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Terms of Reference

The author was given this project by Prof. J. Gryzagoridis and Mr D. Findeis of the

Department of Mechanical Engineering at the University of Cape Town as a partial

requirement for the degree of MSc (Mech Eng) in February 2000. The main objective of

the thesis was to investigate the effects of vibration on Electronic Speckle Pattern

Interferometry or ESPI, and the influence of a reduced exposure time with a view to

eliminating or reducing these effects. This work forms part of a project to prototype a

portable ESPI system that was under development by Mr Findeis and Prof. Gryzagoridis

of the Department.

This thesis investigated:

The effects of vibration on the successful performance of ESPL. This vibration
included environmental vibration as well as simulated vibration using a loudspeaker
and compressor.

Methods that are currently used to overcome these effects. These include pulsed
lasers and vibration-isolation tables. |
Alternative methods to overcome these effects that would be suited to a portable low
cost ESPI system.

A suitable method of pulsing a continuos wave (CW) laser and the use of the camera’s
built-in shutter with the aim of enabling ESPI inspection to be performed in hostile
environments. The methods investigated included “pulsing” the laser with the use of
physical obstructions such as slotted discs as well as optical shuttering devices such as

a Liquid crystal shutter and a Lithium Niobate shutter.

The success and reliability of these methods for the application intended.
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Synopsis

Electronic Speckle Pattern Interferometry or ESPI is a non-destructive optical technique
that enables the user to measure very small changes in displacement of an object’s
surface, usually as a result of an applied stress. The ESPI equipment consists of a laser, a
variety of optical components, a CCD camera, a framegrabber and a computer. The
equipment is used to capture two images of the object under investigation; a reference
image of the object in its natural state and another after the object’s surface has displaced.
(For example as a result of stressing.) The computer digitally compares these two images
with one another, and if there has been any surface displacement change between the two
images, a zebra-like fringe pattern is produced and displayed on the computer monitor.
This fringe pattern is essentially a ‘contour map’ of the object’s surface displacement
profile, and each fringe line represents a displacement of the surface by an amount equal
to half the wavelength of the light that is, used relative to another fringe line. (0.316um

for Helium-Neon laser).

The technique can be used for the detection of flaws, the location of areas of high stress or
loading and for vibration analysis amongst others. In the example of flaw detection, flaws
are indicated by an irregular or rapid change in the density or direction of the fringe
pattern. Areas of high stress or loading are characterised by a zone of dense fringe lines
amongst areas of low fringe density. In the case of vibration analysis, nodal and anti-

nodal regions are highlighted using a technique known as Time Average ESPL

Extraneous vibration has an adverse effect on ESPI investigation if it is performed in

conditions where no precautions have been taken to eliminate it. This vibration is
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transferred to the object, and causes minuscule whole-body movement of the object
relative to the camera, This motion masks the surface displacements that result from the
actual stress applied, and frequently destroys the ESPI fringe pattern obtained. The
vibration may arise from a variety of sources, such as machinery or vehicles operating in
the vicinity of an ESPI inspection, airborne vibration, or from general low level vibration
from the surroundings. The motion may occur either during the capturing of the
individual images by the camera (typically lasting 20ms) or between the grabbing of the
reference image and subsequent image, and makes ESPI inspection difficult or
impossible. Pulsed lasers and vibration-isolation tables can be used as solutions to this
problem, but each have their own drawbacks. Pulsed laser systems are generally much
larger physically and more costly, and vibration isolation tables are usually laboratory

bound.

This thesis investigated a method of making ESPI resistant to vibration by using the same
principle as a pulsed laser system. Continuos Wave (CW) lasers were pulsed using an
assortment of techniques in order to provide exposure times of considerably shorter
duration than the normal duration. By capturing the image over a fraction of the usual
20ms, the object’s motion would effectively be frozen, and would consequently eliminate
the effects of vibration that occurred during the image capture itself. It would, however,
do nothing to counter the effects of vibration that occurred between the capture of the first

reference image and subsequent images.

Initially the laser was pulsed by placing it behind a rotating disc with slots in it. The disc
was rotated at a speed that equated to 3000 pulses per minute, or 50 pulses per second.

This was with the purpose of co-ordinating the laser pulse with the camera’s field imaging
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rate. By adjusting the point on the disc’s radius that the laser shone through, it was
possible to vary the laser pulse duration easily, while maintaining the same pulse
frequency. This was repeated with two different discs and motors. The first disc was
larger and able to provide pulses as low as 0.4ms. The second disc was much smaller
than the first. It was driven by a stepper motor and able to pulse the laser to 1ms with a

greater degree of accuracy and control.

A Liquid Crystal (LC) shutter was then used to pulse the laser. This is effectively a
window that is normally clear, but when a voltage is applied across it, it darkens and
allows little or no light to pass though it. A Lithium Niobate (LN) shutter was also used
to pulse the laser, and operates on the same principle as the LC shutter. The crystal
required very high voltage;:. (approximately 1400V) in order to operate, but was able to

pulse the laser to less than 0.1ms

The CCD camera that was used to capture the ESPI images has an adjustable built-in
shutter facility with shutter periods of 20ms, 8.33ms, 4ms, 2ms, 1ms, 0.5ms, 0.25ms and
0.1ms, which was also investigated. This meant that the CCD would capture the image

over the defined shutter period within the 20ms field period, and sit idle for the rest.

A helicopter tail rotor blade with two deliberately induced flaws on its surface was used
as a specimen for ESPI inspection. A hair dryer was used to create thermal stresses in the

rotor blade, which allowed a fringe pattern to be generated.

ESPI examination of the blade was initially performed on the table in order to investigate

the effect of a reduced exposure time. Care was taken to ensure that the ESPI layout was
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the same for all the different pulsing methods and arrangements that were investigated.
Consequently, the intensity and definition of the EPSI images would be comparable when

different shuttering methods were investigated.

From this investigation, the LC shutter and stepper motor and disc were abandoned after
testing indicated that they were not suitable. The stepper disc could only pulse as short as
1.1ms, and was too large physically to be of use in the final ESPI system. The large disc
was used instead because although it was also too large for a compact system, it had a
shorter pulse period, and was used to investigate the effect of a shorter exposure time.
The LC shutter suffered from slow light transmission response times. It did have very
good frequency and pulse duration control. Useful ESPI images could only be captured
with pulses as short as 2ms, but the long pulse duration and low light transmission ruled it

out as a pulsing method.

The large disc, LN shutter and camera shutter were then used to investigate the
consequence of vibration on ESPI inspection. The LN shutter was able to provide pulses
as low as 0.1ms at which point the lack of laser power became the prevailing factor. It
was found to have a light transmission of approximately 30% and the shutter’s polariser
was predominantly responsible for this. The LN shutter has some benefit over the camera
shutter because it is able to provide an unlimited range of pulse widths and frequencies,
while the camera shutter can only provide eight shuttering speeds. The ability to provide
higher frequency pulses than normal may be necessary if specialised ESPI investigation
such as Double-pulsed addition ESPI is to be performed. In this type of ESPI, both laser
pulses are fired into a single camera field, which would be impossible with the camera

shutter. The camera shutter has the benefit that it is built in and easy to operate. It does
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not require additional electronics and components, nor does not suffer from transmission

losses as the Lithium Niobate crystal does.

The blade was exposed to environmental vibration, simulated industrial vibration from a
compressor and sinusoidal vibration from a loudspeaker. The effects of these vibrations
were noted, and the influence that of each of the pulsing techniques had in eliminating

these effects was investigated.

Environmental vibration only had a slight effect on the ability to capture successful ESPI
images. It was possible to acquire successful images with no reduction in exposure time,
although this was a hit and miss process. Out of a series of ten images captured at the full
20ms, only six were deemed acceptable. This increased to eight images when the
exposure time reduced to 2ms and to ten when reduced to 0.5ms. The number of
acceptable images obtained however decreased to eight for a 0.1ms exposure time. The
vibration levels experienced in the lab where the testing took place were much lower than
those that could be expected in an industrial environment would be. In real-life
conditions, normal ESPI inspection may be impossible without the appropriate application

of vibration isolation.

It was much more difficult to capture acceptable images without pulsing the laser when
the compressor excited the object. Out of ten images captured over 20ms, only one was
acceptable in terms of fringe clarity. However, by reducing the shuttering period to 2ms,
the amount of acceptable images increased to nine, but decreased to seven for a shuttering

time of 0.5ms and five for 0.1ms.
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When the loudspeaker excited the blade, nodal and anti-nodal regions were clearly visible
on the ESPI images that were taken without any shuttering or laser pulsing. Fringe lines
were only visible in the nodal regions, whereas no fringe lines were visible in the anti-
nodal regions of the images captured at 20ms. When the pulse duration was reduced to
2ms, the nodal and anti-nodal regions were much less distinguishable, and eight out of ten
successful whole field fringe patterns were obtained. This increased to nine acceptable

fringe patterns for the 0.5ms and 0.1ms shuttering times.

The effect of a reduced exposure time on the probability of obtaining successful images
appeared to be partly a function of the vibration levels that the object suffered. In cases of
low vibration levcls, the improvement in images was apparent, but not by any means
exceptional. In the case of higher vibration levels, as in the case of the compressor and

loudspeaker-induced vibration, the improvement was remarkable.

This was a clear demonstration of the effectiveness of using a short image capture period.
Although a successful image was not guaranteed on every capture, the probability was

found to be clearly higher with a lower exposure time.

The positive effect of shorter exposure times on ESPI in conditions of vibration has
therefore been demonstrated. The shuttering speed needs to be as short as possible and
the optimum pulse duration will vary for different vibration amplitudes and frequencies.
There is clearly a loss of light intensity as the pulse duration decreases, which must be

traded off against the requirement of a short exposure time.
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The use of Ferroelectric Liquid Crystal (FLC) shutters should be investigated. These
operate in the same manner as LC shutters, but are able to provide shuttering speeds of
approximately 50us. The advantage is that they operate at 12V instead of 1400V in the

case of the Lithium Niobate shutter, and this would simplify matters considerably.

If the Lithium Niobate shutter is to be used, a polariser with better light transmission
properties should be sourced. The laser needs to be much more powerful than the one
used for this project. This will allow shorter pulse durations to be used and larger areas to
be investigated at once. It will also improve the quality of the fringe patterns obtained.
The laser used for this project was rated at 60mW, and would normally output at least
35mW, but was incorrectly calibrated and therefore only provided 8mW. This problem
was however only noticed after all the completion this project. Increased laser power
would solve many of the problems experienced with low light levels in this investigation.

Suitable diode lasers are currently available with outputs up to 300mW.
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Chapter 1 Introduction

Electronic Speckle Pattern Interferometry or ESPI is a non-destructive optical interference
technique that enables the user to measure very small changes in displacement or
deformation of an object’s surface as a result of an applied stress. The technique can be
set up to measure a variety of static and dynamic variables such as displacement, strain,
and vibration. It provides a useful tool for flaw detection, design evaluation and vibration
amplitude and mode-shape measurement. It provides almost instantaneous results over
the entire area being investigated at once, as opposed to other methods that inspect the

A

object in a point-by-point fashion.

The ESPI equipment consists of a laser, a variety of optical components such as mirrors,
beam splitters and beam expanders, a CCD TV camera, a framegrabber and a computer.
A beam splitter is used to split a single laser beam into two separate beams. A beam
expander is a diverging lens that expands light to cover a larger area. A framegrabber is
used to capture the image information from the camera, digitise it and allow it to be

viewed and stored on a computer.

The ESPI equipment captures two images of the object under investigation; a reference
image in the object’s natural state and another after the object’s surface has been
displaced or deformed, usually as a result of stressing. These two images are digitally
compared with one another, and if there has been any change in surface displacement
between them, a zebra-like fringe pattern is produced and displayed on the monitor. A
typical fringe pattern is shown in Figure 1.1. The fringe pattern is essentially a ‘contour

map’ of the object’s surface displacement change, and each of the lines in the fringe
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pattern represent areas of equal displacement on the object’s surface. The displacement
amplitude can be calculated by adding
the namber of fringes from a known
point and applying the relevant formula.
ESPl has the ability to measure
displacements in the region of half the
wavelength  of light, (G.316um  for

Helium-Neon laser), which 1s equivalent

Figure 11 A tvpical ESPI fringe pattern

Lo approximelely ]q 0 of the widih ot a

hwirman har,

Flaws are indicated by a rapid change of density or direction in the fringe pattern, as in
the highlighted area in [igure 1.1. These patterns can be saved on the compurer for later

viewing, and can be enhunced using a variety of techniques if necessary.

Because of ESPI's ability to measure such small displacements, 1t is very sensitive to
movement caused by vibration. Care must therefore be taken to ensure that neither the
object under inspection nor the optical components of the ESPI system are exposed to
vibration. This may be done using holographic tables, although this usually confines the
technique to a laboratory. If vibration cannot be avoided. an alternative is the use of
pulsed lasers, which act to provide a freezing effect through streboscepic illuwnination.

The disadvantage of these pulsed laser systems is that they are bulky and expensive.

This project aims 10 investigale the elfect of vibrabion on ESPI, as well as investigating

methods of eliminating its effect on the successful completion of ESPI inspections. This

(A%
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enable ISP to be perlormied in real-world sifuations, and hence provide a usciul tool for

industrial Non Destroctive Testing (NDT) investigation.

This thesis was linuted by the lack of knowledge o this field. Although substannal work
has been done on pulsed laser systems, little has been done on the pulsing of OW lascrs.
The exposure tumes aimed for in this project are also differcnt to those cmployed in
traditional pused LSPIL inspection. CW lasers are generally of much lower power than
pulsed lasers, Very shorr pulse durations associated with traditional pulsed LSPI would
he msuflicient dor the low-power CW lasers to provide cnough illumination lor the
camera to image the aobject. The exposure nmes would therelore full between those of

pulsed ESPT systems (approx. 20ns) and CW laser ESPL systems (20ms).

Chapter 1 Introduction
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Chapter 2 Problem statement

By its very naiure ol operaticn, ESPl is very susceptible to vibration. Because of
vibration. the cbject under investigation moves, and this masks or overshadows the
surface displacements that result [rom the actual stress applied. This motion occurs either
during the exposure time when the camera captures each individual image (typically 20ms
for CCIR/PAL TV systems}), between the capiure of the two fields that make up the image
or between the caplure of the reference image and subsequent image. If the movement
occurs during the image acquisition process, the resultant fringe lines are poorly defined

i much the same way as motion blur reduces the image clarity in photography.

Figure 2.1{a) below shows the typical fringe pattern of a slit flaw obtained using ESPL
The slit flaw is indicated by the irregular fringe pattern in the taghlighted area. Figure
2.1{b) shows the ESPI image ol the same {law captured without the benefit of vibration
1solation and demonstrates the resultant loss of tringe definition due to vibration. This
loss of clarty clearly makes ESPI investigation impractical if not impossible in

circumstances under which vibration conditions are expected.

Fig 2.1{a) Fig 2. 1{l)

Figure 2.1(a) (k) ESPl images of faw with and without vibratioa isolation {UCT)
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Two methods are commonly used to overcome this vibration problem,

The most common method in practice is
that ESPI is performed on a vibrution
isolation table and a typical example 15
shown in Figure 2.2. These tables are
typically large steel slabs that rest on air

cushions, which damps most of the

vibration oul. The ohject, camera and
Figure 2.2 ESPI vibration isolativn table at UCT

optical components are magnetically

fustened to the table, reducing the effects of airhorne vibration. The stiff steel slab also

greatly reduces relative motion between the optics, the camera and the object. These

tables are however large and bulky, and not transportable, meaning that this arrangement

15 laboraiory bound only.

The second technique used to
overcome the vibration problem is
the use of pulsed lasers, which arc
analogous o a sroboscope. These
allow the camera 0 caplure a
‘snapshot” of the object while it

vibrates, essentially freezing whole

Figure 2.3 Pulsed ruby laser equipment at UCT

body motion. Pulsed lasers also
have their Hmitations, and are usually very bulky, costly and complicated compared to

their continuous wave (CW) counterparls. The pulsed laser system at the University of
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Cape Town (UCT) with its components is shown in Figure 2.3. These pulsed lasers and
switching mechanisms are capable of providing laser pulses from as little as 20ns up to

2ms.

The purpose of this thesis was to investigate the influence of a reduced exposure period
on ESPI image capture of objects under vibration. This included the feasibility of using a
pulsed CW laser in order to mimic a traditional pulsed laser system. There are many
possible applications where this technique may be of use in industry, where there is not
the luxury of vibration-damping equipment, and hence the interest in pursuing this field.
CW lasers are available in much smaller sizes than pulsed laser systems, which would be
beneficial if a compact system was desired. If the camera CCD is exposed to illumination
for a much shorter duration than the usual 20ms, the object motion can effectively be
frozen, and the negative effects of vibration on ESPI during the capturing of the image
can be eliminated. The effect of object stressing between the capturing of the reference
image and subsequent images will not be explored in this thesis, and forms a part of the

broader research being performed in the Department of Mechanical Engineering at UCT.

In the literature consulted, it was indicated that pulses of below 1ms are short enough to
isolate objects that are vibrating at frequencies of 100Hz or less. [5] This was used as a
starting point since the majority of vibrations in industrial environments were expected to
be below 100Hz. The source of much of the vibration that is expected would be

machinery, which would generally be operating at below 3000rpm (50Hz).

On a similar vane to the use of pulsed lasers is the use of ultra-high speed CCD cameras.

Examples of ESPI inspections with cameras having exposure times of approximately

Chapter 2 Problem statement 6
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0.22ms have been noted. [24,25] These short exposure times made it possible to capture
ESPI images of objects subjected to vibration with CW lasers without needing to employ
vibration-isolation systems. The reduction of camera exposure time was investigated by

the use of the camera’s built-in shutter.
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Chapter 3 Background and Literature review

3.1 Electronic Speckle Pattern Interferometry

Electronic Speckle Pattern Interferometry (ESPI) has its origin in Holography
Interferometry (HI) and replaced it as technology advances allowed for the use of
computers and CCD cameras. Both techniques are based on optical interference and the
essential difference between the two is that the images are stored chemically on
photographic plates in HI, while in ESPI the images are captured using a TV camera,
digitally manipulated and stored in a computer. ESPI was first demonstrated in 1971 by

Butters and Leendertz [1]

ESPI provides a contour map of the change in surface displacement of an object that
occurs as a result of an applied stress. It can be used qualitatively as a flaw detection
technique through the highlighting of weakened areas. Any flaws (including sub-surface
flaws) that affect the object’s deformation to an applied stress are potentially detectable.
The technique can also be used to provide quantitative displacement information, which
can be compared to theoretical results if the loading conditions are known. Almost any
conceivable object can be inspected, and by way of examf)le, ESPI has been used as a
diagnostic tool to inspect the condition of ancient art pieces [2,3,4] and to test for
delaminations and debonds in aircraft components [5,6,7]. ESPI can also be. used as a
component design tool, locating areas subjected to stress concentration or high loads in a
virtually unlimited variety of structures, including biomedical components, engines and

gearboxes [1,8,9,10]. It can be also used to study vibration effects on objects and the
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and the location of nodes and anti-nodes as well as the quantification of vibration

amplitude. [11,12,13].

The major benefit of the technique is that no contact of the ESPI equipment is required
with the object. Because of the extreme sensitivity of ESPI, the stresses required to
perform the investigation need only be very small. As a result, the risk of damaging

fragile or valuable objects is greatly reduced.
3.1.1 Laser Speckle

As the name implies, Electronic Spéckle Pattern Interferometry involves the interference
of speckle patterns. A speckle pattern is created when a laser beam is expanded and
illuminates an object with an optically rough surface. The speckle is a grainy psychedelic
pattern of light and dark spots that seems to float on the object surface. This speckle
pattern is unique for the observer’s position relative to the object, and the speckle size
depends on the size of the aperture through which it is viewed. An optically rough
surface is defined as one whose height variation is of the order of or larger than the
wavelength of the illuminating light [1]. The speckle observed is a rt;sult of certain
properties of the laser light used to illuminate the object, namely that it is coherent (all the
peaks and troughs of the light are in phase with each other) and monochromatic (it is of
only one wavelength or frequency). An illustration of the typical appearance of speckle is

shown in Figure 3.1 below.
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Figure 3.1 Typleal speckle pattern abserved oo object surface

The phenomenon ol the speckle observed can be explained by the principle of

superposition of light waves, which states: “If two or morc wavefronts are travelling past

a given point, the total amplitude of the displacement at that point is given by the sum of

the individual displacements of the wavefronts.” [ 14]

The cxpanded laser light strikes the object
and is retleeted and scattered n vandom
directions due to the peaks and tronghs on
the object’s surface. Because of this
scattering, the viewser sees light from all
over the ohjeet’s surface. Some of these
beams will ¢ross cach other, und where

they do, they will inlerfere either

Viawer

Figare 3.2 Dlusiration of light seatteriog by
raugh surface

comstructively or destructively, depending on their relative phase. This 15 shown in Figure

32. 'The surface roughness has been exaggerated [or clarity, and the regions of

interference are highlighted,
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Light travels as a sinusoidal wave, and when two light waves are added together, they
give rise to either constructive or destructive interference, depending on their relative
phase. Because the light is monochromatic, bright spots appear when constructive
interference occurs, and dark spots when destructive interference occurs. In the case of
white light, which is made up of wavelengths across the visible spectrum, this
constructive and destructive interference still takes place, but is not noticeable doe to the

combination of all the different wavelengths. [1]

The speckle size and quality that are imaged by the camera CCD are affected by several

factors, which include aperture size and coherence length.

Aperture opening

The size of the speckle depends partly on the aperture size of the camera iris. Opening the
aperture decreases the average speckle size, and increases the amount of light entering the
camera. If the speckle becomes too small the camera CCD is no longer able to image it,
and ESPI investigation becomes impossible. This is because the speckle becomes smaller
than the size of the CCD pixels. Ideally the speckle needs to be two or three times the
size of the pixels in order to be imaged. Closing the aperture increases the speckle size,
but decreases the amount of light entering the camera. Eventually there will be
insufficient light falling on the CCD to record the necessary information. A compromise
must therefore be reached between a suitable speckle size and sufficient levels of

illumination.

The size of the speckle imaged by the CCD can be calculated by

Chapter 3 Background and Literature review 11
Reduced exposure time as a methoed of minimising the impact of vibration on ESPI



244y

d, = " Egn 3.1
Where dy, is the speckle diameter imaged by the CCD

A is the wavelength of the light used

v is the distance from the lens aperture to the CCD

a is the diameter of the iris. [1,15]
Coherence Length

One of the requirements of the laser light for ESPI is that it has to be coherent for the
production of speckle. The frequency of the beam of laser light being emitted from the
laser itself varies slightly with time, and because of this, the light is no longer coherent

with the light that was emitted earlier. [5]

The coherence length is defined as * the distance that light leaving the laser can travel
before there is a shift in instantaneous laser frequency sufficient to produce light that is
no longer coherent with that which left the laser initially’. [5]. The coherence length is
generally defined as the distance in which the interference visibility falls to 1/e%, where e
is the natural log base (2.7183)[16]. In order to obtain fringes of the highest contrast, the
difference in path lengths between the reference beam and the object beam should be less

than the coherence length of the laser light, and as close to zero as possible. [1,17]
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3.2 ESPI set-up

Only out-of-plane and in-plane interferomelers will be dealt with here but there are many

other arrangements that arc used.

3.2.1 Out-of-plane displacement

Laser \

| Reference beam |

Beam spliller

i

REThT

Computer

| eapander

Displacenient d

Figure 3.3 A typical vot-of-planc ESPI arrangement

This arrangement is used Lo measure surface displacement parallel (o the surlace normal
ol'the object. A laser beam (see Fig 3.3) is split into a reference beam and an object beam
by the beam splitter. The objectreterence beam split is typically 95 - 5%. The reference
beam is directed to the camera CCD without reflecting off the object and is then
expanded. Because the reference beam does not strike an optically rough surface. no
speckle is produced, and it is referred Lo as being smooth. The object beam is cxpanded

by an expanding lens and illuminates the object. After the objcct beam has struck the

-
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object’s surface, it 15 scattered in random dwrections as diffuse rellectton. Part of this 1y
reflected towards the camera, and as 1t enters. s made to interfere with the incoming
smooth reference beam by means of a prism. The hght intensity reaching the CCD 15
therefore the sum of the object beam and the reference beam components. This
interference means that the speckle patiern is umque for the object’s current position. 1f

the object ur part of the object moves at all, a new speckie pattern is produced.

Gryzagoridis et al [16,17] give the equation below for out-of-plane surface displacements.
These displacements have a sensitivity corresponding to half the wavelength of the laser
light used and are dependant on the angles of the incident beam and camera to the object’s
surtace normal. The change in displacement of a point on the object’s surface relative to
another 1s calculated by counting the number of fringes generated berween the points and

applying the following formula:

A

i, =——
cosé +cosé,

H

Eqn 3.2

For small angles of camera and illomination this equation can be simplilied 1o

Equn 3.3
A
g = #

T2

Where n is the number of fringes observed
7. Is the wavelength of light used
&; 15 the angle of illumination to the surface normal
8. is the angle of the camera axis t the surface normal of the object
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3.2.2 In-plane displacement

Lﬂiﬂ‘ Mirror
.

|/

i

Computer

Beam o
expander =

expander

Object.
e
P =

| Dasplacement d |

Figure 3.4 A typical in-plane ESPI set-up

‘This arrangement is used to measure displacement perpendicular to the ohject’s surface
normal. When measuring in-plane displacement, the object is illuminated by two laser
wavefronts at equul and opposite angles to the surface normal. ‘These two wavefronts
interfere with each other after being reflected off the object’s surface. This interference
results in the [ormation ol a speckle pattern that is 1imaged by the camera CCD. The
sensitivity ol in-planc ESPl depends mainly on the angle of the wavefronts and the

wavelength ol light. [9]
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Gryzagoridis et al [16.17] gives the following cquation for culeulating the in-plane

displacement of the object surface.

1A
@i u o o :
- Ising Eqn 3.4

Where nis the number of fringes observed
}. is the wavelength of light used
{15 the angle of the illumination from the noomal

Equations 3.2 to 3.4 ¢can be denived using the single ray approach. See Appendix land 2
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Figure 3.5 below summarises the ESPI inspection procedure that is used to penerate the

fringe pattern in both the above arrangements,

| T S T L
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Figure 3.5 ¥isual representation of ESPI inspection procedure

An image of the object is captured in its unstressed state. This image is in the form of an

arbitrary speckle pattern. (Speckle pattern 1). The intensity of this pattern is given by:

=, 2 SR e
I =l o A s C(]s(a;i —gb,) ) 25
where Ac and A are the complex amplitudes of the object and reforcnee beam wavefronts

and {o- -2 15 the phase ditference between them at the point of mtercst, [1,18]

The object is then stressed by one of a variety of techniques that inclide external
mechanical lorces, heating, acoustic vibration or the application of a vacuum or pressure.
The stressing technique chosen is specilic to the object under investigation and is
designed to generate maximum displacement of the flawed area. (See Section 3.2.3),
Because of this stress, the surface deforms a small distance d, and another image {speckle
paltern 2) is captured. Speckle pattern 2 is also a speckle patiern, but is dillerent to the
first because the delormation has changed the path length of the objecl beam, while
leaving the reference beam unaffected. The intensity of this speckle pattern can be given

by Lquation 3.6:
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L= A"+ 47+ 244, coslp, — 6 + 5p) Eqn 3.6

Where

Ag = fr = 2m Fygn 3.7
A

Adr 15 the change m the phase angle of the object beam due to the change n path length
that resutts from the objeet displacement.

n 18 the number of fanges generated.

The computer software then processes these two munages, either adding or subtracting
them from each other.  Subtraction 1s preferable 1o addinon because areas where no
displacement nas taken place cancel each other out, leaving a black arca. This reduces the
amount of unnecessary infomation, as weldl as cancelling out the intensity of the reference

bean and leaves only the object beam information. [1]

When the two lmapes are subwacted from each other, the intensity of the lisht at
corresponding pointg on the two speckle patterns is subtracted from cach other. The
resubtant intensity at each point 15 the differcnee between the imensities of the same point

in Speckle patieen 1 and Speckle pattern 2. The resultant intensity will thus be:

Io=d =, =44 4" sin{(;a, — @) l/ém:‘-}ﬂd%ﬁ@} Eqn 3.8

b the case of speckle paitem addition, the fringe pattern is given by:
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IL=d+, =Ml 4} 41}":@-'005&@' —qﬁ!)+}éﬁ'¢}cms(‘%ﬂé) Eqn 3.9

The electrnical output voltage V., of the camera CCD s proportional o the intensity of light
falling om 1t, as piven by Hguation 3.6 above. The brightness B of any point on the

mutiter 15 given by

Bx|= aklr 1, .qinz[{{,.&, — )+ %ia;ﬁ)sinf[l/ia;&]}i Eqn 3.10

»

Where Kos a constant [ |

The brightness vartes between By and By TU s maximum for Ad = (2n1 134 and
mirimum for Ad = 2nd. Pomls of cqual displacement on the object surface will have
cqual phase change.  Fringes will therefore be generated along lines ol cqual

displacement. [1.5,16,18.30]

The resolt of this is an image of a zebra-like fringe pattern composed of light and dark
bands, which 15 displayed on the monitor. The fringe pattern 8 a “comtour map’ of the
object’s surface displacement. A distinctive fnnge patlern 15 gencraled around a Maw,
usually indicaied by an irreguiar change in fringe density or direction. This i3 because the
arce around a flaw will deform more than vsual as a result of the weaker mechanical
propertics associated with it, and the more the surface displaces, the denser the thnge

patlern will be.
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3.2.3 Methods of stress application

There is a wide range of techniques that can be used to stress the object. The technique
chosen must produce sufficient deformation of any flawed regions present, and at the
same time, it should not cause excessive global or rigid body motion. Excessive rigid
body motion will cause speckle decorrelation, and no fringe pattern will be obtained. A

detailed description of these methods is given in the ASM Handbook [5]

e Acoustic stressing
s Standing acoustic waves
¢ Travelling acoustic waves
¢ Thermal stressing
e Radiant heat sources (e.g. heat lamp)
o Electrical resistance heating tape or heat gun which applies heat to a
specific area
» Resistance heating of the object itself
e Hot air or liquid nitrogen cooling
e Pressure or vacuum stressing
e Mechanical stressing
o Forced vibration of the object by piezoelectric crystal, loudspeaker or similar;

(3]
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3.2.4 Advantages of ESPI

ESPI has several advantages, which are summarised below.

ESPI provides almost instantaneous and easily interpretable results, which can
be later enhanced and manipulated.

Real time viewing of the object’s response to stress is possible with ESPI. This
is beneficial when the applied stress varies with time. If thermal stressing is
used for example, the results can be monitored as the object cools and captured
when sﬁitable results are observed.

ESPI can be applied to any type of solid material, regardless of its composition
or its mechanical or electrical properties, e.g. metals, plastics, ceramics or
composites.

ESPI can be used on objects of almost any size, limited by laser capacity and a
suitable stressing technique.

Pulsed laser techniques allow inspection in unstable or hostile environments.
ESPI is able to measure displacements in the order of half the wavelength of

light (0.3um when using a Helium-Neon laser, equivalent to approximately

yBOO of the width of a human hair). With the application of special

techniques, it is possible to improve sensitivity up to 1000 times. [5] It is also
possible to reduce the fringe sensitivity to 100pum, depending on the specific
requirements.

Large areas can be studied at once, not requiring a time-consuming point-by-

point investigation. [5]
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3.2.5 Disadvantages of ESPI

e Often the flaw under examination cannot be accurately quantified with regard
to size, shape and precise location.

e Rigid-body motion or displacements as a result of spurious external
environmental vibrations often mask flaws. [1,5,9,18]

e Set up of equipment can be time-consuming as the reference - object beam
path lengths must be matched in order to meet the coherent length
requirements.

e Special coatings may be required to increase surface reflectivity of dark or
matt objects.

o Embedded flaws in a stiff structure are not easily detected because they often
do not affect the surface displacement.[1]

o The images obtained are sometimes not well defined and ‘grainy’ due to a
reduction in resolution. [16,20] This is because the CCD which the camera
uses to record the image has a limited number of pixels per area. The density

of pixels obviously influences the spatial resolution of the image obtained. [1]
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3.3 Types of lasers used

Two different types of laser are commonly used for ESPI NDT investigation; continuous-

wave (CW) lasers and pulsed-lasers.

3.3.1 Pulsed lasers

Pulsed lasers emit pulsed laser light at relatively high power, and usually over a very short
interval. The increased power is necessary to get sufficient light onto the photographic
plate or CCD in a shorter period. Pulsed lasers are used when the inspection is not
performed on a holographic table and when the object under investigation is not stable.
They can also be used when the most effective stressing procedures involves dynamic
loading. The most common lasers used for ESPI applications are flash lamp pumped
solid-state lasers such as ruby and frequency-doubled neodymium-doped yttrium

aluminium garnet (Nd: YAG). These provide a pulse typically 1 to 2 ms in duration. [5].

3.3.2 Continuous Wave (CW) lasers

CW lasers emit laser light continuously, at relatively low power, and are usually used
when care has been taken to ensure that the object remains stationary throughout the
duration of the exposure. This usually involves performing the entire procedure on a

special table that has been isolated from vibration. [5]
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3.4 ESPI methods

There are several different variations of ESPI inspection methods available to the

investigator. A brief introduction is given below:

3.4.1 Real time Interferometry

This technique compares the deformation of an object that is being perturbed in real time
to a previously recorded image of the object in its undisturbed state. An initial image is
captured and stored by the computer. Stresses are applied to the object and the fringes
observed on the monitor are a live indication of the displacement profile relative to the
initial reference image. As the stress loading changes (e.g. the object cools when thermal
stresses are applied) the fringe pattern will also change and when a suitable fringe pattern
is observed it can be captured. It is thus possible to monitor the effects of applied loads to
the object as they are happening and make adjustments accordingly. The technique is

only possible with the use of CW lasers.

By way of an example, Albrecht [2] used ESPI to inspect the condition of antique Italian
paintings. Thermal stresses were applied to the paintings by radiation from a spotlight,
and out-of-plane displacements were measured. Both micro-cracks and debonded areas

were detected by the technique.

Chapter 3 Background and Literature review 24
Reduced exposure time as a method of minimising the impact of vibration on ESPI



3.4.2 Double or multiple exposure Interferometry

Double or multiple exposure Interferometry involves the recording of two or more
images, one in the unstressed state and one or more in the stressed state. The technique is
primarily suited to pulsed ESPI, but can be performed just as easily with CW lasers. The
stress may be applied dynamically and could be generated by impacting the object

between exposures.

Two pulses of 1 to 2 ms are used to record images. These pulses are short enough to
isolate objects that are vibrating at frequencies of 100Hz or less, and perform time-
averaged studies at frequencies of 1000Hz of higher. If the pulse separation period is less
than a few hundred microseconds, vibrational effects below 1000Hz are eliminated. In
most industrial environments, the major components of the vibration spectrum would be

below this level. [5]

Pedrini et al [20] developed a multi-pulse ESPI system. They used a ruby laser that was
pulsed by a Q-switch in order to provide four pulses of 100us with a pulse separation of
between 20us and 100us. They used three separate CCD cameras in order to record the
four separate interferograms. The use of three cameras was necessary because the normal
imaging time of a CCD camera is 40ms, during which only one image is recorded. (For
an explanation of CCDs and cameras, see Section 3.5) The light reflected off the object
was split into three paths using prisms, and directed onto the three CCDs, so that each
camera had exactly the same view of the object. Each camera was triggered in succession
to capture the successive images. CCD1 was reset just before the first pulse was fired.

After the first pulse was fired, the charges from CCD1 were transferred into the shift
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register. CCD2 was then reset and the second pulse was fired. The charges from CCD2
were then transferred into the shift register. CCD3 was then reset and the third pulse was
fired. The charges from CCD3 were then transferred into the shift register and the fourth
pulse was fired. The images associated with the first, second and third pulses were stored
in the shift registers of CCD1, 2 and 3 respectively, and the fourth pulse was stored in the
photo-sensor of CCD3. It was possible to obtain six fringe patterns associated with the
deformations between the pulses (1,2), (2,3), (3,4), (1,3), (1,4) and (2,4). Pedrini et al
used this system to study the propagation of shock waves in a metal plate after a steel ball

was dropped on its centre, as well as the vibration of a loudspeaker amongst others.

Férnandez et al. [19] used a Nd: YAG laser to perform experiments in both a Double-
pulsed Addition and a Double pulse-subtraction mode, which was used to study the
propagation of a mechanical wave. They concluded that if the laser pulses could be made
to freeze an instant of the object’s transient deformation, it would produce a fringe pattern
representing the instantaneous deformation of the object’s surface. In the first case, both
pulses were fired within a single TV frame (double-pulse addition ESPI). In the second
case, the laser was synchronised to the camera CCD refresh rate of 60Hz(NTSC). The
system waited for an even TV field (see Section 3.6) and stored it. During the following
odd field, a solenoid struck the object, after which another field was stored. The two
stored speckle patterns were subtracted from each other, and the fringe pattern generated.
Due to relatively large elapsed time between the image capture, the system was still
susceptible to external vibration in the subtraction mode, which was overcome in the

double pulse addition mode. [19]
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3.4.3 Time-averaged Interferometry

Usually used to study an object under periodic motion, this technique highlights nodal and
antinodal areas. Either a CW laser or a pulsed laser is used where the laser pulse duration
is much larger than the period of the object’s motion. The fringes generated are of a
zeroth order Bessel square function. The brightest fringe corresponds to nodal regions or
regions of small or zero vibration. Subsequent bright fringes correspond to areas of
constant vibrational amplitude. The fringe order (density) increases as one approaches
antinodal regions (regions of large amplitude), and fringe visibility diminishes if the

vibration amplitude is too high.

Anderson et al [23] give the equation describing the brightness of a point on the monitor

as

L(r)= wg(@%@] Eqn 3.11

Where 14 is a position vector on the CCD detector
C is a constant
Jo is the Zeroth order Bessel Function
Io is a position vector on the object
ag is the amplitude of the applied vibration
A is the wavelength of light used

Time averaging has been used to inspect the condition of ancient works of art, which
suffered from debonding of the painted plaster layer from the supporting wall. A

loudspeaker was used to induce minute vibrations of the plaster that caused debonded
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regions to vibrate at their own natural frequencies. By performing time averaged ESPI

these flaws could be located. [1,3,5,13,23]

When using a CW laser to perform ESPI, time averaging occurs over each video cycle
(typically 20ms, depending on the camera used) if the object is made to vibrate at a

frequency higher than the frame rate of the camera. [23]

3.4.4 Stroboscopic ESPI

This technique of pulsed interferometry that is used for analysis of objects under
harmonic vibration. The object is made to vibrate at a known frequency, which is much
higher than the camera frame rate. The laser is pulsed at the same frequency but for a
much shorter time, typically with a duration of 5 to 10% of the overall period. [21] This
can be increased to 20% if the pulses are timed to coincide with when the object is at the
extremes of its motion when velocity is a minimum. By exposing the object to such a

short period of illumination, its motion is effectively frozen. {23]

The fringes generated are no longer a square Bessel function, as in the case of Time-
Averaged ESPI, but are of a cosine function, and represent regions of constant
displacement. The laser is either pulsed with a Pockel's cell (pulsed laser) or an optical

modulator (CW lasers) [1,12,21,23]

Anderson et al [23] studied stroboscopic ESPI, and used a vibrometer to modulate the
injection current of a diode laser. A vibrometer is a probe that measures the motion of a

point on an object’s surface and outputs it as a voltage. The vibrometer was used to
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synchronise the laser pulse with when the object was at the peak or trough of its vibration.
Anderson et al compared the fringe patterns obtained when using time averaged ESPI, and
those obtained using stroboscopic ESPI, and found a large improvement in the fringz
quality and order when stroboscopic illumination was used. In this case, the laser pulses
were timed to coincide with the minima of the object’s vibration. The pulsing of diode

lasers is discussed further in section 3.4.6.

Steinbichler [21] successfully used stroboscopic ESPI to investigate vibrating car engines.
railway bridges, turbine blades, disc brakes and car bodywork. He modulated the laser
beam with a Pockel’s cell at a pulse duty width of 5-10% and synchronised the vibration

of the object with the laser pulses.
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3.4.5 Other techniques

Some of the literature that was consulted indicated other techniques that have been
employed in ESPI investigations with CW lasers that are relevant to this thesis and are

described below.

CW lasers can be modified to produce a pulsed output, either directly by controlling their
injection current or by introducing a physical obstruction in the beam’s path. Anderson et
al. [23] showed that diode lasers can be made to pulse by controlling their injection
current, but this method was found to be unstable for frequencies lower than 10MHz. The
instability was the result of changes in the thermal properties of the diode laser as the
current was switched on and off and required an electronic equalisation circuit to
compensate for this. This required that the circuit resistance and capacitance had to be
matched with the particular diode laser. This matching is only specific for a particular
frequency and pulse duration, and if a different frequency or pulse duration is required,

the circuit must be correspondingly altered. [23]

A CW laser and a CCD camera with very high imaging rates can be used instead of a
pulsed laser. Moore et al [24,25] used a camera with a maximum imaging rate of 40 500
frames per second giving an exposure time of 24ps, instead of the typical 25 frames at an
exposure time of 20ms. This was aimed at reducing the effects of vibration on ESPI
inspection and negating the need for a pulsed laser. Using simple mathematics, they were
able to calculate the maximum possible exposure time that could be tolerated for any
given vibration amplitude and frequency. Moore was able to perform ESPI on a plate

vibrating at 198Hz using an imaging rate of 4500 frames per second, at an exposure time
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of approximately 0.22ms. The camera was not synchronised with the vibration frequency,
effectively meaning that the object was in random motion. Moore et al also performed
analysis on a car door vibrating as a result of the engine running without vibration
isolation for the interferometer. Again these were recorded at 4500 frames per second,
and yielded good results. These cameras that are capable of high imaging rates are
however much more expensive than normal. The resolution of the CCD (number of
pixels per unit area) decreases with increasing imaging rates. Thus the shorter the capture

period of the image, the lower the image intensity will be.

Sciammarella et al [35] designed a portable in-plane ESPI system that was capable of
eliminating rigid body motion that resulted from environmental vibration. It used a phase
compensation technique to eliminate environmental vibrations, which worked as follows:
A laser beam was split into two paths of equal intensity along a fibre optic cable. One of
these paths went to a piezoelectric crystal, and is then expanded onto the object. The
other path was expanded directly. A photo detector detected the phase change of a small
area on the object’s surface, which sent a corresponding signal to an electronic circuit,
which inverted it. The inverted signal was sent to the piezoelectric crystal, which
expanded or contracted accordingly. The change in dimension of the crystal caused the
optical fibre’s length to change, and hence the optical path length of the beam changed.

In this way, environmental vibrational effects were eliminated,

The system also allowed much larger stresses than normal to be measured by
compensating for the rigid body motion that occurs during loading. Normally these
stresses would not be measurable by the ESPI system, because the large deformations

would cause decorrelation of the images obtained. This was done by monitoring the
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change in position of two points on the object when a load was applied. The camera was
mounted on a platform with three degrees of freedom, and was moved by a similar

amount. In this way, the excessive whole body motion was eliminated.
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3.5 Camera and CCD operation

The Charge-coupled Device (CCD) 1s Lhe parl ol the camera that is used to obtain the
mmage and converl it inlo an clectrical signal. It is effectively a highly sensitive photon
detector, and is divided up inte many small areas, known as pixels. These arc used to
build up an image of the scene of interest. A pixel is about 10-20pum in size, and CCDs
typically have between 524 pixels high x 524 pixels wide and 1024 x1024 for commercial
closed circuil securily cameras, bul are much higher for scientific and specialised cameras

{c.g. 4096 x 4096 pixels). CCDs with rectangular aspect ratios are also common. [26]

A typical pixel construction 1s shown m Figure 3.6 below.

Electrode +¥

Insulato?
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w Fetesbnl well

Silicon subetrats

Al

Figure 3.6 Individual CCD pixel construedon {Side view}

A pixel is made up of a semi-conducting layer of silicon, covered by an insulating layer
and a positively charged electrode.  This electrode creates a “potential well” near the
surface of the silicon layer. If a photon incident on the elecirode has sulficient energy, il
can create an clectton-hoele pair in the in the silicon substrate.  The photon-generated
eleciron iz attracted towards the potential well that 1s formed under the positive electrode.
The number of electrons collected by each pixel is thus dircctly proportional to the

intensity of light falling on it and in this way a “charge packet” is formed. [15]
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Pixel Shift register

s JaysueL],

Fipure 3.7 Individual CCD pixel construction (Froot ¥iew)

After a predetermined period, the charge in each pixel is read out and transferred from the
CCD into the light-shielded shill register where they remain separated [rom the pixel areg.
{See Fig 3.7) After the charge packets have been removed from the pixel area, the pixels
are empty again, and begin to fill with electrons as incident light falls on them unti} the
next transter process. The charges are then lransferred inlo the second shilt register.
which (ransfers them line by line to the sensor output. This output is converted into a
corresponding voltage by an aniplifier. The voltage is filtered to remove noise and output

to & storage device or digitiser. [15]

There are two dilterent CCT) amrangements commonly in use, namely fmteriine Transfer
and Frame Transfer. The difference between them lies in the position of the shift register
in relation to the pixels, and hence the direction that the accumulated charge takes from

the pixel o the sensor onlpud,

Chapter 3 Baél_cé;al:ﬁd and Literature review 34
Reduced exposure time as a method of minimising the impact of vibration gn ESP]



3.3.1 Interline Transfer

In this kind of CCD. the charge is transferred from the pixels directly across the transfor
gale inlo a vertical shift register, which takes approximately 1us. Horizontal rows of
charge packets arc simultaneously transterred vertically down inte the horizontal shift
register, and subsequently transferred to the ouiput. Figure 3.8 shows the layout of an

wilerling transfor camera.
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Figure 3.8 Interline Transfer COD
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3.53.2 Frame Transfer

In this type of CCD, the shifl register is siluated below the pixels. After the integrution
period, the charge packets arc transferred line by line to the vertical shill register, a
process that takes approximately 300pus [15]. The charges arc then read out consecutively
through a horizontal shili register. Figure 3.9 shows the layout of a frame transfer CCD

CAITICEA.

Phrotoeells or
pixels

Transfer gate

Fisure 3.9 Frame Transfer CCD arrangemend
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3.5.3 Interlacing of fields

When the signal from the CCD output is adapted to a public broadcasting standard, odd
and even rows of pixels are read alternatively after a total integration time of either 40ms

for CCIR or 33.3ms for NTSC, which are the two most common standards.

These half images are known as fields. Field 1 would consist of line 1,3,5,7 and field 2
would consist of line 2,4,6,8 and so on. The odd fields are imaged and read out after the
first 20ms of the cycle, and the even fields are imaged and read out during the second
20ms for the CCIR standard. There are thus 50 fields (at 20ms per field) and 25 frames
(at 40ms per frame) recorded per second. These two fields are recombined into a full
image known as a frame. This procedure is known as interlacing, and is done in order to

avoid flickering on the monitor.

3.5.4 Application to ESPI

Spooren [15] investigated various aspects of the application and requirements of standard

CCD cameras when used for ESPI inspection. The following points are of relevance:

e Integration time control

It is possible to reduce the integration time (time during which the CCD receives and
quantifies incident light), and in order to provide a “shuttering effect” and investigate
objects with a CW laser under unstable conditions. When pulsed lasers are used,

shuttering in synchronisation with the laser pulses is a way to remove background
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light. The integration time of some interline and frame transfer cameras is adjustable

from 1/50000s to infinity.

¢ Read out synchronisation
It is possible to synchronise the laser pulse and camera pixel clock. The laser pulse
can thereby be synchronised so that it occurs during the active period of the CCD,
and not when the pixels are being read out, which would result in a loss of
information. It is also possible that if the laser pulse and the camera imaging are not
synchronised, part of the laser pulse is recorded during the end of one active period,

and the remainder is recorded during the beginning of the next.

Spooren [15] also compared the benefits and drawbacks of interline and frame transfer
methods with regard to ESPI investigation. He said that Interline transfer cameras are

better suited to pulsed ESPI than frame transfer cameras because:

e The time taken for the charge in each photocell to be transferred to the shift register is
much less for an interline camera (1pus) compared to that for a frame transfer camera
(300ps).

e Interline-transfer cameras are cheaper than frame-transfer cameras for similar

specifications.
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3.6 LC shutter operation

Liquid Crystal (LC) shutters work in much the same way as LC displays that are
commonly found in watches, laptop screens and instrument displays etc. They consist of
a sheet of liquid crystal material that is sandwiched between two orthogonally crossed
polarisers. They are normally transparent, but when a voltage is applied across them, they
darken, allowing little or no light to pass though them. By applying a suitable signal, a

shuttering effect can be obtained.

They come in three forms, namely Nematic liquid crystal, Ferro-electric crystals (FLC)
and Twisted Nematic (TN) crystals. They all use the same basic principle and the

difference between them is the construction of the liquid crystal material.

Conventional LCD’s found in watches and displays make use of nematic crystals, while
FLC crystals make use of Smectic C liquid crystals. The smectic C crystals are much
more ordered than the nematic crystals, making the FLC shutters capable of shutting
speeds of three orders of magnitude higher than conventional LCs. FLC shutters would
typically take 15us to change from either clear to black or black to clear, while
conventional shutters would take typically 2 or 3 ms [27, 28]. FLC shutters are, however,

substantially more expensive than the others.

The LC material has the ability to change the axis of polarisation of the light passing
through it, depending on whether or not a voltage is applied across it, as illustrated in

Figure 3.10.
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Two microscopically grooved surfaces are When a voltage is applied, the crystals
arcanged orthogonally to cach other. The crystals reairange themselves as shown above. The
limg themaelves up with grooves on the surlaces, light then passes through the material and
gradually twisting through 807 frum one surface the polarisation orientation is

ta the other, When light passes through the unalTeeled.[27]

crystals, the light's polarisation arientation
follows the crystal orientation, and is also

twisled through 907 [27]

Fipure 3.10 {a), (k) Rotation of lyht polarisation by LO eryvstal
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When z ihin layer of liquid crystal material {either nematic or FLC} is sandwiched
between two linearly crossed polarisers, it becomes a shutter, as shown in Figure 3.11

below,

Polariser |

L cell

Polariser 2

L. shutter in *black™ staic

When & voltage is applied. the shutter is i the “closed” or black state. Polariser | aligns the
incoming light into a vertical plane, The light passes through the 1O cell unaffected, and is blucked
by potariser 2, which is atigned in a horizomal plane,

Polarizer |

L eell

Polarizer 2

LC shutter in *clear™ state

When no voltage is applied, the shulter is “open”™ or elear state. Polariser b aligns the incoming
tght into a vertical plane. The light passing through the LC ceit is rotated by the cedi through 907
and passes through polariser 2.J12]

Figure 3.11(a) (b) Shutrering of light by LC shutter in opaque and transparent states respectively
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3.7 Lithium Niobate crystal operation

Lithium Niobate (LN} is a substance that has the ability to change the direction of
polanisation of light passing through il when a voltage is applied (o it. It requires much
higher voltages 1o do so than the LC shutter described above. [t operates on the Pockel's

effect or eleciro-opnic effect, which s described by Yanv |36].

The crystal can be used in comunclion with Lwo hmeatly crossed polarsers in vrder 1o
form a shutter and modulate a beam of light passing through it. The principle is the same
as Lhal described in Figure 3.11 above, except that in this case the light only passes
through the shutler when the vollage is applied, not when it is removed as in the casc of

the 1.C shutter. Figure 3.12 shows the principle of the LN shutter. [36]

Electrode

/ A— | *

Llectrode ‘

[_]_ Lithiwr Niobate cryscal | | T
I

Electrods

Lilhium Nipbale crvstal

Light ts

PR .
[
—1—

Llectrode l

Figure 3.12(a) {b) Shuttering of light by LC shuiter in opaque and transparent states respectively
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3.8 Insulated Gate Bipolar Transistor (IGBT)

In order to control the Lithium Niobate shulter, a voltage in the order of 2000V waus
required. This voltage had to be switched on and off accurately and at a snitably high

rate, ICGBTs were investigaled as a possible switching mechanism,

An IGBT is a iransistor that is capable of switching very high

voltages on and off. (Approximately 1200v, although this

)

varies from modcl to model) Current is allowed to travel .

from the collector to the emitter if & voltage is applicd to the

gate terminal, The amount of current that is allowed to pass Figure 3.13 Mustration

i : : . of IGB'] eonnections
ihrough the transistor is proportional to the voltage applied o

the gate.

By modulaing the gate voliage, IGRTs can be made to modulate the eolleclor-emitier

voltage, and thus replicate voltage cyeles, for example sguare waves,

If the collector-emulter voltage required 15 larger than the maximum rated voltage of the
IGIT, it is possible to connect several 1GBTs in scrics, and divide the vollage among
each of them. [32] This, however, requires special control to cnsure that they each receive

equal voltages, or there is a nsk of damaging the IGBT,
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Chapter 4 Experimental procedure

4.1 Theoretical approach

The intention of this project was to reduce or eliminate the effect of vibration on the
successful capture of ESPI images and two techniques were investigated for this purpose.
Baoth techniques essentially had the same objective, namely te reduce the duration of the
cametra CCD exposure pened, thereby creating a shuttening effect. If this period were
sufficiently short, the object’s motion would be frozen, and would no longer present a

problem.

The first technique was the amplitude modulation or pulsing of a Continuos Wave (CW)
laser. This was done using two different slotied discs, a Liquid Crystal shutter and a
Lithium Niobate shutter. The second technique investigated was the use of the camera’s

built-in shuttering capability.
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4.2 ESPI Inspection

4.2.1 On Table Inspection

ESPI inspection of the object was inilially performed on an optical table at UCT using the
different shuttering methods to investigate the eflect of various parameiers, mefuding the
characteristics of each of the shullering methods. In order to allow comparnison between

these conditions, the ESPI set-up was constructed in the same way in each case. The

lavout is shown in Figure 4.1below.

; ey
Mitror | 4 Feference beam
Feam splitter
e
Frame = 7‘:3
grabber | i
COpLer
Whrror

210mim
SO0

I Thsplacement d

-

Figore 4.1 ESPT arrangement used during on talle inspection
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The laser used was a He-Ne with an cutput of approximately 8mW. The expanding
lenses were 40x microscope objective lenses and the camera was a Sony SSC M-370CE.
The camera’s Automatic Gain Contrel (AGC) was on for all the images thal were
captured. The -:Omputer: used custom software that was written by Mr D Findeis of the
Department of Mech Eng at UCT to perform the inspection procedure. The scftware
allows the user several options, such as real-time ESPI and double exposure ESPI,
amongst others. The program is also able to provide light intensity plots of the ESPI
image that 1s obtained along erther rows or columns. It also allows the ESPI images to be

saved as TIFF image files.

Onee the pulsing metheds had been tested on the table, the object was placed on the
ground, and inspection under various vibration conditions was performed. Inspection was
carried out while the object was at rest and while a compressor and loudspeaker were
exciting it. In this way three different vibration environments could be investigated,
namely naturally occurring environmental vibraticn, simulated mndustnal vibration from

the compressor and loudspeaker vibration.

The laser, camera and optics remained on the helographic table. This was done in order
to sirpulate a portable vibration resistant ESPL systern thal was under development at
UCT., In tlus systern, the optics (including the camera. beam splitter, mirrors and
expanding lenses) were to be mounted on g firm platform that would be supported on a
tripod. The tripod would rest on inflatable tyres in order to eliminate or reduce the

vibrations transferred to the optics. The object under inspection would rest on the ground

without any vibration isclation.
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4.2, 2 Environmental Excitation

While the test specimen (a4 section from a helicopter Lail rolor blade) was ofl the
holographic table, LSPl images were captured using a selection of the pulsing methods.
The vibration experienced by the lest specimen were recorded, allowing for comparison
and making it possible to observe the effects that environmental vibration had on LSPI

inspection.

4.2.3 Compressor Excitation

A small izble compressor was run =
AR PR RIS Compressor™”

near the object in order to induce
vibration and simulate an indusinal
environment. The laser was pulsed
using the large dise, LN shutter and

Cametn

camera shutter, and LSPI performed.

Figure 4.2 (Hf-table ESP1 arrangement with
compressor tiexcite test specimen

4.2.4 Loudspeaker excitation

A loudspeaker was used to excite the object
under investigation. The loudspeaker
excited the test specimen at 21411z, having
a period of 4.67ms. and the vibration level

recorded.

Figure 4.3 Test specimen excited by londspeaker
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4.3 Specimen inspected

A section from a hehcopter tail rotor blade -
with two deliberately induced flaws on ils -
surface was inspacted. One of the flawsis a
pinhole of approximately 0.5mm and the | =
other is a slil approximaltely 30mm long and

0.35mm wide as shown in Figure 4.6, &

Although these were all visible surface flaws
SRR« Y
the technique is just as suited 1o subsurface v b g PR e b i el et
Figure 4.4 Tail rotor shawing flaws
Naws, as long as the deflect afTecls surface

displacemenit.

Fipure 4.3 shows the construction of the rotor.
Il comprizses of an ouler skin that is bonded to
the spar al the leading edge and clamped at the
irailing edge. The rest of the rotor section 1s

filled with @  aluminivm  honevcomb

structure. The spar determines the leading filler skin

Figure 4.5 Tail rotur construction

edge shape, and the honevcomb provides a
measure of structural strength.  The slit and pinhole flaws were in the outer skin, where it

1z bonded 1o the honeveomb section.

Thermal stresses were applied to the tal rotor by a blowing hot air from a hairdrver onito

the region around the [aw.
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4.4 Vibration simulation and measurement

An accelerometer was attached to the
helicopter tail rotor blade to enable the
vibration of the blade 1 be measured.
The accelerometer outputs a voltage that
is proportional to the acceleration thal the

accelerometer experiences. The voltage

was measured and recorded on a Figure 4.6 Acvelerometer mounted on rotor scetion
compuler using a Handv-Scope. A Handv-Scope is a digital oseilloscope that connects
directly to a computer. The Handy-Scope provided values of voltage and corresponding
time, which were inserted into a Microsoft Excel spreadshect. The voltages obtained
were converted into acceleration values in the spreadsheet using the voltage/acceleration
value of 100mVY/e, or 10.19mV/m/s®. The specification sheet of the accelerometer is

included as Appendix 4,

A simple equation was used to calculate the instantancous velocity and displacement.
These equations could not be applicd to random vibration, beeause the vibration is made

up of a spectrum of frequencices.

P Egn 4.1
2t
. Eqn 4.2
- f°

Where a is the instantancous acceleration of the object
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v is the instantaneous velocity of the object

d is the instantaneous displacement of the object

f is the frequency of the applied vibration [33]
These equations did not take the phase shift that occurs when aceeleration is integrated
into velocity, or when velocity is integrated into acceleration imte uccount. This
shortcoming could be overlooked since the magnitude of the displacement was of

importance, and not its phase.
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4.5 Laser pulsing using an electric motor and large slotted disc

A simple apparatus was  set-up
consisting of a circular disk with
two trisngular holes m it, a DC
motor and @ variable power supply.

as shown n Figure 4.8 below.

The dise was placed in froant of the

laser aperture, and the laser ]]ght Figure 4.7; Large disc and motor

was disrupted as the disc rolated. The intention was to show that ESPI images could be
satisfactority capturcd using a “pulsed faser™, without having to go to the expense of a
more specialised system. A motor was found that was able to maintain the required speed
to an acceptable degree of accuracy. 'The motor spun the disc at 1500rpm(23ms), which
would provide 3000 pulses per minute, or 50 pulses per second, This speed was chosen
in order to co-ordinate the laser pulses with the camera field rate. The holes were shaped
in such a way that it would be possible to vary the laser pulsc duration casily by simply
changing the position of the laser along the radius of the disc, while maintaining the sume

pulse frequency.

The effcetive period of the laser pulse was calculated as follows:

L L Eqn 4.3

Ham g protse

Which gives s=rar, ¢ Eqn 4.4

g
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Solving fortgives ¢ ., = Eqn4.5

rm{! [

Where: s 1s the chord length of the cut-out,

Viung 18 the tangential velocity at the point where the laser is chopped

toutse 15 the duration of the laser pulse.
tqise 18 the rotational speed of the disc

r is the point on the disc radins through which the laser shone

A Microsoft Excel spreadsheet was used to perform these caleulations, and is given as

Appendix 3.
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4.6 Laser pulsing using a stepper motor and a slotted disc

A stepper motor was also investigaled
and g small model out of a printer (a
uni-potar  Lpson  SM-IO40)  was
localed. The model seleeted was much
smaller than the motor used with the

previous dise, and would be capable of

higher speed accuracy duc to the

Firnre 4.8 Stepper motor, dise and controller eircait

natore ol its construcpon.  The stepper motor required much meore complicated
¢leetronies to control it than the motor previously used. The disc and controlling cireuit
can he geen 1o Figure 4.8, The electrenic circuit was built and provided by Mr & Graber

of the Department of Mechanical Engineering al LUCT.

T order 1o reduce the rotational speed at which the dise wonld operate. and stiil maintain
the correct pulse rale, maore slots were cut imo the dise. Twelve slots would provide the
reguired 50 pulses per second, 11 the disc were rotated gl 250rpm instead ol lwo slols al
1300rpm.  Apain the slots were designed 1o make (he pulse widih adjustable, and the
pulse duration was calculated using Fquation 4.5, The drawing ol this disc is atlached as

Appendix 5
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4.7 Laser pulsing using a Liquid Crystal (LC) shutter

The nexi shutier that was investigated was an electronic liquid crvstal (LC) shutter. This
15 effectively a window that is normally clear, but when a voltage is applied across it, 1t
darkens. allowing little or no light 1o pass though it. These shutfers are compact. and

units 10mmx10mm are commercially avatlable.

The clear advantage of these shutters over the motor arrangement is their small size and
vibration-free characteristics, They would also be much easier 1o control il a custormsed
pulsing sequence was needed. Whereas the disc-motor set-up can only pulse in an on-off-

on-off sequence, the shutter can provide any sequence that is desired.

A LC shutler was sourced from a
pair of 3-D gogsles. One of the
shutters was removed and iz shown

in Figure 4.9,

These goggles are uswally used to e

allow computer games to be viewed \

Figure 4.9 LC shutter

m 3D when wom by the user. Two
of these shufters operate together, and darken altematively, While the left shutter is
blocked, the right shutter is clear, and the computer monitor displays the image as would
be seen from the right eve’s perspective. The right shutter then darkens and the left
shutter becomes clear, The computer meonitor then refreshes and displays the image as it

would be seen from the left gye’s perspective.  The shutier then reverses again and the
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cycle continues. By using a sufficiently high alternating rate, the user has the perception
that he is seeing in three dimensions. These goggles typically refresh at SOHz, meaning

the shutter opens and closes once during the 20ms period.

I

Optimal contrast between the clear and black states of the shutter was obtained when it
was oriented at 45° to the horizontal. A possible reason for this is that the crossed
polarisers were oriented at 45° and 135° respectively, while the laser beam was vertically

polarised.

A pulse generator was used to supply a 12v square wave voltage to operate the shutter.
This particular pulse generator allowed the frequency as well as the duty width or pulse
duration to be varied. The duty width, duty cycle or pulse width all refer to the amount of
time that the shutter is open compared with the amount of time that it is closed, and can

be expressed as a percentage.
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4.7.1 Characterisation of the LC shuttering ability

The light transmission and dynamic response of the shutter to the applied voltage was

measured with a laser, an oscilloscope and a light sensitive diode, as illustrated in Figure

4.10 below. The light that was emitted from the laser was shone through the shutter and

measured by the light sensitive diode. The diode outputs a voltage proportional to light

incident on it, and this voltage was compared to the high voltage applied to the shutter.

One oscilloscope channel was used to measure the voltage applied to the shutter, and the

other was employed to measure the response of the light sensitive diode. In this way, a

direct comparison could be made between the two. By simple proportion of the voltage

across the light sensitive diode, the transmission of the shutter in its transparent state and

black state were calculated using equation 4.6 and 4.7 below.

_p Voltage
Transmission(clear) = 008 ke Eqn 4.6
VO ltag eNosh utter
. Voltage
Transmission(Black) = L0108  piack Eqn 4.7
VOhageNoshuner
Polariser sheet Polariser sheet Beam expander

Laser LC Crystal

JuUu
Signal

e g

o e o s s oo

Light sensitive
Diode
®

Generator

Figure 4.10 Procedure to measure LC characteristics

1)2(

e Handy-Scope
1 Oscilloscope
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4.8 Laser pulsing using a Lithium Niobate (LN) crystal shutter

A Lithium Niobaie (1N} crystal shutter was also investigated. ‘The principle used to
investigate it was the same as thal lor LC shutier, excepl that only a single polariser was
necessary because the lascr being used emits polarised light. The Lithium Niobatc crystal

and plastic mounting is shown in Figure 4.11

Fizure 4.11(a} (h) Lithium Nighate crystal side and end view

4.8.1 Construction of the Lithinm Niobate (LN) control circuit

Lithium Nicbate crystals require very high voltages (approximately 2000V} in order (o
operate. 'This voltage can be Alternating Current (AC) or Direct Current (DC), DC being
the preferable option. In this case, DC' was essential because of the wide range ol pulse
widths that were to be investigated. The degree of polarisation rotation, and hence the
shuttering ability depend on the voltage applied. This voltage will not be consislent at the
peaks 1f AC is used. By using a DC signal, the same vollage would be applied to the

shulter during the entire time that it was open. regardless ol the pulse widih.
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The Flecirical Fngmeenng Depariment of UCT suppliad a suilable transformer thar
would provide up 1o 3000V AC from 11OVAC inpul. The input voltage was supplicd hy a
variac, which 15 cffectively a vanable wansformer, and 15 capable of providing an

adjustable range o AC vollages.

A high voltage reetilier and an ulira fast switching svslem using Tnsulated Gate Bipolar
Transistors (1GRTs) was buil based on the cireuit diagram illustrated in Figure 412, 1
was only possible o oblain 1GBTs (GTRQLOL GBTs) with & maximum rating of 1200y,
30 it was necessary to stack scveral IGBTS in serics to reach the required voltage. Three
IGRTs were used, because a1 the ume that the et was buslt, little was known about the
cryatal's propertics, and voltage that would be required. A conservalive estimate of

3000V was initally predicled.

The H3BTs used had the following swilching time charactenistics: [31]

N ! Typical time (ps) | Maximum time (ps) |
‘Risctime 0.3 0.6 SR
‘ 'I’iu‘ﬁ-on_ tinie #0:4 .5 '

ball time i 1
Tum-olf time 0 1’15

Tuahle 4.1 (BT churacleristics
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Figure 4,12 Rectifier and 1GBT circuit

The nght-hand branch of the circuit is a rectifier that converts the incoming AC voltage

into DC voltage. The AC voltage 15 supplied by the oulput of the (ransformer. The left-

hand side of the circuit is the switching side. The capacitors on the 1GBT side were

necessary to ensure that each of the 1GBTs had the same voltage across them and none of

them expericnced an excessive voltage spike dunng swilching on or off
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The circuit was housed in a box to
ensure mimmai contact of the
operator and surroundings with the
high-expecied voitages. I'wo of the
connections were for the incoming
AC woltage from the transformer,

and the other two were [or the

output of the rectified and switched  Figure 4.13 Lithinm shutter control bux
DC voltage which was 1o be applied 1o the shotter. The BNC connection was the signal
input from the signal generator that controlled when the circuit would apply the voltage to

the shutter.

4.8.2 Characterisation of the High voltage circut

Once the circuit was built and the initial problems resolved the IGBT circuit response was
analysed. ‘This was done by using an oscilloscope o measure the applied voltage signal
{from the signal generator in relation to the high voltage coming out of the cirenit and onto
the shutier, as shown in Figure 4.14. 'The high voltage was measured with a high-voltage

probe [rom the Electrical Engineering Departnient.

Signal W
Generator | -

[ I ]
Iligh voltage “'gl} vol_tagc
. & Probe cirenit Transformer
» » L # + - -
Handy-Scope o » . s — » .
Oseilloscope

Figure 4.14 Procedure to ncasure circuit responsc
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4.8.3 Characterisation of the Lithium Niobate crystal’s shuttering

The light transmissien response of the shutter was then measured using the procedure in

Figure 415 A He-Ne laser was shone through the crystal and the cutput measured with a

light sensitive diode. The diede outputs a veliage proportional to light inctdent on it, and

this voltage was compared Lo the high voltage applied to the shutter. Equation 4.6 and 4.7

were used agam to calculate the iight transmission through the shutier.

Laser

Polariser Beam expander
LiNbt} -| ——————————————— ~G ____________ Light sensibive
L I L ] i &
il FR
HY
controller * . ; Ii;n::!i*,;-&upe
circuit seilloscope
.

Figure 4.15 Procedure to measore LN shutfer characteristics
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4.9 Shuttering using the camera’s built-in shutter facility

‘The camera used to record the ESPI
images was a Sony S5O M370CE
black-and-white TV camera. It 18 an
inlerline transfer camera with a CCD
area of 6.3 x 4.7mm. The CCD has

752 x 582 pixels giving a pixel size of

approximately 8um. including the

Figure 4.16 Camera used to perform ESP]
inspection (Sony S5C MITO CE)

transter pate and shill register. [t
captures images at 25 frames per second, and each frame is comprised of two fields.
giving a field rate of 50H-  The camera has a buili-in Automalic Gain Control (AGC)
facility, which can be used in low hight conditions to improve the sensitivity of the CCD.
[L also has a built in shuttering facility with eight shuttering timies thal can be selected
through a dial within the camera, The shuller time determines the period of time for
which the camera picks up image information during each of the 20ms field capture
periods. Thus, when the shuller 15 set 10 4ms, the camera caplures the image information
for only 4ms oul of the total 20ms and is idle for the rest of the field’s duration. These
shuttering times are 20ms. 8.33ms. 4ms. 2ms, Ims, 0.5ms, 0.25ms and (.Ims. 'The
camera also has a synchromisation facility, so that the camera image capture can be

synchronised Lo an external device or vice versa.,

The built in shutter facility was investigated as a possible method of reducing the CCD

gRposure time,
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4.10 Image Editing

The ESP! images caplured were edited after being captured in order to improve their
clarity, Tt was hecessary to adjust the brightness and contrast levels 1o make them visible,

sometimes quite substantially.

The CCD is 752 pixels wide x 582 pixels high and 15 digitised by a frame grabber that is
512 x 512 pixels. Consequently, the Tinge pattern is not an actual representation of the
object’s proportion. The 1mages obtained were therefore widened by 33% in order to

correct thelr aspect rattos.

Graphs of light intensity variation of the final fringe pattern were also obtained. These
were taken along a single line of the ESPI images, which 1s indicated by a white line on
the images themselves. The plots are shown in a bar graph format that 1s scaled from 0 to
253, On this scale, 0 indicates 3 complelely black pixel, and 255 indicates a completely

white pixel. Values between these extremes are varying shades of grey.
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Chapter 5 Results

5.1 Calibration and evaluation of equipment characteristics

5.1.1 Accelerometer calibration

An acceclerometer was used to quantify the magnitude of the object’s response to
various vibrational conditions. Tt was calibrated in order to ensure that accurate
resulls were obtained using a calibration device that provides a very specific vibration

to the accelerometer.

Figure 5.1 below shows the accelerometer calibration curves for acceleration, velocity
and displacement. The curves correlate well with the applicd vibration of 159.2Hz
(+1%), with 2 maximum acccleration of 10mis® (£3%), a velocity of 10mm/s (£4%)
and a displacement of 10pm (£3%). The accelerometer and formulae used to
calculate the object’s velocity and displacement can thercfore be considered

suffictently accurate.
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Figure 5.1{a}— (¢} Calibration graphs of Aceeleration, Velocity and Acceleration
response for aceclerometer when subjected to specific calibration vilrration
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5. 1.2 Characterisation of the Ligutd crystal (LC) shutter

The T.C shutter’s elfectivensss was tested using the procedure described in Scction

4.7.1 and the folloveng results were obtained fur the He-Ne laser light (632nm),

Condition Voltaze (V) T'ransmissibility (%)
Mo shutter present 04075 100

shutrer open 1.325 708

Shutter elosed 00003 {

Table 5.1 Transmissilility of light threugh LOC shotler

Figure 32{1) — {c} on the following pape shows graphs of the shutter’s light
transmission response o the apphied control voltage with respect to tirne, Note that
the voltage scale is wverted to allow direet comparison with the light transtssion
curve, When the 12v signal 15 applied to the shutrer, it darkens. This is shown by a
decrease m the light transmassion through the shutter. Fuigure 5.2(a) gives an overall
indication of the shulter response. Ay indicared in Figure 3.2(¢), the shurter responds
relatively quickly when the voltage is applied, and darkens in approximately 0.9ms.
This 15 not the case when the voltage s removed and the shatter opens, as illustrated
i Figure 5.2{b}, Tn this case, the shutter takes approximately 2ms to reach the first
platesy. Fhis oeeurs when the transmisston of the shutter has reached approximately
of s 80% vpen sate value, and g further 3.5ms 1o reach (s maximunl transimission

condition.
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5.1.3 Characterisation of the high voltage circuir

The response characterisltics of the circuit that would be used to control the LN shutter
were investigated using the procedure described in Section 482, An oscilloscope
was used to measure the input control signal (10V) from the signal generator in
relation to the high-voltage output signal {up to approximately 2000V), which it
supplied to the LN crystal. The circuit was tested at a frequency of 50 Hz and over a

range of pulse widths. The results are shown in Figure 5.3(a) ~ (f).

The circult was able to provide a moderately stable square wave for pulse widths as
low as 0.1ms and up to approximately 2ms. Below 0.1ms, the pulse became rounded
due to the slow high volrage decay (approx. 0.lms) as the voltage decreased, as
shown in Figure 5.3(a). Consequently, the pulse was not square as desired for short
pulse widths. This was probably caused by the capacitors on the IGBT side of the
circuit that were holding charge, and thus slowing the decay after the IGBTs switched
off. Attempts were made to rectify this problem by lowering the capacitance of these
capacitors, but did little to improve the situation. The IGBT circuit requires some
capacitance to ¢liminate possible volitage spikes across the IGBTs during switching,
as well as to ensure that the voltage was shared equally between all the IGBTs. For
this reason, the capacitors could not be made too small or be removed entirely. As the
pulse width increased beyond 2ms, the circuit was no longer able to maintain the
square pulse shape. This is because the capacitors of the rectifier ¢ircuit that are used
to smooth the rectified AC voltage were being drained to a point where they were
unable to hold suflicient charge to sustain the square shape. The resulf is that the

voltage decreases by approximately 3% over a pulse duration of 2ms as shown in

Chapter 5 Results 67
Heduced exposure time as 8 method of minimnising the impact of vibration on ESPI



Figurc 5.3(c). This is more evident in Figures 5.3(d) and () that had pulse widths of
10ms and 15ms respectively. In these cascs, there is a component of the rectificd AC
voltage is imposcd on the output. This becomes very apparent 1f the pulse wadth 1s

increased further, Thiss itlustrated for a pulse width of 20ms in Figure 5.3(1).
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Figure 5.3(a) - (f) Graphs of circuit response to applied sigoal vs. Time for 0.05ms, (.23ms, 2ms,
10ms, 15ms and X0ms respectively
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5.1.4 Characterisation of the Lithinm Niobate (LN) crystal shutter

The light transmission of the LN shulter was investigaled using the procedure detailed
in Section 4.8.3. The following results were obtained. The polariser (ransmmission
was measured with the polarisation diection in the same plane as the laser

polarisation (1.e, (the maximum transmission orientation).

Condition Voltage (V) Transmission (%)
Mo shulter present 0.708 160 |
Polariser only 0.287 40.5

[ Shutter open 0216 30.6
Shutler closed ooz 033

Tahle 5.2 Light transmission threough LN shutter

There is a significant loss of light due to this polaniser, reducing ihe eflective hight
passing through the shutter o 40% alone. This had serious implications on the ability

to capture ESPI images, especially at short pulse durations.

The light shuttering response ol the LN shutter to applied voltage was measured, The
optimal voltage that was applied to the crystal was lound experimentally by varying
the voltage untl the hight transmission was maximised. The voltage thal provided the

highest light transmission was found to be approximately 1400V,

A curions phenonienon was observed when using the crystal. The light ransmission

through it varied dramatically by simply moving the orientation of the crystal relative
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to the laser beam. It was found that to minimisc this effect, and to obtain the highest
degree of transmission, the LN crystal’s surface should be perfectly perpendicular to
the incoming laser beam.

|
Figurc 5.4{a} to (f) below shows the crystal’s response to an applied voltage for pulse

widths of 0.05, 0.1, 0.5, 3, 10 and 20ms respectively.

In Figure 5.4(a) the shuttcr was still opemng when the voltage was removed,
cvidenced by the fact that the shutter had not reached the maximum transmission
value of approxamately 34%. In Figure 54(b) and (c) the shutter has opcned
completely and this took between 0.1 and §.15ms, where as it took between 0.15 and
0.2ms to close. These responses are thought to be detayed by the slow voltage risc
and decay, and if this can be improved, an improvement in the shuttering hmes would

be likely.

Figure 5.4{d) and (e} shows that the shutter’s light transmission does not deviate

excessively from the maximum values, although the apptied voltage varics slightly,
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Figure 5.4(a) —(f) Graphs of LN shutter responsc to applied voltage vs. Time for 0,05, 8.1, 0.5, 3.0, 1.0
and 20.0ms respectively
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5.2 Editing of ESPI images

As the laser pulse widtih decreased, the brightness of the ESPI images that were
captured decreased accordingly. This was due to a reduction in the amount of light
captured by the camera CCD as the effective light integration time decreased. Some
of the images obtained needed to be edited after being captured in order to obtain the
correct brightness and contrast ratios and enhance the fringe definition. In extreme
cases, the brightness and contrast of the images had to be increased to such a level
that background noise in the images and camera electronics became a dominant
feature, and overrode the object image itself. Normally this background noise would

be at such a low level compared to the object image that it would not be noticed.

Intensity plots were acquired from the ESPI program, measured along a single row or
column of the image. They are an indication of the light intensity before image
enhancement was performed, and is therefore an indication of the actual light levels
reaching the camera CCD, although not a conclusive value. The light levels reaching
the CCD are determined by the amount of light passing through the pulsing

mechanism, the size of the camera iris and the light level of the reference beam.
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5.3 ESPI inspection with no external vibration

ESPI inspection was per'formed on the holographic table with no applied vibration in
order to illustrate of the effect of decreasing the exposure period. It also enabled a
comparison of the results obtained when no vibration was applied with results
obtained when vibration was introduced. The effect of vibration isolation methods

such as pulsed ESPI was also considered.

The light levels of the disc pulsed images should be the same or similar to those
obtained when the camera shutter is used, since there is no light lost when the light
passes through the disc. This would not be the case for the LC and LN shutters, since

they each have their own inherent transmission loss.

5.3.1 ESPI inspection with no excitation of object using large disc

Figure 5.5(a) ~ (f) below shows the ESPI images of the blade recorded when it was
mounted on the table. The images were captured using the large disc and motor to
pulse the laser between 20ms and 0.5ms. The light intensity plots show the decrease
in intensity levels as the pulse duration decreases. This is mirrored in the unedited
ESPI images dn the left, which became steadily darker as the shuttering time
decreased. In the enhanced images, the fringe patterns remained clear and well
defined (although there was a loss of definition) to as short as 0.5ms, which was the

shortest duration that could be achieved with the large disc.
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5.3.2 ESPI inspection with no excitation of object using stepper motor

and disc

Figure 5.6(a) -- (f) shews the ESPl images of the blade captured while it was on the
holographic table, The laser was pulsed by the stepper motor and dise fer durations of
between 20ms and 1.Ims. Again, the decrease in light in the unedited images and
intensity maps is apparent as the pulse duration decreases. The elarity of the images
is good throughout the senes for the cnhanced irﬁagcs, although the unediled images
are only clear to 2.4ms, whereas in the cage of the large dise il was clear for the 1.9ms

Irnage.

The light levels are lower than those recorded with the large dise and motor (Figure
5.5) for similar exposure periods. The reason for this is unclear, although 1t 1
possible that the set-up was slightly different on the two instances, ¢.g. the iris may
have been more cpen in the first case, or the reference beam mntensity may have been

higher.

The enhanced images all shew clear fringe patterns across the series.
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5.3.3 ESPI inspection with no excitation of object using LC shuiter

Figure 5.7(a) — (e) shows the IESPI images of the blade captured while it was on the
table, using the LC shutter 1o provide pulses between 10ms and 2.0ms. As the pulse
duration is shortened, the images obtained show a general decrease in light intensity

and fringe definition.

None of the uncdited images are clear, and when compared to the images obtained
using the large dise and meotor as well as the stepper motor and disc (Fig 5.5 and 5.6).
there is a clear reduction in hight intensity levels for similar pulse durations. This
indicates the effect of the lower hight transmission and slew response time of the LC
shutter. The enhanced fringe patterns are of reasonable clanty, although the images in
Fig 5.7(d} and (¢} are becoming unclear as a result of low light levels. The LC shutter
was unable to pulse the laser below 2ms due to the reduced light transmission and

poor response characteristics.
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5.3.4 ESPI inspection with no excitation of object using LN shutter

Frgure 5.8{a)-(f) shows a serics of ESPI images and intensity plots of the rotor blade
that were captured on the table using the LIN shutter to pulse the laser at various pulsc

durations between [ Oms and O 1ims.

The unedited 1mages are completely imconprehensible because of low light levels.
The ntensity plots alt show low levels of intensity, indicating the dimmmshed hgit
level that reached the camera. The enhanced images are visible, and the clarity is
reasenable for pulscs as short as .5ms. These poor light levets are due 1o the poor

hight transmission ol the LN shotter.
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5.3.5 ESPI inspection with no excitation of obfect using camera shutter

Figure 5.9%a) — {¢) below shows a series of ESPH images of the rotor blade that were
capturcd while it was on the holographic table. The images were captured at 20ms,

#.33ms, Z2ms. 0.5ms and 0, lms using the butlt-u camera shutter.

There 1s a general deercase in light intensity in the unedited ymages and intensity
plots. The unedited images are sufficiently well defined to as low as 2Zms, They show
similar ntensities to those captured when the large dise was used o pulse the laser.
{Fig 5.5). The enhanced images are clear for exposures as short as 0.1ms, which was

the lowest shuttering speed ot the camera,
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5.4 ESPI inspection with external vibration and reduced
shutter time

ESPl was performed on the object for certain vibration scenarios, including
environmental vibration, and exciation using the compressor and loudspeaker, The
gxpanding lens was moved closer to the object in order to provide a higher

illumination level and hence better quality images at very shoot shutter durations.

It became apparent that due to the random nature of the vibwation the capiure of
acceptable finge patterns was rather haphazard, For this reason, a senes of [0 images
were captured in order to illustrate the general frend that was occurming as a result of
these different conditions. The images were all captured using the camera shutter

because of its ease of operation and low light transnuission losses.

These images were all enhanced to similar levels in order to enable comparison

between those obtained at ditferent shuttering periods.
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Figure 5.10 below shows the graph comparing the vibration level experienced by the

test specimen under the different conditions.

The random characteristics of the

environmental and compressor vibration are clearly shown in this graph.
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Figure 5.10 Graph of Acceleration vs. Time for environmental vibration, compressor vibration
and loudspeaker vibration as experienced by the test specimen
Chapter 5 Results 84

Reduced exposure time as a method of minimising the impact of vibration on ESPI



5.4.1 ESPI inspection of object exposed to environmental vibration

The object’s response to environmental vibration was measured. This vibration is
I

clearly not constant over time, and results obtained are just an indication of the

magnitude of expected vibration. The actual vibration of the object during any one of

the ESPI inspections may therefore be different to that which was recorded.

Figure 5.11 below shows the Acceleration vs. Time graph for the object when

environmental excitation was applied. Note the arbitrary “spike” in the middle of the

graph.
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Figure 5.11 Acceleration vs. Time graph experienced by test specimen when subjected to
environmental excitation
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Figure 5.12 (a) — (d) below shows a series of 10 ESPI images of the test specimen
exposed to environmental vibration that were captured with the camera shutter at
periods of 20ms, 2ms, 0.5ms and 0.1ms.

|
When the shuttering time was 20ms, only six out of ten images obtained were thought
to be acceptable. This increased to eight when the period was reduced to 2ms and to
ten when the period was further reduced 0.5ms. It did however decrease to eight out

of ten when the period was shortened to 0.1ms.
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5.4.2 ESPI inspection of object exposed to compressor vibration

The compressor was used to excite the obyect 1o order to simulate a random vibration

that could be expected in an industmal environment. Figure 5.13 below indicates the

Acceleration vs. Time graph of the blade when it was mounted placed on the ground

while the compressor was running nearby.
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Fipure 5.13 Accelerafion vs. Time graph as experienced by test specimen when excited by
compressor vibration
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Figure 5.14 {(a) — {d) shows a senes of 10 ESPI images of the test specimen (blade)
exposed to compressor vibration that were captured with the camera shutter for

periods of 20ms, 2ms, 0.5ms and 0. 1ms.

QOf the images that were captured aver 20ms, only fwo out of ten images can be
considered successful aithough there is evidence of smudging in all of them. This
improved significantly when the images were captured over 2ms, when a success rate
of nine out of ten 1mages was attained, Seven out of the ten that were captured were
suecessful when the camera shutter was set to §.5ms, and five out of ten successitul for

0. lms.
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Figure .14 Series af ) ESPI imagres of test specimen exposed to compresser excltation caplored
with camera shut er at exposure limes uf 20ms, 2ms, {1.5ms and 0.Ims respectively
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5.4.3 ESPI inspection of object exposed to loudspeaker

vibration

|
The blade's response o the applied excitation was measured and is illugtrated in
Figure 5.15(a)-(c) below. This shows the Acceleration, Velocity and Displacement

response graphs of the test specimen when excited at 2 {4Hz.
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ESPI inspection of the blade was performed while the loudspeaker excited it at
214Hz. Figure 5.16(a) — (d) shows a series of ten images of the object subjected to
loudspeaker excitation, using the camera shutter with exposure times of 20, 2, 0.5 and
0.1ms respectively. The' images captured at the full 20ms show two very distinctive
areas. There are areas where the fringe lines are clearly visible, and areas where no
fringe lines are formed at all. This is a result of the formation of standing waves in
the test specimen. Fringe lines are visible in areas of the blade that correspond to
nodal regions, and areas where no fringes are formed correspond to anti-nodal
regions. During the 20ms period, the test specimen undergoes 4.3 cycles of
oscillation due to the loudspeaker excitation. The movement that occurs as a result of
this vibration smudges the fringe pattern and will obviously be more apparent in the
anti-nodal region. As the shuttering period decreases, the fringe lines encroach
steadily more into the anti-nodal regions. The reduced shuttering time means that
there is less displacement of the object during the imaging period, and the smudging
effects are eliminated. For 2ms, the test specimen undergoes 0.43 cycles, 0.11 cycles

for 0.5ms and 0.0214 cycles for 0.1ms.

In Figure 5.16(a), which was captured at 20ms, the fringe patterns are only visible in
the nodal regions and there are no fringes in the anti-nodal regions. Some of the

fringe lines are however smudged. These images are therefore not satisfactory.

In the images captured at 2ms, there is a clear improvement in fringe clarity, although
there is general smudging along the anti-nodal areas throughout the series. The fringe

lines cover much of the anti-nodal regions that were previously not seen.
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The images captured at 0.5ms are on average substantially clearer, although one is
indecipherable. The fringe definition is better than that of Figure 5.16(b), captured at
2ms. The smudging is also less conspicuous.

i
The images captured at 0.1ms also show well-defined fringe lines, although there is

smudging in three of them along the anti-nodal region.
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Figure 3.16 Series of 10 ESTT images of test specimen expesed by lowdspeaker excitation
captured using camerz shitrer at shuttering times of 20ms, 2ms, 0.5ms and 0.1ms respectively
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5.5 The capture of ESPI images using selected pulsing
techniques

ESPI inspection of the test specimen was performed under vibration conditions using
the large disc, the LN shutter and the camera shutter to provide reduced exposure
times. This enabled comparison of these methods and would assist in establishing
which method was preferable to the others. It should be remembered that the capture
of successful images was a hit and miss procedure. This was illustrated in Section
5.4. Therefore the images presented in this section do not reflect the optimum quality
of images that could be obtained using any particular combination of exposure

duration and shuttering technique.

The stepper motor and disc as well as the LC shutter were rejected as useful
shuttering techniques. The minimum exposure period could not be shortened below
1.1ms be;.ause the stepper motor could not spin the disc faster than 500rpm. The large
disc was however able to achieve a 0.5ms pulse duration. The poor response
characteristics of the LC shutter meant that a minimum shuttering period of only 2ms
was achievable, which was considered as too long when compared to rival pulsing

methods.
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5.5.1 ESPI inspection with object exposed to environmental vibration
using large disc

¢
Figure 5.17(a) — (e) shows the ESPI images of the test specimen that were captured

under environmental excitation. The laser was pulsed using the large disc for

durations between 20.0 and 0.5ms.

The image captured at 20ms is completely smudged as a result of the vibration,
although a clear image could be obtained if sufficient images were recorded. This
improves as the shuttering time decreases, and the remainder of the images show
well-defined fringe lines. There is a decrease in the light intensity of the images for

decreasing shuttering periods as expected.
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Fogure 5,17(a — (1) E&PY images of test spec men exposed 0 environmental excitation
captured vsimg mechanica shutter (larg: disc) to pulse Laser at exposnre times of 20, 5.2, 3.2,
1Y, 0.9 and BSms respectively
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5.5.2 ESPI inspection with object exposed to compressor vibration

using large disc

Figure 5.18(a) — (f) shows a series of images of the object subjected to compressor

vibration, using the large rotating disc to provide pulses of between 20ms and 0.5ms,

The images caprured at 20ms and 5.2ms are badly smudged due to the object’s
motion. The image captured at 3.2ms is slightly smudged, but sigmficantly clearer.
The image captured at 1.9ms is very ¢lear, bui the two images captured at (.9 and

{1.5ms were less discernible as a result of smudging,.
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Figurce 5.18(a) — (I ESPI images ol test specimen exposed to compressor excitation captured
using mechanical shucter (lurge rodating disc) to pulse laser at exposure tirmes ol 20, 5.2, 3.2,
[.9, 0.9 and 0.5ms respeciively
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5.5.3 ESPI inspection with object exposed to loudspeaker excitation

using large disc
Figure 5.19(a) — () shows a series of images of the blade subiected to loudspeaker
excitation while the laser was pulsed with the large disc for durations of 20, 5.2, 3.2,

1.9, 0.9 and 0.5ms respectively.

The images captured at 20ms show the distinction between the nodal and anti-nodal
regions c¢learly, The fringes are only apparent in the nodat region, and are well
defined. The image captured at 5.2ms shows slightly smudged fringe lines in the
nodal regions and no fringe lines in the anti-nodal regions, although there is evidence
of smudging. The images captured at 3.2ms and 1.9 show clear fringe lines in the
nodal region, with shght smudging in the anti-nodal region. The image captured at
(0.9ms is smudged, while the fringe lines captured at (0.5ms are completely clear and

extend throughout the image.

Chapter 5 Resulis 10
Reduced exposure time as a methed of minimising the impact of vibration on EST1



Unedited image Enhanced iimage

Fig 5.1% )
M

Fig 5149}
5.2 uen

Flp 5.19d})
1. 5mwy

Fhe =19}
1.%ms

Fig 5.0%(f)
©.Ens

Figure 5.19u) — (I} ESP1 image: of test specimen exposed to loudspeaker excitation captured at
expasure limes of 20, 5.2, 3.2, 1.3, 0.% and 0.5ms respectively vsing mechanical shutter (large rotating
dise ) ta pulse luaser
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3.3.4 ESPI inspection with vbject exposed to environmental vibration

using LN shutter
Figure 5.20{a) — (f) shows thc ESPI images of the test specimen under cnvironmental
excitation that were taken using the LN shutter to provide pulses of 10, 5, 3, 1, 0.5,

and 0.1ms respectively,

The fringe lincs in the enhanced unages captured between 10ms and 0.5ms are not
smudged, but show poor definition. No useful conclusion can be drawa for the image

captured at (. Ims.

There 15 only the shightest sign of a fringe line in the image captured al [{}ms, and the
other unedited images are completely black. The enhanced images are not well
defined, and only discernible for shuttering periods as short as 0.5ms. This 1s a result
of the poor light transtmssion of the LN shutter, and shows a similar trend to the

images captured on the table when the LN shuiter was used.
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Figure 5.20(a) -~ () ESPI imagcs of test specimen e»awed to snvironmental exeitation captured using
clecironic shutter (1N shutter} te pulsc laser at cxposwre times of 10.0, 5.0, 3.0 1.0 0.5, and 0.1ms
respectively
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3.5.5 ESPI inspection with object exposed to compressor vibration

using LN shutter

Figure 5.21{a) — (f) below shows the ESPI images that were captured while the blade
wags excited by the compressor captured using the LN shutter to pulse the laser at 10,

50,3.0. 1.0, 0.5 and 0. lms.

The unedited images are all too dark te provide any useful information, and the
enhanced mages are only clear to approximately 1ms. For exposure times shorfer

than lms, the images arc unclear due to the amplilication of' background noise.

The images captured at 10ms and 5ms are smudged due to the compressor-induced
vibration, but the image captured at 3ms is well defined. [t 15 not clear whether the
image caprured at 1ms 1s smudged due to vibration or simply due to low light levels,

The 1mages caplured at 0.5 and 0. lms are unglear.
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Figure 5.21(a) = (£y ESPL Linages of test specimen exposed o compressor excitation captured uslbg

electromic shutter (LN shuiter) to pulse laser at ¢ kposure times of 104, 5.0, 3.0 L0 0.5, und 0. 1lms
respectively
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5.3.6 ESPI inspection with object exposed to loudspeaker excitation

using LN shutter

Figure 5.22(a) — (I} shows Lthe ESPT imuges of the test speamen excited by the
loudspeaker that were captured using the LN shulter w provide pulses ol 10,0, 5.0,

34, 1.0, 0.5, and O Lms respectively.

The images throngnouot the senes are all of very low light level, as indicuted in the
unedited 1mages. The cnhanced smages are alsv not well defined due o the

ammplitication of background noise,

The images caplured over 10ms and Sms show clear Iringe Bines in the nodal region
and nothing clear in the anti-nodal region. In the image captured at 3.0 ms, the fringe
lincs are slarbing to encroach it the aoti-nodal region.  The tmages captured at 1.0
and 0.5ms show whole-ficld fringe lines, which are of an extremely poor quabity, No

viable image was capmured at the 0. 1ms exposure Lime,
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Figurc 5.22(a) — {f) ESPI images of test specimen exposed to londspeaker exeitation captured at
cxposire times of 104, 5.0, 3.0 1.0 0.5, and §.1ms respectively using electronic shutter (LN
shuteer) to pulse laser
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5.5.7 ESPI inspection with object exposed to environmental

vibration using camera shutter

Figure 5.23(a) — {(c) below show the ESPI images of the blade captured under

environmental excitation for camera shutter periods of 20,0, 8.23, 2.0, 0.5 and 0. 1ms.

The images caprured at 20ms and 8.3ms are both cxtremely smudged, but the quality
of the images improves as the shutfering time decrcases. The unedited images are

clear up to §.5ms, and the enhanced images to 0.1ms.

The light levels of the unedited images are good for durations as shorl as 2ms, and are

clear throughout the range 1o the enhanced images.
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5.5.8 ESPI inspection with object exposed to compressor

vibration using camera shutter

Figure 5.24(a) - () below are the ESPI images that were captured using the camera

shutter when the test specimen was excited by compressor vibration.

The images capturcd at 20ms, 8.33ms and 2ms show varying degrees of smudging.
The image captured at 0.5 is distinctly clearer, and the one captured at 0. Ims is
slightly smudged. The unedited mmages arc clear to exposure times as short as (0.5ms,

and with enhancement, the whole series becomes clear,
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Figure 5.24(a)-(c} ESPI images of test specimen exposed 10 compressor excitation captured
using clectranic shutler icamera shutier) to pulse laser ar exposure times of 20ms, 8.33ms, 2ms,
0.5ms, and {.1ms respectively

Chapte - & Resclts 111
Reduced exposure time as a method of minimising the impact of vibration on ESPL



5.5.9 ESPI inspection with object exposed to loudspeaker

excitation using camera shutter

Figure 5.25(a) — (e) below shows the ESPI images for the blade caprured using the
camera shutter for penods of 20, R.33, 2, 0.3 and 0. Ims while it was being excited by

the loudspeaker.

The unedited images are clear for exposure times as short as 2ms only. The enhanced

images are clear to 0.1ms, but of poer quality at these extremes,

The images captured at 20ms and 8.33ms show fringe lines in the nodal region, bul
nothing in the anti-nodal zone. The images captured at 2ms and 0.1ms show clear,
whole-field fringe lines, but the one captured at 0.5ms is smudged along the anti-

nodal line.
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Figure 5.25(a(c) ESTI images of test spedmen expesed to loudspeaker excitation captured at
exposure limes of 24ms, 8.33ms, 2mos, b.5ms, and 0.1 ms respectively using electronie shutter
{eamera shutter)
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Chapter 6 Discussion of Results

The results generally indicate that the reduction in exposure time made it easier to
perform ESPI successfuli}f on an object when it was subjected to vibration. This was
true ol atl the pulsing methods investigated. This would normially have been either
difficult or impossible to do. Although a shorter exposure time did not guarantee that
a successful image would be obtained on every atlempt, it increased the hkelithood of

captunng a satisfactory image considerably,

On six out of ten occasions, it was possible to successfully capture ESPL images of the
test specimen under envirommental vibration in the faboratory with no shuttering. (1.e.
at the tull 20ms exposure period.). There was an increase to eight out of ten and ten
out of ten through the use of exposure perieds of 2ms and 0.5ms respeetively, Only

eight out of ten were however found to be acceptable for an exposure period o' 0. 1ms.

At the larger vibration levels produced by the compressor and loudspeaker, the effect
of a shorter exposure time became particularly apparent. Tn these cases, [ew or no

images could be obtained when using the full exposure period.

In the case ol the compressor vibration, all the images captured al the full exposure
period were generally smudged partly or completely. As the exposure penod
decreased, the fringe quality of the images obtained improved markedly. Obtaining a
pood fringe pattern at a reduced exposure time was not a certainty, but the likelihood

definitely was increased.
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Int the casc of the loudspeaker vibration, all the ESPI images exhibited nodal and anti-
nodal regioms when no vibration isolation techniques were employed. Fringes were
cmly visible in the nodal regions and were often smudged, whilst nothing was vistble
in the anti-nodal areas, As ithe shutiering time decreased 1o approximately 2ms, the
fringe lincs became much clearcr, and the distinction between the nodal and anti-
nodal areas became less obvicus. This improvement continued further for exposure
periods of 0.5ms and 0.1ms. although somc of the images at low exposure periods
were smudged. Again, allhough a good image was not always achieved, there was a

delinite benelii to reducing the exposure time.

Table 6.1 below gives a summary ol the number of sucecssful images obtained out of

tent under the various vibrational conditions and shuttering times for the camera

shuiler,

‘Excitation  |20ms  2ms  [0.5ms [0.Ims
o 3 LSS ERES

LEnvironmental b A SR 10 B

Cumpréssnr 0 g 7 4

Loudspeaker 0 g & 7 700

Table 6.1 Summary ¢ aceeptahility nf ESPI images at reduced expesnre éimes
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6.1 Findings of ESPI inspection with large disc

The large disc and motor system waorked quite well considering its crudeness, and was
able 1o produce pulses as tow as 0.4ms. Due to its large size, however, a compact
system could not accommodate 1t as was intended. It vibrated excessively, which
would have added (o the wibration experienced by the system. The naceurate pulse
frequency control and consequent beating was also problematic.  When dynamic
stressing (e.g. thermal stressing) is apphied. the fringe pattern needs to be observed on
the monior and captured when it reaches the desired statg.  The beating made this
process very difficult on occasion, as the best images often appeared at the same time

as the heating occurred.

Both of the discs have the advantage that they do not suffer from light transmission

tosses, which may be important in the case of low taser power.
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6.2 Findings of ESPI inspection with stepper motor

The stepper motor was more compact and vibraled substantially less than the previous
system. It was able to maintain the pulse frequency to a higher degree of accuracy,
and was capable of producing pulses in the order of Ims. This was the shortest pulse
that was obtainable wilh this arrangement, although this was limited because the
stepper motor could not rotate any faster, Using a different stepper motur could
obviously decrease this period. It also did not suffer any of the light transmssion
lusses that the LC or LN shulters did. While being an improvement on the large disc,
it was still too large to be incorporated into a compact ESPI system. The electromic

circutt 1o drive the motor was also complicated to construct.

6.3 Findings of ESPI inspection with LC Shutter

The LC shutter was able to provide useful pulses as low as 2ms, although this was
very much a function of the laser power utilised and the size of the object being
mspecicd. It provided a vibration-free shuttering mechanism, which was compact and
easily controlled, as well as being capable of preducing customised pulsing. A single

signal zenerator easily provided the 12V-control voltage,

The minimum shutlering time, however, ruled cut this shuttening method because #t
was too long, At shuttering times of around 2ms, the light levels had already been

reduced dramatically due to the slow shutier response. This made it difficuli to
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perform ESPI properly, and meant that post-capture cditing was required m order to

obtain satisfactory images.

6.4 Finding of ESPI inspection with Lithium Niobate Shutter

The Lithium Niobate shutter showed good potential, and was able 10 pulse the laser
effectively to below (.1ms. The shutter is very compact and vibration free and the
only disadvantages are the high operating voltages and low hght transmission. The
high voltage that was required to control the crystal was an initial impediment as
suitable components were difficult to focate. Information on ¢ircuit construction was

also limited.

The benefit of using an extermal shutter such as the Lithium Niobate crystal 1s that
specialised ESPI such as Double pulse addition ESPI i1s made possible. o this
method, both ESPI pulses are fired in a single TV frame.  The techmique is
particularly surted 1o vibration analysis. This is possible with the use of disc shutters
ard the T.C shutter as well, but obvicusly easier to perform with the 1.C and LN

shutters.

ESPI inspection was only really possible for pulse durations as short as 0.25ms.
Beyond this limit, the images obtained were badly defined due to the dinmnished laser
intensity reaching the camera as a result of the poor light transmission of the shutter’s
polariser, An obvious solution to this problem would be the replacement the polariser

with one that has a higher transmission or increasing the power of the laser. Due w
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incerrect calibration, the laser used had an effecuve power output of approximalely

SmW, while suitable diode lasers are readily available with eutputs of 300my.

6.3 Findings of ESPI inspection using Built-in Shutter

The camera shutier proved o be the most successful of the methods that were
mvestigated. 1t was able to capture ESPI images for shutter periods of as low as
{.1ms and these were well defined afier suitable cnhancement. The use of the
camera’s built in shutter 15 clearly preferable to the use of an external shutter because
it does not suffer transmission Josses. 1t also does not require exira equipment like the

shutter itself, signal gencrators cte and is therefore simpler o use.

This feature 1s not, however standard on all cameras, 1 which case the use of extemal
shuttering becomes necessary. With the use of the camera shutter it is also not
possible to make use of customised pulsmg o te perform Double Pulsed Addition
LESPL. There are also only eight shultering specds, and thercfore 1f the wnspection

required intermediate speeds, this would not be possible.
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Chapter 7 Conclusions

The “pulsing” of the laser has proved to be a successful method in the elimination of
the effects of environmental vibration. (enerally there was a distinet improvement in
the ability to capture 1mages using “pulsed™ ESPI, provided that the pulses were of a

sutficiently short duration. This was most apparent for large vibration amplitudes,

The LN shutter and camera shutter were the only successful methods amiong those
that were investigated, and were hoth able to provide pulses as low as 0.lms. The
choice of one over the other will depend on the circumstances and requirements of the
investigation. The only problem of consequence encountered with the LN shutter was
its poor light transmission. The camera shutier on the other hand was simple to

aperate, and does not suffer light transmission losses.

A compromise must be reached for shuftering time so that it 1s short encugh to
eliminate vibrational effects, while at the same time ensuring that there are sufficient
light levels reaching the camera CCD. This obviously depends on the frequency and
amphitnde of the environmental vibratton, as well as the stability of the object. If high
frequency and high amplitude vibration 1s expected, the shuttering time needs to be
reduced further. If the abject 1s securely clamped, this will reduce the vibration

amplitude it ts exposed to, and hence the shuttering time can be increased.

Chapter 7 Cenclusions 121
Reduced exposure time as a method wf minimising the impact of vibration an ESP1



Chapter § Recommendations

The wse of the camera shutter should be further investigated. It is capable of
subtraction ESPL which is preferable to addition ESPI for the majority of cases whera

ESPILis performed.

The Lithium Niobate shutter was also found Lo have potenual for shuttenng, If it is to

be used, a polarser with higher light transmission should be investigated.

The use of FLC shutters should be considered as an alternative to the Lithivm Niobate
shutter. These function in much the same way as LC shutters, bul are capable of
shullering speeds in the region of 301s. The FLC cells also require lower voltages,
(10 to 12 volts as opposed to 1400V for the LN shutter.) The shutter could thus be
driven off a signal generator alone, without the complication of the high voltage

swilching circuil.

A more powerful laser should be used in order o provide adequate laser light at short
shuttering speeds. The ESPI investigation was performed with a 60mW laser that
only outpul approximately 8mW due to poor calibration. Modern diede lascrs are
able to provide 300mW of power with ease. They arc also considerably smaller, and

would be easily incorporated into a compact ESPI system.
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Appendices

Appendix 1 Derivation of Out-of Plane Displacement formulae

This derivation provided is based

on the path geometry of a single ray 1,

of laser hight, and is given by L

Cryzagoridis [16]. This analysis { Sorfee; g0t Td . o X-T3

Moarmal

_,,
Object

simplifies the denvation "
#

considerably. A more thorough

AMCTA

denivation 1s given by Jores [1]. In

¢

this case, the ESPI setwup is

Fipure A-1 Derivation of out-of-plane displacement
arranged to0 measure out-of-plane

displacement.

The surface of an object is assumed to be illuminated with a single ray of laser light 1,
at an angle of & to the object’s surface normal. The laser reflects off the surface 1o
the camera along C, at an angle of 8; to the surface normal. As a result of the applied
stressing, a point on the object surface is displaced from P to P through a distance d
parallel to the object’s surface normal. The incident beam and reflected beam are

now I; and C; respectively.

The surface displacement d is agsumed to be small compared to the distanece from the

laser source to the surface, as well as the distance from the object to the camerz, so
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the rays I) and L and C, and C; can be assumed (o be parallel during the
displacement.

The change it path ]Eﬂgt;'l of the ray from the laser to the camera can be given by

AP = Af+ AC Eqgn A-1

Where Al is the change in path length of the ray from the laser source to the object
surface [ and AC is the change in path length of the ray from the object to the camcra
(CCD C as a result of the surface displacement.

From geometry

Al =dcos 8, Eqn A-2

And AC=dcosé Eqn A-3

The total changze in path length is thus
AP =d(cos 8 + cosé.) Eqn A-4
This results in a phase change of

Ag = %d[cosé{. +cosd. ) Eqn A-5

Constructive interference occurs when there is a phase difference of 2m or 360° and

thus the number of fringes is given by

H= o Eqn A-6
2x

Substituting into Equation A-5 and solving for the displacement gives

nA
d= Eqn A-7
(cos& +cosé ) +

For small illumination and camera angles, Equation A-7 can be simplified to
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Eqn A-8
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Appendix 2 Derivation of In-Plane Displacement formula

This derivation is based on the paih
peometry of a single ray of laser
light, and 18 given by Gryzagordis
[16].  This method simplities the

derivation considerably, and a more

thorough derivation is given by Jones

1] In this case, the ESPI sel-up 1s

arranged to  measure  in-plane
Figure A-2 Derivation of m-plane displacement Tormula
displacement d alomg a line

perpendicular to the object’s surface normal

The surface of an object is again assumed 1o be illurminated with & single rav of laser
light 1, al an angle of 8; 10 the objact’s surface normal.  This reflects off the surface (o
the camera along C, at an angle of 0; to the surface normal. A point on the object
sutface is displaced from P to P through a distance d perpendicular to the object’s
surface normal.  The incident beam and reflected bearms are now 1o and C;

respectrvely.

The change in path length of the ray from the laser to the camera can be given by

AP = Al + A Eqn A-9
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Where Al 1y the change in path lengih of the ray from the taser source 1o the ubject
surface [and AC 15 the change in path length of the ray [rum the object to the camera
CCD C as a result of the surlace displacement,

Fromn geometry

Af =z Eqn A-10

And AC = damf, Eqn A-11

The total change in paith length is thus
AP = dlsing —sing. ) Lgn A-12
This resulls im a phase change of

Ag = 2’; dising. - H']HH() Eqn A-13

S

Constructive ineerference oceurs when there s a phase ditference of 2w or 3607 and
thus the nwnber of fnnges i1s given by

ag

2

# Equn A-14

Substitunng into Lguation A-13 and solving for the displacernent gives

s o o
[sné, - sin F}:)

Eqn A-15
For smuall angles sin€ approgches wero, and the sensitvity decreases. The sensiuvily
mnercascs as B oinercases, but as € approaches Y0°, the surface can no longer be

Muminated.
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If O 15 the same as 6. the change 1n path leneth 15 zero, In-plane displacemcnt
sensttivity can be minimised by making the illumination and camera angles similar.
The path change due 1o a vertical component is a similar sine term, and can be

ignored if the Jaser illumination and camera are at the sume height.
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Appendix 3 Pulse duration calculations
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Appendix 4 Accelerometer Specification Sheet
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Appendix 5 Stepper Disc drawing
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Figure A-4 Drawing ol stepper moter disc
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