographic prototype is an effective device in

detecting Maws within straciures and materials,

Figore 5.2: Oryx main rotor helicopter blade

A picture of the Oryx helicopter main rotor blade is shown in figure 5.2, The helicopler blade
is made trom a composite honeycomb core or matrix with a carbon fiber skin constroction.
The blade is mapufaciured by first shaping the honeycomb according to the blade profile and
then the multipie layers of carbon fiber skin is glued onto the strucure. At the frailing edge
the upper and lower skins are glued together and riveted. Aircraft grade aluminiom skin is
then wrapped and bonded arcund the leading edge to prevent wear. The helicopter blade is
then balanced by adding aluminium strips to the traiting edge.
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Figure 53 Test Specimen with three muanufactured defects

A 140mm length of helicopier blade was cut off from the main section of the blade to
manu faclure the test specimen. Three equi-distamt 52mim diameter holes were cut out on the
botlom surface of the blade using a 32mm circular hole-saw, o create the defects. The hole
closest to the leading edge was cul o a depth of 22mumn; the middle and crailing edge holes
were cul (o a depth of 28mm and 17mm respectively. The honeyecomb was catracied vsing
sand paper. The thickness of the blade at those 3 pomnts starting at the leading edge is 5dmin,
d9mm and 3imun. Therefore the hole closest to the leading edge is the furthest away from the
inspected surface (i.e. the top surface of the biade) at a depth of 32mm.

‘Tahle 5.1: Cross-sectional thickoess and Inspectlen depth of the manofaciured defects

Posilion of Cross-sectional | Depth of Cut Distance from inspected
Manufactured Defect | Thickness (mm) {mmy) Surface {mm}
Leading Edge Hole 54 22 a2
Middle Hole 48 28 21
Tralling Edge Hofe 30 17 13

The maddle and trailing edge holes are 21mm and 13mm in depth from the inspected surface,
making the trailing edge defect easiest o detect. The cross-sectional thicknesses of the blade
and inspection depth of the three manulfacired delects arc (abulated in table 5.1, The blade
was then spray painted white o increase the retlectivity of the laser light so as o improve
light efficiency. Figure 5.3 is a picture of the depth varying calibration specimen with the

three manufactored defects.
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5.2.2 Calibration of the Device by inspecting a Manufactured Delamination

The purpese of this test 18 to determine the chamaclerstics of a fringe pattern produced when a
delaminated arey of 1 composite structure s inspected. This information will also be usclul
when the damaged main rotor blade is inspected in the final stage of testing as the researcher
will know what characteristics in the fringe pattern point o a delamination.  The

manufacturing of the delamination calibration specimen is discussed in the next section,

5.2.2.1 The Delaminated Calibration Specimen

Another 420mm length of the Oryx main helicopter blade was cut oft to manafacture the
delaminated calibration specimen. The delamunation was created by pushing a steel ruler
between the honey comb structure and the carben fiber skin and thereby breaking the bond

between, The delaminated calibration specimen is pictured in figure 5.4

Manufachired
delamination

Figore 5.4: Delaminated calibration specimen
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5.4 Inspection of a section of the Main Rotor Helicopter Blade

Once the compact Shearographic prototype was calibrated and configured to wark at optimun
performance the final stage of testing was ready o commence. The sume experimental

procedure was once again followed to obtain the results.
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6. RESULTS AND ANALYSIS

This chapier presents fringe patterns that were produced during the various experiments
performed. Typical Conventional Shearogruphic, Phase-stepped Shearographic and Phase

filtered fringe patterns arc shown.

6.1 Varying Depth Defect

The calibraticn spectmen, with deleets at various depths from the inspecting surface, was first
tested nsing convenlional Shearography. - The custom software way sel 1o real-lime mode so
that the response of the calibration specimen to stressing could be observed almost
instaatanceusly. The tests in Uns section were performed using Iateral shear (i.e. shear slong

the r-axis),

Figure 6.1: Divage of lending cdge and middle defect obtained by Conventional Shearggraphy

Figure 6.1 depicts the Shearographic fringe pattern that was produced whilst inspecting the
defects al the lcading edge and approximalely at the middle of the aerofoil section. The upper

surface of the helicopter blade was inspecied, where the defects obviously could nol be seen.
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The presence and location of the manofactured defects are clearly idemtified by the two
“double bull's eyes”. The double bull’s eye on the left of figure 6.1 locates the leading edge
defeet whercas the double bull’s eve to the right locates the middle defect. It can be scen that
the middle defeet has produced four fringes whergas the leading cdge defeet has produced two
[ringes, due o the middle defect being 11mm cluser o the inspection surface. The number of
fringes in an ared where a defect is located does vsually indicate the amplitude of the
localized displacement induced, which is inﬂuenced by the size of defect and its depth. The
comparison of depth or size of defects can only be made if the two defects are perturbed
uniformly for the same period of tire and if the fringe patterns are captured at exactly the
same time as was attempted in this west,  Analysis of the resulls will be incorrect if the twao
rules are not [ollowed sinee the leading edge delect can produce the same amouwnt of fringes
ay the middle defect il it is captured a few seconds later. In this section of testing the
calibration specimen was perturbed for 2 seconds with a domestic hairdrver. The fringe

patterns were then captured 10 seconds Jater.

Vlgure 6.2; Image of leading edge and middle of the blade located defects, unfiltered, obtained by Phase-
stepped Shearveraphy

Figure 6.2 shows the unlilicred Phasc-swepped Shearographic fringe pattern of the leading
edge and middle of the agrofnil defects. The two “double bull’s cve™ can be scen unee again

revealing the presence and location of the manufactured defects. Turthermore, cven in Phase-
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stepped Shearography the number of fringes produced by the middle defect is more than the
leading edge defect confirming that the amplitude of displacement s influenced by depth.
The Phasc-stepped Shearographic fringe patterns appear much more clear and promuinent duc
to the recduction in noise accomplished by capturing and comparing four speckle images al
known phase steps, instead of one, as in Conventional Shearopraphy. The 2a discontinuities
can also be scen in figure 6.2 where there is an abrupt chunge from black to white and vice

VEISd.

Fipure 6.3; Fillered image of the leading edge and middle delect oblained by Phase-stepped Shearography

Figure 6.3 depicts the Phase-stepped Shearography results obtained after the image hud been
filtered using a 3x3 sine and cosine averupe filter. It can be scen that the Iringe patterns are
even more prominent and the grayscale is much smoother due to the filter averaging pixels in

a 3x3 neighborhood, Morcover, filtering the image makes the 2a discontinuilies more visible.
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Figure 6.4: Over (iltered image of the middle defect

Figure 6.4 shows the fringe paticen of the middle defect which has boeen over [iltered and
therefore smearing of the dense spaced fringes has occurred. Over [iltering can be prevented

by reducing the number of repetitions of the filter or by applying other [iltering mathods,

Figure f.3: Fringe pattern of the middle and trailing edge defect oblained by Conventional Shearography

Figure 6.5 depicts the Conventional Shearography [ringe pattern that was produced when
inspecting the defects al the middle and wailing edge of the aerofoil.  The “double bull’s eye”

on the left in figure 6.5 1s the middle defect where as the “double bull’s eve™ 1o the right is the
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lrailing edge defecl. It can be seen that the middle defect has produced two and a half fringes,
while the truiling edge defect has produced three fringes. This is due to the trailing cdge
defect being ®mum closer to the imspection swface than the middle defect. Howcver, the
difference in the number of fringes between the two defects In figure 6.5 is nol as consplouous
as 1n [igure 6.1, There can be two explunations for these results. The (rst explanation, which
is the more likely one, is that depth difference between the defects in figure 6.1 is greater than
the depth difference between the two defects in figure 6.5, In other words, the depth
difference between the leading edge and middle defect is | Imm, whereas the depth difference
between the middle and trailing edge is 8mm. This smaller depth difference results in the
difference in the number of fringes of the two defects being smaller, which is expected, The
second explanation for such a small difference in the number of frnges eccurring is due W
subjective heating. Subjective heating comes abowul due Lo the specimen not being uniformly
stressed which is possible when using the domestic hairdryer. Therefore the middle defect

could have been pertuwrbed for a slightly longer period than the trailing edge defect causing it

to produce more fringes, This would reduce the magnitade of the fringe number difference,

Figure 6.6: Fringe pattern of the middle and trailing edge defect obtained by Phage-stepped Shearography

Figure 6.6 is a fonge pattern of the defects at the trailing edge and the middle of the aerofoil
oblained by using Phasc-stepped Shcarography. It can be scen from the flgure that while
using Phase-stepped Shearography. the trailing edge defoot once again produces more frinses
than the middle defect,
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T

Figure 6.7 Filteved fringe pattern of the middle and trailing edye defect

Figure €7 15 a filtered image of the Phase-slepped Shearographic NDI- fvinge patteen of the
middle and trailing gdge defects. It can be seen Lhat the muddle detest has manifiested two

fringes while the trialing edge defect has manifested three [Tinges,
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Figure 6.8; Results ohtained during dilferent stapes of cooling using Conventignal Shearography on the

same defecl. Imupe 8(a} was captured after 15 seconds of cooling, with a single lringe manifesting, image
8(b) was capturced alter 22 seconds of cooling, with two fringes manifesting. image $ic) was caplured after 30 secomly
of cooling, with three fringes munifesting aml image #{d) was captured after 42seconds of cocling, with four Eringes

manifesting.

During testing it was realized that the best results can be obtained during the cooling down
process, Figure 6.8 depicts the Conventional Shearography fringe paticrns obtaincd during
the diffcrent stages of cooling. Tt can be observed that if the specimen is perturbed for
approximately {ive seconds and left to cool, it will manifest more and more fringes as time
gocs by and provides more information about the defeet. However 1f too many fringes are
formed, decorrelation will oceur causing the outer fringes to break down and smear the fringe
pattern. Therefore the correct moment to capture the fringe patterns appears o be a function

of the user's exprricnec.
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Figure 6.9 [mages of the cooling process osing Phase-stepped Shearography oo the same defect. (a3 One
fringe after 15 seconds of conling, (B} two Iringes after 22 seconds of cooling ey three fringes afler 30

secondy of conling, (d) four [ringes alter 42 seconds of cooling.

Figure 6.9 depicts the resulis obtained by Phasc-siepped Shearography during the cooling
process following & simitar time period as the images in figure 6.8, Once again it ¢can be seen
that if the specimen is left to cool for a longer period of time more fringes will be formed.

For completencss, figure 6.1( depicts the four images in figure 6.9 after being filtered.
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Figure 6.10;: ¥Fillercd inmges of the conling process vsing Phase-stepped Shearography. (a) One fringe after
15 seconds of conling, (h) two fringes afler 22 seconds of cooling (¢} three Tringes alter 30 sceonds of

eooling, (d) four fringes after 42 secondy of couling
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6.2 Delamination Deftect

The Shearographic tringe pattern of the defect known to be a delaminatton is depicled in
fipure 6.11¢a), It can be scen that the fringes at the top of the picture are dense with the
elongutions pointing lowards the bottem of the image. The delaminatton defect was produced
by a stee] ruler being inserted between the carbon-fiber and honeycomb structure from the
bottom end of the helicopter blade as illustrated By the white dashed line in figure 6.11(b).

The width of the steel ruler is 25mm and was mserted to a depth of Glimm,

(a) (b)

Figure #.11: Shearvgraphic fringe pattern of: (a} a delamination; and {b) a delamination with an indicalion

whers the defect was created.

The localized displacement gradicnt occurs oniy at the top of the picture since there is a
temperature gradient producing a strain between the cdge of the delaminated piece of carbon-
fiber and the rest of the carbon fiber that is stifl glued to the honeycomb structure. Fringes da
not oceur In guantity within the while rectangle in figure 6.18(b) since this section is totally
defaminated resuiting in the delaminated section absorbing all the heat. This is because there
is a discontinuity in the heat conduction as a result of the separation between the honeycomb

and carbon fiber. 1 can also be seen from figure 6.11(0) that a vertical fringe has formed on
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the lelt hand side of the rectangle as well as w the right of the rectangle; these fringes show the

width of the delamination.

Figure 6,12: Mhase-stepped Shearographic fringe pattern of the delamination

Cince again it can be seen in the Phase-stepped Shearographic fringe pattern {as shown in
figure 6.12) that the densest fringes occur at the top of Lhe delamination. The vertical fringes
showing the width of the delamination are also clearly visible. The filtered Phasc-stepped

Shearographic fringe pattern is shown in figure 6.13,

Figure 6.13; Phase lilicred image of the delamination
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6.3 Varying the Intensity of the Laser Light

The correct intensity of Iaser light when inspecting an object is vital so that the displacement
gradient measurement can be oblained. This means that if the intensity of the laser light is too
high it will saturate some or all the pixely ol the CCD camera which means that those
saturated plxels will not contribute to the measurement of the displacement gradient. In
contrast, if the laser brightness is too low it will be impossible to extract the phase from the
intensity measurement. The intensity of illumination of a camera pixel can be defined by the

equation below, as stated in section 2.1.3.2 of chapter 1wo.
I=1,+1,cos¢
An acceptable displacement gradient measurement with the appropriate intensity of object

illumination would have a high modulation intensity Ty and a total intensity £ that Is below

saturation so that the phase can be extracted,

Figure 6.14: Fringe paltern of middle defect with high object illuminafion

Figure 6.14 is a fringe pattern of the middle defect when the objcet was posiboned |1.5m from

the compact Shearographic prototype with the CCTV zoom lens zooming into an arca of
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100mm by 0mm. The beam expander is 300mm away from the inspection swface and the
CCTV zoom lens's manwal iris is fully open allowing all the light to enter the detector of
CCD camers, [ can be seen [rom feure 6,14 that saturation of (he carncra pixels has
occurred in the area circled by the white dashed line, It can alse be seen that pixels outside
the circle are not saturated in that fringes are still visible here. This shows that when the
object illumination 1s too high, saturation of the pixels will occur, resulting in black pixels
being formed instead of a good displacement gradient measurement.  Black pixels are
produced since baoth the refercnce image and the stressed object image intensity are at

saturation, Therefore when they are subtmacted a black pixel will be the resolt.

Fipure 6.15: Fringe pattern of the middle defect with insullicient light

Hgure 6.15 is a fringe pattern of the same delect but this time the manual iris of the zoem lens
is almost closed. It can be seen from figurce 6.15 that the fringe pattern does show signs of a
displacement gradient (1.¢, fringes are present) however due to the lack of light the Imnges are

not well contrasted and defined.
Figure 6.16 is a fringe pattern of the nuddle defect but this time the manual iris is slightly

closed so that the modulation intensity is high but not too high as to saturate the pixels or toe

low as to cause loss of frnge definition, which results in well contrasted fringe pattern.
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Figure 6.16: Fringe pattern of middle defect with the appropriate amouoni of light

Figure 6.17 (a)-(f) depicts Conventional Shearographic NDE fringe patterns  produced while
the bewm expander is moved further and further away from the object under inspection. Il can
be observed that as the beamn expander is moved away [rom the object, the resulting fringe
patterns become dark as expecied and also lose definition. The aim of this test was to find the
optimum position of the beam expander so that well contrasted fringe patterms can be
produced confinuously. Looking at the fnnge patterns in figure 6.17 it can be seen that the
hest quality fringe patierns are produced when the beam expander is at J00mm. i the beam
expander is positioned any closer it will be in the field of view of the camera.  Furthermore,
al 300mm the manual ins of the CCTV leny is slightly elosed which shows that positioning
the beam expander slightly further back will also still produce good qualily [ringe patterns.
At 500mm the fringe paiterns are still well contrasted and no visible differentiation can be
made between this fringe patiern and the one produced at 300mum. This shows that when the
beam expander is between 300-50Umm good quality Shearographic iringe patterns will be
produced. It is clearly visible that the fringe patierns at 70mm and 9%Xmm are Jdarker ard
that the fringe palterns are disappearing into the background. In figure 6.17 (¢) and (I) the

contrast is even worse with the lringes being barely visible.
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{a) 300mm {b) 500mm

{e} 700mm (d) 900mm

e} 1100mm {f} 1300mm

Figure 6,17 Varving the distance of the laser lizht using Conventional 3hearagraphy

50



Chapter 6 Resuits and Analysis

{a} 300mm {b) SO0mm

{c) 700mm (d} S00mm

{e)1 'iﬂﬂrnm {H 1300mm

Figure 6.18: Varying the distance of the laser light using Phase-stepped Shearography

Figure 6.18 {a}(F} depicts the fringe pallerns produced when using Phase-stepped
Shearngraphic NDE. Tt cun be seen from fgure 618 (a)-(D) thal there 15 o graduoal
delerioration in fringe quality. However, in Phase-stepped Shearegraphy the fringes are still

more clearty visible than in conventional Shearography.
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r

(&) 1100mm

Firure 6.[% YVarving the distance of the laser light, (liceed Phasc-stepped inagres

Figure 6.19{a}-{t} are the filtered Phase-stepped tringe patterns where the cifects of varying
the light intensity are clearly discernible. It can be seen from figure 6.19(a} that the
boundaries of the finges (i.e. the 2x discontinuities} wre very smooth as compared to the rest
of the images, therefore the irrepularitics on the finge boundaries point to a lack of laser

light, Morcover, it can be scen that these iregulantics on the [ringe boundanes become
worse with diminishing light.
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Leading edge defect

Trailing sdgo dafeck

Middia defoct

Figure i.20: Field of view of the compact Shearngraphic with an 8.5mm CCLY lens

The arca that can be covered in one inspection (le. one image} 18 very important in that when
inspecting a large object it will take longer if the field of view of the device is small,
Therefore u fairly large imspection arca is a preferred chaacteristic for a compact

Shearographic system 1o have, since it will take less man hours for testing.

Figure 6.21: Dlumination avea of the expanded laser beam
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The inspection area of the compact Shearographic system is a function of two things namecly;
the optical configuration of the device and the illumination area of the laser light. Figure 6.20
15 an image captured by the compact Shearographic system showing the field of view of the
device in normal light with an 8.5mm CCTY lens. Tt can be seen from figure 6.20 that the

CCTV lents has a wide ficld of vicw and that almost the entire length of the Blade can be seen.

Figure 6.21 is an image of the biade, in the same position as shown by figure 6,20, capturcd
when the laboratory lights are switched off and the helium-neon laser is switched on. Tt can
be seen that the [aser power is insufficient to illuminate the entire length of the blade and
covers an area of approximately 18cm in diameter. However when viewing the blade directly

it can be seen that the laser light is able to illuminate the entire blade,

The reason [or seging only a small portion of the blade as depicted figure 6.21 is that the lascr
has a Gaussian distribution with only the most intense rays of laser light make it to the CCD
detector and the rest of the rays either being reflected or absorbed by the optical components,
Theretore only the inner rays of the expanded faser light which are the most intense make it
into the detector of the CCD camera forming an 18cm area of iflumination, The other reason
Tor loss of laser light is that the Michelson interferometer only captures 50% of the laser light
in that the rest of the laser light is puided owt of the device by the beam-splitter through the

fietd lens.

The optics that have been selected for the prototype have the best transmission (i.e. the lenses
and beam-sphittery and reflection (e the mirmors) efficiencies within the  allocated
cxpendituee,  Thercfore it is clear that the inspection arca of the protolype can only be
increased by using a higher power laser and that the optical configuration aflows for a larger
area to be inspected. The inspection area of the Shearographic svstem vsing the 30mW
Heliom-neon laser is 220mm by 220mm with the help of the custom software making the
image hoghter,  Figure 6.22(a)-(c) depicts the conventional Shearography, Phase-stepped
Shearography and Phase filtered image of the fringe patierns taken using the 8 3mm CCTY

lens with the object at the same position as in figure 6.20 and 6.2]1.
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Figure §.22: Inspection of all three delecls (a) Fringe patlern using Conventionsl Shearography, () [ringe
pallern vsing Phase-stepped Shearagraphy and (¢} Filtered Phase-stepped fringe pattern.

It can be seen from figure 6.22 that it is impossible to mspect all three delects at the sume lime

due 1o the lack of laser power. The distance between the leading edge and the traling edge

defect is 35cm and therelore only two of the theee defects can be inspected at a time,

6.4 Varying the Aperture of the Field Lens

Contrast and clarity of [dnge patterns are extremely important in Shearography in that the lack
ol [mnge definition will hinder the ability of the compact Shearographic system in delccting
the presence and location of flaws in an ohject. The contrast and resolution of resnlting fringe
patteimns can be controlled by the device by adjusting the size of the manual iris in front of the

field lens. Reducing the size of the manual 115 increases the numerical aperiwre of the lens
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thereby reducing the amount of light that enters the lens which subsequently increases the

MTT of the lens, hence producing fringe pattems that are well resolved and contrasted.

{a) 10mm aperture {b) 14mm aperture
{c) 18mm aperture (d) 23mm aperture

Fipure 6.23: ¥arying the diameter of the manuoal iris using Conventlunal Sheacography

Figurc 6.23(a)-(d) depicts Conventional Shearography fringe patterns that were produced
while varying the diameter of the ins of the field lens. It can be scen from figure 6.23(a)-(d)
that as the diameter of the ins increases the contrast and resolution of the fringes starts (o
decrease. In all instances the object was perturbed for 2 seconds with the fringe pattem being

captured 10 seconds after stressing.
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{a) Um apure (b) 14:11 aprture

s I

5 o i

| G) 18mm erture {d) 23mm aperture

Fipore f.24: Yurying the diameter of the manual iris using Fhase-stepped Shearngraphy

Figure 6.24(a)-(d} depicts the fringe patterns that were manifested using Phase-stepped
Shearography. Once again, although not as apparent as conventional Shearography, it can be

seen that there 15 degradation in fringe definition,
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T -
{a) 10mm aperture (b) 14mm aperture

4

(1:).“181'1;.“1 aperture (d) 23mm aperture

IMignre 6.25: Varving the diameter of the manual iy phase-liliered images

Figure 6.25{a)-(d) are the filtered images of figure 6.24(a}-{d}. 1t can be seen that once the
imapges are filtered no clear distinetion between the 1mages can be made, except that the ooter

fringes segm to become rougher/noisy as the iris diameter is increased.

The MTT (Modulation Transfer Function) curves for the 23mm diamcicr Hasting triplet lens
with a 10mm, 14mm and an 18mm apertore is shown in appendix D and an explanation of
MTF cun be [bund inm appendix A . The spatial fregoency, measured al the image plane (ie. at
the position of the detector of the CCD camera), is plotied on the x-axis whercas the MTF iz
plotted on the y-axis. The spatial frequency of the compact Shearographic system is
approximated to be five cycles per millimeter and therefore the 10mm aperture has $3% MTIF

rating, the 14mm aperture has a 55% MTT rating and the |8mm aperture has a 34% MTF
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rating. Therefore the reason for the degradation in [Minge contrast is due 1o the MTF rating
(i.e. the ability to mansfer contrast} decreasing with increase in aperture size. Although the
ficld lens’s ability to transfer contrast improves with a decrease in aperture, the ability of the
Shearographic device to inspect a large area diminishes due to less light entering the CCD
camera. Hence a compromise between MTT and inspection area has to be made for a given

laser's illumination powet.

6.5 Inspection of a Section of the Main Rotor Helicopter Blade

The Shearographic system is capable of inspecting objects withow any surface preparation;
however spray painting an object increases reflectivity and thereby makes 1l easier to [ind
anomalies in the resulting fringe patterns.  Therefore, the blade section was spray-painted
matt-white before testing covld commence. Duning initial testing Coenventional Shearography
wis used to locate the presence and location of defects. Qnce this was accomplished Phase-
stepping and filtcring were used to better observe the irregularities. Figure 6.26 is a schematic
showing side A of the blade as well as the location and the phase filiered fringe patterns of

gach of the anomalies that cecurred when the Blade was inspected.
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Al

Figore 6.26: Schematic showing the locations of ancmnalies, side A of the blade

Figure 627 depicts the location and the corresponding Phase filtered fringe patterns of the
anomalies when side B of the blade was inspected. Each of the anomalies will be discussed in

grealer dotadl in the sections that follow.
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Anamsly £

Yigure £.27: Schemutic showing the lovstions of 2nomadics, side B oof the blade

6.5.1 Inspection of a Defect Free Area

Tt is important to observe the frinee patlerns or lack of them when inspecting an untlawed arca

of the helicopler blade so that the reader can gauge the simplicity of locating fringe pattem
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anomaly using Shearography. Figure 6.28(a) is a "“inge patiern” oblained when inspecling a
defect-free area of the blade. Figure 6,28(b) and (c) are the Phase-Stepped Shearographic

fringe pattern and phase filtered of the defect-free arca.

Fipure 6.28: Fringe paiterns of a deleel free area wsing: (a) Shearography, (b} Phase-Stepped
Shearngraphy and (c) Filtering of phase inuage

It can be scen from figure 6.28(a) that speckle is being observed and no fringe patterns have
formed since there is oo chinpge in (he displacemene gradient. Figure 6.28(0) and (¢} show the
Phase-stepped Shearography and Phase filtered “fringe patterns” respectively, It cuan be seen

from these images s well that no frinpe patterns bave formed,
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.52 Anomaly One

Anomaly number one occurred along the entire length of the blade scction, 11dmm away
from the leading edge as shown in Ggure 6,29, The fringe patcens shown i figure &.300a)-

{¢) arc from the bottom edge of the blade as shown in figure 6.26.

Figure 6.29: Location and extent of anomaly one, on side A of the blade

Il can be scen from the Shearographic fringe patlern in fgure 6.30(a) that the fringes are
perfectly vertical indicating that the struin s uniformly disieibuted and thar the anomaly is
svmmetrical, However at the bottom of the image, which is the bottom of the blade, a slight
diversence of the fringes is visible. The divergence of the fnnges i more evident in the
Phuse-slepped Shearvgraphic and Phase filtered images in figure 6.30(b) and (c) respectively,
which appears to be a delamination that was probably caused when the blade was cut. "The
same lype of fringe partern as shown in figures 6.30{(a)-(c) was observed when the entire

length of the blade was inspected excluding the divergence of the fringes.
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(a} (b}

Figure 6.30: Fringe patterns of anomaly one, side A, using: {a) Shearvgraphy, (b) Phase-stepping and {c)
Mliering

‘The same anomaly was obscrved on the reverse of the blade at exactly the same position
which in other words means that the anomaly is relatively large or that it is sensed across the
entire cross-seclion of the blade. Figure 6.31(a) depicts the Shearographic fringe pattern
while figures 6.31{b) and (¢} depict the Phasc-stepped Shearographic and Phase filtered fringe

pattern of anemaly number one discerned on side B.

(@) T )

Figore 6,31 Fringe patterns of anomaly one, side B, osing: (a) Shearography, (b) Phase-stepping and {c)
filtering
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It can be seen from the pictures that there are two localized displacements gradients, the one
on the left is anomaly number one and looks exactly hke the fringes on side A. The densc
fringes on the right is anomaly number two which is also visible on both sides of the blade

and runs parallel to angimaly number one.

Fipure 6.32: Picture ol the aluminiun eap on the feading edge of the blade

After scrutimzing the cut out cross-section of the blade it was realized thal the angmaly
occurred due to the way the blade was manufaciured. The leading edge of the blade is made
of four diffcrent materials namely, aircraft grade aluminium, fiber-glass, carbon-fiber and a
heneycomb matrix. The aluminium piece is C-shaped and covers the leading edge Lo prevent
abrasion and ends exactly where anomaly number one was found as shown in figure 6.32.
This also explains why the anomaly runs across the entire length and on both sides of the
blade in that the aluminium cover docs the same. Therefore the Shearographic system picked

a change in material which is exactly how a defect would react when perturbed.
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.5.3  Anomaly Two

Anomaly number two cceurred 200mm away from the leading edge and was also found to run

along the entire length of the blade on both side A and B as shown in figure 6.33.

Extent of anomaly

b b

{a) )

Tigure 6.33: Extenl of anomaly two on: (a) side A and (b} side B ol the blade

(a) " (b)

Figure 6.34: Fringe patterns of anomialy two, side A, using: {a) Shearography, (i) Phase-stepping and (¢
[iltering.
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Figure 6.34{a) depicts the Shearographic Innge patiern of anomaly (wo. It can be seen that
the fringes are dense in the cenier of the image and leck very similar to the fringe patterns of
anomaly one. Figure 6.34({b) and (c) show Phase-Stepped Shearcgraphic and phase filiered
fringe patterns of anomaly two on side A. The fringe patterns of anomaly two on side B can

be seen in figure 6.3 l{a)-(c).

Figure 6.35: Picture showing the change in composition of the blade, where asomaly two ecewnrred.

This anomaly occurs on both sides of the blade and is perfectly perpendicular (o the botlom
edge of the blade. Therefore, itis highly unlikely that il is a defect in that it is so wel] shaped.
Under close inspection, it was realized that anomaly two occurs where the composition of the
blade changes in that the leading edge is filled with fiber glass 1o increase strengih and also
covers approXimately a quarter of the blade’s surface. It can be seen from figure 6.33 that
anomaly two occurs where the fiber-glass sheet stops therefore producing an anomaly that is

perpendicular to the width of the blade,
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6.5.4 Anomaly Three

Anumaly three occurred along the entire length of the trailing edge, on both sides of the blade

and iy due again to a change in composition. Figure .36 shows the extent of the anomaly,

. Extent of anomaly thres

\

{a) (b

Figure .36; Extent of anomaly three on: (a) side A and th) side B of the hlade

The Shearographic fringe pattern of anomaly three on side B is shown i figore 6.378). It
can be seen that there is localized displacemen gradient running parallel to the frailing edge
of the blade, Furthermore, the fringes become denser two thirds from the bouom of the
picture. The increase in density of fonges at this peint 15 due 10 a stress concentration which
results from a spacing between the alwminium steips that balance the blade as shown in figure
6.38

{a}

Figure $.37: Fringe patterns of anemaly three, side B, vsing: (a) Shearngraphy, (b} Mhase-stepping and (c)
[illering.
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Figure 6.37(b) and (c) depicts the Phasc-stepped Shearography and phase filtered fringe
patterns of anomaly three tespectively. The bulging of the fringes and the increase m
frequency at the stress concenitahon can be clearly seen from the fringe patterns of figure
6.37(b) and {c). This illustrales how Shearography can also be used to find stress
concentrations in manufactured parts as it measures the strain ol the matental not the

displacement.

Figure 6.38: Picture of che spacing between alumluium sirips ou the trailing edge of the blade.

The manifestation of the fringes occurred once again due to a change in composition of the
blade. The trailing edge of the blade tapers with the blade first being made up ol aluminium
and {iber-glass and then narrowing down mto aluminium only as shown in figure 639, This
also explaing why there arc so many fringes in that the aluminium is a thin plate absorbmg a
lot of heat resulting in a high temperature gradient when reaching the thicker part of the blade

conlaining tiber-glass.
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Figure 6.3%: Picture showing the ehange in composition of the blade, where anomaly three oteurred.

6.5.5 Anomaly Four

Anomaly four occurred along the entire length of both sides of the blade at approximately
40mm away from the leading edge. The cxtent and position of the anomaly 15 shown in
figure 6.40.

Extent of anomaly four

(a) (b)

Figure 6.40; Extent of anomaly four on: {a) side A and (b} side B of the blade

Figure 6.41{a) depicts the Shearographic fringe patiern of anomaly four. It can be seen that
the fringes are elliptical in shape with the complete elliptical tringe marking the causc of he

anomaly. Small half circles can be seen al the bottom of the picture distorting the large
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[ringes, which 1 due to deluminations that where brought about when the blade was cul. The

minor delaminations as well ay the large elliptical fringe can be seen more clearly in [igure

f.41(b} and (c).

{b)

Figure $.41: Fringe patieris of anemaly [vur, side A, vsing: (a) Shearography, (h) Phase-stepping and (¢)
filtering.

Subsequent to culling around (he anomaly it was found that it was caused duc to a farge piece

of fiber-glass that fills in the leading cdge of the blade, This helps to strengthen the blade

against impact damage. Figure 6.42 is a picture of the cut piece of the blade. It can be seen

from figure 6.42 that the wall of the leadmg edge is relatively thick making it difficult 1o

detect u change in composition resulting in elliptical [minges rather than vertical [ringes as

anomalies ope and wo.
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Figure 6.42; Picowre of the leading edge showing che fiber-glass fill

6.5.6  Anomaly Five

Anomaly five was a result of the visible defect on side B of the blade as shown in figure 6.43.

Visible defect resulting in
anomaly five

Figure f.43: Picture showing the visible defect on side B of the blade
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(8) )

Figure $.44* Fringe patterns of anpmaly five, side B, using: (4) Shearoeraphy, (b) Phase-stepping and (¢)
Gltering.

Figure 6.44(u4) depicts the Shearographic fringe pattem of anomaly five. The fringes in the
center of the picture point to the visible detect. The full extent of the fringes of the defect
cannet be seen as it lies betwecn anomaly one and two. The vertical dense fringes on the left
and right of the defect ure anomalics enc and two respectively. In figure 6.44(b) and (c) the
dense and irregular shaped fringes can be secn more clearly indicating the position of the

delect. Judging from the pictures no intermal damage was cansed by the impact.

6.5.7 Anomaly Six

Anomaly six is a delamination which prebably resulted from the cutting the blade, as it is
found on the boltem of the blade as shown in fsure 6.27. Figure 6.45(2) depicts the
Shearographic fringe pattern of the delamination. The halfl elliptical Iringes can be scen in
figurc 6.45(a) with three fringes forming in the Phasc-Stepped Shearographic and phase
filtered images of figure 6.45(b) and (¢} respectively. Close examination of the defect urea

showed no signs of the defeet being anything else but 4 delamination.
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(a)

Figure 6.45: Fringe patterns of anomaly six, side R, using: (a) Shcarsgraphy, (b) Phase-stepping und (c)

filtering.
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Conclusions

7. CONCLUSIONS

The following conclusions can be made based on the results of the investigation:

1.

The compact Shearographic system is capable of detecting the presence and location
of defects in composite structures. Furthermore, the device can differentiate between

defects of varying depth by manifesting the appropriate number of fringes.

The number of fringes that can be manifested by a flaw is dependant on the period of
stressing (when using heating or cooling techniques) as well as the amount of time
before the fringe pattern is captured by the user. Therefore when a comparison
between defects is made, it is important to uniformly stress the object. It is also
important to capture the images after stressing in the same period of time, otherwise

the comparison will be incorrect.

The correct amount of laser illumination is important when measuring the
displacement gradient of an object. An abundance of laser light saturates the pixels of
the CCD detector resulting in those pixels not contributing to the measurement of the
displacement gradient. On the other hand, insufficient laser light makes it difficult for
the phase to be extracted resulting in fringes that are not well contrasted and not

clearly visible.

The field of view of the Shearographic system is a function of the optical
configuration and the available laser illumination. The Shearographic system is
capable of using CCTV lenses of different focal lengths and has an optical field of
view of 57 degrees when using the 8.5mm focal length CCTV lens. Therefore the
only variable that limits the field of view of the device is the available laser
illumination. Laser light is normally available in collimated “pencil like” beams. This
beam must be expanded using suitable optics to cover the required surface area.
However, the more one expands the beam, the lesser the illumination intensity

becomes, a fact that can only be remedied by using a higher laser power.
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5. The MTF rating of a lens, which can be manipulated by adjusting the aperture of a
lens, affects the contrast and fringe definition of a fringe pattern. Reducing the size of

the aperture of a lens increases the MTF and improves the contrast and resolution of a

fringe pattern.
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8. RECOMMENDATIONS

In view of the results and conclusions, the following recommendations can be made:

L.

The compact Shearographic system has been successfully tested under laboratory
conditions; further work should be done to make the device fully portable so that
testing can be done under field conditions to confirm that the results will be still

satisfactory.

The only variable that limits the field of view of an inspection area, using the proposed
Shearographic system is the laser power. Therefore, further studies should be done to
determine if two lasers of the same power can be used simultaneously or if a higher

power laser can be made portable to improve light distribution and intensity.

Another method of increasing the field of view of inspection is to use a CMOS
(Complementary Metal Oxide Semiconductor) camera’’ instead of a CCD camera.
The CMOS camera allows the user to program the dynamic range of each pixel
independent of each other whereas the CCD camera has a limited dynamic range,
which means that a CMOS-sensor can gather more light than a conventional CCD-
detector under the same illumination conditions. Therefore a comparative study
should be done to determine the light efficiency and image quality of the fringe

patterns, when using a CMOS camera and a CCD camera.
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1. Optics Background Information

1.1 Fundamentals of Optics

This section defines the necessary planes and points that are required to characterize a lens.
Figure 1.1 below is a schematic of a lens having spherical surfaces and surrounded by air.
Under these conditions the distances labeled f are equal even if the lens was not symmetrical.
However f; (front focal length) and f, (back focal length) will only be equal if the lens is
symmetrical.

tc
Primary principal poirt [ k<—— t e——’ Secondary principsl surface
Primnrypﬂmlpdnumc-\\ / A Secondary principal point
Ray from object at infinity \ \/ 5
Ray from object at infinity
FM(m-ry)fouml Primary votex 4, Rear (swcondary) focal point
Samem T T g — ‘(.Xz._.-._v;:x ........ i
point or primary
J principal suiface
< fr —| Jo >
Front focsl plane N f B D f Ragr focal plane

f = Effactive focsl langth (EFL), may be positive (as shown) of negative
ffSlefocdbmm(FFL) t‘-Edoﬂhidwnu

fbaawkfoc-lmgm(sn) #, = Conter thickness

Figure 1.1: The important planes and points that characterizes a lens”
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1.1.1.1 Focal Length

There are two distinct types of focal lengths namely; effective focal length (EFL) and the
back focal length (BFL). The EFL, which is the more important of the two, is used to
calculate magnification and is frequently used in all lens formulas. The effective focal length
(denoted as f) is the distance between the principal point and the focal point as shown in
figure 1.1. The principal point, as seen in figure 1.1, is usually inside the lens and therefore it
is more practical to use the back focal length, which is the distance between the rear focal
point and the secondary vertex of the lens. The front focal length (FFL) is the same as the
back focal length except that the front of a lens is defined as the side of the lens that is closest
to the object plane.

1.1.1.2 Focal Point

Parallel rays originating from one side of a lens will always traverse the focal point on the

other side of it. This fact is the basis of locating the focal point.

1.1.1.3 Primary Principal Plane (or Surface)

The principal plane is a hypothetical surface and is defined as the loci where refraction is
assumed to occur without reference as to where it actually does occur”®. The point where the
primary plane, which is actually a slightly curved surface, intersects the optical axis is known
as the primary principal point. The secondary principal plane (or surface) is analogous to the
primary principal plane. However, the primary principal plane is always the plane closest to
the object plane.

1.2 Image Formation by a Converging Lens

The position of an image plane as well as the magnification of an image is dependant on the
distance of the object from the focal point of a lens. It can be seen from figure 1.2 that if the
object is beyond the 2f point (i.e. a distance of two times the focal length) then the image will

be real, inverted and smaller than the object.
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real image

Figure 1.2: Object is placed beyond 2F #

If the object is between f and 2f as shown by figure 1.3, then the image will still be real and
inverted, but the image will be larger than the object.

F real image

~
-

Figure 1.3:0bject is placed between 2F and F ¥

Objects located between the focal point and the lens as shown by figure 1.4 will form a virtual
image that is larger than the object. The virtual image is formed due to the rays diverging
after traversing the lens. To a person viewing these diverging rays, they would appear to

come from an image behind the lens, as in the case of a magnifying glass.
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virtual image

Figure 1.4: Object is placed between F and the lens”

Each point on an object emits light in all directions in a form of spheres with the rays being
perpendicular to these spheres. However, when an object is infinitely far away in comparison
to the focal length of the lens, the rays become parallel or collimated and will come to focus
at the focal plane (as shown in figure 1.5). Figure 1.6 shows that the reverse is also true, that
if light originates at the focal point then it will become collimated. The collimated rays can
only be refocused if another lens is placed on the left of figure 1.6 (i.e. in the parallel ray
field) so that the rays will converge (as shown in figure 1.5) and create an image in the focal
plane of the added lens.
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«g§— Focal plane

Rays from
object at
infinity

YYVYVYY

Figure 1.5: Object at infinity

Rays emitted
from focal
point will be
collimated

Object at the
focal point

AAAAAAA

Figure 1.6;: Object at the focal point

1.3 The Thin-Lens Equation and the Magnification Equation
For an object in front of a thin-lens, it is possible to determine the location, size and nature of
the image by using the technique of ray tracing or by applying the thin-lens and magnification
equations, A lens is defined as thin if its thickness is much less than the radii of curvature of
its two surfaces. Ray tracing can only be done with the use of Snell’s law which is used to

calculate the angle of refraction of light as it travels through media of differing density and is
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the fundamental principle upon which the thin-lens and magnification equations are based.

Snell’s law is discussed in greater detail in section 1.5. The thin-lens equation is as follows?:

1.1 1
R—— + OO S 2-1
PRI (2.1)
Where d, is the object distance, d; is the image distance and f is the effective focal length of
the lens. These variables are illustrated more clearly in figure 1.7. It can be seen from
equation (2.1) that if the object distance and the effective focal length are known then the

image distance can be calculated. The magnification equation is as follows®:

mee————= =L (2.2)
object height h d

(4] ¢

The magnification can be calculated either by using the object and image height or the object
and image distance. The thin-lens and magnification equations can be used for thin-lenses or
for paraxial rays, which are rays that are very close and parallel to the optical axis. In this
region lens surfaces are always very nearly normal to the optical axis and hence all angles of
incidence and refraction are small. Furthermore in equation (2.1) it is assumed that the lens is
in air and therefore the thin-lens equation cannot be used if the lens is placed in a different

medium (e.g. water).
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Figure 1.7: Schematic of the variables in the thin-lens equation®

Certain sign conventions accompany the use of the thin-lens and magnification equations so
that values calculated are correct and have better meaning. The sign convention is shown in

table 1.1 and applies to light traveling from left to right for a real object.

Table 1.1: Summary of sign conventions for lenses™

Summary of Sign Conventions for Lenses

Focal length

fis + for a converging lens

fis — for a diverging lens
Object distance
do is + if the object is to the left of the lens (i.e. real object), as is usual

do is - if the object is to the right of the lens (i.e. virtual object), this only arises in combinations
lenses

Image distance
d;is + for an image (real) formed to the right of the lens by a real object
d;is - for an image (virtual) formed to the left of the lens by a real object
Magnification
m is + for an image that is upright with respect to the object
m is - for an image that is inverted with respect to the object
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1.4 Modulation Transfer Function (MTF)

The modulation transfer function (MTF) is an extremely important parameter influencing the
resolving power of an imaging lens. The MTF of an imaging lens incorporates both contrast
and resolution. Moreover it is a measure of the lens ability to transfer contrast at varying

resolution levels from the object plane to the image plane.

The derivation of MTF can be explained by first defining contrast and it is defined by the

following mathematical equation’:

I _—1I.
Contrast & —=2— 0. 2.3)
mEx + Imm

Where Inax and I, are the maximum and minimum intensities of light emitted from an object.
If it is assumed that an object has a sinusoidal irradiance distribution, where irradiance is the
power per unit area of light that is reflected of the object, then scanning across the object for a
period of time will produce a sequence of alternating maximum and minimum irradiance as

shown in figure 1.8. The mean irradiance can then be defined as follows?®:

a=[Une =T/ 1 11, @4

4

time

Figure 1.8: Sinusoldal irradiance distribution as a function of time?®
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The variation of the mean irradiance is as follows:
b=1,, ~a @5)

Modulation M can then be calculated as the ratio of a and b, and is mathematically described

by equation (2.6), which is the variation of the mean irradiance over the mean irradiance.
M== (2.6)
a

However, when testing for performance one is not interested in the modulation of the object
but rather in how much modulation is transferred from the object to the image. Hence it is the
modulation transfer factor that counts. The modulation transfer factor T can be described by

equation (2.7).

T = 2.7)

If the image modulation is half the object modulation, as depicted in figure 1.9, then 7T is
equal to a half. The modulation transfer function however, is not a single value and varies
with spatial frequency R. Therefore it is not called a transfer factor T but a transfer function
T(R) known as the modulation transfer function (MTF).

AVAY

Object image

Figure 1.9: Contrast variation from object to image®
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Spatial frequency refers to the number of line pairs per millimeter, where a line pair is a black
and a white line. No lens at any resolution, even theoretically, can fully transfer contrast to an
image due to the diffraction limit. Furthermore as the line pairs per millimeter increase (i.e.
as the spatial frequency increases) it becomes increasingly difficult for contrast to be
transferred as shown by figure 1.10. It can also be seen that image contrast is measured as a

percentage of object contrast. Furthermore, black and white is 100% contrast and gray on

gray is 0% contrast.

Objsct imaging lens | image

White Wi
90% Gontrast W
- 100% Contrast o

Black —
Object
Imaging lens
I I I U
White White
20% Contrast
100% Contrast
Blaock Black

Figure 1.10: Increased frequency causes a lack of contrast

MTF graphs for commercial lenses can be obtained from companies like Edmund Industrial
Optics who use an Optikos VideoMTF measurement system to plot MTF graphs of various
lenses. A typical MTF graph is shown in figure 1.11 where the y-axis is the percentage of

contrast and the x-axis is the frequency of the lines. It can be seen that the contrast drops as
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the frequency increases; also the frequency is measured from image plane and not from the
object surface.

& Edmund O

INdUBErISIOPECE Stock Number #45-266
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note; graphs ourrespond to performance dets calculated on-axis - Toleranced — Nomina!
Copyright® Edmuns Optirs, tnc. 2083

Figure 1.11: A typical MTF curve

MTF of a lens can however be manipulated by varying the aperture size and wavelength. The
wavelength of light will not be taken into consideration as this investigation only uses
monochromatic light. It can be seen from the MTF graphs in appendix D that a decrease in
aperture size of a lens increases the contrast whereas larger apertures reduces the contrast,
Other factors such as atmospheric haze, poorly manufactured lenses, scratches and
contamination such as dust and fingerprints reduce resolution and contrast.
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1.5 Aberrations

Aberrations are intrinsic shortcomings of a lens, even if the lens is made from the best glass
.and is free from manufacturing and other defects. This is due to the fact that in general,
spherical lenses yield perfect imagery only in the paraxial region. However, by careful
manipulation of a system’s physical parameters (e.g. power, shape, thickness, glass type, the
distance between lenses and the location of stops) these aberrations can be minimized’. Most
aberrations occur with monochromatic or single wavelength light and are called
monochromatic aberrations.  Examples of monochromatic aberrations are spherical
aberration, coma, oblique, astigmatism, curvature of field and distortion. The rest of the
aberrations occur with polychromatic light or light that contains at least two wavelengths and
examples of these are chromatic aberrations and lateral color. Monochromatic aberrations can
be further divided into two categories namely; aberrations that cause blurring such as spherical
aberration, coma and oblique astigmatism and those that cause dislocations such as curvature
of field and distortion. Furthermore aberrations such as spherical and chromatic aberrations
can act in two different directions (i.e. in the axial and lateral directions) and have their own

causes and corrections.

For numerical analysis, aberrations can be handled along two general lines, considering either
the rays or the wavefronts. In paraxial-ray tracing the imaging characteristics of a lens in a
system can be determined by tracing many rays through the system and by applying Snell’s
Law at each interface that is encountered. The direction of a light ray after refraction at an
interface between two homogenous, isotropic media of differing index of refraction is given

by Snell’s Law in equation (2.8) ¥

n,siné, =n,sin6, (2.8)
Where 6, is the angle of incidence 8, is the angle of refraction, and both angles are measured
from the surface normal as is shown in figure 1.12. This means that in practice we can

estimate the image quality of most optical systems by using certain approximations. The sine

function in Snell’s Law can be mathematically represented by the Taylor series expansion,
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Where the&'s are given in radians. However i only the [rst term is retained (le. 1L ds
assumed thatsin &, = 8 ). for simplification purposes, then this is known as [irsi-order theory
or paraxdal theory, An aberration frce optical system woold form ifs image al a point and 1o
the size indicated by the panixial theory; though it is well known that this is an over
simplification and that g perfiect optical system does not exist. Paraxial theory 1s however
used to determing system focal length, magnification, conjugate distances .1’ So another
delinition of aberrations wounld be how much the image differs [fom the paraxial predicton.
Another way of gelling 4 more accurate prediction is 1o take the third order terms of egoation
(2.9) into account and this is known as third-order theory., This theory was cxtensively
investigated by Scidel and  theretore third-order lens  aberrations are called  Seidel

i )
aberrations™

material |
index m

% N

miatcrial 2
mdex -

Figure 1.12:5chematic depicting Snell’s Law™

Ii aberrations arg numerically analyzed using wavefronts then it should be noted tha
wavetronts should be spherical 1o converge woward a point. However in terms of aberrations

caused by image-blur, the lisht docs not converge toward 2 poimt which means that the
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wavelronts are not perfectly spherical: they are distorted. The distance by which the ideal
reference sphere departs from the actua] sphere, measured along the radiuvs of the reference

sphere, is called the wave uberration .

In curvature of field and distortion, the wavelronts are spherical but the spheres sre displaced;
the wavefronts come together but at the wrong point.  Applying wave aberrations is
advantageous in that the path difference of one surface can be directly added to the path

difference of another surface in the optical system to find the total aberration present,

1.51 Spherical Aberrations

Spherical aberrations are caused by rays coming togecther at different foci as well as rays
passing these foc at varying heights above the optical axis. Figure 1.13(a) illustrates how an
aherration free lens focuses collimated light. It can be seen that all the rays pass through the
focal point, but in reality these single element lenses do not behave in such a manner, ¥ can
be seen from figure 1.2(b} that the rays close to the optical axis, known as paraxial rays,
come together at the focal point just like the aberration free lens. However, the outer rays of
the lens known as the marging! rays come together belore reaching the [ocal point. This
means that the lens is under-corrected and if the marginal rays came wogether alter the focal

point then the lens will be svercorrected.



Appendiz A

(a)
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Figure 1.13: Spherical aberration of a planc-convex lens™

The distance along the oplical axis between the intercept of the marginal rays and paraxial

Ll

rays is known as the fongitucdingl sphevical aberration (LSA) The transverse spherical

aberration (TSA) is defined as the height above or below the oplical axis where the marginal
ray intersects the plane ol paraxial focus', The transverse spherical aberration is related to the

longitudingl spherical aberration by the following cquation””,

ISA=LSAtany (2.10)

Where p refers to the slope of the marginal ray, If a screen were 1o be put in place at the

focus of the marginal rays one would observe that the marginal rays are in lfocus, The
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pataxial rays at the sume plane will form u dilfuse disk as these rays arc out of fecus. The
reverse will occur ut Lthe [ocus of the puraxial rays. The cross section ol light with a minimum
diameter between the marginal focus and the paraxial focus is called the circle of least

confusion and this is where the sharpest image can be found.

To bring u set of parallel rays to the same focul point requires a lens surface of varying
curvature since sin @ is not truly equal o # except at #=0", High surface quality lenses are
mahufactured by grinding and polishing techniques, which can only produce spherical or
eylindrical surlaces. Aspherical lenses are the only lenses with varying radii and are
produced by molding. The disadvantage of this process is thal these lenses have un inferior
surface finish. Spherical aberration is dependent on the shupe of a lens, its onenation and the
gonjugate ratio that is used, Furthermore, under certaim conditions combining two or mare
spherical lenses can virtvally eliminate spherical aberration. This can be done by combining
simple positive lenses, which are under-corrected, with pegative lenses, which are
aovercorrected for spherical asbermution. Spherical aberration will be pegligible in a system if
the negative and positive elements within the system are neatly equal but opposite in
magnitude in terms of spherical sberrstion. This is done in doublets where positive and

negative lenses are cemented together to virlually eliminate spherical aberration.

1.5.2 Astigmatism

Astigmatism iy an sberration that only occurs off-axis. Any object poimt thal is a substantial
distance away from the optical axis will cavse a cone of rays stuting at thal point to strike the
lens asymmmetrically, giving rise to astigmatism, The word astigmatism comes from two
Greek words namely: a-, which means not and stigma-, which means spot or point, The
meaning of the word astigmatism therefore perfectly deseribes this aberration since the focal

paint of the leas develops into a three-dimensionul focal figure known as a coneld,
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A= Merithaiml ray
B = Cloef rey
(= Zagiial tay

Figure 1.14: Imaging of on off-axis peint ™

Figure 1.14 abuve 15 a schematic of an optical systen imaging an oif-axis poinl. I cun be
seen thal the fangenticd or meridiona! plane contains the optical axis and the object point.
The rays radiating [tom the object puint that lic on this plane are known as fangemtiol of
meridional ravs except for the chief ray which starts tfrom the object point and goes through
the center of the lens, The sagival of redigl plane also cottains the chiel ray and is
perpendicular to the meridional plane. All rays lying on the sagittal plane are known as skew
or sagitlal rays. The menidional plane's angle of slope stays constant as the meridional rays
travel through the lens. lowever the sagittal planes slope changes as the chisf ray is deviated
al varions clements, Therefore to be more accurate, one should imagine several sagittal

plancs with cach plane (lustrating the deviation of the chief ruy at various slements.
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Figore 1.15: Imaging of an off-axis point Mustrating astipmatisn™

Astigmatism does not nccur when the object point is on the oplical axis since the cone of Tays
will be symmcirical when striking the surfuce of the lens. Therefore there is no need to make
a distinction between the meridional and sagittal planes. This means that all focal lengths will
bet (he same and that all rays will come together at a single point, However, this will only be
true if spherical aberration is absent, In contrast, when tmaging an off-axis point there will be
two distinel planes namely the meridional and sagittal planes, which have differing focal
lengths. The mendional rays focus closcr to the lens than the sagittal rays forming a conoid
ag shown in figure 1.15. It can be seen from the schematic that as the cone of rays traverse
the lens, deformation occurs in the metidional plane transforming the cross-scetion of beams
into an ellipse. This is due (o the meridional rays having a shorter focal length. The cllipse
then degenerates into a line, known as the primary image, at the tangentiat or meridional
focus, After this point the cross-section then grows and becomes circular at the point known
as the circle of least confusion, which is a circular blur.  Deformation of the circular cross-
section Lhen starls Lo occur in the sagittal plane, until once again the ellipse degenerates into a
line, known as the secondary image, at the sagittal or radial focus. The separation of the

meridional and sagittal conjugates is known as astigmatism.
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Ot puind =

Figure 1.16: Distortion of images due Lo astigmatism®
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The dilterence in focal length of the two planes 15 kKnown as the astigmatic difference and as
this difference increases {i.e. as the ohject point moves further from the optical axis), so does
the diameter of the circle of least confusion. The inereasing of the astigmatic difference also
changes the vricntution of the primary and secondary line image, However the primary ling
imuge will always be tangential 0 a circle deawn around the optical axis and the secondary
line image will always be radial with respect to the optical axis. Figure 1.16 illustrates how
this occurrence affects the imaging of an optical system, 1t can be seen from figure 1,16(a)
that a point object, becuuse of astigmatism, will be imaged as a tangential line & the

meridional [ocus (M) and a radial line at the Sagival focos (5). It the object (s a radial line, as
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shown by tigure 1.16(b}, then it will be blur at M snd sharp a1 5. Tangential lines arc sharp at
M and blur at S, as depicted by figore 1.16(c).  If the objsct 15 a wagon wheel then the rim
{which is a sum of short tangential lines) will be sharp at M, while the spokes will be sharp at

5.

Astigmatism depends mostly on conjugate ratios and lens shape only if the aperture in the
system is not in direct contact with the lens itself. If an oplical system docs nol contain an

aperture or stop then it is the lens itself that serves as the aperture.

1.53 Coma

Coma, like astgmatism, occurs only when the object point 15 off-axis. It 15 also very similar
Lo spherical aberration (SA) in that the ray bundle does not focus to a point. Howewer, even if
an optical system has been comrected for spherical aberration it will still exhibit coma. This
aberration originates from the {act that the principal plane can only be treated as a plune in the

paraxial rcgion,
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Fipnre 1.17: The principal plane
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It can be seen fromn figure 1.17 that the principal plane is actually a principal curved surface.
In the absence of spherical aberration this curved surface brings paraxial rays to a point at F
a distance equivilent to the back focal lenmh (BFL}Y of the lens from the vertex. The rays
traversing the off-uxis region of the lens will however have diffenng effecuve focal lengths ar
various points on the lens which in tirn causes the magnifications at these vanous points to
differ. This produces i blur in the image planc of off-axis object points as illustrated in figure
1.18, As a result, the off-axis object peint 18 not imaged as a point but as a characteristic
comet-like flare. It can also be seen from figure 1.18 that the outer ring is formed due to the
intersection of marginal rays in which case the distance between Gand 1 is known tangentiol

cama and the distance from 010 3 on 2, is termed the sagiral coma.
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Figure 1.18: The affect of corna vn un ohject point™

Coma can be positive or negative depending on whether the marginal rays come to a poinl
cleser or further away from the optical axis as compuared Lo the inner rays, It the marginal
ravs come to a point closer to the optical axis than the inner rays Lhen the coma 1s said to be
negalive as shown in ligoure 1.19(a). If the inner rays come 0 a point closer Lo the oplical axis

then the marginal rays then the coma is saud to be positive as shown in figure 1.18 and
1.19(h).
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Fipure 1.19: Negative and positive coma™

As with spherical abeeraticn, coma can be corrected by using multiple surfaces or by
changing the shape of the lens symmetnc dbout a central stop. Figure 1.20 illustrates how
various lens shapes affects coma. It can be seen that a concave positive-meniscus fens shape
with an object at infinity has a large negative coma white the convex meniscus lens shape has
a large positive coma. Therefore an equiconvex lens shape will produce negligible coma.
The image quality can alsc be improved by judiciously ptacing an aperture or a stop in an

optical system s to etiminate marginal Tays.
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Lens Shape Slgn of Coma
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Figure 1.20: The alfect of lens shape on coma

1.5.4 Ficld of Curvature
Field of curvature is closely reluted to astigmatism, in that any oblique ray will ruverse the
lens asymmetrically snd thorelore shortens its focal length as one travels away [rom the

optical axis. This causes the image plane to develop inte a 3-dimensional paraboloid, which
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known as a Peiziol surfuce, after the Hungarian mathematician Joscl Max Petzval (1807-
1891). Figure 1.2] illustrates this phenomenon, where 1t can be seen that the more obligue
rays cause greater curvature. In the presence of astipmatism this problem is compounded
since lhere will be two paraboloidal image surfaces corresponding with the tangential and

sagitlal conjugrates.

Figure 1.21: Ficld of curvature™

A positive lens develops an inward facing Petzval surface, where as a negalive field flattener
lens produces an outward facing Petzval surface. The right combination of positive and
negative lenses will therelore nepate curvature of ficld,  Another approach is te simply place

a spherical mirror, which confurms to the field of curvature, in the image plane.

1.5.5 Distortion

Distoriion differs from the other monochromatic abermations in that thege aberrations refer o
the failure of 3 lens to form « point image from a point object’”’. The fact that different areas
of a lens have different focal lengths and different magnifications produccs distortion,
Distortion docs not prodoce a lack of sharpness bul causes the magnification of the image to
vary with dislance from the optical axis. This simply means that a lens will image an object
point perfectly but it will be mapped to the wrong location on the image plane. Pincushion or
positive distoriion is when magnification increases with increasing distance from the optical
axis, as Mustrated in Agpure 1.22(a). It can be seen from tigure 1.22(b) thal barrel or negative

distovtion 15 (he opposite of pincushion distorlion since magnification decteases with
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increasing distance from the optical axis. Furthermere, it can be secn that distoriion increases

as one moves away from the optical axis.

OBJECT PINCUSHION BARREL
CHSTORTION CHETORTION

Il ; JITHT“'_’T_TL :Illi]
|

e bl

Figure 1.22: Distortion™

Distortion can be prevented by placing a stop midway between two identical lenses. By doing
s0 distortion created by the first lens will be eliminated by the second lens. Furthermore, a
perfectly symmetrical optical with a magnification ratio of 1:1 will eliminate distortion as
well as coma and lateral celor for that matter,  Anather method of negating distortion is by

using a Calrly thin lens, which develops relatively little distortion.

1.5.6. Chromalic Aberration

Chromatic aberration differs from the aberrations discussed carlier as it only occurs in
polychromatic light. The quintessential feature of chromatic aberration lies in the fact that the
index of refraction of a material (s a function of ity wavelength, This means that blue light
(i.c. short wavelength light) will come to a focus closer (i.e. due to a higher index of
refraction) to the lens then red light (e, long wavelength light), if the light traverses a
positive lens element as shown in figare 1.23. When the bluc light comes to focus before the
red light it is known as positive chromatic aberration and if the epposite occurs, it 1s known as
negative chromatic aberration. The hordzontal distance between the two focal points 18 known
as longitudinal chromatic aberration or longitudinal cofor.  The minimum cross-seciional
area hetween the two focal points is known as the eircle of least confusion where the best

image will be produced.
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Figure 1.23: Longitudinal chromatic sberration”™

Chromatic aberration can be elinmimated in the same manncr as sphetical aberration in that
posilive and negative lenses produce opposile signs of chromatic aberration. Therefore the
risht combination of these lenses can produce a chromatic aberration-free optical system,

known as a doublel.

1.5.7 Latcrul Color

[.ateral color like chromatic aberration only poses a problem in polychromatic light and is the
lateral cifect of chromatic aberration.  The main characteristic of lateral color is that blue
light will have a higher index of refraction then rod light, which canscs the rays to intercept
the image plane at different heights, as shown in fgure 1,24, This in ciicer causcs a
magnification difference. This meuns that if one were to place a screen at the bluc focus one
would see a smaller image with its details surrounded by a red halo and if one were 0 move

the sereen to the red focps, the image will be larger with its details having a blue halo,
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Figure 1.24: Lateral color™
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Lateral color can be eliminated by judiciously placing a stop within the optical system. When

using a simple lens, lateral color is negated if the stop is in contact with the lens.
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2. Derivation of the final Intensity Distribution in Digital

Shearography

Let a=60(x+90x,y)+6(x,y) and b= A¢
Therefore

1, =2A*(1+cosa) And

1, =2A*(1+cos(a + b))

1, =1, -1, =2A*(1+cosa)-2A%(1+cos(a+ b))
= 2A2 +2A%cosa—2A? —2A% cos(a+b)
= 2A%cosa—2A* cosacosb+2Asinasinb Since cos(x+ y)= cos xcos y—sin xsin y

= 2A%cos afl —cosb]+ 2A% sinasinb

= 2A? cosa{1-1+ 2sin? -;—’}+ 2A%sinasinb Since cosy =1—23in2—§-
= 2A% cos a(Zsin2 g) +2A%sinasinb
=> 4A? cosasin® -g—+ 2A%sinasinb
= 4A*cosasin’® %Jr 2A%sin a(Z sin—gcosg—) Since sinys= ZSin—;-cos—y-
= 4A? cosasinzé-+4zﬂx2 sinacosésiné

2 2 2

b b b
=> 4A*| cosasin — +sin acos — |sin—

[ sasinz +sin 2} 5
2| . byl . b . . . .

s I, =4A% sin a+§ smi Since sm(x+ y)=smxcosy+cosxsmy
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Schematic of the Piezo-electrically Driven Mirror
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OPTICAL SIMULATIONS FOR DESIGN CONCEFPT A
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OPTICAL SIMULATIONS FOR DESIGN CONCEPT B
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