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PREFACE

Digital speckle pattern interferometry (DSPI, also known as digital holography)
and digital speckle pattern shearing interferometry (DSPSI, also known as digital
shearography) are two examples of digital speckle interferometric measuring techniques.
These methods are frequently used to find internal defects in a variety of fields, including
aerospace, automative, and other technologies. The demands placed on materials are
continually rising as technology advances. New materials must be stronger, tougher,
lighter, have a greater strength-to-weight ratio, be flexible in design, resistant to fatigue
and corrosion, and easy to mold. Based on that, the industry is gradually using metal
alloy, glass fiber reinforced plastic (GFRP), and carbon fiber reinforced plastic (CFRP).
However, the discovery of these materials is progressively emerging as a popular topic of
conversation. Nondestructive testing is a relatively new technology adopted by industry.
Among all Nondestructive testing (NDT) techniques, the DSPSI is widely accepted
because of its benefits of high sensitivity, high precision, full-field measurement, non-
contact, stable, and real-time. Digital shearography records the first order derivative of
deformation. The anomalies and delamination information will form "butterfly" fringe
pattern on the shearogram. Therefore, anomalies and delamination information will be
visible and identifiable in the images captured using digital shearography. On the other
hand, based on the theory of digital shearography and elastic thin plastic deformation
theory, when the thin plate is made of isotropic material, the deformation relationship
under large and small loads within the elastic range can be considered to be linear as well
as the defects and delamination. However, the coefficients of these linear relationships
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are different from each other, the information of global deformation and defect
information can separate.

The sensitivity and visibility of DSPSI observation would, however, be impacted
in real-world applications by factors such boundary conditions, properties of material,
magnitude of loading, loading methods, and the depth of defects. A comprehensive
model needs to be established to pre-evaluate the depth and size of detectable defects that
can be detected. It can be found that conventional research is researched under specific
working conditions, such as only describing the technique related to one or two
parameters, the specific test materials or the certain loading method. Based on that, a
systematic and comprehensive analysis of the various parameters that affect the
sensitivity of digital shearography is necessary to be established.

The first purpose of this doctoral thesis is to develop a comprehensive
mathematical model to describe the sensitivity of digital shearography by combining the
theory of elastic thin plate deformation and digital shearography with all of the
parameters. In this part, the effect of the depth of the surface, size of the defect, the
magnitude of the load applied to the specimen, the shape of the defect, and the boundary
conditions on the sensitivity of digital shearography will be determined.

Secondly, based on this model, a novel experimental method was developed to
improve the visibility of digital shearography. In this method, removing the information
caused by global deformation and retaining the defect information to increase smallest
detectable defect visibility. Also, conventional techniques for improving visibility of
small detectable defects will first be analyzed, and the necessity of developing novel
method will be discussed. According to the development process, global deformation is
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eliminated through novel approaches which are segmented fitting, the point coefficient
method, and the surface coefficient methods. Based on that, after experimental
verification, it was found that the point coefficient method is suitable for defect detection
of specimens with uniform thickness, and the surface coefficient method is suitable for
defect detection of complex deformation. The achievement of these two goals not only
greatly improves the visibility of small detectable defect of digital sheaorgraphy, but also
greatly reduces the cost of pre-testing and increases the application scope of digital
sheaorgraphy. It also allows inexperienced engineers to quickly and clearly discover
defect information. At last, this PhD dissertation solves the problems of undetermined
mathematical models of digital shearography and effectively improves the sensitivity of

digital shearography.
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ABSTRACT

DIGITAL SHEAROGRAPHY FOR NDT: DETERMINATION OF SMALLEST
DETECTABLE DEFECT AND IMPROVEMENT OF ITS VISIBILITY

by

BICHENG GUO

Adviser: Lianxiang Yang, Ph.D.

Sensitivity is a key parameter for using NDT technology. Determining what
factors affect the sensitivity of NDT and establishing the model to facilitate engineers to
select the appropriate system parameters and the loading magnitude are very important in
the practical applications. In the past decade, Digital shearography has been widely used
as a NDT tool for detecting delaminations and debonding defects in various composite
materials, such as glass fiber reinforced polymer (GFRP), carbon fiber reinforced
polymer (CFRP), Honeycomb structures, etc. Digital shearography is a laser
interferometric technique and able to measure the first derivatives of deformation, i.e.
strain information. It is suited well for NDT because defects generate strain concentration
after a loading. As an NDT method, the sensitivity of digital shearography is an important
parameter to measure the technology’s defect detection capabilities. However, due to
various limitations, the sensitivity research of digital shearography is still in its infancy.
First, this technique lacks a numerical model to offer a theoretical foundation for
determining the minimum detectable delamination/debonding limits and the detectable

depth of defects. Secondly, because a shearogram is a fringe pattern which is composed
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of both global deformation and defect information. smaller defect information is easily
lost in the fringe patterns from global deformation. This research conducts in-depth study
around determining the sensitivity of digital shearography and improving the defect
visibility to meet the practical needs of helping engineers quickly select loads and quickly
identify defects.

To solve these problems, the main research work and innovation results are as

follows:

(1) In response to the first problem, this research presents a methodology of
digital shearography for determining the size of the smallest detectable defect
and its depth under various loading magnitudes for the purpose of
nondestructive testing. First, a mechanical model based on the thin plate
theory to calculate the expected bending of close-to-surface defects was
proposed; the model built a relationship among the deformation caused by a
defect, the size and the depth of the defect, as well as the load and the material
properties. Second, the relationship between the relative deformation
measured by shearography and the deformation induced by a defect was
established based on the optimized shearing amount and the sensitivity of
digital shearography. Based on these analyses, relationships between the size
of the smallest detectable defect and the depth under different load amounts
were established for different defect shapes.

(2) A demonstration of the sensitivity limit of digital shearography is shown on
the basis of the sensitivity model, and the search for strategies to improve
digital shearography is undertaken. After research, while keeping the
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equipment consistent, the material unchanged, and the loading conditions the
same, the best way to improve the sensitivity of digital shearography is to
increase the contrast between defect information and background information.
This method can make defects information clearer. Based on that, the second
purpose was to examine methods for improving sensitivity found in previous
studies and to discuss the advantages and disadvantages of all methods and
developed the segment fitting method. According to the previous discussion, it
can be found that the most common method is to make a fitting plane to
represent the global deformation by unwrapping fringe pattern to build the
continuous shearogram, and then subtracting the plane to increase the contrast.
Secondly, the continuous shearogram of complex deformations makes it
challenging to choose the fitting equation. Based on this, a piecewise fitting
method is proposed. This method is based on the conventional fitting method,
which is fitted based on the phase change between each fringes on the
shearogram. Because the phase values between each fringe are linearly
distributed, this method does need to consider the fitting equation selection.
The new planes then need to be subtracted from the original image to remove
the global deformation, thus preserving the defect.

(3) The second innovation of this research is the development of a practical and
effective method to experimentally removes fringe patterns caused by the
global deformation that makes small defects directly visible, which improves
the non-destructive testing capabilities of digital shearography, thereby
simplifying defect detection and visualization. For shearographic Non-
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Destructive Testing (NDT), the phase distributions of two interferogram under
different loads P1 and P2 are recorded. This novel approach involves
recording one additional phase distribution of an interferogram at a load
between P and P>, e.g. P1>. Two phase maps of shearograms can be generated,
corresponding to the two loads A> = (P1>-P1) and A1 = (P2-P1), respectively.
Because of the nondestructive nature of the testing, the magnitude of the loads
P and P; is small, and the 1% derivative of global deformation of the test part
1s assumed to be linear. Therefore, a linear coefficient C based on the two
shearograms can be determined. The information from global deformation is
then removed by subtracting the shearogram generated with the small load A
multiplied by the correlation coefficient C from the one obtained with the
relatively large load A;. This technique is further improved by calculating a
complete surface linear coefficient Cj;, which improves the detail processing
of the deformation of samples with complex geometry and mechanical

properties.

Experimental verification was conducted based on specimens with prefabricated

defects of different sizes and different loading conditions to verify the proposed

mathematical model and experimental methods to eliminate global deformation.

Experimental results show that the developed model can provide useful estimates for

digital shearography NDT, and in particular can help test engineers estimate the size of

the smallest detectable defect and the depth of the defect under corresponding load

magnitude. Also, the experimental coefficient method can effectively evaluate a variety
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of structures and also be verified to remove global deformation, which improves defect

detection capabilities and increases visualization of the digital shearography.
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CHAPTER ONE

INTRODUCTION AND SCOPE OF WORK

1.1 Introduction

The electrons in the atom take in energy and then go to a higher energy level, the
energy will be released in the form of photons as the process of returning to a low energy
level is being carried out. A laser is a device that emits photons in a beam with the
advantage of excellent monochromaticity, excellent directionality, and excellent
coherence during the laser possesses, due to the fact that the photon optical properties in
this photon beam are extremely consistent. When a laser is used to irradiate the surface of
an object, the information that is present on the surface of the object will be encapsulated
in characteristics such as the phase intensity of the laser. In order to acquire information
about the target, it is possible to process laser light that has been encoded with
information using either mathematical or optical techniques. On account of this, lasers
find widespread application in a variety of sectors, including measurement control and
communications [1]. Lasers are utilized in a broad variety of measurement technologies,
including wavefront interferometry, holographic interferometry, speckle measurement,
and Moiré¢ measurement which take advantage of the monochromaticity and good
coherence of lasers. Conventional optical measurement technology [2] has steadily
developed in the direction of equipment, automation, and economy in measuring
instrument engineering. This development has been brought about by the introduction of
new technologies, such as computer technology and new optical detectors, as well as new

materials. Laser interferometry technology was developed on the basis of light wave
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interference due to the fact that lasers have excellent interference qualities. The
phenomenon known as interference fringes occurs when two beams of light that have the
same frequency, a constant phase difference, non-orthogonal vibration directions, and an
optical path difference that is less than the coherence length meet in the same medium
and overlap. In the area where the beams overlap, the light intensity is distributed
according to a certain rule, and this distribution is identified as interference fringes. Laser
interference technology is able to measure changes in characteristics such as
displacement, length, and surface form [3], which is based on the idea of interferometry
and uses a laser as a benchmark. It is advantageous in that it does not require contact, it is
highly sensitive, and it is highly precise.

When it comes to industries like aircraft and aerospace, it is absolutely necessary
to place all of the components that are manufactured through a comprehensive inspection
and determine whether or not they are suitable for operational deployment before they are
put into service. Additionally, honeycomb core sandwich composites and composites
such as glass/carbon fiber reinforced plastic (GFRP and CFRP) have better strength-to-
weight ratios, great resilience to corrosion and fatigue, and are utilized extensively in the
aerospace and automotive industries. However, these sorts of materials are prone to
producing disbonds between the inner core and outer skin for honeycomb structures and
delaminations between the laminated layers for GFRP and CFRP as a result of impact
loading, aging, defecty manufacturing, and other factors. Several non-destructive testing
(NDT) techniques have already been utilized in order to check for defects [4-6]. Methods
such as X-ray, near field millimeter wave, ultrasonic, and speckle pattern interferometry

are examples of conventional non-destructive testing techniques. It is difficult for the
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industrial community to make use of the X-ray technology due to its size, cost, and the
speed at which it measures. The near field millimeter-wave method is limited by the
sensitivity of variations in the standoff distance, which makes it more suitable for testing
low loss dielectric materials. On the other hand, the ultrasonic technique requires a
scanning process that takes a significant amount of time. On the other hand, the optical
approaches, such as thermography, holography, electronic speckle pattern interferometry
(ESPI), and shearography, are becoming increasingly popular as potential candidates for
new industrial non-destructive testing (NDT) tools due to the fact that they are non-
contact, non-contaminating, and have a wide field of view [7-14]. Shearography is a
whole field, extremely sensitive, and resilient laser-based approach for measuring
deformation [14—16] which is also a technique that is used in conjunction with speckle
pattern interferometry. A significant amount of progress has been made in the field of
shearography during the course of the last few decades. Since it was first proposed in the
1970s, the utilization of digital shearography for the purpose of deformation
measurements has garnered a significant amount of acceptance [16-18]. Consequently,
shearography emerges as a suitable tool for non-destructive testing (NDT) of compound
materials, which is a coherent-optical approach that is comparable to Holography and
ESPI. Also, due to the fact that it directly measures strain information, digital
shearography offers a number of benefits for industrial applications. (1) A rigid body
movement generates a displacement, but no strain, thus, shearography is relatively
insensitive to environment interruptions and it is more practical for industrial application;
(2) defects in objects usually induce strain concentrations, thus, it is easier to reveal

defects with strain anomalies than with displacement anomalies; (3) shearography uses a
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self-reference interferometric system which has low requirement for laser coherent length
and enables the use of economical and practical diode laser or multi diode lasers if a
larger area is inspected. Digital Shearography has become one of the most effective non-
destructive testing (NDT) tools for composite materials, particularly honeycomb
structures [19,20], due to the enormous advantages that it offers.

1.2 Development and research status of Digital shearography

Leendertz first presented the fundamentals of speckle interference in 1970. He
stated that items with rough surfaces could be shot with a laser to create speckles, and
that reference light could be introduced to record the patterns of speckle interference both
before and after the object deforms. Speckle interference patterns before and after
deformation can be compared to determine the object surface's deformation information.
The Electronic Speckle Pattern Interferometer (ESPI), developed by Leendertz and
Buttes in 1971, was utilized to process the speckle interference patterns that had been
captured by cameras [21, 22].

Digital shearography (also known as shearography or Speckle Pattern Shearing
Interferometry) was first proposed in 1973 by Leendertz and Buttes [23]. Digital
shearography is distinct from electronic speckle interferometry in that it splits the light
coming from the measured object's surface into two beams, shears one of them, leaves
the other unprocessed, and then combines the two beams. On the camera's surface, they
reconverge and create a speckle interference pattern. The deformation distribution
information on the object's surface is obtained by comparing the variations in the speckle
interference pattern before and after the item is deformed. Digital shearography is more

resistant to interference from the outside environment since it is a self-interference
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technology that doesn't need the addition of extra reference light. This method was
refined and a real-time digital shearography system (commonly referred to as a
generation of shearography) was established in 1982 by Y.Y. Hong. This technology
requires a wet chemical development procedure, yet it has very good resolution.
However, digital shearography's practical applications are severely limited by this
laborious technique.

Shearography from this era was also known as TV sheared speckle interference
technology (also known as TV Shearography) after the 1990s since TV monitors were
being used as display devices. To assess item strain in 1990, C. Joenathan used double-
beam lighting, phase shift technology, and a TV camera to capture photos. The signal is
recorded by speckle analysis method and shown on the monitor. By enabling real-time
observation of the detection results, this technology expands its potential industrial
applications. Nevertheless, the limited spatial resolution of this technology is a clear
disadvantage that restricts the use of digital shearography.

As the time moved into the twenty-first century, CCD and CMOS camera
technology advanced. Digital shearography that records images digitally and is digitized
by two image acquisition devices [24]. Real-time computer visualization of the material
deformation is possible by deducting the speckle intensity data captured by the camera
which refers to this technique as the intensity method. Phase shift technology is
introduced since the digital recording device digitizes the image, increasing the
sensitivity of the digital shearography measuring system and simplifying its operation.
This enables the development of user-friendly, industrial inspection-ready equipment

based on the sheared speckle interference principle.
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1.3 The purpose and significance of this research

Due to the superiority of digital shearography, the main application of this
technology is to detect the debonding of honeycomb structures and the delamination of
GFRP and CFRP composites [26-28]. Despite the many advantages of digital
shearography, successful detection depends on the distribution of surface deformations
caused by defects and minimal measurable deformation of the digital shearography.
However, sensitivity and visibility of digital shearography is the often-discussed issues.
Digital shearography sensitivity and visibility are used to describe the technology's ability
to detect whether there are defects or delaminations in the specimen, as well as the
minimum deformation caused by defects that can be monitored under fixed boundary
conditions and loading conditions. The deformation caused by defects is a complex
parameter related to loading size, loading method, shearing amount, defect size, depth,
shape, etc. [29].

Over the past two decades, quite a few researchers have studied nondestructive
testing of shear at different sizes and/or depths under different loading methods. E.C.
Krutour, R.M. Groves, et al. In 2011, the modeling of the opto-mechanical measurement
system, including the shear speckle meter, the loading technique and the response of the
measured object, and the comparison of simulation results with experimental results were
reported. This method is suitable for understanding the response of components under
load and predicting anomalies such as defects [30]. The following year (2012), G. De
Angelis et al. reported a new numerical experimental model to detect the size and depth
of flat-bottomed holes in metallic and laminated composite structures through digital
shearography based on the dynamic response of defects to applied stress [31]. Another
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numerical experimental model for testing defective materials using digital shearography
based on thermal loading was reported by D. Akbari et al. 2013[32]. X. Chen et al.
reported a hybrid approach based on experimental and computational studies using digital
shearography results and finite element analysis software and/or Matlab to predict
internal defects. (2015), Y. Fu et al. (2017) and J.F. Vandenrijt et al. et al. (2019),
respectively [33-35].

Along with these considerations, the first objective of this PhD dissertation is to
create a mathematical model by merging the theory of elastic thin plates deformation
with the theory of digital shearography. The digital shearography is used in this model to
quantitatively illustrate the relationship between the size and depth of the lowest
detectable defect in non-destructive testing of various magnitude of loads. This
relationship is examined in relation to the size of the defect. Deformation differential
equations and deformation solutions for various defect forms under specified boundary
conditions are utilized in this process. In order to ascertain the precision possessed by the
model, experiments based on vacuum loading were carried out. Within this model,
comprehensive numerical equations are constructed for the purpose of determining the
size of the smallest detectable defect as well as the depth based on the minimum
measurable deformation or relative deformation of the digital shearogram.

After gaining an understanding of the visibility and sensitivity of digital
shearography through the modelling process, it is possible to identify the smallest defect
that can be detected. Furthermore, it is important to note that the presence of internal
defects in the material create an unequal deformation of the specimen when the material

is subjected to load. In particular, this non-uniform deformation takes place in close
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proximity to defects, which provides vital information regarding the characteristic and
properties of the defects. In shearographic Non-Destructive Testing (NDT), defects are
found by identifying anomalies in the surface deformation caused by internal defects
under a small load. Because shearography measures the first derivative of the
deformation, these defects generate butterfly fringe patterns on the surface. Also, the
butterfly fringe pattern is often masked by global deformation for small defects, which
result Furthermore, for small defects, the butterfly fringe pattern is often masked by the
overall deformation, which makes it more difficult to find and detect the defects. It is
important to note that the key to successful detect defect by digital shearography is to
increase the contrast between information from defect-induced deformation and global
deformation. As long as the defect signal is large enough to be detected (for example, the
ratio of defect signal to background signal is greater than 2), defect visualization is
straightforward. The technological requirements are particularly severe as a result of this
limitation, and operators are required to possess significant capabilities in order to
validate the location of the defect. In order to accomplish this, it is necessary to discover
a technique that may enhance the sensitivity and visualization capabilities of digital
shearography under fixed conditions [34-36].

Therefore, in order to increase the sensitivity of digital shearography and its
visibility to express defect information, it is necessary to find a method to extract defect
information. There are two main methods for extracting defect information. One
approach is to minimize noise to improve the clarity and effectiveness of information
expression. Another approach is to eliminate global deformation to enhance the visibility

of defect information. Current noise reduction research exploits spatial deformation for
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second-, third-, and fourth-order differentiation to reduce noise and improve defect
diagnosis. Lopez et al. used numerical differentiation in phase diagrams to reduce noise
through stroboscopic illumination or intensity modulation [37]. However, this approach
may exclude higher frequency signal components or integrate them into the global
deformation data, resulting in incomplete and potentially misleading information.
Furthermore, with this approach, as the number of fringes increases, it becomes
increasingly challenging to determine the center location of a fringe compared to
determining its edge.

On the other hand, the main and most popular method is through remove the
global deformation and retain the defect information to increase the defect visibility. In
this direction, several approaches have been used across various domains to reduce global
deformation. The key strategy is to create a simulated surface representing the
information caused by global deformation of the sample. This can be obtained by (a)
fitting a surface to the unwrapped shearography data without defects, (b) using the same
loading on a defect-free reference object, or (c) using finite element modeling. An
increasingly popular alternative approach (d) relies on machine learning to identify the
difference between information from global deformation and defects. After that, the
global deformation is separated with defect information. Then, by subtract the global
deformation information, the global deformation is then removed, and a surface
representing the defect information is constructed [38-48]. Tao uses Abaqus displacement
data to create a fitted plane of global deformation. Establishing a connection between the
experimental data and the fitted plane can eliminate the global deformation [43]. Deepan

adopts B-spline interpolation technique to construct the fitting plane [44]. Fomitchov
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conducted an experiment where a replacement reference plate was inserted into the
device to replace the initially defective plate to simulate global deformation [45]. Tao
used polynomial fitting as a means to perform similar phase correction, with the aim of
optimizing the image of the sample by reducing defects and minimizing errors [46]. A
drawback of this approach is the need to refer to the damage panel to extract defect
deformations. This process may generate additional errors, which may result in the
inadvertent loss of defect information and impossible for practical application.
Additionally, the act of capturing two images simultaneously results in a reduction in
camera resolution. Another approach involves comparing defect information with plane
information and then using machine learning techniques based on this theoretical
framework. With extensive training, defect information can be obtained more accurately.
Hofmann et al. The contrast-to-noise ratio method was optimized to quantitatively assess
the contrast between defects and image background [47]. However, this method requires
a large amount of experimental data, requires extensive mechanical training, and is only
effective for a single type of material. Since the above methods have certain limitations,
the polynomial regression equation fitting method has become the simplest and most
commonly used method. Templeton [48] constructed a fitting plane through a polynomial
regression function. This method aims to reduce the global deformation effect by
subtracting the regression curve fitting plane from the deformation plane.

Therefore, the second core point of this article is to extract defect information by
removing global deformation so that it can be expressed more clearly. In this part, the
research addresses the issues presented in conventional approaches. Firstly, all previous

methods rely on a continuous phase map obtained after unwrapping: a continuous phase
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map often reduces the contrast between defect and background information, making
smaller defects harder to detect. Secondly, the continuous phase map may be irregular
under complex deformations, complex surface fitting or interpolation processes difficult
to execute. Lastly, the use of machine learning techniques can help remove the
information from global deformation, but this approach requires the collection of large
amounts of data, and its application is often limited to the substrate material used for
model training. In contrast, this proposed novel approach for the removal of the
information from global deformation is quick, practical, and broadly applicable: it relies
on the direct analysis of a shearogram. For example, if the resolution of the hardware is
8-bit, which is composed of multiple fringes with gray levels varying from 0 to 255, each
fringe will have the gray level range between 0 to 255, while the continuous phase map is
0 to 255 for whole map, thus the shearogram can display more detailed information.
Based on that, this work presents an efficient and practical methodology that preserves
only defect information after experimentally eliminating fringe patterns associated with
global deformation in digital shearography. This approach records the phases of relatively
large and small loads within the elastic deformation in the same loading process, it
records one more phase map than conventional digital shearography. When compared to
the conventional global deformation elimination technology, this approach eliminates
errors brought about by different loading processes and different specimen selections.
Since the measurement is performed during the elastic deformation stage, the
deformation amount of the specimen has a linear relationship. Therefore, the linear
coefficients based on two shearograms can be determined through the relationship

between loading and 1% of deformation. After that, the coefficient “c” of the defect and
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coefficient “C” from the global deformation can be obtained which are different from
each other. The relatively large load global deformation phase map without defect
information is obtained by multiplying the small load shearogram with “C”. The global
deformation is then removed by subtracting the image using the original relatively large
load shearogram. This method not only improves image quality and reduces errors caused
by sample replacement, but also verifies the feasibility of the experimental method. In
addition, this method reduces the difficulty for engineers to find defects and improves
work efficiency.

1.4 Dissertation structure arrangement

The first chapter of this dissertation provides an overview of the background and
development of digital shearography briefly. The background information and completed
research justify the need for this paper’s research. The relationship between the
sensitivity of the digital shearography technique and defect-induced deformation is
briefly described, and the contributions made by other researchers in this field are
discussed. A novel mathematical model was created to explain how different parameters
affect digital shearography's sensitivity. Next, how to increase digital shearography's
sensitivity which includes its capacity to exhibit defects under specific working
conditions will be go over. Based on the work of previous researches and technique for
image processing technique in this field, this paper proposes a novel technique to reduce
the error rate and enhance the representation of defect information, namely the
experimental coefficient method.

The fundamental theory of digital shearography is presented in Chapter 2, which
introduces the history, fundamental principles, and practical uses of laser speckle of
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digital shearography. Additionally, the fundamentals of phase shifting technology, which
are reviewed, and temporal phase shift technique are described in more detail.

In order to illustrate the connection between the sensitivity of shearography and
the deformation brought on by defects, the elastic thin plate deformation theory is
explored in the third chapter in conjunction with the theory of shearography. This chapter
discusses the force, moment, strain, stress, and other variables in all directions of the thin
plate during elastic deformation. The Sophie Germain equation is produced by
introducing Hooke's law and the notion of network plane. Conversely, under fully
constrained boundary conditions, the elastic deformation of thin plates of various forms is
investigated and inferred. Because the anomalies deformation measured by digital
shearography can be regarded as a thin plate, and its deformation is minimal under fully
constrained boundary conditions, if digital shearography can measure defect information
under this boundary condition, the defect can also be detected under other boundary
conditions.

The smallest observable defect's size and depth are determined and demonstrated
using a comprehensive mathematical model developed in Chapter 4. This comprehensive
mathematical model was used to establish the relationship between the minimum defect
size under certain conditions and the sensitivity of shearography. The relationship
between loading size, the defect's shape, depth of the defect, properties of material, and
shearography's sensitivity are also covered in this chapter.

Based on the findings of Chapter 4, Chapter 5 enhances the visibility of digital
shearography and creates an algorithm to remove global deformation. Firstly, the

conventional approach to removing global deformation will be examined and explained.
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The pros and cons of the conventional approach will be also examined and discussed.
Furthermore, a segmented fitting method based on the conventional fitting method is
developed to remove global deformation. By fitting the fringe pattern based on pixel

values, this approach creates a fitting plane. To eliminate the global deformation, the
image is then removed from the original fringe pattern.

The experimental coefficient approach is described in Chapter 6 as a means of
removing global deformation. This novel point coefficient method removes global
deformation information by recording the phases of relatively large and small loads
within the elastic deformation in the same loading process, it records one more phase
map than conventional digital shearography. When compared to the conventional global
deformation elimination technology, this approach eliminates errors brought about by
different loading processes and different specimen selections. Furthermore, the point
coefficient method is suggested based on this approach to detect the defect information in
homogenous thickness specimen. This technique helps to improve and magnify the
information of defects. The purpose of this project is to increase the efficiency and
precision of digital shearography in identifying defects or delamination in various
materials. The surface coefficient approach is also proposed due to the rise of complex
deformation scenarios and the presence of noise. Using this technique, the coefficients for
the complete surface can be obtained. Compare to the point coefficient method, surface
method is suggested to applied in removing global deformation under complex
deformation conditions.

Chapter 7 concludes with a summary of the entire work and looks ahead.
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CHAPTER TWO

WORK BASIC THEORY OF DIGITAL SHEAROGRAPHY

2.1 Review of shearography methodology

The stringent criteria for product quality and dependability have resulted in the
requirement for a Non-Destructive Testing (NDT) method that is very effective, operates
in real time, covers the entire area, and does not involve any contact being made [49].
Optical methods, which include thermography, holography, electronic speckle pattern
interferometry (ESPI), and shearography (also known as speckle pattern shearing
interferometry), are becoming increasingly attractive as potential candidates for new
industrial non-destructive testing (NDT) tools. This is due to the fact that these optical
methods are non-contacting, non-contaminating, and have a wide field of view. ESPI is
one of the optical techniques that has been identified, and it is well-known for its ability
to quantify tiny deformations. One of the capabilities of ESPI is the ability to provide a
whole field deformation measurement of a test object in many dimensions while
maintaining an exceptionally high level of measurement sensitivity. On the other hand,
ESPI has stringent requirements for the environment in which measurements are taken,
such as the isolation of vibrations and the regulation of temperatures. Because of these
restrictions, the uses of ESPI are restricted to only laboratory environments. It is
necessary to have an optical technology that is both more resilient and easier to apply in
order to fulfill the criteria of the industrial applications in the field. In situations like this,
ESPSI will be an another way can be selected. ESPSI is a coherent-optical measurement

and testing method that is comparable to ESPI. However, because to its relative
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insensitivity to other environmental disturbances, ESPSI offers a number of benefits that
are particularly useful for industrial applications. Digital shearography measures the
gradient of deformation rather than the deformation itself as monitored by ESPI. The
direct measurement of strain information that ESPSI provides is the reason why
shearography is becoming an increasingly essential non-destructive testing (NDT) tool in
the industrial sector.

Leendertz and Butters were the first to disclose the foundations of speckle pattern
shearing interferometry in 1973 [50]. Shearography was subsequently accepted as the
term associated with this technique. This method was further enhanced by Y.Y. Hung in
1982, when he constructed a shearography system that was suitable for practical use [51].
It was after the publication of a number of good results that the shearography approach
started to gain an increasing amount of attention from both the academic sector and
industry. This led to the rapid growth of technology in the decades that followed. From
the year 1982 up until the present day, there have been three generations of shearography,
which are characterized by recording devices: Shearography may be broken down into
three generations: the first generation, which consists of photographic shearography from
1980 to 1990; the second generation, which includes television shearography, also known
as electronic shearography, from 1990 to 2000; and the third generation, which includes
digital shearography from 2000 to the current day. As the recording medium, the first
generation of shearography, also known as photographic shearography, makes use of
either thermoplastic emulsion, which is reusable, or photographic emulsion, which is not
reusable. Both of these types of media have a resolution that is extremely high. On the

other hand, photographic shearography necessitates a wet chemical development
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procedure that is both time-consuming and laborious, which significantly restricts its
testing speed and application. The second generation of shearography, known as TV
shearography, is characterized by the utilization of analytic video cameras as recording
devices and the utilization of a television monitor as the display device. Once the optical
wave front has been converted into an analytical signal, it is then presented on an
analytical monitor. This process is known as TV shearography. This approach makes it
possible to display the sharographic measurement result in real time, which expands the
range of uses that this technique can potentially have in the industrial sector. Due to the
fact that video cameras have a lower spatial resolution than their photographic
counterparts, the spatial resolution of TV shearography is significantly lower than that of
photographic shearography. The third generation of shearography, known as digital
shearography, makes use of a digital camera as the recording device. This camera is often
a Charge-Coupled Device (CCD) camera or a Complementary Metal Oxide
Semiconductor (CMOS) camera. Through the utilization of digital recording equipment,
the image is converted into a digital format. This makes it possible to implement a phase-
shift approach, which has the potential to boost the measurement sensitivity of
shearography devices by a factor of 10.

Because strains are a function of displacement gradients, shearography is a
technique that directly measures displacement gradients. Consequently, digital
shearography provides information regarding strain in a direct manner. As a detection
tool, it is more practical than other nondestructive testing procedures, and strain
anomalies are easier to identify than displacement anomalies compared to ESPI. This is

due to the fact that defects in objects typically create strain concentrations. Furthermore,
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due to the fact that rigid-body motion does not result in strain, shearography is considered
to be insensitive to such motion, which eliminates the requirement of utilizing specific
devices for vibration isolation. Shearography is useful in ordinary industrial activities, as
demonstrated by this significant advantage, which demonstrates the effectiveness of
shearography. The most important applications of digital shearography are non-
destructive testing (NDT) and the numerical determination of the out-of-plane term
dw/dx (in the x-shearing direction) or dw/dy (in the y-shearing direction) [52-69].
Recently, the business sector has voiced a growing demand for the rapid detection of
defects in real time.

In spite of the fact that shearography is capable of directly measuring first
derivative of deformation, the shearogram typically includes both in-plane and out-of-
plane components. This means that the application of shearography for strain
measurement in industry is still restricted. It is possible to obtain the pure out-of-plane
component dw/dx (or dw/dy) by performing a certain alignment of the beam that is
utilized for illumination. On the other hand, it is not possible to determine the pure in-
plane strains du/dx (or dw/dy) by relying solely on the alignment of the illumination
angle. For the purpose of measuring the components of the two-dimensional deformation
tensor (du/dx, du/dy, dv/dx, and dw/dy), a few researchers have attempted to illuminate
the surface of the object in a direction that is almost parallel to itself. On the other hand,
the findings that were obtained are only applicable to certain working conditions [63-65].
In 1996, Steinchen and Yang reported that the application of two independent
illumination beams made it possible for the first time to utilize shearography to measure
the pure in-plane components du/dx, du/dy, and dw/dx, dw/dy that were formed by
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general loadings which was the first time that shearography was used to measure these
components. In this article, a novel method is provided that makes use of also use
temproal phase-shift digital shearography to accomplish the successful measurement of
strain directly. Pure in-plane strain as well as out-of-plane strain may be directly
measured using this method, and the measurement can be taken from a single speckle
pattern image. When this occurs, the measuring speed of phase-shift digital shearography
is no longer restricted by the phase-shift steps; rather, it is solely constrained by the
capabilities of the image sensor. Because of this, it is now able to do whole field, direct
strain measurement while dynamic loading is being applied thanks to the utilization of an
ultra-high speed CCD camera.

2.2 Principle of digital shearography

Expanding the laser beam and projecting it onto the surface of the rough item in
order to create speckles is the fundamental principle behind the measurement technique
known as sheared speckle interference technology. A reflection of the speckle light is
produced by the surface of the item that is being measured, and the light that carries the
information about the speckle is then transmitted through the imaging lens to the camera
image plane of digital shearography. By passing the light through the dichroic prism, the
identical beam of light is split into two equal beams, and the reflector is responsible for
reflecting both of these parts. The light that is reflected by one of the mirrors is used as
the reference light, and the light that is reflected by the other mirror is deflected by the
other mirror, which results in the introduction of a shear amount. On the surface of the
image capture equipment, the two beams of light will interfere with one another, which

will result in the formation of a speckle interference pattern. It is possible to gain
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information regarding the distribution of the surface deformation of the item that is being
measured by studying the changes that occur in the speckle interference pattern both
before and after the deformation. Initially, the sheared mirror was utilized in order to
induce shearing amount in the shearing system. On the other hand, the magnitude of
shearing amount that was produced by this technology, was problematic to modify.
Altering the tilt mirror angle of the sheared mirror was necessary in order to make the
necessary adjustments to the shearing amount. In the present day, the shearing systems
that are most frequently utilized are the Michelson shearing system, the Mach-Zehnder
shearing system, and other similar systems [70].

In most cases, the deformation of the surface of the item that is being measured
may be broken down into three distinct directions of deformation: the X and Y directions
within the plane, and the Z direction out from the plane [71, 72]. Shearography is mostly
utilized for the purpose of determining the out-of-plane deformation distribution
information in the Z direction of the surface of the item that is being measured. However,
when two laser beams of different wavelengths are utilized to illuminate the object under
test from various directions, mathematical processes can also be used to determine the in-
plane deformation information of the object under test through phase diagrams. This is
possible since the laser beams are illuminated from different directions.

In the next Figure, Figure 1.1, a representation of the measurement principal
diagram of the conventional Michelson digital shearography system will be found, which
is used to measure out-of-plane deformation. The digital shearography system will
receive the speckles that are produced as a result of diffuse reflection when the laser is

used to irradiate the rough surface of the object that is being measured. By tilting mirror 1
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at a very small angle, the system can cause two non-parallel rays of light scattered from
two adjacent object points (P and P») to interfere with each other. As the object surface
is diffusely reflective, the interference of the scattered rays yields a random pattern

known as speckle pattern.
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Figure 1.1 Schematic of ESPSI

In digital shearography, the light waves reflected from two points on the surface
of an object are sheared by tilting the angle of the mirror. The recorded intensity is
digitized and stored in the computer. The following exponential function can describe the
wavefronts of the two points.

U, = a,el® (1.1)
U, = a,e'®2 (1.2)

In equations (1.1) and (1.2), 6; and 0, respectively represent the random phase

angle of the light wave from the surface point of the object, and a; and a, are the light

amplitudes. Therefore, the total light field on the image plane is:
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Ut = Uy + U, = a €% + a,el®: (1.3)
Afterwards, using the intensity after loading minus the absolute value of the
intensity before loading, the interference fringe pattern related to the change in relative
phase difference A can be obtained. The process is shown in Figure 1.2, and the

interference fringes are shown in Figure 1.3.

Figure 1.3 ESPSI Interferometric fringe pattern
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The intensity can be expressed by:
I = UptUpot” = (21691 + a,e92)(a; 7101 + a,e7192) (1.4)

[ = (a;2 + a,%) + 2a;a,Cos(0; — 0,) = A + BCos (¢) (1.5)

In equation 1.4 and 1.5, U, is is the complex-conjugate of Uo, and @ = 0, — 0,. After

deformation, the intensity can be expressed as:

[=A+ BCos(¢p +A) (1.6)

From Figure 1.1, the fringe pattern can be obtained by subtraction of the absolute value

of the intensity, as shown in the following equation:

L] = |~ 1| = BICos(¢ + &) — Cos(¢)| (1.7)

Where A= 2nmt, (n=0, 1, 2, 3...). When I = 0, the fringe pattern will change from bright

to dark. The relative phase difference A before and after loading can be expressed as:

A= (@1 —@3) — (@1 — @2) = (@1 —@1) — (@3 — @) = A — A, (1.8)

In equation (1.8), @1 and ¢, are the phase difference of the two beams before loading,
and @] and @) represent the phase difference of the two beams after loading. The first

derivative of deformation of can be evaluated by the relative phase difference.

2 (1.9)
A=A — A,= x (sin(a) * 6x + (1 + cos(a)) * Sw)

If the angle between the illumination direction and the observation direction of the
CCD-camera is equal to or close to zero, then the relationship between the relative phase

change and the strain components can be expressed as equation (1.10). In equation (1.9)
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and (1.10), there are no in-plane terms (a—z = a—; = a_Z = a—; = 0), which means only out-

of-plane deformation occurs as the shearing is applied along the x-direction.
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2.3 Speckle interference pattern phase extraction technology

The phase change is precisely measured in a method that utilizes digital
shearography. It is possible to obtain the out-of-plane deformation of the surface of the
item that is being measured by measuring the phase change that occurs on the surface of
the object that is being measured [9]. As a result, one of the most important aspects of the
technique known as speckle interferometry is the process of collecting phase information
from the speckle interferogram. Various technologies for phase extraction include the
following approaches: intensity real-time subtraction technology, temporal phase shift
technology, multi-channel spatial phase shift technology, and spatial carrier technology,
which are the ways that are most widely employed.

Through the process of subtracting the grayscale values of the phase image that
was acquired by the camera, it is possible to generate a fringe that resembles a butterfly
fringe pattern. In addition to being easy to compute and quick, this method allows you to
directly view the distribution of the deformation of the object that is being measured
within the software package. On the other hand, the edge resolution obtained is not very
good since the method does not handle and eliminate different noise defects present in the
image being processed. In spite of the fact that certain image processing techniques are
utilized in order to eliminate some noise from the acquired butterfly fringe pattern, it is
still possible that some new errors will be introduced throughout the process of
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eliminating noise from the image. For example, in the case of filtered fringes, the fringe
pattern may be different from the fringe pattern that originally existed. There is a change
in the phase distribution information as a result of the fringe pattern's position shifting.
Due to this reason, this method is typically only utilized for qualitative identification
when defect detection is being performed.

Obtaining the phase is often accomplished through the use of either time phase
shift technology or spatial phase shift technology. This is done in order to generate
butterfly fringe patterns of lower quality. When compared to the other technologies, the
temporal phase shift technology is distinguished by its utilization of error averaging in
time and in the real measurement system. Additionally, the aperture is quite large, and the
camera collects more information, resulting in improved fringe quality. The multi-
channel spatial phase shift technology and the spatial carrier technology are both included
in the classification of spatial phase shift technology. Quick detection is one of the
advantages that multi-channel spatial phase shifting technology possesses among these
technologies. However, because of its convoluted optical path, difficult adjustment, and
expensive device cost, implementation of this technology is extremely uncommon in
practice. In order to directly extract the phase information from an image, the spatial
carrier technology makes use of the Fourier transform technology. As a result, the
number of images that are required to obtain the phase information is reduced, the
detection speed of the system is increased, and it is more commonly utilized in real-time
defect detection at industrial sites.

The temporal phase shift technology, the multi-channel spatial phase shift
technology, and the spatial carrier technology will be the primary topics of discussion in
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this part which are the technologies that are utilized in actual measurements the most
frequently.

2.3.1 Temporal Phase shift technique

The temporal phase shift technique is the phase extraction method that is utilized
the most frequently in sheared speckle interference phase extraction. It also offers the
highest accuracy of phase extraction outcomes. In this technique, a fixed phase value is
successively introduced to the image that is being captured on the surface of the camera,
and then the image is collected while the item being measured remains relatively
unchanged. This method was initially proposed by Carré in the year 1966, and Bruning
was the one who introduced it into the field of optical detection. At the moment, the
approach that is utilized the most frequently is the one in which a piezoelectric ceramic
(PZT) is connected to a mirror in the shearing section. The movement of the piezoelectric
ceramic is controlled by the introduction of a predetermined voltage, which results in the
introduction of a fixed phase shift value. The piezoelectric ceramic drive device provides
a number of benefits, including a high displacement resolution, a quick reaction, a small
size, a relatively low price, and the absence of heat generation. Specifically, it is a
substance that is capable of transforming mechanical energy and electrical energy into
equivalent forms. Because its single-step displacement can reach the nanoscale level, it
has been widely used in the introduction of phase shift in digital shearography [73] which
has led to its widespread application.

A typical Michelson-based digital shearography that makes use of piezoelectric
ceramics to introduce a temporal phase shift is depicted in Figure 2.1, which may be

found below that. In order to illuminate the object, a laser beam that has been extended
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with the help of a beam expander is used. It is the digital shearography that receives the
reflection of speckles that are caused by diffuse reflection from rough surfaces. In the

digital shearography, a mirror causes a tiny deflection in order to introduce the shearing
amount and control the direction in which the shearing occurs. A new speckle pattern is
created on the surface of the camera target as a result of interference from two diagrams
that are not aligned properly. Through introduced the computer algorithm, the voltage

that is delivered into the piezoelectric ceramic may be controlled, then, the piezoelectric

ceramic is connected to one of the mirrors.
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Figure 2.1 Michelson-based time phase shift digital shearography system
The phase distribution of the object's deformation can be derived by subtracting
the phase images that were taken before and after the loading process. In the temporal

phase shift technology, the phase diagram of the item that is being measured both before
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and after loading is frequently acquired by means of a phase shift algorithm that consists
of multiple steps. The three-step phase shift method, the four-step phase shift algorithm,
and the five-step phase shift algorithm are all examples of phase shift algorithms that are
often employed. Both the three-step phase shift algorithm and the four-step phase shift
algorithm are utilized in practice on a somewhat regular basis [10, 74]. The following is
primarily an introduction to the fundamentals of three-step phase shift and four-step
phase shift.

2.3.1.1 3+3 temporal phase shift technique

According to the previous expression, each three-step interference pattern
collected by the camera can be expressed by the following equation (1.5).
Here, I (x,y) is the intensity value of the speckle pattern recorded by the camera. ¢ (x,y)
is the unknown phase difference between two mutually sheared lights, also A and B are
also unknown parameters. As can be seen from the above equation, in the obtained
speckle interference intensity map, in addition to the known light intensity, there are three

unknown parameters, so at least three equations are needed to solve it.

By introducing multiple %n into one of the two mutually sheared light beams, a
series of speckle pattern intensity values with different phase values can be obtained.
Each phase shift amount is: 0, %n , %Tl’ , then the speckle interference pattern collected by

the camera can be expressed as:
I, = A+ BCos(op)
I, = A+ BCos(p + 120°) (2.1)

I; = A + BCos(g + 240°)
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Moving the piezoelectric ceramic by a certain amount of displacement is what
brings about the introduction of the phase quantity that is already known. Since the
piezoelectric ceramic is responsible for controlling the moving distance of the reflector,

the optical path of the light reflected by the reflector changes, and a specific phase
amount can be introduced at this time. In this case, it will take, o = gn, which will allow

us to obtain the displacement value that the matching piezoelectric ceramic should vary.

By using the equations shown above, it is able to determine the phase value of the
speckle interference pattern that is produced when two photons that are sheared in
opposite directions interact with one another on the surface of the camera target by
equation (2.2).

V33 -1p) (2.2)
2L -1, -1,

Loaded and measured the object, and use the same method to introduce multiple,

%n and collect the interference results respectively. Calculate the collected image groups

to obtain the relative phase value ¢ after the object is deformed, and compare the phase
values of the object under test before and after deformation. By subtracting, the
deformation phase distribution of the measured object can be obtained, which is shown in
Equation 2.3.

A= — ¢ (2.3)

2.3.2. 4+4 temporal phase shift technique

The four-step phase shift algorithm is currently the most commonly used temporal
phase shift algorithm due to its simple calculation and high quality of calculation results.

The basic principle is similar to the three-step phase shift algorithm. When the measured
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object remains stationary, the phase shift amount introduced to the measured object each
step, the phase shift amounts of each step are: 0, %TL’ , T, 37‘[ . According to the content of

the previous section, it can be known that the speckle interference pattern collected each
time can be expressed as:
I, = A+ B * Cos(¢)
I, = A+ B* Cos(gp +90°)
(2.4)
I; = A+ B * Cos(¢p + 180°)

I; =A+ B=*Cos(p + 270°)

The piezoelectric crystal (PZT) mirror is the key to realizing the phase shift
necessary to introduce the known additional phase [9]. Then, after four phase shifts, the

phase difference can be calculated as:

I, -1, (2.5)
I =13

¢ = arctan

After deformation, another four phase-shift steps and four speckle pattern images
are taken, and the phase difference after deformation can be found. The relative phase
change due to deformation can then be calculated using A= ¢’ — @. Then, the
deformation gradient can be evaluated using the phase-deformation relationship.

2.3.2 Spatial Phase shift technique

According to the previous section, in order to obtain information about the surface
deformation of the measured object, fixed phase shift values multiple times while the
measured object is stationary will be introduced in digital shearography. However, in

actual detection, the state of the object under test may change in real time. In this case,
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using temporal phase shift technology may produce large errors. The spatial phase shift
technology continuously introduces a certain phase shift value to the light reflected by the
measured object in spatial [76-79]. It only needs a single image to perform Fourier
transform on the image and obtain it from the Fourier transform. The phase information
on the surface of the measured object is calculated from the results. Therefore, the spatial
phase shift technology can be used to obtain the deformation information of the measured
object when the measured object dynamically transforms [80]. Spatial phase shift
technology can be subdivided into two major categories: multi-channel spatial phase shift
technology and spatial carrier technology. Spatial carrier technology will be mainly
introduced because of its wide application.

Frequency carrier technology is a conventional technology that has been used in
the telecommunications field for many years. The signal information carried is usually
modulated by a high-frequency carrier frequency in these applications. The frequency
carrier spatial phase-shift method provides higher spatial resolution because it does not
require dividing the recorded image into sub-images. Along with these considerations,
the spatial phase-shifting process has become the primary trend of future development in
digital shearography. In the frequency carrier spatial phase-shift method, the Fourier
transform and Windowed Inverse Fourier Transform are two key points to convert the
image from the spatial domain to the Fourier domain and back to the time domain.

The Fourier transform (FT) is helpful in decomposing images into trigonometric
components (sine and cosine). This tool utilizes the capacity to describe virtually all
components in the world through waveforms as a function of space, and time among

other variables. The sum of simple sinusoidal is used to mathematically describe different
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wave functions in the universe. With specific modifications, the Fourier transform is used
to mathematically decompose and deconstruct signals from deformities into their
sinusoidal components will describe in the following section. FT has been used to
separate the spectra on spatial domain frequency in advanced phase-shift techniques.
Then, the Window Fourier transform will also be described, which transfers the
information back to the time domain. As mentioned in the FT description, it provides a
wave signal representation for multiple global functions. The effectiveness of WIFT is
based on an analysis of a select portion of the signal that comes from an object.
According to the studies of Dr. Tauler and Walczak, interesting local information is a part
of the whole field information. The WIFT is applied to extract this part signal through a
window function g(t) [76]. The WIFT can be shifted to other locations of the field of
view to cover all the desired time domains. The significant role played by the WIFT in
the development of phase-shift measurements shall thus be evaluated alongside the
further developments in shearography in the subsequent sections. For example, the paper
applied a Mach-Zehnder from Dr. G Pedrini in Figure 2.2 as an example. [81]. In this
setup, the light beam from the laser He-Ne expands on the rough object surface. The
diffused light reflected from the object's surface is collected by the imaging lens and then
enters Mach-Zehnder Interferometer, used as the shearing device. In the Mach-Zehnder
Interferometer, the shearing amount and carrier frequency on the spatial frequency
domain can be changed by tilting the angle of one mirror of the system. After tilting the

mirror angle, the two-beam wavefront equation is expressed as:

U (x,y) = Uy (x, ¥) |7 (2.6)
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Uy (x,y) = [Ugm (x + Ax, y + Ay)|eteCHaxy+ay)=2mifmx 2.7)

In equation (2.6) and (2.7), Uy and U, are the beams from the reference object
and testing object, Ax and Ay represent the shearing distance in the x and y directions. In
addition, the f,, is the carrier frequency introduced by the mirror tilting angle. The way to

find f,;, can be shown in equation (2.8).

_sinf (2.8)
fn =75

So the total intensity recorded by the CCD camera are shown in the equation (2.9)
Im = (Uim + Upp) * (Ulm* + Ulm*) (2.9)

= Upm * Ulm* +Upm * Uy + Uy * UZm’k + Uy * Ulm*

In equation (2.9), the * is expressed as the complex conjugate. The Fourier
Transform was applied to convert the image from the spatial domain to the Fourier

domain. After Fourier Transform, the equation (2.10) can be changed as:

F(Im) = Ulm(fx:fy) ® Ulm*(fx'fy) + UZm(fx'fy) *®* (fx'fy) (2-10)
+ Ui (fo ) ® Us"(fuo ) + Uz (fie ) @ Uy" (fuo £3)

In the equation (2.10), X is the convolution operation, then let

Ur(fx ) = F(ul) (2.11)

Uz (fu fy) = F(u2) (2.12)

After that, the Fourier spectrum can be found. For example, in the Dr. G Pedrini

setup with a slit aperture, the spectrum's shape is rectangular, which can be changed by
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the shape of the aperture [81]. From Figure 2.3, the spectrum expressed the terms in the
equation (2.12) in three parts because of the different spatial frequencies. The center
spectrum is low frequency, term and contains the information from the background. On
the other hand, the two side spectra contain the phase information of the recorded
interferograms which are located at (fo, 0) and (—f, 0). Along with these
considerations, the Windowed Inverse Fourier Transform (WIFT) is applied to find phase

distributions by the equation (2.13):

@' + 2mxf, = arctan —Irrelﬁiiz; 2.13)
The relative phase difference is also expressed:
Ao =@ — @' (2.14)
After that, based on the equation (2.14)
_ 2méx (2.15)

Apy, = 3 d-s

Along with the condensations, the relative phase difference are found, and follow
the in-plane displacement theory and enroll sensitivity vector s form the equation (2.16),

the gradient can be expressed as:

ow A (2.16)
5. Apm
0x 2m(1+ cos(a))dx

w A . 2.17)
dy  2m(1+ cos(a))dy Pm
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So the x and y direction deformation gradient can be calculated. To summarize, in
this way, the shearogram can be evaluated from a pair of speckle pattern images taken
before and after loading. Thus, the acquisition rate is limited by the phase shift step

length but only by the camera's capabilities.

e
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i
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T

Figure 2.2 Experimental set-up of shearography with spatial carrier frequency using a

Mach—Zehnder interferometer
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Figure 2.3. Spectrum of Recorded Speckle Pattern Image2.2. Results

2.4 Measuring Sensitivity

A significant amount of promise has been proven by digital shearography in terms

of detecting material defects, particularly in composite materials. Researchers and

engineers raise the question, "How small of a material defect can be detected by this

technique?" (also known as "what is the smallest detectable defect by digital

shearography") quite frequently. This is the question that is asked the most frequently.

According to NDT, this is referred to as the measurement sensitivity. The notion of

measuring sensitivity for non-destructive testing (NDT) using digital shearography one of

the difficult development directions. It is related to the sensitivity of phase measurement,

36



the shearing amount and shearing direction, the magnitude and the method of loading, the
depth of defects, and the properties of material. All of the components that have an effect
on the measurement sensitivity, and all parameters will be analyzed and discussed in this

chapter, as well as the relationships that exist between these several aspects.

2.4.1 Sensitivity for phase measurement

Through the utilization of the phase shift approach, digital shearography is able to
ascertain the relative phase change A, which in turn calculates the relative deformation
dw. Along with these considerations, the sensitivity for measuring the relative
deformation dw is primarily dependent on the sensitivity for detecting phase
determination. In theory, the phase shift technique has the potential to achieve a
sensitivity value of 2m/256 for phase determination, provided that the hardware resolution
employed is 8 bits. The phase determination sensitivity in speckle interferometry, on the
other hand, is between 21/30 and 27/10 due to speckle noise [82]. This is considered to
be rather practical. A measuring sensitivity of 2 7 /10 should be possible, according to
experimental investigation, despite the fact that the phase determination sensitivity is
dependent on a variety of factors, including the PZT that is utilized, the hardware
resolution, the various phase shift technique algorithms, the noise in the phase map, and
the smoothing methods that are utilized [27].

The sensitivity for determination of the relative deformation 5w is thus given by:

A2m A (2.19)
oW =110 20
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2.4.2 Shearing amount

Relative deformation means the deformation difference between two points
separated by a shearing amount. Obviously, the relative deformation depends greatly on
the shearing amount.

The relative deformation dw is likewise minimal when a small shearing amount is
employed, and the measuring sensitivity to the relative deformation is low so that the
shearing amount can be measured accurately. Nevertheless, the outcome of the
measurement is rather near to the first derivative of deformation, often known as strain
information. It is possible to readily identify a defect using digital shearography with a
tiny shearing amount if the defect causes a strain concentration when it is subjected to a
tiny force. On the other hand, a great number of small defects do not result in the
formation of a strain concentration when subjected to a small load, and in most cases, a
large load cannot be utilized in applications that are situated in the real world. In these
circumstances, it is recommended that a shearing amount that is relatively big be chosen
in order to achieve a high level of measurement sensitivity to the relative deformation.

A measurement that has a significant shearing amount being applied to it is
sensitive to relative deformation not just at the location of the defect, but also at the area
of the material that is surrounding it. Along with this considerations, the measurement
results contain information about the global deformation and the defect, which makes it
difficult to determine the extent of the defect and determine its location. The
measurement findings of the composite panel while it was subjected to thermal load are
displayed in Figure 2.14. There is one huge disbond and two very modest disbonds
contained within the panel. An investigation was conducted on the panel using a modest
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shearing amount (0.5 mm) and a large shearing amount (5 mm), respectively. In both of
the investigations, the thermal loads were nearly identical to one another. Only the large
disbond and the middle size disbond were discovered when the little shearing amount
was used; nonetheless, the location and size of the defects were displayed in a clear
manner. For the selection of the large magnitude of shearing amount, the large disbond as
well as two lesser disbonds were seen. The magnitude of the disbonds, on the other hand,
was not very evident due to the fact that the information from the defect and the material

that was surrounding it was scattered.

(a) Using a big shearing amount (5 mm)
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(b) Using a small shearing amount (0.5 mm)

Figure 2.4 Digital shearograms of a composite panel under thermal load: (a) using

a small shearing amount (5 mm), (b) using a big shearing amount (0.5 mm)

On the one hand, it is obvious that one ought to choose a tiny shearing amount in
order to acquire strain information; on the other hand, one ought to make use of a large
shearing amount in order to acquire a high measurement sensitivity. The subject of what
the appropriate magnitude of shearing amount is one that is routinely raised by
researchers and engineers from time to time. In the subsequent portion of this section, the
idea of a crucial magnitude of shearing amount will be presented to the reader. The
shearing amount at which the measuring setup offers the highest possible level of
sensitivity is referred to as the crucial shearing amount. When the shearing amount

exceeds the critical amount, the sensitivity for measuring relative deformation will no
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longer grow because the essential amount is the critical amount. In order to provide an
explanation for this idea, Figure 2.5 illustrates a link between the shearing amount, the
relative shearing amount, and the magnitude of deformation that occurs over a defect
area. As the shearing amount increase, it is obvious that the relative deformation will also
increase. After the shearing amount has reached half of the area of deformation, also
known as the half of the defect diameter, the relative deformation, on the other hand, does
not continue to increase. During this magnitude of shearing amount, the maximal relative
deformation, denoted by dwmax, is equivalent to the maximal deformation, denoted by
Wmax. Within the context of this dissertation, the shearing amount in question is referred
to as the key shearing amount. For the vast majority of industrial applications, the
absolute minimum defect diameter that must be detected is already established.

Difference
(deformation)

Relative deformation “&w’
between two points

The max. deformation

' PR
.................................... Winax

Shearing amount “5x' i
Figure 2.5 Relationship among the deformation, the relative deformation, and the

shearing amount at a defect area

Magnitude of shearing amount is best determined by selecting the half diameter of
the minimal defect as the optimal selection. This value makes it possible to locate
problems that are more significant than the minimal defect with relative ease. The

magnitude of shearing amount that is being used has the highest level of sensitivity for
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the minimum defect, and engineers and researchers who are engaged in shearographic
inspection will find this value to be of great use.

2.4.3 Shearing direction

Among the characteristics that affect the application of shearography, the shearing
direction significantly influences the sensitivity of shearography. The first derivative of

deformation in different shearing directions are shown in the following equations:

Ay= 2711 (1 + cos(oc))

ow 4mdy Jw (2.20)
—_— ) —
dy A dy

2T ow 4mdéx Jow (2.21)
A= - (1+ cos(a))a =t

If a defect has a circular shape, the shearing direction plays no role for defect
detection because an anomaly of the relative deformation presents a uniform appearance
in all directions. However, if a defect has a narrowly rectangular form, the shearing
direction plays an important role for defect detection because an anomaly of the relative
deformation is obviously different in all directions. Figure 2.6 a show a quadratic plate
with one round groove and three narrow rectangular grooves oriented in different
directions on the backside. For example, it is difficult to find a defect through x-
directional shearing if the defect of the test object has a large cross-section in the x-
direction, but a tiny cross-section in the y-direction. From Figure 2.6 b, the bottom
defects are undetectable when a certain shearing amount is given in the x-direction;
however, as shown in Figure 2.6 c, the bottom defects are detected when shearing is in
the y-direction. Based off these results, a single shearing direction test is not sufficient.

Testing two orthogonal shearing directions for the same object is necessary.
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(2)

(b) (©

Figure 2.6 Digital shearograms with different shearing direction: (a) The shape and the
location of the four grooves, (b) digital shearogram with a horizontal shearing direction;
the horizontal groove appears blurred; (c) digital shearogram with a vertical shearing

direction; the vertical notch appears blurred as well.
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2.5 Filtering method of interference phase diagram

Due to the fact that speckle is a form of noise, shearography is a technique that
makes advantage of the random distribution features of speckles in order to encode the
surface information of the object that is being measured and to acquire the surface
information of the object that is being measured through calculation. At the same time as
the shearography system is being utilized to identify the item that is being measured, a
number of systematic and random mistakes are also being introduced. In most cases, it is
required to filter the phase diagram that is produced as a result of the measurement in
order to make the results of the measurement more understandable and to make future
processing easier [83]. Techniques such as mean filtering [84], median filtering [85],
phase filtering, and frequency domain low-pass filtering [86] are examples of filtering
methods that are implemented often. Figure 2.7 depicts the findings of an observation
made using shearography for a composite material that contains three defects. Figure
2.7(a) depicts the result that has not been filtered, while Figure 2.7(b) depicts the result
that has been filtered. After filtering, the defect information is expressed more clearly,
and lesser problems are easier to see, according to comparison. This is something that can

be identified after filtering. The importance of filtering is demonstrated by the Figure 2.7.
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Figure 2.7 Flitter result comparison (a) unfiltered data (b) filtered data
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One of the most used linear filtering methods is called mean filtering. For the
purpose of replacing the initial value of the modified point, mean filtering method makes
use of the average value of the points that are located around the central pixel. This
technique is effective for dealing with high-frequency noise, in addition to having the
benefits of straightforward computation and a rapid speed. inhibiting effect. Having said
that, this technique will also result in the image being blurry, and the filtering process
will result in a significant percentage of the image's information being destroyed. The
size of the template that is being used is directly related to the amount of detail that is
being lost. As the size of the template increases, some of the details are lost. When it
comes to the phase image of speckle interference, the position of the fringe jump has a
direct impact on the accuracy of subsequent processing. Filtering the impact of speckle is
done in order to gain better fringe details. Therefore, the ideal phase map of the speckle
interference cannot be achieved by utilizing mean filtering instead of any other method.

The technology of median filtering is a nonlinear signal processing technique that
is founded on the philosophy of sorting statistical data. The gray value of each pixel is
determined by this method by taking into account the median value of the gray value of
all the pixels that are contained within a neighborhood window consisting of that point.
Also, this technique has the ability to get rid of isolated noise locations. The median
filtering technique does not involve statistical analysis of the image throughout the
filtering process, and it does not cause the image to become blurry. Nevertheless, this
technique is mostly utilized for the purpose of eliminating salt and pepper noise because
it has a poor filtering ability for Gaussian noise. Due to the fact that this technique is a

nonlinear technology, it has a limited capacity to maintain the linear phase information
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that is present in the phase diagram representation of speckle interference. Because of the
poor calculation speed of this method, the results of the filtering process are not as
smooth as those obtained using other methods.

There is another type of linear filtering that is known as Gaussian filtering. When
compared to median filtering, which has a limited capacity to filter out Gaussian noise,
Gaussian filtering has a more effective capacity to filter out Gaussian noise. The
Gaussian filter is a technique that is similar to the mean filter in that it is also a weighted
averaging of the entire image. The value of the target pixel is determined by the result of
the weighted average of the values of the other pixels in the area surrounding the target
pixel in the image. On the other hand, Gaussian smoothing possesses anisotropy as one of
its features. Following the use of the filter, the image's distinctive characteristics will be
extinguished.

When applied to the digital shearography, frequency-domain low-pass filtering is
responsible for performing the Fourier transform. The low-frequency components of the
spectrum can be retrieved from the spectrum through the control of the transfer function
of the filter. Remove a portion of the high-frequency noise from the image while
preserving the global information contained within it. Low-pass filtering in the frequency
domain can be further broken into three categories, namely the ideal low-pass filter, the
exponential low-pass filter, and the Butterworth low-pass filter. These classifications are
determined by the transfer function of the filter. Regarding low-pass filters that operate in
the frequency domain, the filtering capability is directly proportional to the cutoff

frequency; however, the details that correlate to this frequency are severely lost.
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The phase filtering technology is a technique that preprocesses the image in order
to guarantee the jump information of the speckle interference pattern. This is done in
order to overcome the problem of phase image peak information loss that is caused by
other filtering technologies. Because the information at the transition point of the speckle
interferogram is discontinuous, the technology of phase filtering has to turn the
discontinuous information into continuous information so that it can be processed.
Through the application of Euler's equation, this technique is able to expand the phase
information of the phase diagram on the unit circle of the complex plane. As a result,
discontinuous transitions are transformed into continuous information. Following this,
filter the information of the real part and the imaginary part of the complex plane,
respectively, using techniques such as mean filtering, median filtering, and other similar
techniques, in order to produce new complex number information. The filtered phase map
can be obtained by recovering the newly filtered information with the filtering process.
Both the jump information of the speckle interference phase diagram and the noise
information of the phase image may be efficiently filtered away by this method, which
will not have any impact on the jump information.

During the actual process of filtering, phase technology is frequently utilized to
save the jump information of the speckle interference pattern. Subsequently, several
filtering techniques are utilized in order to filter the speckle interference phase pattern in

accordance with the requirements.
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2.6 Research on speckle interferogram phase unwrapping technology

The filtering result of the digital shearography is a wrapped map that contains the
phase information of the surface of the measured object that is wrapped inside the range.
The diagram of the digital shearography shows that the phase distribution in the Figure is
a sawtooth discontinuous distribution. This can be seen by considering the diagram.
Every time the phase rises, the phase information of the next pixel drops to zero and then
rises again, this time from zero to twice the phase. In order to access the information on
the surface deformation of the object that is being measured, it is necessary to first
unwrap the phase information that has been wrapped around the object. This will allow
you to obtain the real distribution of the first derivative of the surface deformation of the
object that is being measured [87, 88]. At the moment, unwrapping technology is not
only utilized for the purpose of resynthesizing continuous information of phase maps, but
it is also widely utilized in synthetic aperture radar and grating cloud pattern assessment,
in addition to other applications.

Phase diagram wrapping technology's fundamental idea can be summed up as
follows: beginning at a specific phase starting point, compare the phase values of nearby
pixels. The phase change is continuous within the same range [0,27]. A jump in the phase
value is said to occur here when the phase difference between neighboring pixels is
greater than a threshold. An integer multiple of the phase value of the preceding pixel can
be added or subtracted, depending on the transition scenario, to determine the phase
information of the subsequent pixel. This is how phase information that is discontinuous

is transformed into continuous phase information. The surface deformation of the
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observed item can be derived by integrating or processing this continuous phase
information in another way [89].

Local unwrapping algorithms and global fitting unwrapping algorithms are the
two categories that can be used to classify how unwrapping algorithms are currently
classified. Path algorithm and region expansion algorithm are two subcategories that can
be further split under the local unwrapping algorithm. Path-based unwrapping is the
algorithm that is utilized the most frequently among these algorithms. Based on a path
that has already been created, this method assesses the phase values of neighboring pixels
along the path. It is possible to consider that the phase value of the pixel has changed
over time if the difference in phase values between the two pixels is greater than a
particular threshold. As far as the jump is concerned; by adding or subtracting an integer
multiple of the following pixel, it is possible to determine the phase value of the
subsequent pixel in this scenario. To solve the original wrapped phase image, this
technique has the advantage of being quick, but it also has higher quality requirements. It
is possible to break the path algorithm into the following categories, based on the many
preset paths: the center-radiation path algorithm, the queue spiral path algorithm, the split
line path algorithm, etc.. Pull lines will appear, however, if the original wrapped phase
image that needs to be solved still contains a significant amount of noise. This is because
the noise's impact will be conveyed along the solution path while the solution is being
performed. It is possible to prevent the effects of noise from propagating along the
solution path by employing the region expansion technique in this condition. In order to
acquire the unwrapped diagrams, the primary idea of this algorithm is to first unwrap

various parts in a distinct manner, then to re-wrap the areas that have been unwrapped
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and finally add them back into the original image. Reliability-guided region expansion
algorithm is a method that is frequently utilized. Calculating fringe contrast, the phase
second-order partial derivative approach, and other methods are some examples of the
subcategories that can be applied to the process of getting the dependability of image
pixels. The global fitting algorithm is an algorithm that does not depend on any particular
path. The global fitting technique that is based on the least squares method is not going to
be impacted by the noise in the image, and it has a greater calculation accuracy than the
other algorithms. Phase prediction processing is recommended to minimize the error by
adjusting existing noise points or significant error areas. There are a greater number of
applications for it when the image quality is not good. This algorithm's primary objective
is to minimize the total phase value of each pixel before and after unwrapping, as well as
the true phase value of the pixel, and the gradient change for each pixel. The objective
function of least squares is designed in such a way that the difference between the phase
value of each pixel before and after unwrapping and its actual value is as close to zero as
possible.

2.7 Summary of this chapter

This chapter provides a concise introduction to the generating principle and
characteristics of speckle, as well as a concise introduction to the statistical
characteristics of the phenomenon. Additionally, the parameters that influence the
sensitivity of shearography are examined in this article. Following that, the fundamental
idea behind digital shearography as well as the connection between phase value and
deformation were presented. After that, a number of phase extraction technologies that

are frequently utilized are thoroughly discussed, with a particular emphasis on temporal

51



phase shift and spatial carrier phase shift technologies. Additionally, the fundamentals of
these technologies, as well as their benefits and drawbacks, are studied. The final step is
to present the phase image processing methods that are often employed. The primary
focus is on presenting the many types of phase diagram filtering methods and phase
image wrapping algorithms, as well as the advantages and limitations associated are

discussed.
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CHAPTER THREE

BASIC THEORY OF ELASTIC THIN PLATE

3.1 Plate Theory

Because defects on the object test by the digital shearography always close to the
surface, and the distance between the surface to defect can be consider as a thin plate.
Although, there are some defects in deeper inside the specimen, the thin plate theory will
be more adaptable to determine the sensitivity of digital shearography An element of
structural design that is flat and has a thickness that is relatively tiny in comparison to the
surface dimensions is called a plate. Fig. 3.1 shows that the thickness is measured in a
direction that is normal to the central surface of the plate. The thickness is typically

constant, although it can be varied [90].

lateral load

/X middle surface of plate

Figure 3.1 A plate

The theory of two-dimensional plane stress can be used to solve problems with

plates that are solely subjected to in-plane loading. On the other hand, plate theory is
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primarily concerned with lateral loading instead of axial force. In the plate theory, the
stress components are allowed to change along the thickness of the plate, which allows
for the possibility of bending moments (Fig. 3.2). This is one of the contrasts between the

plane stress theory and the plate theory.

A J

Figure. 3.2: Stress distribution through the thickness of a plate and resultant

bending moment

Therefore, let's begin with the theory of plates and beams. Plate theory is an
approximation theory, which means that assumptions are made and the general equations
of elasticity in three dimensions are lowered because of such assumptions. One could say
that it is quite similar to the beam theory, but with an additional dimension. This theory
proves to be accurate because the plate is relatively thin (as described in beam theory)
and the deflection is minimal compared to the thickness of the plate. When it comes to
plates, things are more complicated than when it comes to beams. As seen in Figure 6.4,
the plate not only bends, but it also has the potential to undergo torsion, which means that

it can twist.
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Figure. 3.3: Torsion of a plate

A discussion of the assumptions that underpin plate theory will be presented in
the following sections. In order to create a right-handed set, the mid-surface of the plate
should be positioned in the x-y plane, and the z-axis should pass in the direction of the
thickness. Figure 3.4 illustrates the stress components that are manifesting themselves on

a typical piece of the plate.

Figure. 3.4: Stresses acting on a material element
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Along with this consideration, three assumptions were presented for the purpose
of analyzing the elastic plate deformation theory. These three presumptions serve as the
foundation for either the Kirchhoff Plate Theory or the Classical Plate Theory. The mid-
plane is considered to be a "neutral plane" as the foundational assumption. The third
assumption is that vertical strain is not taken into account, and the second assumption is
that line elements will continue to be normal to the mid-plane.

This is the initial assumption, which states that the center plane of the plate does
not experience any in-plane stress or strain. It is decided to in the event that the plate is
bent, the material that is located above and below this mid-plane will undergo in-plane
deformation. When it comes to plate theory, the mid-plane serves the same purpose as the
neutral axis does when it comes to beam theory.

In the second assumption, the assumption set line elements that are lying
perpendicular to the middle surface of the plate remain perpendicular to the middle
surface during deformation, as shown in Figure 3.5; this is comparable to the assumption
that "plane sections remain plane" in the beam theory.

As a final assumption, during the process of deformation, line components that
are perpendicular to the mid-surface do not experience any change in length. This ensures
that €, is equal to zero over the entire plate. To reiterate, this is comparable to an

assumption that is made by the beam theory.
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undeformed

line element remains
perpendicular to mid-surface

Figure. 3.5: Deformed line elements remain perpendicular to the mid-plane

The Notation and Stress Resultants will be covered in the subsequent sections of
this article. Once the stresses have been integrated across the thickness of the plate, the
stress resultants can be determined. On this part, three different types of force will be
discussed: the moment, the out of plane force, and the in-plane force. It is necessary to
talk about two bending moments and one twisting moment, and two shearing forces
which are out of plane. The tension on the surface was caused by three different types of
in-plane forces: two conventional in-plane forces and one shearing in-plane force.

Then, the in-plane normal forces and bending moments is discussed, which are

listed in Figure 3.6. The force equation are conclude in equation (3.1) to (3.4)
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The in-plane shear force and twisting moments are shown in Figure 3.7 and

equation (3.5) to (3.6).
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(3.1)

(3.2)

(3.3)

(3.4)



h (3.5)

h (3.6)

The Out-of-plane shear force and twisting moments are shown in Figure 3.8 and

equation (3.7) to (3.8).

o,
G-:T

to.

V

X x

Figure 3.8 Out-of-plane shear force
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h (3.7)

% (3.8)
v, = —fhayzdz

Note that the above “forces” and “moments” are actually forces and moments per
unit length. This allows one to have moments varying across any section — unlike in the
beam theory, where the moments are for the complete beam cross-section. If one
considers an element with dimensions /Ax and Ay , the actual moments acting on the
element are Mx Ay, My/Ax, Myy/AAx and, Mxy/A\y. and the forces acting on the element
are VxA\y, VyAx, NxAy, Ny/Ax, Nxy/Ax and Nxy/A\y. The in-plane forces, which are
comparable to the axial forces proposed by the beam theory, do not play a significant part
in the majority of the subsequent discussion. Additionally, it is essential to take them into
consideration in order to develop more precise theories of plate bending because they are

helpful in the analysis of buckling of plates.

3.2 The Moment-Curvature Equations

3.2.1 From Beam Theory to Plate Theory

According to the beam theory, the strain varies linearly over the thickness. This is
because the beam theory is based on the assumption that plane parts will remain planar
and that one may ignore the transverse strain. Assuming that y is positive and pointing

upward, the equation for the beam is exx=-y / R, where R is the radius of curvature and R

v? .
5 can be expressed in
X

is positive when the beam bends "up." The equation &,, = —y pyes
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ov?

1 .
5.z — g Where v measures the deflection. The beam

terms of the curvature, which is

theory assumptions are largely the same for the plate, which results in strains that are
proportional to the distance from the neutral (mid-plane) surface, z,. Consequently, this
results in stresses xx and yy that fluctuate in a linear fashion (zz is also assumed to be
zero, just like in the beam theory).

3.2.2 Strains in a Plate

After that, the strains that are found in a plate are investigated. In the beginning, a
full strain-state will be investigated, and after that, this will be simplified down to a
number of approximate answers. Take for example a line element that is parallel to the x

axis and has a length of Ax. Allow the element to move in the manner depicted in Figure

3.9. When the curvature in the previous section is discussed, the symbol w is introduced
to represent the displacement of the mid-surface. However, the symbol w (X, y, z) are
employed to represent the general vertical displacement of any particle in the plate.
Assume that the equivalent displacements in the x and y directions are denoted by the
letters u and v. Both the original length of the element and its distorted length are denoted
by the symbol’s dS and ds, respectively. By applying Pythagoras' theorem, which is listed
in equation 3.9, the unit change in length of the element, also known as the precise

normal strain, may be determined.
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w(x,y)+ ow Ax

ox

Figure 3.9 Deformation of a material fiber in the x direction

3.9
ds—ds Ip'q'| - Ipql (39)

Exx = ds = Ipql \/( +_)2+( )2+(_2_1

The displacement gradients are small, € < 1, so the squares and products of these

ou du du dv Jdv Ov ow

terms may be neglected 9% 3y’ 92’ 9% 3y’ 97’ 02 will be ignored. However, for the

moment, the squares and products of the slopes will be retained, as they may be

significant. For example, for the same order as the strains, under certain circumstances,
awow . . . .
only (—)2 ( )2 nd %% will be considered. Based on that, the equation (3.9) will be

(3.10).

I L 10
gxx_ ax (ax)
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Then, by enroll the math theory, whichv1 +x =~ 1 + g when x<<1, the squares

and products of these terms may be neglected . Based on that, the normal strain can be

found in equation (3.11) to (3.13).

_ou 1w, (3.11)
e = 5 T2 Vox
v 1 ow (3.12)
—_ (2
vy = 6y+2 dy
L _ow (3.13)
zZ — aZ

After that, consider next the angle change for line elements initially lying parallel
to the axes, which displayed in Figure 3.10. In the Figure 3.10, 6 change will be show the
shearing strain which is angel rpq to r’p’q’ in z direction. The change after deformation,

the change in the initial right angle called y. Because analysis in elastic stage, the y =

% — 0. Because the math theory small y = siny = cos6.

Figure 3.10: The deformation of Fig. 3.9, showing shear strains
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Then take the dot product —> & — , >, which show in equation (3.14).

|pquII||r” l|+|qlll llll_rlll l|+|qll Illp Hll (3~14)

0s6 =
Ip'q’|Ip'r’|

_ (Ax + gl;Ax) (?;;A ) + (S_ZA’C) (gg ) + (ax Ax)(Az +6—WAZ)

e (1 + 997 + @02 + G2z 1+ 50 + Gy + Y2

The displacement gradients are small, € < 1, so the squares and products of

these terms may be neglected, which are a—u, a—u, @, @, and a—w. Based on the cos@ can be
dx’ 0z" 0x’ 0z 0z
expressed in equation (3.15).
Ju 0W dv dv 3.15
cosf = —+ —+ —— ( )

0z ax 0x 0z
So, the shearing strain will be expressed in equation (3.16) to (3.18)

1 du ow OJvdv (3.16)
Exy =5 =+ =+ ——
2°0dy O0x O0x0z

. _Lou ow (3.17)
X2 2%0z  Ox

1 (')v_l_(')w (3.18)
vz = 5% dy

The Von Karméan Strains hypothesis as a new hypothesis will be proposed in the
next part. This hypothesis is proposed in order to better understand the elastic
deformation of the thin plate. To present the presumptions that underpin the conventional
plate hypothesis, the assumption that line elements normal to the mid-plane remain
inextensible implies that:

ow (3.19)
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Along with these considerations, it can be deduced that w is equal to w(x,y),
which means that all particles at a specific (x,y) coordinate experience the same vertical
displacement over the thickness of the plate. The assumption that line elements
perpendicular to the mid-plane remain normal to the mid-plane after deformation then

implies that &,, = &, = 0. Based on the strain equations will be expressed as equation

(3.20) to (3.25)

Jou 1 ow (3.20)
fox =5-+35 (a)z
. = v 1 0_W)2 (3.21)
Yo 9y 20y

€, =0 (3.22)
1 ou ow oJdvadv (3.23)

try =5 (=t o=+ ——

2°0dy O0x O0x0z
£, =0 (3.24)
gy, =0 (3.25)

Afterwards, the strain can be subdivided. Strain can be divided into membrane
strains and bending strains. Because Von Karman Strains hypothesis, €,, = 0 and
w=w(X,y), from equation (3.17), the new relationship will be expressed in equation (3.26)

and (3.27).

a_u _ _a_W (3.26)
dz  0x

(3.27)

aw
u(x,y,z) = —za + ug(x,y)

The uy(x,y) is the displacement in the mid-plane. In terms of the mid-surface
displacements uo, vo ,wo , then, the new relationship is equation (3.28) to (3.30). After
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that, the strain equation can updated with mid-plane theory, which expressed in equation

(3.31) to (3.33).

e 0% (3.28)
0 0x
0w (3.29)
0 ay
w = w, (3.30)
_Ouy 1 dwp .,  0%wg (3.31)
g = o Y2 o) T e

92w, (3.32)
Z

1 duy, 0vy. 1 0w,y ow, 02w, (3.33)
£y =s(—+—) + z
2 0y Ox 2" 0x 0Jy dxdy

Small strains, which are typical for the mid-surface, are the first terms to be
discussed. In situations when the plate bending is rather significant (when the rotations
are approximately 10 to 15 degrees), it is necessary to take into consideration the second
terms, which involve squares of displacement gradients and are non-linear. It is the
membrane strains that are referred to when these first two phrases are combined. Flexural
strains, also known as bending strains, are the last terms, which take into account second
derivatives and are associated with curvatures. Under conditions in which the bending is
not very large (when the rotations are less than about 10 degrees), one has (removing the
subscript "0" from w). Finally, when the mid-surface strains are neglected, according to
the final assumption of the classical plate theory, one has the updated strain equation will
be updated again, which is shown in equation (3.34) to (3.36). The schematic of the
theory expressed in Figure 3.11.
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92w, (3.34)

Gxx = TP G2

0w, (3.35)
Eyy = —Z dy?

aZWO (3.36)
by =72 0xdy

Figure 3.11 Schematic of membrane strains and bending strains

When the plate bends "up," the curvature is positive; points "above" the mid-
surface experience negative normal strains, and points "below" the mid-surface
experience positive normal strains; there is no shearing strain resulting from the plate's
bending. In contrast, when the plate is subjected to a positive pure twist, the twisting
moment is negative. This means that points "above" the mid-surface experience negative
shear strain, while points "below" experience positive shear strain. Additionally, there is

no normal strain resulting from this situation.
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3.2.3 The Moment-Curvature equations

After then, Hooke's law was developed in order to transform the link between
strain and deformation into the relationship between stress and deformation as well as the
relationship between moment and deformation. A demonstration of Hooke's law can be
found in equations (3.37 to 3.39). The equations (3.40) to (3.42) illustrate the link that

exists between stress and strain with one another.

(3.37)

Exx = E (Oxx — v(ayy + 0;,)
(3.38)

Eyy = E (ny - U(O'xx + O-ZZ)
3.39
€22 = E (Uzz - v(o-xx + Uyy) ( )
re = 20— Loy, (3.40)

1 v

syy = Eny - E Oxx (341)
_1rv (3.42)

3.2.4 Principal Moments

Then the normal stress will be converted with Young’s modulus and Passion
ratio. The updated equation expressed in (3.43) to (3.45). Based on relationship between
stress and elastic deformation, the moment relationship with elastic deformation will be
conducted as follows (3.46) to (3.48), which called moment-curvature equations for a

plate. The moment-curvature equations are analogous to the beam moment-deflection

0%v

equation 9z = % Afterwards, a new factor as D is provided, which is called plate
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stiffness or flexural rigidity and expressed in equation (3.49). The D plays the same role

in the plate theory as does the flexural rigidity term EI in the beam theory.

E ’w  0%*w (3.43)
T = T 2 Z(axz v 6y2)
B E 0w N 02w (3.44)
%y = 1—v22(6y2 ”axz)
3 E 0*w (3.45)
Oy =TTy vzaxay
0w 0w (3.46)
Mx D(F + UF
2w 92w (3.47)
M, D(—ay2 + v—axz
V= ne W (3.48)
o B (3.49)
T 12(1 - v?)

3.3 Equilibrium and Lateral Loading

In this section, lateral loads are considered and these lead to shearing forces Vi,
Vy , in the plate.

In general, a plate will at any location be subjected to a lateral pressure g, bending
moments Mx, My, Mxy and out-of-plane shear forces Vx and Vy ; ¢ is the normal pressure
on the upper surface of the plate, which is expressed as in equation (3.50). These

quantities are related to each other through force equilibrium.
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h 3.50
0 z=—-= (3:50)

O_zz(x)y)z h 2
qGey) =1

The equilibrium theory of force and moment is then utilized to determine the
relationship between force and deformation. This information serves as a theoretical
foundation for the further analysis that will take place. Take into consideration a
differential plate element with one corner located at (x, y) = (0,0), as shown in Figure
3.12. This element is subject to shear force, pressure, and moments. Taking into account
the principle of force equilibrium in the vertical direction (but disregarding the possibility
of a slight change in “q”, as this will merely result in the introduction of higher order
terms), the equation can be stated as follows: Figure 3.12 is the schematic which is the

representation of the equilibrium theory of forces and moments showing a schematic

representation. In the beginning, the balance theory of forces will be discussed.

A

v
111‘115&5M

x+Ax (y+Ay)

Figure 3.12 A plate element subjected to moments, pressure and shear forces
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av, av, (3.50)
ZFlZ =V,Ax — |V, + EAy Ax + V, Ay — (Vx +§Ax> Ay

—qAxAy =0
The equation of vertical equilibrium by using the equation 3.50 to obtain, which

can be represented as equation 3.51.

oV, 9V, 3.51
Xy Y g (3.51)
Jx  dy

After that, the equilibrium theory of moments will be discussed and analyzed. The
equation p = dV/ dx, which is used in beam theory, is comparable to this. The next step is
to construct a relationship by taking moments of the x axis, which is stated in equation
3.51 and can be reduced by the vertical force in different directions, as shown in

equations 3.52 and 3.53.

M, (3.52)
zMIx = My, Ay — | My, + WAx Ay — M, Ax
oM,
— My+WAy Ax — yV,Ax
av, 1
—(y+Ay)<I/3,+a—;Ay>Ax+(y+§Ay>VxAy
< +1A )(V+anA)A ( +1A>AA =0
Y58V J\Va T 578X )8y =\ Y T 5 AY JqAXAY =
_ OMy _ OMyy (3.53)
x dx ay
_OMy  0Myy (3.54)

y dy ox
From the equations of equilibrium, which include the force balances, it is also

possible to directly derive the equilibrium relations equations 3.49 and 3.52. A solution
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can be obtained by taking the first of these, which ensures that the forces in the X
direction are in equilibrium, multiplying it by z, and integrating it over the thickness of
the plate which will result in the solution. Furthermore, due to the fact that the shearing
stress 0,x must be equal to zero across both the top and bottom surfaces, the equation that
has to be solved in equation 3.50. It is necessary to follow a procedure that is comparable
to the one that was utilized for the second equilibrium equation in order to acquire
equations 3.53 and 3.54. It is possible to get at equations 3.49 and 3.52 by directly
integrating the third equilibrium equation without multiplying it by z. This is the
conclusion that may be drawn from the previous parts. After removing the shear forces
from equations 3.49 and 3.52, the differential equation is produced, which is then

expressed as equations 3.55 and 3.56. These equations are then used to describe the

2

o . 0*M . .
situation by enrolled the equation >z = P There are instances when these equations are

referred to as the Sophie Germain equation, after the french investigator who was the first
to establish it in the year 1815. The boundary conditions of the issue, also known as the
fixing conditions of the plate, are taken into consideration when solving this partial
differential equation (for more information, see below). Also, when an expression for
w(X, y) has been obtained, the strains, stresses, forces, and moments will be obtained
follow in their equations. It is important to take note that the differential equation 3.58
with g=0 is easily met in the straightforward pure bending and torsion situations that

were discussed earlier. The Laplacian, often known as the "del" operator, is represented

2 2
by the variable V2, V2= % + aa?‘ Note that the Laplacian operator (on w) gives the sum
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of the curvatures in two perpendicular directions and so it is independent of the directions

chosen.
92M, 02Myy  02M, (3.55)
dx2 0x0y ayz q
4 2 2
Pw_ ., Pw  Pw__q (3.56)
dx* 0x20y2 oy* D
7w =1 (3.57)

3.4 Plate Elastic Deformation under Different Shapes

By using Cartesian coordinates, a variety of significant plate problems in this
section of the article will be investigated. Within the framework of the bending theory of
elastic thin plates, the effects of boundary conditions on the deformation of the thin plates
are recognized. Fixed bounds, simply supported borders, and free boundaries are the
three categories that can be used to classify them. The amount of deformation that occurs
at the fixed boundary is the least significant of all of them. To establish the detection
capability of non-destructive testing (NDT), it is necessary to determine whether or not
the NDT method can be used to calculate the minimal deformation. It demonstrates that
the NDT technology is also capable of detecting defects when there are only supported
boundaries and free boundaries. An illustration of the clamped boundary's boundaries can
be seen in equations 3.58 and 3.59 and Figure 3.13. In the subsequent chapters, the fixed
boundary will serve as the point of departure for the discussion of the impact that various
shapes have on the deformation of the thin plate.

wl,=0 (3.58)

(3.59)
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Figure 3.13 Fastened all around

3.4.1 Circular Shape

In the beginning, the circular shape defect will be implemented. At first, a
solution to the problem of a circular plate deformation will be offered which will be
investigated once more in the section that comes after this one, namely with the polar
coordinates that are more natural. In this part, a circular plate is considered whose
boundaries are clamped at the edges and is subjected to a uniform lateral load across the
entire plate. The schematic is depicted in Figure 3.14, and the trajectory equation is

depicted in the equation 3.60.
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Figure 3.14 A clamped circular plate subjected to a uniform lateral load

x% +y? = a? (3.60)
The boundary conditions are that the slope and deflection are zero at the boundary
of equation 3.58 and 3.59, The trajectory equation updated to 3.61. Then convert to a
solution to the problem, which shows in equation 3.62. After that, by enrolled the Sophie
Germain equation which in equation 3.5), the deflection is updated to 3.63. and a
parameter ¢ was given to help understand the equation 3.64, which related to lateral
loading and plate stiffness. The maximum deflection occurs at the plate center, which is

expressed in equation 3.65 and Figure 3.15.

w = c(x? +y? —a?)? (3.61)
f(x,y) = x? + y? — a2 (3.62)
_ A, 2 2\12 (3.63)
w=o st =& +yY)]
o= Ap (3.64)
64D
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_ D, (3.65)

Figure 3.15 Mid-plane deflection of the clamped circular plate

3.4.2 Rectangular Shape

After that, a defect approach that was rectangular in shape will be discussed in
this subsection. Along with this consideration, a square plate that has its borders clamped
at its edges is being subjected to a lateral force that is maintained across the entire plate.
The schematic diagram can be seen in Figure 3.16, and the equation for the boundary

condition can be found in equations 3.66 & 3.67.
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Figure 3.16 Fixed all around for rectangular shape

L Ow]  ow| 3.66
_ Jow|  __ow| 3.67
Wla—O,—axa——aya—O (3.67)

The deformation-deflection function is represented by the equation 3.68, which
assumes that the boundary conditions for displacement are satisfied. In the following
step, the same strategy is utilized to provide the Sophie Germain equation as well as the
sides a and b of the 3.70 equation. There is the possibility of converting this function into
equations 3.69 and 3.70.

w = wy(1 — cos %)(1 — cos %) (3.68)

16 a* b* Ap (3.69)
Winax.rectangular = 7 [3(a* + b%) + 2a2 b] D

16a*b*Ap - 12(1 —v?) (3.70)
Winax.rectangular = m*[3(a* + b*) + 2a2b?] - E¢3

3.4.3 Oval Shape

Take into consideration, an oval plate that has its boundaries clamped at its edges
and 1s subjected to lateral forces that are being held throughout the plate. Figure 3.17
depicts the schematic diagram, and equations 3.71 and 3.72 illustrate the boundary
condition equations and Figure 3.17 provides a visual representation of the diagram. An
exact solution to the elastic deformation of an elliptical thin plate can be found in
equations 3.73 and 3.74, which are provided in the introduction of the Sophie Germain
equation. These equations show the link between deformation, lateral load, and plate

stiffness.

77



b

K

Figure 3.17 Fixed all around for oval shape
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CHAPTER FOUR

DETERMINATION AND DEMONSTRATION OF THE SIZE AND DEPTH OF THE
SMALLEST DETECTABLE DEFECT

In this study, a digital shearography approach is presented for the goal of
identifying the size of the lowest detectable defect and the depth under various loading
magnitudes for the purpose of conducting nondestructive testing. The interferometric
nondestructive testing (NDT) approach known as digital shearography has been
demonstrated to be an effective instrument for the inspection and evaluation of materials,
particularly for the detection of delaminations and disbonds in honeycomb structures and
composite materials. In the realm of non-destructive testing (NDT), one of the most
frequently asked questions is about measuring sensitivity. More specifically, what is the
lowest observable delamination or disbond, and how deep can these features be detected?
Despite the fact that numerous attempts have been made to locate the smallest detectable
defect through the use of shearography, a numerical model that can determine the size of
the lowest detectable defect as well as its depth has not yet been established. Specifically
for non-destructive testing (NDT) of delamination and disbond in honeycomb structures
and polymers, this work conducted a study on this particular area. First, a mechanical
model that was based on the thin plate theory was suggested in order to compute the
expected bending of close-to-surface defects. The model constructed a relationship
between the deformation that was induced by a defect, the size and depth of the defect, as
well as the magnitude of load and the properties of the material. Second, the relationship

between the relative deformation measured by shearography and the deformation
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generated by a defect was created based on the optimized shearing amount and the
sensitivity of digital shearography to determine the relationship between the two types of
deformation. After doing these analyses, connections were formed between the size of the
lowest observable defect and the depth under various load levels for various defect forms,
which associations were shown to be significant. Finally, in order to verify these
correlations, experimental validation was carried out using prefabricated defects of
varying sizes. The findings of the experiments indicate that the model that was built is
capable of providing effective estimation for non-destructive testing (NDT) by means of
digital shearography. This is particularly helpful for test engineers in estimating the size
of the lowest detectable defect as well as the depth with associated loading magnitudes.

4.1 Introduction

With their exceptional strength-to-weight ratios, great resilience to corrosion and
fatigue, and widespread application in the aerospace and automotive industries,
honeycomb core sandwich composites and composites such as glass/carbon fiber
reinforced plastic (GFRP and CFRP) are among the most popular materials in the
industry. Unfortunately, these sorts of materials are prone to producing disbonds between
the inner core and outer skin for honeycomb structures and delaminations between the
laminated layers for GFRP and CFRP as a result of impact loading, aging, defect
manufacturing, and other factors. Several non-destructive testing (NDT) techniques have
already been utilized in order to check for defects of this nature [4-6]. On the other hand,
the optical approaches, such as thermography, holography, electronic speckle pattern
interferometry (ESPI), and shearography, are becoming increasingly popular as potential

candidates for new industrial non-destructive testing (NDT) tools due to the fact that they
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are non-contact, non-contaminating, and have a wide field of view [5-12]. When it
comes to non-destructive testing (NDT), the shearographic method appears to be the most
effective and practical of these optical methods [91-95]. Shearography is a coherent-
optical approach that is comparable to Holography and ESPSI. However, due to the fact
that it directly measures strain information, shearography offers a number of benefits for
industrial applications. (1) A rigid body movement generates a displacement, but no
strain, thus, shearography is relatively insensitive to environment interruptions and it is
more practical for industrial application; (2) defects in objects usually induce strain
concentrations, thus, it is easier to reveal defects with strain anomalies than with
displacement anomalies; (3) shearography uses a self-reference interferometric system
which has low requirement for laser coherent length and enables the use of economical
and practical diode laser or multi diode lasers if a larger area is inspected. Shearography
has become one of the most effective non-destructive testing (NDT) tools for composite
materials, particularly honeycomb structures [19,20,96]. This is due to the enormous
advantages that it offers.

A digital camera is used as the recording equipment in digital shearography,
which is also known as electronic shearography or TV shearography. This technique
combines a variety of measurement and evaluation methods with the goal of enabling
real-time measurement and quantitative evaluation of shearograms [23,97]. In the field of
non-destructive testing (NDT) of composite materials, digital shearography has seen
widespread application over the course of the past two decades [98-102]. Detecting
disbonds in honeycomb structures and delaminations in GFRP and CFRP composite

materials is the primary application of this technology [24-26]. A successful
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shearographic inspection is dependent on highlighting the contribution of defect-induced
surface deformation and the smallest observable deformation of the shearographic
system. This is true despite the fact that digital shearography offers a great deal of
benefits. The defect-induced deformation is a complicated parameter that is connected to
the loading magnitude, the loading method, the shearing amount, the size of the defect,
the depth of the defect, the shape of the defect, and so on [27]. A significant number of
researchers have carried out investigations on shearographic non-destructive testing
(NDT) for a variety of diameters and/or depths under a variety of loading methods
throughout the course of the previous two decades.

In order to investigate the capability of the shearoghraphy, the literature is
investigated and analyzed. Identifying the shearography sensitivity limitation can be
accomplished in a few different methods. The finite element method (FEM) is one of the
most investigated methods for simulating the deformation, and shearography is used to
verify the simulation in order to determine the shearography sensitivity. The modeling of
an opto-mechanical measurement system was reported by Dr. Krutul and colleagues [28].
They developed a finite element method (FEM) model to obtain the dynamic mechanical
response of the sample when it was subjected to thermal loading. Additionally, they
generated a shearography fringe pattern. After that, they verified and compared the model
with the shearography measurement system in order to evaluate the quality of the model.
In this section, the author presents a variety of boundary conditions and compares the
results obtained after unwrapping the data. The generated phase maps and the phase maps
that were found through experimentation exhibited a fair resemblance in form. On the

other hand, the real data exhibits the asymmetry properties that were seen in the
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experimental phase maps. It is also important to note that simulated data is not identical
to actual data. The only thing that was stated was thermal loading, and it was not detailed
enough. Do not take into account the possibility of defects, which could lead to the
information being missing at the end.

A new numerical-experimental model was described by Dr. G. De Angelis and
colleagues for the purpose of detecting different sizes and depths of flat bottom holes in
metallic and laminated composite structures through the use of digital shearography [29].
The model is based on the dynamic response of a defect to applied stress, and according
to the theory, the digital shearography results will produce different responses depending
on the layer depth. This is due to the fact that the vibration dynamic loading varies from
one layer to the next in CFRP layers. By using a simple model to calculate the natural
frequency of the vibration defect, the depth of the defect can be determined. In spite of
this, it is necessary to conduct tests on a comparable good plate in order to determine its
actual frequency, which is not only time consuming but also not accurate enough.

To ensure that this inspection approach yields the best possible results, it is
essential to make sure that the loading parameters are adjusted in a manner that is both
accurate and precise. An additional numerical-experimental model was described by D.
Akbari et al. for the purpose of testing defective materials by digital shearography based
on thermal loading [30]. The FEM method was utilized in the paper in order to simulate
shearographic fringe patterns. The approach constructed a finite element method (FEM)
model in order to acquire the dynamic mechanical response of the sample when it was
subjected to thermal loading. Then, the method generated a shearography fringe pattern
by FEM, which was then checked and compared with the shearography measurement
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equipment in order to evaluate the accuracy of the model. The program denoises the
fringe pattern and avoids changes in environmental variables, such as unnecessary
displacement or vibration when these photos were acquired, which would render the
results worthless. However, the results that the denoising technique is not as good as it
should be, and the asymmetry problem for simulation is also not solved. When errors
occur, the technology records some additional information or deletes some useful
information.

X. Chen et al. (2015), Y. Fu et al. (2017), and J.F. Vandenrijt et al. (2019)
have reported hybrid approaches that are based on experimental and computational
investigations, employing shearographic test findings and finite element analysis
software and/or MATLAB to anticipate internal defects [31-33]. These methods also
use shearographic test data. A systematic study to show the relationships between the
size of the smallest detectable defects and the depths of the defects under different
magnitudes of loading for NDT by the shearographic testing method has not yet been
conducted, despite the fact that these studies have provided useful information in the
field of shearographic non-destructive testing (NDT). In this research, a
comprehensive mechanical numerical model to quantitatively illustrate the
correlations between the size of the smallest observable defects and the depths under
different loading magnitudes for non-destructive testing (NDT) using the
shearographic testing method. Initially, a mechanical model was constructed that was
founded on the principles of elastic mechanics and thin plate deformation theory.
After that, the differential equation of the deformation as well as the solutions of the

deformation were presented for a variety of defect shapes under specified boundary
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conditions. Although thermal loading is the most straightforward technique of
loading, vacuuming or applying some internal pressure is a more efficient loading
method. This is due to the fact that this type of loading will tear apart disbonds and
delaminations, which will result in a bigger surface deformation and enable non-
destructive testing (NDT) of defects easier to do. In order to determine the size of the
smallest detectable defect and the depth based on the smallest measurable
deformation or the relative deformation of digital shearography, numerical equations
were constructed using this loading approach. These equations were used to determine
the diameter of the defect. The numerical equations were validated using
experimental validation, and the results were consistent with the equations.

4.2 Digital Shearography for Non-Destructive Testing (NDT)

4.2.1 Principle of shearography for NDT

Identifying interior defects or delaminations is the primary objective of
shearography for non-destructive testing (NDT). This is accomplished by detecting
surface anomalies resulting from the distribution of w, which is induced by a modest
force. The operation of the shearography for NDT is depicted in Figure 4.1. When an
object that has an internal defect (shown in Figure 4.1 a) is loaded, for example by a
vacuum loading (shown in Figure 4.1 b), the surface in the defect region will produce a
significantly bigger deformation (shown in Figure 4.1 c) than the surface in other places,
and the maximum deformation will occur in the middle of the defect area. A relative
deformation denoted as “Aw” is measured by shearography between two sites that have a
shearing amount (as shown in Figure 4.1 d). In the event that the shearing amount chosen

is equal to or greater than the size of the defect, the maximum relative deformation Awmax
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that is recorded by shearography is equivalent to the maximal deformation that occurs in
the defect area, which is represented by the symbol wmax, as depicted in Figure 4.1 d.
Generally, the lowest sized defect that ought to be recognized is either already known or
is predetermined by the properties of the materials. As a result, an optimal shearing
amount can be chosen, and the maximum measurable relative deformation is the

maximum deformation Awnmax in the defect area.

- Image 1
N age
(a) N intial state
Defect
T — |
(b) I - Image 2
I after loading
(c) /../ ’E\R Defamation on
T T the top surface
Relative deformation “Aw *
between two points — i .
(d) ) P B S \'--Hm___ The max. deformation “w,, "

Area of a defect

Shearing amount “Jx"

Fig. 4.1. Fundamentals of shearography for NDT: (a) an object with a defect, (b)
deformation after a loading, (c) the shape of the deformation, and (d) relationship

between the relative deformation and the shearing amount

86



Now, the question that needs to be answered is, what kinds of defects can be
discovered? In the event that the deformation that is brought about by a loading in the
defect area is greater than the smallest quantifiable deformation wmax that can be
determined by digital shearography, then it is expected that defects of this nature will be
recognized. Depending on the test environment, the hardware setup, and the software
method, the smallest quantifiable deformation wmax can range anywhere from A/10 and
A/20. There is a connection between the deformation that is brought about by the loading
and the defect size S, the depth t from the surface, the characteristics of the material, and
other factors (Fig. 4.5). In order to determine the smallest defect that can be detected, it is
necessary to do an analysis of the relationship that exists between these characteristics.

4.2.2 Relationship among the deformation caused by loading, the size and depth of the

smallest detectable defect

4.2.2.1 Mechanical model

Before beginning to analyze the relationship between the deformation that is
generated by loading in the defect area and the size and depth of the smallest observable
defect, it is necessary to first investigate a numerical method that can calculate the
deformation. Figure 4.2 illustrates the deformations that occur when a disbond occurs
between a surface sheet and a honeycomb core in a honeycomb structure. Additionally,
delamination occurs in a CFRP or GFRP panel when it is subjected to a pulling force,
such as a vacuum loading of the panel. In this context, it is important to stress that the
study is predicated on the fact that the defect is located relatively close to the surface of
the object. It is imperative that the depth of the defect, denoted as t, is less than one fifth

to one eighth of the defect size, and that the loading is orthogonal to the surface. The top
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parts of the defects can be counted as plates if these assumptions are taken into
consideration. These deformations are identical, from a mechanical point of view to the
deformation of the plate when it is subjected to a loading of internal pressure, as depicted
in Figure 4.3. Assuming that the size of the hole underneath the plate is S and that S = 2a
(where a represents the radius of a circular shape or the half side of a rectangular shape)
and that the thickness of the top plate is t, the deformation depicted in Figure 6 can be
considered to be an approximation of the model of deformation in the region of the

disbond or the delamination depicted in Figure 4.2.

L
| ] 1 Tt

Fig. 4.2. Defects and the deformation under a pulling force: a disbond in a honeycomb

structure (left), and a delamination in a CFRP/GFRP panel (right)
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Fig. 4.3. An equivalent deformation for a plate with a hole underneath under an

internal pressure.

If the loading is perpendicular to the surface and the thickness t is much smaller
than the size of S [ < (1/5~1/8) xS], the upper part of the hole can approximately be
regarded as a plate fastened all around under pure bending and twist. According to the
elastic deformation mechanics of the thin plate theory, the differential equations of the
deformation for the plate shown in Fig. 4.6 is given by [103]:

veviw = P (4.1)
where w is the out-of-plane deformation, Ap is the magnitude of internal pressure, D is

the flexural rigidity, V 2 and D are shown as follows:

92 92 4.2

pro SwW 0w (4.2)
0x?  0y?

_ Et (4.3)
C12(1— 1B
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E represents the elastic modulus of the material, € represents the Poisson ratio, and t
represents the thickness of the plate, which is comparable to the depth of defects. This
equation can be found in equation 4.3. In order to get the solution to equation 4.1, it is
necessary to consider the shape of the defect, the loading mechanism, and the boundary
conditions. Within the scope of this research investigation, the defects in two different
shapes will be discussed: one is circular, and the other is either rectangular or square.

4.2.2.2 Deformations of defects with different shapes

Oval defect

Let’s talk about oval shape defects first. Assuming that the circular defect has a radius
of “a”, its depth is ¢, and the origin of coordinates is in the middle of the defect, the
magnitude and methods of loading and the boundary conditions are listed below:

- Loading method: internal pressure (a uniform load),

- Boundary conditions: Fastened all around, i.e. w ‘ x=a = 0, OW/0x | x=a =0,

Under these conditions, the solution of differential equation 4.3 for deformation w
is given by [104]:

x* y? . (4.4)
@2 pz”

and the maximum deformation wmax occurs in the middle of the plate, i.e. at x =0 and y =

0:
x?2 2 4.5
ApCg+37—1)? (+3)
w= 3 3 3
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where Ap is the magnitude of the internal pressure, a is the radius of the defect which is
half of the size of the defect S, i.e. S = 2a. Substituting equation 4.3 for the flexural rigidity

D in equation 4.5, the maximum deformation Wmax can be rewritten as follows:

w = 0_09375M 4 (4.6)

(3+37r2+3rH)Et3

D

v

Figure 4.4 Fastened all around for oval shape

Then, the deformation of a defect with a circular shape will be discussed. Assuming
that the circular defect has a radius of “a”, its depth is ¢, and the origin of coordinates is in
the middle of the defect, the loading and the boundary conditions are listed below:

- Loading method: internal pressure (a uniform load),

- Boundary conditions: Fastened all around, i.e. w ‘ x=a = 0, OW/0x | x=a =0,

Under these conditions, the solution of differential equation 4.3 for deformation w is given

by:

w==L[a?—(x% +y?)]? 4.7)

T 64D
and the maximum deformation Wmax occurs in the middle of the plate, i.e. at x =0 and y =

0:
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Ap (4.8)
Whax | circular — 64 D a'4

where Ap is the magnitude of the internal pressure, a is the radius of the defect which is
half of the size of the defect S, i.e. S = 2a. Substituting equation 4.3 for the flexural rigidity
D in equation 4.8, the maximum deformation wmax can be rewritten as follows:

(-7) stap (4.19)

Wmax | circutar = 0.01172 £ ¢3

a
S=2a
«————————P»

Figure 4.5 Fastened all around for circular shape.

Rectangular and square defect

If the defect is a rectangular shape with a size of 2a x 2b (2a is the long side and
2b the short side) under the same loading method (i.e. an internal pressure) and boundary
conditions (i.e. fastened all around) as the circular defect, the maximum deformation in
the middle of the plate is given by:

| _ 16 a* b* 4p (4.10)
Wmax | rectangular = 7 [3(a*+ b)+2a2 b?] D
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If the ratio of the short side 2b to the long side 2a is denoted r (r = 2b/2a) and the
defect size S is expressed as 2a, equation 4.11 can be simplified by substituting equation

4.3 for D:

8r* (1—v?%) S*ap (4.11)
Wmax | rectangular — 0.01543
[3r% + 212 + 3] E t3

For a square defect a = b, i.e. r =1, equation 4.11 can further be simplified as:

(1—v?%) S*4p (4.12)
Wmax ‘ square = 0.01543 E t3
b 3 2
a
S5=2a =
< < S=2a _

Figure 4.6 Fastened all around rectangular shape

4.2.2.3 Equilibrium and Lateral Loading

The equations 4.9—4.12 illustrate the link between the maximum deformations in
the middle of the defects and the properties of the material, the size and depth of the
defects, and the amount of the loading for defects that have circular, rectangular, and
square geometries, respectively. Additionally, it is possible to rewrite them as an

expression of the depth of the defect, denoted as t, in terms of the defect size, denoted as
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S (S = 2a), the loading, denoted as p, and the greatest deformation in the middle of the

defects, denoted as Wmax.

3 = Ap - S* (4.13)
B Upax — 12(1 —v?)
64 - E
(4.14)
(1-v?) 1 S*Ap 1
(5,49, Wina) | circutar = 0.22714 [——— [——3
max
16 a* b* Ap (4.15)
Wmax.rectangular = 4 [3(a4 + b4) + 232 bZ] F
t (S, Ap, WmaX) ‘ rectangular (4.16)
— 0.24896 g =D Stae g
- [[3r4+2r2+3]][ E ] [wmax]
16a*b*Ap - 12(1 — v?) (4.17)
Wmax.rectangular — [3(a* + b*) + 2a2b?] - Et3
(1-v?) 1 S*Ap 1 (4.18)
£ (S, AP, Winax) | square = 0.24896 [ B[
max

If a defect is subjected to a certain loading that results in a deformation, and the
maximum deformation wmax at the center of the defect, as given in the equations above,
achieves the smallest measurable deformation by shearography, then such a defect can be
identified by the use of shearography. When the smallest measurable deformation value,
also known as the measuring sensitivity of deformation, is substituted into the equations
for wmax, the associated values of S and t are the size of the smallest detectable defect and
the depth of the defect, respectively. As a result, the equations 4.13—4.18 can be used to

calculate the relationships between the size of the smallest observable defect S and the
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depth of the defect t under a vacuum or a pressure loading which used for test different
shapes of defects that include circular, rectangular, and square shapes, respectively.

What is the measuring sensitivity of deformation by digital shearography?
Shearography measures a relation deformation Aw. In the intensity subtraction method, the
measuring sensitivity of Aw is A/2, whereas it can reach 5 to 10 times higher if a phase shift
technique is introduced, depending on different conditions such as the test environment,
the optical setup, and the software algorithm. Although 10 times higher measuring
sensitivity needs an optimized condition, it is relatively easy to reach 5 to 6 times higher
measuring sensitivity, i.e. the measuring sensitivity of Aw reaches to A/10 to A/12.
According to the discussion in section 4.2.1, if the shearing amount is selected as a half
size or bigger than half the size of a defect, the maximum relative deformation Aw
measured by shearography is equal to the maximal deformation in the defect area as
explained in Figure 4.1 d, i.e. the measuring sensitivity of digital shearography for a
relative deformation is actually equal to the measuring sensitivity of Wmax. In order to find
the defect, the wmax caused by a loading should bigger than the measuring sensitivity of
shearography, e.g. from A/10 to A/12.

Substituting the wmax with A/12, the relationships between the size of the smallest
detectable defect S and the depth ¢ can be determined by equations 4.13—4.18 for defects
with circular, rectangular and square shapes, respectively. If an He-Ne laser is used in the
setup, the value of A/12 = 53 nm. Figures 4.7 -4.9 show these relationships under different
loading magnitudes if the material is aluminum, i.e. E = 70 GPa, v= 0.33. The data in the

x- and y-axes in the figures represent the size of the smallest detectable defect and the
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depth, respectively. The right part below the curves stands for the sizes of defects which
are bigger than the smallest detectable defect, and thus the defects are detectable and
considered visible. The left part above the curve stands for the sizes of defects which are
smaller than the smallest detectable defect, and thus the defects are not detectable, and
considered invisible. Using different material properties (i.e. the Young’s Module “E” and
the passion ratio “v”), the curves for different materials, such as for GFRP or CFRP panels,

can be created based on equations 4.13 — 4.18.

For circular defects

45 T T
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Defect size S (mm)
Figure. 4.7 Relationships between the size of the smallest detectable defect S and
the depth ¢ with a circular defect shape under different pressures (E=70 GPa, v=0.33 and

Wmax=53 nm)
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For rectangle defects r=3/4
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Figure. 4.8. Relationships between the size of the smallest detectable defect S and the
depth ¢ with a rectangular defect shape at different  values (» = b/a, E=70 GPa, v=0.33

and Wmax=53 nm)
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For square dechts
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Figure. 4.9. Relationships between the size of the smallest detectable defect S and
the depth t with a square defect shape under different pressure (E = 70 GPa, =0.33 and

Wmax= 53 nm)

4.3 Experiments

4.3.1 Specimen preparation

Flat-bottomed holes of varying depths and sizes were used to replicate defects in
aluminum plates with a total thickness of 12.7 mm (0.5 in) and a diameter of 166 mm.
This was done in accordance with equation 4.14. One specimen had five cylindrical holes
drilled into it at a depth of 12.2 millimeters, with diameters ranging from 3, 4, 5, 5.9, and
8.2 millimeters. The other specimen had five holes drilled into it at a depth of 11.7
millimeters, with diameters ranging from 5, 5.9, 8.2, 9.9, and 12 millimeters,

respectively. For the first specimen, the depth of the five simulated defects is t = 0.5 mm,
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and for the second specimen, the depth is t = 1 mm which boundary conditions for both
specimens are fixed all around.

Flat-bottomed holes of varying depths and diameters were used to replicate
defects in aluminum plates with a total thickness of 12.7 mm (0.5 in) and a diameter of
166 mm. This was done in accordance with equation 4.14. One specimen had five
cylindrical holes drilled into it at a depth of 12.2 millimeters, with diameters ranging
from 3, 4, 5, 5.9, and 8.2 millimeters. The other specimen had five holes drilled into it at
a depth of 11.7 millimeters, with diameters ranging from 5, 5.9, 8.2, 9.9, and 12
millimeters, respectively. For the first specimen, the depth of the five simulated defects is
t=0.5 mm, and for the second specimen, the depth is t = 1 mm. The boundary conditions
for both specimens are fixed all around. A sample with a thickness of one millimeter is
seen in Figure 4.10. Fixing is accomplished through the utilization of the six penetrating
holes that are evenly spaced over the outer ring. In order to imitate five defects of varying

sizes, the remaining five blind holes inside are employed this way.
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(b)

Figure. 4.10. The specimen of t = 1 mm with 5 simulated defects made by 5 flat bottomed

blind holes of different diameters, left: back side, right: front side to be tested
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4.3.2 Experimental setup and results

The setup for the experiment is depicted in Figure 4.14. In order to establish a
pressure load, the aluminum plate was secured inside of a cylindrical chamber that was
connected to a pressure pipe. After being irradiated by an extended He-Ne laser with a
wavelength of 632.8 nm and a power output of 50 mW, the front surface of the aluminum
plate was subjected to digital shearography using the phase shift technique. There are one
mega pixel numbers in the camera, and the shearing device is a modified Michelson
Interferometer. For the phase shift approach, a piezoelectric transducer (PZT) driven
mirror is utilized in the shearing device. The shearing direction is occurring in the x-
direction; nevertheless, according to the findings of this research, the shearing direction
does not have an impact on the outcomes of the test if the defect is of a circular, square,
or rectangular shape. In situations where the defect is a narrow and lengthy slot that is
significantly larger than the shearing amount, the shearing direction will have an effect on
the test result. It is recommended that to consult the literature [105] for information
regarding shearographic tests of narrow and lengthy defects. The shearing amount is six
millimeters, which is greater than fifty percent of the diameter of each hole in both of the
specimens respectively. As a result of restricted manufacturing capabilities inside the
facilities, cylindrical holes with flat bottoms were only able to be produced by the
research team; in other words, this test only conducted experiments on defects that had a

circular shape.
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Figure. 4.11. The setup of digital shearography for the experimental validation
The shearographic test results for the aluminum plate with five prefabricated
defects are displayed in Figure 4.12. The depth of the defects is 1 millimeter, and their
size (diameter) ranges from 5 millimeters. 5.9 millimeters, 8.2 millimeters, 9.9

millimeters, and 12 millimeters, respectively. As soon as the internal pressure /Ap

reaches a value of 80 kPa, it is possible to identify three out of the five defects. These
defects are denoted by the red circles and have a size of 8.2, 9.9, and 12 millimeters,
respectively. It is important to take note that the noisy spots in the outer ring are not
defects; rather, they are the locations of the fastening studs illustrated in Figure 4.10
respectively. The measurements were zoomed in to each defect area, which was
approximately 65 millimeters by 50 millimeters, in order to enhance the amount of pixels

that lay between two neighboring fringes which was done in order to clearly display the
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results with a better spatial resolution. The display in the small region is able to improve
its spatial resolution from around 7 pixels per millimeter to approximately 15 pixels per
millimeter by utilizing a camera with a resolution of one megapixel. A high spatial
resolution results in a greater number of pixel numbers between two adjacent fringes, and
a greater number of pixels results in a greater number of grayscale points or values
between that pair of fringes. The shearography pattern known as the butterfly fringe
pattern becomes more distinct as a result of this. The shearograms that were measured in
each defect area of the aluminum plate at Ap = 80 kPa are shown in Figure 4.13, which is
a comparison between the simulated curve of the least detectable defect size at t =1 mm
and the shearograms that were obtained at that pressure. There are five simulated defects
on the aluminum plate, and their sizes (diameters) range from S =5to S =5.9 to 8.2 to
9.9 to 12 mm. These sizes correlate to the five shearograms that are located in each defect
area, which are arranged from left to right. At a time of 1.0 millimeters, the numerical
curve and the experimental findings are in agreement. At the thickness and loading that
have been specified, the numerical curve indicates that the only defects that can be
discovered are those that are larger than 8 millimeters, and the actual results have also
demonstrated this. However, the shearograms in the areas with defect sizes of 5.0 mm
and 5.9 mm do not show a butterfly pattern, which means that these two defects cannot
be detected (see the two shearograms on the left). On the other hand, the three
shearograms on the right show a clear butterfly pattern, which indicates that defects of

size 8.2, 9.9, and 12 mm can be detected.
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Figure. 4.13. A comparison between the simulated curve and the shearograms measured in the area of each defect of
the aluminum plate with five prefabricated defects at =1 mm and Ap = 80 kPa.
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Figure. 4.15. A comparison between the simulated curve of the smallest detectable defect size and the shearograms
measured in the area of each defect of the aluminum plate with five prefabricated defects with their depth # = 0.5 mm
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The digital shearography setup was used to test the other plate, which contained
five prefabricated defects with a depth of 0.5 mm and sizes ranging from S =3, 4, 5, 5.9,
and 8.2 mm, respectively. This was done in order to further validate the numerical curve.
The results of the test on the entire plate are depicted in Figure 4.15. At a pressure of 80
kPa, three of the five defects, with diameters of 5.0, 5.9, and 8.2, were discoverable. In
Figure 4.15, a comparison is provided between the numerical curve and the shearograms
that were obtained in the area of each defect with a depth of 0.5 millimeters. In
accordance with the numerical curve, the only defects that may be identified at the
specified thickness and load are those that are more than 4.9 millimeters. It is not possible
to detect defects with sizes of 3 mm and 4 mm (see the two shearograms on the left), but
it is possible to detect defects with sizes of 5 mm, 5.9 mm, and 8.2 mm (see the three
shearograms on the right). Once again, these experimental findings demonstrate a high
degree of concordance with the numerical curve at a time of 0.5 millimeters and a
pressure of 4p = 80 kPa.

4.4 Analysis and Discussion

For the purpose of confirming the numerical equations and curves that were
derived in section 4.3, experimental tests have been carried out. In light of the
experimental results, it has been demonstrated that the simulated equations and curves are
reliable. In this section, the application scopes and circumstances of these numerical
equations and curves will be reviewed, as well as assess the impact that a variety of
parameters have on the outcomes of the tests. The size of the smallest detectable defect,
denoted by S, the corresponding depth, denoted by t, the loading magnitude, denoted by

A\p, the measuring sensitivity of the deformation in the middle of the defect, denoted by
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Wmax, and the term of material properties, denoted by E and v, are the five parameters
associated with each of the three models that were developed based on equations 4.13-
4.18. An examination of the effects that these parameters have on the size of the smallest
detectable defect S will take place in this section to be carried out. As an illustration for
the analysis, the equation for the circular defects will be continue use, which is denoted
by the equation 4.13-4.18. Let's rewrite equation 4.13-4.18 as an expression of the size of

the smallest detectable defect S, while taking into account the thickness t, the load Ap,

the measurement sensitivity of the deformation in the middle of the defect Wmax, and the

term of material properties (E and v):
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4.4.1 Impact of the measuring sensitivity of shearography

Figure 4.16 depicts two curves that illustrate the correlations between the size of
the smallest detectable defects S and the depth t at various test sensitivity levels of
shearography "wmax." The term "wmax" refers to the smallest quantifiable deformation in
the defect center. One has a maximum wavelength of 106 nanometers, whereas the other

has a maximum wavelength of 53 nanometers. When looking at the curve with a
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thickness of 1 millimeter, the test sensitivity for wmax is increased from 106 nanometers
to 53 nanometers, which means that the test sensitivity is twice. Additionally, the size of
the smallest observable defect S is reduced from 9.7 millimeters to 8.1 millimeters, which
is approximately a change of 16%. It is obvious that the defect size can be discovered to
be less when the test sensitivity is higher; however, the impact of this is not considerable

because S is only proportional to the quarter power of Wax.
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Figure. 4.16. Relationships between the size of the smallest detectable defect .S and the

depth 7 at different test sensitivity wmax (£ = 70 Gpa, v =0.33 and 4p = 80 kPa)
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4.4.2 Impacts of the material properties and the load magnitude

The impacts of the material property term [E/(1-v?)] and the load magnitude Ap on
the size of the smallest detectable defect S is similar to the measuring sensitivity presented
in section 5.1, because S is only proportional to the 1/4™ power of material property’s term
and inversely proportional to the 1/4™ power of the loading magnitude. Therefore, the
degree of influence on S is similar to the discussion in Section 5.1, i.e. if the Young’s
modulus E decreases by half or the magnitude of loading Ap is doubled, the smallest

detectable defect S will only be reduced by about 16%.
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Figure. 4.17. Relationships between the size of the smallest detectable defect .S and the

depth ¢ at different material properties (£ = 70 Gpa, v =0.33 and 4p = 80 kPa)
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4.4.3 Impact of the depth of defect

The impact of the defect depth on the size of the smallest detectable defect can be
found from Figure 4.18. When the defect depth ¢ is doubled, e.g. increases from 1 mm to 2
mm, looking at the curve of Ap = 80 kPa, the size of the smallest detectable defect S
changes from 8.1 mm to 13.7 mm which is about a 69% change. This is because S is
proportional to 3/4 power of t. Therefore, the depth of a defect t has a more obvious impact
than the other three parameters. An increase in the depth of defects will lead to more

difficulty in finding small defects.
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Figure. 4.18. Relationships between the size of the smallest detectable defect .S and the

depth ¢ at different depth of defect (E = 70 Gpa, v =0.33 and 4p = 80 kPa)
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4.4.4 Effect of defect shapes

Regarding the effect of defect shapes, the square shape is the easiest shape to find
small defects, the circular shape is similar to the square shape, and the rectangular shape
with its small » value, i.e. very narrow defect, is the most difficult to detect. These
phenomena can be observed from Figures 4.7 — 4.9. It should be noted that the relationships
between the size of the smallest detectable defect S and the depth ¢ for an elliptical defect
has not been presented due to its complexity, but because of its similarity to the rectangular

equation, equations 4.13 can be approximately used to estimate ellipsoidal defects.
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4.4.5 Applicability of the simulated models

As a result of the plate theory, the differential equation of the deformation that is
described in equation 4.1 and the analytical solutions that are presented in equations 4.13-
4.18 are both accurate. There is a possibility that the upper portion of a defect, which is
the portion that extends from the top surface to the delamination or disbond, can be
considered as a plate if the thickness t is significantly smaller than the defect size S. In
most cases, the thickness t is less than the defect size S. As a result, the analytical
equations 4.13-4.18 are suitable for identifying defects that are located close to the
surface. Consider the following example: if the defect size S is 12 millimeters, the
equations and curves that have been produced are suitable for detecting defects with a
depth of less than 2 millimeters. On the other hand, if the defect size S is 36 millimeters,
the equation and the curve are suitable for detecting defects with a depth of less than 6
millimeters. Through the use of this connection, an estimation can be made regarding the
magnitude of the defect and the depth at which it can be identified. In terms of the
materials that are suitable for the models that have been constructed, the analytical
equations 4.13-4.18 are suitable for any isotropic and quasi-isotropic materials, provided
that the Young's modulus and Poisson ratio may be considered independent of the
directions. The following are examples of composite materials that are suitable for direct
application of analytical solutions:

*Sheet Molding Compound (SMC) Carbon Fiber substrates, which are characterized by
short fibers that are located in a random orientation.
» Composites with short fiber reinforcements, which may make use of carbon or glass

fiber reinforcements and may also contain a thermoplastic matrix.
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 Sandwich structures that have an isotropic front sheet and typically have a core that is
honeycomb-like in character.

When working with woven fibers that are arranged in regular patterns, it is
possible that some adjustments will be required. The deformation that is estimated using
the classical theories is sufficient for quasi-isotropic composite substrates (such as -
60°/0°/60° or 0/-45°/45°/90°) for the purpose of shearographically detecting delamination
defects through the use of shearography. On the other hand, a correction factor that takes
into consideration the shear stress that exists between the plies might be utilized in order
to achieve more precise results [106]. The Young's modulus and the Poisson ratio can be
assumed to be independent of the x and y coordinates when one considers these particular
circumstances.

Due to the absence of considerable structural stiffness in the direction that is
perpendicular to the fibers, this model is not easily applicable to unidirectional fiber
composites when it is applied to these materials. Additionally, this methodology is not
suited for detecting defects that are very deep without increasing the size of the defect
themselves. It has been claimed that hybrid approaches, such as shearography paired with
the FEM method, have been utilized in this particular instance [47-48]. There are certain
circumstances and circumstances in which they are efficient; however, shearography is
not the ideal way to test very deep defects unless the size of the defect is considerable.
The reason for this is because if the surface deformation generated by a load is unable to
reach the measuring sensitivity of shearography, then no surface information can be used
for finite element modeling (FEM) or other numerical methods. This phenomenon is
highly probable if the defects are placed too deep from the surface. Application of
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techniques such as ultrasonic and x-ray techniques is recommended for the purpose of
detecting both deep and tiny defects.

4.4.6 Boundary conditions and the loading methods

Regarding the determination of "visible" and "invisible" defects in the S-t curve,
if a defect point falls directly on the curve, then theoretically, this defect size at the
corresponding thickness is traceable under the given load magnitude. This is the case
even if the defect point is not visible. It will not be possible to identify any point in the
region that is smaller than this size but larger than the thickness; in other words, points
that are located above the curve. On the other hand, for practical purposes, the boundary
conditions of genuine defects are not exactly the same as those of the models. A more
stringent boundary condition is shown by the fact that the boundary condition in the
models that were developed has been fastened all around. If it is possible to discover a
defect under this condition, then it is highly likely that it will also be discovered under
other boundary circumstances. Therefore, the visible defect (i.e. the area above and below
the curve) is fairly accurate. However, depending on the actual boundary condition of the
defects, there may be points in the invisible region that are visible slightly above the
curve. This indicates that there is a transition area that exists slightly above the curve, but
it is difficult to indicate exactly in the figure due to the fact that the boundary condition of
the defects is unknown. It is recommended that numerical models and curves be used to
estimate the smallest detectable size and depth rather than using them for exact
measurement of the smallest detectable defect size. This is because numerical models and

curves are more accurate than exact determinations.
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In conclusion, it is important to point out that the models that were constructed
relate to either a pressure loading or a vacuum loading. The vacuum loading method is
the most effective loading method for a shearographic test because it generates a pulling
force, as demonstrated in Figure 4.1b. Delamination or disbonding can be separated by a
pulling force, which can also generate a larger deformation and make it easier to do non-
destructive testing on the defects. It is true that the vacuum loading method is the most
effective loading method; nevertheless, it is also the most difficult loading method. One
of the most straightforward approaches to loading is through heating; unfortunately, the
models that are described in this study are not suitable for heating loading. The
development of this work is something that will hopefully take place in the not-too-
distant future.

4.5 Conclusion

A numerical and experimental study of digital shearography for determining the
size of the smallest detectable defect and the relationship with different parameters has
been conducted. Numerical models to detect defects close to surface (usually, the defect
depth t is smaller than 1/5 to 1/8 size of defect) and to determine the size of the smallest
detectable defect by shearography under a vacuum and a pressure loading have been
developed which provides first hand materials for test engineers before starting their
investigations. The numerical models developed show that higher sensitivity for
deformation measurement by shearography, less rigid material, larger loading magnitude,
and shallower defects can lead to finding smaller defects. Of these four parameters, the
most significant impact on defect inspection is the depth of the defect. An increase in the
depth of the defect will obviously lead to more difficulty in finding the defect. The other
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three parameters: sensitivity for measuring deformation, material properties, and load
magnitude, have the same weight for defect inspection and less impact than the defect
depth t. This is because the size of the smallest detectable defect S is proportional to one-
quarter’s power of each of the three parameters, but three-quarters the power of the defect
depth t. The experimental validation of shearography demonstrated a very good
agreement with the numerical models developed, which shows that the numerical models
are a promising method to provide useful estimation for NDT by digital shearography.
The models established in equations 4.13-4.18 can be used to assist in the shearography
inspection by estimating the size and depth of the smallest detectable defect with the

corresponding load magnitudes.
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CHAPTER FIVE
INCREASE SMALLEST DETECTABLE VISUALIZATION DEFECT:

CONVENTIONAL METHODS AND SEGMENTED FITTING METHOD TO
ELIMINATE GLOBAL DEFORMATION

The utilization of a wide variety of novel materials necessitates the
implementation of increasingly demanding quality evaluation requirements as a result of
the progression of science and technology. The digital shearography system is a high-
precision interferometric non-destructive testing (NDT) device that has proven to be an
effective instrument for the inspection and assessment of materials. In particular, it has
been found to be useful for detecting delamination and debonding in honeycomb
structures and composites. When it comes to the use of digital shearography, one of the
most frequently encountered challenges is figuring out how to differentiate between
defect information and general deformation information. Incorporating several
restrictions, such as the requirement for enormous data sets and the necessity for fine-
tuning, it has been the focus of a great deal of effort to implement intelligent algorithms.
In addition, classification tasks for the purpose of defect classification are frequently
employed to investigate factors like impact energy, which can result in an incorrect
interpretation of the results. Methods for defect detection frequently need the
participation of competent practitioners, and it is possible that other engineering
specialists are not readily available. Before moving on to the next section, the numerous
methods that are utilized to acquire defective information that is more precise will be
firstly examined. Additionally, the various loading and deformation states will be

discussed and analyzed. The segmented fitting method is the a novel technology that is
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offered, and it is used in conjunction with the fringe pattern. The first derivative of
sample deformation can be calculated using a technique called digital shearography,
which involves measuring phase differences during the process. Decomposing phase
difference into a collection of global deformation, defect, and noise information is
possible under most working circumstances. This hybrid approach takes into account
theory that has been established through experimentation and makes use of image
processing techniques in order to get rid of information about global deformation. The
fringe pattern after loaded is subjected to processing in order to operate according to the
concept of this method. First, the value of relative phase change of each fringe is
extracted, and then a second-order polynomial fitting is done on each fringe in order to
create a fitting plane. Finally, in order to get rid of the global deformation, the plane is
subtracted from the fringe pattern that was captured following the deformation. Finally,
in order to validate these correlations, experimental verification was carried out using
manufactured defects of varying sizes. Furthermore, the results of the experiments
demonstrate that this strategy is advantageous in terms of amplifying and improving the
capture of information linked to defects. The purpose of this research is to enhance the
efficiency and precision of digital shearography in the detection of defects in a variety of
materials, including delamination, debonding, and similar issues. The results of the
experiments demonstrate that this method contributes to the enhancement of the non-
destructive testing capabilities of digital shearography. Additionally, it makes the

extraction of defect information more straightforward and more intuitive.
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5.1 Introduction

Speckle interferometry techniques, such as digital holography and digital
shearography, are currently being utilized extensively for full-field slope and
displacement measurements. These techniques are also capable of measuring surface
deformations on a micron scale. After nearly four decades of research, it has finally
reached the point where it is a non-destructive testing technology that is approved by the
industry [107]. Through the use of an interferometry technique known as digital
shearography, internal defects can be identified. This is accomplished by measuring the
out-of-plane displacement gradient of a specimen surface that is illuminated by a
coherent beam. The utilization of the phase shift approach results in a significant
enhancement in the accuracy of the displacement gradients that are measured [108,109].
This further encourages the development of measurement equipment and the application
of those instruments in the non-destructive testing of a variety of composite materials
[107 110-111]. The findings of the tests are associated with several loading methods,
including heat radiation, pressure, vacuum, acoustics, and mechanical vibration
stimulation, among others. The capacity to detect deeply buried defects is limited in
thermography with thermal stimulation due to issues with rapid heat dissipation and
uneven heating [112, 113].

However, due to the fact that composites are often anisotropic materials, it is
difficult to simulate the behavior of the specimen when damage occurs, such as damage
that is caused by impact [30,114]. When testing composites and alloy materials, defects
such as debonding and delamination frequently arise during the production process or

during usage due to variances in the chemical and physical properties of various materials
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[107,110] because of the fact that different materials will have different properties. On
the other hand, because of the complex properties of the material, it is possible for a
number of defects, such as delamination and fiber breakage, to develop during the
production process as well as during use. During the manufacturing process, for instance,
residual stresses caused by resin shrinkage and uneven curing can result in delamination,
fiber matrix debonding, fiber waviness, and matrix cracking in thick composites. These
issues can be caused by the production of thick composites. Accidental cracks that occur
during usage can also produce matrix cracking and internal delamination, both of which
are scarcely apparent from the impact surface because of their depth. The mechanical
properties and structural complexity of composites may be significantly impacted by
these imperfections, which may appear on the surface or near the surface, or they may be
deeply buried. Based on this reason, non-destructive testing (NDT) of composite
materials or alloys is of utmost importance in order to enhance the safety and
dependability of structures. Therefore, it is necessary to detect the defects at an early
stage in order to preserve structural integrity. By utilizing digital shearography, one may
assess the structural integrity of a composite structure following an impact, thereby
determining whether or not the structure has to be repaired or replaced [115-119].

However, due to limitations of experimental equipment, experimental
environment, and application scenarios, the information that the shearogram recorded by
digital shearography can record is limited. How to extract more detailed information from
the recorded images is a question to be discussed in the next section. The most common
method is to increase the contrast between defect information and background

information. First, it is necessary to understand the development of previous research on
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improving the sensitivity of digital shearography by improving contrast and use it as a
basis, and then develop a new system based on previous research. As a result, this part
begins by analyzing a variety of approaches and discussing the benefits and drawbacks
associated with each of pervious research. Following that, a novel approach that was
based on fringe pattern was suggested as a solution to these issues. The fringe pattern is
created by multiplying the undeformed speckle pattern with the deformed speckle pattern.
This results in the fringe pattern being divided into three parts: the fringe pattern, which
contains phase information, the background intensity, and additional high-frequency
noise components. By substituting a new plane and subtracting, the final two components
can be removed from the equation. Furthermore, this approach is more resistant to
oscillations in the speckle field than other methods.

5.2 Polynomial fitting and other method to remove global deformation

In this part, the primary focus is on the examination of conventional technologies.
Previous studies have shown that techniques that can improve the sensitivity of digital
shearography in specific boundary cases mostly convey defect information by amplifying
it by increasing the contrast between the defect information and the background
information. There are two basic methods that might be utilized regarding the extraction
of information regarding defects. One method involves reducing the amount of noise in
order to improve the understanding and efficiency of the information that is being
expressed. The elimination of the global deformation is still another strategy that can be
taken in order to further improve the visibility of defect information. The study that is

now being done on noise reduction makes use of spatial deformation to carry out second,
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third, and fourth-order differentiation in order to mitigate noise and enhance defect
diagnostics.

In the beginning, the topic of lowering the amount of noise and improving the
high-frequency signals in areas where defects are prevalent will be discussed. Lopes et al.
[37] utilized numerical differentiation inside the phase diagram for the purpose of
reducing noise with stroboscopic illumination or intensity modulation.

By employing this technique, the second, third, and fourth order spatial
derivatives of the displacement field are computed in a sequential manner. This is
accomplished by applying a low-pass filter and a first-order central finite difference
algorithm to the phase map of the modal rotation. As a result of the fact that these phase
diagrams and their associated derivatives are specified between -n and m, the
discontinuities can be removed by employing an expansion procedure. After that, a
continuous description of the rotating field can be obtained by the procedure of
unwrapping method, which results in a better visualization of the perturbations in the
derivatives, which in turn leads to a better analysis of the damage localization. The
elimination of high-frequency noise is accomplished through the utilization of an
averaging filtering technique in this method. However, in order to make use of this
method, the fringe pattern must first be transformed into a continuous mapping. This is
accomplished by shifting them to complex domains, and the filtering technique that is
employed makes use of diagram convolution. After all is said and done, the derivatives of
the modal fields can be generated by employing Goldstein's unpacking procedure [122].
From the result, the low-frequency information will gradually decrease, while the high-

frequency information will become more obvious and clearer. This demonstrates that the
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utilization of stroboscopic laser illumination and temporal phase modulation in
shearogram results in significant improvements in the quality of measurements.
According to this conclusion, the information regarding defects will be more
understandable because it is much simpler for operators to locate information about
defects.

Based on that, a frequent method involves the construction of a fitting plane,
followed by the elimination of the global deformation through the subtraction of this
fitting plane. According to the fundamental idea behind this technique, the fringe pattern
is composed of two distinct pieces of information. These include information about
global deformation and abnormal defect deformation, which is brought about by defects
in the global deformation information. The phase value of the global deformation
information is the most significant one in all information of the shearogram. When
compared to the information regarding the global deformation, the width of the defect is
limited. This makes it easy for the global deformation information to mask the small
defect information, making it more difficult to identify. The second way, which is also
the most popular method, is to construct a fitting plane by using a variety of methods, and
then to utilize this fitting plane to represent the global deformation. After that, the fitting
plane is removed from the initial image in order to get rid of the global deformation. This
helps to enhance the defect information, which in turn makes it simpler for the operator to
locate it. Because of this, it is possible to readily collect information regarding defects by
removing the global deformation which shown in Figure 5.1. [38-45].

First, the method of polynomial regression fitting methods will be discussed. In

order to demonstrate the importance of researching new approaches, the first thing that
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needs to be done is to provide a concise summary of how this method eliminates global
deformation information. By employing a polynomial regression function, Templeton
[48] was able to design a suitable plane. In order to reduce the effect of global
deformation information, this technique involves subtracting the plane that fits the
polynomial regression curve from the plane that represents the deformation. This is
accomplished by conducting a polynomial fit on the diagram that has been distorted using
a regression curve. Getting rid of general deformation is accomplished with this
procedure the majority of the time. Within the initial step of this procedure, shearography
is used to record the fringe pattern while the loads are large. After that, an unwrapping
algorithm is used to unfold the fringe pattern in order to achieve the construction of a
continuous deformation phase map. Following this, the polynomial regression fitting
approach is utilized in order to produce a simulation phase diagram that is based on the
deformation diagram. After that, the simulation map is subtracted from the deformation
map in order to eventually get rid of the general deformation and only keep the defect
information. A step-by-step analysis of the flow diagram is presented in Figures 5.2 to
5.4. For example, the perfricated defects aluminum disc was employed to show the
schematic of polynomial regression fitting method. Figure 5.2 (a) records the fringe
pattern, and 5.2 (b) records the image after unwrapping. The results of recording the
fringe pattern under large load by shearography are displayed in Figure 5.2. The image is
recorded after the shearography process has been completed. Due to the fact that the
global deformation is significantly larger than the defect information and noise, the defect
information and noise will be disregarded when polynomial fitting is being performed.
Figure 5.3 describes the entire plane is processed using the fitting results and Figure 5.4
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illustrates the workings of the principle of this method. After that, a polynomial
regression function is utilized in order to come up with a suitable plane that is
representative of the total deformation. Following the unwrapping of the fringe pattern
that was captured by shearography under large loads, the fitting plane is then subtracted
from the deformation data in order to effectively minimize the global deformation. Figure
5.4 illustrates the outcomes that were obtained by selecting regression equations with
varying fitting orders. These equations were selected using polynomial regression

function orders that varied.

Record fringe pattern under a large load

Unwrapping the fringe pattern to build a continuous phase
map

Build a simulated map based on the continuous phase map

Polynomial regression fitting method
Reference object method
Simulation method

Machine learning method . )
Use continuous phase map minus

simulated map

Result removed global deformation

Figure 5.1 Schematic of polynomial regression fitting method.
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(b)

Figure 5.2 ALOS5 deformed image (a) Deformed image (b) unwarping image
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Figure 5.3 Theory of Polynomial fitting method
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(a) (b)
Figure. 5.4. Polynomial fitting plane(a) Fitting plane (b) Deformed image minus fitting plane
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(a) (b)
Figure. 5.5. Final result of fitting method(a) 3™ order (b) 8" order
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In the following section, several ways for removing global deformation will be briefly
examined. At first, the B-spline interpolation technique is the subject of discussion. For
the purpose of constructing the fitting plane, Deepan makes use of the B-spline
interpolation approach [123]. For the purpose of determining the slope, curvature, and
deformation of individual fringe patterns in digital shearography, the technology creates
an algorithm for fringe analysis. Estimating the bias curvature and deformation map from
the fringe direction and fringe density maps is accomplished through the utilization of a
particular method. The curvature and deformation maps that were obtained are then
subjected to additional processing by means of B-spline interpolation in order to
accomplish the building of the fitted plane with a high-quality curvature and deformation
map. However, there are several limitations associated with this technology. After B-
spline interpolation, the map is not clear, and there is noise in the central part of the map.
This noise leads to the introduction of information that is not necessary, and it is also
time-consuming.

The following technique is known as the reference plate method, and it involves
establishing a reference plane in order to model the aggregate deformation. [45]
Fomitchov carried out an experiment in which the research simulated global deformation
by inserting a replacement plate into the apparatus. This plate was intended to replace the
plate that had been first identified as defective. A comparison is made between the
intensity value at a pixel position in the interferogram and the intensity value at the same
pixel in a reference interferogram using this method. If the relative deviation in intensity
of a pixel is greater than a threshold that falls between 0.1 and 0.5, then the pixel is
considered to be within the borders of an edge cluster. If this is not the case, it will be
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located in the background portion of the sample that it is necessary to reference. In spite
of the fact that this technique does not call for any new apparatus, it does make use of
new specimens as the reference specimen. This method is not practical because the
experimental loading process cannot be repeated at the same time, and different materials
also have their own unique characteristics.

Tao used polynomial fitting as a method to perform similar phase correction. The
objective of this process was to optimize the image of the specimen by eliminating errors
and mitigating defects for the purpose of improvement [46]. Use a good sample with the
same magnitude of thermal loading, then use the fitting method for the good sample, and
finally use the deformed fringe pattern to subtract the good pattern in order to obtain the
defect information. Initially, the polynomial fitting method is applied; however, due to
the limitations of the polynomial fitting method, it does not perform as well as it should.
In order to extract the defect deformation of the structural health monitoring system, this
approach requires the use of a reference damage panel, which is one of the disadvantages
of this approach. In the course of this process, there is a possibility that more errors will
occur, which may result in the error of information regarding defects. Additionally, the
act of concurrently capturing two images leads in a reduction in the resolution of the
camera.

Optimization of the contrast-to-noise ratio method was carried out by Hofmann and
his colleagues [47] in order to quantitatively evaluate the contrast between defects and
the backdrop of the image. However, this method requires a significant amount of
empirical data, requires extended periods of mechanical training, and is only effective for

a single category of material. In addition, it is an inefficient method. An additional
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method entails contrasting the knowledge about defects with the information about
planes, which is then followed by the application of machine learning techniques that are
founded on this overarching theoretical framework. The collecting of information
regarding defects can be accomplished with better precision for those technique who have
received considerable training. However, this method requires a significant amount of
empirical data, requires extended periods of mechanical training, and is only effective for
a single category of material. In addition, it is an inefficient method.

However, there is a possibility that vital information in the fringe pattern will be
overlooked because all of the methods rely on unwrapped displacement data. The fitting
method is appropriate for removing global deformation in situations when the
deformation is under the elastic and can be predicted. However, in order to reduce the
global deformation, a technique is required in situations when the loading conditions are
complex. The purpose of this research is to present a method that eliminates global
deformation and extracts defect information based on the analysis of fringe patterns
which is possible to fit on the fringe pattern using this procedure. The theory behind it is
comparable to that of fitting the equation for polynomial regression analyses. In order to
achieve first-order fitting, it takes into account the phase value change that occurs
between each pair of fringes on the fringe pattern. After the fitting process, the fringe
pattern that is left over is a representation of the global deformation's fringe pattern. This
technique is straightforward and easy to comprehend, and it enhances the quality of the

photograph.
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5.3 Segmented fitting method

As part of digital shearography, surface positions both before and after
deformation can be compared in a number of different combinations. The subtractive
speckle-related fringe creation approach is the method that has been used conventionally
and is the most prevalent. In addition to having a limited dynamic range, measurement
sensitivity, and effective spatial resolution, these fringes have a signal-to-noise ratio that
is relatively low and noticeable contrast. The advancement of unwrapping techniques has
become increasingly popular among users of DSPSI technology as a result of their
pursuit of the measuring qualities stated above. As discussed in previous parts, the
unwrapping computations were the foundation of all of the earlier techniques that were
successful in removing global deformation. There is a good reason for the widespread
adoption of the unwrap method: it compensates for or removes the majority of the
drawbacks associated with fringed patterns. However, the technology brings with it an
additional choice that is not typically properly evaluated once it has been implemented.
Rather than producing a fringe pattern, phase shiftting results in the production of a
"wrapped" phase profile. In many cases, it is possible to unwrap a wrapped phase profile
in order to provide a continuous collection of data. This requires a certain level of
expertise, attention, and time. The unfolded phase that is produced as a result is a direct
representation of the surface deformation that occurs at each pixel. On the other hand,
this method is not particularly helpful in finding defects, and it results in phase
discontinuities when attempting to reconstruct a smooth phase map. Struggling to
overcome the challenges that are associated with locating discontinuities and calculating

different values of 2 is a challenging endeavor. It is crucial to retain as much
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information as possible throughout the fringe pattern processing because even though this
process may result in some loss of information, it is crucial to retain as much information
as possible. Secondly, the sequence in which the various fitting equations are selected has
repercussions for materials that have defects of varying magnitudes of load. In order to
select the sequence of fitting equations and to decide the type of fitting equations that are
utilized in the fitting process, several criteria are required. This is due to the fact that the
shape, position, and depth of defects that occur in real life are distinctively different from
one another. It is on the basis of this that the idea of segmented fitting is first introduced.
The segmented fitting principal diagram may be found in Figure 5.6. The use of the
segmented fitting principle can be broken down into the four stages that are listed below.
Digital shearography technology is utilized in the initial stage of the process in order to
record the fringe pattern that occurs after the specimen has been deformed under a
specific load. In the next step, the border is chosen to be either white or black, depending
on the phase value. This means that the pixel value is either 0 or 255, which is used to
establish the range of each segment. It is recommended that it begin at the edge and
choose pixel values that are continuous and unchanging in order to prevent the presence
of defects. When it comes to fitting the pixel value changes that occur within each
segment, the third part makes use of a first-order fitting equation. On the other hand, the
fitting approach creates a simulation map that was derived from the deformation map in
order to accurately depict the global deformation. After that, the simulated image is
subtracted from the original global in order to get rid of the global deformation, the

Figure 5.7 shows another way in which the principle can be stated.
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Figure 5.6 Schematic of Segmented method.
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Figure 5.7 Theory of Segmented method
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5.4 Experiments & results

5.4.1 Experimental setup and sample preparation

The apparatus that was utilized in this investigation is illustrated in Figure 5.8.
The two most common types of loading procedures that are utilized in shearography are
thermal loading and vacuum loading. When it comes to the identification and
characterization of defects that have open boundaries, the employment of vacuum loading
techniques can be prohibitively expensive and may not be the most effective method. The
application of thermal loading has the potential to extend the duration of the test, bring
about extensive changes to the specimen, and bring about temperature differences
throughout the surface of the object. For the purpose of determining whether or not the
procedure described in this article is effective, a number of different loading techniques
and materials with a comprehensive range of attributes were utilized. The specimen is
subjected to continuous irradiation from a 1000W halogen lamp for a duration of three
minutes as part of the thermal loading procedure, which is one of the methods that is
utilized. When measuring the surface temperature of the test specimen, the infrared
thermometer is utilized, and it has the capability of attaining a maximum temperature of
44 degrees Celsius. On the other hand, the vacuum loading method, makes use of a
vacuum pump to produce a maximum pressure differential of ninety kilopascals (kPa)
within the vacuum chamber. With a power output of fifty milliwatts and a wavelength of
six hundred thirty-two nanometers, an extended helium-neon laser was used to illuminate
the front surface of the specimen while the experiment was being carried out.
Additionally, phase-shift technology was utilized in conjunction with digital

shearography in order to conduct the examination of the specimen. The shearing device is
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a modified Michelson interferometer that adds a piezoelectric transducer (PZT) powered
mirror to aid the phase-shifting approach. The camera has a certain amount of
megapixels, and the shearing device is one of the mirrors of Michelson interferometer.
For the purpose of demonstrating the comprehensive applicability and precision of the
coefficient approach, a wide range of materials were selected as test subjects in order to
suit a variety of different circumstances. A prefabricated aluminum panel (ALOS) with a
diameter of 166 millimeters and five round defects is the first material that will be
discussed now. It is 166 millimeters in diameter and has a thickness of 12.7 millimeters.
0.5 millimeters is the distance between the surface and the circular defect, which is

shown in Figure 5.9.

Figure 5.8. The setup of digital shearography for the experimental validation
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Figure 5.9 Sample of AL 05

Also, for confirming the theory, a composite material (C3) with prefabricated
three defects which set in horizontal are selected to verify the result. C3 is a composite
material that is constructed of two aluminum slabs that are bonded together with three

different-sized internal defects. Figure 5.10 shows the sample of C3.
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Figure 5.10 The sample of C3

In addition, the fitting method is not appropriate for situations involving
complicated deformation, as will be shown in further depth in the subsequent sections. It
is impossible to measure the actual global deformation of the surface when using the
fitting strategy since it is difficult to select a suitable fitting equation for surfaces that are
intricate. Composite laminate (CP) was chosen as the representative material with the
factors, which shows in Figure 5.11. The total thickness of the material is 5. 65mm. To
imitate imperfections, drill holes on the specimen with the different sizes. The specimen
dimension is 150 mm x 145 mm. The nine cylindrical holes with the following
dimensions: 6 mm, 10 mm, and 20 mm in diameter, and a depth of 5.15 mm.
Additionally, create a 3 mm-deep stage to mimic delimitation. The thinner steps are 2.65

mm from the surface, and nine of the simulated defects have a depth of t=0.5 mm from
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the surface. Three sides of the material will be left free and one side will be fastened as

the experimental boundary conditions.

(b) Backside of CP
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Figure 5.11. The specimen of t=0.5 mm with 9 simulated defects made by 9 flat
bottomed blind holes of different diameters, with a 3 mm stage.

5.4.2 Experimental Results

In the following step, the outcomes of the experiment will be discussed and
analyzed. For the purpose of this verification test, vacuum loading was utilized, and the
fringe pattern of ALOS was chosen for testing at A88 kPa loading. While Figure 5.12
depicts the fringe pattern of ALOS5 when subjected to 88 kPa, Figure 5.13 depicts the
three-dimensional surface when subjected to this stress. Next, the image is processed
using a technique called segmented fitting. The structure is depicted in Figure 5.14 after it
has been processed. It is possible to identify only three defects. A representation of the
outcomes of the polynomial regression equation fitting approach may be found in Figure

5.15.
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Figure 5.12 88 kPa 0.5mm depth defects
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Pixel Value

3D Surface Plot of Image Data

Figure 5.14 Result from segmented method
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Figure 5.15 Result from polynomial regression fitting method

In order to verify the effectiveness and applicability of the segmented fitting
method, the fringe patterns of temperature difference of 24 °C are shown in Figure 5.16.
The results of C3 under segmented fitting method are displayed in Figure 5.17. The

different orders of polynomial regression fitting method are listed in Figure 5.18.
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Figure 5.16 24 °C temperature difference for C3
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Figure 5.18 C3 results with large defect from polynomial regression fitting method.
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For the complex condition, for the prefabricate defect composite (CP) with
different thickness in the specimen ais chosen. Figure 5.19 shows the CP under thermal
loading (At =25 °C) resulting. Figure 5.20 shows the result after removed the global
deformation from the segmented fitting method. Also, result from polynomial regression

fitting method show in 5.21.

Figure 5.20 CP results from the segmented fitting method.
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Figure 5.21. Result for CP from polynomial regression fitting method

5.5 Analysis and Discussion

5.5.1 Result analysis under the homogenous thickness material

According to Figure 5.14 and 5.15, it is possible to discover that the information
regarding the position of the defect may be observed in a clear manner. The effectiveness
of this fitting method in removing integer deformation under general conditions has been
demonstrated through numerous experiments. This demonstrates that this method is an
efficient way to get rid of global deformation. Following the use of the segmented fitting
method, it is possible to observe that the outcomes are more transparent when compared
to Figures 5.15 and 5.176. Because the fitting approach is based on the unwrapping
method; hence, in order to reconstruct a smooth phase map in the unwrapped state, it is
important to detect phase discontinuities that are generated solely by rotation. Adjusting
the phase value by adding or subtracting multiples of 27 is the key to the unrolling

method. In the event that the phase jumps at two consecutive places below or above T,
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respectively, this adjustment takes place. It is required to combine additive or subtractive
approaches in order to reconstruct continuous phase patterns that incorporate noise and
minor defect information. This is because the obstacles associated with finding
discontinuities and calculating various values of 2w are difficult to overcome.
Nevertheless, it is probable that this process will result in the loss of some information;
hence, it is essential to keep as much information as possible throughout the processing
of fringes patterns.

5.5.2 Result analysis for different fitting order of polynomial regression fitting method

According to Figure 5.18, results for higher-order fitting equations and lower-
order fitting equations are shown and compared. Also, the phase values of the overall
deformation of the background and the global deformation of the defect location are
extracted and analyzed respectively. In Figure 5.18, it can be found that in the high-order
fitting results, the entire specimen is eliminated, which is basically consistent with the
phase value of the background information. As the fitting order increases, this result has a
better effect on eliminating global deformation. However, the defect information also
becomes unclear in the results of higher-order fitting. This is because the fitting order is
too high, which causes the large defects information to be gradually taken into account in
the overall deformation information, thus making the size and depth of the defect
shallower, bringing errors to the observation. Appropriately increasing the fitting order of
the fitting equation is more beneficial to eliminating global deformation, but too high a
fitting order can also cause trouble in defect identification. In summary, fitting equations
of different orders will affect the fitting technique in specific ways, making it difficult for

novice operators to choose an appropriate fitting method.

150



5.5.3 Result analysis under the complex loading conditions

In this section, the processing results of the two methods for global deformation
of complex deformations are discussed based on the results of CP shown in Figure 5.20
and Figure 5.21. First, from the results of the polynomial regression equation fitting
method, the 20 mm diameter defect on the thinner platform is unclear, while the 6 mm
diameter defect is almost invisible. This is because the conventional polynomial
regression fitting method is based on the gray value of the continuous phase map to
simulate global deformation. Complex deformation conditions make the selection of
fitting equations more troublesome, thus bringing certain errors to the results. The
presence of this error sometimes identifies large defective phase values as global
deformations to the fitting algorithm, which is ultimately eliminated. The information of
small defects can be considered as noise and becomes invisible after smoothing during
the unwarping process. This result proves that this method is not suitable for extracting
complex deformation situations and small defect information. Secondly, in the segmented
fitting method, there is a lot of noise, which makes the 20 mm diameter defect on the
thicker platform unclear, and there are many fringes representing global deformation.
This is because segmented fitting is performed based on the changes in the terms in each
fringe. When in complex deformation, the fringe near the defect is distorted, causing the
fitting results to be affected at the location of larger defects. On the other hand, the stage
on the thicker side basically has no fringes in the original image, and the first fringe
encountered later is at the delamination position. When the first fringe encountered is
used as the boundary, the phase value that determines the fitting equation will be affected

by the fringe quality and noise, causing the stage on the thicker side to produce outer
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fringes. This shows that this method is not suitable for global deformation removal in
complex deformation situations with large defects.

5.6 Conclusion

This section's primary objective is to conduct an analysis of the many approaches
that have been used in the past to eliminate global deformation and to suggest a novel
fitting method that is based on fringe pattern in order to display defect information in a
manner that is simple to comprehend. Through the successful elimination of global
deformation, this approach works toward the goal of accurately conveying defect
information. A number of experiments have demonstrated that this method is capable of
successfully preserving accurate data without introducing additional fringes that could
lead to confusion. Additionally, it results in a significant enhancement of the capability of
digital shearography to effectively locate and capture defects. On the other hand, the
noise information of the segmentation method would increase, this method can be solved
by employing multiple filtering times. In general, for simple deformations, the segmented
fitting method can provide more detailed information than the polynomial regression
fitting method, but it is not suitable for complex deformations. For complex deformation
situations, the polynomial regression fitting method can extract small defect information,

while the segmented fitting method is not suitable for extracting large defects.
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CHAPTER SIX

INCREASE SMALLEST DETECTABLE VISUALIZATION DEFECT: THE NOVEL
EXPERIMENT BASED METHOD FOR REMOVING GLOBAL DEFORMATION

6.1 Introduction

In the aerospace sector, it is imperative to subject all manufactured components to
thorough inspection, to ensure their suitability for operational deployment. Conventional
Non-Destructive Evaluation (NDE) techniques, including x-ray, eddy current, ultrasonic,
and acoustic emission techniques, are often unsuitable for defect detection or necessitate
calibration. Digital shearography is an optical interference technique, which is applicable
for NDE inspection of a wide variety of composite materials, such as glass fiber and
carbon fiber reinforced plastics, honeycomb structures etc. Shearography is ideally suited
for such applications due to its full-field inspection capabilities, non-contact nature, and
high measurement sensitivity, as well as to its direct measurement of the first derivative
of the deformation in the shearing direction, i.e., strain information [124-129]. The first
derivative of the deformation measured by shearography is always related to the shearing
direction: the words “in the shearing direction” will be omitted in the following text.

In Shearographic Non-Destructive Testing (NDT), defects are found by
identifying anomalies in the surface deformation caused by internal defects under a small
load. Because shearography measures the first derivative of the deformation, these
defects generate butterfly fringe patterns on the surface [15,16,130]. For very small
defects, the butterfly fringe pattern is often masked by the global deformation, therefore

making the defect detection and visualization difficult [131-132].
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It is important to note that the key to successful digital shearography inspection is
to highlight the contrast between information from defect-induced deformation and
global deformation. As long as the defect signal is large enough to be detected (for
example, the ratio of defect signal to background signal is greater than 2), defect
visualization is straightforward.

This study addresses the issues presented in conventional approaches. Firstly, all
previous methods rely on a continuous phase map obtained after unwrapping: a
continuous phase map often reduces the contrast between defect and background
information, making smaller defects harder to detect. Secondly, the continuous phase
map can be irregular under complex deformations, rendering surface fitting or
interpolation processes difficult to execute. Lastly, the use of machine learning
techniques can help remove the information from global deformation, but this approach
requires the collection of large amounts of data, and its application is often limited to the
substrate material used for model training. In contrast, this proposed novel approach for
the removal of the information from global deformation is quick, practical, and broadly
applicable: it relies on the direct analysis of a shearogram. If the resolution of the
hardware is 8-bit, which is composed of multiple fringes with gray levels varying from 0
to 255, each fringe can display more detailed information. Two phase maps are recorded
during a single elastic loading process, one at a relatively small load, and the second one
at a larger load (i.e. one more phase map than conventional digital shearography is
recorded), therefore avoiding the issues typical of conventional methods. The information
from the phase map obtained at the relatively small load is used to generate a shearogram

containing the information from global deformation at the higher load, via a linear elastic
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coefficient that is calculated from the two original (unwrapped) shearograms. The
information caused by global deformation is then removed, revealing the defect
information.

6.2 Highest point coefficient method

An experimental procedure, referred as the “point coefficient method”, is
developed to help remove the information from global deformation information while
retaining defect information. A linear relationship exists between the 1% derivative of the
global deformation and the applied load, provided that the specimen is loaded within its
elastic range. Two loads of different magnitude (identified as a relatively small load and a
relatively large load) are applied to the test sample, and two corresponding shearograms
are obtained. The literature shows that defects and defects cannot be detected in a
shearogram when the applied load is relatively small [36]. The small-load shearogram,
therefore, only contains information on the phase difference generated by the sample’s
global deformation, and is free of any defect information. The large-load shearogram,
however, includes the defect information, as well as the sample’s global deformation. In
order to minimize the effect of noise information, selecting the smallest available phase
distribution after the first fringe is generated is recommended. The phase difference Agiobal
at the relatively large load can be determined by multiplying the small-load shearogram
by the established linear correlation coefficient C. Then, using equation 6.1, the defect
information can be extracted. The experimental point coefficient method is explained in

detail in the flow chart in Figure 6.1.

A= Aglobal + Adefecl: - Adefecl: =A4A- Aglobal (6.1)
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Information caused by
global deformation is
removed

Figure 6.1. Schematic of experimental point coefficient method

As illustrated in Figure 6.1, a novel developed technique for removing the
information caused by global deformation is the experimental point coefficient method.
This method uses digital shearography to record an additional phase (Ap;”) during the
loading process and obtains a relatively small loading shearogram (Ap;’-Ap;) by
subtracting the phase distribution before deformation. Figure 6.2 shows the phase
distributions that were recorded during the loading process at internal pressures
difference of 88 kPa (Figure 6.2 a), 28 kPa (Figure 6.2 b), and 0 kPa (Figure 6.2 c,

unloaded). The resulting shearograms are shown in Figure 6.3.
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The linear correlation coefficient C is determined from the two shearograms. First,
the locations of maximum and minimum phase are identified on the large-load
shearogram. Then, the phase value is averaged within a sampling window centered on
these two points, as shown in Figure 6.4, to limit the impact of noise on the coefficient C.
In equation 6.2, the averaged maximum phase value. The same operation is performed on
the small-load shearogram, and the variable b in equation 6.2 refers to the respective
averaged maximum phase value. The linear correlation coefficient C is the ratio between
a and b. The surface representing Agiobal 1s obtained by multiplying the small-load
shearogram by C, and is subtracted from the large-load shearogram, leaving only the

defect information.

(a) Phase at 88 kPa
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(b) Phase at 28 kPa

(c) Phase at 0 kPa
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(b) Small-load (10kPa) shearogram

Figure 6.3. Fringe patterns for the 2024 Aluminum disc
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Figure 6.4. Determination of the coefficient C

a = Pmax (L)
b = Pmax () (6.2)

a
¢=3
Sampling window sizes of 3x3, 5x5, and 7x7 pixels are used to calculate the value

of the coefficient C, and the results are compared in Figure 6.5. In the range of 3x3, 5x5,
and 7x7 window size does not significantly affect the value of the linear coefficient C,
based on that, the 5x5 window size was selected.

The point coefficient method can be used to improve digital shearography’s defect
detection capability for samples made of various materials and with uniform thickness.

Moreover, the experimental nature of this method allows to obtain fast and highly

reproducible results.
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It should be emphasized that the point coefficient method is suited for materials
which has a uniform structure with same thickness and under elastic loading. Under these
conditions, the coefficient C should be the same at every point. Therefore, the
determination of the C value could be conducted at any point on the surface of the object.
It is however recommended to calculate the C value at the location with the maximum

phase value, to maximize the method’s sensitivity.
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Figure 6.5. Coefficient comparison for different window sizes.

6.3 Surface coefficient method

The experimental point coefficient method can be applied to parts with relatively
simple deformation fields. Another approach, denoted “experimental surface coefficient
method”, is developed for more complex deformation fields, common for samples with
nonuniform thickness and/or material properties. The two approaches share the same
fundamental principles: during a single loading process, an additional shearogram is
recorded at a relatively small load. The information from global deformation is then

eliminated by using the linear relationship between the small-load and large-load
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shearograms. The working principle of the experimental surface coefficient approach is
illustrated in Figure 6.6. ajj and bj; represent the relative phase maps for the large-load and
small-load shearograms, respectively, and are divided to obtain the correlation coefficient
Cij, as shown in equation 6.3. Differently from the previous approach, the coefficient
varies with the 1 and j coordinates. In equation 6.3, ¢ j) and ¢’ represent the large-load

and small-load phase maps.

aap _ Pan (6.3)
bijpy P

Cap =
The large-load phase map ¢; j), however, includes information relative to the
defects, which can affect the calculation of the correlation coefficient Cj;. A combination
of fitting and experimental methods is therefore used to eliminate the contribution of the
defects to the calculation of Cj;, as shown in Figure 6.7. Once the defect information is
filtered out of the correlation coefficient, the information global deformation is obtained

as the Hadamard product of Cj; and the small-load shearogram.
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Figure 6.6. schematic of experimental surface coefficient method
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6.4 Experiment and results

6.4.1 Specimen preparation

The defect detection performance of the two novel approaches is assessed using
test samples made of two different materials, manufactured with known defects. The
sensitivity of digital shearography after the removal of the information global
deformation is tested.

The first test specimen (AL0S5) has homogeneous thickness and is made of
Aluminum. Five flat-bottomed holes are drilled on a circular plate having a diameter of
166 mm and a thickness of 12.7 mm (0.5 in.). The holes are drilled to a depth such that
the flat bottom is 0.5 mm below the “front side” surface shown in Figure 6.8 (i.e. the
depth of the holes is 12.2 mm). The holes have varying diameters: 3, 4, 5, 5.9, and 8.2
mm, simulating defects of different sizes. Six evenly spaced through holes are utilized for

fastening the plate to the shearography setup.

v
t=0.5 A

mm - ;
8 mm

(a) Backside of ALOS
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(b) Front side of ALOS5

Figure 6.8. The specimen of t=0.5 mm with 5 simulated defects made by 5 flat bottomed

blind holes of different diameters, left: back side, right: front side to be tested

The second specimen is made of the 150 mm x 145 mm composite laminate (CP)
shown in Figure 6.9. The varying (stepped) thickness and the non-isotropic properties of
the test sample are chosen to verify the defect detection capabilities of the surface
coefficient method in the case of more complex deformations. The total thickness of the
specimen is 5.65mm, and a 3 mm-thick layer of material is removed on one side to

simulate delamination’s. Nine holes of different diameters (6, 10, and 20 mm) are drilled
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on the specimen, to a depth of 0.5 mm from the front side. Only one side of the sample is

constrained (clamped) during testing.
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(a) Schematic of CP specimen
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(c) Backside of CP

Figure 6.9. Composite laminate (CP) specimen, with 9 flat bottomed blind holes of

different diameters, and a 3 mm delamination stage.
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6.4.2 Experimental setup

The setup utilized in this study is shown in Figure 6.10. Thermal and internal
pressure loading are the predominant loading techniques employed in shearography.
Internal pressure (vacuum) is used to apply a uniform out-of-plane load on the ALOS5
specimen, to validate the effectiveness of the novel experimental coefficient method.
Figure 6.10 (a) depicts this configuration, with the ALOS5 specimen closing one end of a
cylindrical pressure vessel.

The deformation resulting from the application of a thermal load is more
complex, as it is affected by the material’s heat capacity and conductivity, as well as by
convective flows and other interactions with the environment. Thermal loading is
therefore applied to the CP specimen to validate the capabilities of the surface coefficient
method. This configuration is shown in Figure 6.10 (b): two 1000W halogen lamps
illuminate the sample for three minutes. To ensure that the specimen is heated uniformly,
the two halogen lamps are placed at the same angle. The phase map is recorded while the
specimen is cooling down, to prevent measurement errors caused by the light reflection.
An extended helium-neon laser with a 50 mW power output and a 632.8 nm wavelength
is used for the shearographic measurement of both samples. The shearing device is a
modified Michelson interferometer that incorporates a piezoelectric transducer (PZT)

driven mirror to facilitate the phase-shifting procedure.
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Figure 6.10. The setup of digital shearography for the experimental validation
6.4.3 Results

In this section, the information from global deformation on the vacuum-loaded
ALOS5 and the thermally-loaded CP specimens is removed by using (a) the experimental
point coefficient method, (b) the experimental surface coefficient method, and (¢)
conventional fitting techniques. The results are then compared.

The large-load and small-load shearograms of the ALOS5 specimen during the
loading process are displayed in Figure 6.11 (a) and 6.11 (b), respectively. Figure 6.11 (a)
shows two “butterfly” patterns on the upper left and lower left corners of the image,
corresponding to the two largest defects, with diameters of 5.9 and 8.2 mm. The three
smaller defects cannot be detected without eliminating the information caused by global
deformation, even with a pressure differential of Ap = 88 kPa.

When using an averaging window size of 5 x 5 pixels, the correlation coefficient
C is calculated as 4.9177. The information caused by global deformation is then
eliminated using the experimental point coefficient method, and the resulting shearogram
is displayed in Figure 6.12. The background fringes visible in Figure 6.11 (a) are
removed, improving the clarity of the defect information. Figure 6.13 shows the
shearogram obtained by using the experimental surface coefficient to remove the
information caused by global deformation. The red circles indicate the location of the

defects.
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(b) ALOS fringe pattern under Ap=18 kPa

Figure 6.11. ALO5 shearogram
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Figure 6.13. The processed shearogram using the experimental surface coefficient

method
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The large-load and small-load shearograms for the CP specimen are shown in
Figures 6.14 (a) and 6.14 (b), respectively. The shearing amount is 3 mm and the
shearing is in the x direction. The determination of the shearing amount is based on the
size of the smallest defect. According to previous studies [12, 16], once the shearing
amount reaches half of the defect size, it has reached its maximum measuring sensitivity
(in terms of shearing amount). The smallest defect is 6 mm in diameter; therefore 3 mm
was selected for the shearing amount. Regarding the shearing direction, the defect has a
circular shape, thus, the shearing direction does not play an important role. Figure 6.14
(a) demonstrates that the larger defects (10 mm and 20 mm in diameter) can be identified
prior to the elimination of the information caused by global deformation at the
temperature difference At =25 °C. Furthermore, smaller defects (6 mm in diameter) are
nearly invisible on the thinner portion, barely recognizable at the step junction, and
visible but overshadowed by the global deformation (and therefore can be easily missed)
in the thicker portion. Figure 6.15 shows the information caused by global deformation
removal results for the experimental point coefficient approach. The smaller (6 mm-
diameter) defects are visible across the entire sample, regardless of the specimen
thickness. However, extra fringes are generated in the thicker portion, masking the 20
mm-diameter defect in the lower left corner. Figure 6.16 displays the results for the
experimental surface coefficient approach. All defects are clearly detected and no extra

fringes are formed.
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(a) Large-load phase map

175



. ] ._J - 3
., . - ; '1 F“ LI
Ny 4 e T
r = Ij' WLl W
e T e FESE B, B

Rt i A SR e B e S SRS A e ot A

-

(b) Small-load phase map

Figure 6.14. Phase maps for CP specimen during the test
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Figure 6.15. Shearogram of CP specimen obtained with the experimental point

coefficient method
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Figure 6.16. Shearogram of CP specimen obtained with the experimental surface

coefficient method

6.5 Result and discussion

The two novel experimental coefficient approaches described in this section are
validated by experimental testing, which showed a significant enhancement of the

sensitivity of digital shearography through the elimination of the information caused by
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global deformation. In this Section, the application scope and the results of the two novel
experimental coefficient methods are discussed under various deformation conditions.

6.5.1 Difference between experimental surface and point coefficient methods

In this section, the difference between the two novel approaches is analyzed, and
the appropriate applications for each method are discussed.

6.5.1.1 Comparison between experimental point and surface coefficient methods for

specimens of uniform thickness

Both methods effectively eliminate the fringes representing the information
caused by global deformation of the ALOS5 specimen, as shown in Figures 6.12 and 6.13.
Furthermore, both methods enhance the visibility defects with diameters of 8.2 mm, 5.9
mm and 5 mm. Please note that there are noises on the left and right sides of Figures 6.12
and 6.13. These are caused by backgrounds of air or other materials because these areas
are out of test sample as shown in Figure 6.11 (a) and (b). If the test area is observed,
Figure 6.13 is more uniform in the phase distribution than Figure 6.12, this is because
Figure 6.13 uses the surface coefficient method which is more accurate than the point
coefficient method. However, the surface coefficient method is more complicated than
point method. Although a slight variation in phase distribution can be seen from Figure
6.12, it does not affect the identification of the defects.

In summary, if the specimen to be tested has uniform structure with same
thickness, the experimental point coefficient approach can effectively eliminate the
information caused by global deformation, while being computationally more efficient
than the surface coefficient approach, easy to use, and practical. Although both methods

can be used, the experimental point coefficient method is recommended.
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6.5.1.2 Comparison between experimental point and surface coefficient methods in

complex deformation conditions

When specimen to be tested has a nonuniform structure with different thickness,
as shown the CP specimen shown in Figure 6.9. The experimental surface coefficient
approach is recommended. As shown in shearograms of Figure 6.14, thinner areas
produce more fringes due to the larger deformation. In the large-load shearogram (Figure
6.14a), the smaller (6 mm-diameter) defect on the thicker stage (left middle) is hard to be
found, because the magnitude of deformation caused by the defect is small compared
with the other areas. Similarly, on the thinner stage the smaller defect (lower right corner)
is difficult to be found either because of the intense global deformation fringing. The
information caused by global deformation is almost eliminated in the thin portion when
using either approach. All smaller defects are clearly demonstrated on both the thinner
and thicker stages after the information caused by global deformation is removed using
both experimental point and surface coefficient methods, but the results shown in surface
coefficient method demonstrates clearer and more direct. Figure 6.15 show that
additional fringes are generated by the point coefficient method in the thicker area which
obscures the 20 mm-diameter defect in the lower left corner. The true correlation
coefficient is affected by the sample’s geometry. The experimental surface approach,
with its location-dependent coefficient, can account for multiple areas of different
thicknesses, while the experimental point method uses a single value for the correlation
coefficient. Using point approach, the maximum phase frequently occurs in the thinner

portion of the CP specimen, which results in extra fringes generated on the thicker side.
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The results show that both experimental coefficient methods are suitable for most cases,
but the efficacy of the experimental point coefficient method is limited in the case of
more complex deformation conditions. Although more computationally intensive, the
experimental surface coefficient method is recommended when dealing with complex.

6.5.2 Effect of the proposed methodology on the visibility and size of defects

In this section, the effect of the proposed experimental coefficient methods on the
visibility and size of defects is discussed. It is important to remark that the main objective
of this novel methodology is to facilitate the non-destructive detection of small defects in
substrates with both uniform (point method) and non-uniform (surface method) material
properties (or thickness), rather than to improve the visibility of already-detectable
defects.

These new approaches assume that the loads (both the small and the relatively
large loads) are within the elastic range and that the deformation is linear. This is true
because of the nondestructive nature of the testing. According this assumption, a linear
coefficient C (in the point method) or Cg;j) (in the surface method) should exist. Starting
from the two shearograms corresponding to the small and relatively large loads, the
information from global deformation is removed by subtracting the phase of the
shearogram generated with the small load As multiplied by the coefficient C from the one
obtained by the relatively large load Ar, as shown in the equation (6.4)

Adefect = AL - AS -C (6.4)

Taking the point method as the example, C is the coefficient of the sample in the
global deformation area. The area of a defect has its own coefficient, let’s denote it as Cq.

Cq could be liner or nonlinear depending the strain concentration severity, but it is
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different from C due to different characteristics caused by the defect. When the operation
as shown in equation (6) is conducted, the global deformation is removed, but the defect
information in the defect area is not eliminated because the global deformation
coefficient C is used, which is different from the coefficient C4 of the defect area. This
subtraction does not change the size of the defect shown in the large-load shearogram,
but it could reduce the density of the fringes shown in the large-load shearogram. When
the novel approaches are used in real applications, two different scenarios may arise.

6.5.2.1 Scenario 1 — Moderate and Small Defects

In the first case, the defect in the large-load shearogram is identified by a distinct
fringe pattern, while it may be barely visible (in the form of a subtle phase change) in the
small-load shearogram. This is the case for defects in the upper left corner and lower
right corner in large and small-load shearograms of Figure 6.14a and 6.14b. However,
even after multiplication by the experimental coefficient and subtraction from the large-
load shearogram, the defect information is retained, as shown in Figure 6.16. Obviously,
the developed experimental methods are well suited for the visualization of small defects.

6.5.2.2 Scenario 2 - Severe Defects

In the second case, due to the size and severity of the defects, distinct fringes already
appear in the small-load shearogram. Multiplying the small-load shearogram by the
experimental coefficient enhances the fringes; once it is subtracted from the large-load
shearogram, the density of the fringe pattern decreases, but without negatively affecting
the detectability of the defects. That is why the three largest defects in the diagonal
direction (Figure 6.14a) show fringe patterns with decreased density in Figure 6.16. This
phenomenon becomes more obvious for large defects that already appear in the small-
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load shearogram. Therefore, the novel approaches are suited for nondestructive testing,
especially for visualization of small defects, but not for quantitative strain measurement
in defect areas.

6.6 Conclusion

Two novel experimental methods capable of removing the information caused by
global deformation in digital shearographic NDT are developed. The detection of small
defects is improved and the sensitivity of digital shearography is successfully enhanced.
The experimental point and surface coefficient methods significantly streamline the
detection process of small and large defects that are typically masked fringe patterns by
the substrate’s global deformation or by more complex deformation. Both novel
approaches generate reliable and repeatable results, facilitating defect detection also for
less experienced operators. To validate the proposed methods, defects of various sizes are
fabricated on two samples: an aluminum disc of uniform thickness and a composite
laminate with a 3 mm-thick step. The study’s findings demonstrate that the proposed
methods is an effective and practical method in terms of (a) detection of smaller defects
and (b) applicability to samples with more complex deformation. Furthermore, the
experimental point and surface methods are verified using pressure and thermal loading,
proving that the suggested approaches are not limited to a specific loading method or
material type. The results show that the experimental point coefficient method is suitable
for most situations but is relatively insensitive to delaminations because it uses a single
value of correlation coefficient. In contrast, the experimental surface coefficient method
is more suitable for processing complex deformations because its coefficient varies

across the surface, but it is more computationally intensive. Finally, the methodology
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developed in this study is also applicable to digital holography, electrical speckle pattern
interferometry, and other technologies that rely on fringe patterns to record information

from deformation.
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CHAPTER SEVEN

CONCLUSION

This article reports on a series of new developments in digital shearography to
determine and improve defect detection capability. Although digital shearography
technology has conventionally been best known for its application in non-destructive
testing of composite materials, with the recent development of the technology itself for
different application purposes, the application of digital shearography technology is no
longer limited to non-destructive testing or only suitable for composite materials. At
present, the application of digital shearography technology has been widely used in non-
destructive testing of non-composite materials, strain measurement, vibration
measurement and other fields. Digital shearography is detection technology with full-
field, non-destructive and non-contact advantages. Compared with digital holography
technology, it has better anti-interference performance. At present, this technology has
been widely used to detect internal defects of various materials and components and
surface stress and strain of materials. It is reasonable to predict that digital shearography
technology will see more and more developments in the near future, both in terms of the
technology itself and its applications.

This research studies the defect detection capabilities of digital shearography.
Aiming at improving the sensitivity and visibility of defect of digital shearography by
eliminating global deformation under fixed conditions. The research work of this article

mainly includes the following contents:
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First, the development history of digital shearography interference technology is
introduced, and its value and importance in practical applications are introduced. The
current research status of information processing technologies such as phase acquisition
of digital shearography is introduced and put forward the problems existing in digital
shearography, as well as new technical requirements. Secondly, the speckle generation
and its distribution characteristics are introduced, the principle of digital shearography is
introduced in detail, and two commonly used phase extraction methods are analyzed,
namely the temporal phase shift method and the spatial phase shift method. It also
introduces common methods for processing detection results obtained by digital
shearography optical paths and introduces the advantages and disadvantages of these
methods. Next, the elastic deformation theory of thin plates is described, the relationship
between deformation and magnitude of loading is introduced in detail, and the
differences in the relationship between deformation and loading of thin plates of different
shapes are described.

In the following step, the numerical and experimental study of digital
shearography for determining the size of the smallest detectable defect and the
relationship with different parameters has been conducted. Numerical models to detect
defects close to surface (usually, the defect depth t is smaller than 1/5 to 1/8 size of
defect) and to determine the size of the smallest detectable defect by shearography under
a vacuum and a pressure loading have been developed which provides experimental
background information for testing engineers before starting their investigations. The
comprehensive numerical models developed show that higher sensitivity for deformation

measurement by shearography, less rigid material, larger loading magnitude, and
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shallower defects can lead to finding smaller defects. Of these four parameters, the most
significant impact on defect inspection is the depth of the defect. An increase in the depth
of the defect will obviously lead to more difficulty in finding the defect. The other three
parameters: sensitivity for measuring deformation, material properties, and load
magnitude, have the same weight for defect inspection and less impact than the defect
depth t. This is because the size of the smallest detectable defect S is proportional to one-
quarters power of each of the three parameters, but three-quarters the power of the defect
depth t. The experimental validation of shearography demonstrated a very good
agreement with the numerical models developed, which shows that the numerical models
are a promising method to provide useful estimation for NDT by digital shearography.
The models established can be used to assist in the shearography inspection by estimating
the size and depth of the smallest detectable defect with the corresponding load
magnitudes.

Afterwards, to improve the visibility of small defect of digital shearography
technology under fixed conditions, various conventional methods for eliminating global
deformation are summarized, and the deficiencies of each method and the direction for
improvement are proposed. Also, based on the conventional polynomial regression
equation fitting method, a segmented fitting method is proposed. This method proves that
defective information can be effectively preserved by fitting the global deformation in the
fringe pattern. After verification by the acting method, the method is reproducible and
allows non-expert operators to find defect information through visual defect inspection.
Furthermore, the proposed method is not limited by loading method or material type.

However, this method does not work well when the fringe quality is not clear, and a more
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accurate pre-filtering algorithm is needed. Finally, a feasible method is provided to use
digital shearography to quickly determine the location of defects and the scope of non-
destructive testing defects.

After that, two novel experimental methods capable of removing the information
caused by global deformation information recorded by digital shearography are
developed. The detection of small defects is improved and the sensitivity of digital
shearography is successfully enhanced. The experimental point and surface coefficient
methods significantly streamline the detection process of small and large defects that are
typically masked fringe patterns by the substrate’s global deformation or by more
complex deformation. Both novel approaches generate reliable and repeatable results,
facilitating defect detection also for less experienced operators. To validate the proposed
methods, defects of various sizes are fabricated on two samples: an aluminum disc of
uniform thickness and a composite laminate with a 3 mm-thick step. The section’s results
demonstrate that the proposed methods outperform the conventional numerical fitting
method in terms of (a) small defect information accuracy, (b) defect detection capability,
and (c) applicability to samples with more complex deformation. Furthermore, the
experimental point and surface methods are verified using pressure and thermal loading,
proving that the suggested approaches are not limited to a specific loading method or
material type. The results show that the experimental point coefficient method is suitable
for most situations but is relatively insensitive to delaminations because it uses a single
value of correlation coefficient. In contrast, the experimental surface coefficient method
is more suitable for processing complex deformations because its coefficient varies

across the surface, but it is more computationally intensive. In summary, the novel
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experimental coefficient methods take one more measurement than conventional digital
shearography during the loading process, thus preventing errors brought on by different
loading techniques and/or substrate materials. This technology captures defective
information quickly, accurately, and practically. Moreover, also due to its direct
processing of the shearograms, rather than of the unwrapped phase diagram, it greatly
outperforms conventional methods, while offering an effective way to rapidly (and non-
destructively) determine the position and extent of defects. Also, the methodology
developed in this study is also applicable to digital holography, electrical speckle pattern
interferometry, and other technologies that rely on fringe patterns to record information
from deformation.

In conclusion, due to the rapid development of fast and simple defect detection
capabilities based on digital shearography, it is believed that digital shearography
technology will be favored by more and more industries. Also, it can be reasonably
predicted that digital shearography technology will see more and more developments in

the near future, both in terms of the technology itself and its applications.
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