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ABSTRACT

The importance of sound beam focusing in ultrasonic non-destructive evaluation (NDE) cannot
be overemphasized. In the past few decades, several approaches for focusing the ultrasound
have been developed. The use of acoustic lenses for this purpose dates back to 1920s. Around
1950s, the concept of synthetic aperture for improving the lateral resolution of airborne radar
mapping systems came in to existence. This approach was successfully employed using
ultrasound for non-destructive examination in 1970s and named as synthetic aperture focusing
technique (SAFT). In late 1970s, piezocomposite materials were synthesized, which could be
formed in to curved shape to produce a focused sound beam. Around the same time, ultrasonic
imaging systems based on the use of linear arrays were developed for medical diagnostics. It
was shown that by controlling the sequence of excitation of array elements, the sound beam
can be focused at a desired depth and direction. Around 1990s, commercial phased array
systems for ultrasonic NDE started finding applications in the industries. These systems
became extremely popular for the purpose of focusing ultrasound in order to improve the
reliability of inspection, sensitivity for flaw detection and the enhancement in the signal to
noise ratio. In the early part of 2000s, sound beam focusing by carrying out the post-processing
of the full matrix capture (FMC) data using an algorithm called total focusing method (TFM)
was developed. The technique gave very high resolution images of the flaws present within
the objects under investigation. In order to overcome the drawbacks of the FMC approach in
terms of the sensitivity for the detection of flaws in thick and attenuating materials, techniques

based on the concept of virtual array of sources came in to existence.

During the present study, two sound focusing techniques using an integrated approach
involving linear array and SAFT have been investigated viz. Synthetic Focusing using Linear

Array (SFLA) and Phased Array-SAFT (PA-SAFT). The objective is to derive the benefit of



SAFT and array based inspection and achieve the sound beam focusing, which is comparable
or better than what could be achieved by the existing techniques. The integrated approach is
based on acquiring the data by a divergent sound beam using a linear array and carry out post-

processing of the acquired data by time based SAFT algorithm.

SFLA technigue uses a single element for sound beam transmission and reception. Since the
size of the piezoelectric element in an array is very small, a well divergent sound beam is
generated during the sound beam transmission process, which is used to acquire the raw data.
Unlike FMC, which needs a large number of parallel receiver channels to speed up the data
acquisition process, with SFLA a single channel system with multiplexing is sufficient for data
acquisition. Moreover, unlike FMC, the size of the data acquired by SFLA technique is
extremely small. Hence, a real time imaging system based on SFLA can easily be realised. On
the other hand, PA-SAFT technique is based on the concept of virtual array of sources. These
virtual sources are located very close to the scanning surface so that a divergent sound beam is
available in the region of interest during acquisition of the raw data. PA-SAFT technique
overcomes the limitations of SFLA and FMC + TFM techniques in terms of the sensitivity for

flaw detection in thick and attenuating materials.

Since SFLA technique is based on the use of a single miniature element of a linear array for
sound beam transmission, a systematic study has been carried out to evaluate the sound beam
divergence for such cases. An empirical relationship has been derived to compute the beam
divergence angle for piezoelectric elements with a small size-to-wavelength ratio. A detailed
study on the effect of array based and SAFT processing based parameters on the focal spot size
using SFLA technique has been carried out. It has been shown that the lateral resolution by
SAFT is not independent of the wavelength, as widely reported, while working with the
miniature elements in a linear array. An empirical relationship between the focal spot size, and
the ratio of the size of the piezoelectric element to the wavelength, has been derived. The



optimum aperture size for the application of PA-SAFT technique under given experimental
conditions has been established using simulation and experimental studies. A comparative
study has been carried out on the focal spot size achieved by SFLA, PA-SAFT and FMC +

TFM techniques.

The capabilities of SFLA and PA-SAFT techniques in terms of the sensitivity for the detection
of volumetric flaws, the lateral coverage and the ability to resolve very closely spaced flaws
has been studied. The study has also been carried out to assess the capabilities of these
techniques on the detection and characterization of planar flaws in thin and thick sections. A
variant of PA-SAFT technique using angle beam has been standardized for specific cases,
where the application of SFLA, PA-SAFT and FMC techniques may not be possible. The
effectiveness of SFLA and PA-SAFT techniques for the characterization of real flaws has been
demonstrated on weld samples containing a variety of volumetric and planar flaws. Finally,
SFLA and PA-SAFT techniques are used on the mock-up of the weld joint in the pressure
vessel of a nuclear boiling water reactor. It is shown that the reference flaws in the mock-up
are detected and resolved by SFLA and PA-SAFT techniques using much lesser resources in

terms of the instrumentation requirements, as compared to the conventional phased array.

The studies carried out during this Ph.D. work has demonstrated that SFLA and PA-SAFT
techniques provide an effective alternative to the conventional phased array and FMC + TFM
techniques for sound beam focusing. As compared to the conventional phased array, both these
techniques provide a better lateral resolution using much lesser number of elements in an active
aperture. As a result, a low configuration phased array instrument can be used for data
acquisition. When compared to FMC + TFM technique, the size of the acquired data for post-
processing using these techniques is significantly smaller. Hence, a real-time imaging system
using these techniques can be realized for industrial use. The results on the detection and

characterization of real weld flaws by these techniques have proven that SFLA and PA-SAFT



techniques hold a very good potential for field applications involving ultrasonic non-

destructive evaluation.
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INTRODUCTION 1

1.1 Focusing of Ultrasonic Beam

Sound beam focusing has always been a subject of interest in ultrasonic non-destructive
evaluation. Focusing not only helps to achieve higher sensitivity, good lateral resolution and
improved signal to noise ratio, but also in precisely locating the flaw extremities. This in turn helps
to characterize the flaw accurately in terms of its depth (also referred as height or through-wall
dimension) and orientation [1-4]. Many ‘hardware’ and ‘software’ based approaches aimed at
focusing ultrasound have been developed over the last few decades and have been successfully
used during ultrasonic examination of engineering components in industries [4-6]. While the
hardware based approaches lead to the ‘direct’ focusing of sound beam within the material, the
software based approaches rely on the post processing of the data acquired using a divergent sound

beam to achieve sound beam focusing in the region of interest.

The traditional way of sound beam focusing is through the use of an acoustic lens, which is fitted
to the front of the crystal. Such transducers are used in immersion testing and several automated
systems using spherically or cylindrically focused ultrasonic transducers are used in various
industries [7-10]. The use of a lens makes the beam more collimated, but at the same time there is
a considerable loss in the transmitted signal. Moreover, transducers with lens can be used only for
immersion test, which may not be practical for all component geometries. The lens based focusing
transducer gives focusing at a fixed distance or in a fixed zone. As a result, if it is required to carry
out the inspection of a thick component with a focused sound beam, then either one needs multiple
transducers with different focal lengths or one needs to carry out multiple inspections with the

same transducer with varying water path.
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Another way of focusing the sound beam is by the post-processing reconstruction technique named
Synthetic Aperture Focusing Technique (SAFT). SAFT is typically applied on the B-scan data
collected using the conventional pulse-echo technique or the time-of-flight diffraction technique
[11-13]. In the conventional SAFT, for each transducer position, the raw data containing a sound
beam scattered by a flaw is collected using a divergent ultrasonic beam. During the reconstruction
process, the sound beams are time-shifted or back propagated to the scattering source and averaged
out using wave propagation formulae. The signal amplitude at the flaw location is highly improved
as a result of constructive interference of the sound beam from various locations. At locations other
than the flaw, poor correlation of the signal phase causes the destructive interference of the sound
beam, which leads to a considerable drop in the signal amplitude. SAFT technique offers high
lateral resolution and improves the signal to noise ratio (SNR) of ultrasonic images by eliminating
the background noise [14,15]. The effectiveness of SAFT depends on the use of a divergent sound
beam and the step size at which the data is acquired for processing. For SAFT processing to be
effective, the flaw must be located beyond the near field length, which, for a given material is
determined by the crystal diameter and the frequency. Smaller crystal diameter and lower
frequency result in a smaller near field and a larger beam divergence. The main advantage of the
SAFT is that the focusing capability is independent of the length of the sound path. The lateral
resolution that can be theoretically achieved with the SAFT is D/2, where D is the diameter of the
piezoelectric crystal [16-17]. However, one needs to consider two aspects while using a very small
size piezoelectric crystal. The first one is the required sensitivity, which deteriorates as D
decreases, and the second one is the availability of the smallest size piezoelectric crystal for a given
frequency from the manufacturing and handling point of view. These two aspects determine the

practically achievable focusing using SAFT while using a conventional single crystal transducer.
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The use of linear arrays to focus the sound beam has gained significant popularity in the last few
years. One of the ways of using linear arrays to achieve the sound beam focusing is by phased
array ultrasonic testing (PAUT). With PAUT, one can manipulate the sound beam profile within
the component by controlling the sequence in which the elements of an array are excited and the
time-delay in their excitation and reception. PAUT offers several advantages over the acoustic lens
based sound beam focusing. One of these is the possibility of sound beam focusing using contact
transducers [18,19]. The other advantage is that the focusing depth and the direction can be varied
using a single linear array transducer by the use of appropriate focal laws [20-26]. As a result, one
can avoid multiple inspections of a component with a focused transducer and save on the
inspection time. Also the fact that the sound beam can be translated electronically from one end of
the array to the other, the mechanical design of the manipulator also becomes much simpler. PAUT
offers better sensitivity, lateral resolution, good probability of detection and faster inspection as
compared to the conventional single crystal based inspection systems. The capability of sound
beam focusing using phased array has been successfully utilized for flaw detection and

characterization in numerous industries [27-36].

Another way of focusing the sound beam using linear arrays is by a technique known as Full Matrix
Capture — Total Focusing Method (FMC + TFM). In FMC, the raw B-Scan data is collected
element by element [37,38]. Initially, the first element acts as a transmitter and all elements act as
receivers. Subsequently, the second element acts as a transmitter and all as receivers. This goes on
till the last element is excited. This process collects the time domain signals for all the transmitter
and receiver combinations and generates N> A-scan signals for a linear array transducer containing
N elements. Once the data is acquired using FMC, the imaging of the region of interest (ROI) is

done using Total Focusing Method (TFM). With TFM, the ROI is discretized into grids and the
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sound beam is focused at every point in the grid by summing up the signals from all the elements
in an array. For each possible transmitter-receiver combination, the summation process is carried
out to yield focusing at every point in the image [39,40]. FMC approach leads to a high resolution
imaging for the enhanced detection and sizing of flaws. In order to realize the real-time FMC+TFM
system for industrial use, it is required that the phased array instrument, which is used to acquire
the full matrix data, has the same number of parallel receiver channels as the number of elements
in the array. This requirement adds to the cost of instrumentation. At the same time, the data size
for TFM processing becomes enormously large, especially while dealing with an array with large
number of elements. Also the fact that a single element in an array is used for the sound beam
transmission may be a drawback in terms of the sensitivity for flaw detection in thick and
attenuating materials. To overcome the drawback of FMC + TFM technique in terms of the
sensitivity, a new set of techniques based on the concept of virtual source have been developed in

recent years [41-43].

1.2 Flaw Characterization by Ultrasonic Non-Destructive Evaluation

Ultrasonic non-destructive evaluation carried out in industries typically involves detection of flaws
that may affect the integrity of component under test. Once detected, the flaw is sized for its critical
dimensions and if required, characterized in terms of its metallurgical nature such as crack, slag,
porosity, lack-of-fusion etc. More often than not, the detection of a flaw in the component by
ultrasonic test is based on the principle of echo or reflection. Once the echo from a flaw is received,
there are several approaches for analyzing the reflected signal so that more and accurate
information is obtained on the flaw characteristics. These analysis techniques are aimed at: (i)
differentiating the real signals from the spurious ones, (ii) determining the flaw location, (iii)
evaluating flaw dimensions in terms of length and depth and (iv) classifying the flaw in to crack-
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like or non-crack-like. The reliability of flaw detection and the accuracy of its characterization
depend to a great extent on the property of material under investigation and the sound beam profile
generated within the material by the piezoelectric crystal. Sound waves, while travelling within
the material, not only interact with the flaw, but also with the microstructural features such as grain
boundaries. These interactions lead to sound beam scattering, which in extreme cases, such as
while dealing with coarse and anisotropic grain structure, may lead to poor sensitivity in flaw

detection and in-accurate estimation of flaw characteristics [44-46].

Non-destructive examination (NDE) is an integral part during the fabrication of equipments and
components for various industries such as nuclear, petrochemical, power, transportation etc. The
manufacturing codes and standards dealing with these industries demand that various product
forms such as castings, forgings, rolled/extruded products, and weld joints should undergo rigorous
inspection by NDE techniques to ensure that the required quality standard, as stipulated by the
designer, is met [47-51]. Moreover, these industries also have in-service inspection codes, which
necessitate periodic inspection of components, including the weld joints, by NDE to detect and
characterize the flaws so that the fitness-for-service assessment of the flawed component can be
carried out [52,53]. Ultrasonic NDE plays a crucial role, both during manufacturing stage
inspection and in-service inspection, for detection and characterization of flaws. While dealing
with weld joints, typical flaws that are required to be detected by ultrasonic NDE are slag, porosity,
lack-of-fusion, lack of penetration and cracks [54-56]. The volumetric flaws such as slag and
porosity have relaxed acceptance standards in terms of their dimensions. But the planar flaws such
as lack-of-fusion, lack of penetration and cracks, which pose a serious threat to the integrity of
pressurized components, are required to be detected reliably and characterized accurately [57-59].

One of the crucial parameters governing the acceptance of a component with planar flaws is the
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flaw height (depth or through-wall dimension). The conventional ultrasonic testing involves flaw
sizing based on the amplitude of the reflected signal [60-62]. The approach for flaw height
assessment can be either by comparing the signal amplitude from the flaw with that from a known
reference defect or by using amplitude drop techniques (6 dB or 20 dB drop). The amplitude
comparison based approach is prone to errors. The real flaws may not be as good reflectors of
sound waves as the reference flaws and hence any comparison of reflected signal amplitude from
a real flaw with that from a reference flaw leads to underestimation of the flaw height. The dB
drop methods for flaw height estimation are also not accurate as errors are introduced due to the
sound beam divergence and non-perpendicular incidence of sound beam on the flaw surface
[63,64]. Although these approaches are continued to be used in the industry, an approach based on
the time-of-flight of the diffracted signals from the flaw extremities has proven to be more accurate

for the estimation of the flaw height [65,66].

Modern day ultrasonic testing relies to a great deal on imaging techniques. Typically, ultrasonic
imaging involves acquiring the raw A-scan data (time vs amplitude), sampling it using high speed
digitizers and then processing the digitized data to create an image. The acquired data can be
presented either in the form of a cross-sectional view called a B-scan, or a plan view called a C-
scan [67-70]. The raw data and the images can be subjected to several signal processing and image
processing algorithms for a variety of purposes, which may include: improving the signal to noise
ratio, SAFT, TFM etc. In many automated ultrasonic systems that are used in the industries,
ultrasonic imaging has become a standard practice of acquiring the test data during inspection of
a product or a component. The reliability of flaw detection and the accuracy of its characterization
from the ultrasonic image depend to a great deal on the signal to noise ratio and the resolution

(lateral and depth) at which the image has been generated. When an ultrasonic image is used for
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depth sizing of flaws based on the time-of-flight, then the accuracy that can be achieved depends
on the uncertainty in locating the flaw extremities. To that effect, if one can obtain ‘sharp’ or
‘point-like” images of the flaw extremities, the accuracy in depth sizing would be very high. This
can be realized by focusing the sound beam at the crack extremities using: (a) focused transducer,

(b) phased array, (c) SAFT or (d) approaches that are based on the combination of these.

1.3 Background of the Current Research

During the current research work, an integrated approach combining ‘phased array’ and ‘Synthetic
Aperture Focusing Technique (SAFT)’ has been investigated for sound beam focusing. The
usefulness of this approach for characterization of flaws has been studied by extensive
experimental work. The methodology for data acquisition and an algorithm for data processing by
SAFT have been developed for the experimental set-up employed, to detect and characterize a
variety of simulated and real flaws in plates and weld joints. The objective of this work is to derive
the benefits of both, array based inspection and SAFT processing, so as to achieve the sound beam
focusing, which is comparable to, or even better than that can be achieved using conventional
phased array or SAFT alone. Since the focusing within the material is achieved by SAFT, the raw
B-scan data is acquired by a divergent sound beam. Also the fact that a linear array is used, the B-

scan data is acquired by electronic scanning.

Two separate techniques have been studied, standardized and validated viz. Synthetic Focusing
using Linear Array (SFLA) and Phased Array — SAFT (PA-SAFT). With both the techniques the
raw data is acquired by a divergent sound beam, which is subsequently processed by SAFT to
achieve sound beam focusing. SFLA uses a single element for sound beam transmission and

reception. Unlike FMC, where all the elements of an array receive the sound beam for all the
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transmissions, with SFLA, the reception is by the same element in the array, which has transmitted
the sound beam. This approach has two specific advantages. Firstly, since the transmission and
reception at any given point of time is by a single element of an array, the data acquisition is
extremely fast without the need of large number of parallel receiver channels that are required with
FMC approach. Secondly, the data size for the post processing using SFLA technique is much
smaller than what is encountered using FMC. For example, if a linear array with128 elements is
used for data acquisition using SFLA and FMC, and the data is acquired for 10000 points (1 byte)
each, then while using FMC, the data size would be of the order of 164 MB (128*128* 10000*1).
With SFLA, the data size under identical conditions would be of the order of 1.4 MB, which is
significantly less than what is required for FMC. One of the drawbacks of SFLA and FMC
techniques is the low acoustic power of the transmitted sound beam in the material, since a single
element is used for the sound beam transmission. This could pose a major limitation to the
detection and characterization of flaws in thick and highly attenuating materials. To overcome this,
a technique named Phased Array-SAFT (PA-SAFT), which is based on the concept of virtual array
of sources, has been investigated. This technique uses a group of elements for the sound beam
transmission. The group has much lesser number of elements than what would be required using
a ‘focal law’ based conventional phased array. The use of more number of elements for the sound
beam transmission ensures higher acoustic power, leading to better sensitivity and deeper
penetration than SFLA and FMC techniques. With PA-SAFT technique, a virtual array of sources
is created very close to the scanning surface. A divergent sound beam emanating from these virtual

sources is used to acquire the data. The data is subsequently processed by SAFT.

The ability of the sound beam focusing by any technique can be evaluated in terms of the size of

the focal spot. With SFLA and PA-SAFT techniques, the array based factors, which affect the
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sound beam divergence and the quality of the raw B-scan data, such as the element size (SFLA)
or aperture size (PA-SAFT), the pitch at which the elements are arranged in the array, the
frequency of sound and the total effective aperture, is likely to influence the focal spot size
achieved. Similarly, during SAFT processing if the input values of the sound velocity in the
material, the element pitch and the beam divergence angle is different than the actual values, it is

also likely to affect the focal spot size.

Since both SFLA and PA-SAFT techniques use a divergent sound beam for acquiring the raw B-
scan data, a systematic study has been carried out as part of this research work to evaluate the
‘beam spread’ for piezoelectric crystals having a sub-millimeter dimensions that are typically
encountered with linear arrays. The actual beam spread from the miniature elements in an array
varies significantly from the beam spread predicted by the mathematical equation given in the
literature for the conventional single crystal piezoelectric elements [1]. The effects of various
factors, both array based and the SAFT processing based, on the focal spot size that can be
achieved by SFLA and PA-SAFT techniques have been analyzed and studied in details.
Additionally, for PA-SAFT technique, the aperture size or the number of active elements to be
used for sound beam transmission during data acquisition, are optimized by simulation and
experimental studies. A variant of PA-SAFT technique using an angle beam for specific cases
(called as Angle Beam PA-SAFT), where SFLA, PA-SAFT and FMC techniques cannot be used,
has been studied. The capabilities of SFLA and PA-SAFT techniques for the detection and
characterization of volumetric and planar flaws have been explored. The resolving power of SFLA
and PA-SAFT techniques under given experimental conditions have been determined. These
studies are carried out on the samples with artificial flaws in the form of side drilled holes

(simulating volumetric flaws) and angular slots (simulating planar flaws), made by electrode
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discharge machining (EDM). The effectiveness of these techniques for the characterization of real
flaws has been demonstrated on weld samples containing a variety of volumetric and planar flaws.
Finally, the methodology for data acquisition and processing using SFLA and PA-SAFT
techniques is developed for the in-service inspection of a weld joint in a reactor pressure vessel of

a nuclear boiling water reactor.

1.4 Structure of the Thesis

Chapter 1 gives the background of the work carried out as part of the current research. Various
techniques, both conventional and advanced, that are used for sound beam focusing are discussed.
The importance of flaw characterization by NDE in general and the ultrasonic techniques in
particular, which are currently being used for this purpose are mentioned. The highlights of the

work carried out as part of this research has been brought out.

Chapter 2 deals with the literature review on the subject of sound beam focusing. A brief account
on the evolution of the sound beam focusing methods from ancient to modern times has been
given. The current state of array based techniques used for sound beam focusing along with their
limitations has been described. The Chapter also gives a brief review of the amplitude based and
the time-of-flight based ultrasonic techniques for depth sizing of flaws. Finally, the motivation and

the objective of the current research have been brought out.

Chapter 3 deals with the experimental programme. Various objectives of the current research and
the details of the samples used for the experimental work to meet these objectives have been
described. The experimental set-up, including the details of the phased array instrumentation and
the linear arrays used, for this research work has been described. A brief description of the SAFT

algorithm used for the processing of the raw B-scan images is given in this Chapter. The
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experimental details regarding the placement of linear arrays on the samples and the process of

data acquisition using various techniques have been explained.

Chapter 4 deals with the investigation of SFLA and PA-SAFT techniques for sound beam
focusing. To begin with, the Chapter describes the results of the experimental work carried out to
derive the empirical relationship for arriving at the divergence of the sound beam emanating from
a miniature piezoelectric element, which is typically used in a linear array. The methodology
adopted for the acquisition and the processing of the B-scan data using SFLA and PA-SAFT
techniques has been described. Results on the study of various factors (array based and SAFT
processing based) affecting the sound beam focusing using SFLA and PA-SAFT techniques have
been brought out. The simulation and experimental work carried out for the optimization of the

aperture size for PA-SAFT technique has been described in details.

Chapter 5 deals with exploring the capabilities of SFLA and PA-SAFT techniques for the
detection and characterization of volumetric and planar flaws. The Chapter also brings out the
sensitivity, the lateral coverage and the limit of resolution that can be achieved using SFLA and
PA-SAFT techniques under given experimental conditions. The results of the experimental work
carried out on various samples containing artificial flaws are described in details. The comparison
of the results on flaw detection and sizing by SFLA, PA-SAFT and FMC+TFM techniques has
been brought out in this Chapter. The Chapter also brings out the uncertainty associated with the

depth sizing of planar flaws by SFLA and PA-SAFT techniques.

Chapter 6 deals with the application of SFLA and PA-SAFT techniques for the evaluation of
welds. The results on the characterization of real weld flaws, both volumetric and planar, by SFLA

and PA-SAFT techniques are discussed in this Chapter. The Chapter also describes the application
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of SFLA and PA-SAFT techniques for in-service inspection of a circumferential weld joint in a

reactor pressure vessel of a nuclear boiling water reactor.

Chapter 7 summarizes the results, conclusions drawn, the contributions of the current research

and the suggestions for future work.
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LITERATURE REVIEW 2

2.1 Introduction

The primary objective of this research work is to investigate the sound beam focusing
techniques based on an integrated approach involving the use of linear arrays and synthetic
aperture focusing technique (SAFT). Subsequently, the effectiveness of these techniques for
the detection and characterization of flaws in engineering components have been studied. This
Chapter describes the evolution of sound beam focusing techniques from ancient to modern
times. A brief account of the advanced techniques based on the use of linear arrays, which are
developed in the last couple of decades, for sound beam focusing are discussed. The advantages
and the limitations of these techniques have been brought out. The Chapter also briefly
describes the conventional and the advanced ultrasonic techniques for the characterization of
flaws, more specifically the depth sizing, in engineering components. Finally, the objective and

the motivation of this research work have been bought out.
2.2 Sound beam focusing

Like the beam of light, the sound beam can also be focused at a given distance from the source.
However, there are some fundamental differences between the light and the sound wave, which
must be considered during their focusing. One important basic difference is between the
wavelengths (1) that we generally deal with while using a light wave and a sound wave. With
light, a mean wavelength of 0-6 um is very common and the thickness of the lenses that are
typically used for focusing are between a few millimetres to a few centimetres. This works out
to be almost 10* to 10° times the wavelength. With ultrasound, the wavelength in majority of
metals is typically of the order of few millimetres while using a 1 MHz frequency. The average

thickness of the lens is of the same order of few centimetres, which is about the same or 10
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times the wavelength of sound. The second difference is related to the interference
phenomenon. In geometrical optics, interference phenomena cannot be assumed as
characteristic. There are path differences of the order of 100 4 between the elements of a light
beam a few millimetres apart on the surface of a lens. Faults in the surface may reach
dimensions of half a wavelength and not cause destructive interference at the focus. By way of
comparison, the sound waves with opposite phases are emitted from the surface of an ultrasonic
lens in concentric rings several millimetres apart and these waves interfere. The other basic
difference between the light and the sound wave is the coherence. Wave packets of light, apart
from those emitted from strictly monochromatic sources, are not generally coherent. In
acoustics, the electrical excitation of an un-damped piezoelectric crystal gives almost
monochromatic waves and coherence is always assured.

2.2.1 Ancient and modern methods

Tarnoczy [71] has given an excellent review on the evolution of the sound beam focusing
methods from ancient to modern times. The oldest method of sound beam focusing is based on
the use of reflection. The sound reinforcing effect of the curved surfaces has been known since
early times. Athanasius Kircher dealt with the acoustic beaming based on the reflection in a
geometrically correct way in his book Phonurgia Nova (1673) (Figure 2.1). Reflection systems
include concave reflectors (spherical, parabolic etc.), conical and twin-cone concentrators, and
combinations of these types. Important theoretical and experimental work on the concentrators
of this kind has been carried out by Griffing and Fox [72].

Acoustic prisms and lenses using the principle of refraction for sound beam focusing also have
a long history. In 1852, Sondhaus made sonic lenses of collodium skin filled with carbon
dioxide. Since the speed of sound in carbon dioxide is less than in air, a convex lens delays the
centre of the sound beam more than the periphery and focusses the sound. A few years later,

in 1856, Hajech made lenses and prisms from other gaseous materials and demonstrated the
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focussing effect with concave lenses, if the speed of sound in the lens material is larger than in
the ambient medium (air). In ultrasonics, Hopwood [73-75] was the first to deal with the
application of lenses. He was followed by Ernst [76-79] and several Soviet investigators who

dealt with the theory and construction of acoustic lenses.
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Figure 2.1: Ancient method of sound beam focusing using concave surface [71]

Sound beam focusing based on the interference has also been studied by many researchers.
Rayleigh used zone plates for the acoustic purposes as early as 1888. Tarnogzy [71] used
waveguides for focusing of sound wave based on the interference phenomenon. Waveguides
produce equality in phase with certain path or velocity differences and this results in the
concentration of energy. Figure 2.2 shows the principle of sound beam focusing using

waveguides. A plane wave incident on Ai, Az travels different paths and interferes

constructively at B.

Figure 2.2: Sound beam focusing by waveguide [71]
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The most natural acoustic focussing system is provided by a concave emitter, which has no
conventional optical analogy. If every point on the surface of a piezoelectric or
magnetostrictive emitter emits in the same phase, the shape of the emitted wavefront
corresponds, near the surface, to the shape of the surface. If the surface is concave, spherical
waves are formed which are focussed at the centre of curvature. In other words, the focussing
can be produced by the radiator itself with the focal length equal to the radius of curvature. The
invention of ferroelectric substances that could be cast to the shape of lenses made possible the
production of widely different concave radiators [80].

2.2.2 Acoustic lenses

Acoustic lenses provide a better alternative to the focusing of the sound beam as compared to
the reflectors. These lenses are generally made from solids. If the medium where the sound is
required to be focused is a liquid (water, oil) and the lens is made of a solid (Plexiglas,
Polystrene), then the velocity of sound in the lens is higher than the surrounding medium. This
is the exact reverse of what happens in optics, where the velocity of light in the surrounding
medium (air) is more than the velocity in the lens (glass). Under these conditions, the sound
beam exiting from the lens will get focused in the surrounding medium only if the curvature of
the lens is concave.

Several aspects must be taken into account in the construction of acoustic lenses. The first one
is the acoustic impedance (Z = pc, where p is the density and c is the sound velocity) of the
lens material with respect to the acoustic impedance of the surrounding medium. At the
interface between the lens and water, the reflection coefficient is given by [1]:

Re=(Zy — Z1)/(Z, + Z1) [1]
where, Z1 and Z> are the acoustic impedances of the lens material and water.

Equation 1 indicates that for better transmission of sound in water, the Z value of the lens

material should not differ too much from that of water.
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Another consideration that needs to be given while selecting the material for the construction
of acoustic lenses is the velocity of sound. For a plano-concave lens, the focal length can be

given as:
R
f=m i

where, f is the focal length, R is the radius of curvature of the lens and ¢z and c; are velocities
of sound in water and the lens material.

Equation 2 suggests that for better refraction and hence the focusing, the velocity of the lens
material must be significantly different from that of water. However, this in turn would increase
the mismatch in the acoustic impedances and violate the requirements for better transmission.
Considering the above two aspects, the acoustic lenses are generally made from plastics.

The focal distance that can be achieved by the use of acoustic lens can never be larger than the
near field length (No), which is given by [1]:

N, = D2/42 [3]
where, D is the diameter of the piezoelectric element and 4 is the wavelength of sound.

The ratio of focal distance to the near N, is called as the focus factor K. For K greater than 0.6,
the degree of focusing is considered small, while for K less than 0.3, it is considered strong.

For a plane radiator focused by an added lens, the axial pressure distribution is given by [1]:

B 2 . om 2 D? Czh
P—Pol—zsm[z( (z—h) +T—(Z—a )]

where, [4]

2 271 _ 2 2
h=R-— /RZ_DT Zo = h[lzi(lCz/clc)ZHa
[1-(2)]

1

p is the acoustic pressure, z is the distance from the lens in water, D is the diameter of the
piezoelectric crystal, R is the radius of curvature of lens and ¢z and c; are the sound velocities

in water and lens material respectively.
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Figure 2.3 shows the variation in the echo amplitude from a point reflector, derived from

Equation 4 for a typical case of D = 10 mm, A= 0.5 mm and R = 33 mm.
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Figure 2.3: Echo height of a point reflector on the axis of a plane radiator focussed by a

lens of Perspex in water [1]
The figure indicates that focal distance is much shorter than the geometrically calculated one
as given by equation 2.
Figure 2.4 shows a plano-concave lens in which the gain in the focus is a function of the angle

of aperture [71].

Figure 2.4: Focal length of a plano concave lens, which includes the correction term for
large angle of apertures [71]

The condition of the phase equality of the rays 1 and 2 at point P is:

L_ 4, i\/(f—d)z ¥ 2Rd — d2 [5]

C1 C2

The above equation gives focal length, which can be written as:
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The first term in the above equation deals with the geometry of the lens while the second term
is related to the refraction. Equation 6 is thus the correct lens formula using a plano concave
lens for the focusing of sound beam. With increasing angle of aperture, the focus moves
towards the lens.

One of the major benefits of the sound beam focusing is the improvement in the sensitivity as
a result of concentration of the sound energy in a very small zone. Figure 2.5 [1] shows the
variation in echo eight of a point reflector at a focus of a circular-disc radiator relative to the
average value in front of a plane radiator as a function of focussing factor K calculated for D/4

of 20.
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Figure 2.5: Improvement in the echo height (dB) as a result of focusing for various K
values [1]

The figure indicates that the gain in sensitivity is significant for the lower value of K. This
means that stronger the focusing, better is the sensitivity for flaw detection in the focal zone.
As the K value increases (weak focusing), the gain in echo height comes down. At K =1, which
corresponds to the near-field distance, the gain in echo height is approximately 12 dB.

In addition to the above, the gain due to use of an acoustic lens is also affected by the
attenuation in the material, which is a function of the thickness of the lens. Using a mean value,
Rosenberg [81] arrived at the following formula to evaluate the gain in the acoustic pressure

Gp as a result of focusing using an acoustic lens:
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Another factor which affects the efficiency of sound beam focusing using an acoustic lens is
the effect of layer thickness on the transmission of sound wave. The amount of energy passing
through a plane parallel plate of thickness t immersed in a medium does not depend on the ratio
of the acoustic impedance of the two media Ri2 (Ri2 = Z1/Z>) alone, but also on the ratio of

thickness to wavelength (t/2). The transmission coefficient Tc is given by [1]:

Te= ——o——u 8]
\/1+2((R12—E)25in27

The above equation states that the sonic energy passes through the plate without loss if the
thickness t = 2n1/4. However, if the thickness t = (2n - 1)4/4 then the incident sonic energy is

largely reflected.

Figure 2.6: (A) Normal plano concave lens, (B) Stepped lens with impermeable zones
omitted and (C) Zone lens with zones increasing in thickness by 4/2 [71]
With the plano concave lens, the value of t differs from the centre of the lens to the periphery
and so does the transmission of sound wave across the lens in to the water as per equation 8.
One way of overcoming this problem and achieve the maximum transmission is to avoid the
thicknesses, which makes the lens opaque to the incident sound. This led to the development

of stepped lenses and zone lenses. Figure 2.6 shows the above concept.
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In addition to the gain in the sensitivity that is achieved as a result of focusing, there are two
more important parameters of the focused sound beam viz. the focal spot size and the length of

the focal zone. These two are illustrated in Figure 2.7 [2].
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Figure 2.7: Characteristics of a focused sound beam [2]

The diameter of the focal spot (6) and the length of the focal zone (L) can be given as:

6= 21

O |~

[9]
Ly = 4A(5)? [10]
where, / is the wavelength, f is the focal length and D is the diameter of piezoelectric crystal.

The use of focused ultrasonic transducers for industrial applications dates back to several
decades. Even now, the focused ultrasonic transducers using acoustic lenses are very popular
and are predominantly used in the automated inspection systems in tube manufacturing
industries. J Rooney, et. al, [8] used the focused ultrasonic transducers for the detection of very
shallow flaws in small diameter (5 to 12 mm) and small thickness (0.3 to 0.7 mm) tubes to be
used as cladding in nuclear fuel. Focusing helped to achieve very good sensitivity for the
detection of 5% to 10% wall thickness deep flaws. Focusing also helps to examine materials
like austenitic stainless steel welds, because of the improvement in the signal to noise ratio [82-
84]. The focused ultrasonic transducers have also been used during in-service inspection.
Dombret P. et. al. [85], used large diameter focused transducers for in-service inspection of

weld joints in main coolant pump casing. The casing is typically manufactured by the casting
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process and hence it is expected to have a large gran size. The use of focused ultrasonic
transducers helps to reduce the background noise due to the scattered signals for carrying out
meaningful ultrasonic examination. It was also shown that in the cast structure, focusing
improved the signal to noise ratio for the enhanced detection of the crack-tip signals so that an

accurate estimate of the crack depth can be made [86].

The following rules apply when focusing the sound beam by acoustic lenses [1]:
e A plane radiator can be focused only to distances shorter than its near-field
e The complete near-field of a plane radiator is effectively compressed by focusing in to
the space between the radiator and the new focus
e The far-field is also compressed in to a range lying nearer to the new focus
e In the far-field range, beyond the focus, there may also appear some new zones of
interference as in the near-field
e The size of the focal spot is determined by the focal length, the wavelength and the
diameter of the piezoelectric element
The use of lens for sound beam focusing suffers from two distinct drawbacks viz. the
attenuation in the lens material and difficulty in coupling, especially for large aperture. One
way to overcome these difficulties is by using shaped piezoelectric transducers. The most
common piezoelectric material used for transmitting and receiving ultrasound is lead zirconate
titanate (PZT), which is a ceramic. This material cannot be shaped to produce a focused
ultrasonic beam. In the past few decades, extensive work has been carried out towards the
development of piezocomposite materials, which are flexible and can be made in to desired
shapes to produce focussed ultrasonic beam. These materials have found wide applications,

both in engineering and medical field.
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2.2.3 Piezocomposite Transducers

Piezocomposite elements refer to the class of piezoelectric materials, which are composite in
nature. These composites are typically made from ceramic and polymer, to achieve the required
flexibility in the piezoelectric material so that it can be shaped to produce focused ultrasonic
beam. Figure 2.8 schematically shows difference between the sound beam focusing using
ceramic piezoelectric element coupled to an acoustic lens and a shaped piezocomposite

element.
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Figure 2.8: Sound beam focusing using an acoustic lens and shaped piezocomposite

transducers [91]

The shaped piezoelectric element can be realized by using a flexible material such as polymer.
H. Kawai discovered piezoelectric effect in elongated and polarized films of polymers,
particularly in Poly Vinylidene Flouride (PVF2) [87]. Such polymer can be made in to required
shape to produce a focused sound beam. The flexibility of PVF; is high and the density is low
compared to conventional ceramic piezoelectric materials. PVF2 has low acoustic impedance,
which means it has a better acoustic matching as compared to ceramics, with water or a human
body. It also has a reasonable piezoelectric coupling, a high piezoelectric coefficient and a

wideband frequency response. However, there were problems associated with the use of PVF
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for engineering and medical applications. The low piezoelectric strain coefficient means that
the polymer material cannot be used as an active device for transmitting ultrasound. To
overcome this limitation, D.P. Skinner, et.al, [88] developed piezocomposite material. The
objective was to take the advantage of both, the ceramic piezoelectric (PZT) and the flexible
polymer. The polymer phase lowers the density and increases the elastic compliance, while the
piezoelectric PZT imparts large piezoelectric strain coefficients to the composite. R.E.
Newnham, et.al. [89] carried out extensive work on processing of piezocomposite materials
and studied the effect of various processing routes on piezoelectric properties required for
medical and engineering applications. Since their inception, the piezoceramic polymer
composites have been widely used in areas such as medical imaging, non-destructive

evaluation of materials, underwater vision etc.

One of the most common forms of piezocomposite ultrasonic transducers is the 1-3
piezoelectric ceramic polymer composite. In this, the piezoelectric ceramic phase is linked only
in one direction whereas the polymer phase is connected in all the three directions. These are
manufactured by inserting the piezoelectric ceramic rods in a polymer material. The ceramic
and the polymer resin are chosen according to the characteristics required for the composite
material. The height of the ceramic rods is large compared to their lateral dimensions, which
favours their vibration in the thickness mode as compared to the radial mode. This results in
improved electro-acoustic efficiency that gives these transducers a high level of sensitivity and
a high signal to noise ratio (SNR). In addition, the natural damping of composite materials
allows a relative bandwidth of 60% to 90% to be obtained while retaining a very good level of
sensitivity. Chen et. al. [90] carried out experimental analysis of 1-3 piezocomposite
transducers for high intensity applications using a focused sound beam. The analysis involved
the evaluation of the coupling factor, bandwidth, acoustic impedance and electro-acoustic

efficiency. The experimental analyses demonstrated that although the coupling factor of
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composite transducers was higher than that of the ceramic transducer, the composite
transducers had a lower efficiency due to the high dielectric loss. The bandwidth and the
acoustic impedance of composite transducers were superior to the ceramic transducer. For the
composite transducers, the efficiency and acoustic impedance were inversely proportional to
the aspect ratio and linearly proportional to the volume fraction. The coupling of inter pillars
that are too close to each other could cause a significant decrease in the efficiency of the
composite transducer. With an appropriate design in terms of the aspect ratio, volume fraction
and PZT-pillar spacing, a high-efficiency, high-intensity focused ultrasound transducer can be
achieved. P. Dumas, et. al. [91] compared the performance of focused ultrasonic transducers,
one produced with a piezoelectric ceramic having an acoustic lens and the other made of 1-3
piezocomposite, in terms of SNR and lateral resolution. They observed that the piezocomposite
transducer exhibited much better SNR and lateral resolution as compared to the piezoelectric
transducer with lens. J. Poguet et. al. [92] developed a circular phased array piezocomposite
transducer for inspection of steam generator tubes. Delay laws are applied to the elements to
focus the sound beam into the radial plane of the tubes, while the curved piezocomposite

elements are used to focus the beam in the axial plane.

One of the major limitations of the sound beam focusing using an acoustic lens or a shaped
piezocomposite material is that the focal point in the material under investigation is at a fixed
distance from the scanning surface. Moreover, it is not possible to focus the sound beyond the
near field, which in turn is determined by the size of the piezoelectric crystal and the
wavelength. With these limitations, if one has to examine a thick component with a given
focused sound beam, then multiple inspections at varying water paths would be required. Also
the fact that the focused transducers use a plano-concave lens, one can employ an acoustic lens

based transducers only during immersion testing. This may not be practical for all the
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applications, especially while dealing with large components or the ones with complicated

geometry.

The limitations of the acoustic lens based and shaped piezocomposite focused transducers can
be overcome to a large extent by acquiring the data using a plane unfocused transducer and
then carry out the signal processing of the acquired data to create the focusing effect at the
desired locations within the component. This forms the basis of the sound beam focusing using

Synthetic Aperture Focusing Technique (SAFT).

2.2.3 Synthetic Aperture Focusing Technique (SAFT)

The use of synthetic aperture for improving the resolution has been studied since early 1950s.
The initial work on this concept was primarily aimed at the improvement in the lateral
resolution of airborne radar mapping systems. In 1952, Sherwin [93] reported that a synthetic
antenna could be made to focus at any selected range simply by producing the proper
systematic phase shifts in the stored signals from that range as they were read-out for
processing. Upon read-out, the phases of the stored signals were to be shifted at just the rate
that would have occurred if the aircraft had been flying in a circle with its centre at the target.
Since the coherent signals from each range interval were to be separately stored and processed,
the synthetic antenna could be made to focus at all the ranges simultaneously, a feat which was
impossible with geometrical antennas. The feasibility of the technique was demonstrated
experimentally for the first time in 1953 by generating the maps of a section of Key West,
Florida. The same basic equipment was used to study sea "clutter,” during which distinctive
properties of radar echoes from the sea surface were observed. [94, 95]. The use of synthetic
focusing for combat-surveillance system was extensively studied by Cutrona [96]. The radar
research was part of a Project MICHIGAN, which was sponsored by the U. S. Army Combat

Surveillance Agency. The major shortcoming of radars at that time was the angular resolution.
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Cutrona, et. al., [97] derived the expression of the azimuth resolution that can be achieved using
radars for three different cases, viz. conventional, unfocused synthetic antenna and focused
synthetic antenna. Their work indicated that the resolution capabilities of conventional,
unfocussed and focussed antenna systems differ markedly in their characteristics. It was shown

that the resolution, other parameters being fixed, varies directly as the wavelength A for the

conventional case, as the v for the unfocussed case, and is independent of 4 for the focussed
case. The dependence of the resolution on the antenna size was shown to improve for the larger
apertures in the conventional case, to be independent of the aperture in the unfocussed case,
and to improve with the smaller apertures for the focussed case. The dependence of the

resolution on the range was shown to deteriorate directly as the range in the conventional case,

as VR in the unfocussed case, and to be independent of the range for the focussed case.

The synthetic aperture focusing technique (SAFT) using ultrasound for the detection and
characterization of defects was developed by University of Michigan in 1970s [98, 99]. An
important advantage of the synthetic focus approach was that the transverse resolution obtained
was twice as good as the equivalent system in which parallel beam is transmitted and the system
is focused to receive. The one dimensional version of the Synthetic Aperture Focussing
Technique (LSAFT) was developed at the 1ZFP in 1980s [100-102]. Extensive round robin
trials on the critical nuclear power plant components were carried out to assess the effectiveness
of this technique for flaw detection and characterization. Flaws in very thick (up to nearly 1 m)
as well as in quite thin components (down to 12 mm) could be images by LSAFT.
Reconstructions for the curved surfaces (like OD and ID) during the inspections of vessels, ID
inspections of vessel nozzles, and OD inspections of pipes were performed with very good

results.
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SAFT is the post processing reconstruction technique, which is based on the geometrical
reflection or ray acoustic model. With the use of this technique, an improvement in the lateral
resolution can be obtained, without using the traditional ultrasonic lenses. The synthetic focus
is efficient and does not introduce transmission losses. However, this technique can be
employed only in the digital signal acquisition system [11-13]. In SAFT, for each transducer
position, the raw data containing a sound beam scattered by a defect is collected using a
divergent sound beam. During the reconstruction process, the sound beams are time shifted or
back propagated to the scattering source and averaged out using the wave propagation
formulae. The signal amplitude at the defect location is highly improved during the averaging
due to the constructive interference. Whereas, at other locations, poor correlation of the signal
phase causes the destructive interference of the sound beam and leads to a significant drop in

the signal amplitude. The principle of SAFT can be explained with a simple system model

shown in Figure 2.9 [103].

X, t (range)

Figure 2.9: Principle of the application of SAFT [103]

The figure indicates that a single crystal transducer is moved in the scanning direction and in
the processes acquires the data at discrete locations from uz to un. The flaw is located in the far-
field region of the transducer, which is shown in the figure as the region of interest (ROI). The
ROI contains a number of reflecting targets (flaws) in the spatial (x,y) domain, where x is the
range while y is the cross-range. The transducer element moves along the u axis, which is

parallel to the y axis of the target area, and transmits a broadband pulse. Assuming that the
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transducer’s radiation pattern is omni-directional, the measured reflected signal at the

transducer position uy is given by:
et~ [ [ slen) -ttty = ) wop (2 2T =0 ) dody [11]
xJy H

where b(t,x,y) is the spatial-temporal response of the combined transmitter and receiver
apertures and the symbol =% represents the convolution in the time domain.
To achieve focus at an observation point (x ,y ) in the ROI, the SAFT algorithm time-shifts and
performs a summation of the received signals e(t,un) measured at transducer positions un for
all n in the synthetic aperture. The delay and averaging scheme of a time domain SAFT is

illustrated by the block diagram shown in Figure 2.10.
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Figure 2.10: Time delay and averaging scheme during SAFT processing [103]

The time delays, denoted by z,, aiming to compensate for different pulse traveling time, can be

expressed as:

[12]

forn =1, 2,...,N, where N is the number of element positions and r, is the distance from the
element at the position u, to the observation point. After time shifts and
summation, the final image is:

L-1

it y) =

n=>0

ane(t — "% Un)0(t — ) [13]
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The number of A-scans that should be included in the synthetic aperture is based on the effective
aperture length [103]. All the transducers have some form of a beam pattern that takes the form
of a main lobe accompanied by number of side lobes. The main lobe width is an important
parameter that defines the transducer’s cross-range resolution. The parameter Les is defined as
the largest aperture length corresponding to the wavelength 1 that contributes to the SAFT
performance in terms of its lateral resolution. For a circular transducer with diameter D, Les at

a distance X is given by:

XA
Legr =% [14]

Thus for a fixed D and 4, the longer the range, the longer is the Lesr. On the other hand, for a
fixed range, smaller transducer diameter or lower transducer centre frequency results in longer

Lest. The SAFT cross range resolution is given by [101]:

AX
8y3ap = T [15]

Where Les is the effective synthetic aperture length, defined as the largest aperture length
corresponding to the ultrasonic frequency that contributes to the SAFT performance in terms
of its lateral resolution, and R is the focusing range. From equations 14 and 15, the cross-range

or lateral resolution by SAFT can be given as:

~

Sysan =2 [16]
The above equation indicates that the cross-range resolution of the SAFT system is independent
of the ultrasonic frequency and the range, if the effective aperture defined by equation 16 is
used for the shortest wavelength in the ultrasonic signal. The smaller the transducer, the better
is the resolution. However, the minimal transducer size is limited by the signal to noise ratio
required for a given depth in the material under investigation.

The main advantage of SAFT is that the focusing possibility is independent on the length of

the sound path. Synthetic focusing increase the lateral resolution, which becomes theoretically
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constant along the material depth. Because of the inherent averaging associated with it, the
signal-to-noise ratio (SNR) is significantly improved on SAFT processing [102]. Stepinski T.
[103] carried out the work on cast austenitic stainless steel block to assess this benefit. The raw
and the SAFT processed B-scan images for the side drilled holes in the block are shown in
Figure 2.11(a) and (b) respectively. The results clearly indicate the improvements in the signal

to noise ratio on SAFT processing.

60 -4 -20 0 20 40 60

Figure 2.11: (a) Raw B-scan and (b) SAFT processed B-scan for a cast austenitic steel
block with side drilled holes [103]
Schmitz et. al. [15] studied the benefits derived from SAFT with respect to better sensitivity
for the detection and sizing of cracks. Their study on the detection of crack tips in the austenitic
stainless steel weld showed an improvement of close to 10 dB on using SAFT on the raw B-
scan data. The authors also compared the raw and the SAFT processed B-scan images on side
drilled holes and real cracks. It was observed that SAFT produced better images in terms of
resolving two closely spaced holes. Figure 2.12 shows the raw and the SAFT B-scan images

acquired on the sample with real vertical crack on the scanning surface.
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Figure 2.12: Conventional B-scan vs. SAFT for the crack on the scanning surface [15]

While the image from the crack face using SAFT is quite sharp through-out the depth, with the
conventional B-scan image, there is a significant increase in the spread of the signal at higher

depth. The interpretation with the SAFT data is better than the conventional B-scan image.

Skjelvareid et. al employed the Cylindrical Phase Shift Migration (CPSM) algorithm to perform
the synthetic aperture focusing. The imaging algorithm is applied to scan the corroded pipe
surface, and it was demonstrated that a high lateral resolution can be obtained even when the
pipe wall is several focal lengths away from the transducer [104]. W. Muller et. al. developed
ultrasonic imaging techniques based on SAFT for turbine shaft inspection. They successfully
re-constructed the two-dimensional image of defect distribution inside the specimen. Even
defects oriented radial and having high eccentricity, showed correct results [13]. Ganguli et. al.
employed SAFT for the detection of air void defects at various locations inside a reinforced
concrete medium. The study showed that SAFT is able to detect air voids (especially those
which are linear in shape, such as long straight cracks) embedded at various locations within
the subsurface of the concrete along with the steel reinforcement bars. The imaging of air voids
in the concrete medium is performed by SAFT using the cross correlation function between the
scattered waveforms acquired on the surface and a reference point scatterer response. Scenarios

involving a serious loss of structural integrity, where the reinforcement steel bars are
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surrounded by multiple air voids, were investigated. It was demonstrated that SAFT is able to

identify the location of the damage [105].

SAFT has been successfully applied to isotropic materials over the years for the determination
of location, shape, size and orientation of defects [106-110]. However, in anisotropic medium,
its application suffers from phenomena such as the direction dependence of the ultrasonic
velocities, the beam skewing effect etc. Martin Spies et. al. developed SAFT algorithm, which
fully accounts for the nature of wave radiation and propagation within anisotropic materials.
For three-dimensional defect reconstruction, the spatial dependence of the ultrasonic group
velocities as well as the radiation characteristics of the transducer are exploited and respective
algorithms are implemented to obtain quantitative information on the defect parameters in

anisotropic unidirectional carbon epoxy composites [111].

Since its development in the early 1950s, SAFT has been extensively employed for a variety
of applications involving ultrasonic non-destructive examination. While the major objective is
to achieve fine lateral resolution, the additional benefit of improvement in the signal to noise
ratio and thereby the image quality has been utilized by many researchers, as described above,
to overcome the problems in the industry related to accurate ultrasonic characterization of
flaws. Moreover, unlike the acoustic lens based approach, where the focal point is at a fixed
distance, with SAFT, the focusing can be achieved through-out the thickness of the component
(for the region that lies in the far-field of the transducer used). It is well known, that the lateral
resolution that can be achieved by SAFT, is directly proportional to the diameter of the
piezoelectric crystal. A very small piezoelectric element will give very good lateral resolution.
For a given frequency, there is a lower limit on the minimum size of a piezoelectric crystal,

both from the manufacturing considerations as well as from the point of view of the required
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sensitivity. This in turn determines the practically achievable lateral resolution by SAFT using
the conventional single crystal piezoelectric transducers.

2.2.4 Phased Array

Sound beam focusing by phased array at a given depth and in a given direction is based on the
principle of interference of sound waves emanating from the adjacent sources. The principle of
constructive and destructive interference of light waves is known since the dawn of 18"
century. In 1801, English scientist Thomas Young utilized two point sources of light to create
interference patterns. Waves that interfere constructively in phase reinforce each other, while
the ones that interfere out-of-phase cancel each other. This is schematically shown in Figure

2.13 [112].

Two-Point Source
Interference Pattern
@® = Maximum Pressure
@ = Minimum Pressure

Sources

Figure 2.13: Constructive and destructive interference of light waves emitting from two
point sources [112]
The term phasing or phase shifting means a way of controlling interactions by time-shifting
wave fronts that originate from two or more sources. It can be used to bend, steer, or focus the
energy of a wave front. In antenna theory, a phased array is an array of antennas in which the
relative phases of the respective signals feeding the antennas are set in such a way that the
effective radiation pattern of the array is reinforced in a desired direction and suppressed in
undesired directions. Phased array transmission was originally shown in 1905 by Nobel

laureate Karl Ferdinand Braun who demonstrated enhanced transmission of radio waves in one
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direction. During World War 11, Nobel laureate Luis Alvarez used phased array transmission
in a rapidly steerable radar system to aid in the landing of the aircrafts [113].

The use of ultrasound in general and phased array in particular in the medical field has a long
history [114]. Ultrasonic scanning and imaging system for clinical investigations was
developed by obstetrician lan Donald in late 1950s [115]. Jan C Somer published the paper in
1968 on the electronic sector scanning using an array transducer for ultrasonic diagnosis [116].
Few years later, Thurstone and Olaf von Ramm at the Duke University published a paper on
the more advanced version of the electronically steered arrays [117]. The array was capable of
generating ten different receive foci. The work was considered to be a pioneering and very
important phased-array design at that time.

In the early 1970s, commercial phased array systems for medical diagnostic use first appeared,
using steered beams to create cross-sectional images of the human body [118]. Initially, the use
of ultrasonic phased array systems was largely confined to the medical field, because of the
fact that the predictable composition and structure of the human body make instrument design
and image interpretation relatively straightforward. Figure 2.14 shows the typical sector scan

image of a foetus using a phased array system [119].

ATL GYN 0B

Figure 2.14: Sector scan image of a foetus using phased array ultrasound [119]

Industrial applications of phased array represent a much greater challenge than the medical
field because of the widely varying acoustic properties of materials that one encounters such

as metals, composites, ceramics, plastics etc. Also, one has to deal with variety of thicknesses
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and geometries. The first industrial phased array system, introduced in the 1980s, were
extremely large, and required data transfer to a computer in order to do the processing and
image presentation. These systems were most typically used for in-service inspection in power
industries. The major thrust for the use of phased array came from the nuclear industry as this
technology promised better probability of detection and more accurate characterization of
flaws. Portable, battery-powered phased array instruments for the industrial use appeared in
the 1990s. The transition from the analog to the digital world and the rapid development of
inexpensive embedded microprocessors enabled more rapid development of the next
generation phased array equipments. In addition, the availability of low power electronic
components, better power-saving architectures, and the use of surface mount board design led
to miniaturization of this advanced technology. This resulted in phased array tools which
allowed electronic setup, data processing, display and analysis, all within a portable device. All

this led to the widespread application of phased array technology across the industrial sector.

Phased array differs from the conventional ultrasonic techniques is many ways. First and
foremost is the fact that it uses an array of sensors instead of just one or two as in the
conventional ultrasonic techniques. Secondly, the hardware and the software of the phased
array system allows the user to excite the individual elements or a group of elements in a
programmed manner i.e. the user can decide the sequence in which the elements are fired and
also the delay in the firing. Another striking feature of the phased array technology is that the
data is presented in the form of images so that the user gets the global picture of the inspection
process for better and accurate interpretation. The ability to fire the sensors in a programmed
manner helps the user to manipulate the sound beam inside the component in real time. As a
result of this, the user can perform multiple angle inspections using just one phased array
transducer instead of multiple inspection using a conventional single element transducer. At

the heart of phased array lies the focal law. Focal law is the sequence and the time delay at
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which the individual elements in the array are fired. The focal laws are generated

mathematically depending on the way the user wants to manipulate the sound beam [120-123].

The main feature of the phased array ultrasonic technology is the computer-controlled
excitation (amplitude and delay) of individual elements in a multi-element transducer. The
excitation of piezoelectric elements can generate an ultrasonic focused beam with the
possibility of modifying the beam parameters such as angle, focal distance and focal spot size.
To generate a sound beam in phase and with constructive interference, various active elements

of an array are pulsed at slightly different times.

The principle of sound beam focusing using phased array is shown in Figure 2.15 [6]. The
figure indicates that during the transmission process, the elements in an array are fired with the
time-delay. The return signals from the flaw are applied variable delay on the reception,

summed and averaged before they are stored and displayed.
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Figure 2.15: Principle of Beam Steering during a) Transmission and b) Reception [6]

One of the major problems associated with the conventional single crystal based ultrasonic
testing is the poor detectability of flaws that are not oriented in favourable direction to the
incident ultrasonic beam. With phased array, the focused sweeping beam has a better
probability of detection for such flaws. Moreover, with focusing one can achieve better
resolution to distinguish flaws located close to each other and also produce high resolution
ultrasonic images with a good signal to noise ratio. The beam focusing principle for normal

and angled incidences is illustrated in Figures 2.16(a) and (b) respectively:
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Figure 2.16: Sound beam focusing using phased array (a) normal beam and (b) angle
beam
There are three major computer-controlled beam scanning patterns viz. electronic scanning,
sectorial scanning and dynamic depth focusing [6]. In the electronic scanning, the same focal
law is repeated across a group of active element with a pre-decided element step size. Since,
the focal laws remain same, scanning is performed at a constant angle and along the array
length. This is equivalent to a conventional single crystal transducer performing inspection
while moving in a given scanning direction. If an angled wedge is used, the focal laws
compensate for the different time delays inside the wedge. The principle of electronic scanning
is schematically shown in Figure 2.17(a). In the sectorial scanning, instead of performing
inspection at one particular angle, the sound beam is swept over a range of angles. Unlike the
electronic scanning, the active aperture in this case is kept same and the focal laws are varied
so that the sound beam is swept over the range of angles. The principle of sectorial scanning is
shown schematically in Figure 2.17(b). With the dynamic depth focusing, the sound beam is
focused at different depths using the selected aperture. The focal law during the transmission
corresponds to the focusing at maximum depth, while during the reception, the focal laws are
varied corresponding to the depth at which the sound beam is required to be focused. The

principle of dynamic depth focusing is shown schematically in Figure 2.17(c).
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Figure 2.17: Scanning pattern using phased array: (a) electronic scanning, (b) sectorial
scanning and (c) dynamic depth focusing [6]
For a contact type linear array without wedge or with a zero-degree wedge, the focal laws for
generating longitudinal waves, focused at certain depth, have parabolic variation, with delay
increasing from the edges of the array towards the centre. If the focal distance is increased by
twice, the required delay for each particular element is reduced to half (Figure 2.18). For a
given number of active elements, if the element pitch is increased, the delay for individual

element increases linearly.
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Figure 2.18: Time Delay variation for different focal depth [6]
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For arrays without or with a zero-degree wedge, the delay value for an individual element for
generating ultrasonic beam at an angle, depend on the position of individual element in an
active aperture and on the generated angle. As the beam angle is increased, the delay value for
each element increases. For arrays on an angled wedge, the delay laws have a parabolic shape
for generating beam at an angle given by Snell’s law. For angles smaller than the one given by
Snell’s law, the delay on the elements increases from the back towards the front of the probe.
For greater angles, the delay is higher for the back elements, because the beam generated by
the front elements follows a longer path in the wedge, and thus they need to be excited first. In

all the cases, the delay value on each element must be accurately controlled.

L Azar, et. al derived a generalized expression for the time delay to achieve the focused sound
beam at any given angle using an odd or even number of elements [124]. The sound beam
steering is accomplished by sequentially firing the array elements. For a homogeneous and
isotropic acoustic medium, the constant inter-element delay for steering the ultrasonic beam

can be calculated by [124]:

b = p'a [17]
where At is the time delay between adjacent elements, p’ is the pitch, 6s the required steering

angle, and c is the wave speed in the medium.

Focusing of the transmitted beam is accomplished by combining a spherical timing relationship
with a linear one to produce a beam, which is focused at a given range and propagated at a

specific azimuth angle. The focusing delays can be calculated by the following formula
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for any number of elements N, where t, is the required time delay for element n =0, ..., N -1,
N =(N -1)/2, d is the pitch, F is the focal length from the center of the array, s is the steering
angle from the center of array, and c is the wave speed. This generalized focusing time-delay
formula is valid for any number of array elements (even or odd) for 0°< 6s< 90°.

Ramm et. al [126] stated that little image improvement would result by sound beam focusing

using focal laws if the focal point is beyond the transition range Ztr of the array given by:

D2
Zrr =—

41 [19]

where, D is the overall dimension of the active aperture, which is given by the product of the
pitch and the number of elements in an active aperture, and 4 is the wavelength in the

material.

If targets within the near field of the array aperture are imaged; that is, at distances less than
Z7r, then focusing may be employed to increase the system resolution. However, such focusing
only improves the system resolution in the restricted region about the focal point. This region

of improved focus or depth of field is given by:

AZ=8.15) (g)z, (EDE)N [20]

on either side of the focal point for a 20 percent decrease in amplitude. Here F is the focal
distance as measured from the centre of the array. It is evident from this equation that the depth
of field is inversely proportional to the square of the array aperture at a given focal distance.
Hence, for small apertures or weakly focused systems, the depth of field may be adequate to
include all the targets of interest. For more strongly focused systems, which provide higher
azimuthal resolution, the depth of field may be inadequate. L. Azhar [124] studied the beam
focusing behaviour of linear arrays in terms of the directivity pattern. The study shows that

when the focusing is done within the near field, the directivity pattern for steering is quite poor
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as compared to the focusing. When the focal point changes from within the near field to the far
field, the focusing effect converges to pure steering one. The study also showed that the
maximum pressure does not necessarily occur at the focal point. However, the best directivity
is obtained at a distance corresponding to the focal length.

One of the most important aspects in the design of phased array transducer and the optimization
of focal laws is the beam directivity at the desired steering angle [127,128]. The beam
directivity or directivity function H(®) is defined as the pressure p (r, 6, t) at any arbitrary angle

6 normalized by the pressure p(r, 6s, t) at steering angle 6s.

sin [((d(sinfs — sin6))/A)N]
N sin [(wd(sin6s — sin@)/A] |’

H(#) = [21]
where, d is the inter element spacing, 6s is the steering angle, 4 is the wavelength, D is the size

of the piezoelectric element and N is the number of elements.

Wooh et. al studied the directivity patterns of the sound beam emanating from the linear array
under various conditions [127-129]. A typical directivity plot is shown in Figure 2.19 using the
values of v = 2.3 MHz, 6 = 30°, N = 16, d = 24/ +V3), and D = 4/100, for steel (c = 5850
m/s). The maximum pressure occurs in the steering direction. The main lobe is surrounded by
many smaller lobes appearing at multiple locations along the 6 axis. These lobes are called as
the side lobes. This means that the ultrasonic energy “leaks” in to the directions other than the
steering direction. There is a lobe appearing at the angle 6 = - 60°, whose amplitude is the same
as that of the main lobe but is much wider. Such a lobe is called as the grating lobe. If the
grating lobe exists, a strong secondary signal appears in the directions other than the steering
angle, resulting in spurious and confusing signals in the acquired data. If the amplitudes of the
side lobes are much smaller than that of the main lobe, the beam is said to be well directed and

the steering effect is pronounced. Furthermore, if the main lobe width is small or the shape of
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the main lobe is sharp, it means that the acoustic energy is primarily directed in the steering

direction.
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Figure 2.19: A typical directivity plot showing the main lobe, the side lobes and the

grating lobe [127-129]

While performing phased array inspection it is required to achieve a good beam directivity and
also the required steering ability. It is always desirable to minimize the main lobe width and
eliminate the grating lobes. Transducer parameters, which are important for these
considerations include, the number of elements in an array N, inter-element spacing d, element
size D, and the wavelength in the medium A. Among these design parameters, the wavelength
A is somewhat fixed to a certain extent since the frequency is generally pre-selected for specific
needs of inspection such as material, sensitivity required, thickness of the job etc. The effect
of D is negligible, particularly when it is reasonably smaller than the wavelength. The total
number of elements is also restricted, since a large number of elements generally pose
limitations on the control circuitry. It is of interest to find out the optimum inter-element

spacing d to attain the required directivity. The width of the main lobe is given by:

A, = sin~! ( sin o, + —i"— — sin~! { sin B — —t s 22
Nd Nd

As 6s increases, main lobe width increases. This means that the directivity of acoustic beams

steered at smaller angles are better than those steered at higher angles. One can observe that
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A6m approaches zero for infinitely large number of elements (N = ). This condition is
impossible to achieve from a practical point of view. The beam directivity improves with an
increasing d/4 value or larger d since A cannot be reduced below a particular limit from material
attenuation point of view. In other words, beam directivity can be improved by increasing the
spacing between the elements.

The critical inter-element spacing to avoid grating lobes is given as:

. [23]

Qe = ,
T+ sin0) max

where (0s)max IS the desired maximum operating steering angle of the transducer without
producing grating lobes.

Although the inter-element spacing is chosen slightly smaller than the critical value (d <dr),
some portions of the grating lobe may still appear in the directivity pattern. The maximum
allowable inter-element spacing that completely eliminates grating lobes can be determined
from the relationship

3 ) N-1
T 14sinBdma N [24]

max

In other words, grating lobes can be completely eliminated by choosing an inter-element
spacing that is less than dmax. If the inter-element spacing is already given for a transducer, then

the maximum steerable angle as a function of d can be given as:

MN—1
(Hs)max = Siﬂ_l (% — l) . [25]

E Kuhnicke studied the effect of steering angle and array parameters on the generation of

grating lobes under immersion testing conditions [130]. The study concluded that for the
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constant element spacing, the magnitude of grating lobes increases with an increase in the
steering angle. If the element width is smaller than 4/2, no grating lobes appear, even for large
steering angles. Pompei et.al. carried out the work on the suppression of the grating lobes by

carefully shaping the array elements [131].

Over the years, the ultrasonic phased array technology has been used across several industries
[132-144]. In addition to the standard applications involving the use of focal laws for beam
steering and focusing, many researchers have used modelling and simulation to improve upon
the results obtained by the conventional phased array systems. Jing Ye, et. al [145] carried out
model based simulation of the focused sound beam fields produced by a phased array
transducer for the examination of dissimilar weld joint. The sound beam undergoes skewing
and distortion during its travel through the dissimilar weld joints. If these effects are not
considered, the focusing will not be efficient. The study proposed an approach that included
modelling the grain orientation of the welds with buttering, calculating the ray path for
determination of focal laws, and applying the linear phasing multi-Gaussian beam model in
order to focus the sound beam using phased array at a given location in the weld. Hun-Hee
Kim, et. al [146], explored the possibility of focusing the ultrasound by linear array using an
adaptive focusing technique and the time reversal technique. The effectiveness of focusing by
these techniques was compared with that from the conventional phased array, based on the
signal amplitude from a side drilled hole in a dissimilar metal weld joint. It was observed that
the time reversal technique showed better focusing performance followed by the adaptive
focusing technique and then the focal law based phased array. Mahaut, et. al. [147] developed
the phased array based dynamic adaptive focusing system called FAUST: Focusing Adaptive
Ultrasonic Tomography, for defect characterization using ultrasound. To keep high
performance focusing, with a good lateral resolution without array lobes, with a reasonable

number of elements, the study optimized the size and the geometry of the elements. Using a
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model for field computations called Champ-Sons, applied to phased array transducers, several
types of optimized array transducers were studied. Circular arrays were used to focus at normal
incidence, whereas elliptical arrays were to generate inclined longitudinal waves without the

degradation of the sound beam.

The growth of phased array technology and its acceptance across several industrial sectors in
the past couple of decades has been phenomenal. The primary reasons for this are the
advantages it offers over the conventional ultrasonic techniques in terms of the reliability of
flaw detection, accuracy in the flaw characterization, speed of inspection, inherent imaging
capabilities and so on. With regard to the sound beam focusing, phased array technology makes
it possible to use the focused sound beam using contact transducers, which was impossible with
the conventional acoustic lens based approach. Also the fact that the sound beam can be steered
and focused at different depths, allows one to examine the full thickness of the component at
one go, rather than carrying out multiple inspections. However, just like the acoustic lens based
approach, with phased array too, one can focus the sound beam within the near field, which for
a given material and frequency is determined by the active aperture size. The dimension of the
focal spot size at any given distance is also determined by this parameter. Focusing at higher
depth or achieving a very fine focal spot size requires a large dimension of an active aperture.
This means that one needs to transmit and receive signals more number of elements parallely

using a given focal law. This requirement leads to a costlier phased array instrumentation.

The conventional phased array technology uses multiple independent transmitting-receiving
channels. During the transmission process, the systems apply time delays to the individual
elements of an array in order to generate a physical ultrasonic beam with specific acoustic
characteristics through constructive interference of the individual wavefronts. During
reception, these standard systems also apply time delays to the signals received by the

individual elements in order to put them in phase for the hardware summation process. The
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summed and digitized A-Scan signal is then transferred to the computer for display and
recording. During the standard phased array acquisition process, the raw elementary signals
are processed at the hardware level and are therefore not available for off-line software
processing [148]. The need for carrying out the post processing of the raw data acquired during
the phased array inspection led to the development of an advanced technique called Full Matrix
Capture (FMC). The FMC technique involves capturing and recording all the possible time-
domain signals (A-Scans) from every transmitter-receiver pair of elements in the array. These

signals can then be processed in various ways to get the effect of beam steering and focusing.
2.2.5 Full Matrix Capture — Total Focusing Method

Full matrix capture (FMC) refers to the technique, which utilizes complete set of time domain
data (A-scans) from all the combinations of the transmitting and receiving elements in an array.
The data is acquired using a ‘transmit on one and receive on all’ data capture approach, with
the first element of an array initially acting as transmitter and every element acting as receiver.
The process repeats until all the elements have transmitted; generating a complete set of time
domain signals containing N? A-scans for an array with N elements. C Holmes et. al. was the
first one to use an algorithm named Total Focusing Method (TFM) on the FMC data acquired
using a linear array to achieve the sound beam focusing for ultrasonic non-destructive

evaluation [37,39,149].
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Figure 2.20: Principle of data acquisition (a) Conventional phased array and (b) Full

matrix capture [148]

Figures 2.20 (a) and (b) shows the fundamental difference in the data acquisition by

conventional phased array and FMC approaches [148].

Figure 2.20(a) indicates that with the conventional phased array, the individual array elements
are excited at different times depending on the depth at which the focusing is desired. The
signals received from the flaw are delayed, summed and averaged before they are stored and
displayed on to the monitor of the phased array instrument. Contrary to this, the FMC technique
consists of capturing and recording all the possible time domain signals (A-Scans) from every

transmitter-receiver pair of elements in an array.
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Figure 2.21: Fully focused Total Focusing Method (TFM) [149]
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In order to achieve the focusing of the sound beam, imaging of the FMC data is commonly
achieved through an algorithm called Total Focusing Method (TFM). In TFM, the sound beam
is focused at every point in the target region as shown in Figure 2.21 [149]. The TFM post-
processing algorithm proceeds by first discretizing the target region (in the X, z plane) into a
grid (Figure 2.21). The signals from all the elements in the array are then summed to synthesize

a focus at every point in the grid.

Figure 2.22 shows an array placed over the surface of the sample, which has a point reflector
located in the (x,z) plane. The data is first acquired by FMC, during which each element acts

as a transmitter and all the elements act as receivers.
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Figure 2.22: Total Focusing Method [149]

The TFM algorithm used to image this data is generated through a standard sum and beam-

forming approach given in Equation 26.

Jo, =) +2° 4 x, —x) +2° | [26]

C

I(x,2)=> h,.,

where, | is the intensity value for pixel location (x, z) which is determined from the time-of-
flight calculations from each transmit (tx) and receive (rx) pair to the pixel region of interest (X,
z) with ¢ being the velocity in the medium (Figure 2.17). A Hilbert transform (h) is used to

convert the real time domain signal into complex form allowing the signal magnitude
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(envelope) to be found. This summation is carried out for each possible transmitter—receiver

pair. As a result, the maximum amount of information is available for each point.

FMC+TFM approach gives high resolution images of flaws, enhanced detection and sizing
capabilities and greater inspection coverage. Although the time required to capture these
signals appears to be large, if the array controller has independent parallel reception channels,
then the data acquisition by FMC can be performed in approximately the same time as the
conventional phased array [39]. However, in that case, one needs a high end phased array
instrumentation, which adds to the cost. At the same time, while using the FMC approach for
data acquisition, the size of the data file becomes enormously large while dealing with an array

with large number of elements.

C Holmes et. al. [39], carried out extensive studies to evaluate the performance of FMC + TFM
technique by post-processing of the simulated data on an aluminium block with a side drilled
hole. The results obtained by FMC + TFM are compared with the ones obtained by using
conventional phased array. Figure 2.23(a) and (b) shows the B-scan images of a side drilled

hole using focal law based approach and by FMC + TFM technique.
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Figure 2.23: B-scan images of a side drilled hole in an aluminium block (a) conventional

phased array and (b) FMC + TFM [39]
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One thing, which is evident from the above results is that the size of the side drilled hole in the
FMC + TFM image is much smaller than the one seen with the conventional phased array. This
indicates that the focal spot size using FMC + TFM is smaller, which helps in achieving a better
lateral resolution. Another thing which can be inferred from the results is that the lateral
coverage by FMC + TFM is significantly higher than the one achieved using conventional
phased array. The authors also defined a parameter called array performance indicator (API)
for the quantitative assessment of the benefit that one can derive with the FMC+TFM
technique. The API is a dimensionless measure of the spatial size of a point spread function. It
is defined as the area, A.sas, Within which the point spread function is greater than - 6 dB down
from its maximum value, normalized to the square of the wavelength. API is mathematically

expressed as:

A_
AP] = ,16de [27]

A small value of API is an indication of better focusing and so a very good lateral resolution.

The authors carried out the experimental validation on an aluminium block with 0.3 mm wide
EDM notch machined on the back surface of the sample. A linear array of 5 MHz, 64 elements
was placed on the sample to acquire the signal from the tip of the notch. The results indicated
that the API value using FMC+TFM was almost half the value obtained by the conventional
phased array using 32 elements. Also, the signal to noise ratio by FMC+TFM was found to

almost 8 dB higher [39].

In addition to the TFM methodology described above, several other approaches were studied
by various researchers for sound beam focusing using the FMC data. J Zhang et. al. [150]
developed a multi-mode total focusing methodology in which any combination of modes and
reflections can be used to produce an image of the test structure. The approach was

implemented on the full matrix capture data to achieve synthetic focus at every pixel in the
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image. A hybrid model was used to predict the array data and demonstrate the performance of
multi-mode imaging concept. The hybrid model combines far-field scattering coefficient
matrices with a ray-based wave propagation model. The study showed that with the prior
knowledge of the likely scatterer location and orientation, the mode combination and array
location can be optimized to maximize the performance of an array inspection. C. Fan et. al.
[151] compared the imaging performance using TFM with time reversal MUSIC technique in
terms of its ability to resolve closely spaced scatterers in a solid. The performance of the
algorithms is evaluated in terms of the lateral resolution and the sensitivity to noise. It was
shown that for the weak noise situation (SNR > 20 dB), time-reversal MUSIC approach
provides significantly enhanced lateral resolution when compared to the total focusing method.
However, for higher noise levels, the total focusing method is shown to be robust. N.
Quaegebeur, et. al. [152] developed a novel post-processing method for the data captured by
FMC. The technique is based on the correlation of measured signals with the theoretical
propagated signals computed over a given grid of points. The advantage of this approach is to
take into account the transducer directivity, dynamics and complex propagation patterns, such
that the number of required array elements for a given imaging performance can be greatly
reduced. A Hunter, et. al. [153] developed a Fourier-domain approach to the full-matrix
imaging based on the wave number algorithm used in the synthetic aperture radar and sonar.
The wave number algorithm provides a mathematically rigorous solution to the inverse
problem for the assumed forward wave propagation model, whereas the TFM employs heuristic
delay-and-sum beam forming. Consequently, the wave number algorithm has an improved
point-spread function and provides better imaging. However, the major advantage of the wave
number algorithm is its superior computational performance. For large arrays and images, the
wave number algorithm is several orders of magnitude faster than the TFM. On the other hand,

the key advantage of the TFM is its flexibility. The wave number algorithm requires a regularly
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sampled linear array, while the TFM can handle arbitrary imaging geometries. J Zhang et. al.
[154] studied the effect of inconsistencies in the linear arrays on the imaging performance
achieved by TFM. The study was carried out for the inter-element variability in the array in
terms of the amplitude, phase and delay in-consistencies. The peak amplitude and the measure
of the size of the point spread function were used to assess the quality of TFM images simulated
for a 1 mm dia. side drilled hole. The study indicated that the imaging performance is most
sensitive to the variability in the time-delay rather than phase and amplitude.

To overcome the constraints of the off-line processing, extensive work has been done in recent
years to build a real time FMC + TFM systems [155]. M. Sutcliffe, et. al. [156] investigated
the optimization of TFM algorithm on the FMC data to obtain images in real time. This
approach is combined with several other software engineering optimization techniques
including threaded data- capture, the use of look-up tables and half-matrix implementation. D.
Lines et. al., [157] used flexible and scalable PC-based hardware modules for on-line data
acquisition and display using FMC + TFM. This new architecture was able to achieve
acquisition and processing at 20 Hz and higher, meeting the requirements for the interactive
scanning and so enabling FMC + TFM technique to transfer from the laboratory into the field.
With the advancement in the computer hardware and the data handling and processing
technologies, the real-time FMC+TFM technique is now available in many commercial

instruments [158,159].

2.2.6 Sampling phased array

A technique involving similar approach as FMC + TFM was developed at I1ZfP for sound beam
focusing. This technique is named as the Sampling Phased Array (SPA) [160]. The
conventional phased array requires several shots at different angles to cover an entire cross
section. In contrast, in sampling phased array, the same can be achieved with an excitation of

a single element in an array. The returning ultrasonic echo signals are captured by every one
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of the transducer elements, similar to what is done during FMC. The received signals are used
to reconstruct for one or more arbitrary angles and/or focus depths. The reconstruction is
greatly enhanced through the use of an algorithm called SynFo, which eliminates the noise and
enhances the sensitivity. The benefits of sampling phased array are three fold. Firstly, there is
a substantial increase in the testing speed. Secondly, one can reconstruct the matrix for any
number of insonification angles, which improves the probability of detection. Thirdly, the
complete volume of the material can be imaged through the use of an appropriate
reconstruction algorithms without the need to generate the individual A-scan pictures. An
additional advantage is provided by the fact that the SPA technique principally employs the
transmitter-receiver mode, where the dead-zone (or near-surface) in the test material is

significantly reduced.
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Figure 2.24: Comparison of SPA with conventional phased array technique for the

detection of near surface and far surface flaws [161]
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Extensive validation trials were carried out at IZfP to assess the benefits of SPA as compared
to conventional phased array technique [161]. Figure 2.24 shows the results obtained on a steel

sample using various approaches.

Figure 2.24(a) shows a steel block with side drilled holes located close to the scanning surface.
With beam steering using the conventional phased array, all the holes are detected but the
spread in the signals is significant (Figure 2.24 (b)). With the focusing at a given depth, the
side drilled hole no. 3 is well detected with the reduced spread (Figure 2.24 (c)). However,
other side drilled holes show a much lower signal amplitude. The best results are achieved by

SPA (Figure 2.24 (d)), which detects all the holes with a very low spread in the signals.

Figure 2.25 shows the results on the carbon fibre composite block, which is highly an-isotropic

In nature.
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Figure 2.25: Comparison of SPA with conventional phased array technique for the

detection of flaws in carbon fire composite [161]

Figure 2.25(a) shows the linear array placed on a carbon fibre composite block with two side
drilled holes. The conventional phased array could not detect these holes reliably (Figure

2.25(b)). With SPA, the detection capability is greatly enhanced Figure 2.25(c)).

Similar work using SPA was carried out for several industrial components [162]. It was
demonstrated that the SPA technique leads to a high resolution imaging of flaws with improved

signal to noise ratio and high probability of detection.
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The advantages offered by FMC+TFM or SPA over the conventional phased array technique
in terms of resolution, signal-to-noise ratio and lateral coverage has attracted the interest of
many researchers towards these techniques in the last few years. One of the major reasons for
achieving a very high resolution with these techniques is that a single miniature element in an
array is used for the sound beam transmission, which gives a very large beam spread. However,
the acoustic power of the incident sound beam in the material as a result of a single element
excitation is going to be very low. This can be a severe drawback in achieving the required
sensitivity for the detection of flaws located at a higher depth or during the examination of
materials which are highly attenuating to the sound beam. To overcome this problem, array
based techniques based on the concept of virtual array of sources have been developed in recent

times.

2.2.7 Virtual Array of Sources

It is well known that the resolution at the focal spot is determined by the size of the piezoelectric
element used for the sound beam transmission. When the hardware based approaches are used
for the sound beam focusing such as acoustic lens or phased array, the focal spot size reduces
(and the resolution improves) with the increase in the size of the piezoelectric element or the
effective aperture as the case may be. However, this improvement is at the cost of the reduced
focal depth. Contrary to this, when the post processing based approaches are used for the sound
beam focusing such as SAFT or TFM, the focal spot size is directly proportional to the size of
the piezoelectric element. Smaller dimension elements give large beam spread, which helps in
achieving a fine synthetic focus throughout the thickness of the sample under investigation.
However, one major limitation of using a miniature piezoelectric element is the loss in the

sensitivity for flaw detection, especially at higher depth.
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C Frazier, et. al. developed a technique that combines the conventional B-scan with SAFT to
achieve focusing beyond the focal point of the transducer. The technique was named as
Synthetic Aperture Focusing with Virtual Source Element [163]. M. Skjelvareid, et. al. used
this technique for the internal imaging of pipelines [104]. The technique was employed using
a single crystal focused ultrasonic transducer. The focused transducers yield a high lateral
resolution as long as the distance between the pipe wall and the transducer corresponds to the
transducer focal length. If the distance to the wall changes, due to increasing pipe diameter or
de-centering of the inspection robot, the lateral resolution is decreased. The authors used
synthetic aperture focusing with the virtual source method to extend the effective range of the

focused transducer.

The use of linear arrays for imaging using the concept of a virtual source has been reported
since early 1990s [164]. The primary objective of these developments was to improve the signal
to noise ratio and the sensitivity, which may not be possible with the single element excitation.
Karaman et. al., developed two techniques viz. multi-element synthetic aperture focusing (M-
SAF) and multi-element synthetic phased array (M-SPA) [165] for imaging using linear arrays
and synthetic aperture focusing (SAF). The acoustic power transmitted from a single array
element limits the electronic signal to noise ratio (SNR) of SAF. Although beam forming from
multiple transmissions increases SNR, it is not acceptable for many applications, especially for
medical imaging. To improve SNR, multiple elements can be fired simultaneously with or
without aperture apodization. Figure 2.26 shows the angular response that can be obtained by

using a linear array under different excitation schemes [165].
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Figure 2.26: Angular response for different excitation schemes using a linear array
(a) single element excitation, (b) multi-element simultaneous excitation, (c) multi-
element simultaneous excitation with apodization and (d) multi-element simultaneous

excitation with de-focusing focal laws [165]

The figure indicates that the simultaneous excitation of multiple elements limits the angular
response and can be efficiently used only for linear scanning and imaging with circular arrays.
The aperture apodization, such as with a “sinc” type window, results in a transmit beam similar
to a single element response. However, the acoustic power capacity of each firing element is
not fully utilized and the total transmitted power is very close to that of a single element. The
authors [165] synthesized a single element response with a relatively high acoustic power by
properly phasing the active transmit elements without introducing any amplitude scaling. This
phasing forms a defocusing lens on the sub-aperture consisting of the active elements. A

parabolic defocusing lens can be realized using the following delay law:

_1x [28]

T
n Cc 2zg

where x, is the distance of the n' element from the sub-aperture centre, zq is the distance of the
“defocal” point from the sub-aperture and c is the sound velocity in the medium. To produce a

transmit beam as wide as the full sector image, the value of zg must be chosen properly. With
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the use of this approach, one can achieve higher penetration and improved signal to noise ratio

as compared to the case when only element excitation is used for acquiring the data.

Moo Ho-Bae et. al. [166], developed an all point transmit-and-receive focusing technique based
on the transmit synthetic focusing, combined with the receive dynamic focusing in a linear
array transducer. The technique was named as bi-directional pixel-based focusing (BiPBF)
technique. In the technique, on transmit, a virtual source element is assumed to be located at
the transmit focal depth of a conventional B-mode imaging system. The transmit synthetic
focusing is used in two half planes, one before and the other after the transmit focal depth,
using the RF data of each scanline, together with all the other relevant RF scanline data

previously stored. The principle of this technique is shown in Figure 2.27.
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Figure 2.27: Beam propagation in transmit focusing. (a) Conventional B-mode,

(b) Transmit model for one virtual element located at focal depth in B-mode and

(c) Superposition of transmit fields of two virtual sources at imaging points [166]

In the conventional transmit focusing at one depth, the elements located at the outer edges are
fired earlier than the centre element to arrive at the focal point at the same time as the centre
one. Thus, the transmitted beam width becomes minimum at the focal depth, and the amplitude
becomes maximum. This focused beam is reflected back from an imaging target. On receive,
focusing is performed using the same scheme as transmit focusing. In Figure 2.27(a), the

transmit field radiated from a transducer, converges toward the focal depth, and thereafter
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diverges in the form of a circular wave within a limited angular extent. It appears as if one
virtual element is located at the transmit focal depth, generating the circular wave back and
forth with respect to itself, as shown in Figure 2.27(b). If a linear array is used, the wavefront
in a two-dimensional plane looks like a dipole radiation in which most of the energy is
transmitted in the forward and backward directions in a two-dimensional plane. Therefore, the
transmit synthetic focusing is possible in two half planes as shown in Figure 2.27(c), one before
and the other after the focal depth corresponding to the centre of symmetry of the circular field.
The technique improves upon the lateral resolution at all the imaging depths. Also, it increases

the transmit power and the signal-to-noise ratio (SNR) of the image.

Another technique based on the concept of a virtual source using linear arrays was developed
by Alavuddin et. al. [41]. The technique is named as TIVAS: Technique to Image using Virtual
Array Sources. The objective was to achieve the sound beam focusing for the purpose of
imaging of defects at larger depth with a good lateral resolution. The technique is based on
acquiring the raw B-scan by electronic scanning using a linear array. The raw B-scan data is
processed by the synthetic focusing approach for image reconstruction. The authors carried
out extensive studies to establish the role of the depth of focus and the focal spot size on the
performance of TIVAS semi-analytically and through finite difference time domain (FDTD)
simulations. J. Kortbek et. al. developed a novel technique on the concept of virtual array of
sources named Synthetic Aperture Sequential Beamforming (SASB) [42]. SASB is a two-stage
procedure using two separate beamformers. The initial step is to construct and store a set of B-
mode image lines using a single focal point in both transmit and receive. The focal points are
considered virtual sources and virtual receivers making up a virtual array. The second stage
applies the focused image lines from the first stage as input data, and takes advantage of the

virtual array in the delay and sum beamforming. The size of the virtual array is dynamically
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expanded and the image is dynamically focused in both transmit and receive and a range

independent lateral resolution is obtained.

Another approach, which has been recently reported to improve the data acquisition rate and
increase the acoustic power sent into the medium as compared to FMC + TFM, is the technique
combining Plane Wave Imaging (PWI) and TFM [167]. In this technique, plane waves are
emitted at different angles in transmission and the backscattered signals are recorded by the
elements. This is of significance when the region of interest is not directly under the transducer.
With less transmissions and a simplified post-processing algorithm, images free of artefacts

and with a higher SNR are obtained.

2.3 Flaw characterization by non-destructive examination

Non-destructive examination (NDE) techniques are commonly employed in various industries
for the detection and characterization of flaws. These techniques are used at various stages
during the manufacturing of the component, while it is in service and in some cases even after
the component is retired from the service. During the manufacturing stage, NDE serves as one
of the most important quality control tools. Based on the results of NDE, the fabricator makes
a decision whether or not the intermediate stage product form such as casting, forging etc. can
be further processed. After the component is ready for the shipment, NDE is performed to
ensure that component is free from any undesirable flaw stipulated by the designers. NDE
during manufacturing stage is carried out as per various codes and standards [46-51]. The
standards specify specific NDE technique(s) to be employed for a given product form, the
reference defect standard to be used for calibration of test instruments, the criteria for recording
of flaw indications, the methodologies for evaluation of flaw indications and the acceptance
standard. During in-service inspection, NDE provides vital inputs to the designers, plant

operators and the regulatory bodies for carrying out fitness-for-service assessment. These
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examinations are carried out as per the established codes and standards [52,53]. Post retirement,

NDE is carried out in some cases as an aid to the failure analysis [168].

There are variety of NDE techniques employed on a regular basis for the detection and
characterization of flaws in engineering components. These can be broadly classified in to
surface examination techniques, volumetric examination techniques and the performance tests
[169,170]. The surface examination techniques include visual testing, liquid penetrant testing,
eddy current testing and magnetic particle testing. While visual and liquid penetrant tests can
only detect those flaws that are open to the examination surface, the magnetic particle and eddy
current tests can detect slightly sub-surface flaws depending on the material and the testing
parameters. The volumetric examination techniques like radiography and ultrasonic testing can
inspect the entire thickness of the component and are capable of detecting surface, sub-surface
and the embedded flaws. The performance tests such as helium leak test or acoustic emission

are employed to check the integrity of the component [171].

One of the most important tasks during NDE of any component at the manufacturing stage or
while in service, is to characterize the flaws that have been detected. Flaw characterization
typically involves locating the flaw with respect to some reference, finding its dimensions in
terms of length and depth and classifying it in to volumetric (non-crack like), planar (crack-
like) or laminar. These inputs are vital in carrying out the structural integrity assessment of a
flawed component [172-175]. One of the most critical parameters in deciding the acceptance
of a flawed component for continued service is the flaw depth (height or through wall
dimensions). Hence, it is of utmost importance that the NDE techniques employed for flaw
detection must also accurately size the flaw in terms of its depth [176 -177]. The most effective
way of finding the depth of the flaw is to locate its extremities in the thickness direction. From
these coordinates, one can find out the depth of the flaw as well as its orientation. Many NDE

techniques are handicapped in the estimation of the depth of the flaw, primarily because of
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their very principle of operation. For example, one cannot get the information on the depth of
a surface flaw by visual examination unless the flaw has a wide opening. Similarly, with liquid
penetrant test or magnetic participle test, the depth of the flaw cannot be estimated accurately.
Although, radiography is a very popular volumetric NDE technique, estimating the depth of a
crack or a lack of fusion observed in the radiograph is seldom done because of the uncertainty
associated with it. There are some radiography techniques like Tangential Radiography, which
can be used to determine the depth of a corrosion damage in pipelines [178]. However, its
application is limited to some specific cases. Eddy current testing has the capability to assess
the depth of the flaw found during examination. The depth estimation is based on the phase-
analysis of the flaw signals acquired during the inspection [179-181]. There are several
advanced electromagnetic NDE techniques such potential drop, magnetic flux leakage, remote
field eddy current testing, pulsed-eddy current testing etc. which have been developed over the
years and used for field applications for the detection and sizing of flaws in various components

[182-184].

Ultrasonic testing is one of the most effective NDE techniques for the characterization of flaws.
Being volumetric in nature, it can examine the entire thickness of the component. Also, the fact
that it needs access to only one surface, makes it very popular for in-service inspection [185].
The depth sizing of flaws by ultrasonic testing is based on locating the extremities of the flaw
with respect to the scanning surface. Several approaches based on the amplitude, the time-of-
flight and the spectral analysis of the reflected or diffracted signals from the flaw (or its
extremities) have been developed over the past few decades and used in the field for depth
sizing of flaws in engineering components [186-191]. A brief account of the ultrasonic based
flaw sizing techniques based on the amplitude of the reflected signal from the flaw and on the

time-of-flight of the diffracted signals from the flaw extremities are described below.
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2.3.1 Depth sizing of flaws by ultrasonic testing based on the amplitude

Ultrasonic testing relies on the reflected signal from the surface of the flaw for its detection.
The amplitude of the reflected signal depends on several factors, including the size of the flaw.
As a thumb rule, higher signal amplitude corresponds to a large flaw size. There are several
methodologies which are employed to interpret the signal amplitude of the reflected signal

from the flaw for the assessment of the flaw size. The most common ones are described below.

2.3.1.1 Distance Amplitude Correction (DAC)

A reference block of the same material and geometry of the object to be tested is prepared.
Acrtificial reflectors, also referred as the calibration standard, in the form of holes and notches
are introduced in the reference block. Generally, side drilled holes are used for the detection of
embedded flaws, notches for the detection of surface breaking flaws and flat bottom holes for
the detection of laminar flaws. The size of these reflectors is based on the standard or the
procedure, which is being referred for carrying out the ultrasonic test. The transducer, normal
beam or angle beam, is positioned over the surface of the sample and the response from these
artificial reflectors located at various sound path. From these responses, a calibration curve
called as Distance Amplitude Correction (DAC) curve is plotted [60,61]. A typical DAC curve
for angle beam examination using side drilled holes is shown in Figure 2.28. This curve is
called as the primary reference level (PRL). If any flaw indication is observed during the
scanning, an assessment on whether the flaw signal exceeds the PRL is made. The quantitative
assessment of flaw size is based on how much dB above or below the PRL, the flaw signal is.

The DAC method takes in to account the sound beam attenuation in the material and the beam
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spread effect. The size of the flaw obtained by DAC method is never the exact size, but the

equivalent size in terms of the calibration standard used.

Eche 1 2 3 4

. ' ™y
Position 1 2 3 4

Figure 2.28: Generating DAC curve [62]

2.3.1.2 Distance Gain Size (DGS)

The DGS method is based on the principle that in the far-field of the sound beam, the signal
height from a circular disc shaped reflector (flat bottom hole) is directly proportional to the
area of the reflector (square of the diameter) and inversely proportional to the square of the
distance of the reflector. The DGS method is typically used along with the DGS scales or DGS
diagrams, which are available from the transducer manufacturers. A typical DS diagram for a

normal beam transducer (B4S) is shown in Figure 2.29 [62].
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Figure 2.29: DGS diagram for a normal beam probe B4S [62]
The X-axis in figure 2.29 (D) is the distance of the flaw from the scanning surface or the sound

path, while the Y-axis (G) is the difference in the amplitude (in terms of dB) between the flaw
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and the flat bottom hole. The DGS diagram shown above shows multiple curves for different
S values. Each of these corresponds to the DAC curve for a particular size of the flaw bottom
hole. These diagrams are generated for the materials with negligible sound attenuation. If the
flaw signal is observed during the examination of a component using the DGS method, its size
is reported in terms of the diameter of the flat bottom hole. When DGS method is used for the
examination of materials with significant sound attenuation, suitable corrections for this has to
be made before the assessment of the flaw size. Similarly, when the DGS method is used for
the examination of components with curved surfaces such as vessel or pipe, curvature
correction has to be applied. The major advantage of DGS method over DAC is that one doesn’t
need to have a separate reference block. However, the interpretation of the flaw signal to arrive
at the equivalent size of the flat bottom hole needs a good understanding of DGS diagrams and
their interpretation.

2.3.1.3 Decibel drop

The decibel drop technique is employed for the length and depth sizing of flaws, which are
larger than the dimension of the sound beam. In this technique, the transducer is positioned
over the component to obtain the maximum response from the flaw. The transducer is then
moved until the signal drops to a predetermined level. The position of the transducer and the
sound beam paths are noted down and the size of the flaw is evaluated. Two common levels
while using decibel drop technique are 6 dB and 20 dB. The principle of dB drop technique is

schematically in Figure 2.30 [192].
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Figure 2.30: Decibel drop technique for flaw sizing [192]

Figure 2.30 shows that the first step is to obtain the maximum response (amplitude) form the
flaw. Next, the transducer is moved in the scanning direction and the positions on either side
of the maximum response at which the amplitude falls to a predetermined level (50% for 6 dB)
is found out. The linear distance between the two positions gives the size of the flaw in the
scanning direction.

The decibel drop technique is used during the normal beam examination as well as the angle
beam examination. During normal beam examination, it is used to find out the area of laminar
flaws. During angle beam examination, it is used to find out the length of the flaw and its depth.
The principle of this technique to find out the depth of the flaw during angle beam examination

is shown in Figure 2.31.

Figure 2.31: Principle of dB drop technique for depth estimation [62]
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Figure 2.31 shows an angle beam transducer being scanned over the surface of the sample with
a flaw. The figure shows three scan positions (1, 2 and 3) and the corresponding signals (Al,
A2 and A3) from the flaw. The maximum response (A2) is obtained when the transducer is at
position 2. The transducer is then moved towards the flaw and away from it and the positions
(1 and 3) at which the response drops to 50% of the maximum response (Al and A3) for 6 dB
drop method are found out. At these positions, the sound path of the flaw signal is noted. From

these sound paths, the depth of the flaw is calculated by the following formula:

d = (SP; — SP;)cosf [29]

where d is the depth, SP1 and SP3 are the sound paths corresponding to positions 1 and 3

respectively, and @ is the beam angle.

Unlike the DAC or DGS method, where the flaw size is reported in terms of the equivalent size
of the reference flaw, with dB drop technique, the flaw size obtained is the absolute one.
However, this technique is useful only when the flaw size is large as compared to the dimension
of the sound beam. If it is not the case, then the flaw size estimated by dB drop technique will

have significant errors due to the effect of sound beam divergence [193, 194].

The amplitude comparison based methods for the depth sizing of flaws are prone to significant
errors. The real flaws are not as good reflectors of the sound waves as the reference flaws and
hence any comparison of reflected signal amplitude from a real flaw with that from a reference
flaw leads to underestimation of flaw height [195]. The dB drop methods for flaw height
estimation are also not accurate as errors are introduced due to the sound beam divergence and

non-perpendicular incidence of sound beam on the flaw surface [196].
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2.3.2 Depth sizing of flaws by ultrasonic testing based on time-of-flight

The time-of-flight based approach provides a more accurate assessment of the flaw depth as
compared to amplitude based approach [197]. The time-of-flight based approach is not prone
to the depth sizing errors due to the factors such as the reflectivity of the flaw to the incident
sound beam, unfavorable orientation, branching, transparency, coupling efficiency etc. [198-
200]. The depth sizing by the time-of-flight based approach is based on recording the diffracted
signals from the crack extremities. Since the time-of-flight of these signals from and to the
transducer is dependent of the flaw depth alone, this approach gives a more realistic assessment
of the flaw depth. Some of the commonly employed time-of-flight based techniques for depth

sizing of flaws are described below.

2.3.2.1. Time of Flight Diffraction Technique (TOFD)

TOFD technique utilizes two ultrasonic angle beam transducers, one acting as a transmitter and
the other acting as a receiver [201,202]. The transducers are placed symmetrically over the

crack as shown in Figure 2.32 [203].
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Figure 2.32: Typical TOFD set-up [203]
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The transmitter sends the ultrasonic waves, which travel inside the component and interacts
with the backwall, the crack face and the crack extremities. There is also a surface wave called
as lateral wave that travels from the transmitter to the receiver. The wave reaching the backwall
is reflected back and reaches the receiver. The wave incident on the crack face is also reflected
back, but doesn’t reach the receiver. However, the waves incident on the crack tips undergo
diffraction. The diffracted waves travel in all the direction and some of these reach the receiver.
The typical A-scan display is shown in Figure 2.32. Since the lateral wave travels the shortest
path, it appears first on the A-scan. Contrary to this, the travel path for the backwall signal is
the longest and hence it appears last on the A-scan display. In between the signals due to lateral
wave and the backwall, there are two additional signals. These signals are the diffracted signals
from the upper tip and lower tip of the crack. By accurately measuring the time-of-flight of

these signals, one can estimate the depth or through-wall dimension of the crack.

Figure 2.33 shows the typical B-scan image obtained during the TOFD for the configuration
shown in Figure 2.32 [204]. The image is acquired by moving the transmitter-receiver assembly
along the length of the crack. The X-axis represents the scan direction, while the Y-axis
represents the time-of-flight or depth. The image shows the lateral wave, which is practically
undisturbed through-out the scan length, followed by the signals from the crack extremities

and the backwall.
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Figure 2.33: Typical B-scan image obtained using TOFD set-up [204]
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Assuming that the defect is placed symmetrically between the transducers, the following

formulas are used to measure defect height h and the upper ligament d (Figure 2.27)

PCS

TOFaterat = 5~ [30]
TOF uppertip = [2 ((PCS/2)? + d?)°°] / VL [31]
TOF jower tip = [2 ((PCS/2)? + (d+h)%)%°] / Vi [32]
TOF backwail = [2 ((PCS/2)? + t2)°5] / Vi [33]

The TOFD technique has been extensively used in the industry for accurate depth sizing of

flaws [205-209]. Typical TOFD images for the weld defects are shown in Figure 2.34 [5].

(1) Toe Crack

(v) Porosity

(iii) Lack of root penetration

Figure 2.34: Typical TOFD images for weld defects [5]

2.3.2.2 Relative and Absolute Arrival Time Technique
While TOFD uses two transducers for data acquisition, two techniques using a single angle
beam transducers are also employed for the depth estimation of crack-like flaws based on the

time-of-flight. These are named as: Relative Arrival Time Technique (RATT) and Absolute
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Arrival Time Technique (AATT) [210]. RATT is used where the size of the defect is smaller
than the beam divergence. For the depth sizing of the defect, the transducer is kept at a fixed
position and the ‘crack tip” and ‘crack corner trap’ are detected at same transducer position as

shown in Figure 2.35. The crack height h is then determined as:

h= 2T [34]

cosf

where, AUT is the path difference between the corner signal and the tip signal.

—

AUT
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Figure 2.35: Crack height estimation using RATT

AATT is used for flaws that are deeper than the beam size. Under such circumstances, it may
not be possible to get the crack tip and the crack corner signal simultaneously. With AATT,
the transducer is moved over the scanning surface and the sound path corresponding to the

maximum signal amplitude from the crack tip is found out. The depth of the crack h is the given

by:
h = t — (UTyqtn- cosp) [35]
where, t is thickness, and S is the beam angle.

The tip diffraction techniques have proven to be more accurate than the amplitude based
techniques for the depth sizing of flaws. These techniques are now routinely used in the

industries for the depth sizing of flaws in various components [211, 212].
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2.4. Motivation

The review of the literature has revealed that numerous methods for focusing the sound beam
for the purpose of ultrasonic non-destructive evaluation have been developed in the past few
decades. While the traditional methods based on the use of acoustic lenses or shaped
piezocomposite elements are continued to be used in the industries, many advanced methods
such as phased arrays are increasingly replacing these for focusing ultrasound. In the current
scenario, the emphasis is more on the use of an integrated approach, where the data is acquired
by a linear array, either using a single element excitation or an aperture comprising of a few
elements, and then achieve sound beam focusing by post-processing of the acquired data using
various algorithms such as total focusing method. These integrated approaches have proven to

be more effective in terms of lateral resolution, signal to noise ratio and lateral coverage.

One of the major reasons for the success of the integrated approaches like FMC + TFM,
Sampling Phased Array and Virtual Array of Sources is that the raw data is acquired using a
divergent sound beam. A very small dimension of the piezoelectric element in a linear array,
which is seldom available with the conventional single crystal transducer, helps this cause. It
has been reported in the literature that the sound beam divergence is a linear function of the
ratio /D, where 1 is the wavelength and D is the size of the piezoelectric element. While this
hypothesis holds good for large values of D/A, with the use of miniature elements in a linear
array (where D/ value is small), it may not be the case. Hence, it is essential to carry out a
systematic study using miniature piezoelectric elements and establish a relationship between
the element size and the sound beam divergence. This will provide a better insight into the
propagation of sound beam in the material and also during the post-processing of the raw data

acquired using the divergent sound beam.

One of the standard post-processing algorithms used for the sound beam focusing is the

synthetic aperture focusing technique (SAFT). While the lateral resolution that can be achieved
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by SAFT depends only on D and is independent of 4, as reported by many researchers, it may
not be the case, when SAFT or a similar algorithm is employed for the post-processing of the
data acquired by miniature elements in a linear array. One of the reasons for this could be the
non-linearity in the dependence of beam divergence angle on the ratio A/D. Hence, it is
worthwhile to explore this aspect and if it is indeed the case, then a relationship on the

dependence of the focal spot size (or the lateral resolution) with both D and A can be established.

The FMC + TFM technique has attracted the attention of many researchers since its
development a decade ago for the purpose of ultrasonic non-destructive evaluation. At the same
time, it is realized that, to adapt this technique for industrial use it has to be made real-time. To
achieve this, one needs to have the same number of parallel receiver channels as the number of
elements in the array and also the capability of on-line post-processing. When an array with
large number of elements is used with FMC, both these requirements add a significant cost to
the phased array instrumentation. In view of this, an alternate technique, which uses a single
element for sound beam transmission and reception can be explored. Not only the cost of the
instrumentation will be significantly reduced, but the small data size will also help to achieve
post-processing in real time. There could be a penalty on the image quality, since the full matrix
data is not captured, but the extent of this penalty can only be established after extensive study
and experimentation. Moreover, a systematic study on the effect of array parameters and the
parameters related to the post-processing algorithm on the focal spot size is always desired, so

that the available resources can be optimized to achieve the desired sound beam focusing.

To overcome the drawbacks of FMC + TFM, techniques based on the concept of virtual array
of sources have been developed in the past few years. However, no detailed study has been
reported in the literature on the optimization of the active aperture size for the purpose of data
acquisition. Also, not much published data is available on the performance of these techniques

in terms of the detection and characterization of real flaws in engineering components.
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It is also realized that, in order to have the maximum data from the flaw for better re-
construction in the final image using FMC + TFM technique or others based on the concept of
virtual array, the linear array is required to be placed symmetrically over the flaw. While this
condition can be achieved in a majority of the cases, there can be a few instances, where it may
not be possible to achieve this. One such case is the detection and characterization of flaws in
the weld with an unground bead or crown. A systematic study for such cases using these

techniques and if required, development of a new technique using a similar approach is desired.

2.5 Objective

The primary objective of this work is to investigate sound beam focusing techniques using an
integrated approach involving linear array and SAFT to overcome the limitations described in
the above paragraphs, and then study their usefulness for the purpose of flaw characterization

in engineering components. To achieve this, the following work has been carried out:

v" Develop a methodology for data acquisition and processing with a single element
transmission and reception using a linear array and SAFT for the purpose of sound beam
focusing. This technique is named as Synthetic Focusing using Linear Array (SFLA).

v’ Carry out a systematic study to evaluate the sound beam divergence for a miniature element
of a linear array and establish an empirical relationship to evaluate the same from its size
and the wavelength.

v’ Study the effect of array based parameters and SAFT processing based parameters on the
size of the focal spot achieved by SFLA and establish the relationship between the focal
spot size and the array parameters.

v Develop a methodology for data acquisition and processing using the concept of virtual

array of sources to overcome the drawbacks of SFLA and FMC + TFM techniques with

Chapter 2 75



respect to sensitivity and limited penetration. This technique is named as Phased Array-
SAFT (PA-SAFT).

v' Carry out detailed study on the optimization of effective aperture during the application of
PA-SAFT technique.

v’ Carry out systematic study to assess the performance of SFLA and PA-SAFT techniques
in terms of sensitivity, resolution and lateral coverage, and then compare the results
obtained by these with the ones obtained by FMC + TFM technique.

v Evaluate the capabilities of SFLA and PA-SAFT techniques for the detection and
characterization of volumetric and planar flaws, both simulated and real.

v’ Standardize the PA-SAFT technique using an angle beam for detection and characterization
of flaws in weld joints with an unground weld bead, where the application of SFLA, normal
beam PA-SAFT and FMC + TFM may be difficult.

v Develop a methodology for data acquisition and processing by SFLA and PA-SAFT
techniques for a real-life application, such as in-service inspection of a weld joint in a

pressure vessel of a nuclear boiling water reactor.
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EXPERIMENTAL DETAILS 3

3.1 Introduction

One of the primary objectives of this research work is to investigate sound beam focusing
techniques using linear array and SAFT viz. SFLA and PA-SAFT, for sound beam focusing and
employ these techniques for the detection and characterization of flaws. Since both these
techniques are based on the divergence of sound beam emanating from the miniature elements of
a linear array, a systematic study has been carried out to evaluate the sound beam divergence from
a sub-millimeter dimension piezoelectric elements, which are typically used in linear arrays. Also,
the effect of various parameters related to the linear array and SAFT processing on the focal spot
size achieved using SFLA is studied and analyzed in details. A comprehensive study involving
simulation and experimental work has been carried out to optimize the active aperture size to be
used for acquiring the data using PA-SAFT technique. The effectiveness of SFLA and PA-SAFT
techniques on flaw detection and characterization for volumetric and planar flaws has been
assessed on separate set of samples. Finally, the usefulness of these techniques for field
applications is demonstrated on the weld samples with ‘real’ volumetric and planar flaws and on
the mock-up block of a circumferential weld joint in a pressure vessel of a nuclear boiling water

reactor.

This Chapter gives the details of experiments carried out to meet the above objectives of the
research work. Various samples, which are prepared and used for the experimental work, have
been described in terms of their geometry, material and the flaws present in them. The Chapter
also gives the details of the experimental set-up comprising of phased array instrumentation, the

linear arrays used and how the raw data is acquired on various samples using conventional phased
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array, SFLA, PA-SAFT and FMC techniques. A brief description of the algorithm used for SAFT

processing using LabView® has also been included.
3.2 Experimental Set-up
3.2.1 Phased Array Instrument

During the experimental work, M2M make Multi 2000 phased array system has been used. The
instrument has a phased array configuration of 64 x 256. This means that with this instrument one
can use an array having up to 256 elements in the multiplexed mode. However, one can use only
64 elements simultaneously to create a focal law. For FMC, the instrument can support an array
having up to 64 elements. The instrument has Analog to Digital Convertor that samples the data
at the frequency of 100 MHz, which corresponds to the time resolution of 10 ns (equivalent to 0.06
mm in steel using longitudinal waves). The sampled data is written to the data file, which can be

read and processed using the SAFT algorithm.

The data acquisition software of the instrument allows the user to select the number of elements
to be used as an active aperture, the pitch at which the electronic B-scan is to be acquired and the
focal laws to be used for acquisition (beam steering, sectorial scanning, single and multi-point
focusing etc.). During data acquisition using SFLA and FMC techniques, no focal laws are used.
During PA-SAFT, the focal laws are used to focus the sound at a distance very close to the
scanning surface. Figures 3.1(a) and (b) show the experimental set-up employed for data

acquisition.
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Figure 3.1 a: Experimental set-up for data acquisition
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Figure 3.1 b: Block diagram of data acquisition and processing

3.2.2 Linear Arrays

During the experimental work, linear arrays of various configurations (frequency, element size,
pitch, number of elements) are used. These are given in Table 3.1. The 2 MHz 64 elements 0.8
mm pitch, 5 MHz 64 elements 0.6 mm pitch and 10 MHz 128 elements 0.3 mm pitch arrays are
used to study the effect of the size of the miniature piezoelectric elements on the sound beam
divergence. These arrays are also used to study the effect of various factors on the focal spot size
achieved using SFLA and PA-SAFT techniques. The validation of the outcome of the study carried
out to assess the beam divergence from a miniature piezoelectric element is performed using 5

MHz 1 mm pitch 64 elements and 8 MHz 64 element 0.5 mm pitch linear arrays. The study on the
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characterization of volumetric and planar flaws (artificial flaws in plates and real flaws in welds)
by SFLA and PA-SAFT techniques is carried out using 5 MHz 64 elements 0.6 mm pitch and 10
MHz 0.3 mm pitch 128 elements linear arrays. The study on the mock-up block of circumferential
weld joint in the pressure vessel of nuclear boiling water reactor is carried out using 2 MHz 64

elements 0.8 mm pitch and 5 MHz 64 elements 1mm pitch linear arrays.

Table 3.1: Details of linear arrays used for the experimental work

Sr.  Frequency Total number ElementWidth ElementPitch Orthogonal P [ hsteel
No. (MHz) of elements (N)  w (mm) p’ (mm) Dimension b (mm)

1 2 64 0.55 0.8 18 0.26

2 5 64 05 0.6 10 0.50

3 5 64 0.75 1 7 0.63

4 8 64 0.4 05 5 0.67

5 10 128 0.25 0.3 5 0.50
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3.2.3 SAFT algorithm

The raw B-scan data acquired using SFLA and PA-SAFT techniques are processed using a time
based SAFT algorithm written in LabView. The front panel of the LabView algorithm for SAFT

processing is shown in Figure 3.2.

Signal from hole

Figure 3.2: Front Panel of LabView algorithm for SAFT processing of raw B-scan images

acquired using SFLA and PA-SAFT techniques

Following is the brief description of the input fields that are seen in the front panel:

a) File path: The file path of the raw B-scan appears in this field. The program loads the data file
from the corresponding location on the hard drive or external drive for further processing

b) Delta T: This represents the sampling rate or the time interval between the two samples in the
A-scan. Since the raw B-scan image is acquired using the sampling (or digitization) rate of 100

MHz, the time interval between the two samples is 10 ns.
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d)

9)

h)

)

Velocity: The user needs to input the velocity of the sound in the sample on which the raw
data is acquired.

Thickness: The maximum thickness for which the data has to be processed and the image
should be displayed is specified by the user and entered in this field.

Focal distance: This represents the distance from the surface at which the sound beam is
focused during the acquisition of the raw B-scan. While using SFLA, this distance is 0 mm.
With PA-SAFT, the distance at which the sound beam is focused is entered here. During the
experimental work carried out as part of this research work, the focal distance for majority of
the samples using PA-SAFT technique is 2 mm.

Element Pitch: The user enters the pitch of the linear array used for data acquisition.

Width: This represents the width of the linear array used. This is equal to the pitch x total
number of elements used for data acquisition.

Left of the probe: During SAFT processing, one achieve sound beam focusing at locations,
not just below the linear array but even on the left and right side of the array, since the data
from this region is available in the raw B-scan because of beam divergence. User can specify
this region by entering the appropriate value in this field.

Number of elements: The total number of elements in a linear array is specified here.
Number of active elements: The total number of elements used in an active aperture during
data acquisition are specified here. For SFLA technique, this value is 1, while for PA-SAFT
technique, this value depends on the linear array used and the focal distance. The total number
of elements in an array, the number of active elements and the pitch at which the data is
acquired decides the total number of A-scans for data processing. For example, with SFLA, if

a linear array with 128 elements is used and the data is acquired using each element, then the
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total number of A-scans is 128. With PA-SAFT technique, if 8 number of active elements are
used using the same array, then the total number of A-scans is 121 (128 — 8 + 1).

Step Size: User needs to specify the lateral spacing between the focal points in this field.
Smaller step size gives better results but at the cost of increased processing time.

Divergence Angle: User needs to specify the extreme limits of the divergence angle to be
considered for processing. Only those A-scans that lie between these limits are used for SAFT
processing. A very low value of this parameter results in lesser number of A-scans for SAFT
processing, leading to inferior focusing. A very high value of this parameters, leads to a
condition wherein there are large number of A-scans for SAFT processing with no useful
information from the flaw. This results in a very low amplitude of the flaw signals in the
processed image and also an increase in the processing time.

Probe angle: The user needs to enter the angle of primary sound beam used for data
acquisition. For SFLA, this figure is 0 deg. While for PA-SAFT, this figure will be 0 deg. when
normal beam is used for data acquisition. When Angle Beam PA-SAFT is used, then the user

needs to input the primary beam angle used during data acquisition.

Once the above fields are entered and the program is executed, the SAFT processed image is

displayed next to the raw B-scan image. The colour scale corresponding to the amplitude of the

signals is also displayed alongside.

Bandpass filter is used during data processing. For 5 MHz linear array, the frequency band is set

from 3 MHz to 7 MHz, while for 10 MHz linear array, it is set from 6 MHz to 14 MHz. During

data acquisition by SFLA and PA-SAFT techniques on various samples, a strong backwall signal

is obtained in the raw B-scan image. To avoid this signal from creating undesirable artifacts in the

processed B-scan image, the backwall signal is eliminated from SAFT processing.
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Figure 3.2 shows the raw and the processed B-scan images acquired from a 0.5 mm dia. side drilled
hole located at a depth of 45 mm from the surface in a 50 mm thick aluminum block. The image
has been acquired using a 10 MHz, 0.3 mm pitch, 128 elements linear array. The raw B-scan image
shows that the signal from the hole is fairly wide and has a shape of a hyperbola. The signal is
present for the full width of the image, which indicates that the signal from the hole is present in
all the A-scans (128 nos. in this case). On the left side of the image, an additional signal (part
hyperbola) is also seen. This signal is from the adjacent hole located at a different depth in the
sample. The image shows that initial ringing (dead zone) under the given conditions is
approximately 7 mm. Also, the amplitude of the signal from the hole is much smaller than the
amplitude of the initial pulse. The raw B-scan image shows some breaks in the hole signal at 7
mm, 15 mm and 27 mm distance. These breaks are because of the dead elements in the linear array
used. This is confirmed separately by acquiring the electronic B-scan of a backwall using a single
element excitation. The B-scan showed loss of backwall signal at these locations. Since the number
of dead elements are very small as compared to the number of elements for which useful data is

available, there is no significant deterioration in the result obtained on SAFT processing.

The SAFT processed B-scan image shows that the wide spread-out signal from the hole has been
reduced to a spot. During SAFT processing, the lateral spacing between the focal points is kept as
0.05 mm and the divergence angle used is 25 deg. Since the data is acquired using SFLA, the probe
angle is 0 deg. From the normalized amplitude scale of the raw and the processed B-scan images,
one can make out that there is drastic improvement in the amplitude of the signal from the hole in
the processed B-scan image (red) as compared to the raw B-scan image (light blue). This is because
of the summation of the signals from the hole in large number of A-scans during SAFT processing.

The processed image also exhibits significant reduction in the amplitude of the initial ringing and
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the background noise as compared to the raw B-scan image. This is because of the inherent
averaging associated with the SAFT processing. In effect one can say that, during SAFT
processing there is a significant improvement in the signal to noise ratio (SNR). From the

processed B-scan image, the following information can be obtained:

e Amplitude of the signal
e The location of the signal from the scanning surface
e Lateral distance of the signal from a reference point (e.g. first element of an array)

e The lateral spread of the signal (6 dB or 20 dB)

The amplitude of the signal is an indication of the effectiveness or the sensitivity for the detection
of a flaw (or its extremities). The location of the flaw extremities from the scanning surface gives
the information on the height or through-wall dimension of the flaw (also referred as depth). From
the lateral position of the flaw extremities one can estimate the orientation of the flaw with respect
to the normal to the scanning surface. The lateral spread of the signal is an indication of focal spot
size. Smaller spread leads to lesser un-certainty in locating the flaw extremities, both laterally and

depth wise.

During this study, raw B-scan data on several samples are acquired by full matrix capture (FMC).
These data are subsequently processed by an algorithm called total focusing method (TFM) using

ultrasonic simulation package CIVA 11. No bandpass filtering is employed during processing.

3.3. Evaluation of sound beam divergence for miniature elements of a linear array

In order to evaluate the divergence of the sound beam emanating from a miniature element of a
linear array, experiments are conducted on a 50 mm thick aluminum block containing 0.5 mm dia.,

20 mm deep side drilled holes. Side drilled holes are drilled from one of the faces at a distance of
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10 mm, 20 mm, 25 mm, 35 mm and 45 mm from one of the scanning surfaces. This ensures that
when the linear array is placed on the two opposite scanning surfaces for data acquisition, the data
is available for the sound beam path of 5 mm to 45 mm at every 5 mm interval. The side drilled
holes are made by EDM and act as point reflectors to the incident ultrasonic beam. The holes are
separated laterally by a distance of 40 mm, so that there is no interference from the adjacent holes
when the data is acquired for any specific hole using SFLA and PA-SAFT techniques. The sketch

of the sample is shown in Figure 3.3.

Figure 3.3: Aluminum sample with 0.5 mm dia. side drilled holes at various depths from

the scanning surface

In order to evaluate the beam divergence constant for small values of D/A that are encountered
using linear arrays, data is acquired from the hole located at 35 mm depth from the surface. This
is done to ensure that the hole is located at a distance, which is at least three times the near-field
for the aperture selected. A linear array is placed symmetrically over the hole such that the central
element of an array is approximately located over the hole. With this arrangement, B-scan images
are acquired by electronic scanning using active aperture varying from a single element to a group
of up to 16 elements. Figure 3.4 schematically shows the experimental set-up for data acquisition

using 1, 2, 4 and 8 active elements.
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Figure 3.4: Experimental set-up for estimation of beam spread constant for small values of

D/a

With a single linear array, B-scan images are acquired using varying active apertures so that the
beam divergence can be evaluated for different values of D/1. For example, while using a 10 MHz,
0.3 mm pitch linear array (element width 0.25 mm and gap between elements 0.05 mm) on
Aluminum (VL = 6300 m/s), the value of A comes to 0.63 mm. When the electronic B-scan is
acquired using a single element excitation, the value of D is 0.25 mm, with two element excitation
it becomes 0.55 mm, with four element excitation it becomes 1.15 mm and so on. The

corresponding D/2 values for these three cases are 0.39, 0.87 and 1.82 respectively.

Prior to data acquisition from the side drilled hole, the response from the individual elements of
an array is equalized by taking the backwall signals from each element of an array and adjusting
the amplifier gain on each element. Once this is done, the linear array is placed over the side drilled
hole and the B-scan image is acquired electronically by selecting the aperture size as described
above. From the B-scan image, the lateral positions of two points on either side of the maximum
in the scan direction at which the amplitude from the hole is 6 dB lower than the maximum
amplitude are found out. The linear distance between these two points represents the 6 dB beam

width at 35 mm depth from the surface. From this width, the half beam spread angle is
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mathematically calculated. This exercise is carried out for three different linear arrays: (i) 2MHz,
0.8 mm pitch, 64 elements, (ii) 5 MHz, 0.6 mm pitch, 64 elements and (iii) 10 MHz, 0.3 mm pitch,
128 elements. Based on the results, a mathematical relation to evaluate the beam spread for the
sound beam emanating from miniature elements of a linear array is derived. The above linear
arrays are chosen so that one gets different values of D as well as different values of 1 while

acquiring the data with different arrays.

To validate the beam spread equation, the data acquisition, as described above, is carried out on
two separate linear arrays viz. 5 MHz, 64 elements, 1 mm pitch and 8 MHz, 64 elements, 0.5 mm
pitch. The beam spread found out experimentally is compared with one evaluated using the

mathematical relationship.

3.4 Assessment of the effect of array parameters and SAFT processing parameters on sound

beam focusing using SFLA

The sound beam focusing using SFLA depends on several factors related to the linear array used
and the difference in the input value and the true value of various parameters during SAFT
processing of the acquired data. A systematic study is carried out to evaluate the effect of these
parameters on the focusing achieved by SFLA. Experiments are conducted on an aluminum block,
described in Section 3.3, containing side drilled holes of 0.5 mm diameter located at different
depths from the scanning surface (Figure 3.3). The raw data is processed by SAFT algorithm and
the 6 dB size of the holes is determined from the processed image. The 6 dB size is taken as a

measure of the focal spot size.
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3.4.1 Effect of array based parameters

The effect of array based parameters on the sound beam focusing over a depth range of 5 mm to
40 mm is studied for: (i) the aperture size, (ii) the pitch, (iii) the frequency of sound wave and (iv)
the total effective aperture (TEA). TEA is the total number of elements used, or the length of the

array on the scanning surface for data acquisition.

Table 3.2: Details of parametric study carried out to evaluate the effect of array based

parameters on the sound beam focusing by SFLA technique

Array based Data Sets

parameters Setl Set2 Set 3 Set4
Aperture size (el) 1to 12 1 1el See

Pitch (mm) 0.3mm 0.3,0.6,0.9and 1.2 0.3 mm Footnote?
TEA (el) 128 128 64, 80, 100, 128

Frequency (MHz) 10 10 10 2,5and 10

el = Total number of elements

L While using the 10 MHz linear array, the data is acquired using two active elements, so that the aperture
size is 0.55 mm, which is equal or very close to the aperture size while using a single element excitation
using 2 MHz (0.55 mm) and 5 MHz (0.5 mm) linear array. The data using 10 MHz linear array is acquired
for every alternate element so that a pitch of 0.6 mm can be achieved. This ensures that the pitch using all
the three linear arrays is more or less similar (0.6 mm for 5 MHz and 10 MHz and 0.8 mm for 2 MHz).
Similarly, using 2 MHz array, the data is acquired for 48 of the total 64 elements, so that the total effective
aperture of approximately 38 mm on the scanning surface is similar for all the three cases.
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During this study, four sets of raw data are acquired. In each set, one of the above parameters is
varied and the others are kept constant. The effect of aperture size is studied by acquiring the data
for active apertures comprising of different number of elements. The effect of pitch is studied by
acquiring the data for every second, third or fourth element in the array. To study the effect of
TEA, the data is acquired for different number of elements in the array. The effect of frequency is
studied by acquiring the data using linear array of different frequencies. The details are given in

Table 3.2.

3.4.2 Effect of the difference between the true value and the input value of different

parameters during SAFT processing

The input value given to the SAFT processing algorithm for the sound velocity in the material, the
element pitch of the linear array used and the sound beam divergence angle, may be different than
the true value. The effect on the focal spot size as a result of this difference has been studied. For
this purpose, the raw B-scan image is acquired on the side drilled hole located at a distance of 35
mm from the surface in the aluminum block shown in Figure 3.3 using 10 MHz, 0.3 mm pitch,
128 elements linear array. The data are acquired using a single element excitation with a pitch of
0.3 mm and the TEA of 128 elements. During SAFT processing, one of the above three parameters
is changed while the other two are kept constant. The effect of the difference in the sound velocity
on the focal spot size is studied by varying it from 6100 m/s to 6500 m/s at 100 m/s interval (actual
velocity is 6300 m/s). The effect of the difference in the pitch on the focal spot size is studied by
varying it from 0.28 mm to 0.32 mm with 0.01 mm interval (actual pitch is 0.30 mm). The effect
of the difference in the beam divergence angle on the focal spot size is studied by varying it from

10 deg. to 45 deg. with 5 deg. interval (actual beam divergence is approximately 25 deg.).
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The true values of sound velocity, element pitch and the beam divergence angle are 6300 m/s, 0.3

mm and 25 deg. respectively. The details are given in Table 3.3.

3.5 Optimization of the aperture size for PA-SAFT technique

The PA-SAFT technique uses a group of active elements for sound beam transmission. The
number of active elements to be chosen for the acquisition of the raw B-scan data depends on the
linear array used and the depth range for which the focusing is desired. The aperture size for PA-
SAFT technique using 5 MHz, 0.6 mm pitch linear array and 10 MHz, 0.3 mm pitch linear array
for focusing up to a depth of 40 mm is optimized using detailed simulation studies. This is

subsequently validated by experimental work.

The simulation studies are carried out using CIVA 11 [213-216]. CIVA 11 is a semi-analytical
package developed by CEA, France. The ultrasonic simulation using CIVA 11, has two modules:
the beam computation and the defect response. The beam computation gives the sound beam
profile, including the wave amplitude distribution, inside the component for a given experimental
arrangement. The user needs to define the material (density, velocity, attenuation coefficient,
anisotropy etc.), the transducer details (single crystal or array, geometry of the crystal, wedge
details etc.) and the wave modes (longitudinal or shear), which needs to be computed. The
transducer is positioned at the desired location over the surface of the sample. The aperture size,
sequencing of excitation and the required focal laws are selected. The region of interest within the
material is defined and the sound beam profile in this region is computed. Figure 3.5 shows the
typical sound beam computation result in a steel sample obtained using CIVA 11 for an active
aperture comprising of 8 elements of a 10 MHz, 0.3 mm pitch linear array without the application

of focal law. The magnitude of the sound wave amplitude in the computation zone is colour coded,
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blue representing the maximum, pink representing the intermediate and green representing the

minimum sound pressure.

Figure 3.5: Sound beam computation using CIVA 11 for 10 MHz, 0.3 mm pitch linear

array with 8 elements active aperture and no focal law

The simulation studies for the optimization of an active aperture for PA-SAFT technique involved
the following: (i) variation in the sound wave amplitude with depth, (ii) variation in the beam width
with depth, (iii) the overall sound beam profile and (iv) the size of the virtual source that is created
at the focal point. These studies are carried out for 5 MHz, 0.6 mm pitch and 10 MHz, 0.3 mm
pitch linear arrays. Based on the simulation studies, the optimum size of the active aperture to be
employed with PA-SAFT technigque while using the above two arrays is arrived at.

In order to validate the outcome of the simulation studies, experiments are carried out on the
aluminum sample containing 0.5 mm dia. side drilled holes shown in Figure 3.3. The linear array
(5 MHz and 10 MHz) is kept over the surface such that the central elements are approximately
over the hole from which the data is being acquired. B-scan images are acquired using active
aperture varying from 3 to 12 elements with 5 MHz, 0.6 mm pitch and 4 to 14 elements with 10

MHz, 0.3 mm pitch linear arrays. In each case, the sound beam is focused at a depth of 2 mm from
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the surface using focal law. The B-scan images are processed by SAFT algorithm. Figure 3.6
schematically shows the experimental arrangement for acquiring the data by using PA-SAFT
technique with different active apertures, for the side drilled hole located at 35 mm depth from the
scanning surface. From the processed B-scan image, the 6 dB width of the signal from the holes is

found out. This is taken as a measure of the focal spot size.
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Figure 3.6: Experimental set-up for optimization of aperture size for PA-SAFT technique

3.6 Assessment of the capabilities of SFLA and PA-SAFT techniques for the detection and

characterization of volumetric flaws

Volumetric flaws are three-dimensional and are required to be detected and characterized in terms
of their dimensions by ultrasonic examination so that their acceptance as per the given
specification or standard can be determined. The ability of SFLA and PA-SAFT techniques for the
detection and characterization of volumetric flaws is carried out by experimental work on carbon
steel and aluminum samples. The volumetric flaws are simulated by side drilled holes machined

from one of the faces of the samples. The study is carried out to meet the following objectives:

e Determine the sensitivity for the detection of volumetric flaws with a focused sound beam

across the depth
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e Determine the limit of sensitivity of these techniques for the detection of volumetric flaws for
a given experimental set-up
e Determine the lateral coverage achieved by these techniques

e Determine the limit of resolution of these techniques

To meet the first objective, experiments are carried out on a carbon steel plate sample with 1 mm
dia. side drilled holes located one below the other. For meeting the second objective, experiments
are performed on an aluminum sample with 0.5 mm dia. side drilled holes at different depths from
the scanning surface. The third objective is met by carrying out experiments on aluminum sample
with 2 mm dia. side drilled holes located at the same depth from the scanning surface but separated
laterally. For meeting the fourth objective, experiments are carried out on a carbon steel plate
sample with 0.5 mm side drilled holes at the same depth but separated laterally by a very small

distance.

Experimental data on all the samples are acquired using 10 MHz, 0.3 mm pitch, 128 elements
linear array. A single element excitation is used during data acquisition with SFLA technique.
With PA-SAFT technique, an active aperture comprising 8 elements is used and the sound beam
is focused at the depth of 2 mm from the surface. The selection of this aperture size is based on
the outcome of the optimization studies carried out by simulation and experimental work. The
raw B-scan images acquired using SFLA and PA-SAFT techniques are processed by time based
SAFT algorithm. Additionally, experiments are also carried out using the conventional phased
array based on focal laws and FMC+TFM technique. Due to the limitations of the phased array
instrumentation in terms of the number of parallel receiver channels, only 64 of the 128 elements
of 10 MHz linear array are used for the data acquisition using FMC. The use of lesser number of
elements for FMC corresponds to lower total effective aperture on the scanning surface, when
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compared to the data acquisition using SFLA and PA-SAFT techniques. This may have an

adverse effect on the focal spot size achieved.

3.6.1 Determination of the sensitivity for the detection of volumetric flaws with a focused

sound beam across the depth

In order to assess the ability of SFLA and PA-SAFT techniques for the detection of volumetric
flaws with a focused sound beam across the depth, experiments are conducted on a carbon steel
sample with 1 mm dia. side drilled holes. The experimental set-up for data acquisition is shown in
Figure 3.7. The sample has eight side drilled holes, located at a depth of 10 mm to 45 mm from
the scanning surface. The holes are present one below the other in a straight line and are separated
by a distance of 5 mm. Figures 3.7(a) shows the transducer position relative to the holes for
acquiring the data using the SFLA, PA-SAFT and FMC techniques. Since a divergent sound beam
is used for data acquisition, this kind of the placement of an array ensures that the useful data from
all the holes is obtained from majority of the elements (or apertures). However, this arrangement
is not suitable for the conventional phased array using focal laws, where a focused sound beam is
used for acquiring the data. This is because of the fact that the topmost hole prevents the sound
beam from reaching the bottom holes. To facilitate the detection of all the holes by a focused sound
beam using focal law based approach, the linear array is placed over the sample not directly over
the holes but slightly shifted as shown in Figure 3.7(b). With this arrangement, the sound beam
emanating from the active apertures comprising of 16, 32, 48 and 64 active elements is focused
across the depth of the sample using focal laws. The selected aperture does not move electronically,

but the sound beam is steered and focused to generate the S-scan image.
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Figure 3.7: Experimental set-up for data acquisition on carbon steel sample with vertically
stacked side drilled holes (a) SFLA, PA-SAFT and FMC techniques, (b) Conventional
angle beam phased array using focal laws

The following information is extracted from the processed B-scan images:
e The total number of holes detected using a given test set-up
e The maximum amplitude difference between the signals from the holes

e The variation in the 6 dB spread of the signals from the holes

The results obtained by SFLA and PA-SAFT techniques are compared with the ones obtained by
conventional phased array and FMC.

3.6.2 Determination of the limit of sensitivity for volumetric flaws

To determine the limit of sensitivity of SFLA and PA-SAFT techniques for the detection of
volumetric flaws, experiments are carried out on an aluminum sample containing 0.5 mm side
drilled holes located at a distance of 40 mm to 200 mm from the surface. The experimental set-up
for data acquisition is shown in Figure 3.8. The figure shows that side drilled holes are located
one below the other but separated laterally. As a result, there is no masking effect from the topmost
hole for the bottom holes, which is encountered in the carbon steel block described in Section
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3.6.1. The raw B-scan data are acquired using 10 MHz, 0.3 mm pitch, 128 elements linear array
and are subsequently processed by SAFT or TFM as applicable. From the processed B-scan
images, the deepest side drilled hole that is detected is found out. The results obtained by SFLA

and PA-SAFT techniques are compared with the ones obtained by FMC + TFM.
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Figure 3.8: Experimental set-up for data acquisition on an aluminum sample with 0.5 mm

dia. side drilled holes

3.6.3 Determination of the lateral coverage achieved by SFLA and PA-SAFT techniques

In order to assess the lateral coverage achieved by SFLA and PA-SAFT techniques, experiments
are conducted on an aluminum sample having fifteen, 2 mm dia. side drilled holes, located at the
depth of 25 mm from the scanning surface. The experimental set-up for data acquisition is shown
in Figure 3.9. The central seven holes lie below the array and the remaining eight holes, four of
both sides, lie in the region away from it. The data for this sample is acquired using 10 MHz, 0.3
mm pitch, 128 elements linear array. Using the conventional phased array, the sound beam is
steered and focused at the depth where the holes are located using the selected aperture (16 to 48
elements). The aperture is not moved electronically. With SFLA, PA-SAFT and FMC techniques,

the selected aperture is moved electronically from one end of the array to other and a raw B-scan
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image is acquired. During SAFT and TFM processing, it is ensured that the processing range not
only includes the material beneath the linear array, but also the material on either side of the array
up to a distance of approximately 30 mm. From the processed images, the lateral coverage
obtained, the amplitude variation between the signals from the holes and the 6 dB spread of the

holes is found out.
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Figure 3.9: Experimental arrangement for data acquisition on aluminum sample with

laterally separated holes

3.6.4 Estimation of the resolving power of SFLA and PA-SAFT techniques

Both SFLA and PA-SAFT techniques have a good potential to focus the sound beam within the
material. This ability is useful in resolving the two very closely spaced volumetric flaws. In order
to quantitatively assess the resolving power of SFLA and PA-SAFT techniques, experiments are
conducted on a steel block containing very closely spaced, 0.5 mm diameter side drilled holes.
Figure 3.16 shows the sketch of this sample. The sample has six side drilled holes, all located at
the depth of 20 mm from the scanning surface. The holes are separated centre-to-centre by a

distance of 0.6 mm to 1.5 mm as shown in Figure 3.10.
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Figure 3.10: Carbon steel Sample with Closely Spaced Side Drilled Holes

A 10 MHz, 0.3 mm pitch, 128 elements linear array is used for data acquisition. The linear array
is placed on the sample such that the holes are located below the central elements of the array. For
conventional phased array, active apertures comprising of 16 and 64 elements is used to achieve
focused sound beam at a depth of 20 mm from the surface using focal laws. B-scan image is
acquired by electronic scanning. With SFLA and PA-SAFT techniques, the raw B-scan image is
acquired and processed by SAFT algorithm. From the B-scan images, the quantitative assessment
of the resolving power of SFLA and PA-SAFT techniques is made. The data is also acquired using

the FMC technique for comparison of the results obtained by SFLA and PA-SAFT techniques.

3.7 Assessment of the capability of SFLA and PA-SAFT techniques for the detection and

characterization of planar flaws

Planar flaws are two-dimensional and pose a threat to the integrity of the pressurized components.
Characterization of planar flaws by NDE is central to the fitness-for-service assessment of a flawed
component. The characterization of a planar flaw involves: (i) locating the flaw with respect to the
surface, (ii) sizing for its length, (iii) sizing for its depth (height or through-wall dimension) and
(iv) estimating its orientation with respect to the principal stresses. While the location and the

length of the planar flaw can be assessed accurately by conventional ultrasonic techniques, it is the
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accurate estimation of the depth and the orientation, which is a challenging task. The accuracy
depends on the uncertainty with which the flaw extremities can be located within the component.
Since both SFLA and PA-SAFT techniques are capable of focusing the sound beam through-out
the thickness of the component, it is expected that these techniques can precisely locate the flaw
extremities, and thus can be employed for accurate characterization of planar flaws in terms of
their depth and orientation. In order to assess the capability of SFLA and PA-SAFT techniques
for this purpose, experiments are carried out on two stainless steel plate samples, 25 mm and 60
mm thick. The planar flaws in these plates are simulated by inclined slots machined from one of
the faces by EDM. The data on these samples are acquired by SFLA, PA-SAFT and FMC
techniques using 5 MHz, 0.6 mm pitch, 64 elements linear array. The frequency of 5 MHz is found
to be optimum for both the thicknesses. The lower frequency array (2 MHz) may not be able to
clearly distinguish the upper tip signal in the 25 mm thick plate sample due to dead zone, while
the higher frequency array (10 MHz) may not be suitable for the detection of flaw tips in the 60

mm thick plate due to sound beam attenuation.

3.7.1 Characterization of planar flaws in thin section

The stainless steel plate of 25 mm thickness has six simulated planar flaws oriented from 0 deg. to
51 deg. These are 8.5 mm long, 2 mm wide and 15 mm deep, machined on one of the faces. The
sketch of this plate sample is shown in Figure 3.11. The upper tip of the flaws is located at
approximately 8 mm from the scanning surface, while the location of bottom tip varies depending
on the orientation. In effect, the steel plate has simulated planar flaws of different through-wall

dimensions and orientations.
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Figure 3.11: Steel plate with simulated planar flaws

The linear array is placed over the sample as shown in Figure 3.12. The raw B-scan is acquired by
electronic scanning, which is subsequently processed by SAFT (SFLA and PA-SAFT) and TFM
(FMC) algorithms. From the processed image, the extremities of the flaw are located with respect
to the scanning surface. From these coordinates, the depth and the orientation of planar flaw is

estimated. These are compared with the true values.

/

Figure 3.12: Placement of linear array for data acquisition on stainless steel plate with

simulated planar flaws

3.7.2 Characterization of planar flaws in thick section

One of the major advantages of SFLA and PA-SAFT techniques is that they use much lesser
number of active elements for sound beam focusing as compared to the conventional ‘focal law’
based phased array techniques. One of the limitations of using smaller aperture for sound beam
transmission could be lower acoustic power and as a result the inability to detect flaws (or their

extremities) that are located deeper. In order to assess the effectiveness of SFLA and PA-SAFT
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techniques for the characterization of planar flaws in thick sections, experiments are conducted on
a stainless steel sample of 60 mm thickness having 0 deg. and 20 deg. inclined slots. These slots
are 10 mm long, 0.5 mm wide and 15 mm deep machined by EDM from one of the faces. The
upper tip of these slots is located at a depth of 30 mm from the surface, unlike the previous case

where it is much closer. The sketch of this sample is shown in Figure 3.13.

[——30 mm—{

60 mm

Figure 3.13: Simulated planar flaws in thick stainless steel block

For data acquisition by SFLA, PA-SAFT and FMC techniques, the linear array is placed
symmetrically across the flaw on the surface of the sample as shown in Figure 3.12. The raw B-
scan data is acquired and is processed by SAFT and TFM, as applicable. From the processed
image, the coordinates of the upper and the lower tip signals are found out and the depth and
orientation of the flaws are calculated. Additionally, the amplitude difference between the upper
and the lower tip signals is also found out. Lower amplitude difference is an indication of reliable
detection of the flaw extremities. The depth and the orientation values obtained by various

techniques are compared with the true values.

3.8 Assessment of the capability of Angle Beam PA-SAFT technique for detection and

characterization of flaws

During the acquisition of raw B-scan data by SFLA, PA-SAFT and FMC techniques, the linear

array is kept over the surface of the sample in such a manner that some elements of the array lie
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on one side of the flaw while the remaining ones are on the other side. This arrangement ensures
that in the raw B-scan, there is useful information from the flaw for majority of the elements or
aperture. There can be instances in real life applications, where this requirement cannot be met.
One such case is the detection and characterization of flaws in the weld joint with an unground
weld bead. Under such circumstances, the linear array cannot be placed over the flaw, but
significantly away from it. With this placement, the A-scans from majority of the elements (or
aperture) may not have a signal from the flaw. This will lead to poor focusing of sound beam on
SAFT processing. In extreme cases, depending on the location of the flaw in the weld joint, it may
happen that both the flaw extremities may not be detected by the sound beam emanating from any

of the elements or apertures. Under such circumstances, the flaw may go undetected.

One way of overcoming this problem is to use Angle Beam PA-SAFT that is based on acquiring
the B-scan data using divergent angle beam. The effectiveness of Angle Beam PA-SAFT for flaw
detection and characterization is studied on a 25 mm thick aluminum plate with a 2.2 mm deep
surface notch. The B-scan data for this sample is acquired in two ways: (i) placing the linear array
on the surface opposite to the one where the notch is present and (ii) placing the linear array on

the same surface as the notch.
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Figure 3.14: Experimental arrangement for data acquisition using Angle Beam PA-SAFT

(a) Notch on the back surface and (b) Notch on the scanning surface
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In both the cases, it is ensured that the linear array is not placed over the notch to simulate the real-

life condition of an un-ground weld bead. Figure 3.14 shows the experimental arrangement.

The raw B-scan data is acquired using 5 MHz, 0.6 mm pitch, 64 elements linear array. An active
aperture of 6 elements is used to steer the sound beam at an angle of 45 deg. When the notch is on
the opposite surface where the linear array is placed, the data is acquired for a distance
corresponding to more than %2 V path. When the notch is on the same surface, the data is acquired
for a distance corresponding to more than 1 V path. The raw B-scan is processed by SAFT
algorithm. From the processed B-scan image, the tip of the notch from the scanning surface is
located and its depth is found out. This is compared with the true value to assess the effectiveness

of Angle Beam PA-SAFT technique for the characterization of flaws.

The effectiveness of Angle Beam PA-SAFT technique for the characterization of the sub-surface
planar flaws is studied using a 60 mm thick stainless steel plate described in Section 3.7.2. For the
purpose of data acquisition, the linear array of 5 MHz, 0.6 mm pitch, 64 elements is placed on the
surface of the sample such that that it is not directly above the flaw but laterally shifted. This is

schematically shown in Figure 3.15.

Figure 3.15: Placement of linear array for data acquisition using Angle Beam PA-SAFT

technique on a 60 mm thick stainless steel sample

A divergent sound beam traveling at 45 deg. is generated by steering the sound beam. An active
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aperture comprising of 6 elements is found to be optimum. From the processed B-scan image,

the flaw tips are located. Based on this, the orientation and the depth of the flaws are estimated.

3.9 Demonstration of the effectiveness of SFLA and PA-SAFT techniques for

characterization of weld flaws

One of the major objectives of this research work is to demonstrate the effectiveness of SFLA and
PA-SAFT techniques for the characterization of real flaws. To meet this objective, experiments
are conducted on weld samples made of carbon steel and stainless steel containing volumetric and
planar flaws. The locations of these flaws in the weld joint are schematically shown in Figure 3.16.

Table 3.3 gives the details of the weld samples used for carrying out the experimental work.

Slag
Inclusion

(" 4 — Toe crack

— Lack of fusion

Clustered
Porosity

Root crack

Figure 3.16: Weld samples containing volumetric and planar flaws
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Table 3.3: Details of weld samples with volumetric and planar flaws used for the

experimental work

Sr. No. Material Thickness (mm)  Type of weld flaw  Nature of flaw*

1 Carbon steel 15 Clustered porosity ~ Volumetric, Sub-surface
2 Carbon steel 15 Slag inclusion Volumetric, Sub-surface
3 Carbon steel 10 Root crack Planar, Surface

4 Carbon steel 15 Lack-of-fusion Planar, Sub-surface

5 Carbon steel 22 Lack-of-fusion Planar, Sub-surface

6 Stainless steel 25 Root crack Planar, Surface

7 Stainless steel 25 Toe crack Planar, Surface

“The above flaws envelope all the flaws that are typically observed in the weld joints

For sample no. 1 to 5, the weld bead is flushed. Hence using SFLA, PA-SAFT and FMC
techniques, the data on these samples are acquired by placing the linear array across the weld as

shown in Figure 3.17.

Figure 3.17: Placement of linear array over the weld for data acquisition by SFLA, PA-

SAFT and FMC techniques

The stainless steel weld samples (6 and 7), has an unground weld bead. Hence using Angle beam

PA-SAFT technique, the data on these samples are acquired as shown in Figures 3.18(a) and (b).
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Figure 3.18: Placement of linear array for data acquisition on weld samples using Angle

beam PA-SAFT technique (a) Root crack and (b) Toe crack

Sample no. 1 to 4 are used to demonstrate the effectiveness of SFLA and PA-SAFT techniques for
the characterization of real volumetric and planar flaws. Sample no. 5 is used to compare the results
obtained by SFLA, normal beam PA-SAFT and Angle beam PA-SAFT techniques under identical
test conditions. Sample no. 6 and 7 are used to demonstrate the effectiveness of Angle beam PA-
SAFT technique for the characterization of real planar flaws on the scanning surface and the back
surface of the sample. Sample no. 6 is also used to acquire the data by SFLA and PA-SAFT

techniques after the removal of weld bead.

The difference between the actual and the input value of sound velocity during SAFT processing
adversely affects the quality of SAFT processed image. During the SAFT processing of the data
acquired on the carbon steel weld samples, it is assumed that the sound velocity in the base metal
and the weld metal is same. To validate this assumption, a raw B-scan data is acquired on weld
sample no. 4 made of carbon steel using a 10 MHz 0.3 mm pitch 128 elements linear array. The
array is placed across the weld as shown in Figure 3.17. A single element is used for sound beam
transmission and an electronic B-scan is generated containing the first and the second backwall
signals. From the time-of-flight difference between the two backwall signals and the actual

thickness measured by a micrometer, the sound velocity profile across the weld is generated.
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For sample no. 1 to 4 in Table 3.3, the B-scan data are acquired using 10 MHz, 0.3 mm pitch, 128
elements linear array. For the remaining three samples, 5 MHz, 0.6 mm pitch, 64 elements array
is used because of higher thickness and stainless steel material. For data acquisition using PA-
SAFT technique, an active aperture comprising of 6 and 8 elements is used for 5 MHz and 10 MHz
linear array respectively. With FMC, only 64 out of 128 elements of 10 MHz are used for data
acquisition. The raw data acquired by SFLA, PA-SAFT (normal beam and angle beam) and FMC
techniques is processed by SAFT or TFM, as applicable. From the processed B-scan images, the
through-wall dimensions of the weld flaws are found out. The weld samples are then sectioned at

the flaw locations and the true depth of these flaws is determined by metallography.

3.10 Application of SFLA and PA-SAFT techniques for in-service inspection of

circumferential weld joint in reactor pressure vessel of a nuclear boiling water reactor

As part of this research work, a detailed study is carried out to on a mock-up to establish the
feasibility of utilizing the focusing ability of SFLA and PA-SAFT techniques for detection and
characterization of flaws in the circumferential weld joint (C1) of reactor pressure vessel (RPV)
in a nuclear boiling water reactor (BWR). The weld joint is located at a distance of 425 mm from
the top flange, where the linear array can be placed during examination. The study involved
simulation using CIVA 11 and experiments on the mock-up block simulating the geometry of the
weld joint. The mock-up block is 120 mm thick and is made of carbon steel. Since the acoustic
properties (velocity and attenuation) of the carbon steel weld and the carbon steel wrought product
are similar, the mock-up does not contain the weld. The mock-up has three side drilled holes of 6
mm dia. at a distance of approximately 32 mm, 63 mm and 94 mm from one of the surfaces (called

as OD surface). The mock-up also contains 6 mm deep notches on both the surfaces simulating
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ID and OD cracks. The holes and the notches are located at a distance of 425 mm from the flange
top face. The sketch of the mock-up block is shown in Figure 3.19. The data on the mock-up block

is acquired using conventional phased array, SFLA and PA-SAFT techniques.

L Side Drilled
T Holes

315

l
Notch 1

Figure 3.19: Mock-up block of C1 weld joint in reactor pressure vessel

For the conventional phased array, the linear array is placed on the top flange surface and the sound
beam is focused at a distance of 425 mm from the top surface. At the same time, the focused sound
beam is steered from ID to OD surface using focal laws, so that at any given location, the entire
thickness of the weld joint gets inspected from a single position of the linear array by the focused

sound beam.

Linear arrays of 2 MHz, 0.8 mm pitch, 64 elements and 5 MHz, 1 mm pitch, 64 elements are used
for this purpose. Active apertures varying from 16 to 64 elements are used to create the focal laws

corresponding to multi-point focusing. Figure 3.20 shows the experimental arrangement.

For SFLA technique, the data is acquired using 2 MHz, 0.8 mm pitch, 64 elements linear array.
The array is placed over the top flange as shown in Figure 3.19. The acquired B-scan image is

processed by SAFT algorithm.
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Figure 3.20: Placement of linear array on the top flange of RPV mock-up block for data

acquisition using conventional phased array

For PA-SAFT technique, the data is acquired using 2 MHz, 0.8 mm pitch, 64 elements linear array.
Simulation studies for the optimization of active aperture are carried out using CIVA 11. For the
experimental work, the linear array is placed on the top flange surface and using the optimized
active aperture, the sound beam is focused at a depth of 10 mm from the surface. This is
schematically shown in Figure 3.21. The B-scan image is acquired by electronic scanning, which

is subsequently processed by SAFT algorithm.

® Virtual sources

425 mm

Cl weld

Figure 3.21: Experimental set-up for data acquisition using PA-SAFT on the mock-up

block of C1 weld joint in RPV
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The results obtained by the conventional phased array, SFLA and PA-SAFT techniques are
analyzed in terms of the following parameters:

e Coverage of the weld joint from ID to OD surface

e Detection and resolution of side drilled holes

e Detection of ID and OD notches

e Amplitude variation in the signals from side drilled holes and notches

e 6 dB size of the side drilled holes and the notches from the processed B-scan images
3.11 Summary of the Chapter
The experimental procedures employed for this research work comprising of phased array
instrumentation, linear arrays, SAFT processing algorithm and the samples have been described
in this Chapter. The Chapter discussed in details the experimental work carried out to address the
following aspects:

v Methodology for estimating the sound beam divergence from miniature piezoelectric

elements that are used in linear arrays

v Study the effect of array based parameters and SAFT processing parameters on sound

beam focusing using SFLA technique

v The simulation studies and the experimental work carried out to optimize the aperture size

for PA-SAFT technique

v' Assessment of the effectiveness of SFLA and PA-SAFT techniques for detection and

characterization of volumetric and planar flaws, both simulated and real

v Application of SFLA and PA-SAFT techniques for in-service inspection of weld joint in

a pressure vessel of a nuclear boiling water reactor
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SFLA & PA-SAFT: METHODOLOGY, OPTIMIZATION AND
VARIABLES AFFECTING SOUND BEAM FOCUSING 4
4.1 Introduction
An integrated approach using linear array and SAFT to achieve sound beam focusing has been
investigated during this research work. Two techniques using this approach have been studied and
standardized viz. Synthetic Focusing using Linear Array (SFLA) and Phased Array-SAFT (PA-
SAFT). Both the techniques involve acquiring the B-scan image using a divergent sound beam
emanating from a linear array and then processing this data by time based SAFT algorithm to
achieve sound beam focusing, both laterally and across the depth of the component. This integrated
approach is advantageous in many ways over the other approaches for sound beam focusing
employing: (i) SAFT on the B-scan data acquired using a single crystal transducer, (ii)
conventional phased array using focal laws and (iii) Full Matrix Capture-Total Focusing Method.
Some of these advantages are listed below:
v" A small source size in a linear array for sound beam transmission, as compared to the
conventional single crystal transducer, gives large sound beam divergence. This leads to better

focusing during SAFT.

v" As the elements in an array are arranged very close to each other, the raw B-scan data is
acquired at very small intervals during electronic scanning. This leads to enhancement in the

SAFT processing.

v With a single crystal transducer, the near field extends to a considerable distance because of
higher dimensions of the piezoelectric element. Focusing by SAFT cannot be achieved in the

near field. On the other hand, very small size of a piezoelectric element in a linear array limits
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the near field to a very shallower depth. This ensures that the sound beam focusing using linear

array and SAFT is achieved almost throughout the thickness of the component.

v’ Using conventional phased array, the sound beam focusing is limited to the near field distance,
which in turn is determined by the number of elements in an active aperture. Focusing at larger
depth needs large number of elements. Since the focusing using the integrated approach is
based on SAFT, focusing can be achieved over a very large depth by using lesser number of

elements.

v' The SAFT based approach is inherently associated with the signal averaging. As a result, there
is significant improvement in signal to noise ratio, which enhances the reliability of flaw

detection and characterization.

v Use of a divergent sound beam for data acquisition coupled with SAFT processing, helps to

achieve larger lateral coverage and improved resolution.

v' The hardware requirements for the phased array instrument, in terms of parallel receiver
channels, are substantially less using an integrated approach as compared to the conventional
phased array and FMC + TFM technique. This means a low cost and compact instrumentation

for data acquisition.

v" Enormous reduction in the size of the raw data for post-processing as compared to FMC,
especially while using linear array with large number of elements. This aspect is crucial in

building up a real-time system for industrial applications.

Both SFLA and PA-SAFT techniques derive their strength from the use of a divergent sound beam

emanating from a single or a group of elements in a linear array during data acquisition. For the
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conventional single crystal transducers with large D/A ratio, the sound beam divergence angle is a
linear function of the ratio /D [1]. For the miniature piezoelectric elements in a linear array, the
Dy ratio is small. Hence the mathematical relationship given in the literature to evaluate the sound
beam divergence while dealing with linear array, may not remain valid. In this Chapter, an
empirical relationship to evaluate the beam divergence for sub-millimeter size piezoelectric
elements, which are used in linear arrays, has been derived. A detailed methodology for data
acquisition and processing using SFLA and PA-SAFT techniques has been described. The array
based and the SAFT processing based factors, which affect the sound beam focusing, have been
studied by extensive experimental work. The results have been analyzed and discussed in details.
Contrary to what is reported in the literature [16,17,101] that the focal spot size achieved by SAFT
depends on the dimension of the piezoelectric crystal alone, it has been observed that this does not
hold true when SAFT is applied on the data acquired using linear array. The primary reason for
this could be the non-linearity in the dependence of sound beam divergence angle on the ratio A/D.
An empirical relationship showing the dependence of the focal spot size on the dimension of
piezoelectric element in the array and the wavelength of sound, has been derived. The optimization
of aperture size for PA-SAFT technique has been dealt with in details and the results of simulation
studies and experimental validation for this purpose have been brought out. The results of the
comparative study carried out on the focusing ability of SFLA, PA-SAFT and FMC + TFM

techniques have been discussed.

4.2 Sound Beam Divergence for Miniature Piezoelectric Crystal

The sound beam focusing using SAFT is primarily dependent on three factors: the beam
divergence, the number of A-scans with useful data and the interval at which the A-scan data has

been acquired. Large beam divergence, more number of A-scans and small data interval lead to
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effective focusing using SAFT. For a given material, the sound beam divergence is inversely

proportional to the piezoelectric crystal size D and the frequency of sound v.

SAFT based sound beam focusing using linear array offers several benefits as compared to the
conventional single crystal transducer. While using single crystal piezoelectric transducers, the
crystal dimension D is of the order of a few millimeters, which limits the beam divergence to a
lower value. While using a linear array, each individual element is typically of the order of a
fraction of a millimeter. As a result, the sound beam divergence achieved is significantly higher
than what could be achieved using conventional signal crystal piezoelectric transducer. Since the
elements in an array are typically arranged at a pitch of the order of a fraction of a millimeter, a
large number of A-scan data acquired at a very small interval are available for SAFT processing.
These factors help to achieve more effective sound beam focusing by SAFT using linear arrays as
compared to a single crystal transducer. The lateral resolution that can be theoretically achieved
using SAFT is of the order of D/2 [16,17,98,217]. Since very small values of D can be realized

using linear array, sound beam focusing using linear array and SAFT can be very effective.

Mathematically, the sound beam divergence in the far-field is directly proportional to the ratio A/D,

where 4 is the wavelength in the material.

For large values of D/4, the half beam divergence angle for a rectangular shaped piezoelectric

crystal is given by the following equation [1]:
. 2
Sinf = k'E [36]

where, 4 is the half beam divergence angle, 4 is the wavelength of sound in the material and k is

the beam divergence constant (keqss = 0.44 for 6 dB beam divergence).

Chapter 4 116



While dealing with a conventional single crystal piezoelectric element, the value of D is of the
order of a few millimeters, and 4 of the order of a fraction of a millimeter to few millimeters
depending on the frequency of sound used. As a result, the value of D/J is fairly large and hence
the above equation can be used to arrive at the sound beam divergence. On the other hand, while
dealing with linear arrays, the value of D is typically of the order of a fraction of a millimeter. As
a result, the value of D/A is very small and could even be less than 1, depending on the array used.
In such cases, the sound beam divergence estimated by the above equation, may not match with
the actual value. For example, when a single element of a linear array of 10 MHz frequency and
0.3 mm pitch (each element is 0.25 mm wide) is excited, then as per equation 36 the 6 dB beam
divergence in steel should be approximately £ 90 deg. However, in reality the beam divergence
observed for this case is much less. This shows that equation 36, and more specifically the value
of k = 0.44 is not valid for small values of D/. that are typically encountered with miniature
piezoelectric elements in linear arrays. For sub-millimeter dimension piezoelectric elements, one
needs to derive ‘new’ values for the constant k, so that the theoretically calculated value of sound
beam divergence matches closely with the observed ones.

One of the crucial inputs for SAFT processing of the raw data acquired using linear arrays is the
sound beam divergence. If the input value to the SAFT algorithm is less than the actual sound
beam divergence, then less number of A-scans will be used for summation and averaging during
SAFT processing. This will lead to inferior focusing. On the other hand, if the input value is too
large as compared to the actual beam divergence, then there will be a number of A-scans with no
useful information. During summation and averaging, this will lead to a lower amplitude of the
flaw signal in the processed image. Also, more number of A-scans than the optimum will lead to

an increase in the processing time. This has an adverse effect while building-up ‘real-time’
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systems. Hence, it is desirable to know the actual value of the sound beam divergence for the data
that has been acquired using linear array during this research work. Based on the experimental
work, an empirical relationship to calculate the sound beam divergence for miniature piezoelectric
elements has been derived. The results are described in details in the following section.

4.2.1 Estimation of Beam Divergence for Small VValues of D/A

A linear array is placed on an aluminum block containing 0.5 mm dia. side drilled hole located at
a distance of 35 mm from the scanning surface. Figure 4.1(a) shows the photograph of the
experimental set-up. The experimental details are given in Chapter 3, Section 3.3. Figure 4.1(b)
shows the B-scan image obtained for the side drilled hole. The side dilled hole, which is like a
point reflector is imaged as a wide hyperbola. The image is colour coded in terms of the amplitude.
The central region of the image shows high amplitude, which gradually reduces as one move
towards the left and the right side. The decrease in the amplitude is because of two reasons: (i) the
beam divergence effect and (ii) the attenuation. The attenuation co-efficient for three frequencies,
2 MHz, 5 MHz and 10 MHz, which are used for data acquisition, is measured on this block and is

found to be negligible for the distances involved.

For the central elements, the distance to the hole is shortest and the hole is seen by the central beam
emanating from this element. As a result, the beam path of the side drilled hole signal is shortest
and the amplitude, strongest. As one moves away from the central element, the beam path of the
hole signal increase. Also the hole is not seen by the central, but the adjacent beam. As a result,
the signal from the hole appears at a higher beam path and with a lesser amplitude. As one moves
away further, the beam path continues to increase and the amplitude continues to fall as the hole

is detected by the peripheral sound beam, which is weaker than the central beam.
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From the B-scan image, the two points (x: and x2) on either side of the central element(s) where
the amplitude of the signal from the hole drops to 6 dB of the maximum amplitude is found out.
The linear distance between the two points gives the 6 dB width of the sound beam at a depth
where the side drilled hole is located from the scanning surface. If y is the depth of the side drilled
hole from the surface and w is the half width of the sound beam, then the half beam spread angle

@ is calculated as:
w/I
tan@ = " [37]

IR o

0
Depth (mm)

() (b)

Figure 4.1: Beam spread measurement (a) Experimental set-up and (b) B-scan image from

which the 6 dB beam width is determined

The above exercise is carried out for three different linear arrays: (i) 2MHz, 0.8 mm pitch 64
elements, (ii) 5MHz, 0.6 mm pitch, 64 elements and (iii) 10 MHz, 0.3 mm pitch, 128 elements.
For each case, B-scan image is acquired using different number of elements as active apertures, so
that the data is available for different D values. The value of half beam divergence angle 6 is
calculated from equation 37. Figure 4.2 shows the effect of aperture size (D) on egs for the above
three linear arrays. In each case, the curve corresponding to equation 36, where kegs is taken as

0.44, is also shown.
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Figure 4.2: Effect of D on beam divergence for (a) 2 MHz, 64 elements and 0.8 mm pitch,
(b) 5 MHz, 64 elements and 0.6 mm pitch and (c) 10 MHz, 128 elements and 0.3 mm pitch

linear array

The results indicate the following:

e For low values of D, the observed beam spread is much smaller than what is estimated by

equation 36
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e As D increases, the value of beam spread angle 0 decreases, which is in line with equation
36

e For large values of D, the observed half beam spread angle approaches the one estimated
by equation 36

e Similar values of D (from different frequency linear arrays) do not show similar half beam
spread angle. For example, for the D value of 2.2 mm using 10 MHz, 5 MHz and 2 MHz
linear array, the value of @ is found to 5.4°, 10.7° and 21.2° respectively. This indicates

that the beam spread angle is not the function of D alone.

= 2 MHz, 0.8 mm pitch
60 4 e 5 MHz, 0.6 mm pitch
4 10 MHz, 0.3 mm pitch

50
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40 4
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Figure 4.3: Variation in beam spread angle with D/ for linear arrays of different

frequencies

Figure 4.3 shows the variation in the observed half beam spread angle with D/A for the above three
linear arrays. The curve corresponding to equation 36 is also plotted. Figure 4.3 indicates that
similar values of D/4 corresponding to different linear arrays, give similar beam spread angles.

From this, it can be inferred that the half beam spread angle depends on D/A.
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4.2.2 Estimation of Beam Spread Constant Keds

From the observed data, it is clear that the value of kesz = 0.44 is valid only for large D/4 values
and is much smaller while dealing with the excitation of a single element or few elements using a
linear array. It can be inferred that for small values of D/4 where equation 36 is not valid, not only

the value of kegs is less than 0.44, but it varies with D/ before attaining a constant value.

From the observed beam spread angle @ for various D/4 values, using the above three linear arrays,

the values of constant keds are calculated using the following equation:

kGdB = sin 9 * 2 [38]
A

Tables 4.1(a), 4.1(b) and 4.1(c) gives the ksds values obtained for various D/ values.

Table 4.1(a): keds values for 2 MHz, 0.8 mm pitch, 64 elements linear array

No. of Depth of 6 dB width from Half beam

elements D/). the hole(d) B-scan image tan 6=w/d spread angle (6) KedB

excited (mm) (2w) (mm) (deg.)
1 0.17 35 44.8 0.64 32.6 0.09
2 0.43 35 32.8 0.47 25.1 0.18
3 0.68 35 27.2 0.39 21.2 0.25
4 0.94 35 21.6 0.31 17.2 0.28
6 1.44 35 15.2 0.22 12.2 0.31
8 1.95 35 12 0.17 9.7 0.33
10 2.46 35 9.6 0.14 7.8 0.33
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12 2.97 35 8.8 0.13 7.2 0.37
14 3.48 35 8 0.11 6.5 0.39
16 3.98 35 7.2 0.10 5.9 0.41
Table 4.1 (b): kegs values for 5 MHz, 0.6 mm pitch, 64 elements linear array
No. of Depth of the 6 dB width from B- Half beam
elements D/ hole(d) scan image " spread angle () Keds
O=w/d
excited (mm) (2w) (mm) (deg.)
1 0.40 10 9 0.45 24.2 0.16
2 0.87 10 6.6 0.33 18.3 0.27
3 1.35 35 16.2 0.23 13.0 0.30
4 1.83 35 13.2 0.19 10.7 0.34
6 2.78 35 9 0.13 7.3 0.35
8 3.73 35 7.2 0.10 5.8 0.38
10 4.68 35 6 0.09 4.9 0.40
12 5.63 35 5.4 0.08 4.4 0.43
14 6.59 35 4.8 0.07 3.9 0.45
16 7.54 35 4.2 0.06 3.4 0.45
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Table 4.1(c): kegs values for 10 MHz, 0.3 mm pitch, 128 elements linear array

No. of Depth of the 6 dB width from Half beam
elements  D/A hole(d) B-scan image o spread angle () Keds
O=w/d

excited (mm) (2w) (mm) (deg.)
1 0.40 35 34 0.49 25.9 0.17
2 0.87 35 21.6 0.31 17.2 0.26
3 1.35 35 14.8 0.21 11.9 0.28
4 1.83 35 12 0.17 9.7 0.31
6 2.78 35 8.7 0.12 7.1 0.34
8 3.73 35 6.6 0.09 5.4 0.35
10 4.68 35 5.7 0.08 4.7 0.38
12 5.63 35 5.1 0.07 4.1 0.41
14 6.59 35 4.5 0.06 3.7 0.42
16 7.54 35 4.2 0.06 3.4 0.45

4.2.3 Generalized equation for the estimation of sound beam divergence for rectangular

piezoelectric elements

From Tables 4.1(a), (b) and (c), the values of keds are plotted against D/A (Figure 4.4). The figure

indicates that for very low values of D/ (< 0.2), the value of kegs is of the order of 0.1. The value

of kegs increases with D/4 and approaches 0.44 for D/4 value of 10. Based on the above studies, an

empirical relationship for estimation of the half beam spread angle, which is applicable for
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rectangular miniature elements of an array as well as for the conventional single crystal element,

has been obtained. This relationship is given in equation 39:
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Figure 4.4: Variation of keds value with D/ for miniature piezoelectric elements

Sin 6 = 0.44[0.6 +0.510g (7)] .2 [39]

The above equation can be used to find out the half beam divergence angle (6sqg) for rectangular
piezoelectric crystal having D/A values from 0.2 to 10. For rectangular piezoelectric transducers,
where D/A is high, the value of keds is 0.44 [1]. From the above equation, one can say that for the
rectangular elements in linear array with small D/J, the value of beam divergence constant Keds iS
reduced by the factor given in the parentheses. Additionally, this value is dependent on the ratio

D/J., which is not the case with large piezoelectric elements.

The above empirical relationship is derived and valid only for a single element excitation of an
array or when a group of array elements (aperture) are excited simultaneously, essentially acting
as a single element having size equal to the width of the aperture. This relationship is not valid

when focal laws are employed to achieve steering and/or focusing of the sound beam.
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4.2.4 Validation

In order to validate the above equation, the beam spread is determined experimentally for two
linear arrays: 10 MHz, 0.5 mm pitch and 8 MHz, 0.5 mm pitch. For different values of D/4, the
beam divergence angle is determined using equation 39 and is compared with the experimentally

measured value. The results are given in Tables 4.2(a) and 4.2(b).

Table 4.2(a): Experimental and calculated #sqs using 10 MHz, 0.5 mm pitch linear array

No. of Depth of the 6 dB width from Beam Spread Angle Gsqs (deg.)
elements  D/A hole(d) B-scan image Experimental Calculated from
excited (mm) (2w) (mm) tan’ (w/d) equation 39
1 0.6 35 28 21.8 21.2
2 14 35 16 12.9 12.2
4 3 35 9 7.3 7
10 7.8 35 4.5 3.7 3.3

Table 4.2(b): Experimental and calculated #eqs using 8 MHz, 0.5 mm pitch linear array

No. of Depth of the 6 dB width from Beam Spread Angle fsqs (deg.)
elements  D/A hole(d) B-scan image Experimental Calculated from
excited (mm) (2w) (mm) (w/d) equation 39

1 0.5 35 31.5 24.2 23

2 11 35 20 15.9 15

4 24 35 115 9.3 8

10 6.2 35 5.5 4.5 4
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The Tables indicates that there is a close match between the calculated and the experimentally
measured value of the beam divergence. Equation 39 can be used for determining the 6 dB beam

divergence for rectangular piezoelectric elements that are used in linear array.

Similar study is carried out to assess the effect of orthogonal dimension of the array on the sound
beam divergence. This study is carried out using 5 MHz linear arrays with the orthogonal
dimensions of 7 mm and 10 mm. The beam divergence observed experimentally using these arrays
matches closely with the value predicted by equation 39. The effect of orthogonal dimension on

the observed beam spread angle are shown in Table 4.2(c).

Table 4.2(c): Effect on orthogonal dimensions on beam spread using 5 MHz, linear array

Sr. No. D/2 Observed Half Beam Spread Angle (Gsdg)
Orthogonal 7 mm Orthogonal 10 mm

1 1.3 12 13

2 2.8 7.3 7.3

3 3.7 5.7 5.8

The above results show that the orthogonal dimension does not play any role in the sound beam

divergence, provided it is sufficiently large as compared to D.

During the current research, 10 MHz, 0.3 mm pitch and 5 MHz, 0.6 mm pitch linear arrays have
been used for data acquisition. For a single element excitation using these arrays, the value of
sound beam divergence calculated using equation 39 is approximately 26 deg. This information
has been utilized while carrying out the SAFT processing of raw B-scan images that are acquired

on various samples during the experimental work.
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4.3 SFLA technique

Sound beam focusing using SFLA technique is based on acquiring the B-scan image element-by-
element using the linear array transducer (electronic scanning). At any given instance, a single
element is used for sound beam transmission. Unlike, FMC, where all the elements are used as
receiver, during SFLA, only the transmitting element is used as a receiver (pulse-echo mode). The

raw B-scan image thus acquired is processed by time based SAFT algorithm.
4.3.1 Methodology for data acquisition and processing

Figure 4.5 schematically depicts the methodology followed for imaging of flaws using the SFLA
technique. A linear array with L number of elements and element pitch as p’ is placed on a sample.
The acquisition starts with the 1%t element in the array acting as transmitter and receiver. Then
comes the second, the third and so on, till the last element of the array is reached (Figure 4.5(a)).
Since the individual elements of an array are very small, each element emanates a well divergent

sound beam.

Consider that the sample has a point reflector or a flaw F located at a distance di from the scanning
surface (Figure 4.5(a)) and which lies exactly below the element number i, (i is an integer such
that 1<i<L). In addition to the element i, the flaw F is also detected by the adjacent elements [(i-
n),... (i-2), (i-1), (i+1), (i+2), ... (i+n)], where n is an integer such that 1 < (i—n)and (i+n) <L.

The separation between the element i and the element (i —n) isgivenbys=n=p".

Let dn be the distance of flaw F from the element (i —n). The distance d, can then be written as:

[ +(npr)? P2

1 1
d, = [d? + (5)?]z or d, = [d? + (np")?]? or t, =2 X [40]
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where, tn is the time of travel of the signal from the flaw to the element (i—n), and c is the velocity
of sound in the sample. Since dn > d;, (or tn > t;), the signal from the flaw F appears at the larger
distance or travel time from the elements which are on either side of element i. This is
schematically shown in Figure 4.5(b). Because of the beam divergence effect, the flaw at a location
F in the sample gives rise to a hyperbolic signal in the B-scan image generated during electronic

scan (Figure 4.5(c)).
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Figure 4.5: SFLA methodology (a) Data acquisition (b) Raw A-scans (c) Raw B-scan image

(d) A-scans after time shifting and (e) B-scan image after SAFT processing

During SAFT processing, the signal from the flaw F obtained from all the elements are time shifted
by ts, such that ts = tn — ti. The time shift results in the generation of an array of A-scan signals from

individual elements as shown in Figure 4.5(d). Finally, all the A-scan signals are summed up and
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averaged and the amplitude of the resultant A-scan is plotted on the B-scan image. During the
summation process, there is a constructive interference of A-scan signals due to phase matching
leading to enhanced amplitude at the location of the flaw F. The same exercise is repeated for all
the data points in the B-scan image. When similar time shift, summation and averaging process
are carried out for elements other than i, there is a destructive interference of A-scan signals due
to phase mismatch, leading to significant drop in the amplitude of resultant A-scan signals. These
constructive and destructive interferences lead to the focusing effect. The final result after SAFT

processing is shown in Figure 4.5(e).

Figures 4.6 (a) and (b) show the raw B-scan and the SAFT processed B-scan images respectively
for an aluminum sample with 0.5 mm dia. side drilled hole located at a depth of 25 mm from the
surface using SFLA technique. A 10 MHz, 0.3 mm pitch, 128 elements linear array is used for this
purpose. The experimental set-up shown in Figure 4.7 indicates that the linear array is
symmetrically placed over the side drilled hole (circled). The raw B-scan image shows a well
spread-out signal from the hole. The signal shows some discontinuity at distances of around 7 mm,
15 mm and 26 mm. These discontinuities are because of the dead elements in the linear array used.
The SAFT processed image is shown in Figure 4.6(b). The well spread out signal in the raw B-
scan gets reduced to a point on SAFT processing. The 6 dB width of the hole, which can be
considered as the dimension of focal spot, is found to be 0.46 mm. This indicates that with SFLA
technique one can achieve very sharp focusing of the sound beam. Another significant thing is
with respect to the amplitude of the hole signal and the extent of the dead zone or the initial ringing.
The low amplitude of the hole signal in the raw B-scan data is significantly enhanced after SAFT

processing. These is also a significant reduction in the amplitude of the initial ringing and its extent
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upon SAFT processing. Both these factors will be helpful in the detection of flaws lying close to

the scanning surface.
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Figure 4.6: (a) Raw and (b) SAFT processed B-scan images for a 0.5 mm dia. side drilled

hole at 25 mm depth in an aluminum block using SFLA Technique

Figure 4.7: Experimental set-up for data acquisition on side drilled holes in an aluminum

block using SFLA technique

4.3.2 Factors Affecting Focusing

The sound beam focusing using SFLA depends on several factors related to the data acquisition
and processing. During data acquisition, the type of linear array used plays a crucial role in
achieving effective focusing. Similarly, during SAFT processing, the parameters which determine

the effectiveness with which the constructive interference occur at the flaw location and destructive
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interference at the adjacent locations, would determine the dimensions of focal spot size achieved.
The effect of various parameters related to the: (i) linear array used during data acquisition and (ii)
SAFT processing, has been studied systematically as part of this research work. The study was
carried out an aluminum block containing 0.5 mm dia. side drilled holes located at various
distances between 5 mm to 40 mm from the surface. The experimental set-up for the same is shown

in Figure 4.7. The results of this study are described below.

4.3.2.1 Linear array based parameters

The following array based parameters affects the sound beam focusing using SFLA technique:

e Aperture Size
e Pitch
e Frequency

e Total effective aperture

The experimental details are given in Chapter 3, Section 3.4.1. The results of the study carried out

to assess the effect of each of these parameters on the focal spot size are described below:

4.3.2.1.1 Aperture Size

Aperture size is an important parameter as it affects the beam divergence, which is crucial for
SAFT processing. Small aperture size leads to large beam divergence and hence it is expected to
give sharp focusing. The effect of aperture size on sound beam focusing is studied using 10 MHz,
0.3 mm pitch, 128 elements linear array. Figure 4.8 shows the variation in the focal spot size with

the aperture size (total number of active elements) at various depths from the surface.
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Figure 4.8: Variation in the focal spot size with the aperture size for a 10 MHz, 0.3 mm

pitch linear array

The following conclusions can be drawn from these results:

e The best focusing, irrespective of the depth, is achieved while using a single element for sound
beam transmission. With single element transmission, the source size is very small. As a result,
maximum beam divergence is obtained. This in turn helps to achieve effective SAFT
processing and a sharp focal spot.

e The lateral resolution achieved by SAFT, which is a measure of focusing, is directly
proportional to the size of the piezoelectric crystal. Since this dimension is smallest for a single
element transmission, it gives the best focusing effect as compared to multiple elements.

e As the number of active elements increases, there is also an increase in the focal spot size.
With increase in the aperture size, the sound beam achieves directivity. As a result, the beam

divergence goes down and so there is an increase in the focal spot size upon SAFT processing.
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An increase in the active aperture size means increase in the effective size of the piezoelectric
source and hence the increase in the focal spot size.

Up to 6 elements active aperture, there is no significant difference in the focal spot size
achieved at different depths (5 mm to 40 mm). However, beyond 8 active elements, the focal
spot size at various depths shows significant variation. With 12 active elements, the focal spot
size at lower depth (5mm and 10 mm) is fairly large as compared to the one at higher depth.
With 12 active elements, the near field length is approximately 5 mm. As a result, the side
drilled hole at 5 mm is not seen by the divergent sound beam, which is required for effective
SAFT processing. Similarly, for the hole at 10 mm, the sound beam divergence is not much.
This means lesser number of A-scans with the signal from the hole in the raw B-scan data for
SAFT processing. As a result, the focal spot size is fairly large up to a depth of 10 mm. At
higher depth, the sound beam attains significant divergence, as a result of which the focal spot
size is smaller than the one at lower depth.

For higher aperture (> 4 elements = 1.15 mm), the focal spot size is of the order of 0.6-0.7 D,
where D is the effective size of piezoelectric element. For D of the order of 0.5 mm, the focal
spot size is in the range of 0.9D to 1D. For very small values of D (0.25 mm), the focal spot

size is in the range of 1.8D.

From the above results, it can be concluded that for 10 MHz, 0.3 mm pitch linear array, very fine

focal spot of less than a millimeter size can be achieved up to an aperture of 4 active elements (D

=1.15 mm). Beyond 4 and up to 8 active elements, the focusing is moderate (spot size of 1 mm to

1.5 mm) and beyond 8 active elements, the focusing is rather poor (spot size > 1.5 mm).
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4.3.2.1.2 Pitch of linear array

The effect of pitch on the sound beam focusing is studied using 10 MHz, 0.3 mm pitch, 128
elements linear array. The data is acquired at a pitch of 0.3 mm, 0.6 mm, 0.9 mm and 1.2 mm for
holes at various depths. For each case, single element is used for sound beam transmission and the
data is acquired for 128 elements so that the aperture size, frequency and the total effective aperture

remains the same.

Figure 4.9 shows the effect of pitch on the focal spot size achieved at various depths. The following

are the observations:

e Up to 5 mm depth, the focusing is not so effective for a pitch of 1.2 mm. At this depth,
not only the divergence is less, but the larger pitch means less number of A-scans with
useful data for SAFT processing. This leads to increased focal spot size (approximately 1

mm).

e For holes at 10 mm to 40 mm depth, the focusing is satisfactory and does not appear to be

affected by pitch. The focal spot size is observed to be in the range of 0.4 mm to 0.6 mm.

It can be concluded that for 10 MHz, 0.3 mm pitch linear array, when a single element is used for
sound beam transmission, a very fine focal spot size is obtained for a depth range of 10 mm to 40
mm, even for a pitch of 1.2 mm. The pitch does not greatly affect the focusing, as long as the size
of the piezoelectric element remains very small. The above results indicate that the size of the
piezoelectric element is a more dominant factor than the pitch to achieve very fine sound beam

focusing using SFLA.
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Figure 4.9: Variation in the focal spot size with the pitch used for data acquisition for a

10 MHz, 0.3 mm pitch linear array

4.3.2.1.3 Frequency of sound

The effect of frequency on sound beam focusing is studied using 2 MHz, 5 MHz and 10 MHz
linear array. The data is acquired in such a manner that the aperture size, pitch and the total

effective aperture remains similar for all the three frequencies.

Figure 4.10 shows the variation in the focal spot size with the frequency at various depths. The

following are the observations:

e With 2 MHz, the side drilled hole at 5 mm could not be resolved from the initial pulse and
hence no meaningful information on the focal spot size could be obtained for this depth.
With further increase in depth, the focal spot size could be evaluated and is found to be

rather coarse (>2 mm).
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e With 5 MHz too, no meaningful information could be obtained from the hole at 5 mm.
Although focusing improves as compared to 2 MHz, but the focal spot size is greater than

1 mm.

e With 10 MHz, focusing is very sharp for all the depths and the focal spot size is found to be

in the range of 0.5 to 0.6 mm.

Focusing effect using SAFT is governed by the constructive interference at the flaw location as
well as destructive interference at other locations, including the region just adjacent to the flaw. If
the destructive interference in this region is not very effective, it leads to the broadening of the
flaw signal, and so a larger focal spot. The lateral distance from the defect location for complete
destructive interference depends on the pulse width and increases with increasing wavelength. This
means that if the wavelength is larger (lower frequency), the lateral distance for complete
destructive interference will be higher and the focal spot size will be coarser. The enhancement in

focusing with increasing frequency is attributed to the narrow pulse width at higher frequency.
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Figure 4.10: Variation in the focal spot size with the frequency for a constant aperture,

pitch and total effective aperture
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4.3.2.1.4 Total Effective Aperture

The Total Effective Aperture (TEA) represents the length of an array in the scan direction over
which the data is acquired. Its effect on the sound beam focusing is studied using 10 MHz, 0.3 mm
pitch 128 elements linear array. The data is acquired for all the holes using 64, 80, 100 and 128

elements at 0.3 mm pitch. For each case, a single element is used for sound beam transmission.
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Figure 4.11: Variation in the focal spot size with total effective aperture for 10 MHz,

0.3 mm pitch linear array

Figure 4.11 shows the variation in the focal spot size with the total effective aperture at various

depths. The following are the observations:

e For lower depths (up to 25 mm), the focal spot size does not show significant variation
with TEA. This is because of the fact that there is significant divergence for lower depth
in spite of using less number of elements for data acquisition. The focal spot size is in

the range of 0.4 mm to 0.5 mm.
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o With TEA of 64 elements, at higher depth (> 25 mm) the focal spot size is slightly large (0.6

to 0.7 mm). One major reason for this is the lower divergence for deeper holes.

e As TEA increases, the focal spot size at higher depth reduces as compared to the size for
lower TEA. At TEA of 128 elements, there is enough divergence even at higher depth, and

so there is effective focusing during SAFT processing.

It can be concluded that for 10 MHz, 0.3 mm pitch linear array, very fine focal spot size could be
obtained for a depth range of 5 mm to 25 mm, even with a TEA of 64 elements. For depth beyond

25 mm, larger TEA is required to achieve similar results.

43.2.15 Effectof D/

The study on the effect of aperture size on the focusing indicated that smaller aperture leads to
finer focal spot. The study on the effect of frequency shows that higher frequency or smaller
wavelength (1) leads to better focusing. The results also indicated that the same value of effective
aperture (D) using two different frequencies does not give identical focal spot size. Hence one can
say that the dimension of focal spot size by SAFT processing does not depend on D alone, but

more specifically on the ratio D//.

Table 4.3 shows the focal spot size deds, both absolute and in terms of D, at the depth of 25 mm in
aluminum using three different frequencies. These values are obtained from the data collected for
studying the effect of aperture and the frequency, on focal spot size described in Section 4.3.2.1.1

and 4.3.2.1.2.
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Table 4.3: Variation in deggwith D/4

Sr. Frequency Wavelength  Aperture Size D/ Focal spot size
No. (MHz) A (mm) D(mm) deds(mm) deds/D
1 10 0.63 0.25 040 043 1.7
2 10 0.63 0.55 0.80 0.49 0.9
3 10 0.63 1.15 1.82 0.72 0.6
4 10 0.63 2.35 3.73 143 0.6
5 10 0.63 2.95 468 1.75 0.6
6 5 1.26 0.50 0.40 0.99 1.9
7 5 1.26 1.1 0.87 1.18 11
8 5 1.26 2.3 182 1.53 0.7
9 5 1.26 3.5 277 2.07 0.6
10 5 1.26 4.7 3.73 2.68 0.6
11 2 3.15 0.55 0.17 2.0 3.6
12 2 3.15 1.35 043 2.20 1.6
13 2 3.15 2.95 0.94 2.60 0.9
14 2 3.15 4.55 144 321 0.7
15 2 3.15 6.15 195 3.97 0.6

Table 4.3 indicates the following:

For the same value of D, degs is smaller when high frequency is used.

The normalized focal spot size (deds /D) depends on the normalized element size (D/4).

Similar values of D/A give similar values of deds /D.
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e For all the three frequencies, the deds /D value remains more or less constant at 0.6 at D/A

value of approximately 2 or more.

The above observations are contrary to what has been reported in the literature that the lateral
resolution obtained by SAFT depends on D alone [16,17,98,102,103] and is independent of the
frequency (or wavelength 1). This hypothesis holds true while dealing with the conventional
piezoelectric transducers (transducers with large value of D/4). However, the results in Table 4.3,
indicate that the focal spot size or the lateral resolution obtained by SAFT on the data acquired by
miniature elements of linear array is also dependent on the frequency or A. The primary reason for
this could be the fact that for large piezoelectric crystals, the beam divergence angle is a linear
function of /D. However, as shown in Section 4.2.3, for the miniature elements of linear array,

this is not the case.

Figure 4.12 shows the variation in the normalized focal spot size (dsqs /D) with normalized element
size (D/A). It can be seen that for very small values of D/4, the value of deds /D is very large. As
Dy/J. increases, there is a sharp drop in the value of deqs/D. At D/A value of approximately 2 or more,

the value of deqr/D is independent of D/A and remains constant at 0.6.
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L J Curtona [217] indicated that the focal spot size achieved by SAFT depends on the length of
synthetic aperture (Leff). Larger the value of Lesr, Smaller is the focal spot size. Lessin turn depends
on the beam divergence angle, which in turn is governed by the diameter of piezoelectric crystal

(D) and the wavelength (4).

A
v

Loy/2

Figure 4.13: Dependence of beam spread on Lef

From Figure 4.13,

tang = =< [41]
2R

where 4 is the half beam divergence angle.

The beam divergence angle @ is also given by [1]

ing = 2
sinf = — [42]
where, k is the beam divergence constant.

The focal spot size ¢ achieved by SAFT [217] is given by:

RA
d= T [43]

where 4 is the wavelength.
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From equations [6] and [8],

5= [44]

4tan@

For smaller angles, sin 8 = tan 6. Hence, equation [44] can be written as,

5= [45]

4sin 6

From equation [42] and [45],
6 = — [46]
The above equation indicates that if k is taken as a constant, then the value of the focal spot size

achieved by SAFT depends on D alone and is independent of 4 or frequency.

For large circular and rectangular piezoelectric crystals, the value of k for 6 dB beam divergence
is 0.5 and 0.44 respectively [1]. However, as shown in Section 4.2.3, equation 39, for miniature

rectangular piezoelectric elements in linear arrays, the value of k depends on D/4, and is given as,
D
k = 0.44[0.6 + 0.5 log (2] [47]

Based on the above, the 6 dB focal spot size Jeds achieved by SAFT for large and miniature

piezoelectric crystals can be given as:

For large circular crystal:

Sedp—cire = —== == 0.5D [48]

4%0.5 2

For large rectangular crystal:
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D
86aB-rect = T04d 0.6D [49]

For miniature rectangular crystal:

D 0.6D

66dB—mini = = : [50]

4+0.44[0.6+0.5 log(%)]. [0.640.5 log(%)]

The above hypothesis matches with the results shown in Figure 4.12.

4.3.2.1.6 Summary of the observations on the effect of array based parameters on sound

beam focusing

Based on the studies carried out for the effect of array based parameters on the focusing achieved
by SFLA, it can be concluded that, the element size and the frequency play a dominant role in this
regard. Small element size and high frequency results in very fine focusing. The finest focal spot
size is obtained by using the smallest possible element size and the largest possible frequency.
However, these conditions will limit the penetration of sound beam to shallower depth. Also the
sensitivity for flaw detection is adversely affected. Hence, there has to be compromise between
the smallest focal spot size to be achieved by SFLA technique and largest thickness of the
component to be inspected with an acceptable sensitivity for flaw detection. The pitch of the linear
array does not affect the focusing to a large extent. Similarly, for shallower depth, the narrower

TEA can achieve a very fine focal spot size but at larger depth, wider TEA is required.

4.3.2.2 SAFT processing parameters

In addition to the above mentioned linear array based parameters, sound beam focusing using

SFLA technique is also affected by the difference between the actual value and the one given as

an input to the SAFT algorithm for some parameters. These include:
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e Sound velocity in the material
e Pitch of the linear array

e Beam divergence angle

The experimental details are given in Chapter 3, Section 3.4.2. The results are described below:

4.3.2.2.1 Velocity in the material

During SAFT processing, the sound velocity in the material is given as an input to the algorithm.
This value is used to calculate the time-shift applied to the A-scan signals. If the velocity in the
material differs significantly from that of the input value taken, then the time-shift applied to the
A-scan signals will not be appropriate. As a result, the constructive and destructive interference
during the summation and averaging process will not be effective. This will affect the focal spot

size achieved adversely.
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Figure 4.14: Variation in the focal spot size with the input value of sound velocity during

SAFT processing for an aluminum sample (Actual Velocity = 6300 m/s)

Chapter 4 145



The effect of the inaccuracy in the assumed sound velocity in the material on the focal spot size

achieved is studied by varying the sound velocity during SAFT processing from 6100 to 6500 m/s.
The processing was carried out on the data acquired on aluminum having the sound velocity of
6300 m/s. Figure 4.14 shows the results of this variation on the focal spot size. The results indicate
that the smallest focal spot size is achieved when the input value of sound velocity matches with
the actual value (6300 m/s in the present case). Even with a difference of 1.5%, the increase in the

focal spot size is significant (from 0.47 mm to 0.67 mm).

4.3.2.2.2 Pitch of the linear array

The pitch of the linear array used for data acquisition is an input to the SAFT processing algorithm.
The pitch value is also used to calculate the time-shift that has to be applied to the A-scans before
summation and averaging. Like the sound velocity, if the input value for pitch is different than the
actual, it will lead to inappropriate time shift, which in turn affects the constructive and destructive
interference. This will lead to the coarsening of focal spot size. Figure 4.15 shows the variation in

the focal spot size with the input value of the pitch of the linear array.
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Figure 4.15: Variation in the focal spot size with the input value of the pitch during SAFT

processing (Actual Pitch = 0.3 mm)
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The results indicate that the best focusing is achieved when the input value of pitch matches with
the actual pitch of the linear array (0.3 mm in the present case). Even with the variation of 0.01
mm in pitch (approximately 3.3%), there is significant increase in the focal spot size (from 0.47 to

1.17 mm).

4.3.2.2.3 Beam divergence angle

The beam divergence angle is an important input to the SAFT algorithm. Its value decides the
number of A-scans to be considered for time-shifting, summation and averaging. Ideally, this value
should be in the same range as the actual beam divergence that is achieved during data acquisition.
If the value is less, then there will be less number of A-scans for processing. This will lead to
inferior focusing of sound beam. If this value is more, then there may be number of A-scans with
no useful information. This may be lead to lower amplitude of the flaw signal in the processed

image.
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Figure 4.16: Variation in the focal spot size with the input value of the sound beam

divergence angle during SAFT processing (Actual divergence = 25 deg.)
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In the present study, the 6 dB beam divergence for the 10 MHz, 0.3 mm pitch and 5 MHz, 0.6 mm
pitch linear array for a single element excitation (SFLA technique) is experimentally found to be
approximately 25 deg. The variation in the focal spot size with the input value of beam divergence

angle from 10 deg. to 50 deg. is found out. The results are shown in Figure 4.16.

The results indicate that for the low input value of beam divergence than the actual, the focal spot
size is fairly large. As the input value of beam divergence approaches the actual beam divergence,
the focal spot size reduces. Beyond this, there is no significant change in the focal spot size with
the increase in the input value. The higher value of beam divergence than actual would only add

to the processing time without a significant gain on the result.

4.3.2.2.4 Summary of observations on the effect of SAFT processing based parameters on

sound beam focusing

Based on the above studies, it can be concluded that when it comes to the SAFT processing, the
difference between the actual and the input value of the pitch has a dominant effect on achieving
satisfactory focusing. If the sound velocity input is incorrect, there is an increase in the focal spot
size, but the effect is not so pronounced. Regarding the input value on sound beam divergence, it
should be ensured that to achieve satisfactory results, this value should be at least equal to or more

than the actual beam divergence in the material.

4.4 PA-SAFT technique

With SFLA and FMC techniques, a single element is used for sound beam transmission. The sound
beam emanating from a single element has a low acoustic power and as a result, these techniques
may not be suitable in achieving the required sensitivity during the examination of thick
components and/or materials with high sound attenuation. This limitation can be overcome by
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using a group of elements for sound beam transmission. When more number of elements are used,
the acoustic power improves and hence achieving the required penetration and obtaining a
measurable signal from deeper flaws will not be a problem. But one drawback of using multiple
elements for sound beam transmission is that, with the increase in the aperture size, the sound
beam attains directivity. As a result, the beam spread comes down (when compared to single
element excitation), which adversely affects focusing by SAFT. The result of the study on the
variation in focal spot size with the increase in the active aperture (Section 4.3.2.2.1) has confirmed
this. In order to achieve adequate beam divergence while using multiple elements so as to achieve
good focusing by SAFT, the sound beam emanating from a selected aperture is focused right below
the aperture selected and very close to scanning surface (at 2 mm depth during this study) using
focal laws. By doing this, a highly divergent sound beam beyond a focal point is obtained. The
divergent sound beam can then be used to acquire the electronic B-scan, which is then processed

by SAFT algorithm. This forms the basis of PA-SAFT technique.

4.4.1 Methodology

Figure 4.17 shows the methodology of data acquisition using PA-SAFT technique. The linear array
is placed on the surface of the sample. Active aperture comprising of few elements is then selected,
using which the sound beam is focused very close to the surface. The active aperture is then moved
electronically to acquire the B-scan. The figure shows active apertures X1, Xin, Xi, Xi+n and Xm.
The flaw is present below the aperture Xi. The focusing and the electronic scanning creates an
array of virtual sources of very small dimensions within the material. A divergent sound beam
emanating from these virtual sources interacts with the flaw. The raw B-scan image is processed

by time based SAFT algorithm in a similar manner as described for SFLA technique.
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Figure 4.17: Data acquisition using PA-SAFT technique

Figures 4.18(a) and (b) show the raw B-scan and the SAFT processed B-scan images collected on
an aluminum block with 0.5 mm dia. side drilled hole located at a depth of 25 mm from the surface
using PA-SAFT technique. A 10 MHz, 0.3 mm pitch, 128 elements linear array is used for this
purpose, which is kept symmetrically over the hole as shown in Figure 4.7. An active aperture
comprising of 8 elements is used for sound beam transmission and reception. A divergent sound
beam in the region of interest is obtained by focusing the sound emanating from the active aperture

at the depth of 2 mm from the surface.

0 2 4 6 & fo 12 4 16 1 A 2 B 2k 2B 3 2 M 0 2 4 6 8 1 12 14 16 18 20 2 24 2 28 0 32 34 3
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Figure 4.18: (a) Raw and (b) SAFT processed B-scan images collected on a 0.5 mm dia. side

drilled hole at 25 mm depth in an aluminum block using PA-SAFT technique

Like SFLA, the raw image shows a well spread-out signal from the side drilled hole. The signal

shows high amplitude at the centre, which gradually reduces as one moves on either side of the
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central region. The raw B-scan image also shows some discontinuity at a distance of approximately
15 mm. This is because of some dead elements in the linear array used. On SAFT processing, the
wide signal of the hole is reduced to a spot. The 6 dB width of the signal from the hole, which can
be considered as a dimension of focal spot, is found to be 0.52 mm. This indicates that with PA-
SAFT technique, one can achieve very sharp focusing of sound beam. The focal spot size achieved
by PA-SAFT is higher than what is achieved using SFLA technique. The primary reason for this

is lower sound beam divergence with PA-SAFT technique.

4.4.2 Selection of Active Aperture

Selection of the number of elements to be excited (active aperture) is a crucial step in the
application of PA-SAFT technique for sound beam focusing. This number should be such that one
gets adequate acoustic power at a higher depth and also significant beam divergence in the region
of interest. At the same time, this number should not be too large, wherein one would require high-

end phased array instrument.

In the current study, majority of the experimental work is carried out on aluminum and steel
samples and the requirement of sound beam focusing is in the depth range of approximately 10
mm to 70 mm from the scanning surface. For carrying out the study on these samples using PA-
SAFT technique, the sound beam using a selected aperture is focused at a depth of 2 mm from the
scanning surface so that a divergent sound beam is obtained beyond the focal point in the region

of interest.

In order to achieve significant divergence beyond the focal point (2 mm), the minimum active

aperture should be such that the near field length in the given material is greater than 2 mm. For a

Chapter 4 151



linear array transducer having frequency v, pitch p’ and orthogonal dimension b, when n number
of elements are used to create focal law, the near field length No, is given by [6,7]:

__ jD%*v

N
0 4c

[51]

where, D is the active aperture (n «p’)
J is a constant depending on the aspect ratio (aspect ratio = A/b, j=1 for aspect ratio <0.5)

v is the frequency and c is the velocity of sound in the material.

While using 10 MHz, 0.3 mm pitch linear array, minimum 8 active elements are required to
achieve near field length of greater than 2 mm (N = 2.5 mm in steel). With 5 MHz, 0.6 mm pitch
linear array, one would need minimum 6 active elements to satisfy the above condition (N = 2.7

mm in steel).

4.4.2.1 Sound beam computation using CIVA 11

To visualize the effect of sound beam focusing within the near field on the beam divergence
achieved beyond the focal point, sound beam computation is carried out using CIVA 11. Figure
4.19 shows the results of sound beam computation using 10 MHz, 0.3 mm pitch linear array for
three cases: (a) single element is excited, (b) 8 elements excited with no delay laws and (c) 8

elements excited with delay laws applied to focus the sound beam at 2 mm from the surface.
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Figure 4.19: Sound beam computation results for 10 MHz, 0.3 mm pitch linear array with
excitation of (a) 1 element (b) 8 elements with no delay law and (c) 8 elements with delay

law to focus at 2 mm (Simulation)

The simulation results show the sound beam profile within the material, where the amplitude at
any given point is colour coded. Blue represents the maximum, pink represents the intermediate
and green represents the minimum amplitude. Figure 4.19(a) shows that with single element
excitation, the beam spread is very high; approximately + 26 deg. However, the sound wave
amplitude at a depth of more than 20 mm is very low. With 8 element excitation and no delay laws
applied as shown in Figure 4.19 (b), the sound wave amplitude is fairly high, even at larger depth,
but the beam divergence comes down drastically to a value of + 9 deg. When these 8 elements are
excited with an application of delay law to focus the sound beam within the near field (at a depth
of 2 mm from the surface) as shown in figure 4.19(c), significant divergence beyond the focal
point is obtained. In this case, the beam divergence is of the order of £ 25 deg. This is a significant
improvement when compared to the case when no delay laws are applied. Although the sound
wave amplitude at higher depth is low when compared to the case when no delay laws are applied,
it is still looks adequate up to a depth of 50 mm. Thus, focusing within the near field with optimum

number of elements not only helps to achieve reasonable sound wave amplitude at higher depth
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for flaw detection, but also improves beam divergence, which helps to achieve effective focusing
during SAFT processing. In order to study the effect of aperture size (number of active elements)
on the beam divergence achieved beyond the focal point, sound beam computation is carried out
using CIVA 11 using apertures varying from 4 to 14 active elements of a 10 MHz, 0.3 mm pitch

linear array. The results are given in Figure 4.20. In each case, sound beam is focused at 2 mm

depth from the scanning surface using focal laws.
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Figure 4.20: Sound beam computation results for 10 MHz, 0.3 mm pitch linear array with
delay laws to focus at 2 mm using (a) 4 el (b) 6 el (c) 8 el (d) 10 el (e) 12 el and (f) 14

elements (Simulation)
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With 4 and 6 active elements (Figures 4.20 (a) and (b)), the near field length is less than 2 mm.
Hence focusing at 2 mm is not possible. As a result, limited divergence is obtained using these two
apertures. Also, the beam divergence using 6 active elements is less as compared to 4 active
elements, since the beam divergence is inversely proportional to the size of the piezoelectric
element (aperture size in this case). With 8 active elements (Figure 4.20 (c)), the near field length
becomes more than 2 mm. Because of focusing within the near field, significant divergence beyond
the focal point is obtained. With 10, 12 and 14 active elements, there is further increase in the
beam divergence as the ratio of near field length (No) to the focal distance keeps on increasing.
One notable observation from the beam computation results is that beyond 10 active elements, the
sound beam splits beyond the focal point (Figures 4.20 (d), (e) and (f)). This splitting creates a
zone of low amplitude in the central region of the sound beam. This may result in lower amplitude
signals from the flaw from the central apertures in the acquired B-scan image. The following
explanation has been added to Section 4.4.2.1. The beam splitting effect is observed when the
sound beam is focused very close to the transducer, typically at a distance which is less than half
of the near field length. To achieve focusing very close to the scanning surface, the focal law is
very steep and there is a significant time delay between the excitation of central elements and the
peripheral elements. Under such circumstances, the sound waves emanating from the edge
elements of the linear array travelling at a very large angles, may not be interfering constructively
with the sound waves emanating from the central elements. This leads to the creation of a zone of

very low amplitude in the central region of the array giving rise to the ‘beam splitting’ effect.
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4.4.2.2 Effect of active aperture on sound wave amplitude and beam divergence

Two important considerations for choosing the active aperture for PA-SAFT technique are: (i) the
beam divergence and (ii) the sound wave amplitude at any given depth. While the beam divergence
continues to increase with the aperture size as seen in the above results, one also needs to look at
the wave amplitude in the central region of the sound beam because of the beam splitting effect.
Simulation studies are carried out using CIVA 11 to compute the sound beam profile using 10
MHz, 0.3 mm pitch and 5 MHz 0.6 mm pitch linear arrays by using different number of active
elements for sound beam transmission. For each case, the sound beam is focused at a depth of 2
mm from the surface. From the beam computation results, the variation in the wave amplitude

along the depth in the central region of the sound beam is found out.

Figure 4.21 shows the variation in the wave amplitude in the central region of the sound beam over
a depth range of 2 mm to 45 mm from the scanning surface for apertures varying from a single
element to 14 elements using 10 MHz, 0.3 mm pitch linear array in steel. The sound wave
amplitude values using various apertures at different depths are normalized with respect to the
maximum, which is obtained for 14 active elements at a depth of 2 mm. For a single element
excitation, the sound wave amplitude at 2 mm is rather low, almost 15 dB less than what is
observed while using 14 active elements, although the variation in the sound wave amplitude with
the depth is not so significant. With 2 active elements, the sound wave amplitude over the selected
depth range increases by almost 6 dB and the variation with depth shows a similar trend as seen
for single element excitation. With 4 active elements, there is further improvement in the sound
wave amplitude (10 dB) over a single active element, although the drop in the sound wave

amplitude from 2 mm to 10 mm is significant (6 dB). Beyond 10 mm, the drop in the sound wave
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amplitude is gradual. The trend using 6 and 8 active apertures is similar to what is observed for 4

active elements except for the fact that there is a significant improvement is sound wave
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Figure 4.21: Variation in the sound wave amplitude with the depth for different apertures

using 10 MHz, 0.3 mm pitch linear array (Simulation)

amplitude (of the order of 14 dB over a single element excitation) over the entire depth range. With
10 and more active elements, the drop in the sound wave amplitude from 2 mm to 10 mm is very
sharp. Also, beyond 10 mm, the sound wave amplitude from these active apertures show lower
values as compared to the ones observed while using 6 and 8 active elements. The primary reason
for this is the splitting of sound beam beyond the focal point while using 10 or more active
elements, which creates a region of low wave amplitude in the central region of the sound beam.
The above results indicate that while using 10 MHz, 0.3 mm pitch linear array in the thickness
range of 10 mm to 40 mm, there is no significant benefit of using more than 8 active elements for

data acquisition with PA-SAFT technique.
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Figure 4.22: Variation in the sound wave amplitude with the active aperture size at

different depths for 10 MHz, 0.3 mm pitch linear array (Simulation)

Figure 4.22 shows the variation in the sound wave amplitude in the central region for different
active apertures using 10 MHz, 0.3 mm pitch linear array at three different depths. The figure
indicates that in the depth range of 15 mm to 40 mm, the maximum sound wave amplitude is
obtained using an active aperture of 8 elements. Beyond 8 active elements, the sound wave

amplitude drops because of the beam splitting effect.

Figure 4.23 shows the variation in the 6 dB full beam width with the depth using various active
elements. With a single active element, which acts like a point source, the beam width is maximum
for all the depths. With 2 active elements, the beam width falls drastically. With 4 and 6 active
elements, there is a further reduction in the beam width as the sound beam achieves directivity.
However, with 8 active elements, the beam width reverses the falling trend and shows higher value

as compared to the ones from 4 and 6 active elements. The primary reason for this behavior is the
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fact that the sound beam is focused within the near field by delay laws. As a result, the sound beam
shows more divergence than what it would exhibit, had it not been focused. With further increase
in the aperture size from 10 to 14 active elements, the beam width continues to show an increasing
trend. From these results, it can be concluded that from the consideration of beam divergence,
more number of active elements give better results. However, more number of active elements
would require phased array instrumentation with that many numbers of parallel channels. Also,
the simulation results described in the previous section have shown that for a large aperture, the
sound beam splits, which is not desirable. Moreover, the use of a large number of elements for

sound beam transmission using PA-SAFT may not be very attractive as one can then resort to

direct focusing using delay laws.
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Figure 4.23: Variation in the full beam width with depth for different apertures using 10

MHz, 0.3 mm pitch linear array (Simulation)

Similar study is carried out for a 5 MHz, 0.6 mm pitch linear array. The variation in the sound
wave amplitude with the depth is shown in Figure 4.24. The results indicate that beyond 5 mm
depth, an active aperture comprising of 6 active elements give higher sound wave amplitude as

compared to the lower and higher active apertures.
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Figure 4.24: Variation in the sound wave amplitude with depth for different apertures

using 5 MHz, 0.6 mm pitch linear array (Simulation)

Figure 4.25 shows the variation in the sound wave amplitude in the central region with the active
aperture size using 5 MHz, 0.6 mm pitch linear array at three different depths. The figure indicates
that in the depth range of 15 mm to 40 mm, the maximum sound wave amplitude is obtained using

an active aperture of 6 elements.
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Figure 4.25: Variation in the sound wave amplitude with the active aperture size at

different depths for 5 MHz, 0.6 mm pitch linear array (Simulation)
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The beam width (Figure 4.26), as expected is highest for a single element excitation. With 3 and
4 active elements, since the near field length is less than 2 mm, the beam width is very less.
Aperture size comprising of 6 and 8 active elements show intermediate values, while 12 number
of active elements show highest beam width. The above results are similar to the ones observed
for 10 MHz, 0.3 mm pitch linear array. In this case too, the sound beam splits beyond an active

aperture of 8 elements. The results are shown in Figure 4.27.
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Figure 4.26: Variation in the full beam width with depth for different apertures using 5

MHz, 0.6 mm pitch linear array (Simulation)
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Figure 4.27: Beam computation results for 5 MHz, 0.6 mm pitch linear array with delay

law to focus at 2 mm using (a) 3 element (b) 6 element and (c) 8 element (Simulation)
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4.4.2.3 Effect of active aperture on the size of the virtual source

Both SFLA and PA-SAFT techniques are based on the use of a divergent sound beam for data
acquisition. The fundamental difference between them is that SFLA technique uses a single
element excitation, while PA-SAFT uses a group of elements for data acquisition, primarily with
an aim to achieve higher acoustic power within the material and hence, better sensitivity at higher
depth. The beam divergence during data acquisition by SFLA technique is determined by the size
of the individual element (source) in an array. Smaller source size gives rise to larger beam
divergence and hence good focusing upon SAFT processing. With PA-SAFT technique, the source
size is not the size of the active aperture (the product of number of active elements and pitch), but

the size of the focal spot (virtual source) that is created at the focal point (2 mm in the present
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Figure 4.28: Variation in 6 dB width of the virtual source at 2 mm depth from the surface
for different number of active elements using 10 MHz, 0.3 mm pitch linear array

(Simulation)
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Figure 4.29: Variation in 6 dB width of the virtual source at 2 mm depth from the surface

for different number of active elements using 5 MHz, 0.6 mm pitch linear array

(Simulation)

If the virtual source is of a smaller dimension, one would expect a well divergent sound beam
beyond the focal point and hence good focusing upon SAFT processing. In order to study the effect
of aperture size or the number of active elements on the size of the virtual source, sound beam
computation is carried out using CIVA 11 for various active apertures. The 6 dB beam width at 2
mm (size of the virtual source), where the sound beam is focused using delay laws, for different
number of active elements, while using 10 MHz, 0.3 mm pitch and 5 MHz, 0.6 mm pitch linear
array, is found out. The results are plotted in Figure 4.28 and 4.29 for 10 MHz and 5 MHz linear

arrays, respectively

For 10 MHz, 0.3 mm pitch linear array, the results indicate that there is a sharp reduction in the

size of the virtual source as the number of active elements is increased from 4 to 8. Beyond this,
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although the size of the virtual source continues to decrease, the change is not so significant. For
5 MHz, 0.6 mm pitch linear array, the plot indicates that the active aperture of 6 to 8 elements
gives a small virtual source size. Beyond this, there is no significant reduction. The 6 dB size of
the virtual source using 10 MHz, 8 elements and 5 MHz, 6 elements is found to be 0.7 mmand 1.1

mm respectively.

Based on the above studies and observations, it can be concluded that an active aperture comprising
of 8 t010 elements using 10 MHz, 0.3 mm pitch linear array, and 6 to 8 elements using 5 MHz,

0.6 mm pitch linear array, is optimum for PA-SAFT technique.

The above study is valid for a case, when the sound beam is focused at a depth of 2 mm and the
region of interest is from 10 mm to 50 mm from the scanning surface in steel or aluminum. For a
depth lower than 10 mm, PA-SAFT technique may not be a good option, as SFLA or FMC+TFM
techniques based on a single element excitation are expected to perform better. For depths beyond
50 mm, one may be required to create the virtual source deeper (instead of 2 mm from the surface).
In such a case, the optimum number of active elements to be used during PA-SAFT technique will

differ from the numbers mentioned above.

4.4.2.4 Validation of the optimization studies

In order to validate the above, experiments are carried out on an aluminum block containing 0.5
mm diameter side drilled holes (simulating a point reflector) located at a depth of 5 mm to 40 mm
from the scanning surface. Data is acquired for all the holes using 10 MHz, 0.3 mm pitch and 5
MHz, 0.6 mm pitch linear array for different active apertures. For each case, the sound beam is

focused at a depth of 2 mm from the scanning surface. The raw data is then processed by SAFT.
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From the processed data, the 6 dB size of the signal from the side drilled hole is found out. This

size is considered as the focal spot size, small size indicating sharp focusing.
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Figure 4.30: Variation in the focal spot size for various active apertures using 10 MHz, 0.3

mm pitch linear array using PA-SAFT technique

The results for 10 MHz, 0.3 mm pitch linear array for various active apertures are plotted in Figure

4.30.

The results indicate the following:

e Focusing is rather poor for the hole at the depth of 5 mm for all the apertures. This is
because of the fact that the beam width at this depth is very small and as a result there are

lesser number of A-scans with useful data for SAFT processing.

e With 4 active elements, the focal spot size is in the range of 0.7 to 0.9 mm.

e With 6 active elements, there is reduction in the focal spot size as compared to 4 active

elements for all the depths
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e With 8 and 10 active elements, the focal spot size is in the range of 0.46 mm to 0.6 mm,

which can be treated as a very fine focusing.

e With 12 and 14 active apertures, there is slight drop in focal spot size but not very

significant

e The reduction in focal spot size with increase in the aperture can be attributed to the

increase in the sound beam divergence, which helps in effective SAFT processing

The above results indicate that in the depth range of 10 mm to 40 mm, while using 10 MHz, 0.3
mm pitch linear array, with focusing at 2 mm depth, an aperture comprising of 8 to 10 active

elements is optimum.

The results for 5 MHz, 0.6 mm pitch linear array for various active apertures are plotted in Figure

4.31.

The results indicate the following:

e As with 10 MHz, the hole at 5 mm shows large focal spot size for all the apertures
indicating that the sound beam focusing at this depth is not effective using PA-SAFT

technique.

e For all the other depths, with 3 and 4 active elements, the focal spot size is in the range of

1.5 to 1.8 mm, which is rather coarse.

e With 6 and 8 active elements, there is significant drop in the focal spot size (1.1 mmto 1.6

mm) for all the depths
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e With 10 and 12 active elements, the focal spot size remains more or less similar to the one

observed for 8 active elements

e Ingeneral, the focal spot size for 5 MHz is observed to be higher than the one for 10 MHz,
for similar number of active elements (or for similar 2/D, where / is wavelength and D is
the aperture size in mm). This can be attributed to the lower size of the virtual source using

10 MHz as compared to 5 MHz.

The above results also indicate that in the depth range of 10 mm to 40 mm, while using 5 MHz,
0.6 mm pitch linear array with focusing at 2 mm depth, an aperture comprising of 6 to 8 active

elements is optimum.
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Figure 4.31: Variation in focal spot size with various active apertures using 5 MHz, 0.6 mm

pitch linear array using PA-SAFT technique
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4.4.3 Effect of Frequency

The simulation studies as well as the experimental validation for the optimization of active aperture
for the application of PA-SAFT technique is carried out for two different frequencies: 10 MHz
(0.3 mm pitch) and 5 MHz (0.6 mm pitch). One of the significant observations while determining
the size of the virtual source using these frequencies (Figures 4.24 and Figure 4.25) is that for the
same aperture size (number of elements x pitch), the size of the virtual source using 10 MHz is
lower than that of 5 MHz. For example, with 12 active elements using 10 MHz 0.3 mm pitch
(active aperture = 3.6 mm), the 6 dB size of the virtual source at 2 mm depth is 0.56 mm. For the
same aperture size using 5 MHz, 0.6 mm pitch linear array (6 active elements = 3.6 mm), the 6 dB

size of the virtual source at 2 mm depth is 1.12 mm.

(€)) (b)

Figure 4.32: Beam computation results for an aperture size of 3.6 mm with focusing at 2

mm using (a) 10 MHz, 0.3 mm pitch linear array with 12 active elements and (b) 5 MHz,

0.6 mm pitch linear array with 6 active elements (Simulation)

Figure 4.32 shows the beam computation results for the above two cases using 10 MHz, 0.3 mm

pitch and 5 MHz, 0.6 mm pitch linear array. The beam computation results show that, with 10
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MHz linear array the beam divergence beyond the focal point is approximately 33 deg. as
compared to 28 deg. for 5 MHz linear array. The higher beam spread using 10 MHz can be

attributed to the smaller size of the virtual source.

During the simulation and experimental study to arrive at the active aperture size for PA-SAFT
technique, it is concluded that an active aperture comprising of 8 elements using 10 MHz, 0.3 mm
pitch and 6 elements using 5 MHz, 0.6 mm pitch linear array, is optimum. Figure 4.33 shows the
variation in 6 dB beam width (focal spot size) using 10 MHz and 5 MHz linear array using 8
elements and 6 elements active apertures respectively. These values have been found out

experimentally as described in Section 4.4.2.
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Figure 4.33: Variation in the focal spot size with depth using PA-SAFT technique for 10

MHz, 0.3 mm pitch and 5 MHz, 0.6 mm pitch linear arrays

The results indicate that with both the frequencies, the sound beam focusing up to 5 mm depth is
not effective. The 10 MHz linear array shows lower focal spot size as compared to the 5 MHz

linear array, which can be attributed to the smaller virtual source using 10 MHz.
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There is a similarity between the results obtained by SFLA and PA-SAFT techniques. With SFLA
technique, it is observed that the best focusing is obtained when the aperture size (or the source
size) is smallest. With PA-SAFT too, it is observed that the size of the virtual source decides the
focal spot size. Experimental studies using SFLA technique also indicated that higher frequency

results in sharp focusing, which is found to be applicable to PA-SAFT technique also.

4.5 Angle Beam PA-SAFT technique

4.5.1 Methodology

The sound beam focusing by FMC + TFM and normal beam PA-SAFT (NB PA-SAFT) techniques
are useful for precisely locating the extremities of planar or crack-like flaws, from which the depth
or the through-wall dimension of a flaw can be estimated. This information is useful for taking
decision on the acceptance of a flawed component as part of pre-service qualification and also in
carrying out fitness-for-service assessment. While using the above techniques, it is important that
the linear array is placed symmetrically above the flaw region in such a manner that some elements
of the array are on one side of the flaw and the remaining ones are on the other. By doing this, one
can ensure that the divergent sound beam emanating from majority of the elements or apertures
interact with the flaw and a well divergent signal is obtained from the flaw extremities in the raw
B-scan image. This ensures effective processing by SAFT or TFM, which ultimately leads to sharp

focusing effect and a high precision in locating the flaw extremities.

While the above condition of placing the linear array above the flaw region can be satisfied in a
majority of the cases, there can be few applications in real-life, where this condition is difficult to
achieve. A classic example is the weld joint in a plate, pipe or vessel, with an unground weld bead.

In such cases, the application of NB PA-SAFT and FMC may pose a problem. Since the linear
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array cannot be placed across the weld bead due to very rough surface, the best that one can achieve
is to place it in such a way that one end of the array touches the edge of the weld bead. This is
schematically shown in Figure 4.34 where a linear array is placed with its edge touching the weld
bead for detection of a crack in the weld joint. With this placement, if one uses FMC or NB PA-
SAFT technique, then the raw B-scan image will contain useful information from the flaw only
from those elements or apertures, which are very near to the edge of the weld bead. The sound
beam emanating from majority of the remaining elements (or apertures) will have no interaction
with the flaw, since they are placed far away. As a result, the signals from the flaw in the raw B-
scan image will have a limited spread and the post processing to achieve sound beam focusing by
SAFT or TFM will not be effective. In extreme cases, depending on the thickness of the weld joint,
the location of the flaw across the thickness and the width of the weld bead, it may not be possible
to get any signal from the flaw, since all the elements of the linear array are significantly away
from the flaw for the sound beam to have any interaction. In such cases, the flaw may go un-

detected.

Figure 4.34: Limitation of SFLA, PA-SAFT and FMC techniques for characterization of

flaws in the weld joint with an un-ground weld bead

One way of overcoming the above limitation is to place the linear array on the wedge so that there
is an increase in the angle of the transmitted sound beam in the material. This is schematically
shown in Figure 4.35. With this approach, one can ensure that the sound beam emanating from

some elements or apertures interacts with the flaw extremities. A major drawback of this approach
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is that there is an additional travel of the sound beam in the wedge. With FMC technique, where a
single element is used for sound beam transmission, the attenuation in the wedge limits the useful

penetration of sound in the material and adversely affects the sensitivity.

Figure 4.35: Placement of linear array on the wedge to generate angle beam

Another way of generating a divergent angle beam without mounting the linear array on to the
wedge is by use of a focal law. A group of elements (active aperture) are excited in a sequential
manner with the calculated time delay to steer the sound beam by the required angle. The steering
angle would depend on how far the flaw is located from the array. Depending on the aperture size
or the number of elements in an aperture, it is possible to obtain a divergent sound beam in the
region of interest. The selected aperture is then moved electronically to acquire the B-scan image.
If the transmitted sound beam has adequate divergence the raw B-scan data thus acquired will have
well spread-out signals from the flaw extremities. This helps to achieve fine focusing during SAFT
processing, thereby precisely locating the flaw tips for accurate depth assessment. This forms the
basis of Angle Beam PA-SAFT (AB PA-SAFT) technique. The process of data acquisition is

schematically shown in Figure 4.36.

Chapter 4 172



Figure 4.36: Methodology for data acquisition by angle beam PA-SAFT

While dealing with the weld joint having an unground weld bead, if the flaw to be detected is at
the back surface or in the lower region of the weld joint, then the raw B-scan image is acquired in
the first leg (1/2 V path) by keeping the linear array close to the weld joint. This is schematically
shown in Figure 4.37 (). If the flaw to be detected is on the scanning surface or in the upper region
of the weld joint, then the B-scan is acquired up to the second leg (1 V path) by placing the linear

array slightly away from the weld joint. This is schematically shown in Figure 4.37 (b).

0

(@) (b)
Figure 4.37: Data acquisition by AB PA-SAFT technique (a) flaw near the back surface

and (b) flaw near the scanning surface

4.5.2 Optimization of active aperture size for data acquisition

One of the crucial steps in the application of AB PA-SAFT technique is the selection of number
of elements in an active aperture. This in turn decides the divergence of the sound beam and the
wave amplitude in the region of interest. Wooh et. al [127-129] analyzed in details the effect of

array parameters viz. the number of elements in an active aperture and the element pitch, on the
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beam directivity as a function of beam steering angle. It was shown that when the sound beam is
steered using focal laws, then in addition to the main lobe and low amplitude side lobes, there
exists an additional lobe called as grating lobe. Grating lobes are undesirable since they produce
unwanted signals and also take away significant amount of the available acoustic energy emanating
from the elements of the linear array. With the conventional phased array technique based on focal
law, it is desirable to have a good directivity of the sound beam being transmitted in the given
direction. One way of quantifying the directivity of the sound beam is the width of the main lobe.
The sound beam is said to have a good directivity if the width of the main lobe is very small. The
directivity of the transmitted sound beam deteriorates with an increase in the steering angle. For a
given linear array and the required steering angle, the directivity of the sound beam can be
improved (with the consequent reduction in the amplitude of the grating lobe) by increasing the

number of elements in an active aperture.

During the application of AB PA-SAFT technique, it is required that the acoustic power in the
region of interest should be as high as possible and the grating lobe amplitude should be as low as
possible. This would ensure that the maximum amount of acoustic energy is directed towards the
flaw extremities. At the same time, it is also required that the sound beam divergence in the region
of interest should be as high as possible. This would ensure that the raw B-scan image will contain
a well spread out signal from the flaw extremities so that effective sound beam focusing can be
achieved during SAFT processing. This requirement implies that the main lobe width should be as
high as possible. The requirement of high acoustic power in the intended region and the low grating
lobe amplitude can be achieved by using a large number of elements in an active aperture as the
available hardware permits. However, with this approach the beam divergence angle will be very

small since the width of main lobe reduces with an increase in the number of elements. If one uses
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lesser number of elements in an active aperture, the beam divergence will be very high as a result
of poor sound beam directivity. But at the same time, the acoustic power in the region of interest
will be very low, primarily because of lesser number of elements for sound beam transmission and
also because of an increase in the amplitude of the grating lobe. Hence there is an optimum number
of elements that should be used in an active aperture during data acquisition by AB PA-SAFT

technique.

Xzone o Xzone

Figure 4.38: Sound beam computation results using 5 MHz, 0.6 mm pitch linear array with
sound beam steered at 60 deg. for an active aperture comprising of (a) 3 elements (b) 4

elements (c) 6 elements and (d) 10 elements (Simulation)

In order to visualize the effect of aperture size on the sound beam directivity and the amplitude of

grating lobe, sound beam computation studies are carried out using CIVA 11 for 5 MHz 0.6 mm
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pitch linear array. Figure 4.38 shows the results of sound beam computation for five different
apertures: (i) 3 elements, (ii) 4 elements, (iii) 6 elements, and (iv) 10 elements. In each case, the

sound beam is steered by 60 deg. using focal laws.

The results indicate that with 3 active elements, the width of the main lobe is very high but there
is also a very strong grating lobe. As the number of active elements increases, there is reduction in
the amplitude of the grating lobe as well as the width of the main lobe. From the beam computation
results, two parameters have been found out: (i) the half beam spread angle and (ii) how much dB
lower is the amplitude of the grating lobe with respect to the maximum sound wave amplitude in

the main lobe. It is desirable to have a high value for both these parameters.
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Figure 4.39: Variation in the beam spread angle and the grating lobe amplitude with
number of elements in an active aperture using 5 MHz, 0.6 mm pitch linear array

(Simulation)
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Figure 4.39 shows the variation in the half beam spread angle and the amplitude of the grating lobe
in terms of dB with respect to the maximum sound wave amplitude. The results indicate that with
an active aperture of 3 elements, the sound beam divergence angle is fairly high at approximately
20 deg., but the grating lobe amplitude is just 2 dB lower than the maximum. With 12 active
elements, the grating lobe amplitude is almost 13 dB lower than the maximum, but the sound beam
divergence angle has reduced to approximately 12 deg. With 6 active elements, one gets a
reasonable beam divergence angle of approximately 16 deg. and at the same time the grating lobe
amplitude is also significantly lower (approximately 8 dB than the maximum). Based on these
results an active aperture comprising of 6 elements is chosen as an optimum value for data

acquisition by AB PA-SAFT technique while using 5 MHz, 0.6 mm pitch linear array.
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Figure 4.40: Variation in the beam spread angle and the grating lobe amplitude with
number of elements in an active aperture using 10 MHz 0.3 mm pitch linear array
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A similar exercise is carried out for 10 MHz, 0.3 mm pitch linear array. The plot of variation in
the half beam spread angle and the amplitude of grating lobe with the number of active elements
in an aperture is shown in Figure 4.40. In this case too, the sound beam is steered by an angle of
60 deg. using focal laws. The results indicate that an active aperture comprising of 6 elements is

optimum for data acquisition by AB PA-SAFT technique.

In order to assess the effectiveness of AB PA-SAFT technique for sound beam focusing, data is
acquired on a 0.5 mm dia. side drilled hole, located distance of 25 mm from the scanning surface,
in an aluminum block. A 10 MHz, 0.3 mm pitch linear array is used. Figure 4.41 shows the
experimental set-up. The linear array is not placed over the hole, but laterally shifted so that the

hole is detected by a divergent angle beam.

Figure 4.41: Experimental set-up for data acquisition on a 0.5 mm dia. side drilled hole in

an aluminum block using Angle Beam PA-SAFT

The raw B-scan and the SAFT processed B-scan images are shown in Figures 4.42 (a) and (b)
respectively. The raw B-scan image shows the divergent signal from the side drilled hole at the
expected depth. During SAFT processing, the divergent signal from the hole is reduced to a point.
The 6 dB size of the hole in the lateral direction in the processed image is found to be

approximately 0.5 mm, which indicates that Angle Beam PA-SAFT can achieve sharp focusing
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like SFLA and normal beam PA-SAFT techniques. Unlike SFLA and normal beam PA-SAFT,
where the hole signal has a uniform spread in lateral and depth directions, with angle beam PA-
SAFT, the signal spread in the lateral direction is considerably lesser as compared to the spread in
the depth direction. Also, the hole is imaged in the direction, which is perpendicular to the direction
of primary incident sound beam. Because of this characteristics, the angle beam PA-SAFT is

expected to give very good lateral resolution.
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Figure 4.42: (a) Raw and (b) SAFT processed B-scan images of a 0.5 mm dia. side drilled

hole in an aluminum block using angle beam PA-SAFT technique

SFLA and PA-SAFT techniques are used to characterize the flaws that are present within the
thickness of the material, including the ones which are opening to the back surface. If the flaw is
open to the scanning surface or very close to it, then its characterization in terms of depth using
these techniques would be difficult. This is because of the fact that there would be a dead zone
(depending on the linear array), which would mask the signal from the flaw-tip. Moreover, since
the beam divergence near the scanning surface would be less, the spread of signal from the flaw
in the raw B-scan image would be limited, because of which the focusing during SAFT would not

be effective. With Angle Beam PA-SAFT, this limitation does not exist, as the linear array is kept
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away from the flaw and not directly over it. When the flaw is not present very close to the scanning
surface and both the extremities can be seen by the ‘direct’” divergent angle beam, then the data is
acquired up to ¥2 V-path. When the flaw is present on the scanning surface or just below it, the
data is acquired by the sound beam after bouncing up to full V-path. By doing this, not only the
problem of dead zone is overcome, but because of the higher beam path, large beam divergence is

achieved at the flaw location.

Since the angle beam PA-SAFT technique is based on the use of a group of elements for sound
beam transmission, the acoustic power within the material is going to be considerably higher than
SFLA and FMC techniques. As a result, it is expected to perform better than these techniques

while dealing with thick and attenuating materials.

4.6 Comparison of sound beam focusing using SFLA, PA-SAFT and FMC techniques

The focal spot size achieved by SFLA and PA-SAFT techniques is compared with the one obtained
by FMC + TFM technique for a depth range of 5 mm to 40 mm in aluminum. The comparison is
made using 10 MHz, 0.3 mm pitch, 128 elements and 5 MHz, 0.6 mm pitch, 64 elements linear

arrays. Figure 4.43 shows the results for 10 MHz.
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Figure 4.43: Variation in focal spot size with depth by SFLA, PA-SAFT and FMC+TFM

techniques using 10 MHz, 0.3 mm pitch linear array

The results indicate the following:

e With SFLA technique, the focal spot size is very fine and is smaller than the one achieved
using PA-SAFT technique for all the depths

e With FMC technique, the focal spot size is smaller for shallower depth and increases as one
goes deeper than 25 mm.

e The better focusing at larger depth using SFLA when compared to FMC + TFM technique
could be attributed to the fact that with SFLA all the 128 elements, hence the larger total
effective aperture of an array could be used for data acquisition. Due to the limitation on the
total number of parallel receiver channels with the available phased array instrument, only
64 of the total 128 elements could be used with FMC+TFM technique. As a result of lower

TEA, the focusing at higher depth is expected to be inferior.
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Similar exercise is carried out using 5 MHz, 0.6 mm pitch, 64 elements linear array. In this case,
the experimental conditions are identical for all the three techniques, including the TEA for data
acquisition. Figure 4.44 shows the variation in focal spot size with depth for SFLA, PA-SAFT and

FMC+TFM techniques.

2.2

—— SFLA
2.0 4{—— PA-SAFT
—— FMC

1.8

1.6 -

1.4

1.2 4

1.0

0.8 +

6 dB focal spot size (mm)

0.6 H

0.4

0 5 10 15 20 25 30 35 40 45
Distance from surface (mm)

Figure 4.44: Variation in focal spot size with depth by SFLA, PA-SAFT and FMC+TFM

techniques using 5 MHz, 0.6 mm pitch linear array

The results indicate the following:

e For shallower depth (< 20 mm), the focal spot size achieved by FMC is better than the one
achieved by SFLA technique.

e At adepth of 30 mm or more, SFLA technique gives smaller focal spot size than FMC.

e The focal spot size by PA-SAFT technique is found to be more than SFLA for all the

depths.

From the above results it can be concluded that although SFLA technique does not acquire the

full matrix data, the focal spot size up to a depth of 25 mm in aluminum or steel is comparable
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to the one obtained by FMC + TFEM. In fact, the need of parallel receiver channels with FMC
for the purpose of faster data acquisition, necessitates using an array with lesser number of
elements. This has an adverse effect on achieving satisfactory focusing at higher depth and so
limits the usefulness of FMC + TFM technique to shallower depths. Since no such limitation
exists with SFLA technique, a very fine focal spot could be achieved using this technique for
a depth range, which is beyond the useful range of FMC + TFM technique. The PA-SAFT
technique gives a coarser focal spot size than SFLA technique under identical test conditions.
Hence, it should be employed only under the circumstances, where the sensitivity or the

penetration requirements cannot be met by SFLA technique.
4.7 Summary of the chapter

v" The sound beam divergence for a miniature piezoelectric element in a linear array is much

smaller than the one predicted by the beam spread equation in the literature

v' Based on the experimental work, the following empirical relationship to evaluate the half
beam divergence angle has been derived for piezoelectric elements with small values of
D/A:

D\1 4
Sin 6 = 0.44 [0.6 + 0.5log (E)] ‘D

v The empirical relationship can be used to find out the beam spread of the rectangular

piezoelectric elements that are used in linear arrays.

v Two sound beam focusing techniques viz. SFLA and PA-SAFT have been investigated.
The techniques are based on using a divergent sound beam emanating from a linear array

to acquire the raw B-scan image, which is subsequently processed by SAFT algorithm to
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achieve focusing. The SFLA technique uses a single element for sound beam transmission
and reception, unlike FMC where the data is acquired for all the transmitter-receiver
combinations. The PA-SAFT technique uses a group of elements for sound beam

transmission and reception and is based on the concept of virtual array of sources.

v The effect of array based variables on sound beam focusing using SFLA technique is
studied. It is observed that the focusing is affected by the aperture size, pitch, frequency of
sound and total effect aperture. Smaller element size, lower pitch, higher frequency and

higher TEA give improved focusing.

v The effect of SAFT based variables viz. the difference in the actual and the input value of
sound velocity, element pitch and the beam divergence angle to the processing algorithm
on the focusing achieved is studied. It is observed that a small variation in sound velocity
and pitch with respect to the actual value greatly affects the focusing achieved. With the
divergence angle, if the input value is smaller than the actual, then the focusing is inferior.
Beyond the actual divergence angle, there is no significant improvement in the focusing

with the higher input value.

v" While using linear array for data acquisition, the size of the focal spot achieved by SAFT

depends on the element size as well as the frequency

v The following empirical relationship has been derived to calculate the focal spot size while

using SFLA technique for sound beam focusing.

0.6D
0.6+ 0.5 log ()]

Oeap =
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v The active aperture for PA-SAFT technique using 10 MHz, 0.3 mm pitch and 5 MHz, 0.6
mm pitch linear array is optimized. It is observed that, for a depth range of 5 mm to 40 mm
in aluminum and steel, the active aperture comprising of 6 elements using 5 MHz, 0.6 mm

pitch and 8 elements using 10 MHz, 0.3 mm pitch linear array are optimum.

v As observed with SFLA technique, the focusing using PA-SAFT technique is better for
higher frequency. This can be attributed to the smaller size of the virtual source while using

higher frequency.

v" Angle beam PA-SAFT technique has been standardized for specific cases, where SFLA,
normal beam PA-SAFT and FMC techniques cannot be used. The sound beam focusing
using angle beam PA-SAFT is found to be comparable to SFLA and normal beam PA-

SAFT techniques.

v Under identical experimental conditions, the sound beam focusing using SFLA is found to
be comparable to the one achieved by FMC + TFM technique for a depth up to 25 mm in
aluminum. For higher depths, focusing by SFLA is found to be better. The focusing using
PA-SAFT is found to be inferior to both, for shallow as well as higher depth. However, it
does have an advantage over SFLA and FMC techniques, in terms of the sensitivity for the
detection and characterization of flaws located deeper in the material or while dealing with

attenuating materials.
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EVALUATION OF THE CAPABILITIES OF SFLA AND PA-SAFT 5
TECHNIQUES FOR FLAW DETECTION AND CHARACTERIZATION

5.1 Introduction

One of the major objectives of this research work is to explore the possibility of SFLA and PA-
SAFT techniques for detection and characterization of flaws. This aspect is studied by extensive
experimental work on two broad categories of flaws viz. volumetric and planar. The volumetric
flaws are simulated by side drilled holes in carbon steel and aluminum samples while the planar
flaws are simulated by EDM slots in stainless steel plates. The results obtained by SFLA and PA-
SAFT techniques are compared with the ones obtained by conventional phased array using focal
laws and FMC + TFM technique. The results of the experimental work carried on these samples,
their analysis and the quantitative evaluation of the capabilities of SFLA and PA-SAFT techniques

for detection and characterization of volumetric and planar flaws are discussed in this Chapter.

5.2 Volumetric Flaws

The study for the evaluation of the capability of SFLA and PA-SAFT techniques for the detection
and characterization of volumetric flaws is carried out to address two specific issues: (i) determine
the sensitivity of SFLA and PA-SAFT techniques for detection of volumetric flaws and (ii)
determine the focusing ability of SFLA and PA-SAFT techniques laterally and across the depth

in a given material so that the two closely spaced volumetric flaws are resolved from each other.

The sensitivity for detection of a volumetric flaw in a given material and with a given test set-up
(transducer, instrument, cable etc.) by ultrasonic testing depends on two factors viz. the size of

the flaw and the depth at which it is located from the scanning surface. The inspection set-up is
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considered to be sensitive if a smaller flaw is detected at a larger depth. Both these factors are
combined in to a parameter called Size to Distance Ratio (SDR). For example, a 1 mm dia. flaw
at a distance of 100 mm from the scanning surface has a SDR of 0.01. In the present study, the
sensitivity is assessed in terms of the smallest SDR flaw that is detected reliably by SFLA and
PA-SAFT techniques. Smaller SDR corresponds to better sensitivity. Another factor that is
considered while assessing the sensitivity is the Gain Reserve (GR) of the phased array
instrumentation. This is found out by subtracting the value of amplifier gain required during the
acquisition of raw B-scan data from the total amplifier gain available in the instrument. For
example, if an amplifier gain of 70 dB is required for data acquisition and the total gain available
in the instrument is 86 dB, then the GR is 16 dB. Higher value of GR corresponds to better

sensitivity and better signal to noise ratio in the processed data.

The focusing ability is determined from the 6 dB spread of the signals in the processed B-scan
images. A lower value of this parameter is an indication of good focusing, which is essential to

resolve two closely spaced volumetric flaws.

The experimental data is acquired on four samples: (i) carbon steel sample with 1 mm dia. side
drilled holes located one below the other at different depths, (ii) aluminum sample with 0.5 mm
side drilled holes located at a much larger depth (up to 200 mm), (iii) aluminum sample with side
drilled holes at the same depth but separated laterally and (iv) carbon steel sample with side drilled
hole at the same depth and located very close-by. From the results obtained from the first sample,
the sensitivity for flaw detection as well as the focusing ability across the depth is assessed for
SFLA and PA-SAFT techniques. From the results of the second sample, the limit of sensitivity
that can be achieved using these techniques is found out in terms of SDR and GR. The results from

the third sample are used to evaluate the lateral coverage that can be obtained by SFLA and PA-
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SAFT techniques. While the results from the fourth sample are used to arrive at the limit of
resolution for volumetric flaws that can be achieved by SFLA and PA-SAFT techniques. The data
from these four samples are acquired using 10 MHz, 0.3 mm pitch, 128 elements linear array. The

attenuation in these samples is found to be negligible at this frequency.

5.2.1 Assess the sensitivity and focusing ability for detection of volumetric flaws

The sensitivity for detection of volumetric flaws and the ability of the inspection technique to
produce the focused image of the flaw is assessed on carbon steel sample of 50 mm thickness. The
sample has 1 mm dia. side drilled holes located at various distances from 10 mm to 45 mm from
the scanning surface. This corresponds to the SDR values of 0.1 to 0.022. Figure 5.1(a) shows the
experimental set-up for data acquisition using SFLA, PA-SAFT and FMC techniques. Figure
5.1(b) shows the experimental set-up for data acquisition using conventional phased array where
the transducer is placed not directly over the holes, but laterally shifted to facilitate the detection

of all the holes by a focused angle beam. Experimental details are given in Chapter 3 Section 3.6.1.

(a) (b)

Figure 5.1: Experimental set-up for detection and characterization of vertically stacked
holes in carbon steel sample (a) SFLA, PA-SAFT and FMC techniques (b) Conventional

angle beam phased array using focal laws (Scale in mm)
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5.2.1.1 Conventional angle beam phased array using focal laws

The sector scan (S-scan) images obtained by using focal laws corresponding to multi-point

focusing for 16, 32, 48 and 64 active elements are shown in Figures 5.2(a) to (d) respectively.
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Figure 5.2: Sector scan images using (a) 16 (b) 32 (c) 48 and (d) 64 active elements for a

carbon steel block with vertically stacked side drilled holes
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The following observations can be made from the above images:
e All the eight holes in the sample are detected by apertures comprising of 16 to 64 active
elements with an acceptable signal to noise ratio
e The spread in the signals from the holes, which is a measure of focal spot size, reduces as
the active aperture size increases from 16 elements to 64 elements
e The amplitudes of the signals from the holes are not significantly different from each other
for all the apertures
Table 5.1 gives the results in terms of sensitivity, amplitude variation and lateral spread.
Table 5.1: Results on carbon steel sample with vertically stacked holes using conventional

angle beam phased array technique

Sr. Active Sensitivity Amplitude 6 dB spread (mm)
No. aperture SDR GR (dB) variation (dB) Min. Max,
1 16 el 0.022 17 6.2 5.3 7.2
2 32el 0.022 17 4.8 2.9 4.0
3 48 el 0.022 17 3.6 1.6 2.5
4 64 el 0.022 23 3.8 1.6 1.8

The following conclusions can be drawn from the Table 5.1:
e The SDR of 0.022 at GR of 17 in carbon steel could be obtained by using focal law based
phased array examination using active aperture comprising of 16 to 48 active elements.
With 64 active elements the same SDR is achieved with higher GR value, indicating better
sensitivity

e The amplitude variation between the signals from the side drilled holes reduces as one
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moves from an aperture of 16 to 48 active elements. With further increase (64 elements)
there is no significant change in the amplitude variation.

e The 6 dB spread of the signals using active apertures comprising of 16 elements is not
satisfactory. With this aperture, the near field length is 10 mm, which means that none of
the holes are seen by the focused sound beam as they lie beyond the near field. As one goes
deeper, the sound beam divergence increases and hence there is an increase in the 6 dB
spread of signals.

e With 32 active elements, the near field length is approximately 40 mm. This means that
the holes closer to the scanning surface are seen by the focused sound beam and hence
there is a reduction in the 6 dB spread of the signals.

e With 48 and 64 active elements, there is further increase in the near field and all the holes
are seen by the focused sound beam. This is reflected in the lower 6 dB spread of the
signals.

e The lower bound value of 6 dB spread is similar using 48 and 64 active elements, but there
is a significant reduction in the upper bound value using 64 active elements. The lower
bound value corresponds to the focal spot size up to the mid-thickness of the sample, while
the upper bound value is for the region, which lies towards the back surface. With increased
aperture, the near field length is large and hence one can achieve smaller focal spot size at
higher depths.

e Based on the above results, it can be concluded that to achieve the focal spot size of less
than 2 mm across the depth range of 10 mm to 45 mm in carbon steel, one will have to use
64 active elements of 10 MHz, 0.3 mm pitch linear array using focal law based phased

array examination
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5.2.1.2 SFLA Technique
Figures 5.3 (a) and (b) show the raw B-scan images acquired using the SFLA technique. The data
is acquired at two gain levels: lower gain, corresponding to the one used for data acquisition using

PA-SAFT technique and higher gain, to facilitate the detection of the bottommost hole.
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(a) (b)
Figure 5.3: (a) Raw B-scan images for carbon steel block with vertically stacked side drilled
holes acquired using SFLA technique (a) lower gain and (b) higher gain
The raw B-scan images show number of signals with the shape of a hyperbola at various depths
corresponding to the side drilled holes in the sample. The image at lower gain does not show
signals at higher depth, while the one acquired at higher gain shows signals in the depth range of
10 mm to 45 mm. For the topmost hole, there is no obstruction to the sound beam during the
transmission and reception. As a result, an uninterrupted signal is seen in the raw B-scan image.
For the first elements of the array, the direct sound path to the hole is the longest, which gets
shorter as one moves towards the centre of the array. The sound path for the hole reaches a
minimum for the elements, which are placed right above the hole, and then starts increasing as one

moves towards the other end of an array. As a result, a typical ‘hyperbolic’ signal, which is
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obtained when a divergent sound beam scans across a point reflector, is seen from the topmost
hole in the raw B-scan image. As one moves towards the holes located at greater depths in the
block, a distinct shadow region is seen in the central part of the raw image. The shadow region
gets wider and wider for the holes at larger depths. The shadow region is an indication of the fact
that the holes at larger depths are not imaged by the central elements of an array. This is because
of the fact that the topmost hole prevents the sound beam from the central elements in reaching to
the bottom holes and in a way that top holes masks these bottom holes. The bottom holes are
however detected by the elements, which are away from the central part of an array, by the
divergent sound beam. The signals from the bottom holes, although absent from the central region,
are seen on the left and right hand side of the image. It is this divergence that is crucial during the
post-processing of the raw data using SAFT algorithm. In addition to the signals from the
individual holes, the raw B-scan image also shows some additional signals in the shape of
hyperbolae crossing the primary signals from the holes. These signals are because of the mode
converted shear wave, which is generated when the primary longitudinal beam emanating from
the linear array strikes the hole.

The SAFT processed B-scan images for lower and high gain are shown in Figure 5.4 (a) and (b)
respectively. The images indicate that at lower gain, the side drilled holes at the depth of 10 mm
to 40 mm are detected, while the signal from the one at 45 mm depth is merging with the noise.
At higher gain, all the holes, including the one at 45 mm, are clearly seen. There is also an increase
in the signal amplitude from all the holes. The topmost hole shows the least lateral spread and
highest signal amplitude as compared to the bottom holes, which shows the minimum amplitude
and the largest spread. The signals from the mode converted shear wave do not participate

constructively in the SAFT processing. Hence these are not seen in the processed image.
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(€)) (b)
Figure 5.4: SAFT processed B-scan images for carbon steel block with vertically stacked
side drilled holes acquired using SFLA technique (a) lower gain and (b) higher gain
5.2.1.3 PA-SAFT technique

Figures 5.5 (a) and 5.5 (b) shows the raw and the SAFT processed B-scan images respectively.

(@) (b)

Figure 5.5: (a) Raw B-scan and (b) SAFT processed B-scan images for carbon steel block

with vertically stacked side drilled holes acquired using PA-SAFT technique
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The raw image shows wide hyperbolic signals from the holes. The processed image shows all eight
holes present in the block. The

5.2.1.4 FMC + TFM technique

Figures 5.6 (a) and (b) show the TFM processed B-scan images at lower gain (corresponding to
gain setting for PA-SAFT) and higher gain (corresponding to high gain setting of SFLA). At lower
gain setting, only the top seven of the total eight holes are detected. The image at higher gain shows

all the eight holes.
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Figure 5.6: B-scan images for carbon steel block with vertically stacked side drilled holes

using FMC + TFM technique (a) lower gain and (b) higher gain

5.2.1.5 Comparison and analysis of results by different techniques

The results obtained by conventional phased array, SFLA, PA-SAFT and FMC techniques are
compared in terms of: (i) sensitivity for detection of volumetric flaws expressed in terms of SDR
and GR (ii) maximum amplitude variation between the signals from various holes and (iii) the

lateral spread in the signals from the holes in the processed B-scan image. Small value of SDR and
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high GR value are indicators of good sensitivity. The lower value of 6 dB spread is an indication

of good focusing and hence the ability to resolve closely spaced flaws. In addition to 128 elements,

the data using SFLA and PA-SAFT techniques are acquired using 64 elements to compare the

results with FMC + TFEM under identical test conditions.

Table 5.2 shows the variation in the SDR, GR, 6 dB spread and the amplitude variation for SFLA,

PA-SAFT and FMC + TFM techniques.

Table 5.2: Comparison of SDR, GR, 6 dB spread and the amplitude variation for carbon

steel sample with volumetric flaws by various techniques

Sr.No. Technique

Sensitivity achieved

6 dB spread Amplitude

SDR GR (dB) variation variation
(mm) (dB)
1 PA-SAFT (128 el) 0.022 17 0.7t0 14 18
2 PA-SAFT (64 el) 0.022 17 0.8t03.0 20
3 SFLA- lower gain (128 el) 0.025 17 04tol4 21*
4 SFLA- higher gain (128 el) 0.022 5 04tol4 23
5 SFLA- higher gain (64 el) 0.022 5 0.4t03.0 25
4 FMC + TFM - lower gain  0.025 17 0.5t03.0 27*
5 FMC + TFM- higher gain  0.022 5 0.6t03.1 29

* For seven holes only

The following conclusions can be drawn from the Table 5.2:

e Under identical test conditions, the best sensitivity is achieved by PA-SAFT technique,

which is reflected in lower value of SDR at the same GR value

e SFLA and FMC + TFM techniques show the same SDR at lower gain setting
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e One can improve the sensitivity with SFLA and FMC techniques, but at the cost of lower
GR value

e The 6 dB lateral spread for all the techniques is similar, although the lower bound value is
smaller for SFLA and FMC + TFM than PA-SAFT technique. This indicates that at
shallower depths, focusing and hence the resolution for volumetric flaws is better using
SFLA and FMC as compared to PA-SAFT technique.

e The amplitude variation is found to be lowest for PA-SAFT technique indicating better
sensitivity over a large depth range

e With SFLA and FMC techniques, the bottom most holes show very less signal amplitude
because of which the amplitude variation for these techniques is more in comparison to
that of PA-SAFT technique

e SFLA and PA-SAFT techniques using 128 elements appears to perform better than FMC
+ TFM, both in terms of amplitude variation and the upper bound value of 6 dB spread.
The primary reason for this is the fact that with FMC technique, the data is acquired using
only 64 elements. The lower value of total effective aperture (TEA) not only leads to
inferior focusing at larger depths but also lower signal amplitude from the holes located
deeper. With SFLA and PA-SAFT techniques when the TEA is reduced from 128 to 64
elements to match that of FMC, there is a significant increase in the upper bound value of
lateral spread. This result is similar to the one observed while studying the effect of TEA
on focal spot size by SFLA technique (Chapter 4, Section 4.3.2.1.4)

e Under identical test conditions i.e. 64 elements for data acquisition, all the techniques show
lateral spread in a similar range

¢ When compared with conventional phased array, it is observed that the techniques based
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on linear array and SAFT or TFM could achieve similar SDR. However, the focusing these
techniques is much superior that what can be achieved by the conventional phased array
using large number of active elements. The upper bound value of 6 dB spread by SFLA
and PA-SAFT techniques is found to be lower than the lower bound value of this parameter
obtained by using 48 and 64 active elements.

e The results indicate that, a good sensitivity for detection of volumetric flaws can be
achieved by focal laws based phased array inspection as well as SFLA and PA-SAFT
techniques. However, in order to achieve good resolution (of an order of a millimeter) in
the depth range of 10 mm to 50 mm in steel, SFLA and PA-SAFT techniques are more
effective.

5.2.2 Sensitivity for the detection of volumetric flaws at higher depth

The sensitivity of SFLA and PA-SAFT techniques for detection of volumetric flaws is assessed
using an aluminium sample with 0.5 mm dia. holes at various depths in the range of 40 mm to 200
mm from the scanning surface. This corresponds to the SDR range of 0.0125 to 0.0025. Figure 5.7
shows the experimental set-up for data acquisition using SFLA, PA-SAFT and FMC techniques.

The experimental details are given in Chapter 3 Section 3.6.2.

Figure 5.7: Experimental set-up to determine the sensitivity for SFLA and PA-SAFT

techniques for detection of volumetric flaws
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5.2.2.1 SFLA technique
Figures 5.8 (a) and (b) show the results obtained by SFLA at lower and higher gain values. The

lower and higher gain values correspond to the GR of 15 and 0 dB respectively.
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Figure 5.8: SAFT processed B-scan images for aluminum block with 0.5 mm dia. side

drilled holes using SFLA technique (a) lower gain and (b) higher gain

The results indicate the following:

e Even at lower gain, all the side drilled holes are detected by SFLA technique. This means
that with SFLA technique one can achieve the sensitivity corresponding to SDR of 0.0025
with sufficient gain reserve

e At higher gain, there is an overall increase in the amplitude of signals from all the holes,
without a significant increase in the spread of the signals

e Complete coverage of the thickness is achieved by SFLA technique

e Apart from the signals from the holes, the processed image shows additional signals of

similar nature adjacent to the signals from the holes. These signals are from the sidewall
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of the sample. The lateral distance between the direct signal from the side drilled hole
(circled) and the additional signal is same as the distance between the side drilled hole and
the sidewall of the sample. For example, the hole at 40 mm depth is at a distance of 5 mm
from the sidewall. As a result, an additional signal (on the right) is seen next to the direct
signal from the hole. The bottommost side drilled hole at the depth of 200 mm is located
at 10 mm away from the sidewall. In this case too, an additional signal (on the left) is seen

next to the direct signal from the hole.

5.2.2.2 PA-SAFT technique

Figure 5.9 shows the results obtained by PA-SAFT technique at the gain value corresponding to

the GR of 15 dB.
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Figure 5.9: SAFT processed B-scan image for aluminum block with 0.5 mm dia. side drilled
holes using PA-SAFT technique
The following observations are made from the above results:
e As with SFLA, the bottommost hole corresponding to SDR of 0.0025 is detected with

sufficient gain reserve.
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e There is complete lateral coverage of the sample and all the side drilled holes have been

detected. Like SFLA, signals from the sidewall are also seen.

5.2.2.3 FMC + TFM technique

With FMC, the data could not be acquired for a depth of 200 mm in a single file as the large data
size limits the acquisition to a thickness of approximately 100 mm using 64 elements linear array.
The FMC + TFM processed B-scan images for two depth ranges viz. 25 mm to 140 mm and 140

mm to 250 mm are shown in Figure 5.10 (a) and (b), respectively.
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Figure 5.10: FMC + TFM images for aluminum block with 0.5 mm dia. side drilled hole (a)
25 mm to 140 mm and (b) 140 mm to 250 mm
The results indicate that all the holes including the one at 200 mm is detected by FMC + TFM

technique.
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5.2.2.4 Comparison of results by various techniques

All the techniques viz. SFLA, PA-SAFT and FMC + TFM could detect the 0.5 mm dia. side drilled
hole at 200 mm depth from the surface in aluminum with sufficient gain reserve. Under identical
conditions, the signal amplitude from all the holes using PA-SAFT technique is found to be higher
as compared to the ones observed using SFLA technique. The spread of the signals from the side
drilled holes, even at the depth of 200 mm, using SFLA and PA-SAFT techniques is found to be
less than 2 mm. The results by SFLA and PA-SAFT techniques in terms of lateral spread are

comparable to the ones obtained by FMC + TFM technique.

5.2.3. Extent of lateral coverage for detection of volumetric flaws

To determine the extent of lateral coverage for the detection of volumetric flaws by SFLA and PA-
SAFT techniques, experiments are carried out on an aluminium sample with 2 mm dia. side drilled
holes at 25 mm depth from the surface. This sample has fifteen side drilled holes at the same depth
and aligned laterally. The distance between the extreme holes is approximately 90 mm. Figure

5.11 shows the experimental set-up for data acquisition.

——
R

Figure 5.11: Experimental set-up for data acquisition on aluminum block with laterally

separated side drilled holes
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The linear array of 10 MHz, 0.3 mm pitch, 128 elements is placed on the sample so that the central
elements are positioned over the middle hole. The four extreme holes on both sides-do not lie
below the array. The experimental details are given in Chapter 3 Section 3.6.3.

5.2.3.1 Conventional Phased Array

Figure 5.12 shows the results of conventional phased array by beam steering and focusing with
active apertures from 16 to 48 elements. With this approach, the sound beam is focused at multiple

focal points which are aligned at a given depth using the selected aperture.
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Figure 5.12: B-scan images using conventional phased array multi-point focusing on

aluminum block with laterally separated side drilled holes (a) 16 el, (b) 24 el, (c) 32 el and
(d) 48 el

The results indicate that all the fifteen holes are detected using this approach. With regard to the
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spread of the signals, as the active aperture increases, the spread of signals decreases. Table 5.3

summaries the results obtained by conventional phased array.

Table 5.3: Comparison of results on aluminum block with laterally separated side drilled

holes using conventional phased array

Sr. Parameter Active aperture

No. 16 el 24 el 32el 48 el
1 Lateral coverage (mm) 87 87 87 87

2 Minimum 6 dB spread (mm) 3.0 2.4 2.1 1.5
3 Amplitude variation (dB) 22 22 21 20

Table 5.3 indicates the following:

With beam steering, complete lateral coverage is obtained, which means that the
volumetric flaws that do not lie below the active aperture are also detected

The 6 dB lateral spread for the holes that do not lie below the active aperture is higher in
comparison to those lie below the aperture. This is because of the larger sound path and
also the deterioration in the sound beam directivity at higher steering angles.

The variation in the amplitude of the signals from the holes for all the apertures is
significantly higher.

It can be concluded that by beam steering and focusing using conventional phased array,
one can detect volumetric flaws that do not lie beneath the linear array. However, the
focusing at higher steering angles is not satisfactory. Even in the region below the active
aperture, the focal spot size with large number of elements (48 el) is of the order of 1.5

mm. This indicates that if the lateral spacing between the volumetric flaws is less than this,
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then they would not be resolved by conventional phased array technique.

5.2.3.2. SFLA Technique

Figures 5.13(a) and (b) show the raw and the SFLA processed B-scan images respectively, for this
sample using 10 MHz, 0.3 mm pitch, 128 elements linear array. The raw image shows overlapping
signals from the holes in the sample. The overlapping occurs, since the holes are closely spaced
and each hole gives a wide hyperbolic signal. From the raw image, one cannot get any information
on the number of holes and lateral separation between them. The raw data is processed by SAFT
algorithm. The processing range not only includes the material beneath the linear array, but also
the material on either side of the array up to a distance of approximately 30 mm. This is to ensure
that the holes which do not lie directly beneath the linear array, but are detected because of the

divergent sound beam are imaged in the processed data.
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Figure 5.13: (a) Raw B-scan and (b) SAFT processed B-scan image of an aluminum sample
with laterally separated side drilled holes using SFLA technique

The processed B-scan image shows all the fifteen holes that are present in this block, including the

ones that do not lie below the array. The extreme four holes at both ends, which are not located

beneath the linear array show lower amplitude and higher spread as compared to the central holes.

The primary reason for this is the fact that unlike the central holes, which are detected by all the
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elements of the linear array, the peripheral holes are detected by the sound beam emanating from
fewer elements (first few elements detect the holes on the left side and the last few elements detect
the holes on right side). Moreover, the signal amplitude in the raw A-scan data from these holes is
much lower, as these are detected by the peripheral sound beam and not the central beam. As a
result, for these holes, there are fewer A-scans and lower signal amplitude during SAFT
processing. Hence, their amplitude is lower and the spread is higher in the processed B-scan image
as compared to the central holes. The results indicate that SFLA technique is able to detect and
resolve the volumetric flaws that are located close to each other in the region below the array as
well as away from it.

In addition to the signals from the holes at the expected depth, the processed B-scan image shows
some additional indications beneath the indications from the hole. These low amplitude indications
are seen prominently at the locations where the central five holes are present and appear at slightly
longer path than the indications from the holes. When the sound beam is incident on any one of
these closely spaced holes, there is a direct reflection that goes back to the receiving aperture.
Since the reflecting beam is also divergent, a part of this reflected sound beam from the hole goes
towards the adjacent hole from where it gets reflected and finally reaches the receiving aperture
producing an indication. The sound path of this signal is marginally higher than the direct sound
path and so after processing it appears as a separate signal in the image at slightly higher depth.

5.2.3.3. PA-SAFT technique

Figures 5.14 (a) and (b) show the raw and the processed B-scan images using PA-SAFT technique
respectively. The processed image shows all the fifteen holes that are present in the block. The
extreme holes on either side show very low amplitude. The holes in the central region, where they

are closely spaced, are well resolved from each other.
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Figure 5.14: (a) Raw B-scan and (b) SAFT processed B-scan image of an aluminum sample

with laterally separated side drilled holes using PA-SAFT technique
5.2.3.4. FMC + TFM technique
Figure 5.15 shows the FMC + TFM B-scan image. The images show all the holes that are present
in the block. Unlike SFLA and PA-SAFT technique, the amplitude of the signals from the holes is

uniform. All the holes are detected and clearly resolved.
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Figure 5.15: FMC + TFM image of an aluminum sample with laterally separated side

drilled holes

5.2.3.5. Comparison and analysis of results by different techniques

Table 5.4 gives the comparison of results obtained by SFLA, PA-SAFT and FMC + TFM

techniques. The results obtained by 48 active elements using beam steering and focusing by
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conventional phased array are also given for the sake of comparison.

Table 5.4: Comparison of 6 dB spread, lateral coverage and amplitude variation for the
laterally separated holes using conventional phased array, SFLA, PA-SAFT and FMC

techniques in an aluminum block

Conventional Phased array
Parameter SFLA PA-SAFT FMC+TFM with sector scan using 48

elements

Minimum 6 dB lateral

1.0 1.2 1.0 1.5
spread (mm)
Lateral Coverage

86 86 86 86
(mm)
Amplitude variation

16 27 21 20

(dB)

Complete lateral coverage of approximately 86 mm is obtained by all the techniques. With PA-
SAFT technique, the extreme two holes show very low amplitude. This is reflected in the higher
value of amplitude variation as compared to SFLA and FMC techniques. In order to analyze the
reasons for better sensitivity for the detection of holes located far away from the linear array with
SFLA technique as compared to PA-SAFT, simulation studies are carried out using CIVA 11.
From the sound beam computation results, the variation in the sound wave amplitude in the lateral
direction at a depth of 25 using a single element excitation (SFLA) and multi-element excitation

(PA-SAFT) is found out. The results are shown in Figure 5.16.
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Figure 5.16: Variation in the sound wave amplitude at 25 mm depth in the lateral direction

by SFLA and PA-SAFT technique using 10 MHz, 0.3 mm pitch linear array (Simulation)

The results indicate that with PA-SAFT technique, the wave amplitude in the central region of the
sound beam is almost 12 dB higher than SFLA technique. This means that if the flaw is located in
the central region of the sound beam, PA-SAFT technique would show higher signal amplitude.
However, as one moves away from the central region, there is a sharp drop in the sound wave
amplitude with PA-SAFT technique. With SFLA technique, the drop in the sound wave amplitude
is gradual. With PA-SAFT technique, the sound wave amplitude at the lateral distance of 25 mm
(where the extreme side drilled hole is located from edge of the array) is approximately 16 dB
lower than the sound wave amplitude in the central region. This value is approximately 5.6 dB for
SFLA technique. Figure 5.16 also indicates that at the lateral distance of 25 mm, the sound wave
amplitude by PA-SAFT and SFLA techniques is almost similar. This means that during the data
acquisition, the sound wave amplitude of the sound beam incident on the extreme hole by both the
techniques is almost similar and so the amplitude of the reflected signal in the raw B-scan data is
expected to be similar in both the cases. However, the processed B-scan images shown in Figures

5.13 (b) and 5.14 (b) for SFLA and PA-SAFT techniques respectively, are normalized in terms of
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amplitude. Because of the large difference in the sound wave amplitude (16 dB) at the lateral
distance of 25 mm with respect to the central region using PA-SAFT technique, and the process
of normalization results in much lower signal amplitude of the extreme holes in the processed B-
scan data. With SFLA, the smaller amplitude difference between the signals from the holes in the
central and peripheral holes in the raw data results in the smaller variation in the processed B-scan

image.

The lateral spread, corresponding to the holes beneath the linear array, is smaller for SFLA and
FMC techniques as compared to PA-SAFT. This is line with the observations made during the
study on an aluminum block containing 0.5 mm dia. side drilled holes (Chapter 4, Section 4.6) that
under identical test conditions, the focal spot size achieved by SFLA is smaller than PA-SAFT
technique. Thanks to the full matrix data available for processing from multiple directions, FMC

+ TFM image does not show artifacts, which are observed in SFLA and PA-SAFT images.

Based on the above observations, it can be concluded that for moderate depths, SFLA and FMC
techniques are more sensitive than PA-SAFT technique for the detection of volumetric flaws in
the region, which is significantly away from the linear array. The results obtained by SFLA
techniques is terms of sensitivity and resolution are comparable to the ones obtained by FMC +

TFM technique.

5.2.4 Resolving power of SFLA and PA-SAFT techniques

In order to determine the resolving power of SFLA and PA-SAFT techniques, experiments are
conducted using a carbon steel sample having side drilled holes of 0.5 mm diameter located at a
depth of 20 mm from the surface and separated centre-to-centre in lateral direction by 0.6 mm to
1.5 mm. The spatial resolution is considered to be satisfactory if the signal from the hole appears

after 6 dB drop of the signal from the adjacent holes. The data from this sample is acquired using
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conventional phased array, SFLA, PA-SAFT and FMC techniques. A 10 MHz, 0.3 mm pitch, 128
elements linear array is used for this purpose. Figure 5.17 shows the experimental set-up. The

details are given in Chapter 3, Section 3.6.4.

(@) (b)

Figure 5.17: Carbon steel sample with closely spaced side drilled holes for determining the
resolving power of SFLA and PA-SAFT techniques (a) Placement of linear array and (b)
Magnified view of holes (Scale in mm)

5.2.4.1 Conventional phased array technique

Figures 5.18(a) and (b) show the B-scan images acquired by conventional phased array using
single point focusing with two apertures comprising of 16 and 64 active elements respectively.
Using these apertures, the sound beam is focused at a depth of 20 mm and the B-scan image is
acquired during electronic scan. With an aperture of 16 elements, none of the holes is resolved.
This indicates that the focal spot size achieved by 16 elements is larger than the maximum
separation distance between the holes (> 1.5 mm). With 64 active elements, although the signals
from the last three holes are seen distinctly, the first three holes, which are separated by much
lesser distance, are not resolved. This indicates that in spite of using 64 active elements, the lateral

resolution is not better than 1 mm.
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Figure 5.18: B-scan image of a carbon steel block with closely spaced side drilled holes

using conventional phased array (a) 16 el aperture and (b) 64 el aperture (Scale in mm)

5.2.4.2 SFLA technique
Figure 5.19 shows the processed B-scan image for this sample using SFLA technique. The

echodynamic curve is also shown alongside.
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Figure 5.19: B-scan image and echodynamic plot of a carbon steel block with closely spaced

side drilled holes using SFLA technique

Chapter 5 213



The image shows that all the holes that are present in this sample are well resolved, including the
ones that are separated by 0.6 mm. The above result indicates that the sound beam focusing
achieved by SFLA is very effective and the technique is able to resolve very closely spaced

volumetric flaws.

5.2.4.3 PA-SAFT technique

Figure 5.20 shows the processed B-scan image of this sample along with the echodynamic plot
using PA-SAFT technique. The echodynamic plot shows six distinct peaks, each corresponding to
the side drilled holes in the sample. However, the resolution between the first two peaks is not
satisfactory. The result indicates that the resolution is not as good as SFLA, but much superior to
what is obtained by conventional phased array using 64 active elements. From the observations,
one can conclude that for this block a resolution of the order of 0.9 mm could be achieved using

PA-SAFT technique.
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Figure 5.20: B-scan image and echodynamic plot of a carbon steel block with closely spaced

side drilled holes using PA-SAFT technique
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5.2.4.4 FMC+ TFM technique
Figure 5.21 shows the B-scan image using FMC + TFM technique. The image indicates that the

holes separated by 0.6 mm are not resolved clearly. The resolution for the other holes is

satisfactory.
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Figure 5.21: FMC + TFM image and echodynamic plot of a carbon steel block with closely

spaced side drilled holes

Based on the above results, it can be concluded that the SFLA technique performed better than the
PA-SAFT technique in terms of the resolution for separate detection of two very closely spaced
volumetric flaws. This can be attributed to the smaller size of the piezoelectric source using SFLA
as compared to PA-SAFT technique. SFLA results are also slightly better than ones obtained by
FMC technique. This can be attributed to larger TEA (128 elements) used for SFLA as compared
to FMC (64 elements). All the techniques performed much better than the conventional phased

array using 64 active elements.
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5.3 Planar Flaws

Planar flaws are two-dimensional and pose a threat to the integrity of pressurized components.
From ultrasonic examination point of view, there are two requirements for planar flaws: (i)
detection and (ii) characterization in terms of through-wall dimensions (depth or height) and
orientation. The effectiveness of SFLA and PA-SAFT techniques for these two requirements is
studied by carrying out experiments on steel plate samples with simulated planar flaws in the form
of inclined slots made by EDM process. The assessment on the satisfactory detection of a planar
flaw is done based on whether the given technique is able to detect the upper and lower tip of the
flaw and produce measurable signals (above the background noise) in the B-scan image. The
assessment on the characterization is done by comparing the through-wall dimension and the

orientation of the flaw with the true values.

The study is carried out using two samples viz. 24 mm thick and 60 mm thick stainless steel plate.
The objective of the study on the thicker sample is to assess the effectiveness of SFLA and PA-
SAFT techniques on the detection and characterization of planar flaws that are located deeper in
the material. The data on these blocks is acquired using 5 MHz, 0.6 mm pitch, 64 elements linear
array. A lower frequency is chosen since the blocks are made of stainless steel. The raw B-scan
images acquired by SFLA and PA-SAFT techniques are processed by SAFT algorithm and the

one acquired using FMC by TFM.

5.3.1 Stainless steel plate of 25 mm thickness with simulated planar flaws

Six slots, 8.5 mm length, 2 mm width and 25 mm depth, oriented at from 0° to 51°, are machined
from one of the faces. The upper tip of all the slots is at approximately 8 mm from the scanning

surface. Figure 5.22 shows the experimental set-up. Details are given in Chapter 3 Section 3.7.1.
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Figure 5.22: Experimental set-up for data acquisition on inclined slots in 24 mm thick
stainless steel plate using SFLA, PA-SAFT and FMC techniques

5.3.1.1 SFLA technique

Figure 5.23(a) shows the raw B-scan image for a 16° inclined slot in the stainless steel plate using
SFLA technique. The raw B-scan image shows that the signal from the upper tip of the flaw is
quite a strong and is present over a wide range as it is detected by the sound beam emanating from
all the elements. Contrary to this, the bottom tip signal is seen over a relatively narrow range. As
the flaw is tilted in one direction, the bottom tip signal is detected only by the elements which lie
on one side of the flaw. The image also shows a signal at approximately 1.5 times the time-of-
flight of the signal corresponding to the upper flaw tip. This signal is from the mode converted
shear wave. The longitudinal wave emanating from the transducer falls on the upper tip of the
flaw, where, in addition to the diffracted longitudinal wave, a mode converted shear wave is also
generated. Both these wave modes travel back to the receiving elements and produce indications
on the B-scan image. For the mode converted signal in the B-scan image, the sound beam travels
in the longitudinal mode (L) during the onward path and as a shear wave (S) during the return path.
Hence, the time-of-flight of this signal (LS) is approximately 1.5 times the time-of-flight of the
signal (LL) that travels as longitudinal wave, both during onward and return paths. The SAFT

processed image is shown in Figure 5.23(b).
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Figure 5.23: (a) Raw B-scan and (b) SAFT processed B-scan image of a 16° inclined slot in
stainless steel plate by SFLA technique
During the SAFT processing, the mode converted shear wave signal (LS) gets eliminated due to
the averaging, leaving behind only the LL signals from the upper and the lower tips of the flaws.
This happens due to the fact that the velocity used for the SAFT processing is of the longitudinal
wave and hence the signals from the flaw travelling during both onward and return path with the
longitudinal wave velocity will only interfere constructively upon SAFT processing. From the
SAFT processed image, one can accurately locate the flaw extremities and evaluate the height of
the flaw and its orientation. Both these parameters are vital for the acceptance of a flawed

component during manufacturing and for fitness-for-service assessment.

Figures 5.24(a) and (b) show the raw and the SAFT processed B-scan image for the flaw oriented
at 51° respectively. As compared to the 16° oriented flaw, the processed image for the 51° oriented
flaw shows the flaw surface in addition to the tip signals. When the divergent sound beam is
incident on the flaw surface, a part of the reflected sound beam goes back to the receiving element
since it is at near normal incidence to its surface. These signals are not seen clearly in the raw data,

but appear prominently in the processed image. For flaw of lower orientations (16°), the reflected
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signal from the flaw surface does not reach the receiving element due to unfavorable angle of
incidence of the transmitted sound beam. As a result of the flaw surface is not imaged and only

the extremities are seen.
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Figure 5.24: (a) Raw B-scan and (b) SAFT processed B-scan image of a 51° inclined slot in
stainless steel plate by SFLA technique

5.3.1.2 PA-SAFT technique

Figures 5.25(a) and (b) show the raw and SAFT processed B-scan images respectively for a 16°
inclined slot in the stainless steel plate using PA-SAFT technique. The results are similar to that
obtained by SFLA technique. The processed image clearly shows the upper and lower tip of the
flaw. The lower tip signal shows larger spread as compared to upper tip, which indicates that the
focusing is not as effective as that for the upper tip. One major reason for this is the lesser spread
of the lower tip signal in the raw image as compared to the upper tip signal. Figures 5.26(a) and

(b) show the raw and the SAFT processed B-scan images respectively for the slot inclined at 51°.
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Figure 5.25: (a) Raw B-scan and (b) SAFT processed B-scan image of a 16° inclined slot in

stainless steel plate by PA-SAFT technique
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Figure 5.26: (a) Raw B-scan and (b) SAFT processed B-scan image of a 51° inclined slot in

stainless steel plate by PA-SAFT technique
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5.3.1.3 FMC + TFM technique
Figures 5.27(a) and (b) show the FMC+TFM processed B-scan images for the slots oriented at 16°
and 51° respectively in the stainless steel plate. In this case too, the flaw of higher orientation (51°)

shows the flaw surface. The results are similar to the ones obtained by SFLA and PA-SAFT

techniques.
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Figure 5.27: FMC + TFM B-scan images for inclined slots in stainless steel plate (a) 16°
oriented slot and (b) 51° oriented slot

5.3.1.4 Evaluation of depth and orientation of inclined slots

The depth and the orientation of inclined slots are evaluated from the coordinates of the upper and the lower
tips of the flaw. These coordinates are found out from the processed B-scan image using echodynamic plots
in depth and lateral directions. Figure 5.28 (a) shows the processed B-scan image using PA-SAFT technique
for the 28 deg. slot. The image shows a strong signal from the upper tip and a relatively weak signal from
the lower tip with the two cursors intersecting at the upper tip signal. Figure 5.28 (b) and (c) shows the
echodynamic plot in the depth and the lateral (distance) directions respectively for the upper tip signal. The
echodynamic plots show distinct peaks, which corresponds to the positions (depth and distance) of the

upper tip signal. Similar echodynamic plots in the depth and lateral directions are shown for the

lower tip signal in Figure 5.28 (d) and (e), from where it’s coordinates are found out. From the
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coordinates of upper and lower tips, the depth and the orientation of this flaw is evaluated as 7.5

mm and 32 deg. respectively. Similar methodology is adopted for all the inclined slots.
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Figure 5.28: Methodology for assessment of depth and orientation of inclined slots from
echodynamic plots (a) Processed B-scan image (b) Echodynamic in the depth direction for
the upper tip (c) Echodynamic in the lateral direction for the upper tip (d) Echodynamic in

the depth direction for the lower tip and (e) Echodynamic in the lateral direction for the

lower tip

5.3.1.5 Comparison of results

From the processed B-scan images, the depth (height or through-wall dimension) and orientation
of the flaws are found out. Table 5.5 gives the results obtained by SFLA, PA-SAFT and FMC

techniques.
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Table 5.5: Results of depth and orientation assessment of inclined slots in the stainless steel

plate by SFLA, PA-SAFT and FMC+TFM approaches

True True SELA PA-SAFT EMC

angle depth
Angle(deg.) Depth(mm) Angle(deg.) Depth(mm) Angle(deg.) Depth(mm)

(deg.) (mm)

0 8.5 0 8.2 0 8.5 0 8.2
16 8.2 16 8.6 19 8.2 16 8.6
28 7.5 29 7.9 32 7.5 30 7.9
36 6.9 37 6.7 33 7.2 35 6.8
42 6.3 41 6.5 40 6.4 42 6.6
51 5.3 52 5.2 51 53 52 5.2

The following conclusions can be drawn from the above results:
e With SFLA and PA-SAFT techniques, it is possible to detect and locate the extremities of
planar flaws that are located up to a distance of approximately 15 mm and less.
o The results obtained by SFLA and PA-SAFT techniques on the assessment of depth and
orientation of planar flaws are accurate.
e The results obtained by these two techniques are comparable to the ones obtained by FMC+
TFM technique.
e For the planar flaws that are oriented at larger angles, it is possible to carry out full face

mapping of the flaws using SFLA and PA-SAFT techniques.
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5.3.2 Stainless steel plate of 60 mm thickness with simulated planar flaws

In order to assess the effectiveness of SFLA and PA-SAFT techniques for the detection and
characterization of planar flaws that are located at higher depths, experiments are conducted on a
60 mm thick stainless steel sample. This sample has two planar flaws: one oriented at 0 deg. and
the other at 20 deg. with respect to the surface normal. Both the flaws are 10 mm long and have a
width of 0.5 mm. The upper tip of these flaws is located at 30 mm from the scanning surface unlike
the previous case, where it is located very close. Figure 5.29(a) shows the experimental set-up for
data acquisition using SFLA, normal beam PA-SAFT and FMC techniques during which the linear
array is symmetrically placed over the planar flaw. Figure 5.29(b) shows the experimental set-up
for Angle beam PA-SAFT during which the linear array is placed laterally shifted with respect to

the flaw. Experimental details are given in Chapter 3 Section 3.7.2.

(b)

Figure 5.29: Experimental set-up for detection and characterization of planar flaw in 60

mm thick stainless steel plate (a) SFLA, PA-SAFT and FMC, (b) Angle Beam PA-SAFT
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The results obtained by SFLA, PA-SAFT, Angle Beam PA-SAFT and FMC + TFM techniques

for a 0 deg. oriented slot are shown in Figures 5.30 (a) to (d).
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Figure 5.30: Processed B-scan images for a 0 deg. oriented planar flaw in 60 mm thick
stainless steel plate (a) SFLA, (b) FMC+TFM, (c) Normal Beam PA-SAFT and (d) Angle

Beam PA-SAFT

Figures 5.31(a) to (d) shows the results for a 20 deg. oriented slot by various techniques. The

results are similar to the observations of a 0 deg. oriented slot.
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Figure 5.31: Processed B-scan images for a 20 deg. oriented planar flaw in 60 mm thick
stainless steel plate (a) SFLA, (b) FMC+TFM, (c) Normal Beam PA-SAFT and (d) Angle

Beam PA-SAFT

Table 5.6 gives the comparison of the results obtained by various techniques for a 0 deg. and 20
deg. inclined slots in this sample. The coordinates of the upper and lower tip are evaluated from
the echodynamic plots as descried in Section 5.3.1.4. The results are compared in terms of: (i) the
accuracy of the assessment of depth (through-wall dimensions) and orientation of the flaw, and
(i) the relative amplitude difference between the upper and lower tip signals. For a 0 deg. oriented

flaw, the true depth is 10 mm, while for a 20 deg. oriented flaw, the true depth is 9.6 mm.
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Table 5.6: Comparison of results obtained on assessment of depth and orientation on thick

SS block with simulated planar flaws by various techniques

Technique Measured  Measured Amplitude difference between
Depth Orientation  upper and lower tip signals
(mm) (deg.) (dB)

SFLA 0 deg. slot 10.2 6 26

SFLA 20 deg. slot 9.3 23 25

PA-SAFT (NB) 0 deg. slot 10.1 5 18

PA-SAFT (NB) 20 deg. slot 9.1 21 16

PA-SAFT (AB) 0 deg. slot 10.2 3 9

PA-SAFT (AB) 20 deg. slot 9.1 21 8

FMC 0 deg. slot 10.5 3 36

FMC 20 deg. slot 9.5 22 28

The results indicate the following:

e The sensitivity for the detection of the lower tip by SFLA and FMC techniques is very
poor. The amplitude difference between the upper and the lower tip is very high. It means
that these two techniques are un-reliable for the detection and characterization of planar

flaws located at a larger depth.

e The primary reason for the poor performance of SFLA and FMC techniques is the use of a
single element for sound beam transmission, because of which the acoustic power incident

on the flaw tip is very low.

e With PA-SAFT technique, there is a significant improvement in the amplitude of the lower
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tip signal. This technique performed better than SFLA and FMC techniques.

o All the techniques are accurate in assessing the depth of the flaw and its orientation

e The best results in terms of the detection of flaw extremities are obtained by Angle beam
PA-SAFT technique. This can be attributed to the better diffraction of the incident sound
beam while using angle beam [218, 219]. This technique appears to be the most suitable

for the detection and characterization of planar flaws in thick sections.

5.4 Angle Beam PA-SAFT technique

Angle beam PA-SAFT technique is used for the characterization of a 2.2 mm deep surface notch
in a 25 mm thick aluminum plate, which simulates a surface breaking planar flaw like a crack. The
linear array transducer is kept away from the notch (to simulate the field restrictions encountered
during inspection of unground welds) and the data is acquired using 45 deg. longitudinal wave.

The experimental set-up is shown in Figure 5.32. Details are given in Chapter 3, Section 3.8.

(@) (b)

Figure 5.32: Experimental set-up for detection of surface planar flaw by Angle Beam PA-

SAFT technique (a) Flaw on the back surface and (b) Flaw on the scanning surface
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Figures 5.33(a) and (b) show the raw and the processed B-scan images respectively for the notch

on the back surface.
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Figure 5.33: (a) Raw B-scan and (b) SAFT processed B-scan image for the notch on the
back surface by Angle Beam PA-SAFT
The raw B-scan image shows signals of two types, one with constant time-of-flight, at a depth of
around 18 mm, and others having a shape of hyperbola at the depth of around 25 mm. The signal
with the constant time-of-flight is from the backwall and appears because of the normal beam
component in the transmitted sound beam. This component gets generated as a result of excessive
steering. Since the raw B-scan image in Figure 5.33(a) is depth-corrected, the sound path is
multiplied by the cosine of the beam angle (which is 45 deg. in the present case). As a result, the
signal from the backwall appears at the distance of 18 mm (25 mm x cosine of 45 deg.). The raw
B-scan image also shows signals with varying time-of-flight or depth. These signals are from the
surface notch. The signals show varying time-of-flight because the notch extremities are seen by
the divergent sound beam emanating from active apertures during electronic scan. Since the notch

is on the backwall, the depth corrected path for the corner trap signal is approximately 25 mm. In
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addition, there is another hyperbolic signal that appears before the corner trap signal. This signal
is from the upper tip of the surface notch. The SAFT processed B-scan image is shown in Figure
5.33(b), which shows two spot indications, one for the corner trap and the other for the upper tip.
From their locations with respect to the scanning surface, the depth of the notch is evaluated to be
2.2 mm, which is the true value.

The data for the same notch is also acquired at 1 skip, to simulate the flaw on the scanning surface.
Figure 5.34(a) shows the raw B-scan image. The image shows the backwall signal at 18 mm and
its multiple at 36 mm. The image also shows the hyperbolic signals from the notch at the depth of
around 50 mm, one from the corner trap and the other from the notch tip. In addition, the raw B-
scan image also shows similar hyperbolic signals at higher depth. In order to assess the origin of
these signals, simulation studies are carried out by CIVA 11.

Figure 5.34(b) shows the simulation results under identical experimental conditions. The
experimental raw B-scan image matches closely with the simulation results. From the simulation,
the wave modes responsible for various signals in the raw B-scan image are assessed. The
simulation studies indicated that the signals with constant time of flight are because of the normal
beam component, the first set of hyperbolic signals are because of the interaction of longitudinal
wave component with the notch and the second set of hyperbolic signals appearing at higher depths
are because of the interaction of mode converted shear wave with the notch. The backwall and the
signals from the shear wave component disappear completely on SAFT processing. Only the signal
from the corner trap and the tip signal from the notch due to the longitudinal component are left
behind. These two signals are clearly visible in the processed B-scan image as shown in Figure
5.34(c). The magnified view of the signal from the notch tip us shown in the top-left corner. The

depth of the notch assessed by angle beam PA-SAFT from the processed B-scan image is found
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to be 2.2 mm, which is the actual value.
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Figure 5.34: (a) Raw B-scan and (b) Simulation result and (c) SAFT processed B-scan

image for the notch on the scanning surface by Angle Beam PA-SAFT

5.5 Uncertainty in depth sizing of planar flaws using SFLA and PA-SAFT Techniques
Depth sizing (height or through-wall dimension) of planar flaws using SFLA and PA-SAFT
techniques is based on the location of the flaw extremities from the scanning surface. The

uncertainty in the depth sizing is governed by the uncertainty associated in locating upper and
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lower tips of the flaw. The following factors contribute to uncertainty in depth sizing while using

SFLA and PA-SAFT techniques:

e Time of Flight measurement (E1)
The raw data for SFLA and PA-SAFT techniques is acquired at 100 MHz sampling rate. This
corresponds to a time of flight error of 10 ns. In terms of distance in the material (Velocity in
steel = 6 um/ns), this will lead to an error of 0.03 mm ((10/2) ns x (6 pm/ns)) in locating the
upper or lower tip of the flaw. Hence, the maximum error in depth sizing due to time-of-flight
measurement will be 0.06 mm.
e Assumed sound velocity in the material (E2)
The sound velocity in the test sample may be different than the sound velocity which is given as
an input to the software for SAFT processing of acquired data. This will introduce errors in
position of upper and lower tips of the flaw from the scanning surface. Unlike in the case of the
error due to time of flight measurement, the direction of error in this case will be the same for
upper and lower tips of the flaw. In the case of steel, 2% error in the assumed velocity with
respect to the actual velocity will lead to an error £ 0.2 - 0.3 mm in the position of the flaw tips
located at a distance of 10 to 15 mm from the scanning surface. The magnitude of this error will
increase as one goes deeper into the material. However, the through-wall dimension is calculated
from the difference in the location of the upper and the lower tips of the flaw from the scanning
surface. Hence the error in depth sizing due to sound velocity will be affected by the actual depth
of the flaw instead of the relative position of the upper and the lower tips from the scanning
surface. For instance, for a 10 mm height flaw, an error of 2% in sound velocity will lead to an

error of 0.2 mm in estimation of the through-wall dimension.
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The error in sound velocity will also affect the quality of SAFT processed image, as discussed

in Chapter 4 Section 4.3.2.2.1. Figures 5.35(a) and (b) show the SAFT processed B-scan images

processed with the correct sound velocity (6300 m/s) and the incorrect sound velocity (6200 m/s)

respectively. The magnified view is also shown in the top-left corner. The raw data is collected

on an aluminum block containing 2.2 mm deep notch on the back surface by SFLA technique.
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Figure 5.35: SAFT processed B-scan images of a notch on the back surface in aluminum

plate (actual sound velocity = 6300 m/s) by SFLA technique processed with (a) Sound

(b)

velocity 6300 m/s and (b) Sound velocity 6200 m/s

When the input sound velocity during SAFT processing matches with the velocity in the sample

(6300 m/s), the signal from the flaw tip is very sharp in the processed B-scan data due to

satisfactory constructive interference. The location of the flaw tip from the scanning surface is

found to be 22.8 mm. With the plate thickness as 25 mm, the depth of the notch evaluated by SFLA

is 2.2 mm, which is the real depth. When the input velocity during SAFT processing does not

match with the velocity in the material, there is a broadening of the signal from flaw tip. This is

also observed while studying the effect of SAFT processing parameters on the sound beam

focusing using SFLA (Chapter 4, Section 4.3.2.2.1). The location of the flaw tip from the surface
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is found to be 22.5 mm (lower than the previous case because of lower value of the input sound
velocity). This gives the value of 2.5 mm for the depth of the notch, which is 0.3 mm higher than
the true value. The broadening of the flaw tip signal, when the input sound velocity differs from
the actual, is because of the fact that the constructive interference at the tip location and the
destructive interference adjacent to it are not effective. During the characterization of planar flaws,
if the upper and lower tips show wide signals, then it can serve as a feedback that the assumed
sound velocity in the material could be different than the actual velocity. In such a case, the sound
velocity in the material should be checked and used during SAFT processing. Incorrect sound
velocity not just affect the positioning of the tip signal but also its amplitude. Hence in addition to

the depth sizing error, this parameter also affects signal to noise ratio.

e Half cycle error (E3)
For a 5 MHz linear array, the half cycle of the pulse corresponds to 100 ns. In terms of distance,
this will correspond to 0.6 mm in steel. With pulse-echo mode of data acquisition, this will lead
to an error of 0.3 mm in locating the upper tip and the lower tip of the flaw. Since this error can
be in opposite direction for both the tips, for depth assessment of the flaw the total error due to

half cycle will be 0.6 mm.

Considering the above factors, uncertainty in terms of the root mean square error in the depth

sizing (E) of planar flaws by SFLA and PA-SAFT techniques comes to 0.4 mm

(E=E? + EZ + EZ)[220, 221].
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5.6 Summary of the chapter

v' SFLA and PA-SAFT techniques showed excellent ability to the detection of volumetric flaws
located one below the other up to a depth of 60 mm in steel. The sensitivity of the order of
0.022 SDR could be achieved by these techniques.

v Under identical test conditions, PA-SAFT technique could detect volumetric flaws that are
located deeper when compared to the results obtained by SFLA and FMC techniques. This can
be attributed to a higher acoustic power of the sound beam in the material while using PA-
SAFT technique.

v' The lateral resolution obtained by SFLA and PA-SAFT techniques is smaller than the ones
observed by conventional phased array using large number of elements as active aperture and
comparable to FMC + TFM technique.

v' SFLA and PA-SAFT techniques could detect very fine volumetric flaw (0.5 mm dia.) located
at the distance of 200 mm from the surface in aluminum.

v With respect to the detection of volumetric flaws at the same depth, both SFLA and PA-SAFT
techniques showed good resolving ability. Both the techniques could detect the flaw located in
the region beyond the linear array. The lateral coverage achieved by both the techniques is
approximately 90 mm, which includes the region of approximately 25 mm out of the array.
However, with both the techniques the focusing beneath the array is better than in the region
away from it.

v' With SFLA technique, it is possible to achieve the resolution of 0.6 mm at the depth of 20 mm
in steel using 10 MHz, 0.3 mm pitch linear array. With PA-SAFT technique, the resolution

achieved under similar conditions is 0.9 mm. The lower value for the resolution for SFLA
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technique could be attributed to the smaller size of the piezoelectric element for sound beam
transmission as compared to the size of the virtual source in PA-SAFT.

v For planar flaws in thin sections (25 mm), both SFLA and PA-SAFT techniques are able to
detect and accurately characterize the flaws in terms of the depth and orientation. The results
are comparable to the ones obtained by FMC + TFM technique.

v" For thick section (60 mm), SFLA and FMC + TFM are unable to detect the lower tip of planar
flaws satisfactorily. With PA-SAFT technique, the detection improves, but there is also a slight
increase in the spread of the signals. The best results for the detection of upper and lower tips
of a planar flaw in thick section are obtained by Angle beam PA-SAFT technique.

v" Angle beam PA-SAFT technique is able to accurately assess the depth of a surface notch
(scanning surface and back surface) in 25 mm thick aluminum plate.

v’ The factors contributing to the errors in the depth estimation of planar flaws by SFLA and PA-
SAFT techniques are identified. The cumulative root mean square error in the depth sizing of
planar flaws by SFLA and PA-SAFT techniques in steel using 5 MHz linear array and 100
MHz sampling rate is found to be 0.4 mm. The error observed during the experimental work
in the depth sizing of simulated planar flaws in thin and thick stainless steel plate is found to

be within this value.
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DEMONSTRATING THE EFFECTIVENESS OF SFLA AND PA-SAFT
TECHNIQUES FOR DETECTION AND CHARACTERIZATION OF
FLAWS IN WELD JOINTS

6.1 Introduction

The effectiveness of SFLA and PA-SAFT techniques for the detection and characterization of
volumetric and planar flaws is assessed using samples containing simulated flaws in the form of
side drilled holes and EDM slots of different orientations. The results are described in Chapter 5.
Unlike simulated flaws, the real flaws do not have smooth reflecting surfaces. They may be
unfavorably oriented to the incident ultrasound, can exhibit branching and are much tighter (very
fine opening) as compared to the simulated flaws. These conditions may pose additional
challenges in their detection and characterization. In order to study these aspects and
demonstrate the effectiveness of SFLA and PA-SAFT techniques for the detection and
characterization of real flaws, experiments are carried out using different weld samples in the
plate geometry made of carbon steel and austenitic stainless steel. These samples contain
volumetric flaws in the form of clustered porosity and slag, and the planar flaws in the form of
cracks and lack of sidewall fusion. The results of flaw characterization studies on these weld

samples are described in this Section.

Further, a study is also undertaken towards the application of SFLA and PA-SAFT techniques
for in-service inspection of a weld joint in thick pressure vessel. In this regard, experiments are
carried out on the mock-up block of a circumferential weld joint (C1) in the reactor pressure
vessel of a nuclear boiling water reactor (BWR). First, the conventional phased array technique

based on focal laws for in-service inspection of this weld joint is employed. Subsequently, a
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study is undertaken to assess whether similar or better results can be obtained by SFLA and PA-
SAFT techniques using much lesser resources (in terms of total number of active elements and
the configuration of phased array instrumentation) as compared to the conventional phased array.
The study involved both, simulation using CIVA 11 and the experimental work on the mock-up.
The simulation studies are aimed at the optimization of the active aperture for PA-SAFT
technique and evaluate the sound beam coverage in the weld location by various techniques.
Based on the results of simulation studies, experimental work is undertaken using the mock-up.
The challenges involved with the in-service inspection of this weld joint, the results of the
conventional phased array examination, the analysis of the results obtained by simulation studies,
the results of experimental work using SFLA and PA-SAFT techniques and the comparison of
various techniques in terms of the detection and characterization of reference flaws on the mock-

up of C1 weld joint are described in this chapter.

6.2 Velocity Profiling across the weld

In the previous chapter (Section 5.5), it is shown that the difference in the actual sound velocity
in the material and the one assumed during SAFT processing has a significant impact on the
image quality and the accuracy in flaw characterization. During the application of SFLA and PA-
SAFT techniques for characterization of real flaws in carbon steel weld joints, the linear array is
placed across the flushed weld bead as shown in Figure 6.1. With this arrangement, the sound
beam passes through different regions comprising of: (i) completely base metal, (ii) partially
base metal and partially weld and (iii) completely weld metal. During SAFT processing, the
sound velocity is assumed to be constant for the above three regions. To confirm this, a B-scan
image containing the first and the second backwall signals is acquired by electronic scanning

using a 10 MHz, 0.3 mm pitch linear array by placing the array as shown in Figure 6.1. A single
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element is used for transmission and reception. From the B-scan image, A-scan signals for each
element are extracted. From the time of flight difference between the two backwall signals and
the thickness (measured by micrometer), the sound velocity corresponding to each A-scan is

determined with an accuracy of £ 3 m/s.

Figure 6.1: Experimental set-up for data acquisition on weld samples by SFLA, PA-SAFT

and FMC techniques
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Figure 6.2: Sound velocity profile across the weld and base metal region

Figure 6.2 shows the results of sound velocity measurement across the carbon steel weld sample.

The velocity is found to vary from 5895 m/s to 5905 m/s, which is negligible. Based on this
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result, a single value of sound velocity is used for processing of the entire data in all the weld

samples made of carbon steel, including the weld region.

While dealing with an acoustically an-isotropic material such as austenitic stainless steel weld, a
significant difference in sound velocity is expected between the weld metal and the parent metal.
Moreover, the sound beam also experiences skewing. If a single value of sound velocity is used
during SAFT processing and the beam skewing effect is not considered, the sound beam
focusing will not be effective, leading to poor quality of the processed image and uncertainty in
depth assessment of weld flaws. In the present investigation, the austenitic stainless steel weld
samples are used to study the effectiveness of Angle Beam PA-SAFT technique for
characterization of flaws in the weld with an un-ground weld beam. During data acquisition on
these samples, the sound beam passes through the parent metal only. Hence, a single value of
sound velocity corresponding to the austenitic stainless steel plate material (base metal) is used
for processing of raw B-scan images. Since the travel path of the sound beam is limited to the
base metal, the acoustic anisotropy in the weld material is not expected to affect the image

reconstruction and thereby the accuracy in depth assessment of weld flaws.

6.3 Characterization of volumetric weld flaws

The carbon steel plate samples with weld flaws in the form of clustered porosity and slag are
examined by SFLA, PA-SAFT and FMC techniques. The data from these samples is acquired
using 10 MHz, 0.3 mm pitch, 64 elements linear array. For data acquisition, the linear array is
placed on the sample as shown in Figure 6.1. The experimental details are given in Chapter 3,

Section 3.9.
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6.3.1 Clustered Porosity

The photograph of the clustered porosity is shown in Figure 6.3. The photograph shows that the
clustered porosity is present in the weld of approximately 15 mm thickness. Some porosities are
circular while the others are elongated. They have different dimensions and are closely spaced.

The porosities are located very close to the back surface of the weld.

Figure 6.3: Clustered porosity in the weld sample (Scale in mm)

The raw and the processed SFLA images of the clustered porosity are shown in Figures 6.4(a)
and (b) respectively. The raw B-scan image shows multiple signals from the cluster of porosities.
The signals are well spread out, which is typically obtained when a divergent sound beam scans
across a point reflector. Since porosities are very closely spaced, the signals from them cannot be
resolved in the raw image. The SAFT processed image shows numerous spot indications, very

closely spaced, like a cluster.
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Figure 6.4: (a) Raw B-Scan (b) SAFT processed B-scan image showing multiple spot

indications from clustered porosity in the weld sample by SFLA technique
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Figures 6.5(a) and (b) shows the raw and the processed B-scan images of the clustered porosity
by PA-SAFT technique respectively. The results are similar to SFLA technique, except that the

spread of signals in the processed B-scan image is higher.
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Figure 6.5: (a) Raw B-Scan (b) SAFT processed B-scan image showing multiple spot
indications from clustered porosity in the weld sample by PA-SAFT technique
Figure 6.6 shows the FMC + TFM image of the clustered porosity. The results are similar to the

ones obtained by SFLA technique.
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Figure 6.6: B-scan image showing multiple spot indications from clustered porosity in the
weld sample by FMC + TFM technique
The processed B-scan images by SFLA, PA-SAFT and FMC techniques show more number of

porosities than what are seen in the photograph. This is because of the fact that while the
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photograph shows porosities only for a one section (where the sample has been cut), the raw B-
scan data acquired by these techniques has signals from porosities in the adjacent sections also
that fall within the beam spread. Each of these sections has porosities of different size and
distribution, which get imaged in the raw as well as the processed B-scan. Another reason for
more number of indications in the processed B-scan images is the multiple scattering of sound
beam by closely spaced pores. During the study on closely spaced volumetric flaws (Section
5.2.3), it is observed that multiple scattering from side drilled holes is responsible for additional
signals in the processed B-scan images. The results obtained from the clustered porosity is in line
with these observations. Although the B-scan images clearly bring out that the flaw under
consideration is a cluster of porosities, an accurate assessment regarding the number of pores
cannot be made by these techniques.

6.3.2. Slag Inclusion

Figure 6.7 shows the photograph of the slag inclusion. The photograph shows that the slag
inclusion is present in the weld of approximately 15 mm thickness. It is fairly wide and has an
elongated shape. The inclusion is located close to the back surface and is slightly tilted towards

one side.

Figure 6.7: Slag inclusion in the weld sample (Scale in mm)
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The raw and the SAFT processed B-scan images for the slag inclusion by SFLA technique is
shown in Figures 6.8(a) and (b) respectively. The raw image shows typical hyperbolic signals
from the upper and the lower tips of the slag. The upper tip signal in the raw B-scan image is

fairly stronger and shows a larger spread as compared to the lower tip signal.
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Figure 6.8: (a) Raw B-Scan (b) SAFT processed B-scan image showing the upper and the
lower tip signals from the slag inclusion in the weld sample by SFLA technique
On SAFT processing, the two signals are reduced to spot indications. The spots are laterally
shifted indicating that the flaw is tilted to the right side, which is indeed the case.
The raw and the processed B-scan images of the slag inclusion by PA-SAFT technique are

shown in Figures 6.9(a) and (b) respectively. The image clearly shows the upper and the lower

tips of the slag.
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Figure 6.9: (a) Raw B-Scan (b) SAFT processed B-scan images showing the upper and the
lower tip signals from the slag inclusion in the weld sample by PA-SAFT technique
The FMC + TFM result is shown in Figure 6.10. In spite of using only 64 of the total 128

elements, the FMC results are comparable to the results obtained by SFLA and PA-SAFT

techniques. n
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Figure 6.10: B-scan image showing the upper and the lower tip signals from the slag

inclusion in the weld sample by FMC + TFM technique
6.3.3 Summary of observations on volumetric flaws
The following is the summary of observations from the results obtained by various techniques

for the detection and characterization of volumetric weld flaws:

Table 6.1 shows the results of the depth sizing of clustered porosity and slag inclusion by various

techniques. The depth sizing is done by finding out the location of the flaw extremities with
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respect to the scanning surface from the processed A-scan data and the echodynamic plot as
described in Section 5.3.1.4. The true depth is found out by metallography after sectioning the

sample at the flaw location.

Table 6.1: Results of depth sizing of volumetric flaws by various techniques

True Depth measured
Depth measured Depth measured
Flaw Type depth by PA-SAFT
by SFLA (mm) by FMC (mm)
(mm) (mm)
Clustered
3.7 4.0 3.6 3.5
porosity
Slag 3.9 4.1 3.8 3.8

e For the cluster porosity, all the techniques show numerous closely spaced spot indications
that are typically obtained from a cluster of flaws.

e The number of signals in the SAFT processed B-scan images are more than what are
observed in the photograph. This can be attributed to the beam spread effect, which is
responsible for the detection of more number of porosities from the adjacent sections as well
as multiple scattering from closely spaced pores.

e For the slag inclusion, all the techniques could detect and locate its upper and lower tips. The
amplitude of the lower tip signal is found to be lesser than the upper tip, but still sufficiently

above the background noise.
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e The depth sizing of the cluster porosity and the slag inclusion by SFLA and PA-SAFT

techniques is found to be accurate and comparable to FMC+TFM technique.

6.4. Characterization of planar weld flaws

The planar flaws in the form of lack of side wall fusion and root crack in the weld are
characterized by SFLA and PA-SAFT techniques. The data on these samples is acquired using
10 MHz, 0.3 mm pitch, 128 elements linear array. The SFLA, PA-SAFT and FMC data is
collected by placing the transducer over the weld as shown in Figure 6.1. The raw data is then
processed by SAFT for SFLA and PA-SAFT techniques and by TFM algorithm for FMC. The

experimental details are given in Chapter 3, Section 3.9.

6.4.1 Lack of sidewall fusion

The photograph of the lack of sidewall fusion is shown in Figure 6.11.
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Figure 6.11: Lack of sidewall fusion in the weld sample (Scale in mm)

The photograph shows that the lack of sidewall fusion is present in the weld having a thickness
of approximately 15 mm. It has a very narrow width, unlike the volumetric flaws described
above, and is oriented in the thickness direction. It is present at the interface of the weld pool and
the parent metal, and is located close to the backwall.

The raw and SAFT processed B-scan images using SFLA technique for the lack of sidewall
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fusion are shown in Figures 6.12(a) and (b) respectively. The raw image indicates two hyperbolic
signals corresponding to the upper and lower tip of the lack of sidewall fusion. These signals are
laterally shifted, which indicates that the flaw is tilted towards one side. Due to the presence of
the flaw, there is also a slight reduction in the amplitude of the backwall signal just below the
flaw. On SAFT processing, the hyperbolic signals are reduced to two spot indications. From the
processed B-scan image, the coordinates of the upper and the lower tips are found out, from

where the through-wall dimension of the lack of sidewall fusion and its orientation are found out.
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Figure 6.12: (a) Raw B-Scan (b) SAFT processed B-scan image showing the upper and the
lower tip signals from the lack of fusion in the weld sample by SFLA technique
Figures 6.13 (a) and (b) shows the raw and the SAFT processed B-scan images respectively
using PA-SAFT technique. The results are similar to the ones observed by SFLA technique.
Since the PA-SAFT technique uses a group of elements for sound beam transmission, the sound
wave amplitude incident at the flaw tips is expected to be higher. This is reflected in better signal
to noise ratio in the raw as well as in the processed B-scan images using PA-SAFT technique as

compared to SFLA.

Chapter 6 250



- - TR A S

HEl -5 5
E Upper 9 =
10- Lower o :
ﬁ —@® ‘»*
0 tip ]
[ D ———— e 10
"s | | | | I [

= 0 5 10 15 ) P 30 3

o 5 10 13 20 25 30 35

Figure 6.13: (a) Raw B-Scan (b) SAFT processed B-scan image showing the upper and the
lower tip signals from the lack of fusion in the weld sample by PA-SAFT technique
Figure 6.14 shows the FMC + TFM image for the lack of sidewall fusion. In this case too, fairly
strong signals corresponding to the upper and the lower tips of the flaw are seen. Although the
total effective aperture (TEA) at the scanning surface comprise of only 64 elements as compared

to 128 elements using SFLA and PA-SAFT techniques, the flaw tips are imaged satisfactorily.
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Figure 6.14: B-scan image showing the upper and the lower tip signals from the lack of
fusion in the weld sample by FMC + TFM technique
One reason for this is that the flaw tips are located within the depth of 15 mm from the scanning
surface. It is observed during the study on the effect of TEA on sound beam focusing (Chapter 4,
Section 4.3.2.1.4) that up to 25 mm depth, even with lesser TEA (64 elements instead of 128

elements with 10 MHz, 0.3 mm pitch linear array) one can achieve satisfactory focusing.
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6.4.2 Root crack

The photograph of the root crack is shown in Figure 6.15. The crack is present in the weld
having a thickness of approximately 10 mm. Like the lack of sidewall fusion, the root crack also

has a very narrow width, and is oriented in the thickness direction. The crack is connected to the

backwall and does not show much tilt.
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Figure 6.15: Root crack in the weld sample (Scale in mm)

The raw and the SAFT processed B-scan images using SFLA technique for the root crack are

shown in Figures 6.16(a) and (b) respectively.
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Figure 6.16: (a) Raw B-Scan (b) SAFT processed B-scan image showing the crack tip signal
of the root crack in the weld sample by SFLA technique

The raw image indicates a single hyperbolic signal, corresponding to the upper tip of the crack.

There is no bottom tip signal as the crack is open to the surface. Due to the presence of the crack,

there is a significant drop in the amplitude of the backwall signal. On SAFT processing, the
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hyperbolic signal is reduced to a spot indication. From the processed image, the depth of the

crack is found out.

Figures 6.17(a) and (b) shows the raw and the processed B-scan images respectively using PA-

SAFT technique. As seen with the lack of fusion, the signal to noise ratio is better than SFLA

technique.
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Figure 6.17: (a) Raw B-Scan (b) SAFT processed B-scan image showing the crack tip signal

of the root crack in the weld sample by PA-SAFT technique
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Figure 6.18: B-scan image showing the crack tip signal of the root crack in the weld sample

by FMC + TFM technique

Figure 6.18 shows the FMC+TFM image for the root crack. In this case too, a distinct high

amplitude signal from the upper tip of the crack is seen in the B-scan image.
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6.4.3 Summary of observations on planar flaws
The following is the summary of observations on the results obtained by various techniques for

the detection and characterization of planar weld flaws:

Table 6.2 shows the results of depth sizing and orientation of lack of fusion and root crack by
various techniques. The coordinates of the flaw tip(s) are found out from echodynamic plot as

described in Section 5.3.1.4.

Table 6.2: Assessment of flaw height and orientation of planar flaws in the weld samples by

SFLA, PA-SAFT and FMC techniques

SFLA PA-SAFT FMC
Flaw
Type True True Angle Depth  Angle Depth  Angle Depth
orientation depth
ientatl Pt (deg)  (mm) (deg) (mm) (deg)  (mm)
(deg.) (mm)
Lack of
sidewall 40 3.0 39 2.9 39 2.8 42 2.8
fusion
Root
- 3.3 - 35 - 35 - 3.6
crack

e For the lack of sidewall fusion, all the techniques show two spot signals corresponding to
the upper and lower tips of the flaw. These signals show good amplitude, well above the

background noise level.
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e For the root crack, all the techniques could detect and locate the crack tip. There is a
significant drop in the amplitude of the backwall signal, which indicates that the crack is
opening to the back surface.

e The depth sizing of lack of fusion and the root crack and the assessment of orientation of
the lack of fusion are found to be very accurate using SFLA and PA-SAFT techniques.

e The results on the detection and characterization of planar flaws in the weld joint in
relatively thin sections (up to 15 mm) by SFLA and PA-SAFT techniques are comparable

to the results obtained by FMC + TFM technique

6.5. Characterization of planar weld flaws by Angle beam PA-SAFT technique

During the study on the characterization of weld flaws using SFLA and PA-SAFT techniques,
the linear array is placed over the weld bead so that the majority of elements take part in the
image formation. This may not be possible in cases, when the weld bead is not flushed. In such
cases, Angle Beam PA-SAFT provides a good alternate. The effectiveness of Angle Beam PA-
SAFT for the detection and the depth sizing of planar flaws is assessed on the machined notch in
aluminum plate. The results are described in Chapter 5, Section 5.4. In order to assess, whether
this technique shows promising results on the real weld flaws, experiments are carried out on a
26 mm thick butt weld of austenitic stainless steel with an unground weld bead. One of the welds
has a crack at the root while the other has a toe-crack on the scanning surface. To detect the root
crack, the linear array is kept very close to the weld bead, while for the detection of the toe-
crack; the array is placed approximately 35 mm away from the weld bead. The experimental
arrangement is shown in Figures 6.19(a) and (b). Since the sample is made of austenitic stainless

steel and is 25 mm thick, the raw B-scan data in this case is acquired using a lower frequency
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array of 5 MHz, 0.6 mm pitch, 64 elements. The experimental details are given in Chapter 3,

Section 3.9.

Figure 6.19: Experimental arrangement for data acquisition by Angle beam PA-SAFT

technique (a) Root crack and (b) Toe crack (Scale in mm)

6.5.1 Root Crack

Figure 6.20 shows the photograph of the root crack in a 25 mm thick V-grove weld with an un-

ground weld beam.

Figure 6.20: Photograph of the root crack in the austenitic stainless steel weld joint (Scale

in mm)

The photograph shows that the crack is at the interface between the weld bead and the parent
metal. The crack has a very fine opening (a sharp upper tip) and is almost perpendicular to the

backwall.
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Figure 6.21 (a) shows the raw B-scan image acquired using a divergent sound beam with the
principle angle of 55 deg. The image shows signals of two types: (i) signals with constant time of
flight (almost straight throughout the scan length) and (i) signals with varying time-of-flight (in
the shape of hyperbola). The signals with constant time of flight are from the backwall. This
signal appears due to the normal beam component in the sound beam created as a result of

excessive steering.
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Figure 6.21: (a) Raw B-Scan (b) SAFT processed B-scan image showing the crack tip signal
and the corner trap signal from the root crack in the weld sample by Angle beam PA-SAFT

technique

The raw B-scan is depth corrected during which the sound path is multiplied by the cosine of the
beam angle. Hence the backwall signal due to the normal beam component appears at a distance
of 14 mm (25 x cosine (55)). The signals with varying time-of-flight are from the crack. Since
the crack is at the backwall, a strong hyperbolic signal from the corner trap is seen around the
depth of 25 mm in the raw B-scan image. Additionally, a weak hyperbolic signal with a lesser
time-of-flight than the corner trap signal is also seen. This signal is from the upper tip of the

crack. The SAFT processed B-scan image is shown in Figure 6.20(b). The processed image

Chapter 6 257



shows a strong signal from a corner trap at the expected depth and a relatively weaker signal
from the upper tip. From the difference in the depth of the corner trap signal and the upper tip
signal in the B-scan image, the through-wall dimension or the depth of the root crack is

evaluated.

6.5.2. Toe crack

Figures 6.22 show the photograph of the toe crack in a 26 mm thick butt weld with an unground
weld beam. The photograph shows that the crack is at the scanning surface and is located at the
interface between the weld bead and the parent metal. Figures 6.23(a) and (b) show the raw and
the SAFT processed B-scan images respectively. The raw B-scan image is acquired using a 55
deg. divergent longitudinal sound beam. The data is acquired for a path of more than full \V path.
In this case too, signals from the backwall, its multiples and the hyperbolic signals from the
crack are seen. The raw B-scan image shows the corner trap signal from the crack at the depth of
approximately 54 mm (corresponding to twice the thickness as the crack is detected by full V-
path) and the signal from the crack tip at slightly lower depth. The SAFT processed B-scan
image shows a strong signal from the corner trap and the signal from the crack tip. From the

difference in the locations of these two signals relative to the scanning surface, the depth of the

toe-crack is evaluated.

Figure 6.22: Photograph of the toe crack in austenitic stainless steel weld joint

(Scale in mm)
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Figure 6.23:(a) Raw B-Scan (b) SAFT processed B-scan image showing the crack tip signal
and the corner trap signal from the toe-crack in the weld sample by Angle beam PA-SAFT

technique

6.5.3 Summary of observations on the detection and the characterization of planar flaws by

Angle Beam PA-SAFT

Table 6.3 shows the results of the depth sizing of the root crack and the toe-crack by Angle

Beam PA-SAFT technique.

Table 6.3: Assessment of the depth of the cracks in the weld samples by Angle Beam PA-SAFT

technique

Flaw Type  True depth (mm) Depth by Angle Beam PA-SAFT(mm)

Root crack 5.0 5.2

Toe crack 5.8 5.4
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e In addition to the signals of interest, the raw B-scan data shows additional signals in the
form of backwall because of the normal beam component, and from the crack because of
the shear wave component in the sound beam. These signals are effectively eliminated
during SAFT processing

e Based on the above results, it can be concluded that the Angle Beam PA-SAFT technique
is very effective in the detection and the characterization of planar flaws in an unground
weld bead, where the application of SFLA, PA-SAFT and FMC techniques may not be

possible

6.6 Comparison of different techniques for depth sizing of planar flaws

Three techniques viz. SFLA, normal beam PA-SAFT and Angle Beam PA-SAFT are studied
during this research work. The results on the application of these techniques to detect and
characterize the planar flaws in welds are described above. In order to compare their
performance under identical experimental conditions, experiments are conducted on a carbon
steel weld sample with a planar flaw in the form of lack of sidewall fusion and an austenitic
stainless steel weld sample with a root crack, which is described in Section 6.4.1. Experimental

details are given in Chapter 3 Section 3.9.

6.6.1 Lack of sidewall fusion

Figure 6.24 shows the photograph of the carbon steel weld sample with the lack of sidewall
fusion. The photograph shows the 22 mm thick butt weld joint, with the lack of sidewall fusion
at the interface between the weld and the parent metal. The flaw is located at the mid-wall, with
its upper tip at approximately 6 mm from the scanning surface. Prior to the removal of the weld

bead to facilitate the examination by SFLA and normal beam PA-SAFT techniques, the data on
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this sample is collected using Angle Beam PA-SAFT by keeping the linear array away from the
weld bead. Subsequent to the weld bead removal, the data is acquired using SFLA and PA-SAFT

and FMC techniques by keeping the linear array above the weld region.

Hlllllllﬂlllllllllﬂ]

Figure 6.24: Photograph of carbon steel weld sample with lack of sidewall fusion (Scale in

mm)

Figures 6.25(a), (b), (c) and (d) show the processed B-scan images by SFLA, PA-SAFT, Angle

Beam PA-SAFT and FMC + TFM techniques respectively.
The results indicate the following:

All the techniques detected the lack of sidewall fusion in the weld joint

e The depth of the lack of fusion estimated by SFLA, PA-SAFT, Angle Beam PA-SAFT
and FMC+TFM techniques is found to be 4.4 mm, 4.6 mm, 45 mm and 4.3 mm, as
against the true value of 4.6 mm found out by metallography. These results indicate that
all the techniques could accurately assess the depth of the lack of sidewall fusion

e The signal amplitude by SFLA technique, especially for the bottom tip, is rather low.
This can be attributed to lower acoustic power of the transmitted sound beam

e The signal amplitude of the bottom tip signal improves considerably with normal beam

PA-SAFT, since a group of elements are used for sound beam transmission
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e The best results are obtained by Angle Beam PA-SAFT, which shows strong signals from
both, the lower and the upper tips. This indicates that for reliable detection and
characterization of weld flaws, there is no need for the removal of weld crown, by
employing Angle Beam PA-SAFT technique

e The above results show a similar trend, which is observed for the depth sizing of artificial

planar flaws in 60 mm thick stainless steel plate (Chapter 5, Section 5.3.2).
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Figure 6.25: SAFT processed B-scan images by (a) SFLA (b) PA-SAFT and (c) Angle Beam
PA-SAFT (d) FMC + TFM techniques showing the upper and lower tip signals from the

lack of sidewall fusion in the carbon steel weld joint
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6.6.2 Root crack

The photograph of the root crack in a 25 mm thick austenitic stainless steel weld sample is

shown in Figure 6.20. In this case too, prior to the removal of the weld bead, the raw B-scan data

is first acquired by Angle beam PA-SAFT technique. Subsequently, the weld bead is removed

and the data is acquired by SFLA, normal beam PA-SAFT and FMC + TFM techniques.

Figures 6.26 () to (e) show the raw B-scan and the processed B-scan images obtained by various

techniques. The raw B-scan image (Figure 6.26 (a)) using normal beam PA-SAFT is acquired at

a gain level corresponding to the gain reserve of only 4 dB. In spite of using such a high gain, the

image does not show any hyperbolic signal from the upper tip of the crack. The image shows a

weak signal from the backwall and multiple low amplitude signals because of sound beam

scattering. The backwall signal shows an increase in the time-of-flight in the central region. This

is because of the presence of excess penetration at the root of the weld joint.
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Figure 6.26: B-scan images for the root crack in austenitic stainless steel weld joints (a)
Raw B-scan image by normal beam PA-SAFT, (b) SAFT processed image by normal beam
PA-SAFT, (c) SAFT processed SFLA image (d) FMC+TFM and (e) SAFT processed image

by Angle beam PA-SAFT showing the crack-tip and corner trap signal

The crack is located at the edge of the excess penetration. For the normal beam PA-SAFT
technique, the data is acquired by placing the linear array over the weld bead. Under such
condition, the sound beam emanating from majority of the apertures travel through-out the
thickness of the coarse dendritic grain structure of austenitic weld. As a result, the sound beam

experiences excessive scattering and attenuation. Hence, even the backwall, which is a large size
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reflector, produces a low amplitude signal in the B-scan image. The dimension of the crack-tip
is infinitesimally smaller as compared to backwall. Therefore, the crack does not produce a
discernable signal in the raw B-scan image. The processed image (Figure 6.26 (b)) also does not
show any signal corresponding to the crack-tip. With SFLA and FMC + TFM techniques, the
situation is further worsened because of a very low acoustic power of the transmitted sound
beam, since only a single element is used for sound beam transmission. As a result, no crack-tip
signal is seen in the processed B-scan images (Figure 6.26 (c) and (d)). Contrary to these results,
Angle beam PA-SAFT shows distinct high amplitude signals from the crack extremities (Figure
6.26(e)). From the location of these signals with respect to the scanning surface, the depth of the
crack can be found out. With Angle beam PA-SAFT technique, the linear array is placed over the
parent metal and not on the weld bead. With this arrangement, the sound beam emanating from
the linear array travels for majority of its path in the parent metal, unlike with other techniques,
where the sound beam travels in the weld material. As a result, the scattering, and so the
attenuation of the sound beam during Angle beam PA-SAFT is much less. Hence, signals with
high amplitude, well over the background noise, could be obtained from the corner trap and the
upper tip of the crack. From these results, one can conclude that SFLA and PA-SAFT
techniques failed to detect the root crack in the austenitic stainless steel weld joint. Angle beam
PA-SAFT techniques is not only advantageous in cases where the weld bead is unground, but
also exhibits better sensitivity and enhanced characterization of flaws in austenitic stainless steel

weld joints, with or without the weld bead.
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6.7 Application of SFLA and PA-SAFT techniques for in-service inspection of

circumferential weld joint in a pressure vessel of a nuclear boiling water reactor

The twin Boling Water Reactors (BWRs) at Tarapur, India are in operation since late 1960s
[222]. The in-service inspection programme for these reactors is based on the guidelines of
ASME Boiler & Pressure Vessel Code Section Xl [52, 223]. The Code demands periodic
inspection of the weld joints in the reactor pressure vessel (RPV) to ensure its structural integrity
during its service life. The inspection is required to be carried out by ultrasonic testing. The
BWR pressure vessel at Tarapur Atomic Power Station (TAPS) is made from 124 mm thick low
alloy steel. The vessel is cladded from the inside surface with approximately 6-8 mm thick 308L
austenitic stainless steel. The RPV at TAPS has four circumferential (C1 to C4) and six
longitudinal (L) welds (Figure 6.27). The uppermost circumferential weld C1 is the weld joint
between the top flange and the RPV shell. During manufacturing, this weld is examined from the
outside surface and inside surface (prior to cladding) by ultrasonic angle beam and normal beam
techniques. During in-service inspection, there are two ways to carry out ultrasonic testing of this
weld joint: from the inside surface of the RPV or from the top surface of the flange. The outside
surface of the RPV is not accessible due to the presence of shielding. There are several
inspection methodologies developed world over for in-service inspection of various weld joints
in RPV of BWRs and PWRs [224-227]. Majority of these inspection methodologies, use several
single crystal ultrasonic transducers, mounted in a transducer assembly, to detect the flaws of

concern in the weld joints and the heat affected zones.
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Figure 6.27: Longitudinal and circumferential welds in RPV

Phased array ultrasonic testing offers a very effective alternative to the conventional, single
crystal based ultrasonic techniques for the examination of C1 weld joint [137-141]. The
examination is carried out from the top surface of the flange. The technique uses a linear array
transducer having 64 elements. The sound beam is focused at the weld location and steered from
ID to OD using appropriate focal laws to cover the entire thickness of the weld. Although phased
array technique is very effective in detection of significant flaws through-out the thickness of the
RPV weld joint, it requires high-end phased array instrumentation, which should be capable of
sequentially exciting a large number of array elements. To overcome this drawback, a detailed
study is carried out on the application of SFLA and PA-SAFT techniques for in-service
inspection of the C1 weld joint. The objective is to achieve sound beam focusing using much
lesser resources as compared to the conventional phased array. The methodology followed for
the data acquisition and processing using these techniques, the results of the experiments carried
out on a mock-up block and the comparison of the results obtained by SFLA and PA-SAFT

techniques with the conventional phased array are described below.
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6.7.1 Configuration of C1 weld joint and the examination requirements

The circumferential weld joint is located at a distance of 425 mm from the flange top surface,
where the transducer is placed during in-service inspection. The schematic of this weld joint is
shown in Figure 6.28. The flange is thick at the top (260 mm thick) and is matched in thickness
with that of RPV shell (124 mm) at the weld location by providing a taper on its outside surface.
The weld joint is Single-V groove full penetration butt weld with the edge preparation angle of
approximately 7° from the radial normal. Since the weld joint is circumferential, the
manufacturing flaws are expected to be oriented in radial-circumferential plane. To detect these
flaws as well as those which may get initiated during service and oriented in this plane,
ultrasonic normal beam examination from the top surface of the flange is an easier option, as

compared to inspection from the ID surface.
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Figure 6.28: Schematic of C1 weld joint and its distance from the top flange

The top surface of the flange has 54 penetrations, equally spaced over the entire circumference,
for bolting the top cover over the RPV shell. The schematic with the locations of these

penetrations on the flange surface is shown in Figure 6.29.
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Figure 6.29: Location of the bolt penetrations on the flange surface with respect to the clad

on RPV ID surface

Figure 6.29 shows that there is a limited space available, approximately 83 mm, at the location of
penetrations, over which the ultrasonic transducer can be placed or moved for normal beam
examination of C1 weld. The examination technique should ensure that: (i) the full thickness of
the weld joint is inspected, (ii) the reference flaws should be detected with adequate signal-to-
noise ratio, (iii) the reference flaws should get resolved, to ensure that multiple flaws at any
given cross-section are detected, and (iv) the depth sizing of crack-like flaws starting from ID

and OD surface is accurate for fitness-for-service assessment.
6.7.2 Ultrasonic simulation results

In order to study the effectiveness of various technique viz. normal beam using single crystal
transducer, beam steering and focusing using a linear array, and SFLA and PA-SAFT using a
linear array, with respect to the coverage of C1 weld while inspecting from the top flange

surface, simulation studies are carried out using CIVA 11.
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Figure 6.30: Beam Computation result at the C1 weld location using 2 MHz, 25 mm dia.

single crystal normal beam transducer (Simulation)

Figure 6.30 shows the results of the beam computation for a 25 mm diameter, 2 MHz normal
beam transducer at the C1 weld location. The magnitude of the sound wave amplitude in the
computation zone (examination region) is colour coded, blue indicates the maximum, pink
indicates the intermediate and dark green indicates the background. Using the above single
crystal transducer, although the sound beam covers significant region of the weld, the wave
amplitude near OD is very less. This may lead to poor sensitivity for the detection of flaws near
the OD surface. Moreover, the sound beam at the weld location is very wide (6 dB width = 27
mm). As a result, two or more flaws separated by less than this distance, may not get resolved.
Another major limitation of this approach is that the transducer needs to be moved in two
directions over the top flange surface, radially (from ID towards OD) and circumferentially, to

cover the entire volume of the C1 weld.
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The above drawbacks can be overcome by using a linear array transducer, wherein one can steer

the sound beam from ID to OD surface using appropriate focal laws, without the requirement of

;

Figure 6.31: Beam Computation result at the C1 weld location with beam focusing and

radial movement.

steering using 5 MHz, 1 mm pitch, 64 active elements linear array (Simulation)

Figure 6.31 shows the result of beam computation using a 5 MHz, 1mm pitch, 64 element, when
the sound beam is steered and focused at C1 weld location by placing the transducer on the top
flange surface. The results show that the entire thickness of the weld joint is covered by the

focused sound beam when all the 64 elements are used as active aperture.

There are two major advantages of this approach. The first one is that the entire thickness of the
weld gets inspected by beam steering from a single transducer location with almost uniform
sensitivity. Secondly, it is not required to move the transducer radially, as is the case with
conventional single crystal transducer. To examine the entire circumference of the C1 weld, the

linear array is required to be moved only circumferentially over the top flange. As a result, not
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only there is a significant reduction in the inspection time, but the manipulator design for field
inspection also becomes simpler. Moreover, using phased array, the sound beam can also be
focused, which leads to higher sensitivity and resolution as compared to conventional single
crystal transducer. However, with phased array, one needs high-end instrumentation to excite all

the 64 elements in the array simultaneously so as to achieve focusing at a depth of 425 mm.

SFLA and PA-SAFT techniques provide an effective alternate to achieve sound beam focusing at
higher depth, without the use of high-end instrumentation. Figure 6.32 shows the sound beam

computation using SFLA technique for C1 weld configuration.

Figure 6.32: Beam Computation result at C1 weld location with single element excitation

(SFLA) using 2 MHz, 0.8 mm pitch, 64 elements linear array (Simulation)

A linear array of 2 MHz, 0.8 mm pitch, 64 elements is used. The image indicates that full
thickness coverage is obtained using SFLA technique. Since a single element is used for sound

beam transmission, the wave amplitude at the weld location using SFLA technique is expected to

Chapter 6 272



be much lower than the conventional phased array using large number of elements as active

aperture.

The limitation of lower wave amplitude at higher depth can be overcome by PA-SAFT
technique, which uses a group of elements for the sound beam transmission. One of the crucial
parameters with PA-SAFT technique is the number of elements to be used for an active aperture
and the depth at which the sound beam should be focused from the scanning surface (location of
virtual sources). For the C1 weld, this optimization is carried out by finding out the sound beam

profile for various active apertures.

The depth up to which the sound beam can be focused using a given linear array is determined
by the near field, which in turn is determined by the active aperture used [6,7]. During PA-
SAFT technique, the location of the virtual sources from the scanning surface is before the near

field, so that a well divergent beam is obtained beyond the focal point.

During the present study, sound beam computation for the optimization of active aperture size
for PA-SAFT technique using 2 MHz, 0.8 mm pitch linear array is carried out for 6 different
apertures viz. 8, 16, 24, 32, 40 and 48 elements. For each case, the sound beam is focused at the
depth of 0.7 times the corresponding near field. Table 6.4 gives the near field length and the
depth at which the sound beam is focused (location of virtual array of sources) using various
apertures. The methodology is schematically shown in Figure 3.21, Chapter 3. During PA-SAFT,
a virtual array of sources is created at certain distance from the scanning surface. The divergent

sound beam emanating from these virtual sources is used to acquire the B-scan image.

The variation in the sound wave amplitude from ID to OD at a distance of 425 mm from the
scanning surface for various active apertures is shown in Figure 6.32. For 48 active elements,

the sound wave amplitude at the ID surface is highest, but beyond 60 mm from ID surface, the
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sound wave amplitude falls gradually and at the OD surface it is almost 10 dB lower than the
sound wave amplitude at the ID surface. Similar results are observed for 40 and 32 active
elements. For 8, 16 and 24 active elements, the sound wave amplitude is uniform across the full
thickness of the vessel. However, for 8 active elements, the sound wave amplitude at the weld
location is very low and it may have the same adverse effect of poor sensitivity and signal to

noise ratio as that of SFLA technique.

Table 6.4: Near field length and the focusing depth using various apertures

Sr. No No of Pitch (mm)  Aperture Frequency  Near field Focal depth

elements size (mm) (MHz) (mm) (mm)
1 8 0.8 6.4 2 3 2
2 16 0.8 12.8 2 14 10
3 24 0.8 19.2 2 31 22
4, 32 0.8 25.6 2 56 39
5 40 0.8 32 2 87 61
6 48 0.8 38.4 2 125 87

For 16 and 24 active elements, the sound wave amplitude is reasonably high. Since there is not
much of difference between the two in terms of the sound wave amplitude and the coverage, and
16 active elements would require lower-end phased array hardware as compared to 24 active
elements, an aperture of 16 active elements is chosen for acquiring the data using PA-SAFT

technique in the current study.
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Figure 6.33: Variation in sound wave amplitude at C1 weld location for various active

apertures of 2 MHz, 0.8 mm pitch linear array using PA-SAFT technique (Simulation)

Figure 6.33 shows the beam computation results for PA-SAFT using 16 active elements. The

image indicates that full thickness coverage is obtained using PA-SAFT technique.

Figure 6.34: Beam computation results at C1 weld location with 16 active elements of 2

MHz, 0.8 mm pitch, 64 elements linear array using PA-SAFT technique (Simulation)
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6.7.3 Comparison of various techniques for C1 weld examination

Figure 6.35 shows the variation in the sound wave amplitude from ID to OD surfaces at C1 weld
location using various techniques. For the normal beam single crystal transducer of 2 MHz, 25
mm diameter, the profile indicates that the amplitude is uniform up to a thickness of 70 mm from
ID surface. As the transducer moves away from the ID surface, the vertical face of the bolting
penetration obstructs the sound beam. As a result, the sound wave amplitude drops gradually and
beyond 100 mm from the ID surface, the sound wave amplitude is almost 24 dB less than the
amplitude at the centre of the weld. The profile using 2 MHz, 0.8 mm pitch, 64 elements linear
array for three different cases viz. beam steering using focal laws, SFLA technique using single

active element and PA-SAFT technique using 16 active elements are also shown in Figure 6.35.
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Figure 6.35: Variation in sound beam amplitude profile from ID to OD at C1 weld location
using single crystal normal beam transducer (2 MHz, 25 mm dia.), Conventional phased

array with steering and focusing, SFLA and PA-SAFT technique using 2 MHz, 0.8 mm

pitch, 64 elements linear array (Simulation)
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By beam steering using 64 active elements, there is a complete coverage of the weld, and as
expected the sound wave amplitude is very high and uniform across the thickness, with a
marginal reduction (around 4 dB) near the OD surface. With SFLA technique, although there is
complete coverage of the weld, the sound wave amplitude is very less, almost 35 dB lower than
the conventional phased array. As a result, the sensitivity as well as the signal-to-noise ratio are
expected to be inferior with the SFLA technique. With PA-SAFT technique, there is a significant
improvement in sound wave amplitude over the SFLA technique (13 dB). In this case also, the

entire thickness of the weld is covered with uniform sound wave amplitude.

Based on the above, it is observed that in order to obtain complete coverage of C1 weld joint
with uniform sensitivity, an array based inspection is required. Although focal law based
approach using large number of active elements provides high sound wave amplitude at the weld
location, one needs a high-end phased array instrumentation to excite 64 elements of an array
simultaneously. With SFLA technique, although a single channel instrument with multiplexing is
adequate to acquire the data, the sound wave amplitude is too low at the weld location and this
may have an adverse effect on the sensitivity and signal-to-noise ratio. PA-SAFT technique
provides a good alternative to conventional phased array and SFLA techniques, wherein one
doesn’t need the high-end instrumentation and at the same time, one may achieve the required

sensitivity and signal-to noise ratio.
6.7.4 Experimental Results
6.7.4.1 Conventional Phased Array

Figure 6.36 shows the B-scan image using 2 MHz, 0.8 mm pitch, 64 elements linear array using

16, 32, 48 and 64 active elements.
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Figure 6.36: B-scan image using 2 MHz, 0.8 mm pitch, 64 elements linear array with

steering and focusing at C1 weld location using an active aperture of (a) 16, (b) 32, (c) 48

and (d) 64 active elements

The image using 16 active elements shows considerable spread in the signals from side drilled
holes indicating that the sound beam focusing is not achieved. As the aperture is increased to 64
active elements, the spread of signals from side drilled hole is reduced considerably. In order to
achieve effective sound beam focusing using linear array, the near field should be greater than
the depth at which the focusing is desired. Longer the near field, in comparison to the focusing
depth, smaller is the dimension of the focal spot [1-4]. For a given frequency and the material,
the near field is determined by the active aperture used. For C1 weld configuration, the focusing
depth is 425 mm from the scanning surface. Table 6.5 shows the near field for various active

apertures using 2 MHz, 0.8 mm pitch and 5 MHz, 1 mm pitch linear array.
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Table 6.5: Near field for various active apertures

Sr. No No of elements Pitch Aperture  Frequency Near field
(mm) size (mm) (MHz) (mm)
1 16 0.8 12.8 2 14
2 32 0.8 25.6 2 56
3 48 0.8 38.4 2 125
4 64 0.8 51.2 2 222
5 16 1 16 5 54
6 32 1 32 5 217
7 48 1 48 5 488
8 64 1 64 5 868

From the above table, it is clear that with 2 MHz, 0.8 mm pitch linear array, sound beam
focusing at C1 weld location will not be achieved even when one uses 64 active elements. As a
result, the side drilled holes show significant spread in the B-scan image. With 5 MHz, 1 mm
pitch linear array, Table 6.5 indicates that with 48 and 64 active elements, the near field exceeds
the desired focusing depth. However, sharp focal spot at a depth of 425 mm will be obtained by

using 64 active elements.
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Figure 6.37: B-scan image using 5 MHz, 1 mm pitch, 64 elements linear array with steering

and focusing at C1 weld location (a) side drilled holes and (b) ID and OD notches

Figures 6.37(a) and (b) show the B-scan images using 5 MHz, 1 mm pitch linear array using 64
active elements for side drilled holes and notches respectively. The image in Figure 6.37(a)
shows that all the side drilled holes are detected and resolved. The notches on ID and OD surface
are also well detected (Figure 6.4(b)) indicating that there is a complete coverage of the weld

joint with the focused sound beam.

6.7.4.2 SFLA technique

Figures 6.38(a) and (b) show the raw B-scan images acquired using SFLA for the detection of
side drilled holes and notches. The raw data is acquired at the gain reserve of 0 dB, which means
that the amplifier gain of the phased array instrumentation is set to the maximum value.
Although raw data shows weak signals at a depth of 425 mm and beyond, no assessment in terms
of the number of flaws, their size and location with respect to the ID surface can be made from

this image. This is primarily because of the fact that when the sound beam reaches C1 weld
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location, it has large beam width and at the same time, the sound wave amplitude is also very

low.
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Figure 6.38: Raw B-scan image using 2 MHz, 0.8 mm pitch, 64 elements linear array with

SFLA technique for the detection of (a) side drilled holes and (b) notches

Figures 6.39 (a) and (b) show the SAFT processed B-scan images for side drilled holes and

notches respectively.
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Figure 6.39: SAFT processed B-scan images with 2 MHz, 0.8 mm pitch, 64 elements linear

array using SFLA technique showing signals from (a) side drilled holes and (b) notches

The image for side drilled holes shows three indications at the depth of 425 mm from the
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scanning surface. The image for the notches shows two signals at the extreme ends at the depth
of 425 mm from the scanning surface. Both the B-scan images show low amplitude background
signals because of noise. The signal-to-noise ratio for notch is poor as compared to side drilled
holes. From these results, one can conclude that using SFLA technique; one can obtain complete
coverage of the C1 weld joint. The reference holes are detected and resolved. The notches too are

detected. However, the signal-to-noise ratio is inferior.
6.7.4.3 PA-SAFT technique

Figures 6.40 (a) and (b) show the raw B-scan images acquired using PA-SAFT technique for the
detection of side drilled holes and notches respectively. The images are acquired at the gain
reserve of 15 dB, which means that as compared to SFLA, the gain required for PA-SAFT
technique is much less. The lower gain is also reflected in a good signal to noise ratio in the raw
B-scan data as compared to the data acquired by SFLA technique. The images show strong

signals at a depth of 425 mm and beyond.
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Figure 6.40: Raw B-scan image with 2 MHz, 0.8 mm pitch, 64 elements linear array using

PA-SAFT for the detection of (a) side drilled holes and (b) notches
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The SAFT processed B-scan images for side drilled holes and notches are shown in Figures
6.41(a) and (b) respectively. In this case too, the side drilled holes are clearly resolved and the
ID and OD notches are detected. As compared to SFLA, the signal-to-noise ratio is significantly

better using PA-SAFT technique.
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Figure 6.41: SAFT processed B-scan images with 2 MHz, 0.8 mm pitch, 64 elements linear

array using PA-SAFT technique showing signals from (a) side drilled holes and (b) notches

6.7.4.4. Comparison of various approaches

The focusing effect obtained using conventional phased array, SFLA and PA-SAFT techniques
is compared by measuring the 6 dB width (Full Width at Half Maximum: FWHM) of the

reference holes and the notches from the corresponding B-scan images. The results are given in

Table 6.6.
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Table 6.6: 6 dB spread of side drilled holes and notches obtained by various techniques

Reference Conventional Phased Array (mm) SFLA PA-SAFT

defect No.* 2 MHz, 0.8 mm pitch 5MHz, 1 mm pitch, (mm) (mm)

16el 326l 48el 64el 04€lementaperture

Hole 1 - - 27 18 8 18 20
Hole 2 - - 29 18 8 12 15
Hole 3 - - 33 23 8 11 11
Notch 1 35 20 17 12 8 7 7
Notch 2 35 14 12 10 8 7 7

* The holes and notches are numbered based on their position from ID surface

Using 16 active elements of 2 MHz, 0.8 mm pitch linear array, the signals from the holes and the
notches are very wide. As a result, no meaningful measurement of 6 dB width could be done. For
32 active elements, the signals from the holes overlap and as a result, 6 dB spread assessment
could not be done. However, the notch depths are estimated as 20 mm and 14 mm, which are
much higher than the actual depth of 6 mm. For 48 active elements, the 6 dB spread for the holes
varies from 27 to 33 mm, while the notches are sized as 17 and 12 mm. This indicates that, even
with 48 active elements, the desired sound beam focusing has not been achieved using the
conventional phased array. As the active aperture is increased to 64, it is observed that the 6 dB
spread decreases significantly for both the holes and the notches, but the values are still more
than the actual size. These results indicate that although one can achieve complete coverage of
the C1 weld by phased array using 2 MHz, 0.8 mm pitch, 64 elements linear array, the focusing

required for the accurate sizing of the flaws could not be achieved.
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With 5 MHz, 1 mm pitch linear array using 64 active elements, the 6 dB spread for side drilled
holes and notches is found to be 8 mm, which is less than 2 MHz linear array. With 5 MHz linear
array, the near field length is more as compared to 2 MHz linear array. As a result, the focal spot
size at the same depth (425 mm from the scanning surface) is much smaller using 5 MHz as
compared to 2 MHz. This is reflected in the lower value of 6 dB spread for the signals from the
side drilled holes and the notches. With 5 MHz linear array, if an aperture of 48 or less elements
is used instead of 64 elements, the spread of the signals from side drilled holes and notches is

going to be much larger than 8 mm.

With SFLA and PA-SAFT techniques, the 6 dB width for the holes is less than the ones obtained
using conventional phased array for the same transducer (2 MHz, 0.8 mm pitch). When
compared with 5 MHz, 1 mm pitch linear array, these dimensions are larger. However, the depth

of ID and OD notches are estimated accurately by using SFLA and PA-SAFT techniques.

The effectiveness of focusing using SFLA and PA-SAFT techniques depends primarily on the
beam divergence. When the beam divergence is large, there are more number of A-scans
available for SAFT processing, which helps to achieve sharp focusing. With the present
geometry, the focusing of sound beam is required at a depth of 425 mm from the scanning
surface. This distance is much larger as compared to the lateral distance between the centre of
the array and the side drilled holes. As a result, the A-scan data are available for SAFT
processing at a lesser divergence angle as compared to the instance when the data is acquired for
relatively thinner geometries. For the three side drilled holes, the useful beam divergence for
SAFT processing is approximately 4 deg., 8 deg. and 12 deg. Hence the first hole (with reference
to ID) shows maximum spread, while the third hole shows the minimum. For the notches, the

beam divergence is approximately 15 deg. and hence they are sized accurately.
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The effectiveness of various techniques for the examination of C1 weld is also compared in
terms of the amplitude difference between the reference holes located at different positions from
the ID surface. The small difference among them is an indication that the sensitivity for the flaw
detection is uniform across the thickness. It is observed that using conventional phased array
technique, the amplitude difference is 5 to 6 dB as against 2 to 3 dB observed using SFLA and

PA-SAFT techniques.

The above study indicates that the complete coverage of C1 weld joint is obtained using SFLA
and PA-SAFT techniques. It is also possible to detect the reference holes in the mock-up with
uniform sensitivity and adequate resolution. The depth sizing of the reference notches on ID and
OD surface simulating cracks is found to be very accurate by SFLA and PA-SAFT techniques.
PA-SAFT technique performed much better than SFLA technique in terms of signal to noise

ratio.

6.8. Summary of the chapter

The effectiveness of SFLA and PA-SAFT techniques on the characterization of real flaws is
demonstrated on carbon steel and austenitic stainless steel weld samples with volumetric and
planar flaws. These techniques are also found to be effective in the detection of reference flaws
in the mock-up of a circumferential weld joint in the pressure vessel of a nuclear boiling water
reactor. The following are the salient observations on the results of experimental work carried
out to assess the effectiveness of SFLA and PA-SAFT techniques for the detection and

characterization of weld flaws:
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v The volumetric flaws in the form of clustered porosity and slag inclusion and the planar
flaws in the form of lack of sidewall fusion and crack are reliably detected and
accurately characterized by SFLA and PA-SAFT techniques

v" The performance of these two techniques is found to be comparable to FMC+TFM
technique

v" Angle Beam PA-SAFT could reliably detect and accurately size the depth of near surface
and far surface cracks in the unground weld bead where SFLA, PA-SAFT and FMC
could not be used

v Under identical conditions, Angle Beam PA-SAFT performed better than SFLA and
normal beam PA-SAFT techniques in terms of the detection of flaw extremities in a
thick carbon steel weld joint. The depth sizing of flaw is accurate by all the techniques

v' SFLA and PA-SAFT techniques failed to detect the root crack in the austenitic stainless
steel weld joint. Angle beam PA-SAFT not only detected this crack with good signal to
noise ratio but also sized it accurately for its depth, without the removal of weld bead.

v For circumferential weld joint in a pressure vessel, SFLA could detect and resolve the
reference flaws, although the signal to noise ratio is inferior. PA-SAFT technique
performed better than SFLA in this regard.

v" When compared with conventional phased array, the study on the mock-up block of a
circumferential weld joint in a pressure vessel shows that SFLA and PA-SAFT
techniques are able to meet the inspection requirements using much lesser resources as

compared to the focal law based conventional phased array technique.
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CONCLUSIONS, CONTRIBUTIONS AND
SUGGESTIONS FOR FUTURE WORK

7.1 Conclusions

The following are the conclusions of the research work carried out as part of this PhD:

e The current study deals with the investigation of an integrated approach to sound beam
focusing using linear array and SAFT. Two techniques viz. Synthetic Focusing using
Linear Arrays (SFLA) and Phased Array — SAFT (PA-SAFT) have been studied to
achieve the sound beam focusing within the material. Since the focusing is achieved by
SAFT processing, both the techniques rely on the divergence of the sound beam
emanating from a linear array while acquiring the raw B-scan data. The key to better
focusing is the large beam divergence during data acquisition, which is achieved by using
a very small source size.

e In the case of SFLA technique, a single miniature piezoelectric element of a linear array
is used for sound beam transmission. As a result, significant sound beam divergence is
obtained during data acquisition as compared to the relatively large size piezoelectric
element used in the conventional ultrasonic testing.

e In the case of PA-SAFT technique, the sound beam is focused very close to the scanning
surface by focal laws using a group of elements (active aperture) to create a virtual source
much smaller than the size of the active aperture. In this case too, a significant beam

divergence is obtained in the region of interest, which lies beyond the focal point.

Chapter 7 289



e A dedicated algorithm using LabView is developed to carry out the time based SAFT
processing of the raw B-scan data acquired by both the techniques.

e With both SFLA and PA-SAFT techniques, the crucial factor to achieve the sound beam
focusing is the sound beam divergence during the acquisition of raw the B-scan image. It
is observed that owing to small values of D/4, the divergence of a sound beam emanating
from a miniature piezoelectric element in a linear array is much smaller than the one
predicted by the mathematical equation given in the literature, which is valid for
piezoelectric crystals with large D/ values. As part of this study, an empirical
relationship is derived to evaluate the sound beam divergence for a sub-millimeter size
piezoelectric element. The relationship is validated by carrying out experimental studies
using arrays of different frequencies, element size and orthogonal dimensions.

e The effect of array based parameters and the SAFT processing parameters on the sound
beam focusing using SFLA technique are studied in details. It is observed that the best
focusing is achieved by using the smallest possible piezoelectric element and the largest
possible frequency. However, because of low amplitude of the sound wave emanating
from a miniature piezoelectric element and increased attenuation at higher frequency,
these requirements adversely affect the signal to noise ratio and the sensitivity for flaw
detection, especially at higher depth. Hence, one has to strike a balance between the
smallest focal spot size to be achieved at the largest depth of interest. The pitch of the
linear array does not greatly affect the focusing unlike the above two parameters. It is
observed that larger the total effective aperture on the scanning surface better is the
focusing, especially at larger depths. This is primarily because of the fact with large TEA,

the raw data is available for larger divergence angles, leading to better focusing during
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SAFT processing. The difference between the actual value and the input value of SAFT
processing parameters viz. sound velocity in the material, pitch of the linear array used
and the sound beam divergence angle, also affect sound beam focusing using SFLA. This
difference adversely affects the constructive interference at the flaw location and
destructive interference adjacent to it, leading to inferior focusing.

e |t is also observed that the focal spot size achieved by SAFT, when applied on a data
acquired using a miniature size piezoelectric element, does not depend of the size of the
piezoelectric element (D) alone, but more specifically on the ratio of D/A, where 4 is the
wavelength. This is because of the fact that for miniature rectangular piezoelectric
elements, the sound beam divergence constant keqs does not have a fixed value of 0.44 (as
applicable to large piezoelectric rectangular elements) but is dependent on D/A ratio. An
empirical relationship to evaluate the focal spot size by SFLA technique has been
derived.

e For PA-SAFT technique, the active aperture size (number of elements to be used for
sound beam transmission and reception) is optimized for the linear arrays that are used
during this study. This size does not depend on the array parameters alone (element size,
pitch and frequency) but also on the depth range over which the focusing is desired. It is
observed that the active aperture size along with the frequency decides the size of the
virtual source created at the focal point. Since focusing during SAFT depends on the
source size (real or virtual), the size of virtual source determines the focal spot size
achieved in the region of interest during SAFT.

e For a given linear array, the focal spot size using SFLA technique is smaller than the one

achieved by PA-SAFT technique, primarily because of the fact that the source size during
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data acquisition by SFLA technique (element size) is smaller than PA-SAFT technique
(virtual source). For both the techniques, the focusing improves with the use of high
frequency linear array. This can be attributed to the narrow pulse width at higher
frequency. With PA-SAFT technique, there is also a reduction in the size of the virtual
source as the frequency increases leading to better focusing. Under identical test
conditions, the focal spot size achieved by SFLA technique is comparable to the one
achieved by FMC + TFM technique, since both the techniques use a single element for
sound beam excitation. However, the image quality is better with FMC + TFM since full
matrix data is available for processing leading to better signal averaging and image
reconstruction.

e The effectiveness of SFLA and PA-SAFT techniques for the detection and
characterization of volumetric flaws is studied by experimental work on samples
containing simulated flaws in the form of side drilled holes. The sensitivity for detection
of these flaws is defined in terms of size to distance ratio (SDR) and the gain reserve
(GR) of the phased array instrument. It is observed that, under similar experimental
conditions (linear array, instrument controls and test sample), PA-SAFT technique shows
better sensitivity than SFLA. PA-SAFT technique is able to detect volumetric flaws in
carbon steel located one below the other with the SDR of the order of 0.022 with a good
signal to noise ratio and high GR as compared to SFLA and FMC + TFM techniques.
Similar SDR could be achieved by SFLA and FMC techniques, but at the lower GR
value. The better sensitivity of PA-SAFT can be attributed to the use of higher dimension
of the active aperture for data acquisition, which results in higher sound wave amplitude

at any given depth in the material. Both SFLA and PA-SAFT techniques could detect 0.5
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mm dia. side drilled hole located at a depth of 200 mm from the surface in aluminum
using 10 MHz, 0.3 mm pitch linear array, which corresponds to the SDR of 0.0025.
These results indicate that the sensitivity for detection of volumetric flaws by SFLA and
PA-SAFT techniques is excellent.

e The ability of SFLA and PA-SAFT techniques for the detection of volumetric flaws in
the region that does not lie below the linear array is also studied. It is observed that SFLA
technique could detect volumetric flaws up to a distance of approximately 25 mm away
from the edge of the array. With PA-SAFT technique too, this coverage could be
achieved, but the sensitivity was slightly inferior as compared to SFLA technique. The
flaws that do not lie beneath the array show lower amplitude and larger spread as
compared to the flaws located below the array. The primary reason for this is the fact that
the flaws, which lie below the array, are detected by all the elements. While those, which
are away from the array are detected by fewer elements (edge elements). Moreover, the
signal amplitude in the raw A-scan data from the flaws away from the array is much
lower, as these are detected by the peripheral sound beam and not the central beam. As a
result, for these flaws, there are fewer A-scans and lower signal amplitude during SAFT
processing. Hence, their amplitude is lower and the spread is higher in the processed B-
scan image as compared to the flaws below the array. These results indicate that the
sound beam focusing using SFLA and PA-SAFT techniques is more effective in the
region beneath the array than away from it.

e The ability to resolve two closely spaced volumetric flaws by SFLA and PA-SAFT
techniques is studied to determine the limit of resolution. It is observed that for moderate

depth (= 20 mm in steel), SFLA technique could resolve flaws separated centre-to-centre
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by 0.6 mm (edge to edge by 0.1 mm). With PA-SAFT technique, the resolution is found
to be slightly inferior i.e. 0.9 mm (edge to edge by 0.4 mm). This can be attributed to a
larger focal spot size achieved using PA-SAFT technique (because of the larger virtual
source size) as compared to SFLA technique. However, both these techniques showed far
better resolution as compared to the focal law based phased array examination using large
number of active elements for sound beam focusing.

e The effectiveness of SFLA and PA-SAFT techniques for the detection and
characterization of planar flaws is studied on stainless steel samples, both lower and
higher thickness, containing simulated flaws in the form of machined slots of various
orientations made by EDM. The characterization of these flaws in terms of their through-
wall dimension (height or depth) and orientation is carried out by locating the extremities
of these flaws with respect to the scanning surface. For reliable detection and accurate
characterization, it is important that the signals from the flaw extremities have lower
lateral spread and sufficient amplitude above the background noise. It is observed that
SFLA and PA-SAFT techniques are able to reliably detect the planar flaws and
characterize them accurately for thin sections (= 25 mm thick stainless steel). The results
obtained by these techniques are comparable to the results obtained by FMC + TFM
technique. When the planar flaw is located deeper (> 30 mm from the scanning surface in
stainless steel), SFLA and FMC + TFM techniques could not detect the lower tip of the
flaw reliably. With PA-SAFT, the detection as well as the characterization of such flaws
is satisfactory. The better detection by PA-SAFT technique can be attributed to a higher
amplitude of the incident sound wave (at the flaw tip) due to multiple element excitation

as compared to a single element excitation while using SFLA and FMC techniques.
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e One of the major limitations of SFLA and PA-SAFT techniques is that the linear array is
required to be placed symmetrically over the flaw so that the sound emanating from
majority of elements or aperture interacts with the flaw for better detection and
characterization. In some cases, for example during the inspection of weld joint in an
unground weld bead, this condition cannot be satisfied. A variant of PA-SAFT named
Angle Beam PA-SAFT technique is standardized for this purpose. The technique is found
to be very effective in the detection and accurate depth sizing of planar flaws open to the
back surface and the scanning surface. The technique also gave better results as compared
to SFLA, PA-SAFT (normal beam) and FMC + TFM techniques for the detection and
characterization of embedded planar flaws in 60 mm thick stainless steel plate. This is
because of the better diffraction of the incident sound beam by flaw tips while using
angle beam as compared to normal beam employed during SFLA, PA-SAFT and FMC +
TFM techniques.

e One of the major objectives of this research work is to assess the usefulness of SFLA and
PA-SAFT techniques for field application, wherein it is required to inspect engineering
components for the detection and characterization of ‘real’ volumetric and planar flaws.
This aspect is studied on carbon steel weld samples containing volumetric flaws in the
form of clustered porosity and slag inclusion, and the planar flaws in the form of lack of
sidewall fusion and crack. The results indicated that SFLA and PA-SAFT techniques
could reliably detect and accurately characterize volumetric and planar flaws in terms of
their through-wall dimension. The through-wall dimension of the flaws evaluated by
these techniques matched closely with the actual dimensions found out by metallography

after sectioning the sample.
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e The effectiveness of Angle Beam PA-SAFT technique for ‘real’ flaws is studied on
austenitic stainless steel weld sample with an unground weld bead having a root crack
and a toe-crack. The technique is able to detect and accurately characterize the cracks for
their depth. The depth of the cracks evaluated by Angle Beam PA-SAFT matched closely
with the actual depth found out by metallography after sectioning the sample.

e The performance of SFLA, normal beam PA-SAFT and Angle beam PA-SAFT
techniques is compared under identical test conditions by carrying out experiments on a
22 mm thick carbon steel weld sample with lack of sidewall fusion and a 25 mm thick
austenitic stainless steel weld sample with a root crack. It is observed that, while all the
techniques could detect the lack of sidewall fusion, the signal to noise ratio for the flaw
extremities is much higher using Angle beam PA-SAFT technique as compared to SFLA
and normal beam PA-SAFT techniques. Since the detection of the flaw tips is based on
the diffraction of the incident ultrasonic waves, higher signal amplitude of the diffracted
signals during Angle beam PA-SAFT is responsible for better signal to noise ratio using
this technique as compared to other techniques. SFLA and normal beam PA-SAFT
techniques failed to detect the root crack in the austenitic stainless steel weld. While
using these techniques, the linear array is placed over the weld bead during data
acquisition. With this arrangement, the sound beam has to pass through the coarse grain
dendritic structure of the weld metal. Because of excessive scattering, attenuation and
beam skewing, the crack tip is not detected by these techniques. Angle Beam PA-SAFT
is able to reliably detect this crack with a good signal to noise ratio and also size it
accurately for its depth. In this case, the linear array is placed away from the weld bead,

because of which the sound beam travels for majority of its path in the base metal and
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hence suffers from negligible scattering and attenuation. As a result, a high amplitude
signal from the crack-tip is obtained in the acquired data leading to better detection and
characterization of the root crack by Angle Beam PA-SAFT technique. The results
indicate that the Angle beam PA-SAFT technique gives better sensitivity and accurate
depth sizing of planar flaws in austenitic stainless steel weld joints, with or without the
removal of weld bead.

e The feasibility of using SFLA and PA-SAFT techniques for in-service inspection of a
circumferential weld joint in the pressure vessel of a nuclear boiling water reactor is
studied on the mock-up block of the weld joint. Both SFLA and PA-SAFT techniques
could detect the simulated volumetric and planar flaws in the mock-up, with much lesser
resources in terms of the requirements of parallel channels in the phased array
instrumentation, as compared to the conventional phased array technique. The signal to
noise ratio using PA-SAFT technique is found to be much better than SFLA technique.
This can be attributed to a higher amplitude of the sound wave at the flaw location while
using PA-SAFT technique as compared to SFLA technique.

e In conclusion, the two techniques viz. SFLA and PA-SAFT, which are based on SAFT
processing of the raw B-scan data acquired by the divergent sound beam from a linear
array, can achieve sound beam focusing using much lesser resources, such as lesser
number of elements in a given aperture and the phased array instrumentation with less
number of parallel transmitter/receiver channels, as compared to the conventional phased
array technique using focal laws. In spite of using a single or very few elements for sound
beam transmission, the focal spot size achieved by SFLA and PA-SAFT techniques is

found to be much finer than what could be achieved by conventional phased array using
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similar or large number of elements as active aperture. The sound beam focusing by these
techniques is comparable to the one obtained by FMC + TFM technique. The advantage
of SFLA technique over FMC + TFM is that the data size for post-processing is very
small. As a result, a single channel instrument with multiplexing can be used to built-up a
real-time system for industrial use. The advantage of PA-SAFT technique over FMC +
TFM is the enhanced sensitivity for the detection of flaws, especially planar, at larger
depth. The focusing of the sound beam by SFLA and PA-SAFT techniques can be
utilized to detect, locate and characterize volumetric and planar flaws in engineering
components. Based on the experimental results on weld samples with real volumetric and
planar flaws, it can be concluded that both SFLA and PA-SAFT techniques hold a very

good potential for field applications.

7.2 Specific Innovative and Novel Contributions

The following are the specific innovative and novel contributions from the research work carried

out as part of this PhD:

Empirical relationship to evaluate the sound beam divergence for miniature
piezoelectric element

During the course of the study, it is observed that the sound beam divergence from a sub-
millimeter size piezoelectric element used in a linear array is much smaller than the one
predicted by the equation given in the literature. An empirical relationship to evaluate the
half beam divergence angle for a miniature size piezoelectric element has been derived for

the first time. The equation has been validated and is useful to evaluate the half beam

Chapter 7 298



divergence angle for the rectangular piezoelectric element having D/, ratio of 0.2 to 10,
where D is the size of the piezoelectric element and 4 is the wavelength of sound.
e Dependence of focal spot size on the D/2
It has been widely reported in the literature that the lateral resolution or the focal spot size
achieved by SAFT is independent of the wavelength and is of the order of D/2. While this
may hold true for the SAFT processing on the data acquired by large size piezoelectric
elements, it has been observed during this study that while dealing with miniature size
piezoelectric element, the focal spot size achieved by SAFT does not depend on D alone, but
more specifically on the ratio D/A. The non-linearity in the dependence of the beam
divergence angle on A/D ratio (while dealing with the miniature elements) could be the
reason for this. An empirical relationship has been developed for the first time to evaluate the
6 dB focal spot size of the sound beam focused using an integrated approach (linear array +
SAFT).
e An integrated approach to sound beam focusing using phased array and SAFT

Two sound beam focusing techniques viz. Synthetic Focusing using Linear Arrays (SFLA)
and Phased Array-SAFT (PA-SAFT) have been investigated as part of this study. These
techniques are useful for the detection and characterization of volumetric and planar flaws in
engineering components. A variant of PA-SAFT technique using angle beam has been
standardized for detection and characterization of flaws in the weld joint with an unground
weld bead, where SFLA, normal beam PA-SAFT and FMC + TFM techniques are in-

effective
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e Alternate to Full Matrix Capture — Total Focusing Method
During the experimental work on various samples, the performance of SFLA and PA-SAFT
techniques in terms of sound beam focusing, ability to detect flaws and characterize them in
terms of dimensions, is found to be comparable with the established advanced array based
technique called Full Matrix Capture — Total Focusing Method (FMC + TFM). One major
drawback with FMC technique is the large data size for processing, especially while using an
array with large number of elements. Also to realize a ‘real time’ FMC + TFM system, one
needs to have large number of parallel receiver channels in the phased array instrumentation,
which adds to the cost. SFLA technique, without such drawbacks, offers a good alternative to
FMC + TFM, without compromising on the ability to focus the sound beam and produce
high resolution images. Another problem with FMC+TFM technique is its inability to detect
planar flaws at larger depth due to low wave amplitude during sound beam transmission. PA-
SAFT technique using normal beam and angle beam are very useful to overcome this
limitation.
e Low cost compact phased array instrumentation

The two techniques investigated during this research work viz. SFLA and PA-SAFT, require
excitation of a single or a very few elements for sound beam transmission to achieve sound
beam focusing over a considerable depth. On the other hand, the conventional phased array
using focal laws requires excitation of large number of elements in a linear array to achieve
similar sound beam focusing. Even FMC + TFM technique needs large number of parallel
receiver channels for applications demanding a real time system. This research has paved the

way towards the development of a compact, low cost phased array instrumentation for

Chapter 7 300



industrial applications, which can replace the bulky and the expensive current generation

phased array instruments.

7.3 Suggestions for future work

e Flaw characterization in anisotropic materials

It has been observed during the current study that the input value of sound velocity during SAFT
processing plays a significant role in achieving a very fine focal spot size in the processed B-scan
image. During the processing of raw B-scan data, it is assumed that the velocity of the sound in
the material remains constant through-out the path length of the acquired A-scan data and for all
the individual A-scans. While dealing with anisotropic materials such as austenitic stainless steel
weld and forgings of certain materials, this assumption may not remain valid. Moreover, the
ultrasonic beam may not travel in the straight path (as assumed during SAFT processing) and can
undergo beam skewing due to material anisotropy. As a result, the constructive and destructive
interference during SAFT processing may not be effective leading to poor focusing and
inaccurate location of the flaw extremities. One can address this issue by modeling the beam
skewing effect for a given grain structure and include the results of the model in the SAFT
processing algorithm. A study can be undertaken on the application of SFLA and PA-SAFT

techniques for characterization of flaws in anisotropic materials.

e Inter-element variability on imaging performance

During the application of SFLA (or PA-SAFT) technique, the raw B-scan data is acquired by
individual elements (or a small group of elements) using a linear array. Subsequently, the B-scan
data is processed by SAFT, which involves time-delay, summation and averaging of the

individual A-scans in the acquired data. The variability in the array elements in terms of
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amplitude, phase and time delay may affect the sound beam focusing and so the final image
quality achieved on SAFT processing. A separate study involving simulation and experimental

work can be undertaken to study this aspect for SFLA and PA-SAFT techniques.

e Depth profiling of a planar flaw along its length

During the current research, the experimental work is carried out using linear arrays, with which
the B-scan data is acquired by electronic scanning. When this approach is used for the detection
and characterization of a flaw, one can get the information for that section of a flaw, over which
the linear array is placed. In order to carry out depth profiling of the flaw over its length, one
needs to acquire multiple B-scans followed by SAFT processing of each one. This process is
time consuming. One way to address this issue is to use a 2-D matrix array, acquire C-scan data
and then carry out SAFT processing. The use of SFLA and PA-SAFT techniques for the depth

profiling of planar flaws as suggested needs realization through systematic studies.

e Estimating probability of detection (POD)

During the current research work, it has been demonstrated that SFLA and PA-SAFT techniques
are capable of the detection and characterization of volumetric and planar flaws. It is also
concluded that these two techniques hold a very good potential for field applications. In order to
benchmark the performance of these two techniques for engineering applications, a systematic

study on the probability of detection using SFLA and PA-SAFT can be undertaken.
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